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The geometry of the formations  
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1 km
The main well

Injection layer

Porosity geomodel
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CO2 phase diagram 
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The fluid simulation result

Compositional simulator

Unlimited boundaries 

condition

Injection strategy:

Five years injection

Constant BHP=49.4 bar

186 m
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Fluid substitution, CO2 effect on the velocity 
and density

Lab test result for the CO2 injection into the 
Sandstone (B.Alemo et al., 2011 ) 8

Fluid substitution effect

Drainage
Imbibition



Vp, density and Vs in the reservoir during injection
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The velocity and density models

10

The Density ModelThe Velocity Model

Belly River sandstone

The Injection Target

The Injection Well

Layers geometry is based on seismic interpretation result
The velocity and density are from CMC main well log data 
Model has 1*1m cell size and geomodel made in Petrel



The velocity perturbation due to the reservoir
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The seismic response of the reservoir

Baseline
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Shot point
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VSP models



 

 

200 400 600 800

100

200

300

400

500

600
2500

2600

2700

2800

2900

3000

3100

3200

14

 

 

200 400 600 800

100

200

300

400

500

600
2500

2600

2700

2800

2900

3000

3100

3200

 

 

0 200 400 600 800

0

0.1

0.2

0.3

0.4

-1

0

1
x 10

-4

 

 

200 400 600 800

100

200

300

400

500

600
-1

0

1
x 10

-4

Pressure 
Component

V Model

RTM

 

 

0 200 400 600 800

0

0.1

0.2

0.3

0.4

-1

-0.5

0

0.5

1
x 10

-5

 

 

200 400 600 800

100

200

300

400

500

600
-1

-0.5

0

0.5

1
x 10

-5

 

 

200 400 600 800

100

200

300

400

500

600
-1

-0.5

0

0.5

1
x 10

-5

 

 

200 400 600 800

100

200

300

400

500

600
-140

-120

-100

-80

-60

-40

-20

0

Diffusive perturbation

Solid perturbation

 

 

0 200 400 600 800

0

0.1

0.2

0.3

0.4

-1

-0.5

0

0.5

1
x 10

-5

Seismic response for solid and diffusive velocity 



Saturation and velocity change effect
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The plume size effect
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3-layer model with diffusive velocity

Max Amplitude=9.2*10-5

10 m 

100 m 

3% V change 

Seismic response Migrated model

Velocity model

100*10 m – 3%



Amplitude=2*10-4

20 m 

200 m 

7% V change 

3-layer model with diffusive velocity

200*20 m – 7%



Narrow vs wide offset VSP models

200 m

300 m
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Conclusions

• The time-lapse seismic response of diffusive zone shows small changes in the
amplitude compared to similar solid block changes.

• Because of velocity decrease in the reservoir , a time delay effect was detected in
reflectors below the reservoir, so we should consider the changes in travel time of
transmitted waveforms as an alternative framework for a full waveform study.

• Surface seismic acquisition is a suitable method for the shape estimation of the
plume, but well seismic data has better amplitude and frequency content, so VSP
are most useful for the small changes of fluid saturation.

• The Migrated data has a better amplitude condition , so interpretation is possible
with the full migrated data.
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Full Waveform Inversion and plume model

• The basic equations used in this study is the acoustic velocity-stress 
wave equation approach.

• Wave equation are solved by Finite Difference Time Domain in an 
explicit scheme. 2nd order in time and 4th order in space, staggered 
grid in a leap frog scheme



Reservoir Geophysics

Plume Shape ~ f(k,φ,Injection rate)

Velocity and density change CO2
The Reservoir

The Cap

V ~ f(Km,Kf1,Kf2,Kd, φ,k)
Density ~ f(ρm,ρf1,ρf2,φ)



CMC Field Research Station (FRS)

2 km
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Max Amplitude=1.8*10-4
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7% V change 

3-layer model with 
diffusive velocity
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Amplitude=1.85*10-4
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Theory of modeling and imaging
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Migration and inversion framework2D Acoustic approximation of 
wave propagation 

xI( )

x ( x,z )

maxT

xS( t, )

xr( t, )

p u v

where, 

is the migrated image in subsurface coordinate

, 
is maximum recorded time, 

is forward propagated source and 

is the backward propagated receivers. The subscripts

, and correspond to three images for pressure and displacements obtained by imaging conditions. 



The base seismic and difference after injection (XW)
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Model set up and seismic response
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Surface seismic imaging
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