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Summary 
 
The reliable estimation of gas saturation from seismic data 
is a difficult and longstanding problem. Rocks saturated 
with gas often show high attenuation and frequency-
dependence of seismic properties, and previous work has 
indicated that such effects can be detected by considering 
frequency-dependence of reflectivity. Theoretical studies 
show that such analysis has the potential to improve 
estimates of gas saturation. This paper develops a Bayesian 
inversion scheme which allows probability distributions for 
porosity and saturation to be derived from pre-stack seismic 
data. We apply the method to well-log and 3D seismic data 
from the Vienna Basin. Analysis at the calibration well 
demonstrates the potential power of the method, and 
probability distributions for other zones of interest are 
derived. 
 
Introduction 
 
The elastic properties of fluid-saturated rocks are known to 
vary with frequency (Batzle et al., 2006), and a goal of 
current research is to use this fact to improve estimation of 
fluid properties from seismic data. Frequency-dependent 
effects are often particularly pronounced for rocks 
containing gas. 
 
Frequency-dependent effects can be studied either through 
direct measurements of attenuation or through frequency-
dependent reflectivity associated with high values of 
velocity dispersion. This study takes the latter approach, 
and builds on the work of Wilson et al. (2009) who related 
frequency-dependent amplitude-versus-offset (FAVO) 
effects to seismic dispersion. Our goal is to understand the 
possible use of FAVO to determine rock and fluid 
properties, with a particular emphasis on porosity and gas 
saturation. 
 
Estimation of gas saturation from AVO is a difficult and 
long standing problem, but recent studies have suggested 
that frequency-dependent effects have the potential to 
provide a new approach. In this paper we describe a new 
Bayesian strategy for analyzing data on the basis of 
frequency-dependent rock physics models. We illustrate the 
theory with application to data from the Vienna basin, and 
demonstrate that the method has greater potential resolution 
than current techniques. Further work, including blind tests, 
is being carried out to further test the utility of the 
technique. 
 
 

Theory 
 
It is well known that seismic attenuation is sensitive to 
partial saturation. The effect is understood theoretically 
(White, 1975; Muller et al., 2010) and through laboratory 
experiments (Gist, 1994; Nakagawa et al., 2013). For 
water-gas mixtures we expect a peaked relationship 
between attenuation and water saturation, with maximum 
attenuation occurring for an intermediate water saturation, 
and small attenuation for full-water and full-gas saturation. 
This is in contrast to the relationship between saturation 
and bulk modulus, which we expect to be monotonically 
increasing with water saturation. It is therefore reasonable 
to suppose in principle that combining attenuation and 
acoustic impedance measurements could help to estimate 
gas saturation and act to resolve the interplay between 
porosity and saturation effects. 
 
Much progress has recently been made in seismic 
attenuation estimation (Reine et al., 2009). The resolution 
of the measurements remains an important issue. An 
alternative approach is to consider the seismic dispersion 
which accompanies attenuation. As was shown by 
Chapman et al. (2005), in high attenuation zones the 
associated seismic dispersion creates strong frequency-
dependence of reflectivity which leads to observable 
effects. Formulae for the relationship between seismic 
attenuation and frequency-dependence of reflectivity have 
been given by Innanen (2012). 
 
A theoretical study by Boston (2011) demonstrated the 
feasibility of using FAVO analysis to determine gas 
saturation from seismic data. The method was based on 
forward modeling reflection coefficients for a range of 
frequencies and angles of incidence using a rock physics 
model which accounted for the effect of gas saturation on 
attenuation and elastic properties, for an interface whose 
background properties were known. Following Riede et al. 
(2005), singular value decomposition was applied, allowing 
the reflection to be written as a series of products of weight 
functions and frequency-dependent weights. Using the 
computed basis functions, the weights could be determined 
from the data on a frequency by frequency basis. 
 
Linear fitting of the weight functions led to a natural 
interpretation in terms of two attributes one of which 
measured a “low frequency”, or Gassmann, reflectivity 
while the second measured the “frequency-dependence” of 
reflectivity. Crossplotting these two attributes was able to 
separate full water saturation, partial gas saturation and full 
gas saturation in a way that was not possible in standard 
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analysis based on the Gassmann theory. The argument for 
this was that full gas saturation had small values of low-
frequency impedance and frequency-dependence, partial 
saturation had small low-frequency impedance and large 
frequency-dependence while full water had large low-
frequency impedance and small frequency-dependence. 
 
The concept can be applied in a Bayesian setting that is 
particularly convenient for application to field data. 
Although the Bayesian theory is very general (Ulrych et al., 
2001), we illustrate it with the example of attempting to 
estimate porosity and saturation. We assume that we can 
start with a rock physics model which can calculate 
relevant reflection coefficients r as a function of frequency 
f and angle of incidence θ for the case of interest. In this 
way, for each pair of porosity and saturation (φ, Sw) we can 
calculate reflection coefficients as: 

r = r(θi, fj),                               (1) 

where i and j are the serial numbers of incident angle and 
frequency respectively. We also assume that, following the 
technique of Wilson et al. (2009), the pre-stack seismic 
data can be processed into a form which represents 
frequency- and angle-dependent reflection coefficients by 
means of spectral decomposition, balancing and NMO 
stretch compensation. The spectral decomposition 
technique we used is the Wigner-Ville distribution (WVD) 
based method (Wu and Liu, 2009), which has the merit to 
detect accurate FAVO response from seismic data. Then 
we have a set of spectral amplitudes: 

d = d(θi, fj),                                 (2) 

which can be compared to the computed reflection 
coefficients r, and a misfit is computed as: 
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where we have a choice of norm of the error between r and 
d. Our goal is to use Bayesian inversion to estimate the 
posterior probability of the model parameters given the 
data. To do this, we require prior probabilities for the 
model parameters as well as the likelihood function. We 
assume that for each pair of model parameters (φ, Sw), the 
likelihood function follows the relation: 
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where s is a constant. With this the posterior probabilities 
can be calculated from Bayes rule: 
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Example 
 
We apply our theory to a field in the Vienna Basin where 
we have 3D seismic data together with a well having a full 
suite of logs. The well encountered water and gas mixtures 
with 11% gross porosity and 78% water saturation. Figure 
1 displays a CMP gather from the well location. The AVO 
behaviour at the reservoir position (1.40s) appears to be 
typical of a class III interface. The CMP gathers were 
interpolated and the offset was then transformed to incident 
angle through ray tracing. We use the WVD based method 
for spectral decomposition and applied the Wilson et al. 
(2009) technique for spectral balance to derive amplitudes 
representing frequency-dependent reflectivities as a 
function of angle of incidence at 10Hz, 20Hz, 30Hz and 
40Hz. Reflections from the reservoir zone appear to be 
anomalously rich in low frequencies. 

 
Figure 1 A typical CMP gather from the well location. The red line 
indicates the position of reservoir. The amplitudes exhibit class III 
AVO signature. 
 
Our next step is to set up a frequency-dependent rock 
physics model to carry out the forward modeling. A two-
layer model with shales overlying sandstone reservoir is 
created to calculate the frequency-dependent reflectivities 
from the interface. We use the theory of Chapman et al. 
(2002) incorporating Wood’s equation to replace the partial 
saturation with an effective fluid. The input velocities and 
densities for the upper and lower layers can be estimated 
from the well-logs. However, a fundamental problem is that 
we do not know the attenuation versus gas saturation 
relationship, which affects the frequency dependence of 
reflectivities. We do know the gas saturation and porosity 
at the calibration well location, and so we choose an 
attenuation-gas saturation relation to force the modeling 
data to match the seismic data at the well. Figure 2 shows 
the match between the seismic spectral amplitude and the 
modeling data for the frequency-dependent case (a) 
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together with standard Gassmann modeling (b), of which 
the reflectivities are frequency-independent for comparison. 
 

 

 
Figure 2 Matching the modeling data (curves) to the seismic 
spectral amplitudes (symbols) at the well location. (a)Frequency-
dependent case, (b)Gassmann case. 
 
Once we have the calibrated model we can examine the 
effect of changing porosity and saturation. Figure 3 shows 
the misfits between seismic spectral amplitudes at the well 
and the modeling results for different choices of porosity 
and saturation for both the frequency-dependent (a) and 
Gassmann (b) cases. For the frequency-dependent case, a 
local minimum misfit occurs at the true values of porosity 
(11%) and water saturation (78%) as indicated by a white 
circle. There are still other local minimum misfits due to 
multiple solutions for the seismic data. Nevertheless, it is 
clear that the frequency-dependent modeling has greater 
resolution for intermediate saturations than does the 
Gassmann modeling, in accordance with the analysis of 
Boston (2011). 
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Figure 3 Misfits between the modeling data and the seismic 
spectral amplitude at the well location. (a)Frequency-dependent 
case; (b)Gassmann case. 
 
Application of the Bayesian inversion technique requires 
estimation of the prior probabilities for porosity and 
saturation before we take seismic data into account. This 
information can be derived by statistical analysis of the 
well-log data for an extended interval around the reservoir 
from the study area. The prior distribution of porosity and 
water saturation is shown in Figure 4. 
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Figure 4 The prior probabilities of porosity and water saturation 
estimated from the well-log data. 
 
The computed misfits shown in Figure 3 can be converted 
into the likelihood function following equation (4), and the 
process can be repeated for each common reflection point. 
Figure 5 shows the resulting likelihood function for the 
well location under frequency-dependent case. With this 
information, the posterior probability function P(φ, Sw | d) 
can be computed with equation (5), taking an appropriate 
value for the probability of the data P(d) to ensure that this 
distribution integrates to 1. The result for the well location 
is shown in Figure 6. The uncertainty of porosity and water 
saturation at the well location is greatly reduced when 
confined with seismic data. A maximum probability occurs 
at the true value of porosity (11%) and water saturation 
(78%) as expected. The result illustrates excellent potential 
resolution of using Bayes rule for inversion. 
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Figure 5 The likelihood function derived from misfits for 
frequency-dependent case at the well location. 

Application of the method to zones of interest for which 
seismic data are available allows predictions of porosity 
and saturation to be made prior to drilling. We hope to 
compare these predictions to drilling results in future 
papers. 
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Figure 6 The posterior probability for porosity and water saturation 
using Bayesian inversion. 
 
Conclusions 
 
This paper has presented a methodology for combining 
Bayes inversion with frequency-dependent rock physics 
modeling to improve estimation of porosity and gas 
saturation from seismic data. We have demonstrated 
theoretically that use of frequency-dependent analysis has 
the potential to improve resolution of rock and fluid 
properties compared to the standard frequency-independent 
techniques. We applied the method to field data, calibrated 
the model and were able to derived probability distributions 
of porosity and saturation for zones which have yet to be 
drilled. Possible sources of uncertainty include the effect of 
layer thickness and variations in the caprock properties. 
Overall, we believe that our method has the potential to 
improve the estimation of petrophysical parameters from 
seismic data. 
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