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ABSTRACT

Vertical seismic profiles obtained of Ardley coal zone strata near Red Deer,
Alberta demonstrate the effectiveness of multicomponent seismic applications in
coalbed methane development. Zero-offset surveys show that a broad-band
mini-P vibratory source is ideal for imaging the coal zone, providing a measure of
vertical continuity of the coal zone as well as delineating intra-coal events. The
extraction of Vp/Vs from P-wave and S-wave seismic data yields a high Vp/Vs
value in the near surface (~5), decreasing to approximately 2.5 at 300 m depth.
Reflectivity values extracted from walkaway surveys demonstrate that converted-
wave data better resolve the upper coal contact than compressional-wave data,
as they are less affected by tuning. Numerical modelling demonstrates “proof of
concept” that time-lapse seismic imaging will be able to monitor changes in the
reservoir resulting from dewatering, allowing producers to optimize enhanced

coalbed methane production throughout reservoir life.
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GLOSSARY

modelling that allows for velocity variation in the vertical
direction only, involving a 1-D model and source-receiver
offsets (Sheriff, 2002)

two sets of naturally occurring fractures perpendicular to
each other within a coal seam, typically on a cm scale (Fay,
1920)

coalbed methane, natural gas produced from underground
coal seams

a series of beds deposited during a sedimentary cycle of
the type that prevailed during the Pennsylvanian Period;
nonmarine sediments, often including bituminous coal,
commonly occur in the lower half of a cyclothem, marine
sediments in the upper half (Bates & Jackson, 1984)

pressure at which methane adsorbed in coal matrix is able
to form a free gas phase within the coal reservoir

production of water from coal zone, often necessary prior
to methane production

enhanced coalbed methane — methane production aided by
the injection of another gas, typically nitrogen or carbon
dioxide

long-term storage of greenhouse gases in underground
reservoirs, such as depleted oil and gas reservoirs, or coal
zones

a frequency that is a simple multiple of a fundamental
frequency (Sheriff, 2002)

the minimum thickness for a bed to give a reflection that
stands out above the background (Sheriff, 2002)

for discrete seismic reflectors, the minimum separation so
that one can determine that more than one interface is
involved (Sheriff, 2002)
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SEG standard
polarity

time-lapse

seismic imaging

walkaway VSP

VSP

a positive amplitude (peak) on a P-P section indicates a P-
wave impedance increase, whereas a positive amplitude on
a P-S section indicates an increase in S-wave impedance
(Thigpen et al., 1975)

repeating a seismic survey to determine the changes that
have occurred in the interval, such as may be caused by
hydrocarbon production (Sheriff, 2002)

a vertical seismic profile performed by moving source
points to progressively larger offsets while keeping
geophones fixed (Sheriff, 2002)

vertical seismic profile; measurements of the response of a
geophone at various depths in a borehole to sources on the
surface (Sheriff, 2002)
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Chapter 1 Introduction
1.1 Coalbed Methane in Alberta

Coalbed methane (CBM) is an almost pure form of natural gas found in
subsurface coals. It has the potential to contribute significantly to Canada’s
future energy supply (CAPP, 2003), but is still in the early stages of development
in Alberta. CBM production is found worldwide, including large developments in
the USA, where it accounted for 7% of the nation’s daily production in 2000
(Avery, 2001), and has grown to provide nearly 20% of daily natural gas
production in 2002 (van der Meer, 2002). American coalbed gas-in-place
resources are estimated at nearly 750 trillion cubic feet (TCF), of which
approximately 95 TCF is estimated to be recoverable (Gas Technology Institute,
2001).

Alberta is the most promising CBM development site in Canada, with an
estimated 412 TCF in place (Gas Technology Institute, 2001). The first
commercial production of CBM in Alberta was announced in February 2002
(Avery, 2002), although currently fewer than 100 CBM wells in Alberta are
producing, split between two commercial projects (CAPP, 2003). Canadian
coalbed methane is an emerging energy source with many technical challenges
to overcome before large-scale production is realized, although with only 43 TCF
of established remaining reserves of conventional natural gas within the province
of Alberta (Alberta Energy and Utilities Board, 2002), the drive to develop this

untapped resource is high.



1.2 Coalbed methane reservoir geology

Unlike conventional reservoirs, most coalbed gases are not stored in the
macroporosity of a coal seam, but are contained sorbed onto the surface of
micropores, considered part of the matrix (Figure 1.1). The average
microporosity of coal is less than 1% by volume (Langenberg, 1990). Micropore
storage is much more efficient than conventional reservoir macropore storage,
and a coal seam may hold up to twenty times the volume of gas found in a
conventional reservoir of similar size, temperature, and pressure (Rice, 1993).
The exact quantity of sorbed gas is controlled by the confining pressure and
surface area of the micropore system.

The macroporosity of coal seams is the cleat system — two sets of
naturally occurring fractures perpendicular to each other within a coal seam,
typically on a cm scale (Fay, 1920). Cleats develop as a result of shrinkage
during devolatization, normal to the plane of bedding within coal strata (Dawson
et al., 2000). Face cleats are more continuous, and control the flow of gas to a
wellbore, whereas butt cleats are less continuous cleats that are associated with
the diffusion of gas from the coal to the face cleats (Figure 1.1). Larger-scale
post-depositional fractures may also exist within a coal seam, and are controlled
by local tectonic processes. Permeability is controlled primarily by the cleat
system, however, and is generally low, less than 10 mD (Langenberg, 1990).
Small quantities of methane may be stored as free gas or dissolved in water

found in cleats.



Majority of methane is in
sorbed state, attached to
surface of micropores

“Face” Cleats

Cleats filled with water: n "
occasional free gas, or Butt” Cleats
dissolved gas in water

Figure 1.1 Plan view (looking down on bedding plane) of typical coal reservoir showing
cleats. Methane is in a sorbed state, attached to the surface of micropores within the
coal, and may also be present dissolved in the water filling the cleat system.

1.2.1 Geological factors affecting CBM development

The degree of cleating within a coal seam is the single most important
geological factor affecting CBM development, as hydraulic communication is
necessary throughout the reservoir for successful production (Saulsberry et al.,
1996). Several other geological criteria must also be met, however. Coal rank
must be sufficiently high for thermogenic gas generation, that is, at least sub-
bituminous, with higher rank coals producing greater quantities of methane
(Dawson et al., 2000). Moderately high rank coals (sub-bituminous to low-
volatile bituminous) have a higher cleat density than high-ranking anthracites,

rendering them the most desirable coals for production (Dawson et al., 2000).



Poor quality coals with high ash or shale content have reduced internal
surface area, thus reducing gas storage capacity. Composition affects not only
quality, but also permeability, with vitrinite-rich coal being more heavily cleated
than dull coal such as inertinite (Dawson et al., 2000).

Individual coal seams less than 1 m thick are considered too thin to yield
economic rates of gas, unless they are within a coal zone greater than 1.5 m
thick (Dawson et al., 2000). Seams must be at depths greater than 200 m to
reach sufficient pressure for methane production, but less than 2000 m to reduce

the risk of overburden pressure sealing off fracture systems (Rice, 1993).

1.3 Coalbed methane production

For coal seam methane to desorb and flow, pressure exerted by cleat
water must be reduced to equal that exerted by adsorbed gas. This “desorption
pressure” represents the point at which a free gas phase may exist within the
reservoir. Water is produced (“dewatering”) and pressure lowered until gas
desorbs from the matrix into the adjacent cleat system (Metcalfe et al., 1991).

Relative permeability curves for coals in the Warrior Basin, Alabama, show
the dramatic increase in the relative permeability of gas with a reduction in water
saturation (Figure 1.2). As water saturation decreases, more volume is available
within the cleat system for gas to travel, increasing the relative permeability of
gas. Gas fills this portion of the cleats, water saturation decreases, and relative
permeability for water continues to decrease until a state of 100% permeability

to gas is reached and the coal is finished dewatering.



1.00

— (as
— Water — 0.75

Based on Warrior
Basin coals, Alabama
— 0.25

o

o

o
Alljigeswad ARy

1 1 1 T T T T 71 1 oo

0 20 40 60 80 100
Water saturation (%)

Figure 1.2 Graph of relative permeability of gas and water vs. water saturation within
coal seams of the Warrior Basin, Alabama. As water saturation decreases, gas
production improves as the relative permeability to gas improves substantially (Nikols et
al., 1990).

Two key issues present themselves in CBM production. Often, dewatering a
coal seam reduces reservoir pressure to such a degree that economic flow rates
of methane are not possible. Operators must also face the issue of long
dewatering periods during which little or no methane is produced, increasing
pay-out time for initial investment (Hitchon et al., 1999). Enhanced coalbed

methane production offers a solution to both issues.

1.3.1 Enhanced coalbed methane production (ECBM)

The total quantity of gas that may be adsorbed by any coal seam is
dependent not only on system pressure, but also on the composition and
microporosity of the coal. For pure gases at the same pressure and

temperature, the ratio of adsorption for carbon dioxide, methane, and nitrogen is



4:2:1 (Bachu, 2000). Injection of a lower adsorbing gas, such as nitrogen,
reduces the partial pressure of methane while maintaining reservoir pressure,
allowing methane to flow (Seidle et al., 1997). Injection of higher-adsorbing gas
such as carbon dioxide results in the preferential adsorption of CO,, and physical
displacement of methane out of the reservoir into the cleat system (Bachu,
2000).

Comparative production using Warrior Basin coals and various injection
gases demonstrates that cumulative methane production with injection is more
than double that without injection (Figure 1.3), with a greater quantity of
methane produced much earlier in the field’s life (Gunter et al., 1997). When
water is present, it is co-produced; its production is also enhanced.

As methane is released from a coal reservoir, the matrix shrinks,
improving permeability by causing cleats to open. As another gas (such as CO;)
is adsorbed onto the coal, however, the coal matrix swells, causing cleats to
close (Fokker & van der Meer, 2002). As such, it is essential to find a balance

between gas production and injection to maintain optimum permeability.
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Figure 1.3 Graph illustrating difference in methane production rate with gas injection.
The red line represents production with no injection whatsoever, whereas the blue line
represents injection of N,, and the green line represents the injection of carbon dioxide.
Assumptions are injection pressure of 2000 psi, reservoir pressure of 1500 psi,
permeability of 10 mD, porosity of 0.5%, thickness of 10 feet and drainage area of 46
acres (slightly more than one Alberta LSD). Coal is assumed to be 100% gas-saturated.
Injection and production wells are arranged in a five spot pattern (Gunter et al., 1997).

Injection of carbon dioxide into CBM reservoirs not only enhances production
of methane, but also serves as an effective greenhouse gas sequestration
technique, reducing emissions into the atmosphere (Wawerski & Rudnicki, 1998).
Carbon dioxide emissions alone are known to account for approximately 50% of
the increase of the greenhouse effect (van der Meer, 2002). Accompanied by
methane production or not, any suggested CO, removal strategy will need to
provide a system of quantifying the amount of CO; initially sequestered, and of
monitoring the reservoir over time, ensuring no leakage back to the atmosphere

(Chadwick et al., 2000).



1.4 Coal seismology

Coal has low seismic velocity and low density with respect to its bounding
strata, thus, although coal seams are extremely thin with respect to seismic
wavelength, their exceptionally large acoustic impedance contrast with
surrounding rocks results in distinct reflections (Gochioco, 1991). Limits of
resolution for coal beds are approximately A/8, and their limit of detection is less

than that for other strata, often approximately A/40 (Gochioco, 1992).

1.4.1 Seismic studies of coalbed methane strata

Historically, coal seismology has been used as a tool in effective mine
planning. Many of these techniques may be applied to coalbed methane
exploration and development. Coal mining seismic surveys are key in
determining coal structure and location, as well as the presence of faulting —
which can be economically disastrous if encountered unexpectedly in a mining
operation. Ziolkowski (1982) conducted a great deal of research into in-seam
seismic methods with coal, demonstrating that in-situ methods are an ideal
complementary technique for identifying faults and structures too small to be
resolved from surface.

Coal seams are often very thin, resulting in the need for high-bandwidth
data to properly image seams. A study by Knapp (1990) of the vertical
resolution of cyclothems determined that frequencies greater than 500 Hz are

needed to resolve individual cyclothem beds. Lower-frequency data may be



phase filtered, however, such that each bed has a single wavelet associated with
it, that is, peaks and troughs for alternating layers.

Fault identification has been a great advantage of seismic data in areas of
coal production. Faults are not only of great importance in mine design, but may
also interfere with coal bed methane production if the throw is greater than
seam thickness (Gochioco & Cotton, 1989). Seismic data of the Carbondale
Formation (within an unidentified U.S. mine) allows the identification of faults
with displacement of the same magnitude as the seam thickness (Gochioco &
Cotton, 1989). Surveys conducted near Harco, Illinois, allowed the identification
of eight previously undetected faults, as well as the proper location of a
sandstone-filled incision (Henson, Jr & Sexton, 1991). This study demonstrated
the effectiveness of combined seismic and borehole data, as the incision had
been incorrectly mapped using borehole data alone. A second study within the
Illinois basin (Gochioco, 2000) demonstrates the increased effectiveness in using
3D seismic data compared to 2D seismic lines. Misinterpretations are more likely
to occur when geologic anomalies are small relative to the spatial resolution of a
2D survey.

Seismic surveys of coalfields are not only useful for interpreting bed
thickness or overall field geometry and structure. Seismic data may allow for
identification of facies changes, which in turn may be used to determine
depositional environments of coals (Lawton, 1985). Knowledge of the

depositional setting is useful in predicting coal type and lateral continuity — both
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important factors in CBM prospecting. A case study of the Highvale-Whitewood
coalfield in the plains of Alberta demonstrates that a seismic survey was useful in
examining field structure, determining coal thickness, and identifying surrounding
strata (Lyatsky & Lawton, 1988). The study also demonstrates that the
character of coal reflections is not always related strictly to geological variations
within the coal, but is dependent on the influence of the overlying and
underlying sediments.

High-resolution reflection seismology has been effectively used to evaluate
the Wyodak coal at a prospective CBM site, identifying structures and estimating
their related fracture densities (Greaves, 1984). Lyons (2001) has demonstrated
the effectiveness of seismic surveys in illustrating previously unknown structure
and fracture trends in the Ferron coalbed methane field of the San Juan Basin.

Development of the Cedar Hill CBM field of the San Juan basin relied on
the assumption of a homogeneous field. Multi-component 3D seismic data has
since shown the field to be both compartmentalized, and heterogeneous (Shuck
et al., 1996). Converted-wave data are useful for mapping structure and
identification of overpressured zones. This Cedar Hill survey has also been
examined in conjunction with amplitude-vs.-offset (AVO) analysis (Ramos &
Davis, 1997). Areas with large AVO intercepts indicate low-velocity coals,
possibly related to zones of stress relief. Large AVO gradients are indicative of

large Poisson’s ratio contrasts, and therefore, are indicative of high fracture



11

densities. The integration of multi-component 3D seismic and AVO analysis is a
useful approach to characterizing fractured reservoirs.

Numerical modelling conducted on a model of thin coalbed strata found at
Willow Creek, Alberta (Richardson et al., 2001) tested the viability of imaging
thin (<1.5 m) coal seams using reflection seismology (Figure 1.4). This coal
zone was shown to be mappable using seismic reflection techniques, although it
is unlikely that individual thin seams may be resolved using bandwidths typically

attained in field seismic data.

Distance (m)
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Figure 1.4 Portion of Willow Creek numerical model and its seismic response. In the
model on the left, thin purple beds represent coal seams; yellow and grey represent
sandstone and shale, respectively. Seismic modelling used normal-incidence ray-tracing
and convolution with a 100 Hz Ricker wavelet. The small discontinuous coal seam (less
than 1.5 m thick) highlighted by the arrow is well imaged, as are other more continuous

events.
1.4.2 Time-lapse seismology and coalbed methane production
Time-lapse reservoir monitoring involves the comparison of seismic
images taken of the same strata at different time intervals. No published data
have discussed the use of time-lapse monitoring of CBM fields, but the technique

has been successfully applied to the Sleipner field of Norway, and at Weyburn,
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Saskatchewan, to monitor geological sequestration of carbon dioxide (Eiken &
Brevik, 2000; Li, 2003).

Carbon dioxide injection and the removal of water, the necessary steps in
enhanced CBM recovery, affect the bulk density and seismic velocity within a
geological formation. These changes in density and velocity in turn affect the
amplitude and travel times of reflected seismic waves (Gunter et al., 1997). Itis
believed that time-lapse reservoir monitoring of an ECBM project will show
amplitude variations and velocity push-down effects, allowing imaging of

dewatered zones and, potentially, tracking injected CO..

1.5 Study Outline

This thesis makes use of vertical seismic profiles and surface seismic data
collected at a coalbed methane test well site near Red Deer, Alberta. At this
locale, Suncor Energy Inc., industry partners, and the Alberta Research Council
are evaluating the Upper Cretaceous Ardley coal zone for its CBM potential, as
well as testing enhanced coalbed methane recovery with carbon dioxide
injection. Zero-offset VSP, walkaway VSP, and surface seismic data were
acquired using both compressional and shear sources. Survey parameters and
the geology of the study area are outlined in chapter two.

Zero-offset VSP data are examined in chapter three, allowing a detailed
study of the Vp/Vs character of the shallow strata at this site. Processing flows
used in ProMAX VSP processing software and commercial processing flows from

Schlumberger Canada are outlined. The results of these processing flows are
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compared to each other, and to synthetic seismograms, to determine the optimal
source for examining these coal seams. All seismic data throughout this work
are presented using SEG standard polarity conventions (Thigpen et al., 1975).

Chapter four summarizes coal imaging using the walkaway VSP and
surface seismic data. Processing flows for each, again from both ProMAX VSP
and Schlumberger Canada are outlined, and P-P and P-S reflectivities of the coal
zone are analyzed.

Seismic and well log data collected in this study are used in 1.5-D and 2-D
numerical modelling to test the viability of time-lapse seismic imaging of ECBM
production. One-dimensional synthetic seismograms are created using SYNTH, a
Matlab module, whereas two-dimensional ray tracing makes use of GX2
software. Chapter five details the results of this numerical modelling.

Conclusions and recommendations of this study are summarized in

chapter six.
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Chapter 2 Study Area & Surveys
2.1 Red Deer Study Site

Vertical seismic profile and surface seismic data were acquired at the
Cygnet 9-34-38-28W4 lease, located northwest of Red Deer, Alberta (Figure 2.1).
Suncor Energy Inc., industry partners, and the Alberta Research Council are
evaluating this site for enhanced coalbed methane recovery. Methane
production and carbon dioxide sequestration are both being tested for viability
within the Upper Cretaceous Ardley coal zone (Figure 2.2), one of Alberta’s most
prospective CBM targets. Within Alberta, Ardley coal seams are up to 4 m thick,
are laterally continuous over tens of kilometers and may show up to 24 m net
coal in a single wellbore (Beaton, 2003).

Within Alberta, the Ardley coal zone has an estimated original gas in place
of 53 TCF, of which an estimated 20% is recoverable using current technology
(Beaton, 2003). Test wells of the Ardley coal in the Pembina area have
demonstrated gas contents ranging from 1.5 to 4.4 cc/g, and permeability
between 4 and 10 mD (Hughes et al., 1999). At the test site, the Ardley coal
zone is of sub-bituminous ‘A’ rank, and average gas saturations in the Red Deer
region range from 2 to 5 cc/g of coal (equivalent to 3-4 BCF per section)

(Beaton, 2003).
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Figure 2.1 Map of Alberta, showing location of Cygnet 9-34-38-28W4 wellbore and VSP data
acquisition (Natural Resources Canada, 2002).
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Figure 2.2 Stratigraphic column showing Upper Cretaceous/Tertiary strata in Central Plains
of Alberta (after Beaton, 2003).

Ardley coal seams are unconformably overlain by the interbedded sands

and shales of the Tertiary Paskapoo Formation, and underlain by Edmonton
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Group strata, of similar lithology to the Paskapoo (Figure 2.2). The Kneehills tuff
forms an important regional marker bed within the Battle Formation, as it is an
easily correlatable, laterally extensive layer containing volcanic ash, displaying

low resistivity on well logs, and low seismic velocity (Havard et al., 1968).

2.2 Survey Geometry

Zero-offset vertical seismic profiles (VSPs), multioffset (“walkaway"”) VSPs,
and surface seismic were acquired at the 9-34 lease site. Here, the Ardley coals
are at a depth of 282 m below surface. The geometry for all surveys is

illustrated in Figure 2.3.

wellbore WP O
Om Om WP 1 WP 2 W3 WP 4 N
100 m 150 m 191 m 244 m
* % *x * % | t
........................... Ja
756 m "
Y& P &S shot point e
il [=)
Y P shot point | (83
------ Receiver line
9-34 well
2 4

Figure 2.3 Plan view geometry of acquisition at 9-34-38-28W4 near Red Deer. Zero-
offset vertical seismic profile sources (compressional and shear) were located at VPO,
whereas walkaway source points (compressional only) were located at VP1 to VP4.
Surface receivers were spaced at 10 m increments, illustrated by the green dashed line.
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Zero-offset VSPs were acquired using a 44,000 Ib. vertical vibrator source
("big-P") sweeping 8-150 Hz, a smaller truck-mounted vertical vibrating source
("mini-P") sweeping 8-250 Hz, and a truck-mounted horizontally polarized
vibrator source ("mini-S”) sweeping 8-150 Hz. In each case, sweep design was
limited by the operational limitations set by the source operator. Although high-
bandwidth (and thus, high resolution) data were desired to effectively image the
coal, it was unknown whether the mini-P source would produce enough energy
to generate clear reflections at the depth of the coal. For this reason, both the
mini-P and big-P sources were used, to determine which is the better source for
imaging coal seams at this site. A shear source was used such that shear-wave
velocities in the shallow section could be determined, and to test shear-wave
attenuation within the strata. The mini-S source was configured such that the
polarization of S-waves was oriented normal to the source-receiver plane. A
five-level, three-component VSP tool with a 15 m receiver spacing was used in
an interleaved manner such that receivers were spaced at 5 m intervals from TD
(300 m) to surface within the wellbore. All recording was undertaken ata 1 ms
sampling rate.

Multioffset surveys were conducted using only the compressional sources,
that is, the big-P and mini-P. Four shot points east of the borehole were used
for these surveys, at offsets of 100 m, 150 m, 191 m, and 244 m from the
borehole. For these walkaway surveys, three-component receivers were located

at 15 m intervals from TD to surface of the wellbore.
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Single vertical-component surface seismic data were recorded during the

Open hole wireline logs were obtained by Schlumberger Canada after

are shown in Figure 2.4.

2.3 Open hole well Logs

and big-P) as sources, as well as the walkaway shots.

shooting of the vertical seismic profiles, using a 60-channel Geometrics

‘Strataview’ seismic recorder. Geophones were spread at 10 m intervals east

Surface data were also recorded, using the zero-offset VSP shots (both mini-P

caliper logs were all run from TD to approximately 40 m below KB. These logs
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Figure 2.4 Open hole wireline logs recorded in well 9-34-38-28W4. Logs were run from
TD to approximately 40 m KB.

along the lease road and south along the Range road as illustrated in Figure 2.3.

drilling of the Red Deer well. Compressional sonic, bulk density, gamma-ray, and
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Interpretation of these logs gives information about the lithologies

penetrated by the wellbore, as well as the physical condition of the strata. The

caliper log shows relatively little variation in borehole width,

wash-out of strata has occurred during drilling. This in turn

suggesting that little

suggests that all

other tools were able to properly couple with the borehole wall, yielding high

quality data. Sonic, density, and gamma-ray logs are used in combination to

interpret the Red Deer well data. The overlying and underlying strata are

interpreted as interbedded shales and siltstones, and three distinct Paskapoo

sand units are identified in addition to the Ardley coal zone (Figure 2.5).
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Figure 2.5 Open hole well logs of 9-34 well with lithological tops interpreted. Three

sand packages are identified, as well as the Ardley coal zone. Overl
strata are interpreted to be interbedded siltstones and shales.

ying and underlying
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The base of the well contains interbedded silts and shales. Overlying
these strata is the Ardley coal zone, which is 11.7 m thick, from 282.3 m KB to
294.0 m depth. It is immediately detectable on the well logs by its extremely
low density, as well as its low sonic velocity, and low gamma-ray response.

Strata overlying the Ardley coal zone belong to the Paskapoo Formation,
which comprises interbedded fluvial sandstones and overbank shales (Smith,
1994). Three separate Paskapoo sand packages were identified by their low
gamma-ray counts and relatively low sonic transit times. Sand C, with an upper
contact at 272.0 m, immediately overlies the Ardley coal zone. Its gamma-ray
profile is characteristic of a fining-upward fluvial sequence, with the cleanest
gamma response at its base, becoming increasingly shaley towards the top. Its
sharp contact with the underlying Ardley and its fluvial signature lead it to be
interpreted as a channel sand.

Sand B is a thinner sedimentary package than sand C, being 8 m thick
with an upper contact at 243.0 m. It is characterized by a clean, blocky gamma-
ray signature. Sand B is interpreted to be a high-energy channel deposit.

Sand A is 34.6 m thick, and is interpreted to start at 193.5 m KB with its
basal contact at 228.1 m KB. The blocky log character with sharp upper and
lower contacts suggests a well-sorted fluvial channel, typical of the Paskapoo
Formation (Smith, 1994). A thin shaley layer (3-4 m thick) is noted in the middle

of this sand body.
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2.4 Cased hole logs

Several months following drilling and casing of the 9-34 wellbore, cased
hole wireline logs were run to obtain a shear sonic curve. The logging suite
included both a compressional and a shear sonic curve. The two sonic logs and

the resultant Vp/Vs curve are shown in Figure 2.6, and these data are discussed

in Chapter 3.
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Figure 2.6 Cased hole logs of 9-34-38-28W4. Because of cement in the bottom of the
well, it was not possible to log the base of the Ardley coal. Poor quality logs in the upper
100 m of the wellbore (particularly the shear sonic) are likely the result of a cement
integrity problem.

The cased hole compressional sonic curve shows great similarity to the
open hole log, both in shape and values, indicating a reliable log run. Casing the

wellbore resulted in cement in the bottom of the hole, meaning the base of the



Ardley coal could not be reached by logging tools. Lower quality shear sonic
readings in the upper portion of the well are likely the result of poor cement
integrity.

A cross-plot of open hole vs. cased hole P-wave sonic curves shows
generally an excellent correlation between the two data sets (Figure 2.7). This
consistency in surveys demonstrates that the cased hole data are as reliable as

the open hole data.
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Figure 2.7 Cross-plot of open hole and cased hole P-wave sonic traveltimes. Good
correlation is noted between the two data sets.

2.5 Summary

Zero-offset vertical seismic profiles, multi-offset VSPs, and surface seismic

data were all obtained at the Red Deer study site to examine the seismic
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response of the Ardley coal zone. Two compressional sources and one shear
source were used for the zero-offset VSP data, whereas the walkaway VSP and
surface data were recorded using only compressional sources. At this site, the
Ardley occurs at a depth of 282.3 m, and is 11.7 m thick. The coal zone is
overlain by strata of the Paskapoo Formation, including three channel sands
identified on open hole well logs. Cased hole logs were also run, including a

dipole shear sonic curve.
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Chapter 3 Zero-offset VSP Analysis

3.1 Raw zero-offset data

Data recorded at the Red Deer test site are of excellent quality. Raw data
shows only one poorly coupled receiver (at 114 m depth) throughout all surveys,
evidenced by the noisy trace at this receiver. The uppermost receiver, at 20 m
depth, shows considerable noise. Both downgoing and upgoing energy can be
distinguished on raw data for the mini-P, big-P and mini-S sources, illustrated in
Figure 3.1, Figure 3.2, and Figure 3.3, respectively. All seismic data are plotted
using the SEG standard polarity, that is, a positive amplitude (peak) on a P-P
section indicates a P-wave impedance increase, whereas a positive amplitude on

a P-S section indicates an increase in S-wave impedance (Thigpen et al., 1975).
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First breaks picked on these data sets were used to examine average and

interval velocities of the strata.

3.2 Vp/Vs analysis of shallow strata

Recording of the zero-offset VSPs from TD to surface allowed a detailed
examination of the seismic velocities of shallow strata in the Red Deer section.
Interval and average velocities, and Vp/Vs were calculated using first arrival
times for mini-P and mini-S energy at each receiver (Table 3.1). First breaks
were picked on each data set by picking the maximum of the first coherent peak,
according to the Vibroseis convention used by Schlumberger. First breaks from
the shallowest receiver were obscured by noise (Figures 3.1 to 3.3), resulting in
inaccurate velocity calculations at this level. For this reason, data values from
the uppermost receiver were excluded from the analysis. For simplicity, only the
mini-P data were used for the P-wave velocity determinations.

Average velocities were calculated using the formula:

t

_'n
z

n

avg

where ¢, is the first-break travel time at receiver n, and z, is the distance
traveled to receiver n, calculated using receiver depth and 20 m source offset,
assuming straight ray-paths and a vertical wellbore.

To create a smoother profile, interval velocities were calculated for 15 m

intervals rather than for every receiver, using the formula:



where zis calculated in the same manner as above.

Rec # Depth (m) IntVp(m/s) IntVs(m/s) IntVp/Vs AvgVp (m/s) AvgVs(m/s) AvgVp/Vs

1 20.01 2854.8 2481.7 1.15 2854.8 2481.7 1.156
2 35.13 2302.3 489.0 4.71 2663.0 1116.4 2.39
3 50.24 2390.6 649.7 3.68 2588.5 945.0 2.74
4 65.36 2432.2 743.2 3.27 2554.2 894.3 2.86
5 74.51 2991.8 897.6 3.33 2597.6 894.7 2.90
6 80.48 2553.2 893.3 2.86
7 84.32 2578.4 894.9 2.88
8 89.62 2470.9 894.4 2.76 2576.4 894.6 2.88
9 94.62 2577.6 903.5 2.85
10 99.44 2584.2 913.5 2.83
11 104.74 2658.5 1073.0 2.48 2587.5 915.8 2.83
12 109.74 2593.5 924.6 2.81
13 119.86 2589.9 931.5 2.78
14 124.89 2611.7 1114.5 2.34 2591.3 942.1 2.75
15 129.7 2596.6 953.4 2.72
16 134.98 2592.2 951.2 2.73
17 139 24431 1040.3 2.35 2575.8 951.0 2.7
18 144.82 2599.0 973.7 2.67
19 149.52 2611.7 972.5 2.69
20 154.58 3062.9 1369.7 2.24 2617.0 980.7 2.67
21 159.51 2619.5 988.3 2.65
22 164.63 2612.5 989.7 2.64
23 169.69 2654.2 1159.8 2.29 2620.2 994.2 2.64
24 174.63 2625.8 995.4 2.64
25 179.75 2614.0 1000.6 2.61
26 184.81 2663.9 1220.5 2.18 2623.7 1009.3 2.60
27 189.78 2626.7 1011.0 2.60
28 194.87 2625.6 1014.3 2.59
29 199.93 2816.3 1237.8 2.28 2637.2 1023.5 2.58
30 204.9 26421 1033.8 2.56
31 209.99 2648.3 1040.3 2.55
32 215.05 2939.5 1567.7 1.87 2656.2 1048.8 2.53
33 220.02 2660.5 1053.3 2.53
34 224 .53 2675.9 1055.8 2.53
35 229.53 3197.7 1086.0 2.94 2684.7 10561.1 2.55
36 234.56 2681.8 1062.9 2.52
37 239.65 2673.2 1064.8 2.51
38 244 .64 2669.6 1304.7 2.05 2683.8 1063.8 2.52
39 249.67 2685.4 1069.6 2.51
40 254.79 2681.8 1072.7 2.50
41 259.76 2860.1 1321.0 217 2693.4 1075.9 2.50
42 264.79 2686.6 1076.0 2.50
43 269.91 2677.3 1077.7 2.48
44 274.03 2487.8 1087.9 2.29 2681.9 1076.5 2.49
45 279.06 2679.8 1075.8 2.49
46 284.03 2673.3 1073.8 2.49
47 289.03 2691.1 1311.3 2.05 2682.4 1086.6 2.47
48 294.06 2672.9 1079.8 2.48

Table 3.1 Velocity and Vp/Vs values extracted from first arrival times of mini-P and mini-
S zero-offset VSP data.
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Average P-wave and S-wave velocities demonstrate generally lower
velocities in the near-surface, gradually increasing with depth (Figure 3.4).
Analysis of the first arrival times from both sources demonstrates high average
Vp/Vs (approximately 3.0) in the shallowest strata down to 100 m depth,
decreasing to a value of slightly less than 2.5 at 300 m (Figure 3.5). The highest

interval Vp/Vs is 4.7, at 40 m depth (Figure 3.6). Interval velocities are

smoothed by plotting at 15 m intervals.

Average Velocity (m/s)

0.0 500.0 1000.0 1500.0 2000.0 2500.0 3000.0
0.000 ' ' '

50.000

100.000

150.000

200.000

Depth {m)

250.000

300.000 11+ p-wave data

= S-wave data

350.000

Figure 3.4 Average velocity vs. depth derived from zero offset mini-P and mini-S VSP
data.
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Figure 3.5 Average Vp/Vs vs. depth for zero-offset VSP. High values are noted in the
near-surface, decreasing gradually to less than 2.5 at the base of the well.
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Figure 3.6 Interval Vp/Vs values vs. depth for Red Deer strata, plotted in 15 m
increments rather than for every receiver.
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Comparing Vp/Vs determined from the VSP data to those determined from
well log analysis shows a good correlation (Table 3.2). For comparison
purposes, the cased hole Vp/Vs log was smoothed using a 31-sample median
filter, and instantaneous Vp/Vs found at each depth. Given the log sample
interval of 0.1524 m, a 31-sample filter equals approximately 4.75 m in length.
Log values are not available at depths of less than 100 m, however most
recorded values match the seismic Vp/Vs values well (Figure 3.7). Although the
log data do not show as wide a range of values as the seismic data, the general
trend of Vp/Vs is consistent between the two data sets, with most values
differing very little. This suggests that either well log or seismic data may be

used for numerical modelling purposes and will produce similar results.

Depth (m) Log Vp/Vs  VSP Vp/Vs

75 unavailable 3.33
87.5 unavailable 2.86
100 2.10 2.31
112.5 2.29 2.34
125 2.06 2.01
137.5 2.13 2.40
150 2.07 2.12
162.5 2.06 2.32
175 2.13 2.73
187.5 2.04 2.25
200 1.93 2.02
212.5 1.94 1.90
225 1.94 3.13
237.5 2.32 2.00
250 2.03 1.90
262.5 2.19 2.30
275 2.05 3.00
287.5 2.33 2.42
300 unavailable 2.80

Table 3.2 Comparison of cased hole log Vp/Vs with Vp/Vs derived from zero-offset VSP
data. Correlation is good between the two data sets.
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Vp/Vs Comparison: VSP vs Well Data

VpiVs

150 175 200 2256 250 275 300 325 3580
50 1 1 | | 1 1 |

100 //

150 %
500 — Log Data
300 .

Figure 3.7 Comparison of Vp/Vs values derived from zero-offset VSP data with those
derived from well log data.

Depth (m)

In addition to the favourable comparison of Vp/Vs from both well log and
seismic data, integration of both the P-wave and S-wave sonic logs (Figure 3.8
and Figure 3.9, respectively) results in traveltimes that also match the seismic
data well. Table 3.3 summarizes the 2-way traveltimes derived from integrated
logs (integrated from the top of logs (approximately 50 m) to the total depth of
logs) and those derived from VSP data. Dispersion results in seismic velocities
that are generally slower than those calculated by integrating well logs. When
well log traveltimes are integrated, the velocity dispersion is determined to be
approximately 2.3% for P-wave data and approximately 6.8% for shear-wave

data (Figure 3.10).
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Figure 3.8 Integrated P-wave sonic log, showing calculated instantaneous velocities and

two-way travel times with depth.
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Figure 3.9 Integrated S-wave sonic log, showing calculated instantaneous velocities and

two-way travel times with depth.

Depth P-wave sonic 2- P-wave seismic 2- S-wave sonic 2- S-wave seismic 2-
(m) way traveltime way traveltime way traveltime way traveltime

50 0.035 0.040 0.070 0.114

100 0.075 0.078 0.150 0.222

150 0.109 0.116 0.221 0.310

200 0.142 0.152 0.290 0.392

250 0.178 0.186 0.355 0.468

300 0.215 0.220 0.435 0.544

Table 3.3 Comparison of 2-way traveltimes calculated from integrated well logs (from
top of well logs to TD) with those calculated from zero-offset VSP data.
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Figure 3.10 Graphical comparison of 2-way traveltimes calculated from integrated well

logs with those calculated from zero-offset VSP data.

Vp/Vs profiles of shallow strata are rarely determined in such detail as in the

Red Deer survey, as the majority of vertical seismic profiles do not include

receivers in the shallow section. At Red Deer, interval Vp/Vs values are high

(greater than 4.5) nearest the surface, gradually decreasing with depth to

approximately 2.0. These values agree well with published data regarding near-

surface velocities, as summarized in Table 3.4.
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6 2.0 2.8
12 5.1
18 8.0 4.7
20 8.0
35 3.6 4.7
50 5.2 5.0 4.0 3.7
65 5.7 3.3
75 3.3
100 4.5 5.8 4.6 3.9 4.0 2.3
125 2.0
150 4.0 3.7 4.3 2.9 2.1
175 2.7
200 4.0 4.0 3.9 3.1 2.2
225 3.1
250 3.8 3.8 2.4 3.1 3.3
275 3.0
300 3.7 3.5 3.8 3.0 2.8
350 3.5 2.3

Table 3.4 Comparison of shallow interval Vp/Vs in various areas. Red Deer values show

a trend similar to other published data.

Hamilton (1976, 1979), one of the first to predict Vp/Vs relationships in

shallow strata, relied on shallow marine and land in-situ measurements, and

derived empirical relationships to predict Vp/Vs with increasing depth. This

prediction has proved to be reasonably accurate.

Both within Alberta and in other parts of the world, several determinations

of Vp/Vs within the shallow section have found high values nearest the surface,

decreasing gradually with depth. This pattern is seen in the very near surface at

Chin Coulee, where Vp/Vs of approximately 5.0 was calculated using refraction

methods in sediments of 6-18 m depth (Cieslewicz, 1999), and near Calgary,
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where a Vp/Vs of 8.0 was found using refraction methods at depths of 10-20 m
(Lawton, 1990). In both of these studies, lower Vp/Vs values were found above
the water table.

Vertical seismic profiles have been used to identify this pattern of
decreasing Vp/Vs with depth at Pikes Peak, in Saskatchewan (Osborne &
Stewart, 2001), and at a site near Dallas, Texas (Tokstz & Stewart, 1984).
Compressional and shear-sonic well logs may also be used in examining Vp/Vs of
shallow strata, and have been used to delineate the Vp/Vs profile at Blackfoot,
Alberta (Hoffe & Lines, 1999), at Cold Lake, Alberta (Sun, 1999), and in offshore
data, such as a Whiterose well, offshore Eastern Canada (Jaramillo & Stewart,
2002). In the Whiterose case, well logs started at a depth of 350 m, but the
Vp/Vs relationship demonstrated a similar character to those observed in the
shallow section for this study. The Whiterose trend was extrapolated to

shallower depths to calculate the expected Vp/Vs behaviour.

3.3 Mini-P zero-offset processing

3.3.1 Schlumberger mini-P processing

Zero-offset VSP vertical-component data sets were processed by
Schlumberger Canada. In addition, the mini-P data set was processed using
ProMAX VSP, a commercial VSP processing package available at the University of

Calgary. Schlumberger’s processing flow is outlined in Figure 3.11.
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‘ Geometry assignment ‘

‘ Stack multiple shots by median algorithm ‘

‘ Pick first arrivals ‘

!

‘ Temporal Amplitude Recovery ‘

‘ Spatial Amplitude Normalization RMS ‘

i Wavefield separation }—

k4 h
‘ Downgoing wavefield ‘ ‘ Upgoing wavefield ‘

‘ Design inverse Flter ‘ Median filter data enhancement ‘

\—’( Waveshaping bottom level deconvolution "J

‘ Median filter data enhancement ‘

Carndor Stack

Figure 3.11 Processing flow used to process zero-offset mini-P VSP data (Schlumberger).

After geometry assignment and separation of vertical components,
multiple shots were summed using a median algorithm, and first breaks were
picked (Figure 3.12). Temporal amplitude recovery (with a time-power constant
of 1.7) and spatial amplitude normalization RMS (with a 0.1 s time window) were
used to compensate for spherical divergence and transmission losses (Figure
3.13). Wavefield separation was accomplished by use of an eleven-trace median
filter. Flattened downgoing energy is illustrated in Figure 3.14, whereas the

upgoing wavefield is shown in Figure 3.15.
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Figure 3.14 Downgoing energy separated from zero-offset mini-P data (Schlumberger).
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Figure 3.15 Upgoing wavefield separated from zero-offset mini-P data using an 11-trace
median filter (Schlumberger).
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Another median filter (5 traces) was applied to enhance the separated

upgoing wavefield, and waveshaping bottom level deconvolution (using a 0.6 s

time window and 1.0% white noise) was used to remove the effect of the source

signature from the upgoing energy (Figure 3.16). The data were once again

enhanced with a three-trace median filter (Figure 3.17). A corridor stack was

produced by defining the top and bottom of the corridor, and by adding first

arrival times to convert the data to two-way time (Figure 3.18). Various

bandpass filters were tested on the final corridor stack (Figure 3.18).
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Figure 3.16 Upgoing P-wavefield after deconvolution (Schlumberger).
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3.3.2 ProMAX VSP mini-P processing

ProMAX processing of the mini-P data set used a flow (Figure 3.19) very
similar to that used by Schlumberger. After separating vertical components,
assigning geometry and stacking multiple shots using a mean algorithm, first
breaks were picked. Average velocity vs. depth was calculated using these first
break times, then converted to RMS velocity vs. depth for use in true amplitude
recovery and spherical divergence correction. True amplitude recovery used a 6

dB/sec correction and a time-power constant of 1.2 (Figure 3.20).

‘ Geometry assignment ‘

‘ Stack multiple shots for each tool position ‘

‘ Pick first arrivals ‘

l

‘ Calculate average velocity function ‘

‘ Convert to RMS velocity function ‘

‘ True Amplitude Recovery ‘

‘ Downgaing wavefield Wavefield separation Upgoing wavefield

‘ Design inverse filter ‘

‘ "i VSP Deconvolution i‘

!

‘ Spectral Whitening ‘

Corndor Stack

Figure 3.19 Processing flow used to process zero-offset mini-P VSP data using ProMAX
VSP.
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VSP deconvolution was used to remove the effect of the source signature
from the upgoing energy, using a 0.3 s time window and adding 1% white noise

(Figure 3.23). The inverse filter was designed using the separated downgoing

wavefield.
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Figure 3.23 Deconvolved upgoing wavefield extracted from zero-offset mini-P data. VSP
deconvolution used a 0.3 s time window, and added 1% white noise (ProMAX VSP).

Spectral whitening (10-20-240-260 Hz) was applied to the deconvolved
upgoing energy, and a corridor stack created (using 40 ms corridor width) by
shifting the data to two-way time and stacking data to form a single trace. This
trace is repeated several times in the corridor stack display (Figure 3.24).

A comparison of the corridor stacks resulting from Schlumberger’s processing

and ProMAX VSP processing is illustrated in Figure 3.25.
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Figure 3.25 Comparison of zero-offset mini-P P-wave corridor stacks produced by A)
ProMAX VSP, B) synthetic seismogram with extracted mini-P wavelet, and C)
Schlumberger processing. Geological markers are highlighted in red.
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Both resultant mini-P data sets show a high-amplitude coal event, with the
upper coal contact imaged at approximately 220 ms, and the basal contact at
approximately 230 ms. Both processed data sets correlate well with the
synthetic seismogram generated by convolution of the well logs with the
extracted mini-P wavelet. Processed mini-P data sets are able to resolve not
only upper and lower coal contacts, but also an intra-coal event at approximately
225 ms. Although it is possible this is the result of wavelet side-lobe
interference, this event is also visible on the synthetic seismogram, and detailed
examination of the well logs suggest that this event may represent one of the

shale partings or a calcite streak within the coal zone.

3.3.3 Zero-offset big-P processing

Using a flow nearly identical to that used for mini-P processing (Figure
3.11) zero-offset big-P vertical-component data were processed by
Schlumberger. Changes were made only to minor parameters within the
processing steps, such as the extents of bandpass filters. The final big-P corridor
stack is illustrated in Figure 3.26.

A comparison of the final big-P corridor stack to the mini-P corridor stack

(Schlumberger version) is illustrated in Figure 3.27.
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Figure 3.26 Final corridor stack and L-plot of big-P data (Schlumberger).
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Figure 3.27 Comparison of zero-offset VSP corridor stacks produced from A) synthetic
seismogram using well logs and extracted big-P wavelet, B) big P-wave source, C) mini-P
wave source, and D) synthetic seismogram convolved with extracted mini-P wavelet.
Ardley coal zone response begins at 220 ms, with upper and lower coal contacts
highlighted in red. The mini-P response clearly shows an intra-coal event between the
upper and lower coal contacts, whereas the big-P data are not able to resolve this event.

Big-P data images the coal zone well, although it is not able to resolve the
intra-coal event imaged by the higher-bandwidth mini-P source. This corridor
stack shows, however, that a big-P source is suitable for detection of coal seams,
but not for detailing intra-seam inhomogeneities.

Amplitude spectra of the final stacks for each source indicate that the mini-P
data set has much higher bandwidth than the big-P data, as expected.
Frequency analysis for the big-P dataset demonstrates useable frequency content
of 15-150 Hz (Figure 3.28), virtually identical bandwidth to the source sweep.
Assuming an average coal velocity of 2450 m/s in the study area (from the VSP
data), this results in a maximum theoretical possible resolution up to 4.08 m

using the traditional A/4 formula, or up to 2.04 m using the Gochioco (1992)
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modified limit of resolution for coal. Little attenuation of the high frequencies
has occurred, suggesting that even higher bandwidth would have been
attainable, had the sweep not been limited by operating parameters. At the
depth of the coal zone, the dominant frequency is approximately 80 Hz, resulting
in a practical limit of resolution of 7.6 m (using A/4) or 3.8 m using Gochioco’s

modified limit.
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high frequencies, even at depth (Schlumberger).
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Higher bandwidth was obtained in the mini-P survey, with useable
frequencies ranging from 15-220 Hz (Figure 3.29). With an input sweep of 8-
250 Hz, only the very lowest and highest frequencies have been attenuated.
Dominant frequency at the depth of the coal is approximately 110 Hz. This
results in a practical resolution as high as 5.6 m (using A/4) or 2.8 m (using 1/8).
The final corridor stacks clearly demonstrate the improved resolution of the mini-
P data set, which is able to image an intra-coal event. Log data shows the
largest impedance contrasts within the coal zone bound a layer only 0.5 m thick.
The high bandwidth recorded suggests that strong impedance contrasts within a
coal zone may allow detailed mapping of individual seams within a coal zone, or
locating undesirable tight streaks prior to CBM development.

In both big-P and mini-P amplitude spectra, frequencies above the input
sweep are detected at shallow depths. These high frequencies may be the result

of mechanical noise from the vibrators, or may be the result of harmonics.
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Comparing bandwidth and resolution of the two data sets, it can be
concluded that in this study area, a mini-P source is preferable for imaging of the
Ardley coal zone. The resolution attainable in mini-P data is superior to that of
the big-P source, and attenuation of the signal has occurred only at the highest
frequencies. A big-P source, however, is suitable for coal detection, as it has

effectively imaged both the upper and lower contacts of the Ardley coal zone.

3.2.3 Zero-offset mini-S processing

Schlumberger’s processing flow for the mini-S data set is outlined in
Figure 3.30.

Horizontal components were rotated into the plane of the source and
receivers. The horizontal component showing maximum energy was selected for
processing. After picking first breaks, true amplitude recovery and amplitude
normalization were applied. Shear wavefield separation was accomplished using
a fifteen-trace median filter, and the resultant upgoing energy was enhanced
using a nine-trace median filter. Waveshaping bottom level deconvolution
removed the effects of the input source energy, and the deconvolved traces
were once again enhanced with a median filter. No shear sonic log was recorded
prior to processing the mini-S zero-offset data, so a model was built using the
compressional-sonic log and the mini-S first arrival times to convert the data to

P-time.
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Figure 3.30 Outline of processing flow used by Schlumberger to process the zero-offset

mini-S VSP data.

The final corridor stack of mini-S data is illustrated in Figure 3.31, whereas

Figure 3.32 shows a comparison to the mini-P corridor stack. An apparent phase

shift is noted when comparing the two data sets, as the mini-S coal top response

is a zero crossing, whereas the P-data coal top response is a trough. This is

attributed to a difference in tuning between the two wavefields.
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Figure 3.31 Final corridor stack and L-plot of mini-S data (Schlumberger).
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Figure 3.32 Comparison of mini-S and mini-P corridor stacks (in P-time). Upper coal
response is highlighted in red. The mini-S coal response is a zero crossing, whereas the

mini-P response is a trough.

Upper and lower coal contacts both produce strong amplitude reflections

recorded on the horizontal component of the mini-S VSP data. In the

compressional-wave data sets, the seismic response of the upper contact of the

coal is a trough, and a slight phase difference is noted between the P and S data

sets. The amplitude spectrum of the mini-S data shows useable frequencies of

15-80 Hz (Figure 3.33), with a dominant frequency of approximately 30 Hz,

meaning the input sweep of 8-150 Hz has been considerably attenuated. Using
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average S-velocities of 1010 m/s in the study area, the calculated limit of
resolution is approximately 8.4 m, using A/4 or 4.2 m, using the A/8 criterion.
The attenuation of shear waves relative to P-waves is considerably higher.
Whereas P-wave data retained a high proportion of the bandwidth of the original
sweep, exponential decay is noted in the S-wave data (Figure 3.33). Limits of
resolution at the level of the coal are similar for mini-S and big-P data sets, with

inherent shorter wavelengths compromised by lower frequencies.
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3.4 Discussion

Source tests illustrate that in this area, a mini P-wave truck-mounted
vertical vibrator source unit is an ideal source for imaging coal seams at a depth
of approximately 300 m, yielding much higher resolution data than a
conventional heavy-duty vertical vibrating source. Ardley coal zone contacts at
the Red Deer site may be effectively imaged using any of the three sources
tested, but lithological changes within the coal may be detected using the high-
frequency mini-P source.

Bandwidth comparisons show useable frequencies of 8-150 Hz in big-P
data, whereas mini-P data contains frequencies ranging 8-220 Hz. Shear wave
attenuation was considerably higher than that of P-waves, with the mini-S source
yielding useable bandwidth of 8-50 Hz. Such low attenuation of the mini-P
source suggests that high-bandwidth converted-wave data may be obtained
using the mini-P source.

Using extracted amplitude spectra combined with seismic and sonic well
log traveltimes, the attenuation for P-waves (Qp) of the Cygnet strata may be
estimated. This is calculated using the equation:

 delay = dhn@, /o)) (Stewart et al., 1984)
70, V(w,)

where {45, is the delay time between sonic log and seismic traveltimes, d'is the

distance traveled, @, is the attenuation, W(w;)is the sonic velocity, and w; is the

seismic center frequency.
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For the mini-P vibrating source to the base of the wellbore, Qp is
estimated to be 31.4. The parameters used for this estimate are: tgelay=0.00622
s; d=300 m; V(w2)=2545 m/s; ®1=20000 Hz; and »,=110 Hz.

Attenuation of shear waves (Qs) can be determined in the same fashion,
using the appropriate shear velocity and shear-wave frequencies. To the base of
the Red Deer wellbore using the mini-S vibrating source, Qs is estimated to be
9.7. The parameters used for this estimate are: tgelay=0.07006 s; d=300 m;
V(02)=915 m/s; »;=20000 Hz; and w,=30 Hz.

Examination of the Vp/Vs character of the shallow strata demonstrated a
profile similar to those seen in other parts of Alberta and the world. Vp/Vs
values were high (nearly 5.0) in the near-surface, decreasing with depth to a
Vp/Vs of approximately 2.0. Good correlation was noted between Red Deer
Vp/Vs values calculated using the zero-offset VSP data and those calculated
using cased hole sonic logs. This suggests that either well log or seismic data

may be used to extract velocities used in numerical modelling.
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Chapter 4 Imaging and Reflectivity
4.1 Walkaway VSP Processing

Walkaway data were recorded using both the big-P and mini-P sources.
Using a flow very similar to that used for zero-offset data, processing of the mini-
P walkaway data was completed by Schlumberger. Geometry was assigned,
vertical and horizontal components were separated, horizontal components were
rotated into the source-receiver plane, and the in-line component then used for
P-S imaging and analysis. After picking first breaks, temporal amplitude recovery
with a time-power constant of 1.7 and spatial amplitude normalization RMS (with
a time-window of 0.1 s) were applied. Total wavefield separation was
accomplished using parametric decomposition (10-150 Hz frequency range, 0.02-
1.0 s time window). This flow is outlined in Figure 4.1. Schlumberger provided
SEG-Y data of the downgoing P-wavefield (Figure 4.2), upgoing P-wavefield
(Figure 4.3), and both downgoing and upgoing S-wavefields (Figure 4.4, and
Figure 4.5 respectively). All raw wavefields have had a bulk shift applied for

simplicity of plotting.
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Figure 4.1 Outline of processing flow employed by Schlumberger in processing of multi-
offset VSP data.
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Figure 4.2 Downgoing P-wavefields for source offsets of: A) 100 m, B) 150 m, C) 191 m, D) 244 m. Receivers are ordered from deepest

to shallowest (left to right). All time scales are in milliseconds.



66

12[3.5

210 DoBth (m)

Figure 4.3 Upgoing P-wavefields for source offsets of: A) 100 m, B) 150 m, C) 191 m, D) 244 m. Receivers are ordered from deepest to

shallowest (left to right). Upgoing energy is indicated with an arrow.
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Figure 4.4 Downgoing S-wavefields for source offsets of: A) 100 m, B) 150 m, C) 191 m, D) 244 m. Receivers are ordered from deepest

to shallowest (left to right).
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Figure 4.5 Upgoing S-wavefields for source offsets of: A) 100 m, B) 150 m, C) 191 m, D) 244 m. Receivers are ordered from deepest to
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These separated wavefields were further processed to produce a final
VSP-CDP stack for P-P data and a VSP-CCP stack for P-S reflections.

Schlumberger’s flows to produce these final sections are outlined in Figure 4.6.

Upgoing P wavefield

Upgoing S wavefield

l

l

Data enhancement Data enhancement
with model-based with model-based
median filter median filter

¥ ¥
Waveshaping Waveshaping
deconvolution deconvolution
¥ hd
Data enhancement with Data enhancement with
3-trace median filter 5-trace median filter

¥ hd
Normal Move-Out Correction Normal Move-Out Correction

l l

VSP-CDP Mapping V5P-CCP Mapping

Figure 4.6 Processing flow used to create VSP-CDP transform of P-P walkaway data, and
VSP-CCP mapping of P-S walkaway data (Schlumberger).

Separated wavefields were enhanced using a model-based median filter of 5
traces length. Trace by trace waveshaping deconvolution was applied using a
0.15 s window, 10-150 Hz spectrum, and 0.1% noise. A second median filter
was applied to the deconvolved data, using 3 traces to enhance the P-wave data,
and 5 traces to enhance the S-wave data. The wider filter was used to better
enhance the noisier shear-wave data set. A normal move-out correction was

applied to both compressional and converted-wave data sets. Finally, the VSP-



70

CDP and VSP-CCP mapping was performed using 2 m binning/mapping intervals,
resulting in one set of images for each shot point. Imaging at offsets 1 through

4 is illustrated in Figure 4.7 through Figure 4.10, respectively.
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Figure 4.7 Walkaway VSP imaging for shot point #1, located 100 m from the wellbore.
VSP-CCP transform is plotted in P-time for ease of comparison (Schlumberger).
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Figure 4.9 Walkaway VSP imaging for shot point #3, located 191 m from the wellbore.

VSP-CCP transform is plotted in P-time for ease of comparison (Schlumberger).
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Figure 4.10 Walkaway VSP imaging of shot point #4, located 244 m from the wellbore.
VSP-CCP transform is plotted in P-time for ease of comparison (Schlumberger).

Both CDP and CCP mapping show good correlation with the zero-offset corridor
stacks and with synthetic seismograms (Figure 4.11 and Figure 4.12). Events

are aligned in time, and relative amplitudes are similar throughout the sections.
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Figure 4.11 Comparison of VSP-CDP mapping with mini-P zero-offset corridor stack and synthetic seismogram created by convolution
with extracted mini-P wavelet. All events correlate well, although higher bandwidth is evident in the zero-offset corridor stack.
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Figure 4.12 Comparison of VSP-CCP transform with P-S synthetic seismogram. VSP-CCP gathers are plotted in P-time, with the synthetic

seismogram graphically plotted to match, not transformed to P-P time.
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Coal contacts are clearly resolved across the section in both the
compressional and converted-wave data. VSP-CDP mapping correlates well with
zero-offset data, demonstrating slightly lower bandwidth. At the nearest offset
(100 m), the converted-wave data shows even more detail at the coal top,
showing a double-trough event, whereas the P-P data shows a single trough
representing the coal top. At the furthest offset (244 m), the compressional data
gives a more continuous coal response than the converted wave imaging. At the
level of the coal top, the VSP-CCP gather at 244 m source offset shows an
apparent phase change. Without another source offset, it is not possible to tell
whether this is a processing artifact or a legitimate phase change, and it requires

further investigation.

4.2 Surface seismic data

Processing of the surface seismic data proved to be limited as a result of
the unusual acquisition geometry (Figure 2.3). A simple processing flow was
applied to the raw shot records using ProMAX 2D, however, such that coal
reflections may be assessed on surface seismic data. This flow is outlined in

Figure 4.13.
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Figure 4.13 Outline of processing flow used to enhance surface seismic data shot
records.

Data were sorted and mini-P shot records were isolated, then correlated with the
mini-P Vibroseis sweep. Geometry was assigned, and first arrivals picked. After
killing bad traces, offset amplitude recovery was used to restore true amplitudes
to the data, and an F-K filter was applied to remove source-generated noise and
ground roll. Data quality was enhanced using a bandpass filter and then
deconvolved. Finally, a one-way normal move-out correction was applied to

restore reflections to their proper arrival times. A sample shot record is
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illustrated in Figure 4.14. The surface data do not tie perfectly with the big-P

corridor stack, time-wise.
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Figure 4.14 Shot record from surface seismic data recorded at Red Deer. Receiver number 22
(highlighted by blue arrow) indicates the location of the corner in the L-shaped receiver line.

The time of the big-P upper coal reflection in the corridor stack (as
indicated by the red arrow) does not tie with the coal reflection imaged in the
surface seismic data (green arrow), but strong coal events are indeed noted on
the shot record, slightly later than those imaged using the VSP (230 ms on
surface seismic, 220 ms on the zero-offset VSP). The strength of the coal
response recorded on the surface data suggests that a mini-P vertical vibrator is
a suitable source for not only VSP data, but also surface surveys imaging Ardley
coal seams at this depth. A full-fold 3D survey is expected to successfully map

lateral facies and thickness changes of the coal zone across the survey area.
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4.3 Reflectivity Analysis

Vertical seismic profiles record both downgoing and upgoing wavefields,
providing insight into the reflectivity of the subsurface. The ratio of incident and
reflected amplitudes may be used to obtain a good estimate of the reflection

coefficient of an interface, that is:

R _ AupgoingP
PP —

downgoingP
And for converted waves:

A

upgoingP

=

PS
downpgoing$S

where Rpp and Rps are the reflection coefficients, and A represents the peak
amplitude of a given event.

Amplitudes recorded in-situ immediately above the interface of interest
are free from most wavefield propagation effects, resulting in the true amplitude
reflectivity with respect to the incident wavefield. Walkaway VSP data from Red
Deer were used to calculate coal reflectivity at a number of offsets, thus testing
for AVO effects. The approach used was to undertake numerical modelling,

followed by analysis of the field data.

4.3.1 Two-dimensional ray-tracing

A 1-dimensional model of the Cygnet strata was built using GX2 modelling
software, and 2-D ray-tracing was undertaken. Densities and lithologies were

derived from analysis of the 9-34 well logs, whereas P- and S-wave velocities
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were extracted from the zero-offset mini-P and mini-S VSP surveys. Model

parameters are summarized in Table 4.1, and Figure 4.15 illustrates the model.
Ray-tracing of the model was performed using the survey geometry of the Red
Deer walkaway VSP. The depth and thickness of the Kneehills tuff, included in

the model, is estimated from well logs in the surrounding region.

Layer Name DeptPn;c;) top E:speth(nt:; V, (m/s) Vs (m/s) g(egr/'ﬁg Vo/Vs
Layerl 0 30 1900 480 2321 3.96
Layer2 30 55 2400 645 2365 3.72
Layer3 55 80 2700 825 2418 3.27
Layer4 80 105 2660 990 2422 2.69
Layer5 105 130 2675 1180 2348 2.27
Layer6 130 155 2700 1150 2347 2.35
Layer?7 155 180 2610 1120 2355 2.33
Layer8 180 193.5 2825 1200 2395 2.35

UpsandA 193.5 205 2872 1500 2355 1.91
LwsandA 205 228 3080 1400 2333 2.2
Layer9 228 230 3250 1000 2180 3.25
Layer10 230 243 2400 1100 2342 2.18
sandB 243 251 3050 1250 2325 2.44
Layerll 251 255 2290 1250 2408 1.83
Layer12 255 272 2740 1300 2361 2.11
SandC 272 282 3050 1140 2427 2.68
Ardley 282 294 2450 1010 1905 2.43
Layer13 294 320 2800 1300 2440 2.15
Tuff 320 330 2500 1100 2100 2.27
Layeri4 330 350 2800 1300 2440 2.15

Table 4.1 Model parameters used in GX2 model of Red Deer strata.
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Figure 4.15 Tllustration of GX2 model used to numerically simulate the Red Deer study
site. Sand layers are yellow, Ardley coal strata are grey, and the Kneehills tuff is pink.
Wellbore is green line at distance 0, and shot points are indicated with red stars.

GX2 allows individual horizons to be turned on or off as active reflectors
during ray-tracing. Initially, only the upper coal contact was used as an active
reflector. Ray-tracing was performed in both P-P and P-S modes, and traces
were generated by convolution with an 80 Hz Ricker wavelet. This wavelet was
chosen to simulate the dominant frequency found in field data.

Receiver types can be varied during ray-tracing such that an omni-phone
(recording the total wavefield), a vertical-component geophone, or a horizontal-
component geophone may be used. Ray-tracing was run using each of these
geophone types, and incidence angles were extracted from the rays to calculate
the total wavefield amplitude from either a vertical or horizontal geophone

(Figure 4.16).
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Figure 4.16 Angles of incidence for downgoing and upgoing energy. Angles can be used
in conjunction with vertical or horizontal amplitude to calculate the total wavefield
amplitude.

Using simple triangle geometry, the amplitude of the total downgoing

wavefield can be written as:

Averlical(P)

Adowngoing(P) = cosd
where A is the peak amplitude of a given event. In this case, amplitudes were
found by examining the data in ProMAX VSP and picking the maximum (peak or
trough) amplitude of the given event. The amplitude of the total upgoing

wavefield can be calculated by:
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Avertical(P)

Aupgoing(P) = COS¢
In the converted-wave case, it is easier to extract the upgoing S-wave
amplitudes from the horizontal component of the receiver, so the total amplitude

is found by:

Ahorizontal S
_ (5)
upgoing(S) — .

sin ¢

In the GX2 model, as the reflectivity of the coal top is being examined, the
only receiver made active for ray-tracing was that located at 279 m depth, the
receiver immediately above the top of coal. Coal reflectivity was calculated using
both omniphone amplitudes and those amplitudes calculated using incidence
angles. The P-P reflectivity results are summarized in Table 4.2. Amplitudes are
stated in relative values, not in units. To assess the GX2 results, reflectivities
were also calculated using the CREWES Zoeppritz Explorer, using incidence

angles determined from the GX2 ray-tracing.

Offset Omni 0 V down Omni up ) V up Omni PP Angled PP
(m) down (degrees) amplitude amplitude (degrees) amplitude Reflectivity Reflectivity
amplitude
100 -0.77 21.61 -0.71 0.17 19.22 0.16 -0.22 -0.22
150 -0.77 31.14 -0.66 0.17 27.92 0.15 -0.22 -0.22
191 -0.73 37.67 -0.58 0.17 34.03 0.14 -0.23 -0.23
244 -0.71 44.67 -0.51 0.17 40.74 0.13 -0.24 -0.24

Table 4.2 PP reflectivity calculated using GX2 ray-tracing software. Reflectivity
calculated using omniphone amplitudes matches that calculated using vertical-component
amplitudes and angles of incidence.
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Using Zoeppritz equations to calculate the coal reflectivity based on the
model parameters, it becomes clear that GX2 software produces relatively

accurate amplitudes, with differences increasing slightly with offset (Table 4.3).

Offset (m)  GX2 Reflectivity  Zoeppritz Reflectivity  Difference (%)

100 -0.22 -0.22 0
150 -0.22 -0.22 0
191 -0.23 -0.22 4.3
244 -0.24 -0.23 4.2

Table 4.3 Comparison of GX2 PP reflectivity to values calculated using Zoeppritz
equations.

Zoeppritz equations also indicate that no measurable P-P AVO gradient will be
noted in the top coal reflection (Figure 4.17). Until large incident angles (>50°)
are reached, reflectivity varies by no more than 0.04, remaining near constant at
approximately 0.22. This suggests that any amplitude variations noted in the PP
reflectivities will be the result of lateral variations in coal properties, not simply

an AVO effect.
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Figure 4.17 Calculated Zoeppritz PP reflectivity for upper coal contact using model
parameters (www.crewes.org). PP reflection coefficient shows virtually no variation until
incident angles of greater than about 40 degrees are reached.

4.3.2 Red Deer PP reflectivity

Application of this reflection coefficient calculation technique to the Red
Deer data set allows reflectivity of the Ardley coal to be evaluated. Vertical
component amplitudes were used in conjunction with incident angles extracted
from ray-tracing to calculate the total wavefield amplitudes, and thus, coal
reflectivity. Downgoing peak amplitudes were found using the Schlumberger
separated “P-down” dataset, and upgoing amplitudes were extracted from the
separated “P-up” dataset. All amplitudes were extracted from the receiver
located at 279 m depth, that is, the receiver immediately above the top of the

coal zone. Calculated Ardley coal zone reflectivities are summarized in Table 4.4.
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Amplitude values are digital values from processing, and are relatively scaled,

not given in units.

Offset V- down 0 V- up ) PP Reflectivity
(m) amplitude  (degrees) amplitude (degrees)
100 -43.44 21.61 27.33 19.22 -0.62
150 -30.21 31.13 22.38 27.92 -0.72
191 -22.71 37.67 16.78 34.03 -0.71
244 -18.45 44.67 12.59 40.74 -0.64

Table 4.4 Summary of PP reflectivity calculated using Red Deer walkaway VSP data.

It is immediately evident that the calculated reflectivity values from the
Red Deer data set do not match those predicted by the GX2 ray-tracing or
Zoeppritz equations. This is due to the fact that the predicted reflection
coefficients are based strictly on the top of coal reflection, and do not include
wavelet interference from any other reflectors. To more accurately predict the
coal reflectivity, a detailed model of the coal was built. Blocking the well logs
using a median algorithm allowed calculation of new layer parameters. Log
blocks were chosen based on sharp contrasts in traveltime or density values.
Original logs are shown in Figure 4.18, whereas blocked logs are shown in Figure

4.19. Detailed coal model parameters are outlined in Table 4.5.
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Figure 4.19 Detailed well logs of coal zone and surrounding strata, after median
blocking.
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Layer name Depthto Depthto Vp(m/s) Vs(m/s) Density (kg/m3)
top (m)  base (m)

Overburden 0 272 2740 1300 2361
SandC1 272 276 2809 1000 2410
Sand C 2 276 280 2941 870 2422
Sand C 3 280 282 3180 864 2450
Ardley 1 282 284.5 2717 726 2160
Ardley 2 284.5 285.5 2899 769 2379
Ardley 3 285.5 286.5 2481 660 2010
Ardley 4 286.5 287.5 2740 730 2080
Ardley 5 287.5 294 2364 656 1600

Underlying 1 294 296 3390 1093 2462

Underlying 2 296 302 3252 1200 2455

Underlying 3 302 350 2800 1300 2440

Table 4.5 Model parameters extracted from blocked logs for detailed coal ray-tracing
model.

Amplitude analysis of results from ray-tracing the detailed model with all
horizons turned on as active reflectors results in reflectivity values that are very

close to the reflectivity calculated from the Red Deer data (Table 4.6).

Offset (m) Down Up GX2 PP Red Deer PP Reflectivity
amplitude amplitude Reflectivity
100 0.91 -0.57 -0.63 -0.62
150 0.87 -0.50 -0.58 -0.72
191 0.82 -0.56 -0.68 -0.71
244 0.79 -0.57 -0.73 -0.64

Table 4.6 Comparison of detailed GX2 coal model PP reflectivity values with Red Deer PP
reflectivity values. Amplitudes were extracted using an omni-phone receiver.

Examination of the reflectivity values from the detailed GX2 model and the
Red Deer strata (Figure 4.20) suggests that no measurable AVO gradient will be
noted at this study site. Although tuning effects can not be accounted for simply
in Zoeppritz equations, evidence from the Red Deer data and detailed ray-tracing
suggests that amplitude variations in coal reflections will be the result of lateral
changes in thickness and/or coal properties, and not the result of AVO effects, as

predicted in the simple single-layer model.
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Figure 4.20 Comparison of reflection coefficients derived from single interface numerical
modelling, Red Deer field data, and detailed numerical modelling.

4.3.3 Red Deer PS Reflectivity

Zoeppritz equations used to calculate the PS reflectivity of the Red Deer

coal strata indicate that a larger AVO gradient will be noted in converted-wave

data than in compressional data (Figure 4.21).
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Figure 4.21 Calculated Zoeppritz PS reflectivity for upper coal contact using model
parameters (www.crewes.org). PS reflectivity shows a slight AVO gradient, with
maximum amplitudes at incident angles of approximately 48°.

Using the same methods as those used to calculate PP reflectivity, PS

reflectivity values may be calculated from the Red Deer study site. GX2

90

numerical modelling was performed using an 80 Hz Ricker wavelet, such that the

bandwidth of the modelled converted wave matches that of the incident P-wave

in the field data. In this case, downgoing P-wave amplitudes are extracted from

the Schlumberger “P-down” data, whereas the upgoing S-wave amplitudes are

extracted from the "S-up” data. All amplitudes were extracted from the receiver

located at 279 m depth, that is, the receiver immediately above the top of the

coal zone. Calculated Ardley coal zone reflectivities are summarized in Table 4.7.

The upward angle of incidence (¢) for S-waves is extracted from GX2 ray-tracing.
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Offset V- down 0 V- up ) PS Reflectivity
(m) amplitude  (degrees) amplitude (degrees)
100 97.67 15.70 -8.99 11.16 -0.09
150 72.55 29.39 -10.43 15.22 -0.13
191 56.31 35.10 -7.41 18.24 -0.11
244 40.26 44.13 -4.53 21.35 -0.08

Table 4.7 Calculated PS reflectivity values from Red Deer walkaway VSP data.

Calculated Red Deer PS reflectivity values differ from the PS reflectivity
values predicted by Zoeppritz calculations (Table 4.8), although to a much lesser
degree than the PP values varied. Original single-interface GX2 and Red Deer PP
reflectivities differed by over 300%, whereas the maximum PS difference
between single-interface modelling and field data is only 67%. Although the
converted-wave data are still affected by tuning, it appears that PP reflectivity is
far more influenced by tuning effects than PS data (Figure 4.22). The greater
interference noted in the PP data results from the longer wavelengths present in
the PP data set. In comparison, the lower PS velocities yield shorter
wavelengths for the same dominant frequency, and thus, improved resolution

relative to the PP data.

Offset (m) Red Deer PS Zoeppritz PS
Reflectivity Reflectivity
100 -0.09 -0.06
150 -0.13 -0.07
191 -0.11 -0.09
244 -0.08 -0.10

Table 4.8 Comparison of calculated Zoeppritz PS reflectivity for Ardley coal with PS
reflectivity extracted from Red Deer walkaway VSP data.
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Figure 4.22 Comparison of PS reflectivity derived from single-interface numerical
modelling, and Red Deer field data.

As shown above, Zoeppritz calculations of expected PS reflectivity show
an AVO gradient. The Red Deer reflectivity data, based on analysis of the field
data, varies with offset, but not in a consistent or predictable fashion.
Complexities of real data (tuning effects, noise) obscure the AVO effect
predicted. It appears that large variations in PS reflectivity will, as in the PP
case, most likely be a result of lateral changes in coal properties, and not simply

as a function of offset.

4.4 Discussion

Imaging of Ardley coal seams using walkaway vertical seismic profiles is
effective. Both the VSP-CDP and VSP-CCP transforms (for PP and PS data,

respectively) clearly image the upper and lower coal contacts. At the nearest



93

offset (100 m), the converted-wave data was able to image an intra-coal event,
unlike the PP imaging. With increasing offset, the PP data proved to be of better
quality than the PS survey, and produced the better image at the farthest offset
of 244 m.

Generally, the reflectivities extracted from the Red Deer data set are
consistent with those predicted from known elastic properties of coal. Tuning
effects are evident in the Red Deer data, resulting in much larger reflection
coefficients for the top of coal than those calculated by Zoeppritz equations,
particularly in the PP case. The shorter wavelengths present in converted-wave
data result in PS reflectivity values far less affected by tuning than PP reflectivity
values, with extracted PS reflectivities much nearer those predicted theoretically.

The degree to which the PP reflectivity of the coal zone will be affected by
wavelet interference will be largely dependent on both the bandwidth of the data
and the number of reflectors within the coal zone. That is, the greater the
number of shale partings or tight streaks within the coal zone, the greater the
effect on the PP reflectivity. As such, the difference in coal reflectivity from that
predicted by Zoeppritz equations may give an indication of the vertical continuity
of the coal zone, an essential factor in CBM development.

Predicted amplitude variations with offset are minimal in the PP case, and
relatively minor in the PS case, suggesting that any observed amplitude
variations in real coal data are the result of lateral variations in coal properties,

and not simply a result of increasing incident angle. It is not possible to examine



94

AVO in the Red Deer VSP-CDP and VSP-CCP transforms, as they display stacked
amplitude variations, and are not indicative of true amplitude reflectivity.
Separated raw upgoing and downgoing wavefields, however, may be used to
calculate the true amplitude reflectivity of the upper coal contact. The predicted
minimal AVO is borne out by the Red Deer data set, which demonstrates minor
variations in extracted reflectivity, none of which are predictable based simply on

offset.



95

Chapter 5 Modelling of Time-Lapse Seismic
Imaging

5.1 Reservoir Monitoring of CO, injection

Any geologic CO, sequestration project will need monitoring to manage
the filling of the reservoir, verify the quantity of CO, sequestered, and detect
leakage (Myer et al., 2002). Seismic monitoring is attractive as it does not
usually require wells to be shut-in, does not disturb reservoir fluids, and does not
cause precipitation of chemicals in the reservoir (Wang & Nur, 1989). A study of
cost sensitivities (Myer et al., 2002) suggests that seismic monitoring is likely to
represent only a small percentage of overall sequestration costs.

Greenhouse gas sequestration is being monitored using time-lapse seismic
imaging at the Sleipner field in the North Sea, and at the Weyburn field of
Saskatchewan. At Sleipner, a heterogeneous CO, saturation pattern within the
aquifer has been observed (Figure 5.1) as well as successful containment of the
gas (Eiken & Brevik, 2000). Injection of carbon dioxide into the strata has
altered its acoustic impedance, resulting in increased reflectivity within the
reservoir, amplitude variations, and a velocity push-down effect for all reflections
beneath the top of the aquifer. Repeated surveys have given insight into the

development of the CO, plume over time (Arts et al., 2002).
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Figure 5.1 Seismic images (vertical slices) from Sleipner field taken before CO, injection
(left) and five years after the start of injection (right). The CO, plume is apparently
contained beneath the reservoir cap rock (Eiken and Brevik, 2000).

The Weyburn field of Saskatchewan operates under an enhanced oil recovery
scheme, whereby carbon dioxide injection stimulates the flow of low-viscosity oil.
At this site, time-lapse imaging has shown numerous anomalies related to the
progression of the CO; flood in the reservoir (Li, 2003). Time delays and
amplitude variations have permitted the flood to be mapped effectively, and
shear-wave splitting detects the flood progress over time, particularly well in a
heavily fractured zone (Davis et al., 2003).

It is believed similar effects to those noted at Sleipner and Weyburn will
be imaged at the Red Deer site, but on a different scale, owing to different rock
properties between the Red Deer coal, the sandy aquifer imaged at Sleipner, and

the carbonate reservoir of Weyburn.

5.2 Velocity variations resulting from ECBM

Published data of any type exists only for two long-term multi-well ECBM
field studies world-wide, both of which are located in the San Juan basin. Both

sites are part of the United States government-industry project known as Coal-
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Seq. The Allison field, in New Mexico, tests the injection of carbon dioxide,
whereas the Tiffany project of Colorado examines nitrogen injection (Reeves,
2002). It has been established that as gas is released from a coal reservoir, the
matrix shrinks, causing cleats to open, in turn improving permeability (Fokker &
van der Meer, 2002). As another gas (such as CO;) is adsorbed onto the coal,
however, swelling of the coal matrix causes cleats to close, with a resulting loss
of permeability (Fokker & van der Meer, 2002). Analysis of permeability data
from the Allison unit demonstrates a reduction of permeability from 100-130 mD
to the ~1 mD range, a decrease of 99% (Reeves, 2002). Seismic monitoring has
not been implemented as part of the Coal-Seq project, but these fields
demonstrate the need for monitoring, particularly if permeability will be affected.
Techniques such as those used in fractured zones at Weyburn may potentially
detect the closure of cleats before permeability is reduced drastically.

Velocity variations within coalbed methane strata have not been
published, although a number of studies have examined V, and Vs changes
resulting from CO, injection in sandstones and carbonates. In brine-saturated
sandstone samples, P-wave velocity reduction caused by CO, injection is typically
on the order of ~10% (Xue et al., 2002). Studies on hydrocarbon-saturated
sandstones demonstrate that CO, flooding decreased compressional-wave
velocities by 4-11%, with the highest velocity variations noted in the lowest
porosity samples (Wang & Nur, 1989). Shear-wave velocities in the same study

were found to be insensitive to CO; flooding, but affected by increases in pore
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pressure. This suggests that if a zone shows a large decrease in both P- and S-
wave velocities, it is likely to have been swept by CO, and experienced pore
pressure buildup (Wang & Nur, 1989). Time-lapse surveys of a CO; flood in a
carbonate reservoir of the McElroy field of West Texas show a decrease in V,, of
about 6%, and a Vs decrease of around 2% (Wang et al., 1998).

Each of these cases, however, involves reservoirs in which a liquid pore
fluid (brine, oil) interacts with introduced pore fluids, either liquid or gaseous
CO,. This contrasts to the ECBM case, in which pore space is negligible, and
gases are stored adsorbed on the matrix. Additionally, CBM production relies on
dewatering prior to CO; injection, complicating the velocity distribution.

To estimate velocity and density decreases resulting from the dewatering
phase of CBM production, physical tests were conducted on samples of the
Ardley coal. Measurements taken of both wet and dry coal samples demonstrate
that complete dewatering of coal results in an approximately 20% decrease in
compressional velocity and a 15% density decrease (Richardson and Lawton,
2002). Complete dewatering is not possible under reservoir conditions, so P-
wave velocity and density decreases of 10% each are used in the following
numerical modelling to simulate the effects of dewatering. Shear-wave velocities
are assumed to not vary with dewatering. The velocity and density variations
that arise from CO; injection after dewatering are insufficiently known at this

time to be included in this numerical study.
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5.3 1.5-D numerical modelling

Using Zoeppritz equations to calculate reflectivity, it becomes apparent
that the reflectivities of wet and dry coal exhibit similar behaviours (Figure 5.2).
As in the wet coal case, the PP reflectivity of dry coal demonstrates no AVO
gradient until large (>50°) incident angles are reached. The magnitude of the
PP reflectivity is greater in the dry coal case, as is expected based on the change
in rock properties. When performing a time-lapse survey over dewatered coal,
amplitude variations should mark the difference between wet and dry coal, and
any AVO effects will be second order. As demonstrated in Chapter 4, the P-S

data are expected to be less affected by tuning and better resolve the top of

coal.
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Figure 5.2 Comparison of PP and PS reflectivity for wet and dry coal seams. Dry coal is
assumed to have undergone a 10% reduction in both velocity and density
(www.crewes.org).
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Converted-wave reflectivity demonstrates a similar character in both the
wet and dry coal cases, reaching maximum amplitude at approximately 48°
incidence. The AVO gradient is slightly more pronounced in the dry coal case
than in the wet coal case, although in both cases, the gradient is reasonably
large. The variation in actual reflectivity values between wet and dry coal is far
less than that noted in the PP case. This suggests that PP reflectivity will be
more diagnostic in distinguishing wet and dry coal. If repeated surveys use the
same geometry, however, differencing the two surveys will highlight the areas of

dewatering.

5.3.1 Synthetic seismograms

One-and-a-half-dimensional modelling examines offset seismic reflections
generated using wellbore geology. That is, the geology is assumed to remain
constant across the seismic section, so it is one-dimensional, whereas the
seismic reflections are generated from 2-D ray-tracing. Digital sonic and density
well logs from the 9-34 well were used to generate both compressional- and
converted-wave offset synthetic seismograms illustrating the expected
“baseline”, prior to CBM production. Density and velocity values were altered
within the coal zone to mimic the effects of dewatering, after which new
seismograms were created. The expected change in the seismic response of the
coal zone is illustrated by examining the difference between the seismograms.
Although Lawton & Lyatsky (1991) demonstrate that synthetic seismograms

generated using density logs alone effectively model coal seams in Alberta, log
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suites including compressional sonic, shear sonic, and density were used to allow
the modification of both P-wave velocity and density values, and to model both
the compressional and converted-wave responses of the strata.

Because of the poor quality of the shear sonic log data in the upper
portion of the well, a synthetic shear sonic log created using interval Vp/Vs
values from the zero-offset VSP surveys was used for modelling. This synthetic
shear sonic log also included the base of the coal, which was missed in the cased
hole shear sonic log. It has been demonstrated in Chapter 4 that the Red Deer
coal response is affected significantly by tuning, so it was deemed essential that
the base of coal be included in modelling. The similarity of Vp/Vs values
extracted from the well logs and the VSP data suggests that this synthetic log
should provide equally accurate numerical modelling results. The full suite of

logs used for modelling is illustrated in Figure 5.3.



102

P-wave sonic . VpN's

S0

290 fm T —

300+

350 L L L 350 L 350 1 ; ; 350 1 1 :
BO0 SO0 40ﬁ 300 200 ] 5 0 4000 3000 2000 1000 0 1000 1500 2000 _ 2500 3000

Figure 5.3 Well logs used to create 1.5-D synthetic seismograms. Compressional sonic
and density logs were recorded on wireline, whereas the Vp/Vs and S-sonic logs were
created using interval velocities derived from first arrivals of zero-offset VSP surveys.

5.3.2 P-P modelling results

Synthetic seismograms (with NMO removed) of the Red Deer strata were
created by convolution of the 9-34 integrated well logs with the extracted mini-P
vibrator wavelet (Figure 5.4). Baseline P-P seismograms demonstrate a strong
coal reflectivity, highlighting both the upper and basal coal contacts with
surrounding strata, as well as an intra-coal event, which is consistent with the

mini-P field data (Figure 5.5).
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Figure 5.4 Mini-P vibrator wavelet convolved with well logs to produce the P-P synthetic
seismograms of Red Deer strata.
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Figure 5.5 Baseline P-P synthetic seismogram of Red Deer strata. Both upper and lower
coal contacts are easily distinguished, and an intra-coal event is detectable.
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The baseline coal response shows very little amplitude variation with
offset. Small AVO effects are noted at an offset-to-depth ratio greater than one.
Amplitudes of the upper coal event decrease with increasing offset, whereas
amplitudes of the lower coal reflection increase with increasing offset.

Changes in the coal reflection character after time-lapse are not immediately
visible on the time-lapse seismogram (Figure 5.6), but evident when the
difference between the two seismograms is calculated (Figure 5.7). After
dewatering, the coal shows increased reflectivity, and all events underlying the
upper coal contact have been delayed in time. Amplitudes are scaled relative to

the baseline P-P case.

0.05 -

01 F

Time (s)

oS

sand A top

sand B top
0.2

sand G top
Avrdley top

Ardley base

stack (53

Figure 5.6 Time-lapse P-P synthetic seismogram of Red Deer strata. Coal density and
velocity have been reduced by 10%, resulting in slightly increased reflectivity within the
coal zone.
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The dewatered synthetic seismogram shows reduced AVO effects when
compared to the baseline survey. Both upper and lower coal reflections maintain
visually constant amplitudes to an offset-to-depth ratio of 1.5. The intra-coal
event is evident at all offsets, whereas in the baseline seismogram it is

suppressed by tuning at the far offsets.
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Figure 5.7 Difference between baseline and time-lapse P-P synthetic seismograms of
Red Deer strata. Coal reflectivity has changed, and all events underlying the top of the
coal are delayed in time.

5.3.3 P-S modelling results

It stands to reason that if variations in velocity and density values result in
a time-lapse difference in compressional-wave data, a difference should also be

noted in converted-wave data. Although shear wave velocities are assumed not
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to be affected by coal dewatering, the travel time for a converted wave will be
slightly altered, as the downward wavefield (the P-wave) will experience a
reduced velocity through the dewatered coals, while the velocity of the upward
wavefield (S-wave) will be unaffected by dewatering. Converted wave synthetic
seismograms were created by convolution of the well log reflectivity with a lower
bandwidth vibrating source wavelet designed to simulate the higher attenuation
of shear waves (Figure 5.8), based on the P-S wavelet at the shallow receivers in
the offset VSP surveys. The baseline P-S response of the Red Deer strata is

illustrated in Figure 5.9.
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Figure 5.8 Lower bandwidth vibrating source wavelet convolved with well logs to
produce the P-S synthetic seismograms of Red Deer strata.
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Figure 5.9 Baseline P-S synthetic seismogram of Red Deer strata. Both upper and lower
coal contacts are easily distinguished, and an intra-coal event is detectable.

Small amplitude variations with offset are noted in the converted-wave
coal P-S event. Although there is little noticeable change in the upper coal
response, the amplitude of the lower coal reflection increases with increasing
offset.

After dewatering, reflections from interfaces underlying the coal are

expected to arrive at slightly later times, but the magnitude of this push-down

effect is less than the magnitude of the equivalent P-P change, since the travel

time is affected only in one direction. Figure 5.10 illustrates the time-lapse

converted-wave modelled response of the Red Deer strata.
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Figure 5.10 Time-lapse P-S synthetic seismogram of Red Deer strata. Coal density and
velocity have been reduced by 10%, resulting in slightly increased reflectivity within the
coal zone.

The time-lapse converted-wave seismogram shows increased reflectivity
within the coal zone, and a velocity push-down effect in all underlying events, as
seen in the difference between the baseline and time-lapse seismograms (Figure
5.11). The time-lapse and difference P-S seismograms are scaled relative to the
baseline P-S seismogram. Generally, the time-lapse effects are similar to those

noted in the compressional-wave response.
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Figure 5.11 Difference between baseline and time-lapse P-S synthetic seismograms of
Red Deer strata. Coal reflectivity has changed, and all events underlying the top of the
coal are delayed in time.

5.4 Two-dimensional modelling

5.4.1 Ray-tracing
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The two-dimensional model of the Cygnet strata built using GX2 modelling

software was used for ray-tracing to simulate time-lapse imaging. Coal

parameters were altered to simulate the effects of dewatering within 20 m of the

wellbore (Figure 5.12), resulting in a P-wave velocity of 2205 m/s and a density

of 1714 kg/m? in the coal zone. Shear wave velocities were not altered. Ray

tracing was undertaken on this modified model, and a second iteration was also
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run to simulate a dewatered zone with a radius of 75 m from the well (Figure
5.13). Both P-P and P-S ray-tracing was completed for both models. Receivers
were placed in the well at 15 m intervals from TD to surface. An illustration of
selected P-P ray paths for the model with a 20 m dewatered zone is illustrated in

Figure 5.14.
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Figure 5.12 Illustration of perturbed GX2 numerical model used to simulate a dewatered
Red Deer site. Sand layers are yellow, Ardley coal strata are grey, and the Kneehills tuff
is pink; the purple area within the coal represents the dewatered zone. The 9-34
wellbore is indicated in green.
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Figure 5.13 Tllustration of perturbed GX2 numerical model used to simulate dewatering
of a 75 m radius from the Red Deer borehole. The colour scheme is identical to that in
Figure 5.12.
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Figure 5.14 Ray paths resulting from P-P ray-tracing of GX2 numerical model with 20 m
dewatered coal zone. Survey geometry is the same as that used for the Red Deer
walkaway VSP surveys, with four offset shots and receivers spaced at 15 m throughout
the wellbore. Ray paths illustrated here represent reflections from top of sand A, top of
Ardley coal, and top of Kneehills tuff.
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5.4.2 P-P modelling results

GX2 allows for individual model horizons to be turned on or off as
reflectors when ray-tracing, and certain events to be selected for seismic trace
generation. To simplify this modelling, four horizons were selected as active
reflectors: the upper contact of sand A, the upper and lower contacts of the coal
zone, and the upper contact of the Kneehills Tuff, which underlies the coal zone.
A vertical impulse source was used for trace generation, and omni-phones were
used for receivers, such that the total wavefield was modelled. Only the upgoing
wavefield from each reflection was included in seismic trace generation, to avoid
difficulties with wavefield separation. All traces (both P-P and P-S) were
generated using convolution with an 80 Hz Ricker wavelet.

In the baseline P-P case, bothsSand A and the tuff yield resolvable
reflections at each offset shot, as illustrated in Figure 5.15. The top of each
horizon has negative reflectivity, resulting in a trough for both events. The
responses of the upper and lower coal contacts interfere with each other to
produce a strong amplitude trough-peak wavelet. This interference is similar to

that seen in the detailed coal model of Chapter 4.
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Figure 5.15 Upgoing PP wavefield shot records from each of 4 offsets in simulated GX2
walkaway VSP. Offsets are A) 100 m, B) 150 m, C) 191 m, D) 244 m. This layout of
shots is used in all subsequent figures. Recorded events (from earliest to latest)
represent top of sand A, Ardley coal top and base (wavelet interference is present), and
top of Kneehills tuff. Receivers are spaced at 15 m intervals throughout the borehole,
and ordered deepest to shallowest, left to right.

Ray-tracing of the model with the 20 m dewatered zone produces very similar
shot records, showing events from each of the horizons. The ray-tracing
algorithm occasionally has difficulty with the edge of the dry coal zone, resulting
in a missed event, such as the tuff reflections on trace A-5, A-10 and A-11, as

seen in Figure 5.16.
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Figure 5.16 Upgoing PP wavefield shot records from each of 4 offsets in simulated GX2
walkaway VSP with 20 m dry coal zone. Amplitudes in this, and all subsequent figures,
are scaled relative to the baseline PP amplitudes illustrated in Figure 5.15. In this case,
each of the reflectors is captured, although occasionally an event is missed (such as A,

trace 10, or D, trace 7) because of the interaction of the ray-tracer with the edge of the
dry coal zone.

When calculating the difference between the baseline and dry responses,

these missing events create a very large difference, so they were muted from

the resultant difference data set, as they are artifacts, and not a representation

of the true response of the strata.

After muting, the difference between the two surveys clearly shows residuals

within the 20 m dewatered zone, and a velocity push-down effect in the tuff

event below the affected area (Figure 5.17). The difference is most observable
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on the nearest offset shot, which is reasonable given that the dewatered zone

has a radius of only 20 m.
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Figure 5.17 Difference between the seismic response of the baseline and 20 m dry
models. Variations are noted in the reflectivity of the dewatered coal zone, and in the
response of the tuff underlying this altered zone.

Ray-tracing of the numerical model with a 75 m dewatered zone again
produced the occasional missed event, such as the tuff response in B-19 and B-
20 (Figure 5.18). As in the baseline case, all reflectors have a clear response,
and variations from the baseline survey are not immediately evident by

inspection of the raw data.
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Figure 5.18 Upgoing PP wavefield response of GX2 model with 75 m dewatered coal
zone. Events are occasionally missed because of problems with the edge of the dry coal,
as in the 20 m dewatered case. Variations from the baseline survey are not discernable

by inspection.

Time-lapse variations quickly become evident when the difference between the

two sets of traces is taken (Figure 5.19). Reflectivity has changed within the

dewatered coal zone, and velocity push-down effects are once again noted in the

later events. Differences are noted over a greater depth range in the well

because of the larger diameter of dewatered coals.
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Figure 5.19 Difference between baseline PP seismic traces and time-lapse 75 m
dewatered model. Reflectivity variations are noted throughout the dewatered coal zone,
and time delays are evident in all events underlying the upper coal contact.

5.4.3 P-S modelling results

P-S synthetic seismograms of the Red Deer strata show a similar time-
lapse effect to the P-P results. The baseline converted-wave 2-D survey is
illustrated in Figure 5.20, showing resolvable events from each of the reflectors.
An interesting feature is that the top of sand A shows a positive (peak) on

converted-wave data, which is opposite polarity to its P-P response.



118

150 m offset
o2 A 5 10 15 20
005
oiF
0I5
o~
0
~ 02
o
£
=025
03f
035
04f
D45l
C 191 m offset D 244 m offset
0.05 005
0.1
0.15
— b |
[') =
~ paf
[]
E
j=oast
03}
035

n4st

Figure 5.20 Upgoing P-S wavefield response of the baseline GX2 model. All reflectors

have a clear response, although the polarity of the sand A response is opposite that of its
P-P response.

This polarity reversal is an example that is consistent with the findings of
Vant & Brown (2002), who noted that polarity reversals may be associated with
geological situations where not all rock parameters change in the same direction,
and where the changes in elastic parameters are relatively small. In this model,
the top of sand A marks a small velocity increase in Vp, a relatively large increase
in Vs (Vp=2825 m/s above, V,=2872 m/s below; Vs=1200 m/s above, Vs=1500
m/s below), and a small density decrease (2395 kg/m?> above, 2355 kg/m?>

below).
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As in the compressional-wave case, the P-S ray tracer occasionally misses
an event near the edge of the dewatered zone (Figure 5.21). Similarly to the P-P
case, it is difficult to distinguish any variation in the coal response directly from

the baseline to the time-lapse image.
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Figure 5.21 Upgoing P-S wavefield of the GX2 model with 20 m dry coal. Occasional
events are missing as a result of ray-tracing difficulties with the edge of the dry coal, as
seen in the P-P case.

When the difference is taken between the two sets of seismograms, the dry
coal residuals are identifiable, and a velocity push-down effect is noted in the

later events (Figure 5.22). The magnitude of the difference in the P-S case is
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less than the magnitude of the P-P difference, as seen by lower amplitudes in

Figure 5.22 as compared to those in Figure 5.17.

A 100 m offset B 150 m offset
2 5 0 15 20 i 5 10 15 20
005 00s
01 01
015 L LKL .
—_— Cé‘_ —
< 02 ey = &02— ':[: R
[] T ‘1'_-3 o
£ i E
Eoas =025
03 03
035 > 035
04 04
45 n4s
C 191 m offset D 244 m offset
nost 0.05
ot 1
015 XL
) 22 O
® °2f o 02
E E
[=p =025
03 03
0ast 035
naf 04
nasl nasl

Figure 5.22 Difference between P-S seismic response of baseline model and 20 m dry
coal model. The time-lapse effects in the P-S case are smaller than those noted in the P-
P case.

Modelling of the 75 m radius dewatered zone shows similar effects to all
previous models (Figure 5.23). Variations between the baseline and time-lapse
seismograms are not immediately visible, however, the differences between the
baseline and time-lapse models are more evident in this case than with the 20 m

radius dewatered zone (Figure 5.24). This is because the P-S reflection points
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are close to the well due to the asymmetry of the P-S ray paths. Hence,

differences are detected at all receivers within the well.
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Figure 5.23 Upgoing P-S wavefield of the GX2 model with 75 m dry coal. Occasional
reflections are missing as a result of ray-tracing difficulties with the edge of the dry coal,
as seen in the P-P case.
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Figure 5.24 Difference between P-S seismic response of baseline model and 75 m dry
coal model.

5.4 Discussion

This numerical modelling study has demonstrated that differences in coal
reservoir properties resulting from dewatering may be imaged effectively using
time-lapse seismic imaging. Both the 1.5-D synthetic seismograms and the
multi-offset walkaway VSP ray-tracing have shown clear variations from baseline
to time-lapse, thus predicting that the dewatered zone should be able to be
distinguished from surrounding water-saturated coal. Time-lapse differencing is

effective in imaging changes in reflectivity resulting from changes in density and
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velocity within the dewatered coal. Decreased velocity within the coal zone also
results in a velocity push-down effect for deeper reflectors.

Identification of dewatered zones will enable CBM producers to optimally
position development wells. That is, subsequent dewatering wells will not be
placed within a swept zone, and subsequent injectors (in the case of ECBM) may
be drilled into previously dewatered strata. Time-lapse monitoring of the
dewatering process will lead to insight regarding reservoir permeability, as well.
Heavily fractured and thus, more permeable, zones will lead to preferential
dewatering along fracture trends. Delineation of these zones will allow efficient
field development, and save drilling lower-flow producers in less permeable
areas. Imaging of permeability trends will also potentially provide more accurate
parameters to be used in reserve calculations.

Although changes in reservoir parameters resulting from carbon dioxide
injection (and sequestration) in coal seams are not yet known, this modelling
suggests that time-lapse seismic imaging will be an effective monitoring tool. It
is likely that CO; (or Ny) injection will further affect the velocity and density of
dewatered coal, potentially resulting in even greater reflectivity variations from
the baseline. Gas injection may lead to coal swelling, and closure of cleats,
resulting in changes in rigidity in addition to changes in dewatering trends. Thus
the CO, front may be observable directly, and its effects on the dewatering

process may be imaged, allowing inferences to be made regarding the gas
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plume. This will allow observers to ensure injected gas remains stored within

the confines of the reservoir.
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Chapter 6
Conclusions and Recommendations

6.1 Summary & Conclusions

The primary goals of this thesis were to examine the capabilities of
multicomponent seismology for imaging coalbed methane strata, and to test the
viability of seismic monitoring of coalbed methane production. Zero-offset
vertical seismic profiles, walkaway VSPs, and surface seismic data collected at
the Red Deer CBM test well were processed and examined to determine coal
reflectivity. At this site, Ardley coals (Upper Cretaceous) are at a depth of 282 m
below surface. Various sources were compared for their ability to image the
Ardley coal zone effectively, resulting in a detailed study of the Vp/Vs character
of shallow strata at this site. Seismic and well log data were used in humerical
modelling to test the potential of time-lapse seismic imaging of coalbed methane
production.

Examination of the seismic data leads to the following observations:

e Upper and lower coal contacts of the Ardley coal zone may be effectively
imaged using either a conventional 44,000 Ib. vertical vibrating source or
a smaller vertical "mini-vibe”. The mini-P source produces the highest
bandwidth data as a result of its ability to sweep at high frequencies. At
this site, zero-offset mini-P VSP data contained useable frequencies of 8-
220 Hz, whereas the big-P data contained bandwidth of 8-150 Hz.

Although both images were of excellent resolution, the mini-P source was
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able to detect an intra-coal event in addition to the upper and lower
contacts of the coal zone.

A shear-wave source, an S-wave “mini-vibe"” also produced excellent
images of the upper and lower Ardley coal contacts at this site. The
bandwidth of the shear-wave zero-offset VSP is 8-50 Hz at the base of the
well, indicating relatively high attenuation of the 8-150 Hz sweep.

Vp/Vs of the Red Deer strata are highest near the surface, generally
decreasing with depth. Values nearest the surface are close to 5.0,
decreasing to approximately 2.0 at 300 m depth. This profile correlates
well with Vp/Vs profiles of shallow strata at other sites in Alberta and the
world.

Good correlations were found between Vp/Vs values calculated using the
zero-offset VSP data and those calculated using cased-hole sonic and
shear sonic well logs. This suggests that both data sets will be equally
appropriate for modelling. Velocity dispersion of approximately 2.3% is
noted for P-waves, whereas shear-wave velocity dispersion is
approximately 6.8%. Stewart’s 1984 equation was used to determine Q,
and Q for the strata, which are estimated to be 31.4 and 9.7,
respectively.

Both compressional and converted-wave walkaway VSP surveys are
effective in imaging the Ardley coal zone. At near to mid-range offsets,
the P-S data produces higher-resolution images, allowing the identification
of intra-coal events not visible on the P-P data. At farther offsets, the P-S
image quality degrades due to NMO stretch, and the P-P data set
produces better images of the coal zone contacts.

Surface seismic data recorded using the mini-P source produced an
identifiable reflection of the coal zone, suggesting that it is an optimal
source for surface seismic data as well as vertical seismic profiles. A full-
fold 3D survey is expected to successfully map lateral facies and thickness

changes of the coal zone across the survey area.
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e Determination of Vp and Vs from the VSP data and density values from
well logs yields reflectivities, calculated from numerical modelling, that
closely match the Red Deer data set.

e Tuning plays a significant role in the P-P reflectivity of Red Deer strata,
increasing reflection amplitudes to as much as 300% of the value
predicted by Zoeppritz equations for the top of coal event. Wavelet
interference is much less evident in the P-S reflectivity of the coal zone,
yielding better resolved images in P-S data when compared to P-P data.

e P-P amplitude variations with offset are minimal in reflections from these
strata, until angles of incidence exceed 50 degrees. Changes in amplitude
observed in stacked coal seismic data will therefore most likely be the
result of lateral variations in coal properties.

e Converted-wave AVO effects are greater than those noted in the P-P case.
The maximum amplitude P-S reflection occurs at an incidence angle of
approximately 48 degrees.

e Numerical modelling study has provided “proof of concept” that
differences in coal reservoir properties resulting from dewatering may be
effectively imaged using time-lapse seismic imaging. Coal dewatering
results in increased reflectivity within the coal zone, and a velocity “push-
down” effect in all reflectors underlying the coal top.

e Identification of dewatered zones on time-lapse sections will be easiest
using P-P data, as P-S data shows less variation in reflectivity between
wet and dry coal. If sections are being differenced, however, dewatered
zones will be distinguished by both compressional and converted-wave

surveys.
6.2 Recommendations

This study has demonstrated that seismic methods should prove to be of

great value in development of coalbed methane resources in Alberta.
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The following recommendations are made to CBM producers:

High-bandwidth seismic data are critical to imaging any intra-coal events
within the coal zone. A truck-mounted mini-P vertical vibrating source
may be the optimal choice because of its higher sweep capacity,
depending on the depth of the coals being imaged.

Tuning effects will greatly affect the P-P reflectivity of the coal zone, and
thus, the reflectivity will give some indication of the lateral continuity and
thickness of the coal.

Time-lapse seismic imaging should prove effective in identifying
dewatered coal zones, allowing optimal positioning of development wells.
Time-lapse techniques will likely provide some ability to identify injected
gas as well, either by direct imaging of the plume or by its effects on the

dewatered zone, such as swelling of the matrix.

Because coalbed methane is still in the early stages of development in

Alberta, producers can take advantage of seismic techniques early in

reservoir life, thus ensuring optimal development of their property, and

maximizing the value of their asset. This is of particular value in areas where

ECBM will be used as a greenhouse gas mitigation strategy as well, allowing

field optimization to be combined with an effective monitoring technique,

ensuring proper sequestration of the injected gas without adversely affecting

methane production.
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