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Summary

Seismic Reservoir Characterization  which is also known as the Reservoir Geophysics is one of the most important 
component of the seismic data interpretation. Although   a number of techniques have been developed or under 
development for the Reservoir Characterization e.g. Seismic Inversion, Wave shape classification, Attributes Analysis 
,Principal component analysis and Probabilistic Neural Network based reservoir characterizations etc. The scope of 
the  paper is confined to various techniques used in  seismic (both PreStack and PostStack) inversions for the reservoir 
characterization. and their applications.

Introduction

Seismic inversion involves estimation of sub surface 
physical  properties of the earth using seismic 
constrained by well data(if the at least one well is 
available) . It can also be under taken in area where no 
well is existing with certain limitations. Seismic 
inversion can also be called as the reverse of the 
forward modeling process(Fig.1). Although the 
modeling is simple ,while the  inversion is a 
cumbersome process depending upon complexity of 
geology.

In many cases the physical parameters of interest are 
Impedance(PV), P wave & S wave Velocity  and 
density. Also more rock, fluid and saturation sensitive 
Lame parameters, which are to be inverted are 
Incompressibility(Lambda), Shear Modulus or 
Rigidity (Mu) and Poisson ratio, etc. We can also 
estimate the properties like porosity or sand /Shale 
ratio or gas saturation with the help of the inversion 
volumes.

Most common method of performing the inversion is 
to remove the effect of the wavelet. This leads to the 
high resolution display of geology and thus giving rise 
to acoustic impedance volume with the help of  

inversion process. The other  approach is through 
model building using well log  and geological data and 
seismic data. There are  different inversion techniques 
using PostStack and PreStack seismic data. The most 
commonly used seismic amplitudes inversions in the 
industry are discussed below.

PostStack Seismic data inversion

Inversion process transforms amplitudes into 
impedance values, so special attention needs to be 
given for amplitude preservation ,which ensures that 
the observed amplitude variations are related to the 
geological effects .Thus, the seismic data must be 
multiple free, possessing high signal to noise ratio and 
zero offset migrated without any numerical artifacts.

Due to the band limited nature of the seismic data, the 
lack of low frequencies will prevent the transformed 
impedance traces from having the basic impedance or 
velocity structure (low frequency trend ) crucial to 
make geological interpretation . And also weak high 
frequency signal components or their absence that 
from the seismic data will  evolve the impedance 
volume having poor resolution to identify the thin 
layers.  These aspects are to be taken care of during 
seismic inversion.



The low frequency trend of the acoustic impedance is 
derived from well logs or stacking velocities. The 
weak high frequency signal components  indicates the 
notches or roll off on the higher end of the amplitude 
spectra of the seismic traces. The processing steps that 
tends to broaden the spectral band are usually adopted 
so that the data input to the inversion process has an 
enhanced effective frequency bands width. Time 
variant spectral whiting (TVSW) is such process that 
flattens the amplitude spectra of the traces without 
altering the phase. 

A general flow chart of the PostStack Inversion is 

Input
(Migrated seismic data, Well data,

,Interpreted horizons,
Geological Informations)

Spectral Analysis

Seismic to well tie 

Statistical Analysis 

Wavelet estimation

Initial guess Model Building

Inversion Schemes

Validation

a) Band Limited (Recursive & Advance 
recursive

It is the most basic type of inversion which assumes 
that seismic amplitude are proportional to the 
reflection coefficients and transform the input seismic 
trace to acoustic impedance traces. In one dimensional 
convolution model seismic trace is defined as 

St = W* R + nt ........... (1)

          (Ip2 - Ip1)
R (Reflectivity)   =    ----------                       

                      (Ip2+ Ip1)                        
............ (2)

                       

Ip is acoustic impedance = Velocity * 
Density

Ip2 = Ip1 (1+ Rp)/((1-Rp)     ……….(3)

So,If  we know the Ip1 of the upper layer the Ip2 or 
lower layer impedance can be calculated recursively, 
which ultimately gives complete impedance series. 
The input seismic data is usually wavelet processed 
.This does not fully satisfy the basic assumption as 
wavelet is not removed. Consequently the tuning and 
the wavelet side lobes’ effects are not reduced. 
Moreover, the results are produced within the seismic 
bandwidth. So this method does not offer a significant 
advantage relative to the interpreting seismic 
data(Fig.2).Moreover, Error in calculating Acoustic 
Impedance(AI) for the subsequent layer get integrated.
In the case of the Advance recursive  inversion which 
is also known as the Colored inversion, In this case 
there is a single operator which is applied to the 
seismic data and gives directly the inversion output. 
Mathematically ,it can be written as 

Inv = O * Seis
Where
Inv = Inverted volume (Impedance )
Seis = Seismic volume.
O is the operator.

Here we know the Seis i.e Input Seismic volume. 
Basically we have to design the  operator ‘O’. O is 
estimated in the frequency domain. The method of 
calculating the ‘O’ is that first we use the set of wells 
from the area, the amplitude spectra of the acoustic 
impedance for all the wells are plotted on Log-Log 
scales against seismic spectrum. Now we fit a straight 
line(regression Line) which represent the desired 
output of the impedance spectrum. Using the set of 
seismic traces  from around the wells ,the average 
seismic spectrum is calculated. From the two 
preceding spectra, the operator spectrum is calculated. 

This has the effect of shaping the seismic spectrum to 
the impedance spectrum within the seismic band,  
Putting together the derived amplitude spectrum with 



the -90 degree phase shift produces the colored 
inversion operator. This is applied to all seismic traces 
by convolution. It produces the output similar to the 
recursive inversion, the only difference is that in 
original implementation the scale is relative acoustic 
impedance with positive and negative values. In the 
initial implementation of the method produces relative 
impedance result, although we now have the option to 
add back the low frequency band. The colored 
inversion very little depend on the Initial model, 
except for determining the general impedance trend. It 
is fast to apply with few simple input parameters 
where input data is supposed to be zero phase. In the 
example a seismic line passing through two wells B 
and C is Inverted under band limited and Model based 
techniques at are shown in the Fig.2 . 

b) Blocky (or Model based) Inversion

This method models the subsurface as layers or blocks 
in terms of acoustic impedance and time. The starting 
model is defined by a few 3D main time horizons. 
Well log data are used to tie the main time horizons to 
seismic data and define the impedance bounds for 
earth model layers. The initial impedance model is 
built by the interpolation of the impedance logs among 
the wells in the area.  The impedance within each 
layer may vary laterally and vertically. The impedance 
bounds are set to keep the optimized model laterally 
smooth within given limits. The non uniqueness is 
taken care by restructuring the numbers of layers 
relative to the number of seismic samples. The starting 
model’s and subsequent perturbed model’s synthetic 
traces are compared  to the seismic traces  iteratively 
to the best match with seismic data (Fig.2). The 
inverted values of each sample is retained after 
completing given number of iterations, constituting 
complete inverted trace followed by complete inverted 
volume.

c) Sparse spike inversion 

This method gives an estimate of  the reflectivity 
series that would approximate the seismic data with 
minimum number of (Sparse) spikes. Non uniqueness 
is taken care by applying the sparse reflectivity 
criterion. The maximum likelihood deconvolution and 
L1 norms logarithms are commonly used. As the 
model based inversion method tend to remove the 
embedded wavelet from the data, the inversion result 
are broad band for higher frequencies, maximizing 
vertical resolution and minimizing  the tuning effects
(Fig.3).

d) Neural Network Inversion

Neural network establishes nonlinear relationship 
between log and seismic data. Most commonly used 
neural networks are multilayer feed forward neural 

network & probabilistic neural network. Neural 
network application is performed in three steps -
training of neural network, validation of trained neural 
network at known well points if they were not used 
during training, application of trained and validated 
neural network on  volume for acoustic impedance  
inversion. It gives  more accurate results than earlier 
methods (Fig.3).The Seismic inversions driven by 
above  mentioned techniques are compared in Fig.04.

e) Geostatistical Inversion 

It  combines geostatistical data analysis and modeling 
with seismic inversion.. Geostatistical analysis 
generates spatial statistics –vertical variograms are 
generated from well log measurements and horizontal 
variograms are estimated from the acoustic impedance 
values afforded by initial  impedance model 
(generated from seismic data, well logs control 
points).Geostatistical modeling simulates data at grid 
points. While carrying out the inversion, the 
simultaneous points are modified so as to consider 
both well and seismic data. Fig.5 shows the (a) input 
seismic volume an area  and (b) shows the output of 
the recursive inversion volume where the vertical 
resolution is noticed to be the same as that of the input 
volume, However, (c) The stochastic Inversion (also 
known as Geostatistical) volume is noticed to be 
having improved vertical resolution   in comparison 
with the input volume.

All the above mentioned inversions come in two 
categories. One in local optimization methods where 
more well controls are there. So, a better model  can 
be prepared  through iteratively matching the synthetic 
traces to the actual seismic traces sequentially in the 
volume, accordingly a final model close to the 
subsurface character can be prepared. Second is 
known as Global optimization methods where wells 
are sparse. Here, the  geostatistical techniques are used 
for better inversion results. 

PreStack Inversion 

The estimate of the elastic properties of the earth such 
as shear or S-wave data, could be obtained  from the 
prestack data. These properties are sensitive to rock
mechanic parameters and fluid. Presently the inversion 
and AVO has been combined to give the better 
estimate of the P wave velocity, S-wave velocity and 
Density. With these parameters, we can calculate the 
secondary parameters like porosity, sand content and 
fluid saturation of the  reservoir. The basic 
convolutional model assumes zero-offset data. 
Conventional inversion should not be applied to data 
with AVO effects, since changes in V /V are not 
explicitly accounted for the variation with offset. In 
order to extend seismic inversion to handle AVO data, 
the algorithms  mostly used are Elastic Impedance 
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inversion, Lambda-Mu-Rho (LMR) inversion and
Simultaneous inversion

a) Elastic Inversion The Elastic Impedance concept 
was originally developed by Connolly (The Leading 
Edge, 18, no. 4, 438-452 (1999)). He started with the 
Aki-Richards equation which relates reflection 
coefficient to incidence angle: 

Note that conventional inversion theory 
assumes that B=C=0, and so changes in 
V /V with angle are ignored.
Notice that, for the zero-offset case:

By analogy, Connolly defined a new 
type of impedance such that:

By mathematical derivation, he showed 
that:

One 2D line passing through one well has been 
inverted for acoustic impedance (Using poststack data) 
and for the Elastic impedance (using prestack data) ( 
Fig.6).The ouput results are validated with the 
Acoustic and Elastic impedance logs at the well 
location.It can further be noticed that the elastic 
impedance section is having improved resolution in 
comparison to the acoustic impedance section. As per 
the Connolly paper the overlay of the elastic 
impedance over acoustic impedance for a 
well(Fig.07),shows anomalous low values at 
hydrocarbon areas.

The work flow for this type of inversion starts from 
the prestack data, creates two angle stacks, and inverts 
each separately. 

                             Gathers
    

                       AVO Analysis

Near angle               Far angle 
Stack at                 Stack at 

Invert to EI at              Invert to EI at 

Thus, it produces two inversion results, one of far 
angle stack and another for near angle stack. These 
two are cross plotted and anomalous point, which 
could be due to the potential hydrocarbons, are 
marked.The final interpretation consists of populating
the anomalous points from the cross plot back to the 
original seismic volumes. 

The introduction of the elastic impedance concept in 
the late 1990’s [Connolly, 1999] was a significant 
improvement in the use of seismic AVO attributes and 
increased the accuracy of lithology, fluid and porosity 
prediction in oil exploration and reservoir 
characterization. 

b) Lambda-Mu-Rho (LMR) The Lambda-Mu-Rho 
or LMR method was originally proposed by Goodway 
et al (SEG Expanded Abstracts, 1997).  Like the 
Elastic Impedance method, this procedure extends 
conventional inversion to handle data with AVO 
effects. LMR uses the following relationships between 

PV , SV ,   and the Lamé parameters, Lambda ( ) 

and Mu( ):

22

22

22

2:

)2()(:

)(:

2

SP

PP

SS

SP

ZZso

VZand

VZtherefore

VandV
























Note that the final result is to express the quantities 
lamda-rho and mu-rho in terms of the acoustic 
impedance Zp and shear impedance Zs.
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The work flow for LMR involves calculating Rp and 
Rs seismic volumes from prestack data. Two 
inversions are performed to create Zp and Zs volumes.
These volumes are transformed and crossplotted using 
the equations from Goodway et al.  

     Gathers

                       AVO Analysis

Rp estimate                            Rs estimate

Inver to EI Zp              Invert to EI  to Zs

        Transform to lamda-rho and mu-rho

                         
                            Cross Plot

One line passing through the gas bearing well is 
inverted (Fig.8), where the gas sand is indicated by the 
ellipse. 

This mu-rho vs lambda-rho  crossplotted (Fig.9), the 
red zone indicates gas (low lambda-rho) and the blue 
zone indicates the shales and wet sandstones. These 
zones are displayed on the section below and indicate 
the gas sand zone. 

c) Simultaneous inversion In simultaneous inversion 
all the seismic data are simultaneously inverted for 
angle dependent quantities Fig.(10). Independent 
wavelets are estimated for each partial stack and 
vintage. Any variations in amplitude, frequency and 
phase between the different seismic volumes will be 
captured by the wavelets and there is no need for 
scaling, phase rotation or frequency balancing of the 
seismic data: the wavelets will do the balancing in the 
simultaneous inversion.
The simultaneous inversion is performed directly for 
the physical properties of interest. For surface seismic 
AVO it can be acoustic impedance (AI), Poisson’s 
ratio (PR) and density, or AI, shear impedance (SI) 
and density, or similar modes without the density 
term. The method can handle any number of vintages 

and any number of partial stacks for each vintage.
Figure 11 and 12 shows a comparison of inversion 
results for elastic inversion and simultaneous inversion 
showing the increased resolution and accuracy of the 
simultaneous inversion.

The benefit of this procedure is that it allows 
constraints to be imposed between these variables (i.e 
AI, SI and Density).  This can stabilize the results and 
reduce the non-uniqueness problem.
Mathematically, the theory behind it is, we use  Fatti’s 
version of the Aki-Richards’ equation.  Where 
reflection coefficient as a function of incidenence
angle is given by:

where:

Thus, we get the  different value of Rpp( for each 
angle stack inversion. We get it solved through 
matrices for Rp, Rs and p and ultimately we get P 
impedance (Zp), S impedance ( Zs) and Density (p). 

Conclusion 

A broad band reflectivity series can be obtained by 
removing the embedded wavelet from the seismic 
trace. However, the removal of the wavelet from the 
trace to arrive at a suitable reflective coefficient series,
is not unique ,i.e there are more than one solution. To
overcome this mathematical limitation, some
inversions methods adopt constraints for possible 
solution and get correct inversion volumes within the 
seismic band width which helps in reservoir 
characterization. Geostatistical inversion is a powerful 
quantitative reservoir characterization tool. It is 
uniquely capable of quantitatively integrating well, 
seismic and geologic data in the form of spatial 
distributions to produce high resolution 3D inversion 
output models consistent with all of the input data.
AVO Inversion incorporates partial offset or angle 
stacks and gives the results in  rock physics
parameters. Thus, Each  method incorporates a unique 
and powerful inversion formulation for optimum 
results under a variety of geological and 
petrophysical/rock physics conditions.
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Fig.02. (a) SSeeiissmmiicc RRCC lliinnee ffrroomm wweellllss EE aanndd CC,,((bb)) IImmppeeddaannccee ffrroomm bbaannddlliimmiitteedd
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REVERSE  MODELING

Fig.01. The picture  presentation of  Forward and Reverse Modeling Concept.



Fig.03.(a) SSeeiissmmiicc RRCC lliinnee ffrroomm wweellllss EE aanndd CC,,((bb)) IImmppeeddaannccee ffrroomm SSppaarrssee SSppiikkee IInnvveerrssiioonn sscchheemmee,,(( cc )) IImmppeeddaannccee
ffrroomm PPNNNN iinnvveerrssiioonn sscchheemmee
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Fig.05.(a)Input seismic data, (b) Recursive Inversion Result –Found  that vertical resolution is same as the input 
data.( c ) Stochastic Inversion result- found that the vertical resolution is significantly Improved from the input 
data.
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Fig.06. Comparison of (a) – Acoustiv Impedance Volume and (b) Elastic Impedance Volume



Fig.07. This figure, from Connolly’s paper shows an overlay of Elastic Impedance over Acoustic Impedance from a 
well.  The Elastic Impedance shows anomalously low values at hydro-carbon areas. 
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Fig.08.The top section shows the lambda-rho result, and the bottom section 
shows the mu-rho result.



Fig.09.This mu-rho vs lambda-rho crossplot is shown on the left, where the red zone indicates gas (low lambda-rho) 
and the blue zone indicates the shales and wet sandstones. These zones are displayed on the section below and 
indicate the gas sand zone. 
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Shear 
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Fig.10.Flow diagram for Simultaneous Inversion.

Fig11.Comparision of the elastic inversion (left) and simultaneous inversion (right).The Poisson ratio 
log from the well inserted into the Poisson’s ratio inversion result. To the right of the section, curves 
of the following are plotted,the Poisson ratio log (red curve), the inversion result (blue curve).   



Fig.12. 3D comparison of elastic inversion (a) and Simultaneous inversion (b).The right section is 
Seismic. Left section is the Poisson Ratio. Poisson ratio along the target  horizon is displayed. Dark blue 
colour indicates low Poisson ratio values. Note the better definition  of the areas with low Poisson ratio in 
simultaneous inversion result.

(a) Elastic Inversion

     (b) Simultaneous Inversion


