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Introduction
Abstract
The Devonian Redwater reef in Alberta, Canada, is evaluated for geological storage of CO2. A 3D geological
model of the Redwater reef, from the reef interior to offreef was built, and the seismic response of the reef to CO2
saturation in the Leduc Formation was examined. Fluid
replacement studies and 3D multicomponent seismic ray
trace modeling were undertaken to generate PP and PS
synthetic seismic data to study the seismic response of
CO2 saturation in the Upper Leduc member of the
Redwater reef margin, various reef facies and formations
below the reef. The 3D geological model was based on
well data and depth-converted seismic data from the
interpretation of 2D seismic lines covering the reef area.
PP wave and PS wave ray tracing synthetic seismic
sections and horizon amplitude maps
demonstrate similar seismic attributes for
the Mannville, Nisku, Ireton, Cooking
Lake, and Beaverhill Lake formations. The
formations below the reef display positive
structures for both PP and PS time
sections due to the lateral velocity change
from on-reef to off-reef, but are compensated in the depth sections.
Terminations of the Upper Leduc and
Middle Leduc events are apparent on PP
sections and amplitude maps but are less
evident in PS data. Higher amplitudes at
the base of Upper Leduc member are
evident near the reef margin due to the
higher porosity of the foreslope facies in
the reef rim compared to the tidal flat
lagoonal facies within the center of the
reef for both PP and PS data. 4D multicomponent seismic analysis predicts a
reflectivity difference of about 14% and a
modest travel-time delay of 1.6 ms for the
seismic data before and after CO2 saturation. High amplitude reflections occurring
at the top of Upper Leduc, from the top of
the rim, and the base of Upper Leduc near
the reef edge provide good markers to
observe and monitor CO2 saturation
within the Redwater reef with time-lapse 3D multicomponent seismic surveys.

A key objective of the study was to map facies variations within
the Redwater Leduc reef, based on seismic character, and to
characterize the reef members and formations below the reef
and to create a 3D geological model of the Redwater reef. 3D
multicomponent seismic modeling was undertaken to generate
3D synthetic seismic data (PP and PS data) to study the seismic
response of the different reef formations, particularly along the
southern margin of the Leduc reef (Figure 1). Time-lapse 3D
multicomponent seismic modeling was then undertaken with
40% CO2 saturation in the Devonian Upper Leduc member
interval, based on fluid substitution using Gassmann’s (1951)
approach, to evaluate seismic surveys for monitoring an
injected CO2 plume.
The Redwater Reef occurs within the Middle Devonian to Early
Upper Devonian strata in the WCSB (Figure 2). These strata are

Figure 1. Redwater reef map showing the distribution of the 2D seismic
data available for the project. The colours depict different vintages of
data purchased. The black filled circles show the locations of wells that
penetrate the Cooking Lake Formation and which have sonic and
density logs. The location of the synthetic 3D survey was across the
southern margin of the reef.
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made up of deep-water carbonates and
calcareous shales of the Beaverhill Lake Group
which have an average thickness of 200 m, and
usually exhibit low porosity and permeability
(Klovan, 1974). The Beaverhill Lake Group is
conformably overlain by the Cooking Lake shelf
platform carbonates of the Woodbend Group,
which dip gently southwestward. The average
thickness of the Cooking Lake Formation is
approximately 90 m and has a reefal margin
bordering a shallow basin to the west. Later, the
platform growth gradually became differentiated
into a number of isolated shoals that formed a
depositional high on which reef growth subsequently took place (Wendte et al., 1992).
The Leduc Redwater Reef developed on the
Cooking Lake Formation platform carbonates
(Klovan, 1964), has a total thickness of up to 290
m, and grew as a bulky isolated carbonate atoll
surrounded by shallow water. The build-up
consists mainly of 84% of medium to light-gray
fossiliferous limestone, with 15% of minor
amounts of secondary, patchy replacement
dolomite (Gunter and Bachu, 2007). The average
porosity taken from the field is 7% (Bachu et al.,
2008), and is primarily intercrystalline, moldic,
and fracture porosity; permeability ranges from
0.01 to 4000 md horizontally and 0.02 to 670 md
vertically (Gunter and Bachu, 2007). The depositional facies of the reef include foreslope, reef
margin and interior lagoon environments and the
reef complex is divided into Lower, Middle and
Upper Leduc members. The Lower and Middle
Leduc members are combined in one
block called Mid-Leduc because there
is no significant difference in rock
properties between the Lower Leduc
ramp facies and the Middle Leduc
tidal flat lagoonal facies in porosity
and consequently in velocity and
density. A marine embayment is the
key to differentiate between these
subdivisions, with the incursion
occurring between Lower Leduc and
Upper Leduc strata, primarily along
the eastern side and to a lesser extent
along the western side of the reef
buildup (Wendte et al., 1992).

Figure 2. General stratigraphy and hydrostratigraphy of the Redwater study area (from
Bachu et al., 2008).

Shales of the Ireton Formation cap the
Redwater Reef. These shales are 10-50
m thick directly above the reef, and
are up to several hundred meters
thick off-reef. Ireton Formation shales
form the cap rock for the CO2 injection into the Upper Leduc member.
For the 3D multicomponent synthetic
seismic modeling, common-shot ray
tracing was used to produce the PP

Figure 3. Interpreted 2D seismic section from across the reef margin.

CJEG 48 June 2011

4D multicomponent seismic modeling to assess monitoring of CO2 storage
in the Devonian Redwater Reef, Alberta, Canada
and PS numerical reflection seismic data. Raytracing was
selected because it is fast and allowed lateral velocity gradients
to be included easily in the 3D model. Also, raytracing and
finite difference 2D modelling studies were previously
compared for monitoring CO2 saturation in the reef (Sodagar
and Lawton, 2010b). Both methods were found to display
similar seismic attributes but with slightly better definition of

the reef margin using finite difference modelling, although
these differences were quite small.
The 3D geological model developed for this study was based on
available well data and the interpretation of legacy 2D seismic
data, with locations shown in Figure 1. An example of a 2D
seismic line across the reef margin is shown in Figure 3. The
time-lapse numerical seismic data
were processed and migrated to evaluate the reflection image of the reef
edge as well as the internal reef lithofacies within the 3D model, and to
predict the expected change in
seismic response due to CO2 injection
into the Leduc Formation.

Methodology
3D geological model

Figure 4. 3D view of the gridded depth structure maps of the Redwater reef, showing the Leduc,
Duvernay, Cooking Lake, and Beaverhill Lake formations that were included in the 3D geological model.

Figure 5. 3D geological model at the southern margin of the Redwater reef, used for the baseline survey,
showing P-wave interval velocities of the various formations (brine saturation) and the reef rim.
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A large number of wells penetrate
the Upper Leduc member, especially
along the eastern margin of the
Redwater reef, but only a small
number of wells penetrate the
Cooking Lake Formation and only a
few of these have sonic and density
logs. Figure 1 shows three wells
inside the reef and six wells off-reef
that penetrate the Cooking Lake
Formation in the general study area.
Of these, three on-reef and four offreef wells were used to assist in the
generation of the velocity and
density model used for the seismic
modelling project. The 3D model is
oriented in the southern part of the
Redwater reef and includes the
lagoonal facies within the reef, as
well as off-reef facies. The model was
extracted from the 3D gridded time
structure maps of geological formations including Mannville, Nisku,
Ireton, Leduc, Mid-Leduc, Cooking
Lake and Beaverhill Lake for the
entire Redwater reef (Sodagar and
Lawton, 2010a, b, and c). These time
structure maps were converted to
depth maps using a gradient velocity
between the well locations; the final
model is shown in Figure 4. Errors in
the calculated depth were within 1 m
at the well locations for all formations picked for the geological model
(Sodagar and Lawton, 2010d).
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The geological model developed for the 3D seismic modeling
along the southern margin of the reef is shown in Figure 5.
Interfaces in depth were transformed to event blocks and Pwave velocities and densities were assigned to these blocks
using average values from the wells (Table 1). P-wave velocities
of the baseline model are shown in Figure 5. S-wave velocities
were assigned using a constant ratio of Vp/Vs = 1.9 for carbonates, determined from a dipole sonic log from a well near the
eastern side of the reef. The Leduc reef rim region was modelled
as a separate block. In this block, both velocity and density
values had a lateral gradient in order to best represent the
change in porosity from 4% in the tidal flat lagoonal facies to an
average porosity 9% in the foreslope facies at the rim of the reef
(Figure 5). The velocity model of the reef after CO2 injection into
the Upper Leduc Formation is shown in Figure 6. For this
model, the original pore fluid of the Upper Leduc Formation
(100% water) was replaced by CO2 at a saturation level of 40%
(Lawton and Sodagar, 2009) since it was found that are no
significant changes in seismic velocity between 40% and 100%
CO2 saturation, as shown in Figure 7 (Sodagar and Lawton,
2010e; Sodagar and Lawton, 2011), assuming a uniform saturation model. The P-wave velocities and densities after CO2 injection were recalculated using the method of Gassmann (1951).

Table 1. Interval velocities and densities computed from well logs for
targeted intervals.

Seismic Survey Parameters
3D common shot ray tracing for primary PP wave and PS wave
events was performed using an orthogonal survey design
(Figure 8) and datum of 750 m above sea-level; The survey area
is 3 x 5 km and Table 2 lists the acquisition parameters that were
used in the seismic modeling. NORSAR3D software was used
to create the 3D blocks, perform common shot ray tracing for PP
and PS data, and generate the multicomponent synthetic shot
gathers. Traces were generated by
convolving the reflectivity functions
at the computed arrival times with a
zero-phase 40 Hz Ricker wavelet for
PP data and a 20 Hz Ricker wavelet
for the PS data. This seismic wavelet
was estimated from the reprocessed
2D surface seismic data for PP data,
and the 20 Hz wavelet used for the
PS modelling was considered to be
realistic in this setting.

Table 2. 3D survey design parameters used for the seismic modeling study.

Seismic Data Processing
The synthetic seismic data were
processed and migrated to image the
reef margin and the internal reef
facies. An example PP shot gather,
including several receiver lines, is
shown in Figure 9. Processing
involved gathering common-depthpoint (CDP) traces for the PP dataset,
and asymptotic common-conversionpoint (CMP) gathers, initially, for the
PS dataset, with appropriate polarity
reversal of trailing traces in the shot
gathers for the PS data. This was
followed by normal moveout (NMO)

Figure 6. 3D geological model at the southern margin of the Redwater reef, used for the monitor survey,
showing P-wave interval velocities of the various formations after CO2 saturation in Upper Leduc member.
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correction and stack, followed by 3D
Kirchhoff post-stack migration. In separate flows, 3D Kirchhoff pre-stack time
migration (PSTM), and 3D Kirchhoff
pre-stack depth migration (PSDM) were
also undertaken. The PP and PS velocity
models used for NMO corrections and
for the time migrations were created by
converting the interval velocities from
the input geological model into rms
velocities in time. For the depth migrations, the model interval velocity field
was used for the input velocity model.
ProMax software was used for geometry sorting, polarity reversal for PS
data, velocity conversion, CDP gather,
NMO correction, stack, 3D post-stack
time migration, and 3D pre-stack time
migration.

Results
Figure 7. The relationship between the P-wave and S-wave velocity changes and CO2 saturation at well
11-08-57-22W4.

The processed 3D seismic volumes for
the PP and PS data were interpreted the
Mannville, Nisku, Ireton, Leduc (upper
and middle members), Duvernay,
Cooking Lake and Beaverhill Lake
events picked. Interpretations of the 3D
multicomponent seismic data before
and after CO2 saturation are presented
in example seismic sections and
attribute maps, to examine the effect of
CO2 saturation on the 3D multicomponent seismic response.

Interpretation

Figure 8. 3D survey design showing the source and receiver line layout. Crossline 46 and inline 48 are
highlighted. These are shown and discussed in the text.

Figure 9. Example of a 3D ray traced numerical seismic shot gather.
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Figure 10 illustrates the 3D PP seismic
volume after CDP stack and after poststack Kirchhoff migration. The migrated
volume (Figure 10b) shows a clear image
of the reef margin. Figure 11 illustrates an
example of the PP Kirchhoff post-stack
time-migrated seismic section along
inline 48 from the 3D volume. The location of this inline is shown in Figure 8. It
demonstrates similar seismic attributes
of the events as in Figure 12 described
next with the exception of the Cooking
Lake Formation event, which is a high
amplitude peak since it is off-reef. Figure
12 illustrates the PP Kirchhoff pre-stack
time-migrated seismic section at
crossline 46. In this section, the
Mannville and Nisku events are high
amplitude peaks, the Ireton shale event
is a trough and the Cooking Lake
Formation correlates to a weak amplitude trough on-reef but is a higher
amplitude peak off-reef. This is because
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Figure 10. 3D PP seismic volume (a) after CDP stack and (b) after time migration.

the Cooking Lake carbonates, when
overlain by Ireton shale, yield a large
impedance contrast and a high-amplitude reflection. The Beaverhill Lake
event is a fairly weak trough due to
the small impedance contrast at the
interface between the two carbonate
units. The Duvernay shale embayment event is a moderate trough
encroaching into the carbonate reef.
Reflections from the Cooking Lake
and Beaverhill Lake formations
exhibit positive time structure below
the reef on the time section shown in
Figure 12. This velocity pull-up is
due to a lateral velocity change from
the on-reef carbonate strata (Leduc
Formation) to the adjacent, lower
velocity off-reef shale strata (Ireton
Formation). Both formations are
approximately flat in the depth
model (Figure 5). This velocity pullup is removed after depth migration.
Terminations of the Upper Leduc and
Middle Leduc events are clear on the Figure 11. Vertical component (PP) seismic section (inline 48) after post-stack time migration, with interfaces
synthetic seismic sections at the reef identified on the section.
margin, and the Upper Leduc event
Figure 13 illustrates the PP pre-stack time-migrated monitor
shows the rim build-up (Figure 12). A high- amplitude reflecseismic section after 40% CO2 saturation in the Upper Leduc
tion at the base of Upper Leduc member is evident near the reef
member.
All the formations display essentially the same seismic
margin and but this event becomes weaker toward the interior
attributes as the baseline seismic section. However, there is a
facies. This is due to the porosity reduction from the rim of the
reduction in the amplitude of the reflection from the top of
reef to the interior lagoonal facies and consequently a velocity
Upper Leduc member, and increase in amplitude at the base of
and density increase between the foreslope facies in the reef rim
Upper Leduc near the reef edge, as predicted, due to CO2 satuand lagoonal facies within the central region of the reef. All the
ration. After 40% CO2 saturation in the Upper Leduc Formation,
horizons dip gently to the southwest in the seismic volume.
the average P-wave interval velocity was found to decrease by
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Figure 12. Vertical component (PP) seismic section (crossline 46) after pre-stack time migration, with interfaces identified on the
section. The reef rim, edge and foreslope facies are highlighted.

Figure 13. Vertical component (PP) pre-stack time-migrated seismic section (crossline 46) after CO2 fluid substitution in the
Upper Leduc member.
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Figure 14. PP difference section (crossline 46) between the monitor and baseline survey.

Figure 15. Radial component (PS) seismic section (crossline 46) after pre-stack time migration, with interfaces identified on the
section. The reef rim, edge and foreslope facies are highlighted.
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Figure 16. Radial component (PS) pre-stack time-migrated seismic section (crossline 46) after CO2 fluid substitution in the
Upper Leduc member.

Figure 17. PS difference section (crossline 46) between the monitor and baseline survey. Color scale is gained 4 times that of the
PP difference display (Figure 13).
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about 3.3% and its impedance decreases by 3.6%, yielding a
reflection amplitude difference of about 14%. The two-way
travel-time delay through the Upper Leduc Formation
following brine replacement with CO2 to a saturation level of
40% is about 1.6 ms.

the PP seismic sections, but have lower frequency. High amplitude reflections at the base of Upper Leduc member and terminations of the Upper Leduc and Middle-Leduc events are also
apparent on the PS seismic sections.

Figure 14 shows the difference section between the monitor and
baseline surveys for the PP pre-stack time-migrated (PSTM)
seismic data after 40% CO2 saturation. It is noticeable that there
are high amplitude differences at the top of Upper Leduc
member, at the top of the reef rim, and at the base of Upper Leduc
near the reef edge. Figure 15 and Figure 16 illustrate Kirchhoff
pre-stack time-migrated PS seismic sections before and after 40%
CO2 fluid substitution in the Upper Leduc member respectively.
All the formations display mainly the same seismic attributes as

In the PS pre-stack time-migrated monitor seismic section, there is
a lesser reduction in amplitude for the top of Upper Leduc reflection, compared with the PP data, and a smaller increase in amplitude at the base of the Upper Leduc event. Figure 17 shows the PS
difference section after pre-stack time migration, before and after
CO2 saturation. There are visible event differences at the top of
Upper Leduc member, the top of the reef rim, and base of the
Upper Leduc near the reef edge. This difference anomaly on the
PS data is attributed to a slight increase in S-wave velocity due to
reduction in bulk density after brine replacement with CO2.

Figure 18. PP amplitude maps of the Upper Leduc horizon from prestack time-migrated seismic data: (a) baseline survey; (b) monitor
survey and (c) time-lapse (difference). The pink line is the southern
edge of the Redwater reef.

Figure 19. PP amplitude maps of the Mid-Leduc horizon from pre-stack
time-migrated seismic data: (a) baseline survey, (b) monitor survey and
(c) time-lapse (difference). The pink line is the southern edge of the
Redwater reef.
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Map interpretation
Amplitude maps of Leduc horizon (top of Upper Leduc
Formation) and Mid-Leduc horizon (base of Upper Leduc
Formation and top of Mid-Leduc member) were extracted to
evaluate the seismic peak amplitude attribute. Time-lapse
analysis was undertaken to examine the effect of 40% CO2 fluid
substitution on the horizon amplitude maps by taking the
difference between two horizon amplitude maps before and
after replacement of brine with CO2 at a 40% saturation level.
Figure 18a and Figure 18b illustrate the PP upper Leduc PSTM
horizon amplitude maps for the baseline and monitor surveys,
respectively, In general, the amplitude increases from the reef
edge (south) toward the reef interior (north) due to the

Figure 20. PS amplitude maps of the Upper Leduc horizon from prestack time-migrated seismic data: (a) baseline survey, (b) monitor
survey and (c) time-lapse (difference). The pink line is the southern
edge of the Redwater reef.

modelled porosity differences and consequently velocity and
density differences between the foreslope facies in the reef rim
and lagoonal facies within the central region of the reef. Figure
18b shows that there is a slight reduction in amplitude of this
event due to CO2 saturation in the Upper Leduc carbonate, thus
reducing the impedance contrast with the overlying Ireton
shale. To identify the CO2 saturation seismically, a difference
amplitude map of the Leduc horizon was generated by
subtracting the Leduc horizon amplitude maps from the
monitor and baseline surveys (Figure 18c). It shows amplitude
difference which indicate that it should be possible observe the
CO2 plume in the target interval.
Figure 19a and Figure 19b illustrate PP amplitude maps for the
Mid-Leduc horizon for the baseline and monitor surveys,

Figure 21. PS amplitude maps of the Mid-Leduc horizon from pre-stack
time-migrated seismic data: (a) baseline survey, (b) monitor survey and
(c) time-lapse (difference). The pink line is the southern edge of the
Redwater reef.
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respectively. High amplitudes are evident near the reef margin
and but the event becomes weaker toward the interior facies
due to the porosity decrease between the reef rim and the
internal reef facies. It is noticed generally that there is an overall
amplitude increase after CO2 injection in the Upper Leduc,
resulting from an increase in the impedance contrast with the
Mid-Leduc carbonate Formation. Figure 19c shows the amplitude difference map for the Mid-Leduc horizon in which a
significant amplitude difference illustrates the good feasibility
of monitoring CO2 storage in the Upper Leduc Formation.
Figure 20a, Figure 20b, Figure 21a and Figure 21b illustrate the
pre-stack time-migrated PS Leduc and Mid-Leduc horizon
amplitude maps for the baseline and monitor surveys, respectively. In Figure 20a and Figure 20b, the amplitude increases
from the reef edge toward the reef interior for Leduc horizon
but decreases for the Mid-Leduc horizon (Figure 21a and Figure
21b, respectively), similar to amplitude changes seen in timelapse PP horizon maps. Figure 20b shows a lesser reduction in
amplitude for Leduc horizon and a smaller increase in amplitude for the Mid-Leduc horizon (Figure 21b) compared to PP
amplitude maps. This small anomaly is caused by the slight
increase in S-wave velocity due to reduction in bulk density
after brine replacement with CO2. The anomaly appeared in
Figure 20 is interpreted to be due to tuning between Upper
Leduc and Mid-Leduc events (Figure 11).
Difference amplitude maps of the Upper Leduc and Mid-Leduc
horizons for the PS data show a modest amplitude differences
and support the feasibility of monitoring the CO2 saturation in
Upper Leduc Formation using time-lapse multicomponent
seismic data (Figure 20c and Figure 21c). It is noticed that there
are some stripes in the horizon amplitude maps which may be
due to acquisition footprint from the survey design.

Conclusions
Multicomponent ray trace seismic modelling results demonstrate similar seismic attributes for the Mannville, Nisku, Ireton,
Leduc (Upper Leduc and Mid-Leduc members), Duvernay,
Cooking Lake, and Beaverhill Lake Formations before and after
CO2 saturation. The Cooking Lake and Beaverhill Lake
Formations display positive structure below the reef in the PP
and PS time sections due to a lateral velocity change. This structure is apparent on time sections and is flat in the depth.
Terminations and the lateral position of the Upper Leduc and
Middle Leduc events are evident on the PP and PS seismic
sections. The reef rim is observed at the reef margin. Amplitude
increase for the Upper Leduc and amplitude decrease for the
Mid-Leduc members toward the interior reef are evident on both
PP and PS seismic sections and horizon amplitude maps due to
porosity differences between the foreslope facies in the reef rim
and tidal flat lagoonal facies in the central region of the reef.
In the PP CO2 saturated sections and horizon amplitude maps,
there is a reduction in amplitude for Leduc horizon and an
increase in Mid-Leduc horizon compared to baseline maps due
to CO2 saturation in Upper Leduc interval. The PS CO2 saturated sections and horizon amplitude maps illustrate a lower
reduction in amplitude for Leduc horizon and a smaller

increase in amplitude for Mid-Leduc horizon compared to PP
monitor sections and amplitude maps. This small anomaly is
because that the PS data is influenced only by a reduction in
bulk density due to replacement of brine with CO2.
The time-lapse analysis shows significant amplitude differences
for the Upper Leduc and Mid-Leduc members before and after
40% CO2 saturation on PP horizon amplitude maps and a weak
change on the PS seismic sections and horizon amplitude maps.
The 4D multicomponent synthetic seismic data results suggest
that it would be feasible to monitor the CO2 plume within the
Redwater Reef by repeated 3D multicomponent seismic surveys.
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