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Summary 

 

We propose an improved AVO inversion method for the 

structure-related model for the inversion of the layer 

thickness and properties. The proposed method uses the 

propagator matrix method as a theoretical description of the 

reflection coefficients for the structure-related model by 

incorporating the frequency content of the wavelet. First, 

we test the proposed method for a simple thin bed model on 

the synthetic data for the inversion of layer thickness and 

porosity, and then investigate the feasibility for the 

characterization of the fracture zone in the Bakken 

Formation using the synthetic data. The objective functions 

present well-defined minima and the inversion results 

indicate good fits between the true model parameters and 

the minima of the objective functions.  

 

Introduction 

 

Conventional amplitude variation versus offset (AVO) 

techniques estimates the contrast in elastic properties of 

subsurface layers based on the linearization approximation 

of Zoeppritz equations (Aki and Richard, 1980; Shuey, 

1985). Such methods deal with the a single interface model 

with the assumption of a small incidence angle and small 

contrast in elastic properties across the interface. In the real 

world, however, reservoir rocks are often heterogeneous, or 

consist of a stack of micro-layers and are far beyond 

seismic resolution. A more appropriate theoretical 

description for such models is the propagator matrix 

methods (Aki and Richard, 1980). By incorporating proper 

rock physics models to relate reservoir properties to rock 

elastic parameters, we propose an AVO inversion method 

to estimate both layer thickness and properties of the 

layered structure by minimizing the objective function.  

 

AVO responses of the layered model 

 

Figure 1 (a) illustrates a thin bed model in which a low 

velocity shale layer is embedded between two half-spaces 

of chalk and sandstone, and Figure 1 (b) shows a single 

interface separating two half spaces of chalk and shale. The 

material properties are given in Table 1. Corresponding 

synthetic data are shown in Figures 1 (c) and (d). We 

calculate the full-waveform seismograms using the 

reflectivity method. The explosive source generates a 

Ricker wavelet with a dominant frequency of 40Hz. The 

ratio of maximum offset to depth above reflectors is up to 

four, which corresponds to an maximum incidence angle 

about 63o.  

 

Figures 2 (a) and (b) display the synthetics of PP-waves 

after NMO corrections, and Figures 2 (c) and (d) are the 

corresponding offset-dependent spectra obtained by the 

Fourier transformation. Comparison of Figures 2 (c) and (d) 

reveals distinct frequency-dependent AVO behavior in the 

presence of the thin bed. The frequency-dependent 

phenomenon can also be observed in Figure 3 for the 

corresponding converted PS-waves. 

 

The propagator matrix method 

 

In this study, we use the propagator matrix method (Aki 

and Richards, 1980) to calculate the reflection coefficients 

that depend on the incidence wave frequency for the 

layered model. Following the scheme given by Carcione 

(2001a and b), for an incident PP-wave with an incidence 

vector iP, the reflection and transmission coefficient vector 

r = [RPP, RPS, TPP, TPS] T is given by 

r = - (A1 –BA2) 
-1 iP,                             (1)  

where A1 and A2 are the propagator matrices related to the 

upper and lower media, B is that of the embedded thin beds.  

 

AVO inversion by incorporating frequency content 

 

We propose an AVO inversion method based on the exact 

theoretical description of the reflection coefficients for a 

structure-related model. Similar to the work of Skopintseva 

et al. (2011), the proposed AVO inversion method searches 

for the model parameter vector v  through the minimization 

of the misfit function ( )F v  between the observed AVO 

data ( , )obs m nAVO x f and its theoretical description 

 ( , , )theo m nAVO x f v : 
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where ( , )obs m nAVO x f  is the function of receiver 

coordinates 
mx  (or incidence angles) and frequency content 

of wavelet 
nf , ( , , )theo m nAVO x f v  is the function of both 

( , )m nx f and model parameters vector v , and is calculated 

based on the propagator matrix method.  
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Test of the AVO inversion method for a simple model 

 

We then test the proposed method for the simple thin bed 

model in Figure 1 (a) using the synthetic data for the 

inversion of layer thicknesses and porosity. We consider 

three scenarios in which the thin bed has a porosity of 0.2, 

but varied thicknesses of 30m, 40m, and 50m, respectively. 

Three corresponding synthetic seismograms are calculated 

using the reflectivity method. 

 

As illustrated in Figure 4, the P-wave velocity VP versus 

porosity φ is estimated by the Raymer-Hunt-Gardner 

relation (Mavko et al., 2009), and the S-wave velocity VS 

and density ρ are predicted by the empirical relations 

derived by Brocher (2005). The green solid circles in 

Figure 4 indicate corresponding values for the porosity 0.2.  

 

Figure 5 shows the objective functions F(porosity, 

thickness) obtained according to Equation (2). Green solid 

circles denote true model parameters (0.20, 30m), (0.20, 

40m), and (0.20, 50m), while red solid circles denote the 

minima of the objective functions representing the 

inversion results (0.14, 34m), (0.21, 40m), and (0.18, 52m), 

respectively. Corresponding absolute values of the errors 

for the inversion of layer porosity are 30%, 5%, and 10%, 

and those for layer thickness are 13%, 0%, and 4%. 

 

The AVO inversion method applied to the Bakken 

Formation 

 

A natural fracture system is critical for a tight reservoir like 

the Bakken Formation because it controls fluid flow and 

affects reservoir permeability. Figure 6 (a) shows borehole 

observations of the fracture intensity, as measured by the 

number of observed fractures per depth interval in feet. The 

ratio of fracture intensity is approximated as 3:3:2:1:2:1:1 

for the geologic units of the Lodgepole, Scallion, Upper 

Bakken Shale, Middle Bakken, Lower Bakken Shale, 

Lower Bakken Siltstone and Three Forks. Accordingly, 

Figure 7 illustrates the schematics of the fracture zones in 

the Bakken Formation.  

 

Using the same method in the work of Guo et al. (2012a; 

2012b), we estimate pore aspect ratio α (the ratio of short 

axis to long axis of a pore or crack) for the Bakken 

Formation, and find that the variation in the value of           

–Log10(α) is relevant to the measured fracture intensity, as 

shown in Figure 6 (a) and (b). Therefore, we use the aspect 

ratio as a substitution for fracture intensity in rock physic 

modelling to predict Vp and Vs for varied fracture intensity. 

The predictions of Vp and Vs for each individual unit in the 

Bakken Formation for varied crack density are shown in 

Figure 8. In addition, because aspect ratio α can be related 

to crack density ε (Mavko et al., 2009) 

 3 / 4 , 3    

as illustrated in Figures 6 (c) and (d), we use crack density 

ε to present the results of the rock physics modelling in 

Figure 8. 

 

We consider three scenarios of fracture zones in the 

Bakken Formation, in which they have a total thickness of 

80m, and reference crack densities of 0.15, 0.20, and 0.25, 

respectively. Figures 9 (a), (b), and (c) are the 

corresponding synthetic seismograms generated using the 

reflectivity method. A Ricker wavelet of 40 Hz dominant 

frequency is used, and the ratio of maximum offset to depth 

for the Bakken Formation is up to four which corresponds 

to a maximum incidence angle of about 63o. Corresponding 

frequency spectra are illustrated in Figures 9 (d), (e), and 

(f). 

 

Following the same inversion scheme as tested on the 

simple thin bed model, we invert the reference crack 

density and total thickness of the fracture zone in the 

Bakken Formation by minimizing the objective function 

F(v) in Equation (2). In this case, the model parameter 

vector is v=[reference crack density, total thickness]. For 

the calculation of the theoretical reflection coefficients 

( , , )theo m nAVO x f v , the thicknesses for each individual units 

are assumed to vary proportionally along with those 

observed in the borehole. 

 

Inversion results are shown for the calculated objective 

functions in Figure 9 (g), (h), and (r), in which green solid 

circles indicate the true model parameters, while the red 

solid circles indicate the minima of the objective functions. 

We see that the objective functions have well-defined 

minima. For the three models of the fracture zones with 

reference crack density and total thickness of (0.15, 80m), 

(0.20, 80m), and (0.25, 80m), the method produces the 

inversion results of (0.14, 90m), (0.19, 90m), and (0.24, 

85m), respectively. The absolute errors for the inversion of 

the reference crack density are 6%, 5%, and 4%, and those 

for the total thickness are 12.5%, 12.5%, and 6.25%. 

 

Conclusions 

 

We have proposed an improved AVO inversion method 

which can avoid the errors of picking amplitudes especially 

for targets that consist of a sequence of thin layers beyond 

the seismic resolution. Importantly, it is possible to capture 

more valuable information in the frequency domain which 

is ignored by taking the RMS reflection amplitudes in the 

traditional AVO inversion methods. In addition, the 

proposed AVO inversion method can provide the 

estimation of both rock properties and layer thicknesses, 

which is impossible for the traditional AVO inversion 

method. The challenge in this method is to use appropriate 

rock physics models to relate rock properties to elastic 

properties.  
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               Table 1: Material properties 

 
 

 

 
 

 
 

Figure 1: (a) A thin bed shale with a thickness of 20m interbedded between two halfspaces of chalk and sandstone. (b) An interface separates 

halfspaces of chalk and shale. (c) and (d) are the corresponding full-waveform synthetic seismograms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: (a) and (b) are the PP-waves shown in Figure 1 (c) and (d) 

after NMO corrections. (c) and (d) are the corresponding offset-

dependent spectra. 

Figure 3: (a) and (b) are the converted PS-waves shown in Figure 1 

(c) and (d) after NMO corrections. (c) and (d) are the 

corresponding offset-dependent spectra. 

 

 

 

 

 

 

 

 

 

 

 

 
 

   (a)                                  (b)                                                                (a)                                (b)                                (c)

Figure 4: Rock physics empirical relations. (a) Vp and 
Vs versus porosity φ. (b) Density ρ versus porosity φ. 

Green circles indicate velocities and density at the 
porosity of 0.2 used for synthetic modeling. 

Figure 5: Comparisons between inverted (red solid circles) and real (green 
solid circles) values of thickness h and porosity φ for three cases of bed 

thickness. (a) 30m, (b) 40m, and (c) 50m. Colours indicate the values of error 
functions. 

 

                        Vp (m/s)       Vs (m/s)      ρ (kg/m3)       

  Chalk               4100             2500            2800     

  Shale                2150            1240            2100 

  Sandstone         3600            1900            2700 
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      (a)                      (b)                       (c)                        (d) 
Figure 6: Well log data for the Bakken Formation. (a) Inverted pore aspect ratio. (b) 

Porosity. (c) Derived crack density. (d) Fracture intensity measure in borehole. 
 

Figure 7: Schematics showing fracture zones 

cutting through the Bakken Formation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      (a)                             (b)                            (c) 
Figure 8: Rock physics templates showing (a) P-wave velocity Vp, (b) S-wave velocity Vs, and (c) Corresponding -Log10(aspect ratio) along with 
the reference crack density for the geologic units in the Bakken Formation. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 
Figure 9: (a), (b), and (c) are calculated seismic responses of the Bakken Formation for the crack density of 0.15, 0.20, and 0.25. (d), (e), and (f) 
are corresponding spectra. (g), (h), and (r) are inversion results. 


