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Introduction 

Earth model building is an underdetermined and hence challenging inverse problem, especially at the 
exploration stage. In general, the input information can be obtained from geological information, 
surface seismic data, and rock physics modelling from well logs (Woodward et al., 2014). During 
early exploration, the geological information often comes from plate or regional tectonics to identify 
the potential target area. Surface seismic data are acquired to image the structure of the subsurface 
after establishing the area of interest. Based on the preliminary interpretation results, a few 
exploration wells will be drilled to verify the earth model. The initial model building results are often 
far from the true sub- surface. Therefore, corrections of the earth model by integrating all available 
information are necessary (Woodward et al., 2008; Zdraveva et al., 2011). 

Surface seismic data have the best compromise between accuracy and coverage among the three types 
of information. Geological knowledge covers large regions, whereas well logs provide accurate, high-
resolution information only at sparse locations. Therefore, most of the current practices of information 
integration occur after seismic imaging and structural interpretation. First, seismic images are 
stretched vertically according to the well markers. Then, borehole analysis is extrapolated from the 
well location to the rest of the region based on the seismic images and the underlying geological 
assumptions. This conventional workflow does not include a feedback step to verify if the modified 
seismic images honour the kinematics of the seismic data. Therefore, inconsistencies may be 
introduced by the sequential evaluations of the data. 

To take advantage of the complementary information in all data, we propose to integrate geological 
and rock physics information during the seismic inversion when building an anisotropic Earth model. 
We include the geological information as dip filters and rock physics information as cross-parameter 
covariances (Li et al., 2011). By evaluating all objectives simultaneously, we hope to resolve 
anisotropic Earth models that are consistent with all available data. 

We first perform stochastic rock physics modelling based on the well log measurements and the 
interpretation results from a previous seismic processing workflow. We obtain the background 
anisotropic model to initialize the seismic inversion and the cross-parameter covariance matrix to 
regularize the inversion. With these constraints, we invert a subset of the 3-D GoM prestack seismic 
data. Inversion results show improvements with higher resolution and better definition of the 
sedimentary structure around the salt. 

STOCHASTIC ROCK PHYSICS MODELING FOR SHALE ANISOTROPY 

We combine the rock physics models proposed by Bachrach (2010a) and Bandyopadhyay (2009). We 
model the shale anisotropy from three aspects: mineral anisotropy of the constituents of the rock, 
compaction effect on the particle alignment, and the transition from smectite to illite due to 
compaction and temperature. To combine the sand (quartz) and shale (clay), we consider the 
lamination model which models quartz and clay as a laminated system. Details of the rock physics 
modelling can be found in Li et al., 2014. 

To define the input models, we assume the temperature model is relatively smooth in space and can 
be approximated using a typical temperature gradient in the Gulf of Mexico (GoM). For the porosity 
model and the shale content model, we use the seismic inversion results that could be used for 
production. Although the lithological inversion results have excellent spatial coverage, the accuracy 
of these models is much lower than well log measurements. Therefore, we include the uncertainties in 
these models by including the statistics of the model parameters in a neighbouring window. 
Furthermore, the key parameters are also highly uncertain. Therefore, at each instance of the rock 
physics modelling, they are sampled in a plausible range defined by the regional geological 
information.  
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Figure 1 shows an example of the outputs from the stochastic rock physics modelling. The numerical 
distributions for each parameter are obtained at any given location in the subsurface. We approximate 
the numerical distribution using its closest Gaussian distribution.  
 
                          (a)                                                  (b)                                                 (c)  

      
Figure 1 Multiple numerical realizations for VTI parameters at a particular location from the 
stochastic rock physics modelling process. The solid blue line is the histogram of the numerical 
realizations, while the dotted red line is its closest Gaussian approximation. In (a), distribution for 
vertical velocity; in (b), distribution for ε; in (c), distribution for δ. Cross-parameter covariances are 
also generated using these random series. 

 

 
Figure 2 The diagonal elements of the covariance matrix. Plotted in (a) is, variance of the vertical 
velocity; in (b), variance of ε; in (c), variance of δ.  

Figure 2 shows the diagonal elements in the covariance matrix. The strong lateral variations in 
vertical velocity variance and in ε variance show that their uncertainties are strongly correlated with 
the lithology. The δ variance (Figure 4(c)) show less lateral variations, indicating that parameter δ is 
mainly controlled by compaction and mineral transition. 
 

 
Figure 3 The off-diagonal elements of the covariance matrix. Plotted in (a) is, covariance between 
vertical velocity and ε; in (b), covariance between vertical velocity and δ; in (c), covariance between 
ε and δ.  

Figure 3 shows the off-diagonal elements of the covariance matrix. As shown by the covariance 
between vertical velocity and ε (and δ), vertical velocity and anisotropy are negatively correlated in 
the shallow region but positively correlated in the deep region. This correlation can be explained by 
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rock properties. In the shallow region, high velocity correlates with low anisotropic sand; whereas in 
the deeper region, high velocity can be caused by mineral digenesis from smectite to illite, which is 
also highly anisotropic. Covariance between ε and δ shows positive correlations for all depths. 

Integrated seismic model building using geological and rock physics constraints 

Anisotropic wave-equation migration velocity analysis (WEMVA) aims at building an anisotropic 
Earth model that minimizes the residual image from the surface seismic data (Li and Biondi, 2011). 
The objective function of the seismic inversion is written as follows: 

 
where the first term is the “data fitting” term where seismic data are explained in the image space, and 
the second is the “model regularization” term where geological and rock physics information are 
honoured. Ideally, the information from the “model regularization” term should be independent from 
that in the “data fitting” term. However, to constrain the seismic model building in the whole study 
area, we need to utilize the seismic-to-lithology inversion results from the previous iteration.  
 
                          (a)                                                  (b)                                                 (c)  

       
Figure 4 The first gradient before rock physics preconditioning from the seismic model building. In 
(a) is, gradient for vertical velocity; in (b), gradient for ε; in (c), gradient for δ. 
 
Certainly seismic data and rock physics information can provide conflicting updates in the model 
parameters. As shown in Figure 4, the first gradients from the seismic model building suggest positive 
updates in all three parameters in order to compensate for the slow apparent velocity effects on the 
deeper reflectors. However, rock physics modeling results in Figure 3 suggest that perturbations in 
velocity and anisotropy (ε and δ) are negative in the shallow region. As a result, the gradient 
directions for the anisotropic parameters have flipped signs in the shallow region (Figure 5b and 5c).   
 
                          (a)                                                  (b)                                                 (c)  

       
Figure 5 The first gradient after rock physics preconditioning from the seismic model building. In (a) 
is, gradient for vertical velocity; in (b), gradient for ε; in (c), gradient for δ. 
 
Notice the direction of first gradient for vertical velocity after rock physics preconditioning has not 
been changed. This is because velocity is the best-constrained parameter by seismic data, and the 
additional rock physics information will not change the solution to this parameter. However, for the 
poorly constrained anisotropic parameters, rock physics modeling will certainly provide more 
information.  
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                                      (a)                                                                                (b) 

       
Figure 6 3-D migration images using (a) the initial VTI model and (b) the updated VTI model. 
 
Figure 6 compares the migration image obtained using the initial VTI model with the image obtained 
with the updated VTI model. Comparison shows that the focusing on the depth slice (label 1) and the 
continuity of the reflectors (label 2 and 3) has been improved using the updated model. 

Conclusions 

By constraining the seismic model building with the rock physics covariance, we feed the prior 
information from the rock physics to the seismic data inversion, which significantly improves the 
convergence. The inverted VTI model not only explains the reflection seismic data, but also follows 
the basic geological and rock physics principles. The 3-D example in this study demonstrates that this 
data integration approach does not change the solution to the well-constrained parameter, but brings 
additional information for the less-constrained parameters. Eventually, we would like to generate 
multiple realizations of the VTI model, so that their uncertainties can be properly quantified. 
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