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Summary 

 

Azimuthal amplitude-versus-offset (AVOZ) data can contain 

abundant information on fracture properties, lithology and 

fluid saturation, but procedures for interpretation in terms of 

such properties remain relatively poorly developed. This 

paper develops recently developed rock physics model based 

inverse schemes with a particular emphasis on accounting for 

the frequency-dependence of anisotropy, which is believed to 

be important in fractured reservoirs. Frequency-dependent 

anisotropy is expected to be influenced by fluid mobility, and 

determining this parameter from seismic data would be 

advantageous.  The method is applied to a range of models, 

and it is shown that under relevant conditions it is 

theoretically possible to obtain fluid mobility information 

from AVOZ. 
 

Introduction 

 

Azimuthal variations of AVO data (AVOZ) have been widely 

used as a method to detect fractures for some time. While the 

link to fractures is clear, other parameters also are known 

theoretically to have an important influence. Variations in 

porosity, fluid content and lithology can all influence the 

AVOZ response. 

 

Analysis of AVOZ, by contrast, typically relies on simple 

techniques involving ellipse fitting of attributes, justified by 

simplified anisotropic rock physics models. There is a need to 

involve more detailed rock physics models in the analysis of 

AVOZ data. 

 

Motivated by the work of Reide et al. (2005), Varela et al. 

(2009) introduced a rock physics model based method for the 

estimation of fracture density from AVOZ. The method was 

based on forward modelling the reflection coefficients for a 

specific geological setting and for a range of crack densities, 

then using singular value decomposition to obtain a model-

dependent representation of the reflection coefficient as a 

series of products of weights and basis functions. The basis 

functions were common to the whole model, while the 

weights depended on the crack density. This formed the basis 

of an inverse scheme, as the data could be projected onto the 

computed basis functions to obtain weights, which could then 

be converted to crack density. The method was validated on 

physical modelling data. 

 

It is possible of course to extend the method to target 

additional parameters, but a further extension involves 

considering frequency-dependent effects. Maultzsch et al. 

(2003) demonstrated a number of examples of frequency-

dependent anisotropy in fractured reservoirs, and significant 

benefits could accrue if we can incorporate analysis of such 

variations into the AVOZ technique. 

 

In this paper we extend the Varela et al. (2009) method to the 

case of frequency-dependent anisotropy. To illustrate the 

theory, we consider the effect of variations in fluid mobility, 

which is considered to play an important role in controlling 

frequency-dependent properties (Batzle et al., 2006) and 

whose determination would clearly be very important. We 

apply the method to a representative collection of rock 

models, and show that fluid mobility effects are expected to 

be visible on AVOZ data. The impact is more pronounced for 

class I AVO models than for class III, and is important 

primarily for large angles of incidence. Nevertheless, we 

argue that in certain cases it may be possible to obtain fluid 

mobility information from AVOZ data. 

 

Theory 

 

For the theoretical study we will use the model of Chapman 

(2003), which allows us to calculate a frequency-dependent 

anisotropic elastic tensor as a function of rock, fracture and 

fluid properties. An important feature of the model is that the 

frequency dependence of anisotropy is influenced by fluid 

mobility. This dependence operates through a relaxation 

constant parameter τ, which controls the frequency range 

over which the attenuation and dispersion occurs. Assuming 

small aspect ratios (       ), τ can be approximately 

derived as:  

 

  
         

    
                                    (1) 

 

where   is fluid viscosity, a is crack radius, v is Poisson ratio 

of the solid mineral, k is permeability,   is a characteristic 

grain size and   is shear modulus of the solid mineral. 

 

We study the plane wave reflection coefficients between 

halfspaces. The lower halfspace is assumed to be anisotropic 

and to have frequency dependent properties. Using our 

model, we can calculate the AVO curves for a discrete 

number of incidence angles, azimuths and frequencies. The 

calculated reflection coefficients are organized into a matrix.  

Alternatively, considering a single frequency we can write: 

 

 

 

R=                                                                                         (2) 
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Singular value decomposition (SVD) can be applied to this 

matrix in the usual way giving a representation: 

 

                                       (3) 

 

Applying SVD to a range of such matrices calculated for a 

range of relaxation constants allows us to obtain the 

approximation to the reflection coefficients as: 

 

                                         (4) 

 

where the basis functions       are given by the columns of 

matrix F, the coefficients         are given by the columns 

of the weight matrix W, size of which is corresponding to the 

singular value of matrix D. Usually we only need to consider 

two or three terms of approximation in practice with small 

error (Riede et al., 2005). The coefficients         can in 

principle be obtained from data by projection onto the 

computed basis functions. 

 

Examples 

 

To explore the method we apply it to a range of typical 

models. We choose  three models which represent a typical 

range of gas sand reflection responses (Kim et al., 1993). 

Each model relates to an AVO class. These models are all 

two-layer models in which upper and lower layers are shale 

and gas sand. The anisotropy in the gas sand layer is due to 

the presence of fractures. The elastic parameters (P- and S- 

velocity, density and Poisson ratio) for each model and 

controlled variables are listed in Table 1, 2. Predictions for 

the variation of P-wave velocity with frequency are shown in 

Figure 1. We find that the reflection coefficients have a 

significant anomaly response due to these controlled 

variables. 

 
Table 1 Elastic parameters for Models 1, 2 and 3 (Kim et al., 1993) 

 Model 1 -- 

Class 1 AVO 
Model 2 -- 

Class 2 AVO 

Model 3 -- 

Class 3 AVO 

Parameters Shale Sand Shale Sand Shale Sand 

Vp (km/s) 3.30 4.20 2.96 3.49 2.73 2.02 

VS (km/s) 1.70 2.70 1.38 2.29 1.24 1.23 

ρ (g/cm3) 2.35 2.49 2.43 2.14 2.35 2.13 

σ 0.319 0.148 0.361 0.122 0.370 0.205 

 
Table 2 Controlled variables 

Controlled variables (numbers) Values 

Angle of incidence (n) 1, 2, 3…50o 

Frequency (m) 10, 20, 30…100Hz 

Azimuth angle (p) 10, 20, 30...180 o 

τ (q) 2e-4, 4e-4, 6e-4...20e-4 

 

For model 1 we find that the reflection coefficient is well 

approximated with the use of only 1 basis function. The 

reflection coefficient can therefore be approximated from 

Equation 4 as: 

 

                                             (5) 

 

The coefficients         variation with azimuth angle and 

relaxation time can be presented in Figure 4. In order to 

obtain the attributes of the coefficients        , we use a 

cosine approximation to fit these data points (Figure 4), 

which is assumed to follow the equation: 

 

                                        (6) 

 

There are three attributes  ,   and  , in which according to 

this model, the third attribute   has the most direct 

dependence on the fluid mobility parameter. All attributes 

depend on frequency. We can cross-plot   with   and   

respectively for each frequency, and apply polynomial fitting 

method to the result (Figure 3). Cross-plotting these attributes 

for each frequency gives rise to a “template” which allows us 

to see clearly the effect of changing values of the frequency 

(Figure 4) or relaxation constant (Figure 5).  

 

Suitably processed field data can be projected onto the 

computed basis functions, and the three attributes for each 

frequency plotted over our template. In this way the effect of 

fluid mobility variations may be recognized. 

 

Models 2 and 3 are also studied with the same technique. 

However, the effect of fluid mobility is not as clear in these 

cases. This is in accordance with previous studies of the 

seismic visibility of fractures in different AVO settings. 

 

Conclusions 

 

This paper has carried out a modelling study to estimate the 

possible influence of fluid-mobility on variations of 

reflectivity with azimuth and frequency, with a view to 

designing inverse schemes to obtain this information from 

seismic data. We considered a range of representative 

models, and analysed the data using a singular value 

decomposition technique. The same technique could be 

readily applied to the analysis of suitably processed reflection 

data. We found that fluid-mobility does have an impact on 

azimuthal AVO, particularly if we consider variations with 

frequency. Effects are more pronounced for class I interfaces, 

as is usual in azimuthal AVO studies. The influence is most 

strongly seen in the cos (4 ) azimuthal variation, which is 

pronounced only for large angles of incidence. Nevertheless, 

given favorable rock properties, an adequate anisotropic rock 

physics model and data of sufficient quality it may be 

possible to derive fluid mobility estimates from azimuthal 

AVO data. 
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Figure 2. Weight function variation with azimuth angle. 
‘*’ relates to data calculated from study model 1. Solid 

line relates to cosine fitting curve. Color relates to 

different relaxation constant τ (tau).  

Figure 1. Frequency dependent velocity varies with relaxation 
constant τ (tau). Color relates to different relaxation time τ 

(tau). 

(2) (1) 

Figure 3. Cross-plot of the two attributes when frequency f=10Hz. Round point relates to different relaxation constant τ (tau). Red 

curve is obtained from the polynomial fitting to the data points. (1) Cross-plot the third attribute   with the first attribute  ; (2) Cross-

plot the third attribute   with the second attributes  .  
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Figure 4. Frequency f template of model 1. The spots are the data points derived from the two attributes. The curves are obtained from 

polynomial fitting. Colors relate to attributes with discrete frequency from 10Hz to 90Hz. The green arrow shows the trend with increasing 

frequency. (1) Cross-plot of third attribute   with the first attribute  ; (2) Cross-plot of third attribute   with the first attribute  . 
 

 

 
 

Figure 5. Relaxation constant τ (tau) template of model 1. The spots are the data points derived from the two attributes. The curves are obtained 

from polynomial fitting. Colors relate to attributes with discrete relaxation constant τ (tau) from 2e-4 to 18e-4. The red arrow shows the trend 

with increasing relaxation constant τ (tau). (1) Cross-plot of third attribute   with the first attribute  ; (2) Cross-plot of third attribute   with the 

first attribute  . 
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