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Summary

Time lapse seismic reservoir modeling can image fluid flow
effects in a reservoir if the changes in seismic pattern can be
observed. In the present study, Gassmann fluid substitution
analysis and forward modeling based on subsurface model has
been carried out to predict reservoir response. 2D seismic
modeling was performed to simulate the CO injection
scenario in the Nisku Formation in the Wabamun area. A
decrease in the impedance values are observed in the post-
injection scenario and the identification of the CO, plume is
more evident in the inverted result than in stacked section.

Introduction

The main objective of this study is the seismic modeling and
feasibility of monitoring a CO; volume after being injected in
sandstone aquifers. First, a 2D geological model has been
created on the basis of well log information to represent the
structure and stratigraphic feature of the subsurface (Kumar
and Mohan 2004; Moradi and Lawton 2013). Secondly, the
shape and size of CO, plume is designed according to the
injection volume. The plume is inserted in the targeted
formation as second body (Ganguli et al. 2014). This model
represents the Post-injection scenario. Subsequently seismic
simulation is performed and seismic gathers are generated
before and after the CO; injection. Next, the time lapse
difference are evaluated to demonstrate whether seismic data
can be used to monitor the CO, plume better or inverted
seismic sections in the sandstone target (Herzog 2001).

Finally, the amplitude change was estimated with a time lapse
analysis and an inversion study to investigate the capabilities
of this technique in detecting is performed the CO, plume in
the Nisku aquifer.

2D Geological Modeling

A 2D geological model was created using Norsar 2D software.
To reproduce the structure and stratigraphy of the subsurface
gamma ray, velocity and density logs is used. There is no
major fault present in the study area (Michael et al., 2008).
Seven layers have been identified from top to 3km depth. The
depth, velocity and density of all the layers are given in table
1.
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Table 1: Geological model parameters. The target formation is
indicated in red.

Depth Vp Vs Rho
0.000-0.773 1.910 1.595 2.30
0.773-1.763 3.841 2.091 2.58
1.763-1.793 5.926 3.841 2.74
1.793-1.897 5.500 3.150 2.80
1.897-2.000 6.200 3.300 2.77
2.000-2.140 5.000 2.660 2.80
2.140-3.000 4.000 2.100 2.77

The Model Builder from Norsar software has been used to
create this geological model. This option allows defining the
geometry of the model. The model is created form horizontal
distance of 5km and depth is 3km so dimension is Skmx3km.
A series of interfaces are created within to represents the
geological structure of the subsurface on the basis of
information given in table 1. The space between the interfaces
are called block (Landrg 2002). These blocks are then filled
with the geological properties like P-wave velocity (Vp), S-
wave velocity (Vs) and Density (p). Figure 1 shows baseline
geological model. Figure la shows geological model filled
with P-wave velocity, Figure 1b shows geological model filled
with S-wave velocity and Figure 1c shows geological model
filled with density. The Nisku formation is fourth layer
between depths 1.793km - 1.897km. This depth interval is
considered for CO; plume simulation.
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Figure 1: Monitor 2D geological model where a) represents P-wave velocity
(Vp), b) represents S-wave velocity (Vs) and c¢) represents density (p) model.

CO2 Plume Simulation

Frailey (2009) explained the methods for estimating the
volume of CO; trapped in geological formations. There are
two main approaches for this, the first one is static approach
and the second one is dynamic. The static approach requires
rock and fluid properties while the dynamic approach requires
information about active injection, injection volumes and
reservoir pressure (Chadwick et al. 2006). The static technique
was applied in this study in which a cylinder or disk is
selected to estimate the CO volume and corresponding radius
of extension (Vera, 2012).

Figure 2: A representative disk model to estimate the CO, volume and radius
of extension.

The static methods for CO, simulation is based on the
following equation (White et al. 2003):
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where G¢o, is the CO, volume, A is the area, h is the
thickness, ¢ is the porosity, and E is the efficiency which can
be equated to average saturation as well. G¢, is given by

m
Gco2 = ; @)
where m is the mass of CO, and p is the density under the
specific temperature and pressure conditions.

The geometry of the expansion considered in this project is a
disk or cylindrical dispersion, having an area of

A= nr? 3)

Where r is the radius of the disk for CO, expansion. By
rearranging the volumetric formula and introducing the
precession expansion, r is obtained using the following
formula (Sparlin et al. 2010)

G
r= " ung @)

The simulated amount of CO, was 1000000 tons, considered
to be the maximum injected mass after 2 years of injection.

Let the thickness be 104m, porosity 7.3% and a CO; density
under the formation conditions p (CO,) = 653 kg/m3. The
efficiency would be considered as the saturation of CO,. The
size of the plume was estimated by 100% CO, saturation, E =
1.0, using equation 2 (Vera, 2012), the calculated volume is

2.0 x10% kg

From the equation, it is possible to calculate now the radius of
the disk,

v 3062787 m? ;
"7 |hoEr ~ 104m 0073 1.0 « 3.14 (®)
3062787m? _ ,

> [—— = )
23.84 m @

Give as a result of approximately 358m. The diameter would
be approximately 716m and as previously mentioned, this
represents the base and top of the rectangular plume in the 2D
model.

The plume is designed in 3D so it looks like cylinder but in
this study our focus is 2D modeling so this plume translated to
a rectangle in 2D with a longitude equal to the diameter of the
cylinder (d=716m) (Mavko et al. 2009). The monitor
geological model represents the post-injection scenario. For
this case the simulated rectangular CO, plume is inserted in
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the same geological model of the baseline case at Nisku
formation (layer 4). Two new interfaces have been created and
divided Nisku Formation in three blocks. The left and right
blocks have the same properties as for the case of baseline
model (representing 0% CO, saturation). The third (middle)
block represents the injection zone with different velocity and
density which are calculated using Gassmann fluid
substitution equation (Gassmann, 1951; Smith et al. 2003).
The changed velocity and density found from Gassmann
equation are shown in table 2.

Table 2: Velocities and density values of the CO, plume. The
percentages change was obtained from the Gassmann fluid
substitution analysis (After Vera 2012).

Properties % Change Initial New

Values Values
Vp (m/s) -4.5 5500 5252.5
Vs (m/s) 0.635 3150 3170
p (glce) -1.26 2.8 2.76
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Figure 3: Monitor 2D geological model. The rectangular CO, plume is
inserted in the Nisku Formation.

2D Seismic Modeling

After successfully generated geological model, 2D seismic
survey was designed to generate seismic trace. The purpose to
generate seismic section is performing the time lapse analysis
for monitoring CO, plume (Holloway et al. 2007; Bielinski
2007). The shot and receivers are located every 25m interval,
so total number of channel is 200. Next, Norsar 2D ‘ray
tracing tool’ was used to generate reflectivity series which is
based on Zoeppritz equations (Vadapalli and Vedanti 2016).
After shot simulation, synthetic seismograms are generated
using inputs as the seismic events that resulted from the ray
tracing and a selected wavelet which is a zero phase ricker
wavelet with frequency 40Hz. Figure 4 shows seismic survey
design with shots and receiver to generate post stacks seismic
gathers.
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Figure 4: 2D seismic modeling survey design. The line is 5 km long with 25 m
shots spacing and 25m receivers spacing.

The seismic section is generated using forward model
techniques. From the geological model we have velocity and
density from which impedances are calculated using the
following equation:

Z=V=xp 3

After getting impedance at all the interfaces, reflectivity of the
interface has been calculated using following equation:

Ly — L

R 9
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where r; reflectivity of ith is layer and Z;,,is acoustic
impedance of i+1" layer and Z; is acoustic impedance of the i
layer. After getting earth’s reflectivity of each layer seismic
traces are generated using following equation:

S=Wsx*r+n (10)

where S is seismic traces, W is wavelet, r is earth’s reflectivity
and n is noise. Here noise is not included just for simplicity
(Maurya and Singh 2017).

2D Seismic Monitoring Results

Once the 2D seismic modeling was completed, the next step
was to analyze the changes in physical properties, such as
reflectivity, time shift and velocity in the monitor data (Bachu
2000).

Figure 5 shows seismic gathers generated from geological
model. The x-axis shows number of traces (200) and y-axis
shows time in ms (2000). High amplitude can be seen at each
interface. Figure 5a shows seismic gathers for 0% CO, case,
Figure 5b shows seismic gathers for 100% CO, saturation case
and Figure 5c¢ shows difference of 5a and 5b and highlighted
CO; plume zone. To measure changes in acoustic impedance,
Model based seismic inversion is performed.
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Figure 5: a) Baseline CDP stack section (0% CO, saturation), b) Monitor CDP
stacked section (100% CO, saturation). Injection zone is indicated in black
rectangle.
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Model Based Seismic Inversion

Model based seismic inversion is performed to calculate
acoustic impedance contrast from seismic gathers with the
help of well log information. The Model Based Inversion
(MBI) used the convolutional theory to generate synthetic
gathers. The gathers are generated by the convolution of
wavelet with the earth’s reflectivity with addition of noise
(equation 10) (Wang 2001). This technique models the earth’s
layer in form of acoustic impedance contrast with time.
Initially, acoustic impedance model is generated using the
interpolation of the impedance logs with the integration of
seismic horizons which act as guide to interpolate property
(Mallick, 1995; Maurya and Singh, 2015). Basically a low
frequency model of the P- impedance are generated and then
perturb this model until one obtains a good match between the
seismic and computed synthetic seismic trace by using least
square optimization techniques (STRATA user guide 2009).
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Figure 6: a) Baseline inverted section and b) Monitor inverted section.
Distortion in the impedance values in the injection region and reflectors
underneath is evident.
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Figure 6a shows acoustic impedance contrast for 0% CO»
scenario. In this sectional the layers are visible more clearly
compare to the Amplitude sections. Figure 5b shows acoustic
impedance section for 100% CO, scenario.

Impedance Comparison after Seismic Inversion:

The changes in the physical properties like velocity, density,
reflectivity and time shift caused by the injection of CO; in a
sandstone aquifer were evaluated using a Gassmann approach
(Vera 2012). We attempted to create the geology in the area
and simulate the seismic response in order to examine changes
produced by CO: injection. Figure 5a and 5b shows the
monitor CDP stack section compared with the baseline for the
100% CO, saturation case. It is possible to see the injection
zone and time shift. The effect of CO, injection can be
determined by subtracting the monitor CDP stack section from
the baseline section (0% COy).

In addition, a model-based seismic inversion was performed
on each CDP stacked section (baseline and monitor) to
evaluate the sensitivity of acoustic impedance in detecting the
CO, plume (Srivastava et al. 2012). Since in this case
synthetic data is been used, the first step was to create
synthetic well logs (Vp and p) to help constrain the impedance
initial model. The Vp and density values (Table 1) used to
build the 2D geological model are used to create these well
logs. The final correlation coefficient was estimated to be 0.95
and 0.96 for baseline and monitor model respectively.

The P-impedance (Zp) initial model was generated using
impedance log calculated with the sonic and density logs from
the synthetic well. Since synthetic data is used in this analysis,
no low-pass filter was applied in this case. The initial model
was generated using the exact impedance values of the
synthetic impedance (Zp) log. Figure 6 shows an example of
the inversion analysis performed with the initial model and the
baseline CDP stacked section in a window from 0 ms to 2000
ms.

Finally, the model-based seismic inversion was undertaken for
both the cases, the baseline and the monitor datasets. Figure 6a
shows the inversion results of the baseline CDP stacked (0%
CO; scenario) section and Figure 6b shows the inversion
results of the monitor CDP stacked section (100% CO;
scenario). The inverted impedance shows the exact impedance
values of the initial model except in the monitor case where a
distortion is evident in the injection zone and the impedance
values of the plume have decreased.

Similar to the differenced stacked sections, Figure 7 shows the
effect within the injection zone determined from subtracting
the monitor impedance section from the baseline impedance
section. This difference represents the 100% CO, saturation
zone. The traces outside the injection area were cancelled and
only the injected region and reflectors below it are affected.
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Figure 7: Difference between baseline inversion and monitor inversion. The
black rectangle highlights 100% CO, injection zone.

It is important to notice that these results identify the shape of
the CO> plume even more clearly than just by directly
comparing the differences in the seismic amplitudes. The top,
base and sides of the plume are easily identifiable. The edges
of the plume are again located between CDPs 89 and 116.
Therefore, the width of the plume is accurately predicted from
the inverted section difference (716 m).

Discussion

In this study Seismic modeling is performed to simulate a CO»
injection in the Nisku saline aquifer. The geological model
was created on the basis of seismic and well log information.
The shape of the plume is more evident after calculating the
difference between the sections where the top and width of the
body are clearly distinguishable, while the bottom of the
plume is hard to identify due to time delay in deeper
reflectors. The 716 m length of the plume was accurately
predicted according to the geological model.

Next, to investigate the seismic changes caused by injection of
CO; a model based seismic inversion has been performed to
determine these changes in terms of acoustic impedance
contrast. A decrease in the impedance values is observed in
the post-injection scenario. As expected, the impedance
change is stronger due to the combination of Vp and p. In this
case, the shape of the plume is even more evident since the
base is less affected by the underlying reflectors. It is possible
that the impedance changes of the reflectors underneath the
plume are not significant and got cancelled after the
subtraction process.

The test of inverting the residual CDP stacked section gave
interesting results even though the inversion algorithm is
designed to use full bandwidth seismic data.

Conclusions

In the CO; injection simulation case, the post-injection seismic
section shows a time delay of the basal reservoir reflector and
amplitude change with respect to the baseline case. Also, a
decreased in the impedance values of ~12% is observed in the
post-injection scenario. As expected, the impedance change is
stronger due to the combination of Vp and p. The impedance
changes of the reflectors underneath the plume are not
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significant and got cancelled after subtracting the monitor
stacked section from the baseline stacked section and this
making the easier identification of the CO; plume. The shape
of the plume was accurately estimated having a width of
716m.
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