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Abstract		
	
Geostatistical seismic inversion (GSI; Soares, Diet & Guerreiro 2007) has Stochastic 
Sequential Simulation (DSS; Soares 2001) as the model perturbation procedure. These 
Stochastic simulation techniques make use of an unique global variogram model to 
translate the spatial continuity pattern of the properties of interest (e.g., porosity, acoustic 
impedance, or p-wave velocity). By using a single variogram it is not possible to reproduce 
complex or non-stationary geological settings, as faults or channelized structures, for 
example. The addition of azimuth, dip and variogram amplitude ranges data (which are 
directly and automatically retrieved from the seismic record), provides a new framework 
for Local Anisotropy incorporation in the typical GSI methodology. Local anisotropy is 
quantified by an independent variogram model for each sample of the seismic data, aided 
by the structural information provided by the azimuth and dip volumes. Firstly, Local 
Structural Attribute volumes (for Azimuth and Dip) are extracted from the seismic data by 
seismic attribute means. Secondly, an automatic variogram fitting is performed to estimate 
the variogram ranges, following the directions provided by Azimuth and Dip volumes. The 
previously said volumes enter the inversion algorithm as steering data, as delivering local 
structural continuity pattern. The results exhibit enhanced consistency of the inverted 
models when compared with the results obtained for the same dataset by traditional GSI. 
This work presents an efficient integration of geological information into GSI, overcoming 
the limitation of using an unique variogram model to illustrate the spatial continuity pattern 
of the seismic volume.  
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1. Introduction 

As a petroleum project entails enormous 
costs and great risks in its initial stages, 
it is critical to resort to both seismic 
prospecting (as indirect data) and 
measurements from probing wells in 
order to plan and dimension the 
operations. Well logging provides vital 
information on borehole properties such 
as porosity and p-wave velocity which 
are crucial to later Estimation, 
Simulation and, most important, Seismic 
Inversion (Schlumberger 1997).  
 
Geostatistical Seismic Inversion 
methodologies depend on a regular grid 
in order to produce Acoustic Impedance 
models, which provide reservoir models 
(Soares, Diet & Guerreiro 2007). These 
models help to prove reservoirs 
feasibility and project its future 
exploration (Azevedo & Soares 2017).  

 
This lack of seismic regularity proves to 
be an obstacle to efficient and effective 
application of traditional Geostatistical 
Seismic Inversion (Soares, Diet & 
Guerreiro 2007; Horta, et al. 2010).  
The presented work is motivated by 
overcoming structural limitations while 
performing Geostatistical Seismic 
Inversion when in presence of non-
parallel seismic reflectors, as during the 
procedure there is a flattening step that 
distorts the reflectors and perturbs its 
relative positioning.  
 
There are two main questions which 
need to be considered during this 
procedure. First, consider steering 
volumes (Azimuth and Dip information 
for each node of the grid), as indicators 
of the more continuous direction, and 
second, model a variogram for each 
node of the inversion grid, as a way to 
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quantify local anisotropy (Fig. 1.1). The 
main improvements are considering a 
variogram for each node, instead of the 
typical global one, by which 

Geostatistical Seismic Inversion is able 
to better honour the structural 
characteristics of the reservoir. 

 

  
Figure 1.1 – Schematic View of parameters of interest for GSI-DSS-LA methodology: Azimuth 

and Dip values, and local variogram modelling  
 

Several approaches have been 
proposed to perform Seismic Inversion 
when in presence of non-parallel 
seismic reflectors. Some of those 
approaches follow a geostatistical 
framework, while others do not. 
 
The deposition of contaminated 
sediments, and its directional nature, 
was the motivation for the introduction of 
local anisotropy in simulation 
methodology (Horta, et al. 2010). In this 
approach, Direct Sequential Simulation 
encompasses locally varying variogram 
ranges as a measure of local anisotropy, 
with the guidance of a flow direction 
assessment software. Although this is 
not a stratigraphy-related algorithm, a 
clear analogue can be established 
between flow directions and seismic 
reflectors.  
 
 An approach that couples History 
Matching and Direct Sequential 
Simulation incorporating local 
anisotropy was presented by Caeiro, 
Demyanov & Soares in 2015. Once 
again, a strong analogy might be done 
between porosity and permeability 
patterns and seismic reflectors.  
  
 In a somehow different framing, 
regionalized behaviours are delimited by 
subsections of the original seismic 
volume (Nunes, et al. 2017). This  
 

 
zonation allows a better variogram fit for 
similar seismic events, although it 
presents some limitations when applied 
to complex geological settings. 
 
There has also been research directed 
to pixel-based algorithms to perform 
conditioned Seismic Inversion (Xu 
1996). This geostatistical algorithm 
accounts for directional information and 
was motivated by curvilinear geological 
deposits and flow response predictions. 
Xu mentions locally varying variogram 
ranges as an ideal solution to conditional 
simulations and estimation.   
 
A note for Yao, et al. work, which, 
although not a Seismic Inversion 
methodology, presents a different 
approach on local continuity 
quantification. The method consists in 
three main steps: building a geologic 
model of the stratigraphy, defining an 
azimuths grid and the connection 
between grid nodes and, for last, 
performing spectral simulation along the 
string nodes. 
 
One non-geostatistical approach 
consists in building a 3D a priori model 
of the seismic horizon (Clochard, et al. 
2016). The suggested work-flow 
consists in interpreting the main 
horizons from the seismic volume, 
performing a geometrical flattening 
(which requires filling missing parts of 
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the reflector due to erosional processes, 
onlaps or intrusive geobodies), 
computing the correlations and inversion 
(in the flattened surface) and, in the end, 
undoing the flattening. This method was 
developed as an attempt to solve fault-
related issues regarding the formation of 
artefacts due to the lack of lateral 
continuity. Though it shows good 
results, there are unanswered questions 
regarding the impact of geometric 
transformations in the quality of the 
results and few geological settings are 
analysed. 
 
The present work aims to develop a new 
algorithm to integrate local anisotropy in 
the Geostatistical Seismic Inversion 
method, by using steering volumes and 
locally modelled variograms, instead of 
a unique global one. The main 
contributions are the following: 

• Establish a reliable methodology 
to extract Local Structural 
Attributes;  

• Obtain an algorithm for local 
variogram modelling for each 
node of the seismic volume; 

• Integrate both previous points in 
GSI-DSS.  

In brief, the main general objective is to 
overcome existing problems arising from 
the gap between regular grid, which is a 
premise of the GSI-DSS method, and 
natural complex geological settings as 
faults and folds, which do not resemble 
a regular structure.   
 
 

2. Implementation 
Having GSI-DSS (Soares, Diet & 
Guerreiro 2007) has the core of this new 
methodology, the first step is to obtain 
the steering volumes, the second is to 
locally model the variograms and the last 
is to incorporate both in the traditional 
GSI-DSS inversion methodology. 
	
The combination of steps for LSA 
extraction is designed to best honor the 
original seismic volume, and 
simultaneously, achieve the strongest 
lateral continuity of the seismic events, 
such as reflectors. The procedure is 

summarized below and illustrated in Fig. 
2.1. 
 
Obtaining Structural Steering 
Volumes - Local Structural Attributes 
Extraction Procedure  

1. Enhancement of seismic event 
terminations of the original seismic 
volume; 

2. Seismic events Median Filter 
application; 

3. LSA extraction - obtain Dip and 
Azimuth volumes for the original 
seismic volume. 
 
 
 

	
Figure 2.1 – Schematic view of Local 

Structural Attributes Extraction Procedure	
 

After, the local variograms are obtained 
and adjusted to each node of the grid. A 
schematic view of the procedure is 
presented on Fig. 2.2 and bellow a full 
description on the method can be find.  
 
Local Variogram Modelling 
Procedure  

1. Construction of AuxFile: 
- Allocate Azimuth and Dip values 

to all nodes; 
2. Select the Node to perform the local 

variogram modelling; 
3. Execute the Roto-translation, 

according to the node positioning, 
azimuth and dip values; 

4. Obtaining the new coordinate 
system based on which the local 
variogram will be modelled;  

5. Select the points which are 
admissible by the tolerance pyramid 
(defined upon a chosen tolerance 
angle); 

6. Compute and adjust the local 
variograms to the three directions: 
Main, Minor and Vertical; 

7. Update the AuxFile with the ranges 
values of the three said directions; 
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8. Select the next node and repeat 
points 1. to 7. until all the grid has 
been visited; 

9. Feed the complete AuxFile to the 
inversion procedure.

 

 
Figure 2.2 – Schematic view of Local Variogram Modeling Procedure 

 
Finally, both steering volumes and local 
variogram modelling are introduced in 
inversion methodology, resulting in a 
methodology to automatically consider 
Local Anisotropy in GSI-DSS. The 
procedure is detailed below and 
schematically expressed in Fig. 2.3 
 
Global Stochastic Seismic Inversion 
with Local Anisotropy – GSI-DSS-LA 

1. Construct Auxiliary Variables 
information:  

 
- Obtaining Structural 

Steering Volumes - Extract 
LSA volumes, with a Dip 
and Azimuth value 
assigned to each one of the 
N nodes from the Original 
Seismic Volume; 

 
- Adjust Local Variogram 

Models for each one of the 
N nodes from the Real 
Seismic Volume;  

 
2. Draw DSS for the full N nodes 

seismic grid, consequently obtaining 
a set of Ns acoustic impedance 
models (conditioned by the 
previously obtained Auxiliary 
Variables); 
 

3. Extract the correspondent set of Ns 
synthetic seismic volumes (by 
computing the reflection 

coefficients, from the acoustic 
impedance models from the 
previous step); 
 

4. Given an estimated wavelet for that 
particular dataset, convolve it with 
the reflection coefficients; 
 

5. Compare each seismic trace from 
the synthetic seismic volumes 
previously produced against the real 
seismic trace at the same location. 
This operation must be done in a 
layer basis, rather than for the 
complete trace at once. In a 
stepwise comparison scheme, the 
best Ip model so far, is stored in an 
auxiliary volume along with a 
volume which synthesizes the 
correlation coefficients;  
 

6. The auxiliary volumes (best Ip 
model and corresponding local 
coefficient correlations) are 
therefore used as secondary 
variables and local regionalized 
models to be used in the next 
iteration. The consequent models 
are built using direct sequential co-
simulation and all the previously 
simulated data for conditioning;  
 

7. This iterative process ends when 
the global coefficient correlation is 
above a certain predefined 
threshold. 
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Figure 2.3 - Schematic view of GSI incorporating Structural Steering Volumes and local 

variogram modelling, within GSI-DSS  
 
 

 
 

 

3. Results 
 

The presented results all regard the 
same dataset and are divided according 

to the methodology used: GSI-DSS, 
GSI-DSS with constant variogram 
ranges and, finally, GSI-DSS-LA.

  
 
GSI-DSS results 
 

  
         A                 B               C               D       A                 B               C               D   

Figure 3.1 - Comparison between real 
seismic (A), best-fit model of the last iteration 

(B), average model of the last iteration (C) 
and Correlation Coefficient volume for the 

best-fit model of the last iteration (B), 
respectively, for GSI-DSS (South View)    

 

Figure 3.2 - Comparison between real 
seismic (A), synthetic seismic computed from 

best-fit model of the last iteration (B), 
synthetic seismic computed from average 

model of the last iteration (C) and Variance of 
the last iteration (B), respectively, for GSI-

DSS (South View)   

On Fig. 3.1 is possible to observe that 
the final iteration of GSI-DSS 
methodology produces inverted models 
which strongly resemble the original 
seismic volume (Fig. 3.1- sec. B and C). 
The inversion is generally well 
performed as the Correlation Coefficient 
volume presents sparse red traces ((Fig. 
3.1- sec. D). The best-fit model of the 
last iteration was registered at iteration 
6, simulation 4 (Fig. 3.1- sec. B), with a 
Global Correlation of 68,5%.  

Regarding the synthetic seismic 
computed from both best-fit model of last 
iteration (Fig. 3.2- sec. B) and from the 
average model of last iteration (Fig. 3.2- 
sec. C), the results show good lateral 
continuity, even though there is a 
decrease on vertical resolution. 
Variance volume (Fig. 3.2- sec. D) 
shows general low variance, with high 
values on zones where the synthetic 
seismic does not resemble the original 
volume.  



	 6	

 
GSI-DSS with constant variogram ranges results 
 

 

 

A                       B                    C	

	               A                       B                    C              	
Figure 3.3 - Comparison between real 

seismic (A), best-fit model of the first iteration 
(B) and azimuth extracted from real seismic 
(C), respectively, for GSI-DSS with constant 

variogram ranges (Top View) 

Figure 3.4 - Comparison between real 
seismic (A), best-fit model of the first iteration 
(B) and dip extracted from real seismic (C), 

respectively, for GSI-DSS with constant 
variogram ranges (East View) 

 

  
         A                 B               C               D  	          A                 B               C               D  	

Figure 3.5 - Comparison between real 
seismic (A), best-fit model of the last 

iteration (B), average model of the last 
iteration (C) and Correlation Coefficient 
volume for the best-fit model of the last 

iteration (B), respectively, for GSI-DSS with 
constant variogram ranges (South View)  

Figure 3.6 - Comparison between real 
seismic (A), synthetic seismic computed from 

best-fit model of the last iteration (B), 
synthetic seismic computed from average 

model of the last iteration (C) and Variance of 
the last iteration (B), respectively, for GSI-

DSS with constant variogram ranges (South 
View) 

With the introduction of steering 
volumes on the inversion method, it is 
important to observe how those volumes 
influence the method from the very first 
iteration. In both Fig. 3.3 and Fig 3.4, it 
is visible how the best-fit model of first 
iteration is influenced by both azimuth 
and dip, in a stage of the inversion where 
the system is only constrained by the 

initial parameters, rather by the seismic 
as later happens. Although on Fig. 3.5 
there is no high improvement when 
compared   to Fig. 3.1, Global 
Correlation Coefficient for the best-fit 
model is higher: 72.2% versus 68.5% of 
applying GSI-DSS under the same 
conditions. 
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GSI-DSS-LA results
 

  A                       B                    C	

	               A                       B                    C              	
Figure 3.7 - Comparison between real 

seismic (A), best-fit model of the first iteration 
(B) and azimuth extracted from real seismic 

(C), respectively, for GSI-DSS-LA (Top View) 

Figure 3.8 - Comparison between real 
seismic (A), best-fit model of the first iteration 
(B) and dip extracted from real seismic (C), 
respectively, for GSI-DSS-LA (East View) 

 

  
         A                 B               C               D  	      A             B             C           D  	

Figure 3.9 - Comparison between real 
seismic (A), best-fit model of the last 

iteration (B), average model of the last 
iteration (C) and Correlation Coefficient 
volume for the best-fit model of the last 

iteration (B), respectively, for GSI-DSS-LA 
(South View)  

Figure 3.10 - Comparison between real 
seismic (A), synthetic seismic computed from 

best-fit model of the last iteration (B), 
synthetic seismic computed from average 

model of the last iteration (C) and Variance of 
the last iteration (B), respectively, for GSI-

DSS-LA (South View) 
 
The final step of the develop 
methodology intends to introduce the full 
concept of GSI-DSS-LA. The results 
show that the main structural 
characteristics of structural information 
(azimuth and dip volumes), start to 
influence the models from the first 
iteration (Fig. 3.7 and Fig. 3.8). The    

models show a similar behavior as the 
ones resulting from GSI-DSS with 
constant variogram ranges (the 
previously presented methodology).  As 
for the Global Correlation Coefficient 
value, GSI-DSS-LA reaches 65.6%, the 
lowest of the three methodologies under 
study on this paper. 
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Comparison of synthetic seismic structural information  

	
                            A                            B                         C                           D	
Figure 3.11 - Comparison between real seismic (A), azimuth extracted from the real 
seismic (B), synthetic seismic computed from average model of the last iteration (C) 
and azimuth extracted from the synthetic seismic (D), respectively, for GSI-DSS with 

constant variogram ranges (Top View) 
	

 
                    A                                B                                  C                             D	
Figure 3.12 - Comparison between real seismic (A), azimuth extracted from the real 
seismic (B), synthetic seismic computed from average model of the last iteration (C) 
and azimuth extracted from the synthetic seismic (D), respectively, for GSI-DSS-LA 

(Top View) 
 

  
         A                 B               C               D  	      A               B                C                   D  	

Figure 3.13 - Comparison between real 
seismic (A), dip extracted from the real 

seismic (B), synthetic seismic computed 
from average model of the last iteration 
(C) and dip extracted from the synthetic 
seismic (D), respectively, for GSI-DSS 
with constant variogram ranges (South 

View) 

Figure 3.14 - Comparison between real 
seismic (A), dip extracted from the real 

seismic (B), synthetic seismic computed 
from average model of the last iteration 
(C) and dip extracted from the synthetic 
seismic (D), respectively, for GSI-DSS-

LA (East View)    
 

 
Both methods show satisfactory results 
regarding azimuth volumes. As for the 
dip volumes, a decrease on dip is 
registered in both methodologies.  
	
	

4. Conclusions 
GSI-DSS with constant variogram 
ranges shows increased performance 
when compared with the GSI traditional 
method. Regarding GSI-DSS-LA, the 
results have good structural outcomes, 
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but the values of BCC show a less 
efficient method when compared to 
constant variogram algorithm.  
	

5. Future Work 
The method has some characteristics 
that may be further studied, as the 
programming implementation and the 
number of iterations might be extended, 
to analyze a longer run of the method 
(which leads to more asymptotic view of 
the results).   
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