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Figure 6-36: A comparison of deconvolving minimum phase synthetic seismograms. The 
brown traces are stacks of model data created with a zero-phase wavelet and the black 
traces are stacks of minimum phase synthetic data that has been deconvolved.  

 

6.7.3 Acoustic impedance estimates after deconvolution  

 One objective of the Alder Flats study is to use the data for impedance inversion. 

To invert seismic data for impedance estimates, the embedded wavelet must be known a 

priori (Avseth et al., 2005). If a robust wavelet can be established, any residual wavelet 

phase and amplitude distortions remaining in the data after deconvolution may be 

accounted for in the inversion. However, the algorithms also assume that the wavelet is 

time-invariant. While theoretically incorrect, this assumption may be justified if the 

deconvolution processing step is successful at removing the wavelet in a local sense. It is 

therefore important to investigate whether deconvolution has resulted in a stable and 

robust wavelet, at least in a localized sense, and whether the resulting data can be reliably 

inverted to yield accurate impedance estimates.  
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 The traces that resulted from each synthetic deconvolution shown in Figure 6-36 

were used in a model-based post-stack inversion for acoustic impedance (section 5.2.2 

discusses model-based inversion). The intent was to compare the results of the three 

deconvolutions in terms of their ability to reproduce the impedance curve that was used 

as the original input to create the synthetic seismograms. The inversion results are 

illustrated in Figure 6-37. The inversions after the minimum phase deconvolutions should 

be compared to trace (a) in Figure 6-37 which results from inverting the idealized no-

multiples, zero-phase synthetic seismogram. Also shown in the figure is the inversion 

resulting from a zero-phase synthetic seismogram created with all multiples (inversion 

(b) in Figure 6-37). The residual error calculated by differencing the original impedance 

log and the inverted impedance result (between 200-450 ms) is also shown in Figure 

6-37. Of the three deconvolution methods, the inversion error is least for the trace 

produced from the first Gabor deconvolution, followed by the inversion error resulting 

after spiking deconvolution. Either of these deconvolution results produce reasonably 

accurate estimates of the impedance in the coals. The second Gabor deconvolution trace 

did not produce as acceptable an inversion estimate as the first 2 methods. 

 Figure 6-37 shows that the impedance estimate from the traces that included 

multiples (traces III to VI) show a slight time delay of the low impedance zone of the 

Lower Ardley Coals while the low impedance zone of the Upper Ardley Coals is 

correctly tied in time. This is not surprising because it has already been noted that 

multiples have the effect of introducing a slight phase delay in the Lower Ardley Coal 

reflection event and may explain the slightly exaggerated isochron between the coal 

zones seen in the inversion of the field data.  

 



171 

 

a) Zero phase 
model with no 
multiples

b) Zero phase 
model including 
all multiples

c) Spiking 
deconvolution 
result

d) Gabor 
deconvolution 
method #1

e) Gabor 
deconvolution 
method #2

Inversion of zero-phase data Inversion of minimum-phase data after deconvolution

300

400

250

350

450

Ti
m

e 
(m

s)

LA

UA

860 912 991 948 1082Error

II III IV V VITrace # 
 

Figure 6-37: Comparison of the post-stack acoustic impedance inversion of various 
traces.  Inversion a) and b) are based on the traces produced with a zero-phase wavelet. 
Inversions c), d), and e) are based on the deconvolved minimum phase data. The blue 
curve is the real log impedance, the black curve is the initial guess model for the 
inversion (10 Hz high cut), and the red curve is the inversion result. The error value is the 
residual difference between the log curve and the inverted curve between 200-450 ms. 

 

6.8 Petrophysical Interpretation of the Anomaly 

 Both the model-based and CSS inversion results show a low impedance anomaly 

around the 102/7-28 well in the Lower Ardley Coal Zone. The size, shape, and location 

of the anomaly correspond to the expected imprint of the 180 tonne CO2 flood. 

 Figure 6-29 illustrates that the impedance measured in the Lower Ardley Coal 

anomaly reaches low values that are less than 5.0x106 kg/m3*m/s while the rest of the 

Lower Ardley Coal Zone the impedance estimate is in the range of 5-6x106 kg/m3*m/s. 

Figure 6-6 showed a band-limited version of the impedance log from the 102/7-28 well 

and demonstrated that the minimum impedance in the 102/7-28 well was greater than 



172 

 

5.0x106 kg/m3*m/s after high cut filtering. This discrepancy between the well logged 

impedance estimate and the impedance estimate from inversion in the Lower Ardley Coal 

Zone suggests that the impedance may have been lowered in the vicinity of the 102/7-28 

well after the logging data was acquired. 

 Figure 6-38 shows the 102/7-28 impedance well log at “logging resolution” and at 

“seismic resolution” (after application of a 60-70 Hz high cut filter). The band-limited 

impedance log is higher than 5.0x106 kg/m3*m/s. Also shown is a log where the 

impedance of the Mynheer coal zone has been lowered uniformly by 10%. The reduced 

impedance log after application of the high cut filter is also shown. It indicates that a 10% 

reduction in the impedance of the Mynheer coals would be enough to change the band-

limited impedance estimate to just less than 5.0x106 kg/m3*m/s.  
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Figure 6-38: The original impedance log from the 102/7-28 well (red) and the log 
adjusted by a 10% reduction in impedance in the Mynheer coal zone (blue). The curves 
are at log resolution on the left and with a 60-70 Hz high cut filter on the right. 
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 It is reasonable to ask whether a fluid substitution of water for gaseous CO2 in the 

coals’ macroporosity cleat system could account for the level of anomaly observed in the 

measured impedance of the Lower Ardley coals if calculated with the Gassmann model. 

 The Gassmann fluid substitution model, introduced in Chapter 2, assumes that fluid 

substitution occurs only in the macro-porosity of the coal. The Mynheer coals in their 

original state were likely water saturated and the logged data was used to find the water 

saturated elastic properties. The average velocity and density values from Table 2-1 were 

used to find the average values for the water saturated rock listed in Table 6-5. Again, the 

shear modulus of the rock was assumed to be unchanged by a substitution of fluids, and 

so the dry shear modulus and the shear modulus when the coal macro-porosity was filled 

with CO2 is the same as the shear modulus measured with the petrophysical logs. The 

bulk modulus and density of water and CO2 were calculated using methods described by 

Batzle and Wang (1992). The fracture porosity was assumed to be 1%, as indicated by 

Mavor and Faltinson (2008). 

 Estimating a bulk modulus for the dry rock frame ( frk ) is difficult. Ideally, lab 

measurements of the dried frame would be available. Alternatively, literature values 

could be used. Yu et al. (1993) showed that the bulk modulus of air dried bituminous coal 

was approximately 10% less than water saturated coal at 8 MPa confining pressure. It 

was assumed that the bulk modulus of the dry coal frame is 10% less than the water 

saturated bulk modulus for the Ardley Coals as well. 

 Again, the Gassmann equation from Section 2.5.2 is: 

 

  ( )f

f

fr

fr

sat

sat

KK
K

KK
K

KK
K

−
+

−
=

− 000 φ   .   6.8 

 

With φ , satk , waterk ,  and frk estimated, equation 6.8 can be used to calculated the bulk 

modulus of the coal mineral, ok . All these data are listed in Table 6-5. Equation 6.8 can 



174 

 

be re-arranged to give equation 6.9 which is used to find the bulk modulus of the CO2 

saturated coal.  
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Finally the density can be calculated using equation 2.7 which is stated again: 

   frf ρφφρρ )1( −+=  .    6.10 

The velocity and density values of the fluid saturated coals give the impedance, which for 

the water saturated coals is 4.61x106 kg/m3*m/s and for the gaseous CO2 saturated coals 

is 4.43x106 kg/m3*m/s. This corresponds to a 3.9 % decrease in impedance when water is 

replaced by gaseous CO2 in coals. 

 

Table 6-5: The average elastic properties of the Mynheer coals used to model the 
substitution of water for gaseous CO2 using the Gassmann method. 

φ (macro) 0.01 

Vp (water saturated) 2567 m/s 

Vs (water saturated) 1097 m/s 

satρ (water) 1797 kg 

satk (water) 8.96 GPa 

satµ (water) = dryµ  = satµ ( CO2) 2.16 GPa 

waterk (16.6 °C, 1.73 MPa, 1931 ppm NaCl) 2.4 GPa 

2COk (16.6 °C, 1.73 MPa) 0.01 GPa 

waterρ (16.6 °C, 1.73 MPa, 1931 ppm NaCl) 1002 kg/m3 

2COρ (16.6 °C, 1.73 MPa) 0.050 kg/m3 

vp (dry coal) 2480 m/s 

ρ (dry coal) 1779 kg/m3 

frk  8.06 GPa 
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ok  9.21 GPa 

satk (CO2) 8.08 GPa 

satρ (CO2) 1788 kg/m3 

vp (CO2) 2476 m/s 

p-impedance (water saturated) 4.61 x 106 kg/m3*m/s 

p-impedance (CO2  saturated) 4.43 x 106 kg/m3*m/s 

 

 

6.9 Discussion and Conclusions 

 Although the 3.9% impedance change predicted with the Gassmann model is not 

enough to explain the apparent 10% or greater change in the impedance observed in the 

vicinity of the 102/7-28 well in the inversion result, it is the right order of magnitude and 

could be argued to be the cause of the impedance anomaly. However, it is not a unique 

interpretation. Two similar interpretations are that the anomaly could be related to 

methane in the cleat system or a mixture of methane and CO2 in the cleat system that 

would have a similar effect on the impedance. Another possibility is that the CO2 has 

reduced the elastic moduli of the coal frame itself, as described in Chapter 2; although 

this interpretation is more speculative given the dearth of experimental data in this area.  

 Other geological models are also possible. It has been noted that the Mynheer coal 

zone is laterally very heterogeneous and that different sub-lithologies of the coal zones 

have different impedance values. It is possible that the low impedance zone results from 

an area of greater net pure coal versus shaley coal or coaly shale, or that either of the 

Mynheer or Silkstone coal zones thickens to the northeast of the 102/7-28 well which 

causes the low impedance anomaly. Other explanations for the low impedance zone 

could include reduced rock competency due to fracture stimulation procedures, effects 

due to the injection of water during the stimulation procedure, effects related to changes 

in reservoir effective pressure, or subtle tuning effects that are not resolved by the 

inversion despite an accurate estimation of the embedded wavelet. Differentiating 

between these possibilities in a conclusive, deterministic manor is not possible with the 
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given data. Ultimately the only way to conclusively attribute a seismic anomaly to a 

reservoir change with production activities is to acquire a baseline and monitor seismic 

survey and analyze the data using time-lapse methods.  

 However, despite the shortcomings of the available data, attributing the low 

impedance anomaly to effects due to CO2 injection remains a realistic explanation that 

requires few contrived assumptions. Given its proximity to the well, its alignment with 

the known preferential permeability pathway, its location up-dip of the injection well and 

its dimensions, interpreting the anomaly as a signature of the CO2 is reasonable. 
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Chapter Seven: Conclusions 

 

7.1 Discussion 

 The principal objective of this work was to use seismic data to characterize the 

rocks and fluids at Alder Flats after injection of 180 tonnes of CO2 into the Ardley Coals.  

Preliminary analysis of the site geology was conducted in order to gain an a priori 

understanding of the project context and modelling was used to understand the ability of 

seismic data to image the physical attributes of the coal zones. The first two of three 

seismic data sets acquired at Alder Flats were analyzed in order to further understand the 

capabilities and limitations of interpreting field data and to provide guidance in designing 

the 3D survey. The 3D vertical component data set proved to be of high quality and the 

converted wave data set, although low in fold, proved to be of reasonable quality. 

Inversion of the 3D vertical component data showed anomalously low acoustic 

impedance in an area encompassing 1,276 – 1,800 m2 area to the northwest of the 102/7-

28 injection well. The size of the anomaly and its location up-dip of the injection 

elevation as well as shape along the expected preferential permeability pathway suggest 

that it could be related to the CO2 flood. 

 Based on this interpretation, several conclusions can be drawn: 

• The recorded reflection amplitudes from the Ardley Coals are meaningful 

representations of the reflectivity of the coal strata; despite the effects of thin-bed 

tuning, the effects of high reflectivity/low transmitivity, and the complications related 

to short-path multiple reflections. 

• Using the post-stack data, these reflectivity data were inverted to estimate the 

acoustic impedance of the coal formation. The bandlimited estimates for the Lower 

Ardley Coal Zone ranged from 4900 – 5400 kg/m3*m/seismic which was very 

comparable to the acoustic impedance values measured with the 60 Hz high-cut 

filtered well log. This is remarkable given the challenges related to wavelet 

estimation in stratigraphy that is highly reflective and cyclically bedded. It is also 

significant because the inversion algorithms often use approximations that are 
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deemed to be true if the reflectivity of the stratigraphy is low; which is not the case 

for coal zones.  

• Finally, it is concluded that the imprint of 180 tonnes of CO2 that was injected as a 

gaseous phase at a depth of ~0.4 km was detected with seismic reflection techniques. 

By comparing the acoustic impedance values in the anomalous region to the average 

value in the rest of  the coal zone, the imprint shows an overall decrease in the 

acoustic impedance of approximately 10% in the coals after an approximately 9 

month CO2 soak period. Using the Gassmann method to model the replacement of 

formation water with gaseous CO2, a reduction in acoustic impedance of 

approximately 4% is predicted. The differential between the Gassmann prediction and 

the inversion results suggest that in situ softening of the solid coal matrix may have 

been detected. 

 

7.2 Recommendations for Continued Research 

 This research has highlighted the need to fill two significant knowledge gaps. 

Firstly, although an imprint of the injected CO2 has been detected, the mechanism that 

causes the low acoustic impedance anomaly is not clear. The ambiguity is related to a 

variety of effects that will likely affect the elastic properties of coals under a gaseous CO2 

flood, including: 

 

• Changes in the fluids and fluid states in the formation macroporosity; 

• Changes in the fluid pressure of the macroporosity; 

• Molecular species exchange between the macro- and micro-porosity; 

• Swelling effects as CO2 sorbes into the microporosity and the consequent changes 

in the macroporosity of the formation; 

• Possible changes in the elastic moduli of the coal matrix with CO2 sorption. 

 

Quantitative interpretation of the coal reflectivity requires a deeper understanding of the 

relationship between these effects which necessitate laboratory measurements.  
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Secondly, while an imprint of the injected CO2 was detected in the single 3D 

survey, the utility of time-lapse analysis to monitor the evolution of a flood remains an 

open question. To what extent would the amplitudes recorded in a monitor survey be 

sensitive enough to detect subsurface changes? Could these changes be interpreted in 

terms of the changes in the formation? What is the minimum threshold for detectability of 

injected gas in coals? And finally, what would be the minimum threshold for detectabilty 

of CO2 gas, which may dissolve into formation waters, if it were to leak into overlying 

stratigraphy. 
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