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Summary 
 
Injection of CO2 in a geological subsurface will cause 
changes in seismic velocities, dispersion and attenuation, 
which result in changes in seismic wave propagation and 
seismic imaging. Estimating seismic attenuation changes 
from the seismic section with CO2 plume can provide some 
valuable information about CO2 storage, migration and 
possible leakage. We apply a frequency-dependant AVO 
inversion (FDAI) and Q value estimation method to a 
seismic dataset acquired in a CO2 injection area. The 
computed and inverted dispersion and attenuation results 
reveal the distribution of the CO2 injected into the reservoir 
sand. There are significant dispersion and attenuation in the 
CO2 plume, but the attenuation change is complex around 
and within the plume as the pressure changes after CO2 
injection.  
 
Introduction 
 
Depleted oil reservoirs, saline aquifers, and un-mineable 
coal seams are the best geological sequestration for carbon 
dioxide storage. Changes of saturation of liquid and gas 
CO2 and effective pressure in the reservoir induce velocity 
dispersion and attenuation of seismic waves, which may be 
observed in the monitoring seismic data set after CO2 
injection.  
 
Davie et al.(2003) suggested that CO2 can cause a 4-6% 
decrease in seismic wave velocity as predicted by rock and 
fluid physics modeling and experimental studies. Wang et 
al. (1998) found that the velocity decreases from a 
minimum 3% to as high as 10.9% in a carbonate rock 
reservoir due to CO2 flooding effect. In their results, the 
combined effects of pore pressure and fluid substitution 
caused by CO2 injection induce velocity dispersion and 
attenuation. Therefore, we may analyze the changes in 
seismic dispersion and attenuation before and after 
injection using time lapse seismic data to understand the 
changes in saturation and pore pressure in the reservoir 
rock, making it petro-physically feasible to monitor the 
CO2 flooding process. 
 
Here, we study the seismic dispersion and attenuation in a 
monitoring seismic dataset after CO2 injection, which give 
a good indication of the CO2 migration in the reservoir. In 
this study, a frequency-dependent AVO inversion (FDAI) 
is proposed based on time-frequency analysis and applied 

to the real dataset acquired after CO2 injection, and we use 
the estimated Q value curves to indicate the attenuation 
characteristic in the injection area.  
 
Theory and method 
 
We use a smoothed pseudo Wigner-Ville distribution 
(SPWVD) method to perform time-frequency analysis to 
obtain the different iso-frequency sections. SPWVD is a 
very powerful method for time-frequency analysis as it has 
high resolution in both time and frequency. For a signal x(t), 
it’s time-frequency spectrum ( , )S t f  can be defined as by 
SPWVD 
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where, ( )g t and ( )h τ are time and frequency window 
functions which can reduce the cross-terms oscillating in 
the Wigner-Ville distribution method.  
 
After obtaining the iso-frequency sections, the frequency-
dependant AVO inversion (FDAI), presented by Wilson et 
al. (2009) can be applied, 
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Where R is the reflectivity function at the target interface, θ 
is the average incidence angle, f is the frequency, A(θ) and 
B(θ) are the angle-dependent coefficients, V is the average 
velocity, and ΔV is the changes of the velocity across the 
interface. Ia and Ib are the derivatives of impedance with 
respect to frequency evaluated at f0: 
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We use the spectrum ratio method to estimate quality factor 
Q, and the attenuation is defined as 1/Q. The spectra ratio 
method can be defined as 
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where 1( , )S t f and 2( , )S t f  are the Fourier transforms of 
two windowed signals at elapsed time t1 and t2, respectively, 

and 0 ( ) (0, )R f S f=  is the relative zero time value. 

From this equation, we can employ the least square fit 
method to calculate the quality factor in a moving time 
window. In such a way, we can obtain the Q value curve 
for the whole seismic trace, which can be used to quantify 
the attenuation change during wave propagation.  
 
 
Real data application 
 
The seismic data came from the Sleipner natural gas field 
and CO2 was injected into the Utsira Sand, a major saline 
aquifer. The CO2 injection started in 1996, and the dataset 
used in this study was acquired in 2001, with 4.26 million 
tones of CO2 in the reservoir (Chadwick, 2005). A 2D line 
cross the CO2 injection area is selected to study the 
dispersion and attenuation of the plume. The migrated 
section is shown in Figure 1. The blue line is the top Ustria 
sand and the red line is the base of the sand. The top Ustira 
sand and the CO2 plume can be clearly identified (Figure 1). 
For the base Ustria sand, there is a push down as the 
velocity decreases after CO2 injection (Chadwick, 2005). 
The Utsira Sand forms part of the Mio-Pliocene Utsira 
Formation (Gregersen et al. 1997). It is axially situated 
within the thick post-rift succession of the northern North 
Sea Basin, forming a basin-restricted low stand deposit of 
considerable extent, over 400 km from north to south and 
typically 50–100 km west to east. Sleipner lies towards the 
southern limit of the Utsira Sand, where the reservoir is 
800–1000m deep and 200–300m thick. Core measurements, 
petrographic analysis and well logs show the sand to be 
clean and largely uncemented with porosities in the range 
0.30–0.42 (here a mean value of 0.37 is taken). The 
injection point locates at 200m under the top of sand.  
 
Figure 2a shows seismic section and Figures 2b, 2c 2d, 2e 
and 2f show the iso-frequency sections around the CO2 
plume body 20Hz, 40Hz, 60Hz, 80Hz and 100Hz 
respectively. The dominant frequency is about 52Hz and 
the bandwidth is about 110Hz (Figure 3). The top of the 
reservoir sand shows strong energy at all frequency bands 
(Figures 2b~2f), whilst the base reservoir shows strong 
energy in the lower frequency section (Figure 2b, 20Hz), 
and the base energy decreases as the frequency increases. 
 
Figure 3a compares the amplitude spectra inside the CO2 
plume (red line, CDP number: 450~600, time: 0.8~1.2s) 
with those underneath the plume (blue line, CDP number: 

450~600, time: 1.2~a 1.6s), and there is more attenuation 
for the events beneath the plume. Similarly, Figure 3b 
compares the spectra within the plume (red line, CDP 
number: 450~600, time: 0.3~1.6s) with those without 
(outside) the plume (blue line, CDP number: 800~900, time: 
0.3~1.6s); and there is more attenuation for the events 
within the CO2 plume. 
 
To examine how the attenuation changes with depth, we 
use a moving time window to calculate the quality factor Q 
as a function of vertical travel time. Figure 4 shows the 
inverse Q value curve (1/Q) within the CO2 plume (blue 
line, CDP number: 600, time: 0.3~1.8s) and outside the 
CO2 plume (red line, CDP number: 900, time: 0.3~1.8s).  
 
In the absence of the CO2 plume, the trend of the variation 
in attenuation (1/Q) are similar as marked by segments A 
and A’ and segments C and C’. The deeper sections (C and 
C’) are less attenuated than the shallow one (A and A’). 
The presence of CO2 induces a significant amount of 
attenuation in the reservoir zone, and the trend of the 
variation are very different (B’-inside; B-outside), and non-
linear. Figure 5 shows the results of FDAI applied to the 
data in Figure 2, and distributation of CO2 plume is clearly 
represented by the dispersion anomaly. 
 
Conclusions 
 
We have observed significant changes in seismic dispersion 
and attenuation caused by CO2 injection from a seismic 
dataset acquired over the Sleipner natural gas field in the 
North Sea area. As the fluid in the reservoir substituted by 
CO2, the seismic velocity decreases and dispersion occurs. 
This can be revealed using iso-frequency sections based on   
time-frequency analysis. The pseudo Wigner-Ville 
distribution (SPWVD) method is used to perform time-
frequency analysis and followed by frequency-dependent 
AVO inversion to quantify the dispersion anomaly. The 
calculated attenuation attributes and the inverted dispersion 
can be used to characterize the distribution of the CO2 
plume.  
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Figure 1. The migrated section. The blue line indicates the top Utsira sand, and the red line 
indicates the base Utsira sand. 

 

(b)(a)

(d)(c)

(e) (f)  
Figure 2. (a) The enlarged seismic sections showing the CO2 plume and its corresponding iso-

frequency sections at (b) 20, (c) 40, (d) 60, (e) 80 and (f) 100Hz, respectively.  
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Figure 3. Comparison of amplitude spectra: (a) inside (red) and beneath (blue) the CO2 flume; (b) within (red) and 

without (blue) the CO2 plume. 
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Figure 4. The inverse quality factor Q values (1/Q) . The red line is outside the CO2 plume. The blue line travels through 

the CO2 plume. The symbols ,A B, C  and ', ' '', 'A B , B C indicate the trend of variations. 
 

 
Figure 5. The dispersion anomaly obtained by frequency-dependant AVO inversion (Wilson et al. 2009), 

correlated with the distribution of the injected CO2 
 




