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Abstract

Fractures in the subsurface are known to impact seismic imaging. This study
focuses on multicomponent, time-lapse analysis of fracture-induced anisotropy in the
Devonian Dawson Bay Formation in southern Saskatchewan. The baseline and monitor, PP
and PS seismic volumes were divided into 4 sub-volumes consisting of a 45 degree stack of
source-receiver ray paths.

Weak azimuthal anisotropy was observed through the interpretation of these
volumes. Travel-time analysis located areas which are interpreted to exhibit a higher
density of preferential fracturing which appears to be related to mining operations. Vp/Vs
analysis, through the registration of PP and PS horizons, confirmed the presence of a high
Vp/Vs anomaly which is interpreted to be caused by fractures networks without a
preferential orientation within the Dawson Bay Formation in the centre of the survey area.
Seismic attribute analysis was used to determine that fractures extend vertically from the

Dawson Bay Formation to the top of the Souris River Formation.
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Winnipegosis Formation, but both carbonate reefs are not visible in the amplitude

envelope time slice (tWo red CIrCIES). .....ooveiviiiiiiee e

Figure 4.12 — Baseline PS semblance (a) and amplitude envelope (b) time slices at the
top of the Winnipegosis Formation (1496 ms). The semblance time slice shows the
presence of a high semblance, high amplitude envelope anomaly previously
interpreted as a zone of high fracture density seen in the above figures. The

amplitude envelope time slice does not show the same anomaly. ............c.cccoccvevieenene.

Figure 4.13 — Monitor PP semblance (a) and amplitude envelope (b) time slices through
the Prairie Evaporite Formation (792 ms) clearly show the mine rooms. In the
centre of the slice through the amplitude envelope volume, there is a low value
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workings to the southeast (red box) are highlighted in both vintages where the
mine workings to the north (green box) do not show mine workings in the
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Figure 4.14 —Semblance (a) and amplitude envelope (b) difference between the PP
baseline-monitor surveys at the top of the Prairie Evaporite Formation (792 ms).
The red box highlights the time-lapse difference between the semblance and
amplitude envelope volumes. The green box highlights mine workings which were
not visible in either sSemblance VINTAge. ........coovviiiiiiii s

Figure 4.15 — Semblance (a) and amplitude envelope (b) difference between the PP
baseline-monitor surveys through the Prairie Evaporite Formation (836 ms). The
red ellipse encompasses the area where the low amplitude, low velocity is found in
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Figure 4.16 — Semblance (a) and amplitude envelope (b) difference between the PP
baseline-monitor surveys at the top of the Winnipegosis Formation (848 ms). The
red ellipse shows the area where a low amplitude, low velocity anomaly was
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interpreted. There is little difference between vintages in the semblance time slice,
where the amplitude envelope shows a high value difference between the baseline
aNd MONITON VOIUMES......cuiiiiieic ettt

Figure 4.17 — Monitor PS semblance (a) and amplitude envelope (b) time slices through
the top of the Prairie Evaporite Formation (1426 ms). The red ellipse encompasses
the area where a low velocity anomaly was interpreted. There is a small semblance
anomaly, and a high amplitude envelope value associated with this anomaly at this
level. The amplitude envelope slice also highlights the mine trends which are
located in the areas of high values (amplitude envelope of 3.0-4.0). .......ccccccveveivennne

Figure 4.18 — Monitor PS semblance (a) and amplitude envelope (b) time slices through
the Prairie Evaporite Formation (1474 ms). The red ellipse shows the area where
the previously interpreted low velocity anomaly is located. The semblance and
amplitude envelope time slices at this level do not have an anomaly associated
with this anomaly. The semblance time slice does not image the reef complexes
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Chapter One: INTRODUCTION AND THEORY

1.1 Introduction

The Devonian aged, ElIk Point Group hosts one of the largest potash deposits in the
world (Douglas, 1970; Mossop & Shetsen, 1993; Warren, 2006). These deposits extend
across the majority of southern Saskatchewan, Canada, south into northwestern North
Dakota, U.S.A. (Figure 1.1) and are within a regional salt layer known as the Prairie

Evaporite Formation.
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Figure 1.1 — Distribution of potash-bearing rocks in the Prairie Evaporite Formation.
The highlighted region covers the extent of the EIk Point Embayment and the dashed
line surrounds the area of potash bearing rocks. (from Fuzesy, 1982)

The potash in this region is of high quality, containing concentrations up to 20-30% K,O
within the salt deposits in the top 60-70 m of the top of the Prairie Evaporite Formation.
The potash layer is approximately 30 m thick, 1000 m below the surface (Mossop &

Shetsen, 1993; Zhang, 2010) and is being extracted using a so-called post room and pillar



method (Hustrulid & Bullock, 2001). This type of mining has the potential to induce
changes in the subsurface stress field, which can create natural fracturing in the region
(Zhang, 2010). These changes have been monitored for several years through the
acquisition of several vintages of three-dimentional (3D), multicomponent (3C) seismic
data volumes.

Zhang (2010) integrated geophysical analysis with petrophysical data and created
models to determine the possible effects of fracturing on the acquired seismic data.
Throughout the study, he found that a small amount of fractures can have a significant
effect on seismic velocity and that rock properties associated with fractured rocks depend
largely on the shape of the fractures. He also showed that aligned fractures would induce
azimuthal anisotropy and shear-wave splitting in seismic data which would allow
geophysicists to determine the orientation and possible intensity of fracturing in the
carbonates surrounding the mine. To detect and monitor the extent of fracturing in the
subsurface, he recommended that time-lapse 3D-3C seismic volumes be acquired, as the
velocity reduction of shear-waves (S-waves) across a fracture is larger compared to the
velocity of P-waves (O'Connell & Budiansky, 1974; Zhang, 2010) resulting in an increase
in Vp/Vs. The two surveys used in this study are approximately 6.5 km? in area and the
acquisition parameters along with the processing flow that was followed is shown in the

EBCDIC header in Figure 1.2.

1.2 Geology

The Elk Point Embayment extends for 1900 km from northeastern British Columbia

towards the southeast where it merges with the Williston Basin in southeastern
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Saskatchewan, Manitoba, Canada and North Dakota, U.S.A. (Figure 1.3). A major
transgression, followed by a large scale regression at the end of the Middle Devonian
resulted in the deposition of a thick package of carbonates separated by thin layers of
Eolian red beds and one thick salt package called the Prairie Evaporite Formation (Mossop

& Shetsen, 1993).
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Figure 1.4 shows a stratigraphic column from southern Saskatchewan. The Prairie
Evaporite Formation contains a world-class potash deposit, with an estimated 56 billion
tonnes of extractable K,O making up 30% of the world’s supply of potash (Douglas, 1970;
Mossop & Shetsen, 1993; Warren, 2006). The Frasnian-Fammenian, Saskatchewan Group
stratigraphy were deposited in a shallow marine to lagoonal environment capping the zone

of interest for this study (Cen & Hersi, 2006).
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Figure 1.3 — Map showing the extent of the Elk Point Group through the Western
Canada Sedimentary Basin (WCSB). (from Mossop & Shetsen, 1993)

The Saskatchewan Group is conformably overlain by the Three Forks Group which
consists of a carbonate succession unconformably overlain by the Bakken sand and the
Madison Group of carbonates, topped by a large scale erosional event which removed the

stratigraphy from the top of the Mississippian to the Triassic (Figure 1.4).
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1.2.1 Stratigraphy and Depositional Setting

During the third major transgression in Middle Devonian times, an ancient sea

reached southeastern Saskatchewan where the Ashern Formation, a red to grey,

unfossiliferous, microcrystalline dolostone to limestone was deposited (Lodbell, 1982). The

regressive part of this sequence deposited a fossiliferous, shallow-marine carbonate known

as the Winnipegosis Formation.
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Figure 1.4 — A stratigraphic column showing the Devonian and Mississippian
stratigraphy of interest for this study. (modified from Saskatchewan Ministry of

Energy and Resources, 2011)



An increase in subsidence or rise in sea level is attributed to have created vertical reef
growth in the Winnipegosis Formation, which can have carbonate reefs reach thicknesses
between 70 m and 100 m (Gendzwill, 1978; Mossop & Shetsen, 1993). The relief of the
carbonate mounds controls the thickness of the overlying Prairie Evaporite Formation, and
acts as an excellent feature to ensure proper placement of the Winnipegosis Formation
horizon during seismic interpretation.

The Prairie Evaporite Formation was deposited after a mid-Givetian transgression,
generated by increased subsidence, creating a barrier reef to the northwest of the study area.
The reef limited the flow of sea water into the Elk Point Embayment allowing salt water to
be trapped. This facilitated the deposition of the 150m thick evaporate sequence (Mossop &
Shetsen, 1993; Zhang, 2010). Potash can be found in the upper 60-70m of the formation,
which consists of four potash bearing units, the Esterhazy, White Bear, Belle Plaine and
Patience Lake members (Mossop & Shetsen, 1993; Warren, 2006). These four members
contain some of the richest potash deposits in the world, with K,O concentrations
averaging between 20-30% (Douglas, 1970; Mossop & Shetsen, 1993; Warren, 2006). In
the study area, the potash located in the Esterhazy member is the target of mining
operations, situated 20-30 m below the top of the Prairie Evaporite Formation, where the
ore is being extracted via room and pillar method (Zhang, 2010).

The Manitoba Group unconformably overlies the Prairie Evaporite Formation, and
begins with a 9 m to 12 m thick, red-greenish shale called the Second Red Bed Formation,
which gradually changes to dolomitic mudstones and limestones (Braun & Mathison,
1986). Above, we find the Dawson Bay Formation, a regionally extensive, comparatively
fossiliferous and locally fractured limestone carbonate. This formation is between 45 m and
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55 m thick throughout the study area and is capped by another thin red bed unit (Braun &
Mathison, 1986; Dunn, 1982; Mossop & Shetsen, 1993). Deposition of the Manitoba Group
concluded with the Souris River Formation, a dolomitic shelf carbonate deposited to the
southeastern extent of the seaway during a relative decrease in sea-level caused by a lack of
accommodation space for the amount of accumulating sediment (Mossop & Shetsen, 1993).

The Upper Devonian Birdbear Formation was a key stratigraphic unit used to
facilitate the well tie process. The Birdbear Formation is a 45 m thick shallow-water,
marine carbonate deposited on an Upper Devonian shelf throughout the course of a single
transgressive-regressive cycle (Halabura, 1982; Mossop & Shetsen, 1993).

Above the Birdbear Formation sits the upper Devonian Three Forks Group which is
made up of the dolomitic Torquay Formation and the Big Valley Formation a deep marine
fossiliferous limestone which is 25 m in thickness (Mossop & Shetsen, 1993; Christopher,
1962). The Bakken Formation bridges the Devonian-Carboniferous boundary and is a
predominantly fine-grained siliciclastic unit deposited in a shallow neritic environment.
The Carboniferous Lodgepole Formation is 75 m thick and is made up of carbonate ramp,
siliciclastic and poorly differentiated carbonate platforms. A major erosional unconformity
has removed the upper Carboniferous, Triassic and Jurassic stratigraphy which leaves the
Blairmore Group on top of the Lodgepole Formation (Mossop & Shetsen, 1993). The
Blairmore Group in Saskatchewan is the equivalent to the sandstones of the Mannville
Group and Viking Formation and the shales of the Joli Fou Formation in the Alberta Oil
Sands (Mossop & Shetsen, 1993). The remaining stratigraphy is upper Cretaceous shales

for the remaining 370 m to the surface.



1.3 Seismic Anisotropy

Seismic anisotropy is defined to be the variation in seismic velocity with direction of
seismic wave propagation (Sheriff, 2011). The study of seismic anisotropy began in the
mid-1900s when seismic waves were observed to propagate at different velocities in
different directions through the upper stratigraphy in the Earth’s crust (McCollum & Snell,
1932; Uhrig & Van Melle, 1955). Since then, improvements in seismic acquisition
technology and computer processing power have provided seismic anisotropy with a more
practical role in the interpretation of seismic data.

Seismic anisotropy in recent years has increasingly become the subject of
geophysical studies. In the past, assumptions of isotropy have been used to find most of the
world’s known conventional hydrocarbon reservoirs (Thomsen, 2002). Although these
assumptions are often valid, they are not optimal practices for the exploitation of
unconventional resources; the subtleties within these reservoirs are important. The
development of more accurate seismic interpretations relies on the ability to determine the
extent of seismic anisotropy in the subsurface, and any deviations from the isotropic
assumption can lead to the determination of the anisotropic parameters in the region of
interest (Thomsen, 2002).

Anisotropic parameters for weak anisotropy were defined by Thomsen (1986) by
relating stress and strain through an elastic modulus tensor (Equation 1.1). For the isotropic
case, this tensor has two independent variables (Equation 1.2), whereas the transverse
isotropic case (defined below) is more complicated with five independent components
(Equation 1.3).

0ij = Xi=1 Xi=1 Cijia€r, 4j = 1,2,3 (1.1)
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where o is a stress component linearly dependent on each component of strain, €. Stress and

strain are related by the elastic modulus tensor, C.

[C33 (C33 —2C4s) (C33 — 2C44)
C33 (C33 — 2C44)
Cs3
(1.2)
Cyq
Cyq
Cyq
C11 (C11 —2Cg¢) Ci3
Ci1 Ci3
Cs3
1.3
Con (1.3)
Caa
Cos

Combinations of the elastic modulus tensor make up the parameters, €, y and & which

represent weak anisotropy and are defined as:

_C11—C33
" 2Ca3 (1.4)
_ Co6—Cyy4
e @9
C13+C44)%—(C33—C44)?
:( 131+C44)“—(C33—Cy4) ’ (1.6)

2C33(C33—Cy4)

where ¢ refers to the anisotropy of a rock, y corresponds to the SH anisotropy and ¢ defines
reflection moveout for P-waves at near-vertical incidence. In the isotropic case, the
components of the elastic modulus tensor are related to the Lamé Parameters ( A and p) and

the Bulk modulus (K) by:



Cas=A+2u=K+>p (1.7)
and

Cu = . (1.8)
In the transverse isotropic case however, three additional components (C11, C13 and Cgg) are

introduced into the tensor (Thomsen, 1986).

1.3.1 Transverse Isotropy

The most commonly studied case of anisotropy is transverse isotropy (Helbig &
Thomsen, 2005), which is defined to be seismic waves traveling at the same velocity in two
orthogonal directions, but at a different velocity in the third (Yilmaz, 2001; Thomsen,
1986). Transverse isotropy is a very special case of seismic anisotropy and has two popular
manifestations. The most studied case of which is that of vertical transverse isotropy (VTI)
(Helbig & Thomsen, 2005) which is defined to be an anisotropic material with a vertical
axis of symmetry, typically induced by layered isotropic sedimentary bedding, and first
introduced by Rudzki (1898). This layering creates a difference between the seismic
velocity of layers in the direction of bedding and the seismic velocity in the direction
perpendicular to bedding (Figure 1.5) (Ruger, 1997; Tsvankin, 1997; Yilmaz, 2001,
Sheriff, 2011).

The second most common type of transverse anisotropy is horizontal transverse
isotropy (HTI), which is also known as azimuthal anisotropy (Hudson, 1981; Tsvankin,
1997) (Figure 1.6). In cases of HTI seismic velocity varies from one horizontal direction to
another. Since horizontal bedding induces VTI, then vertical bedding, such as highly folded

stratigraphy, is one way HTI is created in the subsurface (Yilmaz, 2001). Another, more
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common and more practical way for HTI to be produced is the presence of vertically
oriented fractures (Figure 1.6). Fractures are induced when the subsurface stresses are
greater than the internal strength of the rock causing the rock to crack along a plane of
weakness (Park, 2005). Seismic anisotropy is created by fractures because of the reduction
in cohesion across the fractures which results in a slower seismic velocity perpendicular to
fracture strike. Where seismic waves propagate parallel to a fracture, there is no reduction
in seismic velocity, as the seismic wave does not propagate across the fracture prior to
being recorded. Therefore, the effect of a single fracture is impossible to detect. A fracture
network with a preferential orientation, on the other hand, causes a reduction in seismic
velocity of both P- and S-waves perpendicular to the strike of the fractures (Lynn, et al.,
1999; O'Connell & Budiansky, 1974; Ruger, 1997). Should the fracture network be
extensive enough, a directional velocity anomaly should be detectable as an increase in
travel-time, which is evident when examining travel-time differences between orthogonal

source-receiver ray paths.

1.3.1.1 Fracture Detection

Detection of fractures has become increasingly important for resource exploration.
Fractures are typically oriented parallel to the dominant horizontal stress direction (Ruger,
1997; Crampin, 1985; Crampin & Lovell, 1991) and over the past decade several case
studies have been published using different methodologies to determine the intensity and

orientation of fractures.
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Figure 1.5 — Cartoon showing a VTI model of horizontally layered stratigraphy. (from
Tsvankin, 1997)

A successful method for the characterization of subsurface fractures is Azimuthal
Amplitude Variation with Offset (AVOA). There are many case studies which demonstrate
the ability of AVOA to determine fracture strike and relative fracture density. The results
have been confirmed through correlation with results from other techniques for fracture
characterization such as mug logs, borehole measurements and estimates of regional and
local stress regimes (Perez, Grechka, & Michelena, 1999; Neves, Al-Marzoug, Kim, &
Nebrija, 2003; Gray, Boerner, Todorovic-Marinic, & Zheng, 2003; Roberts, et al., 2001;

Gray, Roberts, & Head, 2002; Gray & Head, 2000).

12



HTI

X4
|

A

Figure 1.6 — Cartoon showing a HT1 model of vertically layered stratigraphy or an
isotropic matrix with vertically oriented fractures. (from Tsvankin, 1997)

AVOA relies on stacking multi-azimuth seismic data into offset and azimuth bins
which are analysed for changes in seismic amplitude (Jenner, 2002). This is done using an
AVO approach (Equation 1.9) defined by Ruger (1997) to encompass an HTI medium with
an isotropic overburden.

R(O) = lA—Z{%a (%a)z (AH—” - ZAy) Aa} sin %0

+ % {%a + Ae} sin %@ tan %6, (1.9)
where R is the reflection coefficient, 6 is the angle of incidence, a is P-wave velocity, P is
S-wave velocity, 9, € and y are Thomsen’s parameters, Z is P-wave impedance and p is the
Shear modulus (Ruger, 1997).

Shear-wave splitting, also known as shear-wave birefringence, is a phenomenon

caused by anisotropy which is induced when seismic waves propagate through a medium
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exhibiting one or more of the following: aligned crystals, direct stress-induced anisotropy,
lithologic anisotropy, structural anisotropy or stress-aligned fracture-induced anisotropy
(Crampin & Lovell, 1991; Alford, 1986). As S-waves propagate through the subsurface, the
S-waves polarize into a fast S-wave (S1) and slow S-wave (S2) (Figure 1.7), where the fast
S-wave is oriented parallel to fractures and the slow S-wave is oriented perpendicular to
fractures (Crampin & Lovell, 1991; Guevara-Ochoa & Cary, 2006; Sandanayake & Bale,
2011; Elkibbi & Rial, 2003; Horne, 2003; Crampin et al., 1989). Alford (1986) determined
that this polarization of S-waves may be the cause of some of the noise commonly
attributed to S-wave data.

Winterstein & Meadows (1991) showed that S-waves can polarize to specific
azimuths in particular formations, and more importantly, that the travel-time difference
between the two polarizations increased in two zones in the Lost Hills field. They also
observed that polarization of the S1 mode correlated with the strike of hydraulic fractures
and dominant local horizontal stresses responsible for inducing seismic anisotropy in the
area and could be used to predict the orientation of fractures. A study Sandanayake & Bale
(2011) also used shear-wave splitting to characterize fracture density where natural and
hydraulic fractures are concerned. It shows that production values for tight oil wells in the
Shaunavon Formation have a direct correlation between production and the naturally
fractured oil bearing sands (Figure 1.8) and where hydraulic fracturing was done,
production values are higher.

Seismic travel-time analysis methods, such as Velocity Variation with Azimuth
(VVAZ), are techniques used to measure how the seismic wave front is affected by
travelling through a zone of seismic anisotropy. When the ray paths from different
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azimuths travel through the fractured zone, the integrity of the rock is compromised
perpendicular to the fracture orientation meaning P-waves do not propagate at the same
velocity in all directions. These velocity variations are more significant at larger offsets and
can be approximated using a velocity ellipse in HT1 media. If there is a dominant fracture
orientation, these changes in velocity manifest as travel-time differences which are
detectable when the seismic travel-times are analysed with respect to azimuth. This
technique has been applied previously in earthquake seismology (Vetter & Minster, 1981;
Shearer & Orcutt, 1985), vertical seismic profiling (Sayers & Ebrom, 1997; Al Dulaijan,
Owusu, & Weber, 2012) and reflection seismology (Wang & Zheng, 2007; Zheng, Wang,
& Perz, 2008; Delbecq, Downton, & Letizia, 2013) to successfully determine dominant

orientation and relative intensity of fracturing (Delbecq, Downton, & Letizia, 2013).

1.4 Multicomponent Seismology

Multicomponent seismology focuses on the use of compressional (P-wave) and shear wave
(S-wave) seismic wave modes to increase our understanding of subsurface rock properties
and ultimately to improve our geological interpretation of hydrocarbon reservoirs and ore
deposits. As many of today’s known hydrocarbon fields are becoming increasingly mature,
the use of new technology is required to optimize hydrocarbon extraction from existing
fields as well as to determine the feasibility of more subtle and complex hydrocarbon traps
(Tatham & McCormack, 1991). Multicomponent seismic technology became a topic of
increasing interest in the 1960s, when most seismic exploration was focused on structural
interpretation. It was thought that S-waves sections might carry higher frequency content

than their P-wave counterparts. It was found, however, that S-waves did not produce higher
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quality results, but in fact the S-wave sections were of poorer quality and had lower
frequency content than the P-wave sections (Erickson, Miller, & Waters, 1968).

Pickett (1963) attempted to evaluate the potential uses of acoustic logs for formation
evaluation, including laboratory experiments to analyze the transit-times of P- and S-waves.
He found that P- and S-wave velocities are dependent on effective stress (Figure 1.9),
porosity and lithology (Figure 1.10), and that changes in S-wave velocities are larger than
changes in P-wave velocities. Pickett (1963) also found that S-waves experience a more
significant reduction in amplitude due to fracturing in dolomites than do their P-wave
counterpart.

In another study, Gardner and Harris (1968) compared the P- and S-wave responses
to different pore saturants. They determined that water saturation increased the P-wave
velocity in a sand matrix, but the S-wave velocity decreased under the same conditions, in
both unconsolidated and consolidated sands (Figure 1.11), although the ratio of P- and S-
wave velocities (Vp/Vs) remained relatively constant at varying porosities in a water
saturated matrix.

As laboratory research was being conducted into the usefulness of S-waves in
providing additional information about lithology, stress and fluid content, there were also
advances in the acquisition of S-waves using horizontal vibrators to explore the viability of
commercial use of S-wave seismic data. During the early years of S-wave data acquisition
studies many of the main concepts of data acquisition and processing were developed, and

are still used today (Hardage et al., 2011).
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Figure 1.7 — S-wave polarization into a slow S-wave and a fast S-wave due to the
presence of east-west oriented fractures. (modified from Crampin et al., 1989)
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Figure 1.8 — Larger time differences between P-S1 and P-S2 associated with
anisotropy (hot colors) have a good correlation with three month total fluid
production from wells. (from Sandanayake & Bale, 2011)
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Many researchers agree that multicomponent seismic data provide important insight
into subsurface rock properties (Tatham & McCormack, 1991). Although S-waves are more
costly and complicated to acquire they do present many advantages through their ability to
image steeply dipping structures, structure within and beneath gas charged stratigraphy and

faulting associated with salt intrusions (Stewart et al., 2003).
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Figure 1.9 — Experimental results showing the relationship between S-wave slowness
and porosity while under different levels of stress in dolomite. (from Pickett, 1963)

Seismic waves propagate through the earth in two primary modes, namely a compression
wave and a shear wave. A shear wave with particle motion in a vertical plane called an SV
wave and that with particle motion in a horizontal plane called an SH wave (Figure 1.12).
As a seismic wave arrives at a receiver, the events which correspond to specific
stratigraphic interfaces change in seismic character. This is the result of the orientation of

particle motion associated with each wave type, as the subsurface responds differently to
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seismic energy in different directions (Hardage et al., 2003). Travel-time differences are
one of the most important aspects of interpreting the events on PP, PS and SS sections.
Each mode of propagation (P- and S-waves) has its own seismic velocity, and although the
exact velocities of each mode are not known at first, using approximate values allows for a
reasonable initial model which then improves through processing. Combining approximate
velocity models with PP, PS and SS synthetic seismograms provides excellent event
location in order to relate seismic travel-times to subsurface lithological boundaries (Figure
1.13) (Fertig & Krajewski, 1989). The temporal location of seismic events is essential to
calculating VVp/Vs — one of the main diagnostic attributes for multicomponent seismic data
interpretation (Pickett, 1963; Gardner & Harris, 1968; Tatham & Stoffa, 1976; Van Dok &
Gaiser, 2001; Tatham R. , 1982).

When processing P-P seismic data, the downgoing and upgoing wavefields both
travel at the same velocity which allows common midpoint (CMP) stacking to be applied,
increasing the quality of a final section. When horizontal vibrators are used as sources to
capture S-wave information, the downgoing and upgoing wavefields are equivalent and
therefore CMP-based processing can still be used (Tessmer & Behle, 1988; Hardage et al.,
2011). Early S-wave seismic sections obtained using horizontal vibrators were comparable
to those of P-waves (Erickson, Miller, & Waters, 1968; Waters, 1978; Rice, et al., 1981). S-
waves also have the ability to image areas which P-wave resolution and signal-to-noise

ratio is substandard (Hardage et al., 2011).
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1wo00

VELOCITY, fi Bec.

6000 —

«mr_

2000 ] l

POROSITY ¢, PERCENT

Figure 1.11 — Velocity/porosity relationship. (from Gardner & Harris, 1968)
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Figure 1.12 — Diagram showing a full multicomponent seismic wavefield propagating
through a medium. For these three modes the direction of wave propagation is the
same, but the particle displacement vectors are different. (modified from Sheriff,
2011)

The problem with S-wave sources, specifically vibrators, is that they are expensive, and can
be much more difficult to transport to isolated locations, and S-S seismic sections are often
noisier and have lower temporal resolution than P-P sections (Stewart et al., 2002). The
increased noise in S-wave seismic sections is, in part, due to the polarization of S-waves

into a fast and slow direction.
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1.4.1 Converted Wave Seismology

Converted waves provide shear information at recording times 30% shorter than S-S
surveys (Stewart et al., 2002), and were first used recorded with success to map subsurface
structure during the 1940s using an explosive source on the surface (Ricker & Lynn, 1950).
They are popular today because onshore seismic surveys are typically recorded using P-
wave sources such as dynamite and vertical vibrators. Vertical seismic sources are less
expensive to purchase and operate than horizontal seismic sources and dynamite is much
easier to transport to rural or isolated survey locations (Stewart, 2002). In the case of
marine surveys, P-wave sources, when combined with 4 component ocean bottom cable
strings attached to the sediment on the ocean floor, provided the only method of collecting
multicomponent seismic information.

Converted waves are defined as a P-wave which converts upon reflection, with the
reflected ray angle governed by Snell’s Law (Equation 1.10), as an S-wave, with SV

particle motion.

sinf _ sing¢
= e (1.10)

where 0 is the angle of the incident P-wave, Vp is the P-wave velocity, ¢ is the angle of the
reflected SV-wave and Vs is the velocity of the SV-wave. This mode conversion from P- to
SV, means that the downgoing wavefield velocity (Vp) differs from that of the upgoing
wavefield velocity (Vs) resulting in an asymmetric ray path through the subsurface, making
the CMP stack incorrect (Tessmer & Behle, 1988). The point at which the mode conversion
occurs is known as the conversion point (CP) and because S-wave velocity is lower P-wave

velocity the conversion point is closer to the receiver than the midpoint (Figure 1.14).
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The CP location also varies with depth for any source-receiver offset in an asymptotic
fashion (Figure 1.15) (Hardage et al., 2011; Stewart, 2002; Tessmer & Behle, 1988). The
CP approaches the asymptotic conversion point (ACP) at large depths. The development of
the common conversion point (CCP) stack allows for the same attenuation of multiples and
the reduction of random noise which is achieved in conventional P-wave sections using

CMP stacking.

1.5 Thesis Objectives

The main objective of this thesis is to analyse a multicomponent, time-lapse seismic
dataset for assessment of fractures in the subsurface associated with potash mining
operations in Saskatchewan, Canada. These fractures are vertical to sub-vertical in nature
and induce seismic anisotropy known as HTI. The stratigraphy of interest is a carbonate
succession of Devonian age, located at depth between 600 and 1100 m below the surface.
The data were analysed using several techniques to determine whether the fractures in the
subsurface create measurable anisotropic effects on PP and PS seismic volumes.

In order to assess the level of anisotropy in the area travel-time differences between
azimuths will be analysed. This will be done through the interpretation of several key
horizons in seismic volumes with stacks of different source-receiver ray paths. The
registration of PP and PS seismic volumes allows for the calculation of Vp/Vs which is
used to indicate changes in lithology, the presence of fluid and in the case of this study, the
location of fractures, through significant decreases in S-wave velocity. A primary concern
throughout this process is the accuracy of horizon placement on the PS volumes, as

converted wave datasets are subject to reduced temporal resolution compared to their PP
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counterparts. This is resolved through the selection of appropriate seismic events which are
then bulk shifted, in time, to a more suitable location.

Finally, seismic attribute analysis, through the examination of complex trace and
multi-trace attributes, is conducted to attempt to highlight zones of highly fractured
stratigraphy. Together, travel-time, Vp/Vs and attribute analysis will improve our
understanding of the geological causes of a low velocity, low amplitude anomaly through

the centre of the study area.

1.6 Summary of Software Used

Several software packages were used throughout the course of this thesis:

Seisware

e Hampson-Russell ProMC and eLog
e Quaddes (CREWES Toolkit)
e Syngram (CREWES Toolkit)

e Microsoft Office for the preparation of this thesis
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Figure 1.13 — A P-wave shot record showing 4 major stratigraphic events, A through D (left). Converted wave shot
record corresponding to the section in Figure 1.5 showing the seismic events A through D for the PS and SS modes
(right). Note the travel time differences between the events for the different mode converted data. (from Fertig &
Krajewski, 1989)
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Figure 1.14 — A P-wave and PS wave reflection in a single homogeneous, isotropic
layer. Note the converted wave reflects at its conversion point (CP) and the
conventional P-wave reflects at a midpoint (MP). The arrows show direction of
particle motion for each downgoing and upgoing wave mode. (from Stewart, 2002)
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Figure 1.15 — The conversion point of a P-S reflection approaches the asymptotic
conversion point (ACP), away from the receiver, as depth increases. The ACP is
generally between the receiver and the midpoint (MP) of a conventional P-wave
reflection profile. (from Stewart, 2002)
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Chapter Two: TRAVEL-TIME ANALYSIS
2.1 Introduction

Fractures reduce the cohesion within the rock perpendicular to the direction of
fracture propagation. Seismic waves propagating parallel to the fracture will not experience
any change in velocity, whereas a seismic wave propagating perpendicular to the direction
of fracture propagation will experience a decrease in velocity (Lynn et al., 1999; O'Connell
& Budiansky, 1974; Ruger, 1997). Such velocity anomalies are referred to as transverse
isotropy (Thomsen, Weak Elastic Anisotropy, 1986), and are evident through the travel-
time analysis of seismic events which travel at orthogonal source-receiver ray paths. In this
study area, where fractures are 20-30 degrees subvertical (Boyd Personal Communication),
and the surrounding carbonate stratigraphy is relatively flat, seismic waves are likely to
experience a specific type of anisotropy called horizontal transverse isotropy, or HTI
(Figure 2.1) (Hudson, 1981; Tsvankin, 1997).

The presence of HTI allows for the analysis of travel-time differences between
orthogonal azimuths. In order to do so, the PP and PS datasets were divided into 5 volumes;
one full azimuth stack volume and four azimuthally sectored volumes containing a stack
encompassing a 45 degree aperture of reciprocal source-receiver ray paths. These volumes
are centred around 0&180, 90&270, 45&225 and 135&335 degrees (Figure 2.2). In order to
detect possible HTI, five horizons were picked in each of the volumes: the Birdbear
Formation, the Souris River Formation, the Dawson Bay Formation, the Prairie Evaporite

Formation and the Winnipegosis Formation.
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Fractures
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Direction

Figure 2.1 — Schematic diagram showing the fast and slow directions of seismic wave
propagation with respect to fractures in the subsurface. The vertical fractures induce
a reduction in seismic velocity perpendicular to the orientation of fracturing, whereas
the seismic velocity parallel to fracturing is unchanged.

The effects of HTI induced from subsurface fracturing should be visible in the four
sub-volumes due to the small changes in residual normal move-out (NMO) between
azimuthal gathers using full-azimuth velocities. The changes in residual NMO propagate
into the azimuthally sectored stacks and yield small travel-time differences in the stacked
seismic events when the global NMO velocities are applied to the sectored volumes (Figure
2.3).

Travel-time differences were calculated by subtracting horizons picked from two
orthogonal azimuthally sectored volumes centred around 0&180 degrees (A) and 90&270

degrees (C). Should the travel-time from A be larger than that of C, the outcome is a
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positive time difference which would propose a slower seismic velocity in the A
orientation. A negative time diffrence suggests a slower seismic velocity in the C
orientation. This process is then repeated for 45&225 degrees (B) and 135&335 degrees
(D).

Before travel-time differences can be calculated, seismic horizons were first tied to

geological formations through the well tie process.

Figure 2.2 — Distribution of source-receiver ray paths used to make up the four
azimuthally sectored seismic volumes. The volumes are labeled corresponding to the
reciprocal azimuths in the middle of the stacked aperture.
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Figure 2.3 — Residual NMO from the sectored receiver gathers and stacks
corresponding to the directions of fast (green) and slow (red) seismic wave

propagation, as well as the travel-times associated with those azimuthally sectored
stacks.

2.2 Horizon Interpretation

In order to begin analysis of a seismic volume, the subsurface formations were first
correlated to the corresponding time on a seismic section. This is done through the
generation of synthetic seismograms using P- and S- wave sonic and density wireline logs
which are typically acquired when a well is drilled. In the study area there were 14 wells
with P-wave sonic logs, 2 wells with dipole sonic logs, which provide the S-wave velocity
component, and 3 wells with density logs. Figure 2.4 shows blocked wireline logs from one

of the wells used pick horizons on both the PP and PS data sets. The selection of seismic
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events which correspond to stratigraphic layers is crucial to the interpretation of a seismic
dataset, and is accomplished by relating geological well tops to seismic reflectors through
the generation of synthetic seismograms. The critical formations for the interpretation of
this volume are the Birdbear Formation, the Souris River Formation, the Dawson Bay
Formation, the Prairie Evaporite Formation and the Winnipegosis Formation, some of
which are not shown on the log.
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Figure 2.4 - Blocked wireline logs acquired from one of the wells in the study area.
The P-wave sonic is in blue, S-wave sonic in red and Vp/Vs calculated from both sonic
logs in magenta. The geological tops are in black.

Correlation between the synthetic seismogram and the seismic volume is calculated at
the well bore to ensure an accurate assessment of the horizons to be interpreted. Figure 2.5
is an example of a synthetic seismogram generated and its correlation, of 0.806, with the
baseline PP seismic volume. All 14 wells were tied in similar fashion and yielded similar

correlation coefficients. The tying of the PS seismic is done using synthetic seismograms,
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in which reflection coefficients calculated from both the P-wave and S-wave sonic logs, are
convolved with a wavelet representative of the seismic traces. An additional step factors in
the Vp/Vs to adjust the time-depth relationship accordingly. The two wells with dipole
sonic wells were tied with only minor stretches applied to attain an optimal correlation of
0.685 (Figure 2.6).

The Prairie Evaporite and Winnipegosis formations are not seen as geological tops on
the well logs in the area. This is because the wells are specifically planned not to penetrate
the Prairie Evaporite Formation, and therefore this top was slightly more difficult to pick.
The Prairie Evaporite Formation was picked in the PP seismic volumes based on the
termination of the well log, and the location of the potash mine workings which are visible

in the seismic volumes.
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Figure 2.5 — PP synthetic seismogram (blue seismic traces) constructed using the P-
wave sonic (blue log) and is correlated with the baseline PP seismic volume (red/black
seismic traces).
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The Winnipegosis Formation was picked in the baseline and monitor PP and PS volumes
through the identification of what is interpreted to be a carbonate mound in the Southeast
and a pinnacle reef in the northeast of the survey area.

Time structure maps were created through interpretation of the 5 horizons of interest
for both the baseline and monitor surveys on both PP and PS volumes. Analysis of these
horizons, the seismic volumes and the geological information conveyed by RPS Boyd
(Boyd Personal Communication) suggests that fractures could be the cause of the low
velocity anomaly in the centre of the study area, the extent of which is shown as a “push
down” (an increase in travel-time) in Figure 2.7. In both PP volumes, the low velocity
anomaly is also accompanied by an overall reduction in seismic amplitude (Figure 2.8). In

the PS volumes however, the seismic amplitudes are unaffected.
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Figure 2.6 — PS synthetic seismogram (blue seismic traces) constructed using the P-
wave sonic (blue log), the S-wave sonic (red log) and the Vp/Vs (magenta log) is used
to apply a velocity stretch before the synthetic is tied with the baseline PS seismic
volume (red/black seismic traces).
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The PS dataset has a lower frequency content, and is noisier than the PP dataset
(Figure 2.9). As a result, the PS horizons were much more difficult to pick than the PP
horizons. However, the use of azimuthal travel-time analysis for both the PP and PS
seismic volumes was applied to investigate the presence of seismic anisotropy in the

subsurface.

830 (ms) 860 1470 (ms) 1540

Figure 2.7 — Time structure maps showing the Winnipegosis Formation from the
baseline PP seismic volume (left) and baseline PS seismic volume (right). The large
blue-purple anomaly in the centre of the map shows a travel-time “push down” which
is thought to be attributed to the presence of fractures in the carbonate layers above
the Prairie Evaporite Formation. The red circle in the Northeast corresponds with an
interpreted pinnacle reef, and the yellow-red in the Southeast shows the outline of an
interpreted carbonate mound.

2.3 PP Travel-time Analysis

The Souris River Formation shows minimal travel-time differences that are between -
5 and +5 ms in the baseline and monitor PP volumes (Figure 2.10 and Figure 2.11). There

are few major differences between the baseline and monitor vintages, which illustrates
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survey repeatability. The Prairie Evaporite PP time difference plots shows evidence of the
mine workings southeast of the study area in the A-C orientation plots (Figure 2.12 and

Figure 2.13).

Figure 2.8 — An inline and crossline from the baseline PP volume displaying the low
amplitude, low velocity anomaly at the centre of the study area (red circle). The
anomaly propagates below the Souris River Formation to the bottom of the section.

The large negative travel-time difference in the southeast of the survey area is attributed to
mine workings in the C orientation which creates a reduction in seismic velocity due to the
open mine rooms with the same orientation. The monitor A-C azimuthal PP time difference
plot also shows a travel-time difference of +7 ms towards the centre of the study area. The
B-D plots (Figure 2.13) show much less detail because of the trend of the mine workings.
The large negative anomaly in the centre of the study area is at the eastern-most edge of the
workings which trend east to west. Overall there are minimal travel-time differences

between the baseline and monitor surveys in the B-D azimuthal time difference plots.
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Figure 2.9 — Chair display showing an inline through the baseline PP volume (right)
and the baseline PS volume (left). This figure emphasizes the travel-time differences

between the PP and PS volumes, as well as the lower frequency content and higher
noise levels in the PS volume.
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Figure 2.10 — PP time difference plots for the Souris River Formation calculated by

subtracting the A-C azimuths for the baseline (left) and monitor (right) seismic
volumes.
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Figure 2.11 — PP time difference plots, for the Souris River Formation, calculated by
subtracting the B-D azimuths for the baseline (left) and monitor (right) seismic
volumes.

The PP time difference plots calculated for the Winnipegosis Formation horizons
from the difference azimuths show much larger variations in travel time between
orthogonal azimuths, especially in the central section of the study area (Figure 2.14). The
main anomalies of interest are as large as +10 ms. The southern-most positive differences
in the A-C plot (Figure 2.14) indicates a low north-south velocity, which if created by
fractures, suggest that the fractures trend in an east-west orientation. The western area
positive travel-time anomaly increases in magnitude between the baseline and monitor
surveys. The northeastern positive anomaly is connected with the most southeastern
anomaly at the easternmost edge of the mine workings in the centre of the study area. Just
beyond the eastern edge of mine workings, a negative travel-time anomaly is present, albeit

much larger in amplitude in the monitor survey (black ellipses).
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Figure 2.12 — The baseline (left) and monitor (right) A-C azimuth PP time difference

plots for the Prairie Evaporite Formation, showing mine workings in the southeast
corner of the map (black ellipses).
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Figure 2.13 — The baseline (left) and monitor (right) B-D azimuth PP time difference
plots for the Prairie Evaporite Formation.

In the B-D Winnipegosis PP time difference plots (Figure 2.15), the most positive

travel-time anomaly corresponds with a large, positive travel-time anomaly from the A-C
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Winnipegosis time difference plots (black ellipses). The blue negative anomaly towards the

west of the central anomaly is located in the centre of the mine workings.

Figure 2.14 — The baseline (left) and monitor (right) A-C azimuth PP time difference
plots for the Winnipegosis Formation.

2.4 PS Travel-time Analysis

The range of travel-time differences calculated using the PS horizons, as expected, is
significantly larger than the travel-time differences calculated from the PP horizons. As in
the PP time difference plots, the Souris River horizons do not yield any significant
anomalies; they do however, show a much more uniform negative overall difference in the
A-C azimuths (Figure 2.16).

There also appear to be some differences in travel-time between the baseline and
monitor PS time difference plots which have a good correlation to the east of the study

area, but not in the west, similar to the B-D azimuth PS time difference plots (Figure 2.17).
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Figure 2.15 — The baseline (left) and monitor (right) B-D azimuth PP time difference
plots for the Winnipegosis Formation.
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Figure 2.16 — The baseline (left) and monitor (right) A-C azimuth PS time difference
plots for the Souris River Formation.

The Prairie Evaporite A-C azimuth PS time difference plot from the monitor volume
(Figure 2.18) shows a large negative travel-time difference, which was not present in the
baseline PS time difference plot (black circle). This indicates a seismic velocity reduction
in the C orientation towards the eastern edge of the central mine workings. The large

negative travel-time differences on the eastern edge of the survey increase in magnitude
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between the baseline and monitor survey, where mine workings line the outermost edges of
the survey area. This increased travel-time anomaly could be a result of subsurface stress
changes induced by the presence of the mining operations which creates fractures parallel
to the north-south oriented mine rooms and thus reduces the seismic velocity in the east-

west orientation.

Figure 2.17 — The baseline (left) and monitor (right) B-D azimuth PS time difference
plots for the Souris River Formation.

This is supported by the reduced magnitude of the travel-time anomaly in the B-D azimuth
PS time difference plots (Figure 2.19). However, a slight increase in negative travel-time
difference is present where some A aligned mine workings intersect those at a C orientation

(centre of eastern edge of survey).
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Figure 2.18 — The baseline (left) and monitor (right) A-C azimuth PS time difference
plots for the Prairie Evaporite Formation. The black circle indicates a large negative
travel-time difference in the monitor volume, not present in the baseline.

1000 m

Figure 2.19 — The baseline (left) and monitor (right) B-D azimuth PS time difference
plots for the Prairie Evaporite Formation. The black circle indicates a large negative
travel-time difference in the monitor volume, not present in the baseline.

The Winnipegosis Formation shows a high positive travel-time anomaly on the west
side of the baseline A-C azimuth PS time difference plot (Figure 2.20), which is not present
in the corresponding monitor map. The largest positive and negative anomalies in the

centre of the dataset correspond to the edges of the central mine workings; furthermore the
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orientation of slow seismic wave propagation in the PS time difference plots are identical to
those in the PP time difference plots (Figure 2.14). The travel-time anomalies in the
northeast of the baseline A-C azimuth time difference plot are in the area of the interpreted
pinnacle reef, where the Winnipegosis reef in the A volume appears wider than in the C
volume creating a negative travel-time difference on the edges of the interpreted reef. B-D
azimuth time difference plots (Figure 2.21) show an increase in the positive anomaly to the
east of the central mine workings in the monitor survey which is not present in the baseline
survey. The monitor survey also sees an increase in the magnitude of the negative travel-

time anomaly in the southeast of the study area.

1000 m

=
2
n
=
2

Figure 2.20 — The baseline (left) and monitor (right) A-C azimuth PS time difference
plots for the Winnipegosis Formation.

2.5 Summary

This chapter has shown the analysis of azimuthal travel-times from PP and PS
seismic volumes by horizon differencing in order to examine possible fracture systems

surrounding a potash mine in southeast Saskatchewan, Canada. In particular, the goal of
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this work was to interpret the effect of fractures within the Dawson Bay Formation through
the calculation of travel-time differences between seismic events in volumes which were
created using a stack of sectored, orthogonal source-receiver azimuths. This is made
possible because fractures reduce the velocity of seismic waves traveling across the fracture
plane, creating a state of HTI, which can be identified due to the increase of event travel-
time isolated to the azimuths perpendicular to fracture strike. Interpretation of the time
difference plots created from the seismic events picked in the multiple azimuthally sectored

PP and PS volumes provided insight into the state of anisotropy in the subsurface.

1000 m

Figure 2.21 — The baseline (left) and monitor (right) B-D azimuth PS time difference
plots for the Winnipegosis Formation.

Analysis of the PP time difference plots shows that fractures with a preferential
orientation propagate outwards from the mining area in a direction parallel to the mine
room geometry, specifically below the mine in the Winnipegosis Formation. Above the
mining level, in the Dawson Bay Formation, the PP time difference plots show a reduction

of seismic velocity in the C direction suggesting that fractures are propagating parallel to
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the eastern edge of the central mining operation. Although fractures are likely to be present
throughout the excavation area, they are interpreted to have no preferential orientation
which results in a reduction of seismic velocity in all directions. Therefore the fractures do
not induce a large enough seismic anisotropy to be visible in the PP time difference plots
focusing on orthogonal azimuths of wave propagation. The monitor PS time difference
plots also produced a large negative travel-time anomaly in the Prairie Evaporite Formation
A-C sectors, at the edge of the mining area, which was not present in the baseline survey.
These observations suggest that there is fracturing surrounding the mine workings which

creates HTI, identified through azimuthal travel-time analysis.
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Chapter Three: VELOCITY ANALYSIS
3.1 Introduction

Where fractures are present in the subsurface, Vp/Vs will increase depending on
fracture density, as the P-wave velocity will generally exhibit a lower percentage decrease
than the S-wave velocity (Hardage, DeAngelo, Murray, & Sava, 2011; O'Connell &
Budiansky, 1974). In order to determine the relative extent of fracturing in the subsurface,
analysis of Vp/Vs was undertaken using the picked horizons from the PP and PS full
azimuth volumes. To visualize the vertical changes in Vp/Vs throughout a seismic volume,
horizon matching was performed in which travel-times associated with each point of a PS
horizon were shifted to match that of the corresponding PP horizon. Using Equation 3.1,
Vp/Vs is calculated:

Vp _ 2A4tps-Atpp
Vs Atpp

(3.1)
Where Vp is the P-wave velocity, Vs is the S-wave velocity, Atps is the PS traveltime and
Atpp is the P-wave traveltime. Where well control is present, Vp/Vs is within reasonable

values for carbonates (Palaz & Marfurt, 1997; Mavko, 2005).

3.2 Vp/Vs Analysis

In order to perform a thorough Vp/Vs analysis, a background ratio of P-wave velocity
to S-wave velocity must first be established. This was done during the registration process
when horizons were placed in their appropriate temporal locations on both the PP and PS
seismic sections (Figure 3.1). The squeezing of the PS seismic section to match that of the
PP section is governed by Vp/Vs. By matching the horizons picked on the PS section to

those on the PP section it was possible to determine an appropriate background Vp/Vs to
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begin the horizon matching process. This ratio was determined to have an initial value of
2.0 (Figure 3.2) which is higher than the Vp/Vs seen in the well logs (Figure 2.4). The
Vp/Vs is higher because the seismic takes into account the Vp/Vs of the entire seismic

section including the Cretaceous shales (Vp/Vs of 2.1) and the weathered layer (Vp/Vs of

4.0-6.0).
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Figure 3.1 — Crossline showing five major horizons picked in the PP (left) and PS
(right) seismic volumes through the low velocity, low amplitude anomaly in the centre
of the dataset. The PS volume is compressed using a Vp/Vs of 2.0 to best match the
placement of each horizon with their PP counterpart.

The first horizons to be matched were those of the Birdbear Formation (yellow
horizon) from the baseline seismic volume. The matching of this event established Vp/Vs
for the stratigraphy above the level of interest and is influenced by the near surface,
unconsolidated layers, which increases the Vp/Vs to approximately 2.7 (top of Figure 3.3).

When the Souris River Formation (green horizon) was added to the horizon matching

process, interval Vp/Vs was calculated for the interval from the top of the Birdbear
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Formation to the top of the Souris River Formation (Figure 3.4). The Vp/Vs values in this
plot are strictly associated with the PP and PS horizons and are calculated using Equation
3.1. The vertical striping seen is a function of the slight vertical changes in the travel-time
picks of both the PP and PS horizons with respect to each other, as any slight travel-time
difference between the two horizons will result in a change in Vp/Vs for that point in the
survey. The magnitude of the vertical striping changes from line to line (see the top and
bottom lines in Figure 3.4) and between the baseline and monitor surveys, but is present
throughout the horizon matching process. The Vp/Vs for this interval throughout the
baseline survey ranges between 1.65 and 2.4 with an average value of 1.9, which is

appropriate for the carbonaceous Birdbear Formation.

1000 m
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Figure 3.2 — Crossline from the baseline seismic volume through one of the wells
containing a dipole sonic log. Vp/Vs, shown in color, is set to the background Vp/Vs of
2.0 determined from the registration process. The horizons from top to bottom are the
Birdbear Formation (yellow), Souris River Formation (green), Prairie Evaporite
Formation (red) and Winnipegosis Formation (blue).
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Including the Prairie Evaporite Formation (red horizon) in the matching process
provided Vp/Vs for the interval from the top of the Souris River Formation to the top of the
Prairie Evaporite Formation, which encompasses the fractured carbonates of the Dawson
Bay Formation.

In Figure 3.5, the interval between the green and red horizons shows distinct
differences between a crossline outside the low velocity, low amplitude anomaly (upper)
and the line inside the low velocity, low amplitude anomaly (lower), specifically, the
magnitude of the interval Vp/Vs is higher through the anomaly than it is outside the
anomaly. Within the anomaly, Vp/Vs ranges from1.8 to 2.3 and between 1.7 and 2.1
outside the anomaly. The two areas of Vp/Vs between 2.0 and 2.3 through the low velocity,
low amplitude anomaly have been interpreted to be the result of fracturing in the Dawson

Bay Formation.

1000 m

5 Birdbear

700 St
Souris River

(ms) 750

Prairie Evaporite

800

854 Winnipegosis

Figure 3.3 — Crossline from the baseline seismic volume through a well with dipole
sonic log. The Birdbear PP and PS horizon matching has been applied generating the
high Vp/Vs at the top of the section. This increased Vp/Vs at the top of the section is
due to the high Vp/Vs of the overburden.
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The final horizons added to the procedure correspond to the top of the Winnipegosis
Formation (blue horizon). The Vp/Vs of the Prairie Evaporite interval increases
significantly when comparing values between crosslines inside and outside of the central
anomaly (Figure 3.6). The crossline through a well outside of the anomaly (top Figure 3.6)
shows an average Vp/Vs around 1.9, whereas the line through the anomaly (bottom Figure
3.6) has an average Vp/Vs of 2.2. Adding the Winnipegosis Formation to the analysis
completed the horizon matching process, through the use of only PP and PS traveltimes. In
order to create a more complete Vp/Vs volume, the Vp/Vs calculated from the dipole sonic
logs was assigned as a background Vp/Vs instead of the uniform Vp/Vs of 2.0 used up to
this stage of the analysis.

This improves the accuracy of the Vp/Vs analysis in the areas closest to the well (Figure
3.7) as the vertical resolution of a well log is much better than that from the seismic
volumes. The Vp/Vs was calculated using the P-wave and S-wave sonic logs which were
blocked into 10 m intervals in order to complement the vertical resolution of the seismic
volumes. Unfortunately, wells in this region are only logged for the interval spanning from
the Devonian unconformity 30 m deeper than the top of the Dawson Bay Formation.
Therefore, this approach to Vp/Vs analysis could only be undertaken over this interval. The
main change to the horizon-matched Vp/Vs when the well log information is added is an
increase of Vp/Vs at the bottom of the logged interval from Vp/Vs = 2.0 to Vp/Vs = 2.5.
This occurs in the Dawson Bay Formation just above the Prairie Evaporite Formation near
the east end of the example line. This increase in Vp/Vs is interpreted to be the result of

fracturing within the Dawson Bay Formation. From the Dawson Bay Formation up to the
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top of the Souris River Formation, the Vp/Vs decreases by an average of 0.2, and in the

Birdbear Formation the Vp/Vs has an average increase of 0.1-0.2.
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Figure 3.4 — Crossline from the baseline volume showing a line through a well with
dipole sonic log (upper) and a line through the low velocity, low amplitude anomaly in
the centre of the dateset (lower). Notice the higher average Vp/Vs in the Birdbear
interval on the line outside of the seismic anomaly. The top of the Birdbear Formation
is the yellow horizon, the Souris River Formation is green, the Prairie Evaporite
Formation is red and the Winnipegosis Formation is blue.

When the well log Vp/Vs was applied to the region of the low velocity, low amplitude

seismic anomaly, the Vp/Vs increases within the Dawson Bay Formation (Figure 3.8), just
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as it does outside of the anomaly. The magnitude of the increase is similar between these
areas; however, the thickness of the zone with increased Vp/Vs within the anomaly is much
greater. This has been interpreted to be due to fractures having a larger vertical propagation

within the area of the anomaly than they do in the region outside of the seismic anomaly.
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Figure 3.5 — Crossline from the baseline volume showing a line through a well with
dipole sonic log (upper) and a line through the low velocity, low amplitude anomaly in
the centre of the dateset (lower). Notice the higher average Vp/Vs in the Souris River
interval on the line in the seismic anomaly. The top of the Birdbear Formation is the
yellow horizon, the Souris River Formation is green, the Prairie Evaporite Formation
is red and the Winnipegosis Formation is blue.
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The PP and PS horizons picked from the monitor survey underwent the same
analysis. Figure 3.9 shows the same crosslines as shown in Figure 3.6 (baseline survey),

allowing for a time-lapse analysis of the changes in Vp/Vs.
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Figure 3.6 — Crossline from the baseline volume showing a line through a well with
dipole sonic log (upper) and a line through the low velocity, low amplitude anomaly in
the centre of the dateset (lower). Notice the higher average Vp/Vs in the Prairie
Evaporite interval on the line in the seismic anomaly. The top of the Birdbear
Formation is the yellow horizon, the Souris River Formation is green, the Prairie
Evaporite Formation is red and the Winnipegosis Formation is blue.
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The background Vp/Vs from well logs will not change between vintages as the well was
drilled before either survey was acquired, meaning any differences in Vp/Vs are strictly
related to traveltime differences between seismic vintages.

The monitor survey shows the same increase in Vp/Vs through the Souris River and
Prairie Evaporite intervals within the central area of the dataset where the low velocity,
low amplitude seismic anomaly is present. The higher Vp/Vs within the Birdbear interval
outside of the anomaly is also seen throughout the horizon matching process for the

baseline survey.
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Figure 3.7 — Crossline from the baseline volume which goes through a well with dipole
sonic, where Vp/Vs log has been calculated (log on cross section). There is a significant
increase in Vp/Vs at the bottom of the Souris River Formation (green horizon) within
the Dawson Bay Formation when the well control is incorporated into the horizon
matching process (purple on the east end of the line). The Vp/Vs increases from 2.0 to
2.5, an increase interpreted to be the result of fracturing in the lower regions of the
Dawson Bay Formation, just above the top of the Prairie Evaporite Formation (red
horizon).

Incorporating the well information into the horizon matching process for the monitor
survey Yyields results illustrated by the crosslines in Figure 3.10 and Figure 3.11, which
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correspond to the crosslines from the baseline volumes in Figure 3.7 and Figure 3.8,
respectively. The crossline from the monitor survey through the well (Figure 3.10) exhibits
similar trends as the identical crossline from the baseline survey. This was expected as the
well control provided the same correction to both vintages of the Vp/Vs volume created by

the horizon matching process.
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Figure 3.8 — Crossline from the baseline volume which goes through low velocity, low
amplitude seismic anomaly in the centre of the volume. There is a significant increase
in Vp/Vs at the bottom of the Souris River Formation (green horizon) within the
Dawson Bay Formation when the well control is incorporated into the horizon
matching process (purple above the red horizon). The Vp/Vs increases from 2.0 to 2.5,
an increase interpreted to be the result of fracturing in the lower regions of the
Dawson Bay Formation, just above the top of the Prairie Evaporite Formation (red
horizon). The increased thickness of the fractured area through the centre of the
section is interpreted to be an increase in the extent of vertical fracturing.

The crossline from the monitor survey through the centre of the seismic anomaly in the
middle of the dataset shows the same increase in Vp/Vs from 2.0 to 2.5, but there is a
greater area of increased Vp/Vs near the centre of the line. This would indicate an increase

in the areal extent of fracturing between the baseline and monitor surveys. Looking only at
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selected inlines and crosslines, however, makes it difficult to determine the spatial extent of

such features.
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Figure 3.9 - Crossline from the monitor volume showing a line through a well with
dipole sonic log (upper) and a line through the low velocity, low amplitude anomaly in
the centre of the dateset (lower). Notice that in general the crossline through the
seismic anomaly in the centre of the dataset (lower) has a higher Vp/Vs than the line
outside of the anomaly, specifically in the Souris River and Prairie Evaporite
intervals. The Birdbear Formation has a lower Vp/Vs in the area of the seismic
anomaly. These trends are unchained from the baseline to the monitor surveys. The
top of the Birdbear Formation is the yellow horizon, the Souris River Formation is
green, the Prairie Evaporite Formation is red and the Winnipegosis Formation is
blue.
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Seismic cross sections are an excellent way to compare vertical and horizontal
differences between Vp/Vs along a particular line, but they do not give a good
representation of how Vp/Vs varies spatially over an interval. For this reason interval
Vp/Vs was calculated over the full 3D volume for the three intervals of interest: the
Birdbear interval (top of the Birdbear Formation to the top of the Souris River Formation),
the Souris River interval (top of the Souris River Formation to the top of the Prairie
Evaporite Formation) and the Prairie Evaporite interval (top of the Prairie Evaporite

Formation to the top of the Winnipegosis Formations).
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Figure 3.10 - Crossline from the monitor volume, through a well with dipole sonic,
where Vp/Vs log has been calculated (log on cross section). There is a significant
increase in Vp/Vs at the bottom of the Souris River Formation (green horizon) within
the Dawson Bay Formation when the well control is incorporated into the horizon
matching process (purple on the east end of the line). The Vp/Vs increases from 2.0 to
2.5, an increase interpreted to be the result of fracturing in the lower regions of the
Dawson Bay Formation, just above the top of the Prairie Evaporite Formation (red
horizon).

A comparison of the interval Vp/Vs between the Birdbear and Souris River

horizons (Figure 3.12) confirms that there is little difference in the seismic volumes above
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the Souris River Formation between the baseline and monitor surveys. Furthermore, the
Vp/Vs for this interval is reasonable for the carbonate stratigraphy with an average Vp/Vs

of 2.0 and local minimum and maximum values of 1.75 and 2.4, respectively.
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Figure 3.11 - Crossline from the monitor volume which goes through low velocity, low
amplitude seismic anomaly in the centre of the seismic volume. There is a significant
increase in Vp/Vs at the bottom of the Souris River interval (green horizon) within the
Dawson Bay Formation when the well control is incorporated into the horizon
matching process (purple above the red horizon). The Vp/Vs increases from 2.0 to 2.5,
an increase interpreted to be the result of fracturing in the lower regions of the
Dawson Bay Formation, just above the top of the Prairie Evaporite Formation (red

horizon). The increased thickness of the fractured area through the centre of the
section is interpreted to be an increase in vertical extent of fracturing.

Vp/Vs from the fractured interval between the Souris River and Prairie Evaporite
formations (Figure 3.13) displays a higher average Vp/Vs of 2.2 than found in the
Birdbear-Souris River succession (Figure 3.12). Specifically, the higher average values are
found in the west and southeast parts of the study area, areas where mine workings are
present in the Prairie Evaporite Formation. The northeast area exhibits a lower average

Vp/Vs of approximately 1.8, which corresponds to the areas where fractures would not be
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likely stimulated due to mining. Neither the Birdbear-Souris River nor the Souris River-
Prairie Evaporite interval Vp/Vs plots show any significant differences between the
baseline and monitor surveys, indicating that no new fractures were interpreted to be
formed within the Dawson Bay Formation during the time between the baseline and

monitor surveys.

28

23

Figure 3.12 — Interval Vp/Vs for the baseline (left) and monitor (right) from the
Birdbear to Souris River formations.

1000 m

Figure 3.13 — Interval Vp/Vs for the baseline (left) and monitor (right) from the Souris
River to Prairie Evaporite formations.
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The interval Vp/Vs for the Prairie Evaporite-Winnipegosis sequence between
baseline and monitor volumes shows some significant differences between the two seismic

surveys (Figure 3.14).

Figure 3.14 — Interval Vp/Vs for the baseline (left) and monitor (right) surveys from
the Prairie Evaporite to Winnipegosis formations. The black circles show an area of
significant increase in Vp/Vs between surveys, and the black rectangle shows the
location of a carbonate reef structure in the Winnipegosis Formation.

Most notable are the significant decrease in Vp/Vs in the southwest of the study area and a
increase of Vp/Vs from 2.1-2.6 within the central parts of the survey area (black ellipse in
Figure 3.14). These discrepancies require further analysis in order to determine the
geological cause. Two anomalies, however, remain constant over both vintages: the
pinnacle reef in the northeast (low Vp/Vs of 1.4 shown by the black square in Figure 3.14)
and the Vp/Vs high of 2.6 in the centre of the dataset where the low amplitude anomaly is
located (yellow box in Figure 3.14), supporting the hypothesis that fractures are responsible

for the presence of the low velocity anomaly.
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3.3 Effect of Horizon Placement on Vp/Vs

There are two factors which significantly influence the calculation of the interval
Vp/Vs for a specific stratigraphic interval; the picking of a particular seismic horizon on the
PP volume and of course on the PS volume in order to best represent the true location of a
geological interface. As the travel-time associated with both the PP and PS horizons are
used to calculate Vp/Vs (Equation 1), the accuracy of horizon picking is critical for optimal
Vp/Vs results. The most likely source of error comes from the PS seismic volume, where
the frequency content is significantly reduced and the signal-to-noise ratio is lower than
that of the PP seismic volume (Figure 3.15). This reduction in dominant frequency means
that the conventional method of picking horizons at a seismic peak, trough or zero-crossing
does not provide an accurate enough depiction of the true location of a geological
subsurface boundary; the continuity of seismic events is also reduced because of the noise
in the PS volume. In a region where the stratigraphic layers in the subsurface are as flat
lying, as in the study area, it is possible to improve the accuracy of the horizon
representation of the lithological boundary by picking the closest most coherent seismic
event to the well top on the synthetic tie and then by applying a time shift to these pseudo-
horizons. This practice is focused primarily on the PS horizons, due to the high signal-to-
noise ratio and low dominant frequency and bandwidth, and not all horizons require such
editing.

Figure 3.16 shows the PP synthetic seismogram tie with the geological tops from the
well logs along with the horizons picked. The Souris River horizon was shifted by -13 ms
to better match the location of the geologic top on the seismic section. While picking the PS

horizons it was found that the geological top for the Souris River Formation is located on

61



the shoulder of the peak at about 1300 ms which makes picking a seismic event to portray
this geological interface difficult. In order to pick a horizon which best portrays the true
subsurface location of the Souris River Formation, a more coherent seismic peak 38 ms
below the geological top from the well logs was picked as a pseudo-horizon which is later
shifted to the proper position (Figure 3.17). The same procedure was applied to the PS
Prairie Evaporite horizon pick as the most coherent event closest to the top of the Prairie

Evaporite Formation was 20 ms below the bottom of the well log.
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Figure 3.15 — Seismic crossline showing the difference in frequency content between
the PP (left) and PS (right) volumes for intervals of identical thickness. The frequency
spectrum associated with each interval is directly below the seismic section.

The selection of the correct time shift for each horizon is important because the
Vp/Vs ratio is very sensitive to errors in travel-time picks between PP and PS volumes.
Figures Figure 3.18 through Figure 3.21 shows the effect PS travel-time errors can have on
the associated interval Vp/Vs. Figure 3.18 shows a crossline through the azimuthal stack

volume A where a of -38 ms time shift (that used for the full azimuthally stacked section)
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has been applied to the Souris River PS pseudo-horizon and its resulting Vp/Vs. This time
shift is not suitable for the azimuthally stacked volume, as the Vp/Vs is too high above the
Souris River Formation pick, and too low below the Souris River Formation.

Figure 3.19 shows the same section using a -45 ms time shift on the Souris River
pseudo-horizon. The -7 ms difference in the time shift results in a decrease in Vp/Vs above
the Souris River Formation and an increase below the Souris River Formation on the order
of 0.2. Notice that below the Prairie Evaporite (where no changes were made) the Vp/Vs
remains constant for the Prairie Evaporite-Winnipegosis interval.

Figure 3.20 and Figure 3.21 show the Vp/Vs in map view for both the Birdbear-
Souris River interval and the Souris River- Prairie Evaporite interval, respectively. These
images show that although the magnitude of the Vp/Vs changes due to the difference in

time shifts applied, the general trends are the same.

3.4 Summary

An increase in Vp/Vs, calculated using the interpreted PP and PS horizons,
corresponds with the low velocity anomaly in the centre of the study area. This suggests the
presence of fracture networks which extend vertically to sub-vertically from the Prairie
Evaporite Formation towards the top of the Dawson Bay Formation. Fractures reduce S-
wave velocities more significantly than P-wave velocities resulting in an overall increase in
Vp/Vs. | observed that Vp/Vs also increased between the baseline and monitor seismic
volumes where the central, low velocity anomaly is present, indicating a potential increase
in fracture density within this anomalous area over the course of the acquisition of the two

seismic surveys.
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Figure 3.16 — PP synthetic seismogram (blue seismic trace) tied to the 2004 full
azimuth stack PP seismic volume (red and black seismic). The logs on the left are the

P-sonic (blue), S-sonic (red) and calculated Vp/Vs (pink).
Figure 3.17 — PS synthetic seismogram (blue seismic trace) tied to the 2004 full

azimuth stack PS seismic volume (red and black seismic). The logs on the left are the

P-sonic (blue), S-sonic (red) and calculated Vp/Vs (pink).
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Figure 3.18 — Crossline through the well (same as Figure 3.7) which shows the
difference in Vp/Vs in the Birdbear — Souris River and Souris River — Prairie
Evaporite intervals for the baseline seismic volume A. This difference is due to the
time shift (-38 ms) applied to the Souris River horizon from the PS volume,
orientation A.

In order for the interval VVp/Vs analysis to be as accurate as possible, it was necessary
to select a seismic event, both PP and PS, which best corresponds to the location of the well
top on the seismic section. The PP seismic volumes have higher dominant frequency than
that of the PS volumes, therefore, selecting a seismic peak or trough which represents a
geological interface is relatively simple. The lower frequency bandwidth and dominant
frequency of the PS seismic volumes results in significantly reduced temporal resolution,
which in turn makes it more difficult to place a seismic horizon at the location of a
geological interface.

Applying a time shift to the PS horizon corrected this issue and placed the seismic
horizon at a more appropriate temporal position, and this resulted in a more accurate

interval VVp/Vs for the stratigraphy of interest. Small temporal shifts of as little as £7ms, as
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discussed in this chapter, can have a significant influence on the magnitude of Vp/Vs,

showing the importance of precise picking the PS horizon.
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Figure 3.19 — Crossline through the well (same as Figure 3.7) with an adjusted time
shift (-45 ms) applied to the Souris River Formation of the baseline A PP and PS
seismic volumes.

1000 m

Figure 3.20 — Comparison between the interval Vp/Vs from the Birdbear Formation
to Souris River Formation for the seismic volumes of orientation A. On the left, the
same time shift is applied to the Souris River Formation as was in the full azimuth
volume (-38 ms). On the right, a reassessed time shift of -45 ms is applied in order to
better position the horizon on the seismic section.
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Figure 3.21 — Comparison between the interval Vp/Vs from the Souris River
Formation to the Prairie Evaporite Formation for the seismic volumes of orientation
A. On the left, the same time shift is applied to the Souris River Formation as was in
the full azimuth volume. On the right, a reassessed time shift of -45 ms is applied in
order to better position the horizon on the seismic section.
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Chapter Four: SEISMIC ATTRIBUTE ANALYSIS
4.1 Introduction

A seismic attribute is defined as a value calculated from seismic data which
highlights the time, amplitude and frequency of seismic signal. Time attributes are typically
associated with geological structure, where amplitude and frequency are related to
stratigraphy and reservoir characterization (Sheriff, 2011). Seismic attribute analysis is a
way of extracting additional information from a seismic volume. Attribute analysis was
made possible through the developments in digital signal recording of seismic data and has
been under development since the 1970s. Making the switch from analog to digital signal
recording improved the quality of seismic data, and by 1975 almost all of the acquired
seismic lines were being recorded digitally (Chopra & Marfurt, 2007). Improved signal
quality led to the realization that preservation of relative amplitude could benefit
explorationists and the quantification of seismic amplitudes was a technology which would
be useful in hydrocarbon exploration (Chopra & Marfurt, 2007).

Once colour display was made available by Balch (1971), it was believed that
attribute analysis would become more quantitative through the use of colour as opposed to
variable-area displays (Anstey, 2005). Although advancements in attribute technology were
being made through the 1980s due to significant increases in computer processing power
and seismic processing capability, seismic attributes themselves fell slightly out of favor
with interpreters due to problems assigning physical meaning to attributes. This lasted until
the 1990s when 3D seismic technology became standard in the oil and gas industry. The

extraction of seismic attributes across entire 3D seismic volumes, and the 3D visualization
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of features within the attribute gave seismic interpreters the ability to analyze variations in

seismic structure and stratigraphy between seismic lines (Chopra & Marfurt, 2007).

4.1.1 Complex Seismic Trace Analysis

Complex seismic trace analysis was among the first of the seismic attributes and was
introduced by Taner, Koehler & Sheriff (1979) as reported by Barnes (2007), Chopra &
Marfurt (2007). The method focuses on the concept that a seismic trace, f(t), is the real part
of a complex signal:

F(t) = f(t) + i (), 4.1)
where i = V-1, and f*(t) is the quadrature component. The seismic trace is defined as:

f(t) = A(t) cos 0(t), (4.2)
and the quadrature trace is the seismic trace rotated by -90 degrees:

*(t) = A(t) sind (). (4.3)
where 0 (t) is the phase angle. The trace envelope, also known as instantaneous amplitude,
and most commonly as amplitude envelope, A(t), is calculated using both the real seismic
trace, and the quadrature trace:

A() = [R(t) + F2 (0] = | F) | (4.4)

The amplitude envelope is the maximum amplitude a seismic trace can achieve with a
constant phase rotation (Barnes, 2007). The magnitude of the amplitude envelope depends
on lithology, bed thickness, and frequency content within the seismic trace. High reflection
strength is often associated with major lithological boundaries, and can differ from the
amplitude value of the real trace due to thin bed interference patterns, or any lateral

variation in rock properties along either side of an unconformity or lithological boundary
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(Taner, Koehler, & Sheriff, 1979). In the past, rapid changes in reflection strength have
been used to interpret faults and search for hydrocarbons, specifically gas (Taner, Koehler,

& Sheriff, 1979).

4.1.2 Semblance Attribute

The semblance attribute is used to compare the seismic amplitudes of a single trace
to the seismic amplitudes of several adjacent traces. Semblance is based on the Bahorich
and Farmer (1995) coherence cube, which is a crosscorrelation technique that immediately
showed major faulting and salt diapirs (Figure 4.1) as well as sedimentary structures such
as channels which were previously difficult to interpret on typical seismic sections. The

semblance attribute used in this study is calculated using the following equation:

i=k+N/2 2
Z%:k—sz [Z%l=1z§w=1 fijn]

=k+N
L- MZL,:NZ Yhe1 XMLy (Fijn®)

(4.5)

Where fijy is the seismic trace, L is the number of lines, M is the number of traces and N is
the number of samples and is based on the semblance-based coherency algorithm from
Marfurt et al. (1998). Coherency algorithms have been used, since their development, to
better characterize fault systems which run parallel to strike where their seismic signature
becomes lost against a background of sedimentary bedding (Chopra, 2002). Some examples
of fault detection using coherence can be found in Marfurt et al. (1998), Chopra & Marfurt

(2007) and Brown (2004).
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Figure 4.1 — (a) A time-slice through a PP seismic volume in which many of the faults
in the coherence time-slice (b) at the same level are difficult to see. (from Bahorich &
Farmer, 1995)

In this thesis, combining the analysis of the amplitude envelope and semblance
attributes, conducted on both the PP and PS baseline and monitor volumes, gave further
insight into the interpretation of the depositional environment and localised facture

networks discussed in the previous chapters.
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4.2 Seismic Attribute Interpretation
4.2.1 Baseline PP Seismic Attribute Analysis

The interpretation of seismic attributes in this chapter focused on the interval of
interest between the Birdbear Formation and the Winnipegosis Formation. The purpose of
attribute analysis was to determine the extent to which fractures may exist in the subsurface
both horizontally and vertically. First, a time slice through the semblance and amplitude
envelope volumes was taken at 710 ms in the PP baseline volume (Figure 4.2). These slices
show that the eastern half of the seismic volume at this level has a reduced coherence
between adjacent traces. The amplitude envelope slice at 710 ms shows a dominant
amplitude less than 0.5. The areas of lowest amplitude envelope values in the northeast of
the survey correspond to the areas of lowest semblance (red box).

A time slice through 720 ms shows a dramatically different character on the baseline
PP semblance plot in Figure 4.3. The majority of this slice has a high coherence, meaning
that there is very little difference seismically and therefore lithologically at this level.
However, in the centre of the volume there is an ellipsoid feature (red ellipse) which
appears to have a low coherence with the surrounding carbonates of the Souris River
Formation. Another feature of interest is the triangle shape in the southeast of the survey
area (green triangle) which matches the location of a carbonate mound in the Winnipegosis
Formation (Figure 2.7). The 720 ms slice through the amplitude envelope volume shows an
increase in the average value. The centre of the dataset displays amplitude envelope values
on the order of 1.0 to 1.5, except in the area which corresponds to the lowest semblance

values, from the top of Figure 4.3, where the amplitude envelope value is on the order of
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0.0 to 0.3. The area where the carbonate mound is outlined in the semblance plot (green
triangle) does not exhibit any amplitude envelope anomaly.

At the bottom of the Souris River Formation, just above the Dawson Bay Formation,
a time slice through the baseline PP semblance volume at 748 ms (top of Figure 4.3) shows
high semblance values everywhere except a central anomaly as was seen in the 720 ms time
slice (red ellipse), and in the southeast of the slice where the carbonate mound feature is
present (green triangle).

The amplitude envelope slice at 748 ms (bottom of Figure 4.3) has a high background
amplitude envelope on the order of 1.0 to 1.5 except around the edges and at the locations
of the two areas with low semblance in the corresponding slice through the semblance
volume, where the amplitude envelope drops to low magnitudes between 0.0 and 0.5.

The top of the Prairie Evaporite Formation is located at approximately 774 ms and
displays high semblance values in the baseline PP volume (top of Figure 4.5). One area in
the centre of the time slice exhibits slightly decreased semblance values which I interpret to
highlight the borders of the semblance anomalies seen within the Souris River Formation
and just above the Dawson Bay Formation, shown in Figure 4.3 and Figure 4.4,
respectively. These anomalies on the semblance time slice correspond to amplitude
envelope values between 0.0 and 0.3 on the 774 ms slice through the amplitude envelope
volume (bottom of Figure 4.5). The eastern half of the amplitude envelope time slice has
values between 1.0 and 1.5, where those in the western half of the survey are between 0.5
and 1.0. The central amplitude and semblance anomaly has interpreted to be the result of
fracturing in the Dawson Bay Formation which has propagated upwards through the
stratigraphic column.
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Figure 4.2 — Baseline PP semblance (a) and amplitude envelope (b) time slice through
the top of the Souris River Formation (710 ms). The eastern edge of the survey shows
a lower semblance value (red box) than the western edge. The lowest amplitude
envelope values on the eastern edge of the survey correspond to low semblance values
in the corresponding semblance slice.
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When a time slice at 792 ms through the mine level is analyzed, the mine workings are
evident in both the semblance slice (Figure 4.6a) and the amplitude envelope slice (Figure
4.6b). The mine rooms are delineated nicely to the southeast, and along the eastern edge of
the survey in both the semblance and amplitude envelope volumes. The air-filled mine
rooms show up as high amplitude envelope values due to the high impedance contrast in
density and P-wave velocity with respect to the salt of the Prairie Evaporite Formation and
the mine rooms. Semblance also delineates the edges of the mine rooms due to the large
differences in reflectivity generated through high impedance contrasts (Figure 4.6). The
majority of the slice through the amplitude envelope volume has a background value of 1.5
except in the northwest (red box) and the centre (red ellipse) of the dataset where the values
are much lower (between 0.0 and 0.5). The northwest low-amplitude anomaly is not present
in the semblance time slice, however, the central amplitude anomaly outlines an area of
lower semblance which has been interpreted to be the result of fracturing.

A time slice through the middle of the Prairie Evaporite Formation, at 836 ms, shows
some residual effects of the mine workings in both the semblance (Figure 4.7a) and
amplitude envelope (Figure 4.7b) time slices. The semblance time slice indicates a more
chaotic reflection pattern in the western half of the Prairie Evaporite Formation, interpreted
to be the result of mine rooms at the mine level above. The semblance slice also indicates
that there are two carbonate reefs present at 836 ms in the eastern half of the survey (red

circles), in the middle of an eastern high semblance step-like feature (green box).
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Figure 4.3 — Baseline PP semblance (a) and amplitude envelope (b) time slices through
the middle of the Souris River Formation (720 ms). In general the semblance is high
across the slice except in the centre of the volume where a low semblance anomaly
exists. This anomaly corresponds to the high Vp/Vs anomaly described in Figure
3.14.The lowest amplitude envelope values, found in the centre of the dataset,
correspond directly to the area of low semblance from Figure 4.2.

76



300 ;

(ms)

900
b)

300
(ms)

600

900 -

Figure 4.4 - Baseline PP semblance (a) and amplitude envelope (b) time slices just
above the top of the Dawson Bay Formation (748 ms). The semblance time slice shows
two anomalies with relatively low semblance: one in the centre of the dataset where a
low amplitude, low velocity anomaly with high Vp/Vs is located and another where a
carbonate mound is interpreted to be located in the Winnipegosis Formation below.
The amplitude envelope time slice (b) shows amplitudes between 1.0 and 1.5
throughout the slice except around the edges of the survey area and where the low
semblance anomalies are located.
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These reefs are visible because of the significant difference in reflectivity between the salt
of the Prairie Evaporite Formation and the carbonates of the Winnipegosis reefs. The reefs
are also visible on the amplitude envelope time slice at the same level as two low value
circles (magnitude of 0.5) in the middle of an eastern section with an average amplitude
envelope value of 1.5 and 2.0.

The semblance time slice at the top of the Winnipegosis Formation (848 ms) contains
semblance values nearing 1.0 for most of the section (Figure 4.8a). There are low
semblance values at the location of the interpreted fracture network in the middle of the
dataset (red circles), and along the edges of the step-like feature seen within the Prairie
Evaporite Formation. The geological interpretation of this step-like feature is a carbonate
mound as it matches the structural high on the Winnipegosis horizon (Figure 2.7). The
amplitude envelope at this level (Figure 4.8b) shows higher amplitude envelope values (on
the order of 2.0-2.5) in the northwest and southeast, and a significant drop in value
(magnitude of 0.0 to 0.5) to the northeast. The two reef features are no longer present

because the slice is slightly below the top of the Winnipegosis Formation.

4.2.2 Baseline PS Seismic Attribute Analysis

Once the analysis of the PP semblance and amplitude envelope attributes had been
completed, the same attributes were calculated for the baseline PS full azimuth stack
volume. The PP and PS volumes were then compared at the same level in order to see if
there was any correlation between anomalies seen in the PP volumes and those in the PS
volumes. The PP and PS registration process was critical in order to compare the seismic

attributes from the PP volumes to those of the PS volumes at the same depth.
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Figure 4.5 — Baseline PP semblance (a) and amplitude envelope (b) time slices through
the top of the Prairie Evaporite Formation (774 ms) show the same correlation
between low semblance and low amplitude envelope values. There is a low semblance
area which surrounds the area interpreted to contain randomly oriented fractures
seen in Figure 4.3 and Figure 4.4.
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Figure 4.6 - Baseline PP semblance (a) and amplitude envelope (b) time slices through
the Prairie Evaporite Formation (792 ms) clearly show the mine rooms. In the centre
of the slice through the amplitude envelope volume, there is a low value anomaly
which is significantly lower than that of the rest of the area. This anomaly has been
interpreted to be the result of subsurface fracturing which does not have a
preferential orientation.
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Upon analysis of the amplitude envelope volume from the baseline PP full azimuth
stack, it was evident that there were coherent amplitude envelope anomalies associated with
mining operations or natural and/or induced fracture networks, as shown in Figures 4.3 and
4.4. Figure 4.9 shows the semblance and amplitude envelope attributes from the baseline
PS volume, which is equivalent in depth to the PP semblance and amplitude envelope slices
in Figure 4.3, located just below the top of the Souris River Formation. The semblance time
slice (Figure 4.9a) shows an anomaly in the centre of the dataset which corresponds to the
low amplitude, low velocity anomaly in the PP volume. The amplitude envelope time slice
(Figure 4.9b) does not show the same anomaly in this interval. At this point it was clear that
the low signal-to-noise ratio of the PS volume was having an effect on the quality of the
semblance and amplitude envelope attributes which makes them less useful than those from
the PP volumes.

The semblance time slice through the Prairie Evaporite Formation in the PP seismic
volume (Figure 4.5) is interpreted to show mine workings surrounding a highly fractured
area (red circle). The PS semblance time slice through the top of the Prairie Evaporite
Formation at 1426 ms (Figure 4.10) shows a high semblance value in the centre of the
dataset, surrounded by lower semblance in a shape similar to the fracture induced anomaly
in the PP seismic volume. The amplitude envelope time slice at the top of the Prairie
Evaporite Formation shows high values in north-south trends which are indicative of
mining operations. Areas of low values (less than 1.0) occur where mine rooms are less

finely spaced.
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Figure 4.7 - Baseline PP semblance (a) and amplitude envelope (b) time slices through
the Prairie Evaporite Formation (836 ms) shows two carbonate reefs (red circles) on
the eastern side of the survey. The slice through the amplitude envelope volume (b)
outlines a carbonate mound (green box) with amplitudes between 1.0 and 2.5. The
western side of the survey, to the west of the carbonate mound, has a lower average
amplitude envelope value between 0.0 and 0.5.
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Figure 4.8 - Baseline PP semblance (a) and amplitude envelope (b) time slices through
the top of the Winnipegosis Formation (848 ms) shows the outline of one of the reefs
from the slices in Figure 4.7 (red circle). There is no correlation between amplitude
envelope and semblance at this level, but the semblance time slice (a) still shows the
outline of the low amplitude, low velocity anomaly in the centre of the dataset
(triangle) and the outline of the carbonate mound feature (green box).
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The semblance and amplitude time slices through the middle of the Prairie Evaporite
Formation (Figure 4.11) show a single reef structure (northern red circle) which
corresponds to one of the two reefs found in the PP semblance and amplitude slices (Figure
4.7). The red circle in the south is the location of the second reef found in the PP volume
which does not appear in either the semblance or amplitude envelope time slices even
though the PS time slices at 1474 ms correspond to the PP time slices at 836 ms.
The red ellipse in the centre of both time slices corresponds to the area interpreted to have
increased fracture density interpreted previously, but there is no significant anomaly in
either slice which would suggest the presence of a fractured zone at this level in the PS
semblance and amplitude envelope volumes.

The semblance and amplitude time slices at the top of the Winnipegosis Formation
(1496 ms), do not show the two smaller reef structures in the PS volumes that were seen in
the PP volumes. Neither, the semblance time slice (Figure 4.12a), nor the amplitude
envelope time slice (Figure 4.12b) do not show the location of what was interpreted to be
the edge of the carbonate mound in the PP semblance and amplitude envelope volumes
(Figure 4.8). In the semblance volume (Figure 4.12a) the central semblance anomaly
corresponds with the fractured carbonates interpreted in the PP volumes and in the upper

section of the PS semblance volume.
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Figure 4.9 — Baseline PS semblance (a) and amplitude envelope (b) time slices just
below the top of the Souris River Formation (1350 ms) shows the presence of a high
semblance, high amplitude envelope anomaly in the same stratigraphic location as the
zone of high fracture density from Figure 4.3.
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Figure 4.10 — Baseline PS semblance (a) and amplitude envelope (b) time slices at the
top of the Prairie Evaporite Formation (1426 ms) shows the presence of a high
semblance, high amplitude envelope anomaly in the same stratigraphic location as the
zone of high fracture density from Figure 4.5. The amplitude envelope slice also
displays high value anomalies associated with areas with a higher density of mining
operations.
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4.2.3 Time-Lapse Seismic Attribute Analysis
4.2.3.1 PP Seismic Attribute Analysis

The semblance and amplitude envelope attributes were also calculated for the
monitor PP full azimuth stack volume over the same interval as the baseline volume.
Comparing the baseline and monitor attributes allows interpreters to determine where
change has occurred in the subsurface. The visual comparison of the semblance and
amplitude envelope seismic attributes calculated from the monitor volume (Figure 4.13) to
those from the baseline volume (Figure 4.6) yields little difference between the volumes.
By subtracting the monitor volume from the baseline volume a new difference volume was
created. Next, semblance and amplitude envelope were calculated for the difference
volume.

Figure 4.14 shows the semblance (a) and amplitude envelope (b) attributes for the

differenced seismic volume through the Prairie Evaporite Formation at 792 ms.
These slices clearly show some of the mine workings visible in the semblance slices from
the baseline (Figure 4.6) and monitor (Figure 4.13) volumes in the southeast of the survey
area (red box in Figure 4.13 and Figure 4.14). The semblance time slice also shows mine
rooms to the north of the central anomaly (green box in Figure 4.13 and Figure 4.14) which
were not as clearly visible in the semblance time slices at 792 ms calculated from the
original baseline and monitor volumes.

In Figure 4.15, the semblance and amplitude envelope difference time slices show
that there was little difference between the baseline and monitor semblance and amplitude
envelopes at this level (836 ms). The semblance difference slice does not show any

information corresponding to the low amplitude, low velocity anomaly, but the amplitude
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envelope difference slice shows a high amplitude envelope difference at the southeast edge
of the anomaly. At this level, two reef complexes were interpreted in Figure 4.7, these reef
complexes are not visible in the semblance and amplitude envelope attributes from the
difference volume, which indicates that their properties did not change over the course of
the two surveys, as is to be expected.

At the Winnipegosis Formation (848 ms) (Figure 4.16) the amplitude envelope slice
through the difference volume shows a high amplitude envelope value through the centre of
the dataset where the low amplitude, low velocity anomaly exists. The semblance time slice
does not show any anomalies in the centre of the study area. It does show areas of high
correlation between baseline and monitor volumes to the northwest and an area of low

correlation in the southeast of the survey area.

4.2.3.2 PS Seismic Attribute Analysis

The PS seismic attributes differ significantly between vintages both visually, and
especially, once the difference volume between the baseline and monitor volumes is
calculated and the semblance and amplitude envelope attributes are extracted.

Through the visual inspection of the semblance and amplitude envelope time slices,
there appears to be very little difference at the top of the Souris River Formation. The top
of the Prairie Evaporite Formation shows significant differences in low semblance anomaly
trends through the central low velocity anomaly, where the amplitude envelope time slices
remain relatively unchanged between the baseline (Figure 4.10) and monitor (Figure 4.17)

SUrveys.
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Figure 4.11 — Baseline PS semblance (a) and amplitude envelope (b) time slices
through the Prairie Evaporite Formation (1474 ms) does not show the same amplitude
envelope anomalies seen at the top of the Prairie Evaporite Formation (red ellipse).
The semblance time slice shows one of the two carbonate reefs in the Winnipegosis
Formation, but both carbonate reefs are not visible in the amplitude envelope time
slice (two red circles).
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Figure 4.12 — Baseline PS semblance (a) and amplitude envelope (b) time slices at the
top of the Winnipegosis Formation (1496 ms). The semblance time slice shows the
presence of a high semblance, high amplitude envelope anomaly previously
interpreted as a zone of high fracture density seen in the above figures. The amplitude
envelope time slice does not show the same anomaly.
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Time slices through the middle of the Prairie Evaporite Formation (1474 ms) show an
overall reduction in semblance, and it is also more difficult to determine the location of two
reef complexes in the monitor survey (Figure 4.18) which were clearly visible in the
baseline volume (Figure 4.11).

The largest visible difference between the baseline and monitor PS volumes comes at
the top of the Winnipegosis Formation (1496 ms). The size of the central semblance
anomaly in the monitor volume (Figure 4.19) covers a larger areal extent than that of the
baseline survey (Figure 4.12). The western most edge of the anomaly also shows a more
accentuated low semblance feature which has grown over time. The amplitude envelope
time slice from the monitor volumes (Figure 4.19) also shows an anomaly with a high
amplitude envelope value which corresponds to the low velocity anomaly in the centre of
the study area, as was not present in the baseline survey (Figure 4.12).

The semblance and amplitude envelope attributes calculated from the radial
component difference volume provide the ability to quantitatively measure the changes
which occur between the two vintages of PS volumes. In general, the amplitude envelope
contains higher values than expected as the amplitude envelope calculated from the PP
difference volume had significantly lower values than the amplitude envelope volumes

from the two vintages.
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Figure 4.13 — Monitor PP semblance (a) and amplitude envelope (b) time slices
through the Prairie Evaporite Formation (792 ms) clearly show the mine rooms. In
the centre of the slice through the amplitude envelope volume, there is a low value
anomaly which is significantly lower than that of the rest of the area. There is little
difference between the anomaly in the baseline and monitor volumes. The mine
workings to the southeast (red box) are highlighted in both vintages where the mine
workings to the north (green box) do not show mine workings in the semblance
volume.
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Figure 4.14 —-Semblance (a) and amplitude envelope (b) difference between the PP
baseline-monitor surveys at the top of the Prairie Evaporite Formation (792 ms). The
red box highlights the time-lapse difference between the semblance and amplitude
envelope volumes. The green box highlights mine workings which were not visible in
either semblance vintage.
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The time slices through the Prairie Evaporite Formation at 1474 ms (Figure 4.20) outline
the carbonate mound feature to the east of the survey area very well (green triangle), while
the central low velocity anomaly presents itself as an area of chaotic low semblance. The
amplitude envelope time slice does not show any significant anomalies which exhibit a
particular trend with respect to the anomalies of interest although, low amplitude envelope
values do appear to correspond to areas of lowest semblance.

At the top of the Winnipegosis Formation, the semblance and amplitude envelope
time slices through the radial difference volume (Figure 4.21) show an anomaly associated
with the low velocity anomaly through the centre of the study area (red ellipses). The
semblance anomaly is highlighted by low semblance values surrounded, where the
amplitude envelope anomaly is isolated to the eastern edge of the semblance anomaly and

is made up of high amplitude envelope values.

4.3 Summary

The use of seismic attributes has become a staple in the seismic interpreter's toolbox
since attributes were proven to be an effective way to quantify the location of gas, major
fault systems and sedimentary structures using seismic data. In this chapter, amplitude
envelope, an attribute derived from complex seismic trace analysis, and semblance were

used to attempt to further investigate a low velocity anomaly in the centre of the study area.
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Figure 4.15 — Semblance (a) and amplitude envelope (b) difference between the PP
baseline-monitor surveys through the Prairie Evaporite Formation (836 ms). The red
ellipse encompasses the area where the low amplitude, low velocity is found in the true
semblance and amplitude envelope volumes. Note there is very little time-lapse
difference in this area at this level, however, the amplitude envelope shows a high
difference value to the southeast of the area.
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The time slices through the PP semblance volume shows an area of low coherence at 720
ms, just below the top of the Souris River Formation. This area of low coherence
corresponds to the area of high Vp/Vs in this area, as outlined in the previous chapter, and
was interpreted to be an area of intensely fractured carbonates. The amplitude envelope
time slice at the same level shows a low amplitude anomaly in the same location with the
same shape of the low semblance anomaly. This feature extends down through the Dawson
Bay Formation and the Prairie Evaporite Formation where it become more difficult to
interpret once below the mine level. At the top of the Winnipegosis Formation (848 ms PP
time) the northern and western edges of the anomaly is visible in the semblance volume,
but the southern and eastern edges are difficult to delineate due to the presence of an
interpreted carbonate mound structure.

In the PS semblance volume, it is generally possible to pick out the same anomaly
through the same stratigraphic intervals although it is difficult through the Prairie Evaporite
Formation, just as in the PP semblance volume. The amplitude envelope is much less
helpful in the PS case since it is not possible to delineate the anomaly at any level. This is
likely due to the lower signal-to-noise of the PS volume. The semblance time slices through
the top of the Prairie Evaporite Formation, the middle of the Prairie Evaporite Formation
and the top of the Winnipegosis Formation show the low velocity anomaly in the centre of
the study area. The time slice through the middle of the Prairie Evaporite Formation also
shows one of the two reef complexes. The amplitude envelope time slice at the top of the
Prairie Evaporite Formation has high values where the mining operations are located,
however because of the low signal-to-noise ratio of the PS data the mine rooms were not as

clearly resolved as in the PP volume.
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Time-lapse analysis of the PP attribute volumes showed that there was very little
difference in the semblance and amplitude envelope values when visually inspected.
Analysis of the same attributes calculated from the difference volume showed that there
were quantitative differences between the baseline and monitor volumes. Specifically, the
differenced amplitude envelope and semblance attributes were able to delineate areas of the
mine workings at the top of the Prairie Evaporite Formation which is likely the result of
changes in the subsurface due to the ongoing mining operation.

The time-lapse analysis of the PS seismic attribute volumes visually showed a large
difference between the two vintages at the top of the Winnipegosis Formation. The
semblance anomaly was significantly larger in the monitor volume with a more developed,
secondary anomaly to the west. The monitor amplitude envelope volume exhibited values
which were significantly larger than those of the baseline volume in the vicinity of the
central low velocity anomaly.

These results lead to the conclusion that the fracturing propagates upwards from an
unknown source to the Souris River Formation. The source of the fracturing is thought to
be either the Dawson Bay Formation or the mine workings in the area, but it is difficult to
pinpoint exactly where the fracturing originates because the velocity anomaly in the seismic

volumes extend through the Winnipegosis Formation.
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Figure 4.16 — Semblance (a) and amplitude envelope (b) difference between the PP
baseline-monitor surveys at the top of the Winnipegosis Formation (848 ms). The red
ellipse shows the area where a low amplitude, low velocity anomaly was interpreted.
There is little difference between vintages in the semblance time slice, where the
amplitude envelope shows a high value difference between the baseline and monitor
volumes.
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Figure 4.17 — Monitor PS semblance (a) and amplitude envelope (b) time slices
through the top of the Prairie Evaporite Formation (1426 ms). The red ellipse
encompasses the area where a low velocity anomaly was interpreted. There is a small
semblance anomaly, and a high amplitude envelope value associated with this
anomaly at this level. The amplitude envelope slice also highlights the mine trends
which are located in the areas of high values (amplitude envelope of 3.0-4.0).
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Figure 4.18 — Monitor PS semblance (a) and amplitude envelope (b) time slices
through the Prairie Evaporite Formation (1474 ms). The red ellipse shows the area
where the previously interpreted low velocity anomaly is located. The semblance and
amplitude envelope time slices at this level do not have an anomaly associated with
this anomaly. The semblance time slice does not image the reef complexes which were
seen in the baseline time slice at this level (Figure 4.11).
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Figure 4.19 — Monitor PS semblance (a) and amplitude envelope (b) at the top of the
Winnipegosis Formation (1496 ms). The monitor semblance time slice shows an
increase in size of the low velocity anomaly seen in Figure 4.12. The amplitude
envelope time slice has a significantly increased value through the central low velocity
anomaly (value of 4.0) which is not present in the baseline time slice at this level.
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Figure 4.20 - Semblance (a) and amplitude envelope (b) difference between the PS
baseline-monitor surveys through the Prairie Evaporite Formation (1474 ms). The
semblance time slice shows a low semblance where the low velocity anomaly is located
in the centre of the study area (red ellipse) and the carbonate mound feature
previously interpreted to be present in the southeast of the study area (green triangle).
The amplitude envelope time slice has a low value anomaly associated with the low
velocity anomaly in the centre of the study area.
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Figure 4.21 - Semblance (a) and amplitude envelope (b) difference between the PS
baseline-monitor surveys at the top of the Winnipegosis Formation (1496 ms). The
semblance difference shows the same low velocity anomaly in the centre of the study
area where the amplitude envelope has a high value anomaly to the east of the same
low velocity anomaly (red ellipse).
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Chapter Five: DISCUSSION AND CONCLUSIONS
5.1 Discussion

The combination of travel-time, Vp/Vs and seismic attribute analysis has allowed
for the characterization of a low velocity, low amplitude seismic anomaly in the central part
of the study area. Chapter 2 focused on travel-time analysis of four major horizons and this
was interpreted to determine the extent of fracture-induced seismic anisotropy within the
Devonian Dawson Bay Formation. The fractures in the study area are subvertical in nature,
and reduce seismic velocity when a seismic wave travels across the fracture planes.
Detection of preferentially oriented fractures was achieved by taking the difference
between horizons picked on azimuthally sectored seismic volumes. The largest travel-time
differences between horizons were seen in volumes which were made up of orthogonal
azimuths, and therefore showed the general orientation of preferentially oriented fracture
networks through the area. The resolution of the azimuthal volumes, however, was limited
due to the 45 degree aperture of reciprocal source-receiver ray paths used to produce these
sectored volumes. Using the PP azimuthally sectored seismic volumes, the travel-time
difference method detected the influence of mine workings in the southeast of the study
area within the Prairie Evaporite Formation. The trend of the mining operations are
oriented from north to south, and the travel-time differences were detected, as is to be
expected, when the 0&180 and 90&270 sectored volumes were differenced. Differencing
the Winnipegosis Formation horizons shows travel-time anomalies which correspond to
fractures which are interpreted to be oriented parallel to the edge of the mining operations
in the centre of the study area. These fractures are thought to be the result of subsurface

stress changes brought on by mining operations, which explains their high density and
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preferential orientation, and are seen in the 0&180-90&270 travel-time difference plot. The
45&225-135&315 travel-time difference plot at the Winnipegosis level also exhibits travel-
time differences in the centre of the study area, where the low amplitude, low velocity
anomaly is present. Determining that large travel-time differences exist in both orientations
means that within the low amplitude, low velocity anomaly in the centre of the dataset high
density fracturing is not limited to a narrow set of azimuths. The PS travel-time difference
plots do not show significant azimuthal anisotropy, but this is likely because the PS
horizons were difficult to pick due to the higher noise level associated with the PS seismic
volumes and thus the differencing method suffers from reduced temporal resolution.

The registration of the PP and PS volumes allowed for the generation of the interval
Vp/Vs attribute. The well tie process made it possible to correlate a seismic event with a
geological interface in PP seismic volumes, but in the PS volume the selection of a seismic
pick representing the same geological interface was more difficult due to the difference in
bandwidth between the PP and PS volumes. The placement of the PP and PS horizons to
represent the same geological interface is a critical part of the well tie process, and slight
errors in horizon placement can have a large impact on the quality of the Vp/Vs attribute
which is produced through the registration process. In chapter 3 | showed that an error in
PS horizon placement as small as 7 ms can change the Vp/Vs by as much as 0.3, which is a
15 percent change in the base Vp/Vs value of 2.0. Such errors should be evident in the
horizon matching process and acceptable values of interval VVp/Vs should be determined
before starting the registration process. Confidence in the PP and PS synthetic well ties, and
applying slight bulk shifts to several of the PS horizons resulted in a high quality
registration with Vp/Vs values within the appropriate range for carbonates. The regions
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where the Vp/Vs exceeded the acceptable limits were isolated to the low velocity, low
amplitude anomaly in the centre of the dataset. The area of anomalously high Vp/Vs values
was determined to be located within the Dawson Bay Formation, above the Prairie
Evaporite Formation, and was interpreted to be the result of randomly oriented vertical
fractures, since there was no distinctive azimuthal trend determined in this region. The
time-lapse analysis of the Vp/Vs attributes showed an increase in Vp/Vs between the
baseline and monitor surveys as well as an area where a high Vp/Vs anomaly appeared to
the west of the original anomaly.

Seismic attributes were used to define the spatial extent of the low velocity anomaly
through the generation of two volume attributes, semblance and amplitude envelope, for the
PP and PS full azimuth volumes. The PP amplitude envelope and semblance volumes show
the outline of the low velocity anomaly at time slices through 720 ms, which is just below
the top of the Souris River Formation and which propagates to the bottom of the section.
The semblance anomaly is present because the area of low velocity increases the travel-
times associated with the events at and below the layer where fractures reduce the seismic
velocity, whereas outside the area of low velocity the travel-times remain unchanged. The
amplitude envelope anomaly is more difficult to interpret, as there could be many causes
for such a reduction in seismic amplitudes. The PS attribute analysis yielded uncertain
results because there was no amplitude envelope anomaly identified in the PS dataset. This
is likely because S-waves respond differently than P-waves to the lithology or fluid which
is creating the amplitude reduction in the PP volume.

The PS attribute analysis results coincided with those of the PP volumes whereby
the semblance volumes showed the low velocity anomaly present just below the Souris
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River Formation at 1350 ms (PS time) and remained present consistently down through the
Winnipegosis Formation (1496 ms). The amplitude envelope attribute on the other hand did
not exhibit an anomaly in the centre of the study area where the low amplitude, low
velocity anomaly is present in the PP amplitude envelope volume. | have interpreted this to
mean that S-waves are unaffected by the physical property which is creating the amplitude
anomaly in the PP volumes, likely the presence of water or gas. The resolution of the PS
seismic attributes was significantly less than that of the PP seismic attributes because of an
increased signal-to-noise ratio, making the PS seismic attribute less useful than the PP
seismic attributes when it comes to resolving geologic features.

Time-lapse analysis of the PP seismic attributes shows little visual difference
between seismic vintages. However, when the attribute analysis is applied to the difference
volume, there are several large differences in both the semblance and amplitude envelope
volumes. One of the major differences is in the semblance and amplitude envelope slice
through the mine level, just below the top of the Prairie Evaporite Formation. The high
amplitude envelope value suggests that there were alterations to specific mine rooms in the
southeast of the study area between the two vintages. The semblance attribute images
several smaller mine rooms to the north of the low amplitude, low velocity anomaly which
were difficult to resolve in the two semblance volumes calculated from the two seismic
vintages. At the top of the Winnipegosis Formation (848 ms PP time) the amplitude
envelope shows high difference values through the low amplitude, low velocity anomaly in
the centre of the study area. This difference implies that there was a reduction of amplitude
envelope between the two vintages suggesting that the geological property creating the low
amplitude anomaly is getting larger.
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The time-lapse analysis of the PS seismic attributes showed a significant increase in
areal extent of the low velocity anomaly in the centre of the study area at the top of the
Winnipegosis Formation compared to the baseline volume and was most easily quantifiable
using the semblance attribute. The amplitude envelope through the low velocity anomaly in
the centre of the study area showed a much larger amplitude envelope value in the monitor
survey than in the baseline survey which was also visible in the amplitude envelope of the
difference volume. The difference volume had two major contributions: it showed the low
velocity anomaly in the centre of the dataset in both the semblance and amplitude envelope
volumes through the Prairie Evaporite Formation (1474 ms) to the top of the Winnipegosis
Formation (1496 ms), and it was able to delineate the carbonate mound in the southeast of
the Prairie Evaporite Formation (1474 ms). This means that the low velocity anomaly,
interpreted to be the result of subsurface fracturing, was changing in size and it is likely that

fracture density was increasing over the duration of the time-lapse seismic study.

5.2 Conclusions

The objective of this thesis was to assess the extent of fracture-induced anisotropy
in the subsurface using a multicomponent, time-lapse seismic dataset, through the use of
travel-time analysis of PP and PS horizons as well as Vp/Vs and seismic attribute analysis.
The main conclusions of this case study are:

e Travel-time analysis showed travel-time differences on the order of 8 ms
which have been interpreted to be the result of HTI created by high density,

preferentially oriented fractures running parallel to the mining trend. The
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anisotropy is identified on the Prairie Evaporite and Winnipegosis
difference plots, and in the central region of the study area.

Travel-time difference plots from the PS volumes did not elucidate evidence
for azimuthal anisotropy. The lack of large travel-time differences are
thought to be due to the increased level of noise in the PS volumes
compared to the PP volumes.

The lower frequency content in the PS volumes means picking seismic
events on peaks or troughs might not correspond to the same geological
interface as its PP counterpart. Picking the closest coherent seismic reflector
and applying a bulk shift to the horizons corrected this issue.

Neglecting to apply a bulk shift, or applying an incorrect bulk shift to the
PS horizons significantly affects the quality of VVp/Vs analysis. An error of
7 ms is enough to change the Vp/Vs by 0.3, which corresponds to 15
percent of the background Vp/Vs in the study area.

Vp/Vs is within the acceptable range for carbonates. High values of Vp/Vs
are found in the Dawson Bay Formation and correspond to the low velocity,
low amplitude anomaly in the centre of the dataset. The magnitude of the
high Vp/Vs anomaly increases between the baseline and monitor surveys
and this was interpreted to be the result of increased fracture density. The
high magnitude Vp/Vs anomaly does not extend past the top of the Dawson

Bay Formation in the Vp/Vs volume.
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Semblance and amplitude envelope analysis of the baseline full azimuth PP
volume shows a low velocity, low amplitude anomaly at 720 ms, just below
the top of the Souris River Formation.

PS attribute analysis shows the low velocity anomaly in the semblance
attribute at 1350 ms which is just below the top of the Souris River
Formation. The amplitude envelope attribute from the PS volume does not
show an amplitude anomaly in the centre of the study area where the
amplitude anomaly is present in the PP amplitude envelope volume. This
indicates that fluid in the fractures is creating the amplitude anomaly seen in
the PP volume since fluids do not affect the amplitudes of S-waves.

PS signal-to-noise ratio was significantly less than PP signal-to-noise ratio
making resolving geological features using PS seismic attributes very
difficult.

Time-lapse analysis of the semblance and amplitude envelope attributes
shows that the central low velocity, low amplitude anomaly has grown over
time which is likely due to an increase in fracture density.

Combining the fracture assessment from Vp/Vs analysis and seismic
attribute analysis leads to the conclusion that fracturing begins in the
Dawson Bay Formation and extends vertically upwards to the top of the

Souris River Formation.
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APPENDIX A: ADDITIONAL RESULTS FOR TRAVEL-TIME ANALYSIS
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A. 1 — The baseline (left) and monitor (right) PP, A-C azimuth PP time difference
plots for the Birdbear Formation.

(sw)awig

'
[9)]

A. 2 — The baseline (left) and monitor (right) PP, B-D azimuth PP time difference
plots for the Birdbear Formation.
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A. 3 — The baseline (left) and monitor (right) PP, A-C azimuth PP time difference
plots for the Dawson Bay Formation.
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A. 4 — The baseline (left) and monitor (right) PP, B-D azimuth PP time difference
plots for the Dawson Bay Formation.

A. 5 - The baseline (left) and monitor (right) PS, A-C azimuth PS time difference plots

for the Birdbear Formation.
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A. 6 — The baseline (left) and monitor (right) PS, B-D azimuth PS time difference plots
for the Birdbear Formation.
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A. 7 — The baseline (left) and monitor (right) PS, A-C azimuth PS time difference plots
for the Dawson Bay Formation.

A. 8 — The baseline (left) and monitor (right) PS, B-D azimuth PS time difference plots
for the Dawson Bay Formation.
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APPENDIX B: ADDITIONAL RESULTS FOR SEISMIC ATTRIBUTE ANALYSIS

B.1. Monitor PP Seismic Attribute Interpretation
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B. 1 — Monitor PP semblance (a) and amplitude envelope (b) at the top of the Souris
River Formation (710 ms).
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0.0

B. 2 — Monitor PP semblance (a) and amplitude envelope (b) just below the top of the
Souris River Formation (720 ms). The red ellipse shows the area where the low
amplitude, low velocity anomaly has been interpreted to be located. The green
triangle highlights the area where a carbonate mound has been interpreted.
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1000 m

B. 3 — Monitor PP semblance (a) and amplitude envelope (b) just above the top of the
Dawson Bay Formation (748 ms). The semblance and amplitude envelope time slices
show anomalies in the area of the low velocity anomaly (red ellipses) and where the
carbonate mound is located (green triangle).
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1000 m

0.0
B. 4 — Monitor PP semblance (a) and amplitude envelope (b) time slices at the top of

the Prairie Evaporite Formation (774 ms). No significant anomalies can be seen on
either of these slices.
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1000 m

B. 5 — Monitor PP semblance (a) and amplitude envelope (b) time slices through the
Prairie Evaporite Formation (836 ms). The two reef complexes (red circles) are clearly
visible in both the semblance and amplitude envelope time slices and the carbonate
mound is highlighted in the amplitude envelope time slice with values between 1.0 and

3.0.
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B. 6 — Monitor PP semblance (a) and amplitude envelope (b) time slices through the
top of the Winnipegosis Formation (848 ms). The semblance and amplitude envelope
time slices indicate that the northern reef complex is still present at the level, however,
the second is not visible. In the semblance time slice, the low amplitude, low velocity

anomaly in the centre of the study area is also visible (red ellipse).
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B.2. Time-Lapse PP Seismic Attribute Difference Analysis
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B. 7 — Semblance (a) and amplitude envelope (b) difference of the PP baseline-monitor
surveys at the top of the Souris River Formation (710 ms).
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B. 8 — Semblance (a) and amplitude envelope (b) difference of the PP baseline-monitor
surveys just below the top of the Souris River Formation (720 ms).
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B. 9 — Semblance (a) and amplitude envelope (b) difference of the PP baseline-monitor
surveys at the top of the Dawson Bay Formation (748 ms).
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B. 10 — Semblance (a) and amplitude envelope (b) difference of the PP baseline-
monitor surveys at the top of the Prairie Evaporite Formation (774 ms).
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B.3. Monitor PS Seismic Attribute Interpretation
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B. 11 — Monitor PS semblance (a) and amplitude envelope (b) time slices just below
the top of the Souris River Formation (1350 ms).
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B.4. Time-Lapse PS Seismic Attribute Difference Analysis
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B. 12 — Semblance (a) and amplitude envelope (b) difference of the PS baseline-
monitor surveys through the Souris River Formation (1350 ms).

135



1000 m

1.0

0.5

0.0

b)
4.0

2.0

0.0

B. 13 — Semblance (a) and amplitude envelope (b) difference of the PS baseline-
monitor surveys through the Prairie Evaporite Formation (1426 ms).
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