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ABSTRACT

The objective of this study is to analyze and undertake seismic modeling of CO,
saturation of the Devonian Leduc reservoir characterization at the Redwater reef by using
Gassmann fluid substitution seismic modeling. This method was applied to the available
wells inside the reef. Zero-offset synthetics were created for these wells before and after
fluid substitution.

A distinct P-wave velocity decrease occurs from 0% to about 40% of CO; saturation.
From around 40% to 100% of CO; saturation, the P-wave velocity starts increasing
slightly, while the S-wave velocity increases almost linearly with the CO, saturation
increase. There are slight changes in amplitudes between the wet in-situ reservoir
reflections and the fluid substitution modeling reflections of Leduc formation. A time
shift is observed at the base of the Leduc reservoir. The maximum time shift at the base
of the Leduc reservoir and the highest amplitude difference changes are recognized at
around 40% of CO, saturations.

INTRODUCTION

The Alberta Basin is one of the Canada’s largest petroleum sedimentary basins and is
one of the world’s largest commercial opportunities for reducing CO, emissions into the
atmosphere. It could be done through Carbon Capture and Storage (CCS) in the
subsurface deep geological formations (Gunter and Bachu, 2007). The most emissions of
CO, are from large stationary sources, such as thermal power plants, refineries, oil sand
plants, and cement plants (Bachu, 2000).

There are a few objectives of this study. First objective is to generate synthetic
seismograms for the wells that penetrated Devonian Cooking Lake formation inside and
around the Redwater reef. Another main objective is to identify and evaluate the future
CO, saturation in the Devonian Leduc reservoir at the Redwater reef by using fluid
substitution seismic modeling. Additional objective of this study is to generate synthetic
seismograms with multiples effects before and after fluid substitution for the inside reef
wells to evaluate and correlate with the seismic data that coming soon.

AREA OF STUDY

The study area is located in the Redwater region of Alberta northeast of Edmonton,
which has Townships of 56 to 58 and Ranges of 20 to 24W4 (Figure 1). The Leduc reef
at Redwater is one of the largest Devonian Leduc reefs in Western Canada sedimentary
basin (WCSB) and is the third largest oil reservoir in Canada. The Original Oil in Place
(OOIP) reserves is about 1.3 billion barrels. The Redwater reef is in the Heartland area
close to large sources of CO; in the Redwater-Fort Saskatchewan-Edmonton region
(Gunter and Bachu, 2007).
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The reef complex has a triangular shape (Figure 1) with an area of about 600 km® and
lies at depth of about 1000 m (-400 m elevation), and has a thickness of 160 to 300 m and
had an original oil cap almost 50 m thick. The Redwater reef is currently under the last
stages of water flooding for oil production, and this depleted oil reservoir is currently
used for water disposal (Bachu et al, 2008).
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Figure 1: Alberta map showing the location of Study area and the wells penetrating the Lower
Leduc formation.

GEOLOGICAL BACKGROUND
Regional Geologic and Stratigraphic Settings

Devonian reefs are present within the (1930 km long and 563 km wide) Western
Canadian sedimentary basin (WCSB). The lowlands of the Precambrian shield area
formed the eastern limit of the basin, while the Cordilleran miogeosyncline formed the
western border (Klovan, 1974).

Three major episodes of reef growth occurred during the Middle and Late Devonian in
the WCSB. Each of these episodes is characterized by a comparable pattern of
development. Typically, the sequence base is marked by an unconformity (Figure 2), and
followed by deposition of widespread shallow-water carbonate platform deposits. Then,
biohermal growth develops on this platform. It represents a typical transgressive-
regressive sequence of events. The conditions for the reef growth are mainly dependant
on depth of water, circulation, and rate of subsidence (Klovan, 1974). A sudden increase
in subsidence rate is recorded by the invasion of dark shales into the reef interior
(Klovan, 1964). A gradual decrease in subsidence rate is documented by the development
of massive stromatoporoid framestone along the seaward edge of the reef complex, and
the creation of wide spreading shallow-water, and supratidal deposits in the back reef
area.
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Figure 2: Sequence stratigraphic cross section across central Alberta showing the Devonian
sequences and formation subdivisions (from Atchley et al; 2006).

Evolution and Deposition of the Study Area

The study area is located within the Middle to Early Upper Devonian Waterways
Basin (Figure 3). It has the deposition of deeper water carbonates and calcareous shales
of Beaverhill Lake group. It has an average thickness of 200 m, and usually shows low
porosity and permeability (Bachu et al, 2008). The Beaverhill Lake Group is conformably
overlain by Cooking Lake shelf platform carbonates, which both dip southwestward. The
average thickness of the Cooking Lake Formation reaches up to 90 m and has a reefal
margin bordering a shallow basin to the west (Figure 4). Later, the platform growth
gradually became differentiated into a number of isolate shoals that formed a depositional
high on which following Leduc reef growth took place (Stoakes and Foellmer personal
communication, 2008).
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Figure 3: General stratigraphy and hydrostratigrphy presenting the aquifer and aquitard in the
study area (Bachu et al; 2008).

Away from the Leduc reef buildup, the Cooking Lake platform is overlain directly by
basinal sediments of the interbeded dark brown, organic rich shales, dark brown
calcareous shales and dense argillaceous limestones of Duvernay Formation (Figure 5).
Thickness ranges from about 70 m in the northeastern part to about 30 m in the west. The
Duvernay Formation is overlain by calcareous shales and argillaceous carbonates of the
Ireton formation (Figure 5). Its thickness ranges from about 150 m in the East Shale
Basin to over 250 m in the southwestern part (Bachu et al, 2008). The Ireton shale
formation represents the final infilling of the basin in the study area and works as a
regional aquitard and caprock to the oil in the reef reservoir. (Stoakes and Foellmer
personal communication, 2008).
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Figure 4: Map of the Cooking Lake platform showing the location of Redwater Leduc reef and
Woodbend Group boundaries (Gunter and Bachu, 2007).

The Redwater Reef Facies

The Redwater Leduc reef is capped by shales of the Ireton Formation, which are 10-50
m thick directly above the reef. The reef developed on the Cooking Lake Formation
platform carbonates (Bachu et al, 2008) (Figure 4). The Leduc reef total thickness is up to
290 meters and grew as a bulky isolated carbonate atoll surrounded by shallow water.
The depositional facies of the reservoir were recognized into foreslope, reef margin and
interior lagoon. The Redwater Leduc reef complex was divided into Lower, Middle and
Upper Leduc. The marine embayment is the key to differentiate between these
subdivisions. The embayment incursion is between Lower Leduc and Upper Leduc
sedimentations. The marine embayment presents on the eastern side and the western side
with a lesser extent of the reef buildup (Stoakes and Foellmer personal communication,

2008).

CREWES Research Report — Volume 21 (2009) 5



Taher Sodagar and Don Lawton

Reservoir Quality and Rock Properties

The Devonian Leduc Formation carbonates of Woodbend Group in the Redwater area
form a large reefal build-up. The build-up consists mostly of 84% of medium to light-
gray fossiliferous limestone, with 15% of minor amounts of secondary, patchy
replacement dolomite. In addition, there are traces of iron minerals and anhydrite. The
porosity commonly ranges between 1 and 17%, and the average porosity taken from the
field is around 7%. (Bachu et al, 2008). Porosity consists primarily of intercrystalline,
moldic, and fracture porosity. The permeability ranges from 0.01 to 4000 md (milli-
darcy) horizontally and 0.02 to 670 md vertically (Gunter and Bachu, 2007).

Reservoir Pressure and Formation Water

The initial pressure of Redwater pool was 7.4 MPa (coincidentally nearly equal to the
CO; critical pressure P =7.38 MPa) and temperature of 340C (a little higher than the CO,
critical temperature T:=31.1°C). The density of formation water in the Cooking Lake

aquifer in the study area was 1083 kg/m3 (Bachu et al, 2008). Salinity in the Redwater
area ranges from 85 to 140 g/l. The formation water in the reef is NaCl type with 107,000
mg/l TDS (Total Dissolved Solids). The reef experiences a strong water drive from the
underlying highly-permeable Cooking Lake aquifer (Bachu et al, 2008).

Hydrogeological Characteristics

The aquifers in the Upper Devonian from Cooking Lake to Lower Cretaceous Lower
Mannville sequence show a similar flow pattern on a regional scale. The updip flow from
the southwest and downdip flow from the northeast converging into normally northwest
channel flow in the Redwater area. The lower hydraulic heads in the Wabamun,
Winterburn and Cooking Lake aquifers and the existence of Leduc reefs are suggesting
hydraulic communication and downward flow from the Lower Mannville Aquifer into
the Cooking Lake Aquifer. The Clearwater Upper Mannville aquitard is an efficient
barrier to cross formational flow (Figure 3 and 5). It is hydraulically separating the Upper
Mannville Aquifer and the shallower formations from the Lower Mannville aquifer and
the deeper underlying Devonian aquifers (Gunter and Bachu, 2007).
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Figure 5: Southwest to northeast dip cross section showing the Redwater reef and also the
separation of the Upper Mannville and shallower aquifers from the Lower Mannville and deeper
aquifers (Bachu et al, 2008).

METHODOLOGY

Synthetic Seismogram Generation

First step in seismic data interpretation is to correlate the formation tops at well
locations from synthetic seismogram to the 2D surface seismic data. Therefore, the first
objective of this study is to generate synthetic seismograms for the wells that penetrated
Devonian Cooking Lake formation, which is deeper than our target Leduc formation
(Figure 6). Six wells have been used to generate zero-offset ray-tracing method
synthetics. Only the primary reflection events are modeled, so there are no multiples in
consideration. Three wells are inside the Redwater reef and three wells around the reef.
GeoSyn Software package is used for generating zero-offset synthetics for these wells.
To create synthetics for these wells, P-wave, density, and S-wave logs are used. In our
case, there is no S-wave log. Therefore, S-wave log is created using the average of global
empirical equations for carbonates in WCSB, which is using a linear equation to relate S-
wave and P-wave velocity:

Vi=V,;/1.9
where,

V is the S-wave velocity, and V,, is the P-wave velocity.
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Figure 6: Redwater reef map showing all the wells and all wells that penetrated Cooking Lake
formation and have sonic logs in red color. Also, it demonstrates the six wells that synthetics are
generated for them.

Fluid Substitution Seismic Modeling

The most common method for fluid substitution modeling is based on Gassmann
(1951). He used the rock porosity, the porous rock frame bulk modulus, the mineral
matrix bulk modulus, and the pore fluid bulk modulus to calculate the fluid-saturated
porous rock bulk modulus (Smith et al., 2003):

72
K
[1- %
[0] (1-9) K*
K_ﬂ + Ko + Kuz

Ksat = K* +

where,
Ksat 18 the saturated rock bulk modulus (un-drained of pore fluids),

K" is the porous rock frame bulk modulus (drained pore fluid, but not the dry bulk
modulus),

K, is the mineral matrix bulk modulus,
Kj is the pore fluids bulk modulus, and

@ 1s the rock porosity.
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It is expected that shear modulus (p) of the rock is not affected by fluid saturation, so
we assume that:

*

Msat = K

where,
Wsat 1S the saturated rock shear modulus, and p* is the porous rock frame shear modulus.

Since the P-wave velocity and bulk density (py), are measured from well logs, and the
S-wave velocity is assumed (Vp/Vs = 1.9), then the saturated rock bulk and shear moduli
can be calculated from the following two equations (Smith et al, 2003):

Kgat = Pb [Vp2 - (4/3) Vsz]
Usat = Pb V52

To calculate the porous rock frame bulk modulus, three parameters need to be
determined. These are the rock porosity (@), the rock matrix bulk modulus (K,), and the
fluid bulk modulus (Kjg). Since the in-situ fluid in the reservoir is the formation water, the
density and modulus of the formation water are then 1072 kg/m’ and 2.8575 GPa
respectively. They were calculated using the equations of Batzle and Wang (1992). Also,
since the Leduc Formation is a carbonate reservoir, the density, bulk modulus, and shear
modulus of the carbonates are then 2736 kg/m’, 78.96 GPa, and 33.65 GPa respectively,
determined from equations by Hashin-Shtrikman (1963). The porosity can be calculated
from the equation:

D =(p—pm)/ (pa— pPm)
where,

p is the measured rock density, pn, is the matrix density, and py is the fluid density.

Now, since the three parameters are known, the porous rock frame bulk modulus can
be computed using the backward Gassmann equation:

Ksat ?{K°+ 1—@]— Ko
K* = &
a @Ko Ksat
Kn TR, 170

Finally, the in-situ reservoir fluid can be replaced with CO, and therefore, the fluid
density and bulk modulus (ps and Ky) can be changed to the new fluid density and bulk
modulus. These were calculated by the following equations:

P = Pw Sw+ pe (1 = Sy)
1/Kn = Sy/Ky + (1-Sy)/Ke

where,

Sw 1s the formation water saturation,
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pw 1s the formation density,

Ky is the formation water modulus,

p. is the CO, density which is 500 kg/m® under the reservoir conditions, and
K. is the CO, modulus which is 0.1 GPa under the same condition.

CO; density and modulus were calculated using Batzle and Wang (1992) equations for
CO; in supercritical phase (Figure 7).
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Figure 7: Temperature and pressure phase diagram for pure carbon dioxide (Span et al, 1996,
cited by Piri et al, 2005).

Then:
%72
Knew r = K* + [1 - %]
sat = o 1-0) K
Krevp + Ko + K02

and the new bulk density (py) with the new fluid can be obtained from:

P " =pn @ + pm (1-0)

To acquire the new P-wave velocity and S-wave velocity after fluid substitution, we
apply these equations:
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K sae + % Usat
pbneW

Vnew —
p =

There are several assumptions in the application of Gassmann’s equations. Firstly, the
rock is assumed to be homogeneous. Secondly, all the pores are in communication, and
thirdly, the pores are filled with a frictionless fluid. Fourthly, the un-drained rock-fluid
system is assumed to be closed, and the pore fluid will not soften or harden the rock
frame (Wang, 2001).

RESULTS

Six wells have been used to generate zero-offset synthetic seismograms (Figure 6).
Three wells are inside the Redwater reef. They are 10-27-57-21W4 (on the east edge of
the reef), 11-08-57-22W4 (in the center of the reef), and 16-08-57-23W4 (on the west
edge of the reef). The other three wells are around the reef. They are 16-25-57-20W4
(east side of the reef), 01-25-57-24W4 (west side of the reef), and 10-02-59-22W4 (north
side of the reef). The reef wells have Leduc formation (Figures 8 and 9) but the outside
wells have not. In all of these wells, shale Ireton formation has trough seismic signature
and carbonate Cooking Lake formation has peak signature, but has a very strong seismic
peak in the wells outside the reef. This is because the Cooking Lake carbonate overlain
by Ireton shale which gives a big seismic contrast. The Leduc formation in the reef wells
gives a fairly good seismic peak shape due to fair contrast in P-wave velocity between
Ireton shale and Leduc carbonate.

Two wells have been used for fluid substitution seismic modeling. These wells are 11-
08-57-22W4 (in the center of the reef), and 16-08-57-23W4 (on the west edge of the
reef). Gassmann fluid substitution calculations were computed for the entire thickness of
the Leduc Formation (from 1119 to 1411 m) for well 16-08-57-23W4. Table 1 shows
some of the computed parameters of the full thickness of the Leduc reservoir (292m)
before and after fluid substitution. A distinct P-wave velocity decrease occurs from 0% of
CO; saturation to 40% of CO, saturation (Figure 10). From 40% to 100% of CO;
saturation, the P-wave velocity increases slightly. In contrast, the S-wave velocity again
increases almost linearly with the CO; saturation (Figure 11).
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Table 1: Results of the well 16-08-57-23W4 before and after fluid substitution of various CO2
saturation of the entire thickness of the Leduc formation of average porosity of 5.9%.

co2 Fluid Rock Kn Ksat Vp Vs Vp Vs Vp/Vs | At

Saturation | Density |Density | Gpa | Gpa | m/s | m/s | Change | Change | Change | (ms)
(8/cc) | (g/cc) % % %

0 1.07 2.64 | 2.86 | 55.75| 5789 | 3047 0 0 0 0
0.1 1.02 2.63 | 0.76 | 52.05| 5670 | 3049 -2.05 0.06 -2.12 2.1
0.2 0.96 2.63 | 0.44(51.40| 5652 | 3051 | -2.37 0.13 -2.50 2.4
0.3 0.90 2.63 | 0.31]51.12| 5646 | 3053 | -2.47 0.19 -2.65 2.6
0.4 0.85 2.62 | 0.24 [ 50.97 | 5645 | 3055 | -2.49 0.26 -2.74 2.6
0.5 0.79 2.62 | 0.19 [ 50.88 | 5645 | 3057 | -2.48 0.32 -2.80 2.6
0.6 0.73 2.62 | 0.16 [ 50.81| 5647 | 3059 | -2.46 0.39 -2.83 2.5
0.7 0.67 2.61 |0.14 [50.77| 5649 | 3061 | -2.42 0.45 -2.86 2.5
0.8 0.62 2.61 | 0.12]50.73 | 5651 | 3063 | -2.38 0.52 -2.88 2.5
0.9 0.56 2.61 | 0.11 [ 50.70 | 5654 | 3065 | -2.34 0.58 -2.90 2.4
1 0.50 2.60 | 0.10 | 50.68 | 5657 | 3067 | -2.29 0.65 -2.91 2.4
Average 0.76 2.62 | 0.26 | 51.01 | 5652 | 3058 | -2.38 0.35 -2.72 2.5

Comparing the native reservoir with 100% of CO; fluid fill, a very slight difference is
observed in the density. The average bulk rock density changed from 2640 kg/m’ to 2600
kg/m® (about 1.5%) after 100% CO, fluid replacement. In addition, the average P-wave
velocity decreases by about 2.3% from 5789 m/s to 5657 m/s. In contrast, the average S-
wave velocity increases by about 0.65% from 3047 m/s to 3067 m/s, but the Vp/Vs
decreases by about 2.9% from 1.9 to 1.84 and the P-wave impedance also decreases by
3.5%. The estimated P-wave two-way time delay caused by CO, substitution is about 2.5
ms, calculated using the following equation:

AT:Tz—T1:2H(1/V2—1/V1)

where,

AT is the anticipated two-way time delay caused by CO, injection, T; and T, are the P-
wave two-way travel times through the Leduc Formation before and after CO,
substitution respectively, V; and V, are the average P-wave velocities of the Leduc
Formation before and after CO, substitution, respectively, and H is the total thickness of
the Leduc formation (292m).

Zero-offset synthetic seismogram was generated for well 16-08-57-23W4 with CO,
substitutes from 0% to 100% (increasing the CO, saturations by 10%). There are slight
changes in amplitude between 0% and 40% CO; saturation (Figure 12). In addition, there
is a subtle velocity reduction with increasing CO, saturation, shown by a time delay of
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the Cooking Lake event. The sensitivity of the synthetic seismograms to CO, saturation is
more early seen in Figure 13, which show synthetic seismograms (Figure 13 left) and
amplitude difference compared to 0% CO, saturation (Figure 13 right). As CO; saturation
greater than 40%, the amplitude difference becomes less sensitive to CO; saturation.

Time CO: Saturation (%) CO: Saturation (%) CO: Saturation (%)
(ms) 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

0 10 20 30 40 50 60 70 80

Figure 12: Zero-offset synthetic seismic traces for well 16-08-57-23W4, with CO2 fluid
substitution from 0% (left) to 100% (right) in each panel. (A) wiggle-trace display, (B) color
amplitude with wiggle-trace overlay, and (C) interval velocity with wiggle-trace overlay.
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Figure 13: Zero-offset synthetic seismic traces of the well 16-08-57-23W4 before and after fluid
substitution. Absolute amplitudes (left), and amplitude difference compared to 0% saturation
(right).
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In the same way, Gassmann fluid substitution calculations were performed for the
entire thickness of the Leduc formation (from 1086 to 1311 m) for the well of 11-08-57-
22W4. Table 2 shows some of the computed parameters of the full thickness of the Leduc
reservoir (225m) before and after various fluid substitutions. Distinct P-wave velocity
decrease occurs from 0% to 40% of CO, saturation (Figure 14). From 40% to 100% of
CO, saturation, the P-wave velocity decreases slowly. In contrast, the S-wave velocity
again increases almost linearly with the CO, saturation increasing (Figure 15).
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S
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Figure 14: The relationship between the P-wave velocity change and various CO, saturations of
the well 11-08-57-22W4.
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Figure 15: The relationship between the S-wave velocity change and various CO, saturations of
the well 11-08-57-22W4.
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Table 2: Results of the well 11-08-57-22W4 before and after fluid substitution of various CO2
saturation of the entire thickness of the Leduc formation of average porosity of 4%.

CO2 Fluid Rock K Ksat Vp Vs Vp Vs Vp/Vs | At

Saturation | Density | Density| Gpa | Gpa | m/s | m/s |Change |Change | Change | (ms)
(g/cc) | (g/cc) % % %

0 1.07 2.64 2.86 | 55.08 | 5747 | 3025 0 0 0 0

0.1 1.02 2.64 | 0.76 | 49.61 | 5567 | 3026 | -3.14 0.04 -3.18 | 3.3
0.2 0.96 2.64 0.44 | 48.55| 5533 | 3027 | -3.72 0.09 -3.81 3.9
0.3 0.90 2.64 0.31 | 48.10 | 5520 | 3029 | -3.95 0.13 -4.07 4.2
0.4 0.85 2.63 | 0.24 | 47.85 | 5514 | 3030 | -4.06 0.17 -4.22 | 4.3
0.5 0.79 2.63 0.19 | 47.70 | 5511 | 3031 | -4.11 0.22 -4.32 4.4
0.6 0.73 2.63 0.16 | 47.59 | 5510 | 3033 | -4.13 0.26 -4.38 4.4
0.7 0.67 2.63 0.14 | 47.51 | 5509 | 3034 | -4.14 0.30 -4.43 4.4
0.8 0.62 2.63 0.12 | 47.45| 5509 | 3035 | -4.13 0.35 -4.47 4.4
0.9 0.56 2.62 0.11 | 47.40 | 5510 | 3037 | -4.12 0.39 -4.50 4.4

1 0.50 2.62 | 0.10 | 47.36 | 5511 | 3038 | -4.10 0.44 -4.52 | 4.3
Average 0.76 2.63 0.26 | 47.91| 5519 | 3032 | -3.96 0.24 -4.19 4.2

Comparing the in-situ wet reservoir with 100% of CO; fluid fill, very slight difference
is observed in the density. The average rock density changed from 2640 kg/m® to 2620
kg/m® (about 0.75% decrease) after 100% CO, fluid replacement. In addition, the average
P-wave velocity decreases by about 4.1% from 5747 m/s to 5511 m/s. In contrast, the
average S-wave velocity increases by about 0.44% from 3025 m/s to 3038 m/s, but the
Vp/Vs decreases by about 4.5% from 1.9 to 1.81 and the P-wave impedance also
decreases by 4.9%. The estimated P-wave two-way time delay caused by CO;
substitution is about 4.2 ms.

Zero-offset synthetic seismogram was generated for well 11-08-57-22W4 with CO,
substitutes from 0% to 100% (increasing the CO, saturations by 10%). There are still
little changes in amplitudes between the wet reservoir reflections and the fluid
substitution modeling reflections of Leduc formation (Figure 16). Also, there are small
velocity reductions. Time shift is still observed at the base of the reservoir. The amplitude
differences between wet and various CO, saturations were performed (Figure 17). The
maximum amplitude difference changes are recognized at 40% and 50% of CO;
saturations. It is observed that there is almost no effect on seismic attributes when
limestone or dolomites in mineral compositions are used for fluid substitution for this
well.
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Time CO: Saturation (%) CO: Saturation (%) CO2 Saturation (%)
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Figure 16: Zero-offset synthetic seismic traces for well 11-08-57-22W4, with CO2 fluid
substitution from 0% (left) to 100% (right) in each panel. (A) wiggle-trace display, (B) color
amplitude with wiggle-trace overlay, and (C) interval velocity with wiggle-trace overlay.
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Figure 17: Zero-offset synthetic seismic traces of the well 11-08-57-22W4 before and after fluid
substitution. Absolute amplitudes (left), and amplitude difference compared to 0% saturation

(right).

After demonstrating the results, some discussions are required about the assumptions
that take place during the fluid substitution processes. Firstly, the shear modulus remains
constant during the fluid substitution process by using the Gassmann’s equation (Smith,
2003). This means that the shear modulus for an isotropic media is independent of pore
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fluids, but if the pores are not in communication or cracks happen in the reservoir, this
assumption would be dishonored. Secondly, during the fluid substitution process an
equilibrium saturation model was assumed. However, during the CO; injection, the
equilibrium distribution of fluids would be disturbed. Therefore, it would be more
sensible and realistic to employ a patchy saturation model rather than the equilibrium
saturation model. Moreover, the effects of the pressure, temperature and viscosity
variations in the reservoir were not taken in consideration as well.

CONCLUSIONS

Fluid replacement modeling using Gassmann equation is an effective method to model
the time lapse differences that caused by the CO, injection. For the well 16-08-57-23W4,
distinct P-wave velocity decrease occurs from 0% of CO, saturation to 40% of CO,
saturation. From 40% to 100% of CO, saturation, the P-wave velocity starts increasing
slightly, while the S-wave velocity increases almost linearly with the CO, saturation
increasing.

The average rock density decreases about 1.5% after 100% CO; fluid replacement and
the average P-wave velocity decreases by about 2.3%. While, the average S-wave
velocity increases by about 0.65%, but the Vp/Vs decreases by about 2.9% and the P-
wave impedance also decreases by 3.5%. The estimated P-wave two-way time delay
caused by CO; substitution is about 2.5 ms.

Zero-offset ray tracing synthetics were generated for the well 16-08-57-23W4 before
and after fluid substitution. There are slightly obvious changes in amplitudes between the
wet in-situ reservoir reflections and the fluid substitution modeling reflections of Leduc
formation. The time shift is obviously observed at the base of the Leduc reservoir. The
maximum time shift at the base of the Leduc reservoir and the highest amplitude
difference changes are recognized at around 30% and 40% of CO, saturations.

Similarly, for the well 11-08-57-22W4, distinct P-wave velocity decrease occurs from
0% to 40% of CO; saturation. From 40% to 100% of CO, saturation, the P-wave velocity
decreases slowly. In contrast, the S-wave velocity increases almost linearly with the CO,
saturation increasing. The average P-wave velocity decreases by about 4.1% after 100%
CO; fluid replacement. While, the average S-wave velocity increases by about 0.44%, but
the Vp/Vs decreases by about 4.5% and the P-wave impedance also decreases by 4.9%.
The estimated P-wave two-way time delay caused by CO, substitution is about 4.2 ms.

There are slightly changes in amplitudes between the wet in-situ reservoir reflections
and the fluid substitution modeling reflections of Leduc formation. Also, Time shift at the
base of the Leduc reservoir and the higher amplitude difference changes are recognized at
around 40% and 50% of CO, saturations.

ACKNOWLEDGMENT

Data for this project was acquired through funding provided by the Alberta Energy
Research Institute and ARC Resources. Software for the fluid replacement modeling and
synthetic generating of the well data was provided to the University of Calgary by
Hampson-Russell Software and Accumap. The authors would like to thank the

CREWES Research Report — Volume 21 (2009) 19



Taher Sodagar and Don Lawton

Consortium for Research in Elastic Wave Exploration Seismology (CREWES)
committed sponsors, dedicated staff and devoted students. Taher Sodagar is grateful to
Saudi Aramco for PhD program support.

REFERENCES

Atchley, S. C., West, L.W., and Sluggett, J. R., 2006, Reserves growth in a mature oil field: The Devonian
Leduc Formation at Innisfail field, south-central Alberta, Canada: AAPG Bulletin, vol. 90,
Number 8, 1153-1169.

Bachu, S., Buschkuehle, M., Haug, K. and Michael, K., 2008, Subsurface characterization of the
Edmonton-area acid-gas injection operations: Energy Resources Conservation Board, ERCB/AGS
Special Report 092, 134 p.

Bachu, S., 2000, Suitability of the Alberta subsurface for carbon-dioxide sequestration in geological media:
Alberta Geological Survey, Alberta Energy and Ultilities Board, Earth Sciences Report 00-11.

Batzle, M., and Wang, Z., 1992, Seismic properties of pore fluids: Geophysics, 57, 1396-1408.

Gassmann, F., 1951, Elastic waves through a packing of spheres: Geophysics, 16, 673-685.

Gunter, B., and Bachu, S., 2007, The Redwater Reef in the Heartland Area, Alberta; A Unique Opportunity
for Understanding and Demonstrating Safe Geological Storage of CO2: ARC and AEUB
Document on Heartland Redwater CO2 Storage opportunities.

Hashin, Z. and Shrikman, S., 1963, A variational approach to the theory of elastic behavior of multiphase
materials: J. Mech. Phys. Solids, 11, 127-140.

Klovan, J., E., 1974, Development of Western Canadian Devonian Reefs and Comparison with Holocene
Analogues: AAPG Bulletin, vol. 58, Number 5, 787-799.

Klovan, J. E., 1964, Facies analysis of the Redwater Reef complex. Alberta, Canada: Bulletin of Canadian
Petroleum Geology, vol. 12, 1-100.

Piri, M., Prevost, J. H., and Fuller, R., 2005, Carbon Dioxide Sequestration in Saline Aquifers:
Evaporation, Precipitation and Compressibility Effects: Fourth Annual Conference on Carbon
Capture and Sequestration DOE/NETL.

Smith, T. M., Sondergeld, C. H., and Rai, C. S., 2003, Gassmann fluid substitutions: a tutorial: Geophysics,
68, 430-440.

Verwer, K., Braaksma, H., and Kenter, J. A., 2008, Acoustic properties of carbonates: Effects of rock
texture and implications for fluid substitution: Geophysics, 73, 51-65.

Wang, Z., 2001, Fundamentals of seismic rock physics: Geophysics, 66, 398-412.

20 CREWES Research Report — Volume 21 (2009)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


