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DISCLAIMER 
 
 This report was prepared as an account of work sponsored by an agency of the 

United States Government.  Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, produce, or process disclosed, or 
represents that its use would not infringe privately owned rights.  Reference herein 
to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency 
thereof.  The views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency thereof. 
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Abstract 
 
Fracture orientation and spacing are important parameters in reservoir development. This 
project resulted in the development and testing of a new method for estimating fracture 
orientation and two new methods for estimating fracture spacing from seismic data. The 
methods developed were successfully applied to field data from fractured carbonate 
reservoirs.  Specific results include:  the development a new method for estimating 
fracture orientation from scattered energy in seismic data; the development of two new 
methods for estimating fracture spacing from scattered energy in seismic data; the 
successful testing of these methods on numerical model data and field data from two 
fractured carbonate reservoirs; and the validation of fracture orientation results with 
borehole data from the two fields.  
 
Researchers developed a new method for determining the reflection and scattering 
characteristics of seismic energy from subsurface fractured formations. The method is 
based upon observations made from 3D finite difference modeling of the reflected and 
scattered seismic energy over discrete systems of vertical fractures. Regularly spaced, 
discrete vertical fractures impart a ringing coda type signature to seismic energy that is 
transmitted through or reflected off of them. This signature varies in amplitude and 
coherence as a function of several parameters including: 1) the difference in angle 
between the orientation of the fractures and the acquisition direction, 2) the fracture 
spacing, 3) the wavelength of the illuminating seismic energy, and 4) the compliance, or 
stiffness, of the fractures. This coda energy is the most coherent when the acquisition 
direction is parallel to the strike of the fractures.  It has the largest amplitude when the 
seismic wavelengths are tuned to the fracture spacing, and when the fractures have low 
stiffness.  The method uses surface seismic reflection traces to derive a transfer function 
that quantifies the change in the apparent source wavelet before and after propagating 
through a fractured interval. When a 3D seismic survey is acquired with a full range of 
azimuths, the variation in the derived transfer functions allows identification of 
subsurface areas with high fracturing and determines the strike of those fractures.  The 
method was calibrated with model data and then applied it to data from two fractured 
carbonate reservoirs giving results that agree with well data and fracture orientations 
derived from other measurements.   
 
In addition, two approaches for estimating fracture spacing from scattered seismic energy 
were developed. The first method relates notches in the amplitude spectra of the scattered 
wavefield to the dominant fracture spacing that caused the scattering. The second uses 
conventional frequency-wavenumber (FK) filtering to isolate the backscattered signals 
and then recovers an estimate of the fracture spacing from the dominant wavelength of 
those signals. The methods were applied to Emilio Field data, resulting in the fracture 
spacing estimates of about 30-40 meters in both cases.  
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Executive Summary 
 
The major result of this project has been the development, testing, and application 

of a processing and analysis method for extracting fracture information from scattered 
wavefield signals in seismic data.  The method, referred to as the Scattering Index 

Method, has several important characteristics.  First, the method is robust and 

computationally inexpensive.  Second, the method uses a normalization or differential 
approach that compares the scattering signal above and below an interval of interest in 

the data.  Such an approach is expected to remove any overburden or acquisition footprint 
from the resulting estimates.  Finally, the method has been tested on an extensive suite of 

synthetic model results as well as several different field data sets with encouraging 

results.  Fracture orientation and fracture density estimates from the Emilio Field (an 
offshore fractured carbonate reservoir in the Adriatic Sea) agree with FMI logs and 

borehole breakout data in several wells in the field.  The results from analysis of data 

over an onshore fractured carbonate field in the Middle East were also in agreement with 
FMI logs from several wells.   

Two approaches have been developed to estimate fracture spacing (that is, 
average spacing between fracture corridors) from spectral analysis of pre-stack seismic 

data containing scattered wave signals.  One method interprets the notches in the 

amplitude spectra, the other uses FK analysis to isolate backscattered energy and estimate 
fracture spacing from the wavenumber values of the peak energy.  Both methods were 

applied to the Emilio Field data resulting in spacing estimates of 30-40 m. 
 In support of these major developments we also investigated ways of using 

borehole acoustic logs to estimate in-situ stress values, since this stress field will impact 

fracture apertures and flow estimates.  Finally, we also investigated possible approaches 
for converting seismically derived fracture orientation and spacing information into 

permeability values for use in reservoir simulators. 
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II.  Introduction 
The purpose of this project is to develop and implement large-scale numerical 

models to quantify the effects of fracture parameter variations on seismic reflection 

signals and in-situ stress variations on flexural modes in boreholes.  These models will be 
used as the basis of data analysis and inversion routines for estimating the heterogeneous 

fracture distribution in fractured reservoirs from seismic and borehole field data.  

Fracture property distributions estimated from seismic data can be used to estimate the 
permeability tensor in the reservoir for input to reservoir simulators.  

The objective of the project is schematically displayed in Figure 1.  3-D seismic 
data, because of its wide spatial coverage, provides us with an image of the reservoir with 

resolution in the range of tens of meters.  These data are processed to enhance coherent 

reflections that allow us to map reservoir structure and fault patterns.  If we can develop 
methods to extract information about the distribution and orientation of fractures that are 

present, the information will be very beneficial to future drilling decisions and production 

plans.  Furthermore, if this seismically derived fracture model (panel ‘B” of Figure 1) can 
be converted into flow properties (by knowledge of fracture spacing, aperture, and 

connectivity network), then the flow properties of the reservoir can be estimated (panel 
‘C’ of Figure 1).  These data can then be used in reservoir simulators to predict reservoir 

behavior (with comparisons to production history for validation).  

The results of this project can be summarized schematically in Figure 2.  These 
plots are the results of our analysis methods on field data from the Emilio Field, an 

offshore fractured carbonate reservoir.  The left panel shows the fault locations as derived 
from standard interpretation of the 3-D seismic data.  The far right panel shows the 

distribution and orientation of fractures in the reservoir as derived from our scattering 

index methods developed under this contract.  This panel is equivalent to panel ‘B’ in 
Figure 1.  The orientations of the fractures determined by this method have been 

validated against borehole data (FMI logs and borehole breakouts) and other seismic 
analysis methods (amplitude versus offset and azimuth (AVOA), and shear wave 

birefringence analysis).  The center panel of Figure 2 shows the fracture spacing 

estimates derived from our FK analysis and Spectral Notch methods that were developed 
under this contract.  This panel provides information that is similar to panel ‘C’ in Figure 
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1.  Fracture spacing will be related to permeability values; however, permeability values 

will also be a function of fracture apertures and connectivity.    
We explored several approaches for converting seismically derived fracture 

information into permeability estimates.  The first was to use a statistical approach 
derived from the work of Oda (1985) and adapted by Brown and Bruhn (1998).  In this 

approach the distribution of fracture orientations, obtained from the seismic data together 

with estimates of the fracture length and aperture, are used to derive an equivalent 
permeability tensor.  The fracture network can also be subject to an imposed in-situ stress 

field (from borehole acoustic logs, for example, as summarized in a later section) that 
will alter the permeability tensor through closing of fractures in certain orientations.  

Figure 3 shows an example of the estimated permeability tensors for the Emilio Field 

based on an assumed aperture value (from core data) and fracture length.  A second 
approach that was investigated was to model Stoke’s flow numerically in a fracture 

network and from those models estimate an equivalent permeability value.  This 

approach provided physical insight into the nature of flow in fracture networks, but 
proved somewhat untenable in looking at complex 3-D fracture networks.  Each of these 

approaches will be summarized briefly in later sections of the report. 
Although we were not able to complete the full cycle as shown in Figure 1, we 

have completed many of the critical steps.  A full history matching of the reservoir 

performance using our estimated fracture properties was not completed, however a 
qualitative comparison is possible by comparing relative production variations from 

different wells with our results.  The well locations shown in Figure 2 can be compared to 
the variations in fracture density.  For example, the well shown by a ‘blue’ dot is by far 

the most productive well in the field and it is situated in an area of more intense 

fracturing as shown by our analyses. 
The following sections of the report contain summaries of the results of our 

studies.  The appendices contain some newly published papers and conference abstracts.  
A list of all publications is also provided. 
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Figure 1.  Schematic display of the project objectives.  Surface 3-D seismic data is used to estimate the 
spatial distribution of fracture parameters (e.g., fracture density, spacing, orientation).  A model is used to 
convert such fracture parameters into permeability values, which are input to reservoir simulators for 
history matching.   

 
Figure 2.  Scattered wavefield analysis of 3-D seismic data volume in a fractured carbonate reservoir 
(Emilio field). The left panel shows the seismic faults and well locations. The right panel shows the spatial 
distribution of fracture density and orientation (the direction of each line segment gives the orientation 
estimate). The center panel shows the estimated spacing of fracture corridors, with the spacing values given 
by the color bar on the far right.  
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Figure 3. Left panel:  angular histograms plots of the fracture distributions estimated from the Emilio Field 
data. The top of each plot represents fractures aligned north.  Right panel:  estimated permeability tensor 
computed from the Oda model as adapted by Brown (personal communication).  Fracture apertures and 
lengths were assumed to be 70 microns and 7 meters respectively.    The aperture value was based on mean 
fracture apertures measured in cores from the field site. 
 
 
III.  Technical Results and Discussion – Summaries  

A system of aligned fractures effects propagating seismic waves in several ways.  

If the fractures and fracture spacing are small relative to the seismic wavelength, then the 

fractures cause the reservoir rock to behave like an equivalent anisotropic medium with a 
symmetry axis normal to the strike of the ‘open’ fractures.  The resulting seismic 

anisotropy will therefore be related to the fluid flow directions in the reservoir.  We can 
develop analysis methods to estimate the orientation of these open fractures as well as the 

fracture density from seismic measurements.  In particular, seismic reflections from the 

top and bottom of a fractured reservoir will display different amplitude variations with 
offset (AVO) as a function of the orientation of the seismic source-to-receiver direction 

relative to the orientation of the fractures.  Such measurements are referred to as 

amplitude variations with offset and azimuth (AVOA).  This is this most popular and 
well-developed method of fracture analysis from seismic data (e.g., Lynn et al., 1996; 

Mallick et al., 1998; Ruger, 1998).  As part of our project we developed an inversion 
method for estimating fracture orientation and density from measured AVOA from 

reservoir reflectors that builds off of these previous efforts (Minsley et al., 2004).  This 
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method was tested on field seismic data from the Emilio Field to provide a baseline on 

fracture orientation in the field, and as a comparison and validation with previously 
published work in the field (Vetri et al., 2002; Gaiser et al., 2002). 

If, however, the fractures and fracture spacing are closer in size to the seismic 
wavelength, then the fractures will scatter the seismic energy causing a more complex 

seismic signature.  When we think about these larger scale features we are focusing on 

the major fracture corridors within a reservoir.  Such features will represent the corridors 
controlling the majority of flow within the reservoir and therefore are critical to reservoir 

performance.  The scattered wave energy results in a seismic signature that varies as a 
function of the orientation of the seismic acquisition relative to the fracture orientation.  

This scattered seismic energy also provides information about the fracture orientation and 

fracture spacing or density.  The major result of this project has been the development, 
testing, and application of a processing and analysis method for extracting fracture 

information from these scattered wavefield signals in seismic data.  The method, referred 

to as the Scattering Index Method, has several important characteristics.  First, the 
method is robust and computationally inexpensive.  Second, the method uses a 

normalization or differential approach that compares the scattering signal above and 
below an interval of interest in the data.  Such an approach is expected to remove any 

overburden or acquisition footprint from the resulting estimates (which is a serious 

concern with AVOA results).  Finally, the method has been tested on an extensive suite 
of synthetic model results as well as several different field data sets with encouraging 

results.  In addition two approaches have been developed to estimate fracture spacing 
(that is, average spacing between fracture corridors) from spectral analysis of the pre-

stack seismic data. 

 In support of these major developments we also investigated ways of using 
borehole acoustic logs to estimate in-situ stress values, since this stress field will impact 

fracture apertures and flow estimates.  Finally, we also investigated possible approaches 
for converting seismically derived fracture orientation and spacing information into 

permeability values for use in reservoir simulators. 

 In the following sections we summarize our major results.  First, the numerical 
modeling methods that were developed and tested will be treated, followed by the 
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Scattering Index Method and spectral analysis method developments.  A section 

summarizing the field data results will follow.  Finally a brief summary of our results in 
borehole acoustics and permeability estimation will be covered.  

 
III.A Numerical modeling  

Large-scale numerical modeling codes have been one of main tools in developing 

and testing our fracture characterization methods.  Because these codes have formed such 
an important part of our research, significant effort was put into the development, testing, 

and implementation of these codes.  During the course of the project three different codes 
were used.  First, the 3-D finite difference elastic wave propagation code developed at the 

Lawrence Berkeley Lab (Nihei et al., 2002) was used.  Second, a similar code, developed 

at MIT, was used.  This code was also adapted to include the effects of intrinsic 
attenuation.  Both of these codes include anisotropy and were run on computer clusters.   

Finally, we have adapted our 3-D elastic, anisotropic finite difference code in two 

additionally ways.  First, we implemented the rotated staggered grid (RSG) method 
developed by Saenger (2004).  The RSG method can more accurately represent large 

contrasts of elastic moduli between the fractures and surrounding formation.  Second, we 
applied the perfectly matched layer (PML) absorbing boundary condition to minimize 

boundary reflections (Marcinkovich and Olsen, 2003).   Like the previous codes, the 

results generated by this code were compared to other numerical results as well as 
analytic and integral method modeling codes for validation.  The RSG code was also 

tested with a single fracture model to illustrate its improved handling of complex, high-
contrast interfaces. Standard-staggered-grid (SSG) finite difference schemes, even with 

4th order accuracy in space and 2nd order accuracy in time, may generate artificial 

numerical noise or become unstable when very high contrast interfaces are present (Nihei 
et al., 2004). This is because the SSG needs to average the shear moduli of cells around 

the high contrast interface at each time step. To address this issue we use the rotated-
staggered-grid method (RSG), which is 2nd order accurate both in space and time.  To 

illustrate, Figure 4 compares the snapshots of seismic wave propagation calculated by 

each of these two schemes for the same model: a single large fracture filled with gas 



MIT  DOE DE-FC26-02NT15346 

  12 

embedded in a homogeneous and isotropic medium. Numerical noise is present when the 

SSG scheme is used, but not with the RSG scheme.   
 
 

         
 
Figure 4.  Wavefront snapshots of seismic wave propagation calculated by the standard staggered grid 
(SSG) scheme (left) and rotated staggered grid scheme (right) for the same model: a single large fracture 
filled with gas embedded in a homogeneous and isotropic medium. Numerical noise is present along the 
fracture when the SSG scheme is used, but not with the RSG scheme. 

 

 
When using either the SSG or RSG modeling methods, we used the Coates-

Schoenberg scheme (Coates and Schoenberg, 1995).  to represent the presence of 

fractures within a given finite difference cell.  In this scheme, a finite difference cell 
containing a fracture is replaced with an equivalent anisotropic material whose properties 

are dependent on the fracture orientation and properties.  With this approach we 
developed a range of simple models where a fractured reservoir is represented as a 

homogeneous background medium containing parallel vertical fracture zones separated 

by different amounts of spacing.  Each fracture zone would be one grid cell wide (5 m 
grid size in most of our models), and each such grid cell would use the Coates-

Schoenberg formulation for its properties.  These grid cells should be thought of as a 
fracture zone, or corridor, containing thin fractures.  The key defining parameter for these 

grid-cell fracture zones is the compliance of the cell, which we refer to as fracture 
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compliance.  The amount of seismic scattering will be directly related to the fracture 

compliance values used. 
 Although most of our models were based on a single set of parallel 

vertical fractures (see the next section for more details on the model geometries), we also 
investigated the effect of multiple fracture sets on seismic scattering (Chi and Campman, 

2005; Chi et al., 2006). The Coates-Schoenberg formulation is quite general as it allows 

for modeling multiple intersecting sets of fractures with arbitrary orientations. However, 
in order to fully benefit from this flexibility, the finite-difference code must allow for 

fairly arbitrary anisotropy (at least monoclinic). Chi and Campman (2005) developed a 
scheme for adapting the finite difference codes to handle such situations, and Chi et al. 

(2006) added this feature to the code and modeled a number of multiple fracture set 

situations, which will be shown in the next section.  A more detailed paper describing 
these results in included in the Appendix. 
 
 
III.B  Seismic scattering from fractures: model basis/synthetics 

Our canonical fractured reservoir model consists of a simple reservoir geometry 

consisting of five horizontal layers.  All the layers except for the third layer are 

homogeneous and isotropic elastic media.  The third layer is 200-m thick and contains 
parallel, vertical fractures that are as tall as the layer, one grid cell thick (5m), and run the 

entire width of the model (Figure 5). Table 1 lists the properties of each layer. We generated 
a series of models with the following fracture spacings: no fractures, 10m, 25m, 35m, 50m, 

and 100m.  More complex models were also considered: one with two sets of fractures with 

different spacing and orientation and the other with a Gaussian distribution of spacing.  All 
models use a 40Hz Ricker wavelet as the seismic source. 
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Table 1. Parameters for model 
 

Layer Thickness (m) Vp (m/s) Vs (m/s) Density (g/cc) 

1 200 3000 1765 2.2 

2 200 3500 2060 2.25 

3 200 4000 2353 2.3 

4 200 3500 2060 2.25 

5 200 4000 2353 2.3 

 

 
Figure 5. Model geometry. 

 
 Figure 6 shows the geometry and results for a model with a single set of vertical 

fractures with 50m spacing.  The seismic shot gather oriented normal to the fractures shows 

complex forward and back-scattering below the reservoir level, while the shot gather 
parallel to the fractures shows a more organized semi-parallel set of arrivals consisting of 

forward scattering and multiplied scattered waves that are guided along the fracture strike.  
It is this difference in scattering as a function of orientation that will be exploited by the 

Scattering Index Method. 
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Figure 6. Vertical component of the 3D Finite difference modeling for 50m fracture spacing from Willis et 
al. (2004a, b):  a) shows the shot record acquired normal to the fractures, b) shows the shot record acquired 
parallel to the fracture direction. 
 

 

The Scattering Index Method is based on the observation that if we perform 
normal moveout corrections and stack the data shown in Figure 6, the scattered energy 

will ‘stack out’ (that is, be canceled due to the different phases present) normal to the 
fractures, but will ‘stack in’ (that is, be reinforced due to the similar phases present) 

parallel to the fractures.  This is shown more clearly in Figure 7 that shows the same shot 

records for the 50m fracture spacing case together with a velocity analysis to the right of 
each record.  The velocity analysis shows the stacked energy (color contours) as a 

function of different stacking velocities.  Normal to the fracture direction there is no 
coherent stackable energy in or below the reservoir level (300 ms), while for the parallel 

case, there are many coherent events that can be seen primarily below the base reservoir.   
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Figure 7. Left two plots show the seismic shot records for the model with 50m fracture spacing.  The top 
left plot show the shot record normal to fractures, left bottom plot shows the shot record parallel to the 
fractures.  The right two plots show the velocity spectra for the corresponding shot records on the left. 

 

Because in field data observing these scattered wavetrains will be difficult due to 
the nearly continuous nature of the subsurface reflectivity, we need a way to identify and 

characterize these differences in scattered energy.  In addition, if there are fractured zones 

or other scatterers in the overburden, those scattered waves will contaminate, or overprint, 
the scattered energy from our zone of interest in the reservoir.  So our analysis approach 

starts with the concepts from existing methods of seismic wavelet estimation to obtain two 
apparent (or temporally local) source wavelets from the reflection time series – one from 

above the fractured zone (the “input” wavelet) and one below it (the “output” wavelet). 

These wavelets are represented by their autocorrelations obtained from windowed portions 
of the reflection time series above and below the fractured zone of interest.  We then 

compute the time domain transfer function between the autocorrelations of the two 
extracted wavelets. The transfer function is computed by deconvolving the autocorrelation 

of the input wavelet from the autocorrelation of the output wavelet.  This transfer function 

characterizes the effect of scattering in the interval of interest, between the two windowed 
portions of the trace (see previous report).  A simple pulse shaped transfer function 



MIT  DOE DE-FC26-02NT15346 

  17 

indicates no scattering, while a long ringing transfer function captures the scattering within 

the reservoir interval.  It is important to note that any contamination from scattering above 
the interval will be present in both the input and output extracted wavelets and thus will be 

excluded from the transfer function.  If the method is applied to data stacked in different 
azimuthal directions, the interval transfer function should exhibit greater ringing in the 

direction parallel to fracturing. The left panel of Figure 8 shows the results of applying 

NMO and stacking the model traces in different azimuthal directions. The trace labeled 
“normal” corresponds to the stack of the traces in the top left plot of Figure 7. The trace 

labeled “parallel” corresponds to the stack of traces in the bottom left plot of Figure 7.  In 
between these two traces are those stacked traces corresponding to 10 degree increments 

between normal and parallel directions to the fractures. (For comparison, the bottom trace 

labeled “control” is the trace from the model with no fractures.)  The right panel of Figure 
8 shows the transfer functions derived for the stacked traces in the left panel of the same 

figure.  We can see that the transfer functions are all compact and similar to the non-

fractured case (labeled “control”) for orientations that are not parallel to the fractures.  
However, for azimuthal stacks oriented parallel to the fractures, the transfer function 

contains significant energy at non-zero lag values. 
 

 

 

Figure 8.  Left Panel:  a plot showing the azimuthal stacks of traces from the 50m fracture spacing model.  
The traces represent azimuth stacks starting in the direction parallel to fracturing (top), and then increasing 
in 10 degree increments until normal to the fractures.  The bottom trace shows the stack for the model 
without a fractured layer.  Right panel:  a plot showing the transfer functions corresponding to the 
azimuthal stacks in the left panel. 
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Scattering Index 

In order to quantify the amount of transfer function ringiness or non-compactness, 

we created a Scattering Index, SI, defined by: 

!
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where i is the time lag, ti is the transfer function (time domain) amplitude at lag i, n is an 

exponent, typically equal to unity, and m is a lag at which there is no more significant 
energy in the transfer function. (It is also possible to normalize the scattering index based 

upon its energy and interval time sample or other such criteria.)  The more the transfer 
function rings, the larger the value of the Scattering Index.  If the transfer function is a 

simple spike (i.e. representing no scattering) then the Scattering Index attains a value of 

zero.  
 

 

 
Figure 9.  Polar plot of the azimuthal variation of Scattering Indices derived from the transfer functions of 
the 25, 35, 50 and 100m fracture spacing models.  The Scattering Index is largest in the direction parallel to 
the fracture orientation.  The largest scattering index is for the 35m fracture spacing, while the smallest 
shown is for the 25m spacing. (Quadrants 2 through 4 were created from the measurements in quadrant 1.) 

 

Figure 9 shows the scattering index values for models run with 25, 35, 50 and 
100m fracture spacings.  These results show that there is a clear maximum of the 

scattering index in the parallel direction.  It is also clear that in the non-parallel directions 
the scattering index is not zero but fluctuates about a smaller, but fairly consistent, value.  
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For this set of models, the 35m spacing produces the largest value due to a tuning effect 

from the particular values of P and S wave velocity and source wavelet frequency. 
 

Non-regular spacing and multiple fracture sets 

One of the first questions to be answered is whether this methodology is 
applicable for fracture systems that are not perfectly regular or have multiple sets of 

fractures.  We generated two models to address these questions.  Figure 10 shows the 

azimuthal stacks for the case of uniform 35m fracture spacing and the corresponding 
transfer functions.  Figure 11 shows the same plots for a model with the spacing of the 

fractures having a Gaussian distribution with a mean of 35m and standard deviation of 
10m.  In both cases the strong ringing of the stack and the transfer function are still 

present in the direction parallel to the fractures. 

 
Figure 10. Left panel:  azimuthal stacks for a model with uniform 35m spacing of fractures.  Right panel: 
the transfer functions corresponding to the same stacks. 

  
 

Figure 11. Left panel:  azimuthal stacks for a model with a Gaussian distribution of fracture spacings with a 
mean of 35m and a standard deviation of 10m.  Right panel: the transfer functions corresponding to the 
same stacks. 
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Multiple fracture sets    

We recently (Chi et al., 2006, Appendix) developed and implemented a method for 
including the effects of multiple fracture sets in the RSG 3-D finite difference models.  

Figure 12 shows examples of the geometry of a model with orthogonal and non-orthogonal 
fracture sets in a three layered reservoir model. In addition to investigating these two 

geometries, models were also generated for cases where the spacing and compliance of the 

intersecting fracture sets was different.  For the orthogonal sets of fractures Figure 13 shows 
the shot gathers at 0, 45, and 90 degrees, and Figure 14 shows a snapshot of the wavefield as 

it interacts with the fractured layer. Analysis of these model results show that wavefield 
scattering is still present and the azimuthal variations in scattering are still interpretable.  For 

example, with orthogonal intersecting fracture sets the scattering index will have two 

maxima, one in the direction parallel to one set, and one parallel to the other with a 
minimum at 45 degrees.  When the two compliances are different, the scattering index is 

proportional to the compliance values.  For non-orthogonal fracture sets, the interpretation is 

more complicated, although the fracture orientations can still be picked up in the scattering 
indices.  Figure 15 and 16 show the azimuthal stacks and scattering index plots for each of 

these situations.  Chi et al. (2006) and Zhang et al. (2006) (Appendix) provide more details 
about these modeling results. 

 

   
Figure 12. Geometry of the fractured reservoir model with orthogonal fracture sets (left panel) and non-
orthogonal fracture sets (right panel)   
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Figure 13. Shot gathers generated by the 3-D RSG model for the case of a fractured reservoir containing 
two sets of orthogonal fractures with the same spacing and compliance at 0 degrees (parallel to one set of 
fractures, left panel), 45 degrees (center panel), and 90 degrees (parallel to the second set of fractures, right 
panel). 
 
 

 
 

 
Figure 14. Wavefield snapshot of numerical model data for orthogonal fracture sets. Map view (left panel) 
and cross section at 0 degrees (right panel). 
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Figure 15. Azimuthal stacks for different multifracture models: a) no fractures, b) single fracture set 35m 
spacing, c) orthogonal fracture sets at 35m spacing, d) orthogonal fracture sets at 35m spacing, fractures at 
0 degrees have 4x the compliance of the 90 degree fractures, e) orthogonal fracture sets with same 
compliance, fractures at 0 degrees spaced at 35m, fractures at 90 degrees spaced at 50m, f) non-orthogonal 
fracture sets (45 degree orientation), 35m spacing. 
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Figure 16. Scattering index plots for the same multifracture models as shown in Figure 15: a) no fractures, 
b) single fracture set 35m spacing, c) orthogonal fracture sets at 35m spacing, d) orthogonal fracture sets at 
35m spacing, fractures at 0 degrees have 4x the compliance of the 90 degree fractures, e) orthogonal 
fracture sets with same compliance, fractures at 0 degrees spaced at 35m, fractures at 90 degrees spaced at 
50m, f) non-orthogonal fracture sets (45 degree orientation), 35m spacing. 
 

 

Fracture Spacing estimation 

Fracture spacing is an important parameter in reservoir development. We have 
developed two approaches for estimating fracture spacing from scattered seismic energy.  

The first relates notches in the amplitude spectra of the scattered wavefield to the 
dominant fracture spacing that caused the scattering (Willis et al., 2005a).  The second 

uses conventional FK filtering to isolate the backscattered signals and then recovers an 

estimate of the fracture spacing from the dominant wavelength of those signals (Grandi et 
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al., 2005; Zhang et al., 2006).   The first method is based on the observation that discrete, 

vertically aligned fracture systems impart one or more notches in the spectral ratios of 
stacked reflected seismic traces.  This apparent attenuation is due to the azimuth 

dependant scattering introduced by the fractures.  The most prominent notch is located at 
the frequency where the P wavelength is about twice the fracture spacing.  The frequency 

location of the notches can be used to determine the fracture spacings.  Azimuth stacks 

with an orientation parallel to the fractures tend not show these spectral notches – 
allowing for another way to detect the fracture orientation.  

In the second method we analyze the seismic data in the frequency-wavenumber 
(FK) domain.  In our studies on the scattering effects of discrete fractures on synthetic 

seismic data we have observed the presence of both forward and backscattered signals.  

In particular, the backscattered signals (the energy that is propagating back towards the 
source) appear to be a maximum when the acquisition direction is normal to the fractures 

and a minimum when the direction is parallel to the fractures.  In the FK domain we can 

separate the backscattered energy and determine the fracture spacing from its dominant 
wavenumber (i.e., wavelength). FK analysis for fracture spacing estimation was 

successfully applied to numerical model results, with particular focus on PS converted 
waves. Because S wave arrivals have shorter wavelengths than P waves, these PS arrivals 

have higher resolution and therefore can provide estimates of finer scale fracture spacing. 

 
Spectral Notch Method 

This process follows directly from the transfer function calculation used for the 

Scattering Index Method for each azimuth stack trace: (1) identify a target depth range 
(the fractured layer) to investigate; (2) extract a window of data containing reflections 

which are above this fractured layer (denoted as the ‘input’); (3) extract a window of data 
below the fractured layer (denoted as the ‘output’) containing reflections which includes 

the scattered energy; (4) take the autocorrelation of the extracted windows; (5) window 

the auto-correlations to focus on the source wavelet near zero lag; and (6) compute the 
spectra ratio of the lower and upper windowed autocorrelations from the amplitude 

spectrum of the time domain transfer function (see Willis et al, 2004a, b; 2005).  
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The mean of the corresponding amplitude spectra of the 50m fracture spacing 

model for azimuths within 40 degrees of normal to fracture strike is shown in Figure 17.  
On this display a deep notch in the spectrum at about 35 Hz can be seen. Since there is no 

attenuation in the model we would expect to see a nearly flat spectral ratio over the 
bandwidth of about 10 to 80 Hz.  This is not the case. At this particular frequency energy 

in the propagating signal happens to cancel out due to the time delay of a P wave 

traveling between two fractures and creating a null.  The notch at about twice the fracture 
spacing is characteristic of all the models studied. 

 
Figure 17. The mean of the spectral ratios for the 50m fracture case for azimuth stacks with orientations 
within 40 degrees of normal to the fracture strike. The vertical axis is in dB. 
 
The notch effect is reduced for azimuths close to the fracture strike direction. This is due 

to the fractures acting like mechanical polarizers, channeling energy away from the 

normal direction, towards the parallel direction.  Hence, in the parallel direction, there is 
in fact an amplification, or a peak in the spectral ratios.  Thus, this azimuth sensitive 

behavior of the spectral ratios also provides fracture orientation.  Lynn (2004b) noted 
holes in the spectra of shear components and attributed them to interference of 

backscattered energy. 

 

FK Method 

We derived a methodology to determine orientation and average spacing of 

discrete fractures based on the analysis of seismic scattered energy (or coda) in the 

frequency-wavenumber (FK) domain.  In the FK domain it is relatively easy to identify 
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(and therefore separate) events with different apparent velocities in the seismic data.  In 

our studies on the scattering effects of discrete fractures on synthetic seismic data we 

have observed the presence of both forward and backscattered signals.  In particular, the 

backscattered signals (the energy that is propagating back towards the source) appear to 

be a maximum when the acquisition direction is normal to the fractures and a minimum 

when the direction is parallel to the fractures.  Since these signals are generated at the 

fractures, they also contain information related to the spacing of the fractures.   

To test this method model data was generated numerically for a variety of fracture 

spacings.  The modeled data are collected according to source-receiver azimuth and 

subsequently transformed into the FK domain via a 2-D Fourier transform.  

Backscattered energy falls into the negative wavenumber quadrant of the FK plane (right 

panels of Figure 18).  Two observations are made of the FK characteristics of azimuthal 

gathers at the fractured level: (1) the energy in the negative wavenumber quadrant is a 

maximum for source-receiver azimuth normal to fractures and is a minimum along the 

fracture strike direction; and (2) the distribution of energy in this quadrant varies 

according to fracture spacing such that backscattered signal from shorter fracture 

spacings contains higher frequencies-wavenumbers (Figure 19). 

 
Figure 18.  Synthetic shot gathers normal (top left panel) and parallel (bottom left panel) to the fractures 
with the corresponding FK plot on the right (frequency is on the vertical axis, and wavenumber is on the 
horizontal axis).  Backscattered energy can be seen in the top right panel (normal to fractures) in the 
negative wavenumber quadrant.  None is visible for data parallel to the fractures. 
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Figure 19.  Plot of the Energy maximum in the f-k spectrum as a function of fracture spacing.  In all cases, 
fracture spacing is approximately half of the inverse of the dominant wavenumber: (1/2)(1/0.0047m−1) 
=106.4m;  (1/2)(1/0.0094m−1) =53.2m; (1/2)(1/0.0134m−1) =37.3m; (1/2)(1/0.0.0191m−1) =26.2m. 
 

P and S wave scattered energy can both be analyzed for fracture spacing 

information. Figure 20 shows an example of the process applied to the numerical model 

data for a case with fracture spacing of 30m.  In this case a window is chosen to analyze 

the PP scattered energy in the reservoir interval.  The resulting spacing estimate is 31.8m.  

Another option is to analyze the PS energy that arrives later in the section.  In Figure 

21we extract data from two different time windows and look at the divergence (that is, PP 

energy) and curl (PS energy) of the wavefield.  We can see that PS energy is present at 

later times.  Because S wave arrivals have shorter wavelengths (due to lower propagation 

velocity) than P waves, these PS arrivals have the added benefit of higher resolution and 

therefore the ability to provide estimates of finer scale fracture spacing.  Figure 22 shows 

the results of using the PS energy to estimate fracture spacing in such a case (20m 

fracture spacing). Local wavefield decomposition (LWD) is used to extract the coherent 

backscattered energy from the data windows (Zhang et al., 2006, Appendix).  
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Figure 20. Determination of fracture spacing in f-k domain for model with 30 m spacing. (a) Seismogram 
of vertical component at near offset for direction perpendicular to fracture strike. Red window contains PP 
scattered energy between PP reflected at top and bottom interfaces of fractured reservoir; (b) Seismogram 
of energy in red window after being zoomed in (6 times scale as in (a)). (c) Normalized energy distribution 
in dip value p after applying LWD method on seismogram in (b);   (d) Reconstructed seismic data by using 
profile with energy above 80% in (c), which is indicated by the red line; (e) Result of f-k transformation of 
reconstructed data in (d). The value of (k, f) of maximum energy is (-0.0157 1/m, 78 Hz). The estimated 
spacing is about 31.8 m. 

 
 
Figure 21. Divergence and curl energy in two successive time windows for model with 20 m fracture spacing. 
(a) Seismogram of vertical component at near offset in the direction perpendicular to fracture strike. Windows 
indicated in red and blue are chosen whose divergence and curl energy are compared; (b) Divergence energy 
contained in the red window; (c) Curl energy contained in the red window at the same scale as in (b); (d) 
Divergence energy contained in the blue window; (e) Curl energy contained in the blue window at the same 
scale as in (d). 
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Figure 22.  Determination of fracture spacing from the f-k domain for the model with 20 m fracture spacing. 
(a) Seismogram of vertical component at near offset in the direction perpendicular to fracture strike. Blue 
window contains PS scattered energy between the PS reflected at top and bottom interfaces of the fractured 
reservoir; (b) Seismogram of energy in the blue window after being zoomed in (3 times scale as in (a)). (c) 
Normalized energy distribution in dip value p after applying LWD method on seismogram in (b);   (d) 
Reconstructed seismic data by using profile with energy above 80% in (c), which is indicated by the red line; 
(e) Result of f-k transformation of reconstructed data in (d). The value of (k, f) of maximum energy is (-0.0252 
1/m, 84.7 Hz). The estimated fracture spacing is about 19.8m. 
 

 

 
III.C  Fracture properties from field data analysis  

During the course of this project we had access to two field data sets acquired 
over fractured carbonate reservoirs for testing our analysis methods—the offshore Emilio 

Field data (provided by ENI-AGIP), and an onshore reservoir from the Middle East 

(provided by Shell).   The Emilio data was our primary testbed for our methods, with the 
Middle East data used as a secondary test. 

The Emilio Field is a fractured carbonate reservoir located in the Adriatic Sea in 
about 80m of water.  The field is an area of complex folding and faulting at a depth of 

approximately 2800m.  A high quality 3D/4C seismic survey was acquired using ocean 

bottom cables (OBC).  Scattered wave analyses of these data have been presented in 
previous reports and papers (e.g., Willis et al., 2004a, b, 2005, 2006; Rao et al., 2005; 
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Grandi et al., 2005; Zhang et al., 2006), while other analyses have been reported 

elsewhere in the literature (e.g., Vetri et al., 2002; Gaiser et al., 2002).  
 
Orientation estimation results 

  Our scattering analysis for fracture orientation estimation was applied to the 

Emilio data using stacks of the near to mid range (< 3500 m) offsets of the preprocessed 

PP data (Vetri et al, 2003) in eighteen different azimuth orientations from East to West 
using 20 degree wide overlapping ranges, in 10 degree steps (note that these angle ranges 

include the corresponding ranges 180 degrees away).  This process created eighteen 3D 
stacked volumes.  The transfer functions and scattering indices for the formation zone 

were computed for each of these stacked volumes (e.g., Willis et al., 2004a, b, Willis et 

al., 2006).  The scattering indices were sorted and directions for those with the highest 
angular contrast in values were plotted as ‘quivers’ (i.e., short line segments) giving a 

map view of the location and direction of possible fractures determined by this method. 

We then performed a map migration of all the scattering indices to correctly position 
them in space (Figure 23). The results show a very strong correlation between the spatial 

distribution and orientation of our fracture results and the fault system in the field.  We 
observe that the zones of high fracture density tend to congregate around the fault zones, 

particularly near multiple faults and at fault tips.  In addition, we see that the quivers tend 

to align either parallel or perpendicular to the faulting.   
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Figure 23.  Map-migrated scattering index fracture directions (in blue) for the Emilio field (having angular 
contrast values >4).  The black lines indicate faults derived from seismic data.  The well locations are 
indicated by the round colored circles. 
 
   

 These fracture directions are comparable to those derived by shear wave anisotropy 
(Vetri et al, 2003) and with available well information (Willis et al., 2006).  Figure 24 

compares well-derived fracture orientations with those derived by the scattering index 

analysis.  The top row shows the well information (from Vetri et al., 2003) indicating the 
direction of horizontal stress maximum (SHmax).  In general, fractures align subparallel 

to the SHmax direction. We added a red arrow to the Well 4 results to emphasize the 

SHmax direction, since break out directions tend to align in the SHmin direction.  The 
middle row shows close-ups from Figure 23 around these three wells.  To further clarify 

the fracture trends, we histogrammed the map migrated scattering directions around each 
well and plotted them in rose diagram format in the bottom row of Figure 24.  There is 

very good agreement between the scattering index orientations and the well-derived 

fracture orientations at these three wells.  Willis et al. (2006) provides a more complete 
review of the method and results (see Appendix). 
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Figure 24. The top set of diagrams show the well derived fracture information (from Vetri et al., 2003) – 
SHmax is generally the direction of fracture strike. The red arrow indicates the direction of SHmax for well 
4. The middle three diagrams are close-ups of Figure 23 around the corresponding well locations showing 
the agreement of the map migrated scattering directions with the well fracture directions. The bottom three 
diagrams show the histograms, in rose diagram format, of the map migrated scattering index directions 
around each of the wells. 
 

 
 The second data set used for testing our method is from an onshore location in the 

Middle East.  The field produces from a gently folded, shallow, fractured carbonate.  
Production is primarily controlled by fractures oriented in two directions: approximately 

N50oE (the most important system for fluid flow) and N40oW.   The data acquisition used 

a ‘zipper’ shot configuration (i.e., a zigzag pattern of shot points between receiver lines), 
with single component (vertical) receivers.  Although this acquisition pattern results in 

the highest fold along the receiver line direction with lower fold in the other azimuthal 

directions, the fold was adequate to apply our scattering index methods to the data.  The 
results for a processed swath of data over the center of the field at the reservoir level are 

shown in Figure 25.  The data have been rendered as a color plot of all indices with the 
intensity of color related to the level of confidence in the presence of fractures, and the 

color values giving the fracture orientation.  Superposed on this plot of the scattering 

indices are plots of FMI data from several wells in the field.  The FMI data provide 
information on the orientation of the fractures measured from the logs in the reservoir 
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interval.  The FMI results are color coded using the same colors used for the scattering 

indices—that is, the fracture orientations from the FMI logs and the seismic scattering 
can be easily compared.  The agreement is very good, providing confidence that these 

methods can be applied to land seismic data that do not have the ideal azimuthal 
coverage.  Figure 26 shows the FMI log data for seven of the wells plotted above the 

histogram of fracture orientations obtained from the scattering index analysis for a zone 

around each well.  Again, the agreement is quite good for many of the wells. 
 

 

 
Figure 25. Comparison of scattering indices with FMI well measurements at the reservoir depth.  The FMI 
data from 8 wells in the field are presented as polar plots showing the strike (location of the points on the 
plot which are also color coded in the same way as the scattering indices) and dip of fractures (radial 
position of the points, with horizontal fractures lying at the center of the plots and vertical falling on the 
outer edge of the circle) in the reservoir interval.  The scattering index orientations are very consistent with 
the FMI results.  FMI data also show most fractures to be near vertical. 
 
 
 



MIT  DOE DE-FC26-02NT15346 

  34 

 
Figure 26. Comparison of scattering index histogram plots with FMI well measurements at the reservoir depth 
for the onshore carbonate fractured reservoir.  The agreement is quite good, particularly for wells 1, 2, 4, 5, and 
6. 
  
Spacing estimation results 

Both the FK and Spectral Notch methods were applied to the Emilio data to 

estimate fracture spacing.  Both methods resulted in fracture spacing estimates of 25-

40m.  Validation of these values is difficult since there is no ground truth information for 
comparison, however the consistency of the estimates from the different methods 

provides some confidence. 
 

FK method 

Sorting of the Emilio data into profiles perpendicular and parallel to the dominant 
fracture direction shows that the data perpendicular to the fractures display less coherence 

and more backscattered energy than the data parallel to fractures (Figure 27).  In Figure 

28 we extract data from four different time windows – two above the fractured reservoir 
interval and two within or below the fractured interval.  Significant backscattered energy 

is identified from the negative wavenumber portion of the FK plot in the bottom two 
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windows that are at and below the fractured reservoir.  The estimated fracture spacing 

from the dominant wavenumber values in these windows is 25-40m. 

          
Figure 27  Azimuthal variation of scattered energy from discrete fracture zones in Emilio Field data. (a) 
Seismic profile in the direction perpendicular to fracture strike; (b) Seismic profile in the direction parallel 
to fracture strike. 
 

 
 

Figure 28.  Energy distribution in f-k domain at different time windows for Emilio Field data. Four 
successive time windows with time duration 0.25 s are used.  



MIT  DOE DE-FC26-02NT15346 

  36 

 

Spectral notch method 

The spectral notch method (Willis et al., 2005) was also applied to the Emilio data 

and a fracture spacing estimate was calculated for each CDP point in the field.  The 
results are shown in Figure 29.  The range of spacing estimates is 25-50m, with a 

dominant spacing of about 30-40 m.  These values are consistent with the estimates 
obtained by the FK method. 

 
 

 
Figure 29.  Scattered wavefield analysis of 3-D seismic data volume in a fractured carbonate reservoir 
(Emilio Field).  The left panel shows the seismic faults and well locations.  The right panel shows the 
spatial distribution of fracture density and orientation (the direction of each line segment gives the 
orientation estimate).  The center panel shows the estimated spacing of fracture corridors, with the spacing 
values given by the color bar on the far right. 
 

III.D  Borehole results 
Fractures are developed as a result of in-situ stress acting in the subsurface.  In 

some situations the present day stress field is different from the field that created the 
fractures.  In such situations, the current stress field may cause some fractures to be 

closed and some to be open, and therefore conduits to fluid flow.  The methods we have 
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developed to analyze scattered seismic signals will be most sensitive to fractures with 

large compliance values, that is fractures that are open.  It would be helpful, however, to 
be able to independently estimate the direction and magnitude of the stress field from 

borehole measurements.  These data could provide additional information for interpreting 
the orientation directions for open fracture systems, and also be important for any fracture 

aperture estimation methods.  With this in mind, we spent some effort on methods of 

using cross dipole acoustic logging data (specifically, dispersion crossover behavior), as 
well as borehole breakout data, to estimate the in-situ stress field.  Papers on these 

methods were provided in earlier reports (Briggs et al., 2004; and Grandi et al., 2004).  
Briggs et al. (2004) developed a method to jointly invert for azimuthal angle and 

dispersion relations from cross dipole data.  Results for maximum stress angle were 

compared with borehole breakout data and regional stress maps with good general 
agreement.  Grandi et al. (2004) obtained in-situ stress information based on two 

methods. The first consists of matching borehole deformations to the modeling of linear 

poroelasticity equations around a hole in a plate that is subjected to effective compressive 
horizontal stresses. The second method utilizes the crossover observed in the dispersion 

of polarized flexural waves to obtain the direction of maximum horizontal stress where 
the borehole is not deformed (using methods similar to Briggs et al., 2004).  The results 

of these methods agree with independent measures in a general field test. 

 
Neither of these methods was applied to the Emilio of Middle East data sets because 

cross dipole acoustic log data were not available. 
 

III.E  Flow modeling results 
The final part of the problem is to go from seismic fracture parameters to flow 

properties.  This is a very difficult problem – flow is controlled by fracture distribution, 

spacing, aperture, orientation, and connectivity (that is, the network topology).  The 
aperture distribution will be a function of the in-situ stress state as well.  We have 

developed a method to estimate the orientation, spacing, and distribution of fractures 

from seismic data.  Fracture aperture is a very difficult parameter to estimate, although it 
should be related to the scattering amplitude or energy levels (larger values of fracture 
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compliance are a function of the fracture aperture, and higher compliance results in 

higher scattering energy levels).  The connectivity of a fracture network is also a difficult 
parameter to estimate.  With some knowledge of the fracture orientations and 

distribution, we could generate some realizations of the network, assuming some range of 
fracture lengths and dips (we generally assume vertical fractures, but there may be some 

variation from this assumption in nature).  Such a network can then be used to estimate 

fractured-interval flow properties in one of two ways – a statistical model to estimate a 
permeability tensor for an equivalent porous medium, or a direct modeling of flow 

through the fracture network realization and subsequent permeability estimates.  We 
conducted feasibility tests of both of these methods. 

 

Statistical model – the Oda Model 

This method uses the approach of Brown and Bruhn (1998), based on the Oda model 

(Oda, 1985) of fracture networks, to estimate the permeability tensor from seismically 

derived fracture parameters.  One of the benefits from using this type of approach is that the 
input to such a model is similar to the format of the data that we can estimate with our 

seismic methods.  Figure 30 shows an example of this from the Emilio Field.  In the left 
panel we see the rose diagrams obtained from the Transfer Function-Scattering Index 

analysis method applied to the field data set.  The right panel shows the permeability tensor 

estimated from the Oda model (S. Brown, personal communication).  In this figure the 
radial distance represents the permeability value.  Key parameters that are needed for this 

model include fracture aperture, length, and response to applied stress fields.  For this 
example, a uniform fracture aperture of 70 microns was used (based on core measurements 

from a well in the field) and a constant fracture length of 7m was assumed.  This modeling 

approach is promising, but it is problematic to obtain fracture aperture and length estimates 
as input values. 
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Figure 30. Left panel:  angular histograms plots of the fracture distributions estimated from the Emilio 
Field data. The top of each plot represents fractures aligned north.  Right panel:  estimated permeability 
tensor computed from the Oda model as adapted by Brown (personal communication).  Fracture apertures 
and lengths were assumed to be 70 microns and 7 meters respectively.    The aperture value was based on 
mean fracture apertures measured in cores from the field site. 
 

 
Stoke’s flow modeling of fracture networks 

As a means of visualizing flow in fracture networks and comparing expressions 

for equivalent fracture aperture flow to the actual flow, we looked at the numerical 
solution of the steady-state Navier-Stokes equation using a commercial Computational 

Fluid Dynamics (CFD) code (FLUENT). We constructed a series of two dimensional 
models of fractures and fracture networks.  The result of this modeling study can be 

summarized as follows: 1) for fractures connected in series, the equivalent hydraulic 

aperture is a weighted harmonic mean of cubed apertures of all fractures. 2) For fractures 
connected in parallel, the equivalent flow is simply the sum of all flows through 

individual fractures. 3) If a fracture is inclined with respect to the axis of pressure 
gradient, then the amount of flow will be reduced by the cosine of the inclination angle. 

4) Any network of randomly intersecting fractures can be replaced by a single fracture to 
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give flow equivalence; the aperture of that equivalent fracture will roughly be close to the 

aperture of the fracture in the network that cuts across the boundaries (inlet and outlet) in 
the most continuous fashion and has the smallest inclination (with respect to the pressure 

gradient axis).  
 

IV.  Technology Transfer 
We have been actively presenting our results to industry through presentations and 

publications.  Presentations have been made to producing companies (Shell, 

ConocoPhillips, ExxonMobil, BP, Chevron, Total, Eni-Agip, PDO, EnCana, Devon 
Energy) and contracting companies (Schlumberger, Baker Atlas, Halliburton/Landmark, 

Pinnacle Technology) at general technology meetings at MIT and as specific 

presentations at company research and production facilities.  Technical papers have been 
presented at International conferences and industry workshops (SEG, EAGE, SEG-Japan) 

over the past three years.  As a result, the methods developed under this contract have 

been communicated throughout the industry and have undergone significant peer review.  
A major summary paper has recently been published in Geophysics (Willis et al., 2006). 

 
V.  Conclusions 

Major fracture corridors in the subsurface may scatter seismic energy.  By 

analyzing these scattered wave signals (which are often treated as noise and discarded or 
removed in most processing approaches) the orientation of the fracture corridors can be 

estimated.  Spectral analysis of these signals can also provide information on the fracture 
spacing or density.  Our methods for estimating fracture orientation, fracture spacing, and 

fracture density from the seismic scattering signals have been tested with numerical 

modeling data and field data from two different fields.  The fracture orientation results 
have been validated against well log measurements (FMI logs), other seismic analysis 

methods, and existing geologic models of the fields.  The field data tests include offshore 
and onshore data.  Two different fracture spacing estimation methods (FK and Spectral 

Notch) give similar results at the Emilio Field.  
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patial orientation and distribution of reservoir fractures
rom scattered seismic energy

ark E. Willis1, Daniel R. Burns1, Rama Rao1, Burke Minsley1,
. Nafi Toksöz1, and Laura Vetri2
t
l
h
t
a
f
l
c
i
i
r
w
t
i
e
v
i

ABSTRACT

We present the details of a new method for determining the re-
flection and scattering characteristics of seismic energy from
subsurface fractured formations. The method is based upon ob-
servations we have made from 3D finite-difference modeling of
the reflected and scattered seismic energy over discrete systems
of vertical fractures. Regularly spaced, discrete vertical fracture
corridors impart a coda signature, which is a ringing tail of scat-
tered energy, to any seismic waves which are transmitted through
or reflected off of them. This signature varies in amplitude and
coherence as a function of several parameters including: �1� the
difference in angle between the orientation of the fractures and
the acquisition direction, �2� the fracture spacing, �3� the wave-
length of the illuminating seismic energy, and �4� the compli-
ance, or stiffness, of the fractures. This coda energy is most co-

herent when the acquisition direction is parallel to the strike of
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he fractures. It has the largest amplitude when the seismic wave-
engths are tuned to the fracture spacing, and when the fractures
ave low stiffness. Our method uses surface seismic reflection
races to derive a transfer function that quantifies the change in an
pparent source wavelet before and after propagating through a
ractured interval. The transfer function for an interval with no or
ow amounts of scattering will be more spikelike and temporally
ompact. The transfer function for an interval with high scatter-
ng will ring and be less temporally compact. When a 3D survey
s acquired with a full range of azimuths, the variation in the de-
ived transfer functions allows us to identify subsurface areas
ith high fracturing and to determine the strike of those frac-

ures. We calibrated the method with model data and then applied
t to the Emilio field with a fractured reservoir. The method yield-
d results which agree with known field measurements and pre-
iously published fracture orientations derived from PS an-
sotropy.
INTRODUCTION

Evidence continues to confirm that much of the earth’s crust, es-
ecially below a critical depth of 500 to 1000 m, contains a predom-
nance of nearly vertical fractured rocks �Crampin and Chastin,
000� typically aligned subparallel to the regional direction of maxi-
um compression or about 45° to the axis of principal stress

Crampin et al., 1980�. These natural fracture systems in an oil and
as reservoir frequently dominate the fluid drainage pattern and turn
ydrocarbon saturated rocks with even low matrix permeability into
ignificant commercial assets. In many low permeability oil fields,
ydraulic fracturing is undertaken to enhance the natural system of
ractures and to increase production rates �e.g., Block et al., 1994;
ehler et al., 1998; Phillips et al., 1998; House et al., 2004�. An un-

Manuscript received by the EditorAugust 3, 2005; revised manuscript rece
1Massachusetts Institute of Technology, Department of Earth, Atmospher

2139. E-mail: mewillis@mit.edu; burns@mit.edu; rrao@erl.mit.edu.
2ENI E&P,Agip, Milan, Italy.
2006 Society of Exploration Geophysicists.All rights reserved.
erstanding of these fracture systems is crucial for field development
lanning to more completely drain the reservoir from the fewest
umber of wells.

Seismic waves traveling through a rock formation containing
ligned fractures are affected by the fractures’ mechanical parame-
ers, such as compliance and saturating fluid, and by their geometric
roperties. If the fracture dimensions and spacing are small relative
o the seismic wavelength, then the fractures cause the reservoir rock
o behave like an equivalent anisotropic medium with a symmetry
xis normal to the strike of the open fractures. Resulting seismic re-
ections from the top and bottom of a fractured reservoir will display
mplitude variations with offset and azimuth �AVOA�. In recent
ears much progress has been made analyzing AVOA effects �e.g.,

nuary 13, 2006; published onlineAugust 28, 2006.
lanetary Sciences, Earth Resources Laboratory, Cambridge, Massachusetts
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ynn et al., 1996; Sayers and Rickett, 1997; Perez et al., 1999; Shen
nd Toksöz; 2000; Jenner, 2002; Shen et al., 2002; Hall and Kendall,
003; Lynn and Cox, 2003; Minsley et al., 2004�.

If, however, the fracture dimensions and spacing are close in size
o the seismic wavelength, then the fractures will scatter the P- and
onverted S-wave energy to cause a complex, reverberating, seismic
ignature or coda. This seismic signature will vary as a function of
he orientation of the seismic acquisition relative to the fracture ori-
ntation. Work by several authors �e.g., Ata and Michelena, 1995;
chultz and Toksöz, 1996; Daley et al., 2002; Nakagawa et al., 2002;
u et al., 2002; Nakagawa et al., 2003; Willis et al., 2004b� using ul-

rasonic scale modeling and numeric simulation have demonstrated
omplicated, azimuthally varying scattering patterns by simulating
ystems of subsurface aligned fractures. The scattered seismic ener-
y not only provides information about the fracture orientation, but
an also be analyzed to provide information about the fracture spac-
ng �Willis et al., 2004a� and fracture density �Pearce, 2003�.

In this paper, we describe our recent work �Willis et al., 2003;
illis et al., 2004a, Willis et al., 2004b, Willis et al., 2004c; and
urns et al., 2004� to extract fracture distribution and orientation

rom scattered coda waves where the fracture systems have a size
omparable to the wavelength of the seismic source. We describe our
odeling results of vertically fractured reservoirs, our methods to

xtract the fracture properties from surface reflection seismic acqui-
ition data, and finally, the results on field data.

able 1. Parameters for model.

ayer
Thickness

�m�
Vp

�m/s�
Vs

�m/s�
Density
�g/cm3�

Wavelen
of P ene

�m�

1 200 3000 1765 2.20 75

2 200 3500 2060 2.25 88

3 200 4000 2353 2.30 100

4 200 3500 2060 2.25 88

5 200 4000 2353 2.30 100

igure 1. Geometry of the 3D finite-difference model. The layer ve-
ocities and densities are shown in Table 1, the source is located in
he left front corner �star symbol�, and the receivers are spread out in

rectangular area 1000 m in the x-direction and 1000 m in the
-direction. The receiver spacing is 5 m in each direction.
MODELING

We model a simple reservoir using the 3D anisotropic, elastic
nite-difference code developed by Lawrence Berkeley National
aboratory �Nihei et al., 2002�. The code implements the algorithm
escribed by Levander �1988�, which uses a staggered grid with an
xplicit, fourth-order operator in space and a second-order operator
n time. The model geometry �Figure 1� and parameters �Table 1� we
sed consist of five horizontal layers. All layers except the middle
ayer �third layer� are homogeneous and isotropic elastic media. The
ackground medium for the third layer is isotropic and homoge-
eous. We want to simulate a periodic series of parallel, vertical frac-
ure corridors inserted into this layer. We use the Coates and Schoen-
erg �1995� method to represent the fractures by grid cells contain-
ng equivalent anisotropic medium. Vlastos et al. �2003� have re-
ently used this same approach in a 2D pseudospectral approach for
odeling scattering from fractures.
Following Daley et al. �2002�, we use normal and tangential frac-

ure stiffness values of 8 � 108 Pa/m to represent long, compliant,
as-filled fractures. The grid cells containing the fractures are cho-
en to be vertical planes, a single grid-cell thickness �5 m� and as tall
s the layer thickness �200 m�, which run the entire width of the
odel �i.e., parallel to y = 0�. We generated a series of models with

he following regular fracture corridor spacings: no fractures, 10 m,
5 m, 35 m, 50 m, and 100 m. We also generated another model to
nsure that our results would not be restricted to perfectly regular
racture spacings. The model has a pseudo-Gaussian distribution of
ertical, parallel fractures with a mean spacing of 35 m and a stan-
ard deviation of 10 m. For each model, we used a Ricker wavelet
ource with a center frequency of 40 Hz and a causal time delay of
0 ms.

The left side of Figure 2a shows the shot record for the model
ithout fractures. The middle and right side of Figure 2a show the

hot records for the 50-m fracture spacing case acquired in direc-
ions parallel and normal to the fractures, respectively. The P-wave
eflections off the top of layers 2 and 3 arrive at zero offset times of
bout 170 and 290 ms, respectively. The arrival at 220 ms is the con-
erted S-wave reflected off the top of layer 2. Below these three dis-
inct arrivals on the fractured models is a series of events corre-
ponding to the scattering from the fractures. The other primary
vents seen on the model with no fractures �at about 400 and 500 ms�
an only faintly be seen on the other two shot records; this indicates
he large amount of scattered coda energy.

Figure 2b, shows the semblance-based, stacking-velocity analysis
or each of the shot records in Figure 2a. Because the model interval
-velocities are all �2900 m/s, it is clear that the shot record normal

to the fracture direction has little coherent and
stackable P-energy below the top of the fractured
zone �290 ms�. However, for the parallel case,
there are many coherent events below the top
fractured zone reflection. In the direction parallel
to the fractures, the seismic energy seems to be
guided by the aligned fractures, and the resulting
scattered energy is more coherent and similar to
the direct P-wave reflection. This same pattern of
azimuthal variation in the scattered wavefields is
observed for all the model results regardless of
the fracture spacing.

For shot records acquired parallel to the frac-
tures, the ringing scattered events are seen to be

Wavelength
of S energy

�m�

44

52

58

52

58
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Fracture characterization from coda energy O45
he most coherent on the near- through midoffset ranges. Figure 3a
hows 10 azimuth stacks. The normal moveout �NMO� velocity
unction applied to all the traces was a single, simple NMO curve
hat should have done a good job of stacking the primary events. The
zimuth stacks were created by applying normal moveout and stack
o different azimuth ranges of the model traces starting in the direc-
ion normal to the fractures, then rotating by 10° increments until fi-
ally parallel to the fractures. Each azimuth stack combined about
0 input traces, which were gathered by collecting the closest set of
races to the nominal azimuth direction from the source location with
ffsets less than about 400 m. This offset range was chosen because,
t offsets greater than 400 m, the scattered energy became less co-
erent on the shot records acquired parallel to the fractures. The

igure 2. �a� The left shot record is from the model without any frac-
ures. The middle and right shot records are from the model with a
0-m fracture-corridor spacing acquired parallel and normal to the
ractures, respectively. �b� Semblance velocity analyses for the cor-
esponding shot records in Figure 2a.
tacked trace labeled Normal corresponds to the stack of the traces in
he record on the right in Figure 2a. The trace labeled Parallel corre-
ponds to the stack of traces in the middle record in Figure 2a. These
tacks do not include the far-offset traces to avoid NMO stretch and
he complications from the additional converted waves. For compar-
son, the bottom trace labeled Control is the stack of traces from the

odel without fractures shown in the left record of Figure 2a. For
hot records acquired normal to the fracture direction, the observed

igure 3. �a�Azimuthal stacks of traces from the 50-m fracture-spac-
ng model. The traces represent azimuth stacks starting in the direc-
ion parallel to fracturing �top�, and then increasing in 10-degree in-
rements until normal to the fractures. The bottom trace shows the
tack for the model without a fractured layer. The lines below the
races show the analysis gates for the input and output windows. �b�
orresponding transfer functions. Relative scaling is preserved
ithin each panel.
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O46 Willis et al.
cattered wavefield is greatly disruptive with significant backscat-
ered, diffraction-like events. These traces do not stack together well
ith any NMO velocity. However, the traces acquired parallel to the

ractures stack considerably better. On the basis of these observa-
ions, the strike of the fracturing may be determined by identifying
he acquisition direction with shot records containing coherent, ring-
ng energy which are enhanced the most when stacked. Figure 4a
hows the azimuth stacks for all of the models studied. This same
rend is present for all models except the 10-m fracture-spacing case.
or this model, the fracture spacing is so small that the third layer be-
aves more like an equivalent anisotropic medium than like one with
arge-scale fracturing.

EXTRACTING SOURCE WAVELET AND
COMPUTING TRANSFER FUNCTION

In the synthetic traces that we generated, it is possible to directly
bserve the scattered waves and their azimuthally varying trends.
his is because there are only a few, isolated reflectors in the model.
owever, in field data we expect it will be more difficult to clearly

igure 4. �a� Azimuthal stacks of traces from models with various
racture spacing. �b� Corresponding transfer functions. Relative
caling is preserved within each panel.
bserve these scattered wave trains due to the nearly continuously
hanging nature of subsurface reflectivity and to the potentially low-
r amplitudes of the scattered energy. Reflections off beds shallower
han a fractured zone will not be affected by it. However, reflections
elow the zone will acquire a ringing coda caused by reverberations
n the fractured zone. In addition, if the overburden is fractured,
hose scattered waves will contaminate or overprint the scattered en-
rgy from the zone of interest in the reservoir. Thus, the problem we
ace is detecting change in the reflection character of an apparent
ource wavelet as we move to later times on each trace. Specifically,
e want to detect the change in the temporal compactness of the ap-
arent source wavelet as it passes through each formation of interest.

Traditional methods of source-wavelet extraction are based upon
he notion of the stationarity of the seismic wavelet, which means
hat the source wavelet does not change as time progresses on the
race. For our purposes, we assume stationarity only within each
ime window used to estimate the source wavelet. However, because
f the mode conversions and reverberation in the fractured interval,
he apparent source wavelet does change with time on the trace. So
n field data, we extract two apparent source wavelets from the re-
ection time series — one from above the proposed fractured zone
the input wavelet� and one below it �the output wavelet�. These
avelets are represented by their autocorrelations obtained from
indowed portions of the reflection time series above and below the

ractured zone of interest. We make the standard assumption that the
eflectivity series is white. Hence, the autocorrelation of the win-
owed time series yields the autocorrelation of the source wavelet in
hat window.

We then compute the time-domain transfer function �sometimes
alled the impulse response� between the autocorrelations of the two
xtracted wavelets. The transfer function is computed by deconvolv-
ng the autocorrelation of the input wavelet from the autocorrelation
f the output wavelet using the Wiener-Levinson algorithm �Robin-
on and Treitel, 1980�. �We have also used spectral division as the
econvolution method, but, in our experience, we find the Wiener-
evinson method produces more time-compact or stable wave-

orms.� The transfer function characterizes the effect of scattering in
he interval of interest between the two windowed portions of the
race. Since both the input and output autocorrelations are zero
hase, the resulting transfer function will also be zero phase and
ymmetric. A simple spike or pulse-shaped transfer function indi-
ates no scattering; however, a long, ringing transfer function re-
eals that scattering has occurred within the time interval between
he analysis windows. This measurement will be insensitive to con-
amination from an acquisition footprint or from scattering in the
verburden. This is because these effects would appear on both the
nput and the output extracted wavelets and thus will be excluded
rom the transfer function.

The transfer function can be used to characterize scattering on
oth prestack and poststack data. On prestack data, it can detect the
resence of scattering on a single trace. However, it can also be used
o determine the orientation of fracturing by comparing the change
n the transfer functions from stacked traces with different acquisi-
ion orientations. The transfer functions from traces stacked in the
irection parallel to fractures will exhibit more ringing than those in
he direction normal to fractures. To show this on the 50-m fracture-
pacing model data, we choose the input and output time windows
n each of the traces in Figure 3b, as delineated by the labeled bars
eneath the traces. We form the autocorrelation of each window and
hen compute the transfer function between each corresponding pair
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Fracture characterization from coda energy O47
f autocorrelations. Figure 3b shows the derived transfer functions.
otice that the transfer function for the control case, the model with-
ut fractures, is very impulsive and is similar to a band-limited spike.
he transfer function for the stacked normal trace strongly resem-
les the control case. The transfer functions show very little change
n shape until they are within 10° of the fracture strike direction; this
ndicates a sharp angular resolution. The transfer function for the
arallel trace rings for about 100 ms in each direction and is very dif-
erent from the other functions.

We have applied this analysis to all of the other models, and the re-
ults are shown in Figure 4b. In all cases except the 10-m fracture
ase, the transfer functions ring most prominently in the direction
arallel to the fractures. �The 10-m fracture case behaves more like
n equivalent anisotropic medium than one that shows discrete frac-
ures.� From these examples, it is clear that the marked ringing be-
avior of the transfer function for the stacks in the direction parallel
o the fractures is a characteristic phenomenon and not an artifact of

random perfect resonance in a particular model. Therefore, the
ransfer functions can be used to estimate fracture orientation.

METHODOLOGY FOR SCATTERING INDEX

We have shown that stacks made from traces acquired parallel to a
rominent fracture system retain the ringing scattered coda energy
n the traces. Stacks made in other acquisition directions tend to di-
inish the scattered coda energy. This same trend is evident on the

orresponding transfer functions. By design, a transfer function is
ymmetric about zero lag; so, we only need to examine its positive
ime lags. Looking more closely at the transfer functions for orienta-
ions parallel to fractures, we clearly see that the ringing coda creates
nergy in the transfer function at times away from the zero lag. How-
ver, in the normal direction, the transfer functions are comparative-
y compact about the zero lag.

To quantify the amount of ringing or noncompactness in a transfer
unction, we define a scattering index, SI, with a form given by

SI = �
i=0

m

�ti�in,

here i is the time lag, ti is the transfer function �time domain� ampli-
ude at lag i, n is an exponent, typically equal to unity, and m is a lag
t which there is no more significant energy in the transfer function.
It is also possible to normalize the scattering index on the basis of its
nergy and interval-time sample or other such criteria.� This expres-
ion weights the large lag times more heavily than the near-zero lag
imes in the transfer function. The more the transfer function rings,
he larger the value of the scattering index. If the transfer function is a
imple spike �i.e., it represents no scattering�, then the scattering in-
ex attains a value of zero.

Figure 5 shows the scattering-index values for the models with
5-, 35-, 50-, and 100-m fracture spacings. The extent of the model
oes not afford a complete 360° acquisition-direction analysis; so,
e have replicated the first-quadrant analysis appropriately for the
ther three quadrants. These results show that there is a clear maxi-
um of the scattering index in the fracture-parallel direction. It is

lso clear that in the nonparallel directions, the scattering index is not
ero but fluctuates about a smaller but somewhat consistent value.
he highest scattering index is for the 35-m fracture spacing case.
his fracture spacing corresponds to 0.35 times the P-wavelength
nd 0.6 times the S-wavelength in the fractured layer. The scattering
ndex formulation allows us to extract the amount of ringing in the
ransfer functions as a single digit; this makes it easier to analyze,
isplay, and therefore detect the strike of the fracturing.

RESULTS ON FIELD DATA

In early 2000, a 3D/4-C seismic survey was collected over the
milio Field, located in the central part of the Adriatic Sea, near the
astern coast of Italy. The reservoir unit is a fractured carbonate.
orehole studies by ENI suggest the presence of two orthogonal

racture sets oriented east-northeast and north-northwest in the res-
rvoir. Recent studies have investigated this 3D seismic data using
P- and PS-wave anisotropy to identify fracture characteristics of

he reservoir level �Vetri et al., 2003; Gaiser et al., 2002�. Figure 6
modified from Figure 1 of Vetri et al., 2003� shows the interval ve-
ocity log and the interpreted seismic section through the field. The

ost prominent reflector in the section is the Gessoso-Solfifera,
ighlighted in green, which is a high-velocity chalk formation. The
eservoir interval is shown between the cyan and amber lines on the
eismic section.

We stacked the near-to mid-range ��3500 m� offsets of the pre-
rocessed PP data �Vetri et al., 2003� in 18 different azimuth orienta-
ions from east to west using 20°-wide overlapping ranges, in
0°steps. �Note that these angle ranges included the corresponding
anges 180°away.� This process created 18, 3D-stacked volumes
ith a CDP spacing of 12.5 m between inlines and 25 m between

rosslines. The transfer functions and scattering indices were com-
uted for each of these stacked volumes using 300-ms input and out-
ut time windows on either side of a fixed gap of 100 ms containing
he formation zone. The 18 stacked traces at each CDP location were

igure 5. Polar plot of the azimuthal variation of scattering indices
erived from the transfer functions of the 25-, 35-, 50-, and 100-m
racture-spacing models. The scattering index is largest in the direc-
ion parallel to the fracture orientation. The largest scattering index
s for the 35-m fracture spacing; the smallest shown is for the 25-m
pacing.
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O48 Willis et al.
sed to compute 18 scattering indices for each of nearly 26,000 CDP
ocations. The scattering indices were sorted and directions for
DPs with the highest angular contrast in scattering index values

differences � 5� are shown as quivers in Figure 7; this yields a map
iew of the location and direction of possible fractures determined
y this method.

The locations of the fracture measurements are taken from
tacked data, and as such, their locations are in the unmigrated posi-
ions. To adjust for this potential mispositioning, we performed a

ap migration of all the scattering indices with angular contrasts
4. These results are shown as blue quivers in Figure 8. Here, we

ave used the coordinate system of inlines and crosslines �rather
han northings and eastings in Figure 7� to plot the seismically de-
ived fault system �in black� and well information on the same dia-
ram. We observe that the clusters of the blue quivers tend to congre-
ate around the fault zones. In addition, we see that the quivers tend
o align either parallel or perpendicular to the faulting.

Figure 9 is a plot of the scattering directions for all the CDP loca-
ions in the survey, without omitting low angular-contrast values.
he scattering index directions have been color coded using the col-
r legend on the top right of the figure. A larger version of this color
egend is shown in Figure 10. Small angular contrasts in the scatter-
ng indices are denoted by tinting the color of the corresponding
DP cells toward the center of the color legend wheel which is
hite. Larger angular contrasts are tinted toward brighter colors at

he edge of the legend color wheel to indicate greater confidence in
he measurement. Green, red, gray, and blue indicate fracture strikes
f east, northeast, north, and northwest, respectively.

We next compare our fracture directions with those derived by
hear-wave anisotropy. Figure 11b �modified from Figure 10 of Vetri
t al., 2003� shows the fracture strike direction derived from the fast
irection of the PS waves. We have added a color legend and three
lack arrows to help interpret their color scale. In Figure 11a we have
aken our fracture directions �from Figure 10� and performed modal
moothing of the directions using a 200-m � 400-m box centered
bout each CDP. For each CDP location, the direction is chosen as
he one which most frequently occurs in the 200-m � 400-m box of
DPs around it. As before, we plotted arrows to indicate three frac-

ure direction trends. The red large area in the lower part of the right
anel is the most obvious feature. This area indicates a northeast
racture direction, which is consistent with the direction indicated by
he shear wave data. However, we must keep in mind that these two

easurement methods are detecting fractures at two different scales.

igure 6. Profile through the Emilio PP data showing the interpreted
eismic section �left� and the interval velocity log �right�, modified
rom Vetri et al., 2003.
he velocity anisotropy estimated in Figure 11b detects the effects of
ubseismic-wavelength fractures; in contrast, the method we de-
cribe detects fractured regions that are comparable in size with the
eismic wavelength.

The final result is shown in Figure 12, which compares well-
erived fracture orientations with those derived by the scattering in-

igure 7. Fracture orientations for the Emilio field from scattering
ndex values showing an angular contrast in values �5.

igure 8. Map-migrated scattering index fracture directions �in blue�
or the Emilio field �having angular contrast values �4�. The black
ines indicate faults derived from seismic data. The well locations
re indicated by the colored circles.
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ex analysis. The top row shows the well information �from Vetri et
l., 2003� that indicates the direction of horizontal stress maximum
SHmax�. �The FMI log information from the other wells in the field
as not available.� In general, fractures align subparallel to the
Hmax direction. We added a red arrow to the results of Well 4 to em-
hasize the SHmax direction because breakout directions tend to align
n the SHmin direction. The middle row shows close-ups from Figure
around these three wells. To further clarify the fracture trends, we

ompiled a histogram of the map-migrated scattering directions in a

igure 9. Analysis of fracture orientations for all CDP locations in
he field. The color legend at the top right indicates the fracture direc-
ion in hue and the increasing angular contrast with intensity.

igure 10. Enlarged view of color legend used to plot fracture orien-
ation directions in Figures 9 and 11a. The color hue indicates the di-
ection of detected fractures. The intensity or saturation of the color
ndicates the relative magnitude of the azimuthal difference in the
etected scattering index: center �whiter� colors indicate less differ-
nce; outer �more intense� colors in indicate larger difference.
00-m box around each well in Figure 9 and plotted them in a rose-
iagram format; the plots are displayed in the bottom row of Figure
2. There is good agreement between the scattering-index-derived
rientations and the well-derived fracture orientations at these three
ells.

igure 11. �a� Modally smoothed fracture orientations derived from
he scattering index analysis in Figure 9 with its corresponding col-
r-coded legend at the top right. �b� Fracture strike directions de-
ived from PS anisotropy �Vetri et al., 2003� with its corresponding
olor-coded direction legend. The black arrows indicate three frac-
ure orientation trends.
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CONCLUSIONS

Large-scale zones of fracturing control fluid flow in certain reser-
oirs, and such zones can scatter seismic energy, depending on the
racture density and compliance as well as on the fracture spacing
elative to the seismic-source wavelength. This scattered wave ener-
y contains information about the fracture properties. Using numeri-
al modeling data, we developed a method for analyzing scattered
ave energy from fractured reservoirs. A deconvolutional process

hat measures the ringiness of the transfer function can be used to es-
imate fracture orientation from azimuthally stacked data. The appli-
ation of this method on field data provides fracture orientation esti-
ates which agree very closely with previous borehole studies in the
milio field. It also agrees, at least over part of the survey area, with

he general trends of previous PS anisotropy studies in the field. The
nisotropy measurements contain information about the fine-scale
with respect to the seismic wavelengths� fracturing in the forma-
ion. However, the fracture measurements obtained by this study de-
cribe discrete fracture properties that are on the order of the seismic
avelength. As such, we can expect the kind of differences we ob-

erve between the anisotropic �fine scale�, well-based �intermediate
cale�, and scattering index �seismic-wavelength scale� fracture di-
ection estimates. The value of the scattering index methodology is
hat it is a very simple, easy-to-parameterize algorithm that should
ot be prone to overburden effects. Its application on both model and
eld data show that it is both robust and accurate at the wells.
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F-K Domain Characteristics of the Seismic Response of a Set of Parallel Discrete Fractures  
Yang Zhang*, Xander Campman, Samantha Grandi, Shihong Chi, Mark E. Willis, M. Nafi Toksöz and Daniel 
R. Burns, Earth Resources Laboratory, Massachusetts Institute of Technology. 
 
Summary 
 
We model seismic wave propagation in a reservoir with 
discrete fracture zones using a finite difference program, 
which implements the Coates-Schoenberg formulation for 
fractured media. We study the behavior of scattered energy 
in the direction perpendicular and parallel to fracture strike. 
In the modeled data, we observe variations in the coherence 
of seismic energy and interference between backward and 
forward scattered energy. The observed scattered energy 
contains information about the fracture zones. We develop 
a method to extract the dominant coherent back sctattered 
energy. The fracture spacing is then estimated from the 
frequency wave-number spectrum of this back scattered 
energy. Results show that our method gives quite accurate 
estimates for several different spacings. 
 
Introduction 
 
Fractures impact the mechanical properties of a solid, affect 
seismic wave propagation and control fluid flow and 
production of oil and gas in a reservoir. Knowledge of their 
distribution, orientation and physical properties are 
therefore of great importance for developing production 
and stimulation programs.  
 
Several studies explain fracture-induced anisotropy using 
effective-media theory (e.g., Schoenberg and Sayers, 
1995), which assumed that fractures or cracks with scales 
much smaller than the seismic wavelength, are isolated and 
sparsely distributed in the media. Such fractured media 
imparts a particular signature to 3D seismic data, an 
AVOaz – amplitude variation with offset in azimuth effect. 
Vetri, et al. (2003) analyzed the AVOaz of PP and PS 
reflected energy to obtain information about fracture 
orientation, density and other properties. PS (converted) 
energy can also be used as a tool for fractured-reservoir 
characterization by analyzing the splitting of shear waves 
(Gaiser, et al., 2002).  
 
However, the magnitude of seismic anisotropy in field data 
cannot always be well explained by effective media theory 
(Lynn, 2004; Zhang, et al., 2005). In some geological 
situations, small cracks cluster into large-scale fracture 
corridors or fault zones (Liu, et al., 2000), thereby causing 
a different seismic signature than do individual small 
cracks. In such cases, discrete fracture models need to be 
considered in order to better explain field data 
observations. Scattering is characteristic on the seismic 
response of media with large discrete fractures.  

In this paper, we analyze data obtained by modeling 
seismic wave propagation through a medium with discrete 
fractures. We compare the results from receiver lines 
perpendicular and parallel to fracture strike. Similar 
experiments were done by Willis et al. (2004) and Willis et 
al. (2006), to validate a method that estimates dominant 
fracture orientation at the reservoir level. Given the fracture 
strike, fracture spacing can be estimated from the scattered 
field. In this abstract we describe a method to extract 
coherent back scattered energy and estimate fracture 
spacing from its frequency wave-number spectrum.  
 
Modeling Method 
 
A system of aligned cracks, or fractures, can be described 
as an effective anisotropic medium when the dominant 
wavelength is long compared to the fracture scales (like 
width and spacing). Schoenberg and Muir (1989) derived 
the effective properties of a finely layered medium based 
on this long-wavelength equivalent medium theory. In 
order to accurately model wave propagation through 
boundaries in an elastic solid with a Finite-Difference (FD) 
scheme, Muir et al. (1992) extended Schoenberg and 
Muir’s derivation to represent the stiffness coefficient of a 
grid cell traversed by a boundary. Coates and Schoenberg 
(1995) developed this idea further to represent fractures 
with linear slip behavior in a FD scheme. We use this 
method to represent discrete fractures in our model. Our 
finite difference code is 2nd order accuracy in both space 
and time, and uses a rotated-staggered-grid scheme. 
 
Description of the model 
 
We implement fractures as compliant zones of thickness 
equal to a single cell in the finite difference grid, and we 
represent their properties assigning anisotropic elastic 
constants to this grid cell. The lateral extent of the fractures 
is large compared to the wavelength. We consider a 3-
layered model; the fractured layer is sandwiched between 
two homogeneous, isotropic layers. The source and 
receiver arrays are located at the surface. Figure 1 shows 
the schematics of the model. Detailed model parameters are 
listed in Table 1. 
 
Scattering characteristics 
 
Because of the scale of the fractures, waves traveling 
through the fractured reservoir are strongly scattered. 
Figure 2 shows the vertical component acquired over the 3-
layered model. In each of the panels, the direct wave has 
been muted. As a reference, Figure 2a shows the result for 
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Scattered Energy From Discrete Fractures 

the layered model without fractures. We can identify 
reflected and converted energy from the top and bottom of 
the reservoir. Between 0.55 and 0.6 s, we observe a P wave 
that is reflected as an S wave at the bottom of the reservoir 
and transmitted as a P wave (denoted by PSP in Figure 2a).  
 

 
Figure 2b shows a line collected over the fractured 
reservoir, perpendicular to the fracture strike. Scattered 
energy from the fracture zones contaminates the events 
arriving at later times, especially the P to S converted 
energy at the top and bottom of the reservoir. Strong 
scattered waves are the dominant energy in this case. 
Frequency-wavenumber spectra of these data show both 
forward and backward scattered energy and further analysis 
reveals that most of this energy is composed of S-waves. 
Interference between forward and backward scattered 
waves causes the coda to appear incoherent. Figure 2c 
shows a line collected parallel to the fractures. Scattered 
coda is more coherent when the line is parallel to the 
fractures suggesting that energy is scattered from out-of-
the-plane fractures parallel to the acquisition line. Even 
though this energy is coherent, it obscures the S-reflection 
from the bottom of the reservoir. 
 
Spacing estimation 
 
Like fracture orientation, spacing between fracture 
corridors is an important parameter impacting fluid 
mobility. Grandi, et al. (2005) analyzed backscattered 
energy at near offsets in shot-gathers sorted in the normal 
to fracture orientation to estimate fracture spacing in the f-k 
domain. Figure 3 shows the results of using the same 
method on modeled data generated from a 30 m fracture 
spacing model. As an improvement over regular f-k 
filtering, backscattered energy is extracted using the Local 
Wavefield Decomposition (LWD) method (Sacchi, 2004).  
Figure 3a shows a near offset shot gather perpendicular to 
fracture strike. Data are windowed between the PP 
reflected energy from the top and bottom interfaces of the 

reservoir. The scattered energy in this window is magnified 
and shown in Figure 3b. LWD is then applied to isolate the 
locally coherent scattered energy. Figure 3c shows the 
normalized energy distribution of the decomposed seismic 
data at each dip value p. We can see that there are two main 
parts of the scattered energy corresponding to back 
scattered (negative dip values) and forward scattered 
(positive dip values) energy. Energy above 80% at negative 
values of p is used to reconstruct a new seismic section as 
shown in Figure 3d. This new section represents the 
dominant part of the backscattered energy from the 
fractures.   
 
The f-k content of the backscattered energy may be used to 
estimate fracture spacing:  

||2
1

22 a

aa

kf
vd ===

λ . 

where d is the estimated fracture spacing, ka and f are the 
wave number and frequency of the dominant back scatteerd 
energy, va is an apparent velocity and λa is an apparent 
wavelength.The idea of this formulation is that the repeat 
pattern observed in the back scattered energy has wave 
number information which is related to fracture spacing. 
Inspection of snapshots of the wave field gathered during 
modeling reveals that seismic waves bouncing between 
fractures leads to resonance and modes propagation. The 
repeat pattern of back scattered waves received at surface 
referred to in this paper, might be different from the modes 
in the fracture zone. 
 
As indicated in Figure 3e, the (k, f) values of the maximum 
energy in the spectrum are (-0.0157 1/m, 78 Hz), hence the 
estimated fracture spacing with our equation is 31.8 m.  
The actual spacing between fractures zones in this model is 
30 m. We have repeated this for various (larger) fracture 
spacings and each time the spacing estimated with our 
methodology was very close to the actual spacing. 
 
We also applied the same process to data from a  model 
with smaller -- 20 m -- fracture spacing. In this case there is 
almost no backscattered energy in the window within the 
reservoir P reflectors because the frequency content of the 
seismic source is too low to effectively discriminate 
fractures. Most energy locates at positive values of p. To 
overcome this limitation in resolution, we move the 
window to later times to capture scattering containing PS 
converted energy from the fractured zone. Shear waves 
have shorter wavelengths and therefore, a higher resolving 
power than P waves. Figures 4b-e compare the divergence 
and curl energy computed in two windows, the shallow 
(PP) window and a deeper (PS) window. We can see that in 
the shallow (red) window there is strong divergent energy 
(Figure 4b) but almost no curl energy (Figure 4c). In the 
deeper (blue) window, both divergent (Figure 4d) and curl 
(Figure 4e) energies are strong, the curl energy is especially 

 
 

 
Figure 1: A fractured reservoir embedded in a three-layered 
model. 
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large at these later times. In addition, the coherent back 
scattered energy in the deeper (blue) window is higher than 
that in the shallow (red) window. Strong PS converted 
waves can be generated at interfaces with high contrast 
(Toksöz et al., 2005), such as fracture zones, and it may 
therefore be more advantageous to choose scattered energy 
arriving later in time. By doing so, we may be able to 
resolve the finer structure of the reservoir. 
 
 
Conclusion 
 
We have modeled seismic-wave propagation in a medium 
with discrete vertical fractures in order to explain 
observations made in field data. The wave field is scattered 
by such fractures. We observe that scattering appears 
differently in different directions. In the direction 
perpendicular to the fractures, scattered waves in the 
forward and backward direction interfere, causing the 
scattered wave field to appear incoherent. In the parallel 
direction the scattered wave field is more coherent. We  
analyzed the scattered energy to ultimately obtain an 
estimation of fracture spacing. First, we separated the 
dominant back scattered energy from the data. Then, we 
estimated the fracture spacing from the f-k spectrum of this 
backscattered wave field. We also observed that following 
the reflection off the top of the reservoir, the scattered 
energy contains progressively more P-S converted energy. 
This energy may be used to extract information from finer 
structures. Application of this method to a field data set is 
in progress. 
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Table 1: Modeling parameters for the 3D layered fractured reservoir. 

Nominal Wavelength (m)  
Vp 
(m/s) 

Vs 
(m/s) 

Density 
(kg/m^3) 

P S 
Top Layer 2460 1230 2300 60 30 

Fractured Layer* 3300 1800 2200 80 45 

Bottom Layer 2460 1230 2300 60 30 

Fracture Compliance 10102 −×== TN ZZ (m/Pa) 

Source Point Source, Ricker Wavelet, center frequency 400 =f  (Hz) 

Fracture spacing 30m 
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Figure 2: (a) Vertical velocity recorded in a line over the medium without fractures. (b) Vertical velocity measured in a line over the 
medium with fractures, perpendicular to the fractures. (c) as  (b), but parallel to the fractures.. 
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Figure 3: Determination of fracture spacing in f-k domain for model 
with 30 m spacing. (a) Seismogram of vertical component at near 
offset for direction perpendicular to fracture strike. Red window 
contains PP scattered energy between PP reflected at top and bottom 
interfaces of fractured reservoir; (b) Seismogram of energy in red 
window after being zoomed in (6 times scale as in (a)). (c) Normalized 
energy distribution in dip value p after applying LWD method on 
seismogram in (b);   (d) Reconstructed seismic data by using profile 
with energy above 80% in (c), which is indicated by the red line; (e) 
Result of f-k transformation of reconstructed data in (d). The value of 
(k, f) of maximum energy is (-0.0157 1/m, 78 Hz). The estimated 
spacing is about 31.8 m. 

 
Figure 4: Divergence and curl energy in two successive time windows 
for model with 20 m fracture spacing. (a) Seismogram of vertical 
component at near offset in the direction perpendicular to fracture strike. 
Windows indicated in red and blue are chosen whose divergence and curl 
energy are compared; (b) Divergence energy contained in the red 
window; (c) Curl energy contained in the red window at the same scale 
as in (b); (d) Divergence energy contained in the blue window; (e) Curl 
energy contained in the blue window at the same scale as in (d). 
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Abstract

Fractured reservoir characterization is becoming increasingly important for the petroleum industry.
Current methods for this task are developed based on effective media theory, which assumes the cracks or
fractures in a reservoir are much smaller than the seismic wavelength. A discrete fracture model has to be
used for large-scale fractures. We describe an approach of using a finite difference method for modeling
seismic wave propagation in rock formations with intersecting fracture sets. We then use the code to
study the behavior of seismic waves, particularly scattering due to such fracture sets with various spacing
and compliances. The scattering pattern due to fractures varies azimuthally. We find that converted PS
and PSP waves from the bottom of the fractured layers show strong interference by the scattered waves.
We observe coherent scattered waves in shot gathers parallel to the fracture orientation and significant
backscattering at near offsets and forward scattering at far offsets in the gathers normal to the fracture
orientation. When two sets of fractures are present, scattering becomes stronger and more complex
scattered waves appear in the gathers. The scattering becomes stronger with increasing the fracture
compliances and decreasing spacing (still on the order of seismic wave length). When the fracture sets
are not orthogonal to each other, the gathers still show coherent scattering in the fracture orientations.
Azimuthal characteristics of the scattered waves may be used to analyze fracture orientations, spacing,
and relative compliance of intersecting fracture sets.

1 Introduction

The purpose of this paper is to describe a finite difference method for modeling seismic wave propagation in
rock formations with intersecting fracture sets with spacing on the order of the wavelength or larger. We in-
tend to provide a widely usable tool for aiding developmentsof methods for extracting orientation, spacing,
and compliance of such fracture sets. We study the behavior of seismic waves, particularly scattering due
to such fracture sets. Fractured reservoir characterization has drawn increasing attention in the petroleum
industry. Many people have studied seismic responses to fractures and characterized fractures using seis-
mic data based on effective media theory, which assumes the fractures are penny shaped cracks (Hudson,
1986; Liu et al., 2000) or the spacing of the fractures sets are much smaller than the seismic wavelength
(Schoenberg and Sayers, 1995). Using effective media theory, the fractured rocks can be approximated as
homogeneous anisotropic media of lower symmetries. Based on this theory, azimuthal AVO of reflected
PP and converted PS waves are commonly used for determining fracture orientation and other parameters

1



(Vetri et al., 2003; Shen et al., 2002). Schoenberg and Helbig (1997) discussed a geophysically important
subset of orthorhombic media consisting of vertically fractured transversely isotropic media with a vertical
symmetry axis (VTI) in great detail. They evaluated possible methods to quantify fracture orientation and
compliance and background elastic parameters using multi-azimuth surface seismic, VSP and cross-well
data. Natural fractures in reservoirs often contain two or more intersecting sets. They can be orthogonal or
non-orthogonal depending on the stress history (Reiss, 1980; Nelson, 1985). Nichols et al. (1989) described
the problem of modeling rocks with multiple sets of fractures based on the compliance addition theory out-
lined by Schoenberg and Muir (1989). They also showed explicitly how to obtain the resultant compliance
tensor for an orthogonal fracture set embedded in an isotropic medium and that such a fracture set renders
the medium orthorhombic. Grechka and Kachanov (2005) studied the effective anisotropy of multiple frac-
tures in rocks, where networks of small fractures control the fluid flow. They concluded that regardless of
the number of fracture sets embedded in otherwise isotropichost rock, their orientations, or types of fluid
infill, the symmetry of the effective medium is approximately orthorhombic. They also showed that both
theories of Schoenberg and Kachanov describe the effectivemedia well. For the long wavelength effect of
realistic fractures on seismic responses, i.e., when wavelengths are much larger than the fracture spacing,
we use Schoenberg’s formulation for the equivalent anisotropic medium in terms of elastic compliance.

The effective media theory has been widely used in various seismic applications.Sayers (1998) analyt-
ically determined the misalignment of the orientation of fractures and the principal axes for P and S waves
in rocks containing multiple non-orthogonal fracture sets. Schoenberg et al. (1999) showed the azimuth-
dependent tuning of seismic waves reflected from a thin reservoir layer containing one or more sets of
fractures. Bakulin et al. (2000a,b) and Bakulin et al. (2000c) attempted to invert various seismic signatures
for formation parameters.

However, when the fracture spacing is on the order of the seismic wavelength, the effective medium
theory cannot capture the effect of fractures. Recent works(Nihei et al., 2002; Lynn, 2004; Willis et al.,
2004b,a, 2006) have studied the effect of discrete parallelfractures because geological evidence shows that
fractures with spacing on the order of the seismic wavelength commonly exist in reservoirs. Zhang et al.
(2005) showed on synthetic seismic data that the azimuthal AVO properties are very different for penny
shaped cracks and discrete parallel fractures. In the field,many fractures are not parallel, but intersecting.
In modeling seismic responses to small fracture networks and large discrete fractures, it is important to be
able to represent the fractures at various scales properly.

Coates and Schoenberg (1995) developed a general formulation for modeling multiple intersecting sets
of fractures with arbitrary orientations using a finite difference method. To model a linear-slip fracture when
the fracture is at an angle to the finite difference grid, theyused a suitable equivalent anisotropic medium
to replace the elastic medium within each finite difference cell intersected by the fracture, together with
the embedded segment of the fracture. Nihei et al. (2002) andVlastos et al. (2003) modeled the seismic
responses of discrete sets of parallel fractures. We extendtheir approach to model multiple intersecting
sets of fractures. We represent them discretely in our modeling. We present details on how to represent
orthogonally and non-orthogonally intersecting fractures in finite difference modeling. We further simplify
the model building process, particularly on how to represent the areas near the fracture intersections. Then
we study the characteristics of seismic scattering due to intersecting fracture sets.
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Figure 1: Two intersecting vertical fractures passing through the map view of a 3-D finite-difference cell.
Each fracture normal forms an angleθi to the finite difference grid direction.

2 Effective Media Theory of Multiple Sets of Fractures

For multiple sets of vertical fractures, Nichols et al. (1989) show that the compliance matrix for the equiva-
lent medium is

S = Sb +
m

∑

i=q

∆Si, (1)

wherem is the number of fracture sets,Sb and∆Si are the compliance of background medium and con-
tribution from thei-th fracture set (see Figure 1). It is obvious that the order in which the fractures are
included does not affect the final compliance. Assuming thei-th fracture strike forms an angleθi to the
finite difference grid direction, the Bond transformation matrix can be written as (Auld, 1990)

B =





1+cos 2θi

2

1+cos 2θi

2
0 0 0 sin 2θi

−
sin 2θi

2

sin 2θi

2
0 0 0 cos 2θi

0 0 0 sin 2θi − cos θi 0



 (2)

and
∆Si = BTZiB, (3)

where in the fracture coordinate system, the compliance of each fracture set can be written as

Zi =





ZN
i 0 0
0 ZV

i 0
0 0 ZH

i



 (4)

whereZN
i , ZV

i , andZH
i represent the normal, vertical and horizontal compliance of the i-th fracture, re-

spectively. A rotationally symmetric fracture has equal vertical and horizontal compliance. Inversion of the
compliance matrix yields thpe elastic stiffness matrix. Schoenberg and Sayers (1995) showed that the equiv-
alent media of isotropic host media embedding non-orthogonally and orthogonally intersecting fractures is
monoclinic and orthorhombic, respectively. If the formation shows horizontal stratification, we generally
represent it as transversely isotropic with a vertical rotation symmetry axis (VTI). If only a set of vertical
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(c) (d)

(a) (b)

Figure 2: A 3-D finite difference cube containing fracture(s). a. Fracture strike is parallel to one axis;
b. Strikes of two orthogonally intersecting fractures are parallel to two axes; c. Only the strike of one
of the two orthogonally intersecting fractures is parallelto one axis; d. Only the strike of one of the two
non-intersecting fractures is parallel to one axis.

fractures embeds in it, the effective medium property of thefractured formation is orthorhombic (Schoen-
berg and Helbig, 1997). If two sets of orthogonally intersecting fractures exist in the VTI formation, the
effective medium property of the fractured formation should still be orthorhombic. If the two sets are non-
orthogonal in the VTI formation, the effective medium property of the fractured formation has been shown
to be monoclinic (Winterstein, 1990).

3 Representing Discrete Intersecting Fractures in Finite-Difference Model-
ing

To model seismic responses due to orthogonally intersecting fracture sets using the finite difference method
in a Cartesian coordinate system, we can choose one of the coordinate axes parallel to the fracture strike.
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Figure 3: Top view of a set of intersecting fractures overlaying on the finite difference grid. Cells 1 to 9 can
use the same property based on effective media theory to reduce the modeling complexity.

We assign the finite difference cells containing only one fracture the equivalent transversely isotropic (with
a horizontal rotation symmetry axis) (HTI) elastic property (Figure 2a) and assign the cells containing the
intersections the equivalent orthorhombic elastic property (Figure 2b). For non-orthogonally intersecting
fracture sets, we can choose one set whose strike will be parallel or normal to the axes (Figure 2c). The
finite-difference cells containing intersection(s) of fractures (Figure 2c) possess the properties of monoclinic
media (Figure 2d), because the dimension of the grids is muchsmaller than seismic wavelength and elastic
properties of these cells can be approximated using the effective media theory (Schoenberg and Sayers,
1995). For cells containing only fractures normal or parallel to the coordinate axes, we can assign the cell
HTI properties. Otherwise, cells only contain the fractures intersecting the axes with an angle other than 0
or 90 degrees. For these cells, we find the elastic stiffness in the current coordinate system using equation 6
and assign them to the respective cells. The properties of these cells show the characteristics of monoclinic
media.

To simplify the model building process, we can assign the same parameters to a small region surrounding
the intersections based on long wave equivalent media theory. For example, finite difference cells 1 through
9 enclosing the intersection shown in Figure 3 can use the same property if the cell size is much smaller
than the seismic wavelength. In some reservoirs, fracturesin production zones at different depth show
different orientation (Figure 4). In modeling the seismic response using the finite-difference technique, we
can choose fractures in one hydrocarbon zone with strike parallel or normal to the axes, while fractures in
another zone make an angle with the axes other than 0 or 90 degrees. The apparent elastic stiffness matrix
of the other zone resembles that of monoclinic media becauseof matrix rotation. To simulate the effects of
all fractures from the whole field, the finite-difference program has to be able to simulate wave propagation
in a monoclinic formation. This situation further shows theneed for this study.

4 Finite Difference Implementation

In our finite difference implementation, we use a rotated staggered grid scheme, which allows strong con-
trasts in the medium and leads to less dispersion errors and ahigher computational efficiency (Saenger et al.,
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Figure 4: Fractures in different reservoir layers showing different strikes.

Figure 5: The locations of velocity, stress, and elastic properties in an elementary finite difference cell using
rotated staggered grid scheme.

6



2000). In such a scheme, all components of one physical property (e.g., stress, velocity, elastic stiffness,
and density) are placed at one single location as shown in Figure 5. It is not necessary to average any elastic
stiffness values as in the standard staggered method (Virieux, 1986). Therefore, this scheme can incorporate
the high contrasts existing in fractured media without smoothing the elastic stiffnesses, resulting in a more
accurate representation of the fractures.

To effectively absorb wave reflections from the model boundaries, we apply a perfectly matched layer
boundary condition (Marcinkovich and Olsen, 2003). We use the first order velocity-stress equations for
orthorhombic media. Starting from Hooke’s law, we can write:

∂tτij =
1

2
cijkl(vk,l + vl,k). (5)

Using the Voigt notation, for orthorombic media, the stiffness tensorcijkl is given by

c =

















c11 c12 c13 0 0 0
0 c22 c23 0 0 0
0 0 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c55 0
0 0 0 0 0 c66

















(6)

whereτij andvi are elements of the stress tensor and velocity, respectively, andi, j = x, y, z. To model
wave propagation in non-orthogonal sets of fractures or equivalent monoclinic media, we need to extend
equation 6

c =

















c11 c12 c13 0 0 c16

0 c22 c23 0 0 c26

0 0 c33 0 0 c36

0 0 0 c44 c45 0
0 0 0 0 c55 0
0 0 0 0 0 c66

















(7)

Comparing equations 6 and 7, we find that modeling wave propagation in reservoirs containing non-orthogonal
fracture systems using the finite difference method demandsextra computation cost and memory storage.
Otherwise, no additional difficulty occurs.

5 Seismic Scattering due to Intersecting Fractures

In this section, we study the characteristics of the seismicresponses from fractured reservoirs. We assume
the background formation is isotropic. The fluid filling the fractures is gas. The fractures are 1) orthogonal
or 2) non-orthogonal. In both cases, we consider a three-layered model and fractures penetrate through the
second layer. Table 1 shows the elastic properties of the background layers. The receiver arrays and the
source are located at the earth surface. Figure 6 shows the generic, schematic diagram of the model. In
this three-layer reservoir model, the second layer contains the fractures. We first assume the fractures are
rotationally invariant and the normal and transverse compliance of the fractures are equal to2×10−10 m/Pa.
Therefore, each set of fractures contributes equally to receiver responses. The source and receiver arrays are
located at the surface. We use Ricker wavelet as our point source with center frequency at 40 Hz.
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Figure 6: A fractured three-layered reservoir model. Two sets of fractures penetrate through the second
layer.

Table 1: The elastic properties of background media for the three-layer model.

vp (m/s) vs (m/s) ρ (kg/m3) λP (m) λS (m)
Top layer 2460 1230 2300 60 30

Middle layer 3300 1800 2200 80 45
Bottom layer 2460 1230 2300 60 30

Figure 7: A 3D schematic of the reservoir model with two sets of orthogonally intersecting fractures.
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Figure 8: Elastic property distribution of two sets of orthogonally intersecting fractures as indicated by
different colors.

5.1 Case 1: Two sets of orthogonally intersecting fractures

We first use the finite difference program to model seismic wave propagation in a medium containing two
sets of orthogonally intersecting fractures. Each set of fractures has a regular 30 m spacing. Figure 7 is a
3D schematic of the model. Figure 8 is a zoom-in view of a horizontal slice of the fractured second layer.
Different colors represent the background, the two sets of fractures and their intersections.

To understand seismic scattering due to fractures, we also conduct modeling of seismic wave propagation
in the same layered background model without fractures and in a model with only one set of parallel vertical
fractures of 30 m spacing as references. Figures 9 shows the vertical component of velocity acquired over
the 3-layered model without fractures in the middle layer. Figures 10 and 11 show the vertical component
of velocity acquired over the model with one set of parallel fracture. Figure 12 and 13 show the vertical
component of velocity acquired over the 3-layered model with the orthogonal fractures in the middle layer.
In each of the panels, the direct wave has been muted. We have identified reflected and converted waves
from the top and bottom of the reservoir.

To identify the events shown in Figure 9, we estimate the arrival times of the P, S, and converted waves
from the top and bottom of the middle layer at near offsets. Using these estimated arrival times, we identify
the reflected P and P to S waves from the top and bottom of the middle layer. At near offsets, the reflected
P wave is very strong and the reflected P to S waves become stronger when the offsets get larger. At
intermediate to far offsets, immediately following the reflected P wave from the bottom of the middle layer,
a converted PSP wave appears. The shot gathers do not show anyazimuthal difference.

Figure 10a shows a line collected over the fractured reservoir perpendicular to the fracture strike. Scat-
tered energy from the fracture zones contaminates the events arriving in later time, especially for PS energy
converted at the top and bottom of the reservoir. Strong scattered waves are the dominant energy in this
case. Frequency-wavenumber spectra of these data show bothforward and backward scattered energy and
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Figure 9: Shot gathers for the three layer base model.

further analysis reveals that most of this energy is composed of S-waves. To compare seismograms for dif-
ferent fractured reservoir models, all the amplitudes of the seismograms are amplified 15 times. Comparing
the shot gather at zero azimuth relative to x coordinate axisin Figures 9a and 10a, we easily identify the
reflected and converted modes at the top and bottom of the reservoir. At near offsets of Figure 10a for zero
azimuth, we see backscattered waves with almost the same slowness arrive as late as 0.7 s. The early arrivals
of the backscattered waves interfere the PP wave reflected from the reservoir bottom, so they arrive at the
receivers as P wave. However, the moveout velocity is slowerthan that of the P wave and the wavefront is
almost linear, which indicates the wavefront of the backscattered waves due to the set of vertical fractures
is similar to a plane wave. At far offsets, we observe that theconverted PS and PSP waves from the reser-
voir bottom show strong interference by the scattered waves, while the PS reflection from the reservoir top
can still be seen clearly. We also see strong coherent forward scattered waves following the PS reflection
from the bottom of the second layer. These events appear to have velocities slower than that of the shear
waves and form two plane wave packs. The dominance of backward scattering at near offsets and forward
scattering at far offsets indicates seismic waves transmitted to the fractured layer are mainly reflected by
and transmitted through the fracture sets at near and far offsets, respectively. In the middle range of offsets,
the back scattered and forward scattered waves interfere and cause some cancellation. With the increase
of azimuth, the backward scattered waves seem to become somewhat stronger and the wavefronts become
flatter; the forward scattered waves become weaker.

At the 90 degree azimuth, where the receiver line is parallelto the fracture strike, the scattered waves
appear to form coherent wavefronts from 0.5 s and later, parallel to that of the PS wave reflected off the
bottom of the reservoir layer. The scattered waves also interfere with the PS wave from reservoir top and
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Figure 10: Shot gathers for a set of parallel fractures embedded in the middle layer
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Figure 11: Shot gathers for a set of parallel fractures embedded in the middle layer
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PSP from reservoir bottom and cause amplitude variations with offset.
In summary, we observe the following from the azimuthal shotgathers for the single set fracture model:

1. Seismic responses show azimuthal dependence;

2. Backscattering becomes stronger with increase of azimuth (less than 60 degrees). Forward scattering
exists at all azimuths at far offsets. At 90◦ azimuth, the scattering forms coherent wavefronts, though
tuning with offset appears.

3. The reflected PP from the top and bottom of the fractured layers are almost not affected and converted
PS waves can be clearly seen up to 75 degree azimuth. At 90-degree azimuth, the scattering waves
completely overwhelm the PS waves, but the scattered wavefronts seem to have the same moveout
velocity as the converted PS wave from the bottom of the fractured layer.

Figure 12 and 13 show shot gathers for two sets of orthogonally intersecting fractures embedded in the
middle layer. Because the model is completely symmetric relative to the 45-degree azimuth, and the two
sets of fractures are of the same compliance, the gathers at 0and 90 degrees are the same. They show the
combination of characteristics of the scattering waves dueto the single set of fractures at 0 and 90 degrees
as shown in Figure 10a and 11c. In other words, we observe bothback and forward scattering at near and
far offsets, respectively imposed upon the coherent scattered waves, though the scattering seems stronger
than that in the single fracture case. The reflected PP arrival from the bottom also shows strong interference
by the scattered waves. At the 45-degree azimuth, the scattered waves become strong and appear at all
offsets. Figure 14 shows the snapshots (a) in a horizontal plane crossing the fractured layer and (b) in a
vertical plane including the source position parallel to the x axis. In the horizontal plane, the incident wave
keeps the circular shape of its wavefront, but the wavefield within the fractured medium mirrors the fracture
distribution. The snapshot in the vertical plane (Figure 14b) shows the incident wavefront is separated by
the vertical fractures. The reflected P wave from the top of the reservoir is not affected, but the waves that
follow it show considerable interference. At far offsets, the effects of the elastic property distribution on
wave propagation are more complicated than those at the nearoffsets.

5.2 Orthogonally intersecting sets of different spacing

To study the sensitivity of the scattered wavefield to the spacing of the orthogonal fracture sets, we choose
the spacing of the fracture set with orientation at 90 degreeand 0 degree azimuths to be 30 m and 42 m,
respectively. Figures 15 and 16 show the shot gathers. The gathers at 0 and 90 degree azimuths also show the
combination of characteristics of the scattering waves dueto the single set of fractures at 0 and 90 degrees
as shown in Figure 10. However, the coherent scattering due to the fracture set of 42 m spacing is less
pronounced than the 30 m one. The converted PS and PSP waves from the top and bottom of the fractured
layer are still recognizable from the 0 azimuth shot gather.At the 90-degree azimuth, the reflected PP arrival
from the bottom also shows strong interference by the scattered waves and the converted waves are difficult
to identify. Therefore, the spacing of a fracture set significantly affects the scattering pattern.

5.3 Orthogonally intersecting sets of different compliances

If the two principal horizontal stresses are of different magnitudes, it will cause the fracture sets to have
different compliances. To investigate the scattering of seismic waves due to two sets of intersecting fractures
of different compliances, we choose the same 30 m spacing forthe orthogonal sets of fractures, but the
compliance of the set parallel to x axis is four times of that of the set normal to the x axis. The less
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compliant fracture has the same compliance as those for the model with equal strength fracture sets. Figure
17 shows shot gathers at 0 and 90 degree azimuths. Comparing them with the gathers at the same azimuths
in Figure 12a (the gathers at 0 and 90 degree azimuths are the same due to geometric symmetry of the model
used for generating Figure 14), we see at 0 degree azimuth, parallel to the more compliant fracture set, the
coherent scattered waves are much stronger than that from the more rigid fracture set whose orientation is
at 90 degree azimuth. Strong forward and backward scattering appears at almost all offsets in the gather at
90 degree azimuth besides the coherent scattering due to fracture set oriented at 90 degree azimuth. The
scattered waves due to the more compliant set also last much longer to around 0.9 s.

6 Case 2: Two 45-degree intersecting fracture sets

Figure 18 shows the model for non-orthogonally intersecting fracture sets, which make a 45-degree angle.
As in Figure 8, the different colors in Figure 19 represent the background, the two sets of fractures and their
intersections. The spacing of the set normal to the x axis is 30 m, and the spacing of the other set at 45-degree
azimuth is 42 m. Both sets of fractures have the same compliance. The finite difference cells neighboring
the intersections of the fractures can be assigned the same anisotropic properties computed using effective
media theory, since the cell size is much smaller than the seismic wavelength. Here we choose 9 cells
surrounding an intersection including the intersection itself. Average properties of the neighboring cells can
also be considered when assigning properties to each cell. This will be a bit more complicated, but we do not
expect it will make much difference since the size of the intersection area is about one order of magnitude
smaller than the seismic wavelength.

The gathers in Figure 20 are best compared with those for the orthogonal intersecting fracture sets in
Figures 12 and 13 and those for a single fracture set in Figures 10 and 11. At the 0-degree azimuth, the shot
gather is similar to that for the single set of fractures. The45 degree oriented fracture set apparently increases
the forward scattering at far offsets. Otherwise, this gather does not show much sensitivity to the fracture set
at the 45-degree azimuth. At the 90 degree azimuth, the gather shows significant forward scattering coming
from the 45 degree oriented fracture and weak backward scattering. The coherent scattered waves are still
clear around 0.4 – 0.5 s, but they show significant interference at later time from 0.6 and afterward. The
shot gather at 45-degree azimuth shows coherent scatteringmimicking those of 90-degree azimuth, since the
receiver line is parallel to the orientation of one fractureset. Comparing to the gather at 90-degree azimuth,
we see the scattering coming from the fracture set of shorterspacing is stronger and interferes with the
coherent scattering.

Figure 21 shows the snapshots (a) in a horizontal plane crossing the fractured layer and (b) in a vertical
plane including the source position parallel to the horizontal axis for the model including the two sets of
non-orthogonally intersecting fractures. In the horizontal plane, the wavefront of the point source is still
circular, but the wavefield within the fractured medium mirrors the fracture distribution, particularly at near
offsets. The snapshot in the vertical plane Figure 21b showsthe incident wavefront is divided by the vertical
fractures in both azimuths. The reflected P wave from the top of the fractured layer is not affected. The
waves that follow it show stronger interference than those in Figure 14 and the wavefield becomes more
complex.

7 Conclusions

We describe a novel method for using a finite difference scheme to simulate wave propagation in media
with intersecting fracture sets. We use effective media theory to compute the anisotropic elastic stiffness
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for finite difference cells containing any segments of a fracture and assign the properties to those cells.
Surrounding the intersections of the fracture sets, we use the long wavelength approximation and treat the
cells as homogeneous to simplify the elastic stiffness calculation. Our implementation uses the rotated
staggered grid and perfectly matched layer absorbing boundary condition to achieve good accuracy for
scattered wave study.

We then use the finite difference program to model the wave propagation in layered formations with
one set of parallel fractures, two sets of orthogonally intersecting fractures with the same spacing, different
spacing, and different compliances, and two sets of non-orthogonally intersecting fractures. The reflected
P waves from the top and bottom of the fractured layer are not significantly affected by the presence of
the fracture sets. The converted PS and PSP waves from the bottom of the fractured layers show strong
interference except at small azimuths. We observe coherentscattered waves in shot gathers parallel to the
fracture orientation and significant backscattering at near offsets and forward scattering at far offsets. The
scattering pattern varies azimuthally. When two sets of fractures are present, scattering becomes stronger
and more complex scattered waves appear in the gathers. The shorter the spacing and the more compliant
the fracture, the stronger the scattering. When the fracture sets are not orthogonal to each other, the gathers
still show coherent scattering in the fracture orientations. By capturing the azimuthal characteristics of the
scattered waves, one can analyze fracture orientations, spacing, and relative compliance of intersecting frac-
ture sets. Detailed analysis of reflected and converted wavedata obtained by using the proposed modeling
method, may provide insights on the applicability of effective media theory in fracture characterization. The
modeling method also provides a new, widely applicable toolfor understanding seismic data from fractured
reservoirs.
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Shen, F., Zhu, X., and Toksöz, M. N. (2002). Effects of fractures on NMO velocities and P-wave azimuthal
AVO response.Geophysics, 67:711 – 726.

Vetri, L., Loinger, E., Gaiser, J., Grandi, A., and Lynn, H. (2003). 3D/4C Emilio: Azimuth processing and
anisotropy analysis in a fractured carbonate reservoir.The Leading Edge, 22:675 – 679.

Virieux, J. (1986). Velocity-stress finite-differene method. Geophysics, 51:889 – 901.

Vlastos, S., liu, E., Main, I. G., and Li, X.-Y. (2003). Numerical simulation of wave propagation in media
with discrete distributoins of fracturesl effects of fracture sizes and spatial distributions.Geophys. J. Int.,
152:649–668.

16



Willis, M. E., Burns, D. R., Rao, R., Minsley, B., Toksöz, M.N., and Vetri, L. (2006). Spatial orientation
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Figure 12: Shot gathers for two sets of orthogonally intersecting fractures embedded in the middle layer.
The spacing of each set of fractures is 30 m.
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Figure 13: Shot gathers for two sets of orthogonally intersecting fractures embedded in the middle layer.
The spacing of each set of fractures is 30 m.
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(a) (b)

Figure 14: Snapshots of the wavefield in the fractured reservoir (a) in a horizontal plane at z=310 m; (b) in
a vertical plane at y=0 m.
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Figure 15: Shot gathers for two sets of orthogonally intersecting fractures embedded in the middle layer.
The spacing of each set of fractures is 30 m and 42 m, respectively.
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Figure 16: Shot gathers for two sets of orthogonally intersecting fractures embedded in the middle layer.
The spacing of each set of fractures is 30 m and 42 m, respectively.
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Figure 17: Shot gathers for two sets of orthogonally intersecting fractures embedded in the middle layer.
The spacing of each set of fractures both is 30 m. The fractureset oriented at the 0 degree azimuth is four
times as compliant as the one oriented at the 90-degree azimuth.
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Figure 18: A 3D schematic of the reservoir model with two setsof intersecting fractures with an angle of 45
degrees.

Figure 19: Elastic property distribution of two sets of 45 degrees intersecting fractures as indicated by
different colors.
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Figure 20: Shot gathers of vertical velocity measured on thesurface of a fractured reservoir at 0, 90 and
45-degree azimuths.
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(a) (b)

Figure 21: Snapshots of the wavefield in the fractured reservoir (a) in a horizontal plane at z=310 m; (b) in
a vertical plane at y=0 m.
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Abstract 
We have done the numerical modeling of seismic response to multiple sets of vertical large fractures by 
using finite-difference method (FD), which can easily handle media with monoclinic anisotropy. We 
consider three types of fracture distributions: a set of parallel fractures, two sets of orthogonal fractures and 
two sets of non-orthogonal fractures intersecting at 45 degrees.  We address the seismic scattering response 
to large fractures by using a 3-layer model and a 5-layer model, where a fractured reservoir is in the middle 
layer of these two models.  Seismic scattered energy is analyzed by the Scattering Index (SI) method to 
estimate the orientation of these multiple fractures. In both models, SI indicates the correct orientation of 
the two orthogonal fracture sets but is ambiguous for non-orthogonal fracture sets.  Information about the 
fracture spacing and compliance can also be extracted from the azimuthal SI in some situations.  More 
compliant fracture sets result in higher SI values while the relationship between fracture spacing and SI 
depends on the source wavelength. Variations in the SI energy can be caused by fracture spacing and 
compliance variations, and these relationships need further investigation. 
 
1. Introduction 
 

With increasing interest in carbonate and unconventional (e.g., tight gas) reservoirs, fracture 
characterization has become an important research topic.  When the seismic wavelength is much larger than 
the scale of the cracks or fractures in length and spacing, effective media theories can be used to describe 
the seismic response to fractures in the reservoir (e.g., Hudson, 1980, 1981; Schoenberg et al., 1980, 1988, 
1995, 1997; Kachanov, 1980, 1992, 1993).  Due to natural stress fields, the fractures in a reservoir usually 
are vertical or sub-vertical and have a preferred orientation parallel to the maximum horizontal stress 
direction, which could induce the seismic anisotropy. When a seismic wave propagates through an 
anisotropic medium the P wave shows an AVOAz (amplitude variation with offset and azimuth) response, 
an elliptical NMO velocity response with azimuth, and shear wave splitting.  To take advantage of these 
seismic signatures, effective media theories provide the mathematical framework which has been used for 
inversion processes to get the parameters related to the fractured reservoir, such as fracture orientation, 
crack density and even properties of the fracture fill material.  
 

However, cracks or fractures seldom distribute evenly in the subsurface as assumed in effective 
media theories. Often fractures will cluster onto large scale fracture corridors or zones, which can have 
much more impact on production. Recent research shows that the seismic response to such large fracture 
zones is quite different from that described by effective media theories.  The response depends on fracture 
size, spacing, and distribution (Vlastos, et al., 2003; Chi, et al., 2006). Since the scale of fractures in such 
settings is comparable to the seismic wavelength, the prominent characteristic of seismic response is 
seismic scattering, which includes energy diffracted from fractures and reverberating within fracture zones. 
The strong scattered energy can make it difficult to identify coherent events in the seismic section (Willis, 
et al., 2006; Chi, et al., 2006).  Zhang et al. (2005) numerically studied the AVOaz responses of PP 
reflections from the top of a reservoir containing large scale discrete fractures, and compared them to the 
responses obtained from reservoirs containing small cracks (i.e., effective media representation). They 
showed that in the case with large discrete fractures, the AVOaz for the PP reflections from the top of the 
reservoir had noticeable differences in magnitude and phase from those of the effective media case.  Willis 
et al. (2006) studied the features of seismic scattering from one set of aligned discrete fractures, and 
estimated the orientation of the fractures by analyzing the scattered energy at different azimuths. Also 
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Willis et al. (2005) used the spectral notches of the scattered energy to estimate the fracture spacing. Grandi 
et al. (2005) and Zhang et al. (2006) estimated the fracture spacing by FK analysis of the backscattered 
energy from discrete fracture zones from P to P and P to S scattered energy.   
 

These previous studies suggest that scattered energy from discrete fracture zones can be useful for 
fracture characterization, however most have focused on one set of aligned fractures. It is more likely that 
multiple sets of fractures are present in field settings, even if one set is more dominant due to the in-situ 
stress field.  Much effort has been spent in considering the effect of multiple fracture sets in effective media 
theories (e.g., Nichols, et al., 1989; Grechka, et al., 2003; Grechka and Kachanov, 2006).  A promising 
conclusion drawn by Grechka and Kachanov (2006) is that no matter how many vertical small cracks there 
are and how they orient and what types of infill they contain, the effective medium can be approximately 
described as orthorhombic. Geological observation suggests that there could be two or more sets, 
depending on the geological history in that particular area, of conjugate fractures coexisting. These sets of 
large fractures can be orthogonal or non-orthogonal to each other. For vertical large fracture sets in one 
fixed Cartesian coordinate system, such sets would give rise to media with different anisotropic symmetry, 
such as HTI, orthorhombic and monoclinic.  
 

Chi et al. (2006) carried out a numerical study of the seismic scattering from multiple sets of 
vertical large fractures by using the finite difference method. They carefully handled these anisotropic 
media by assigning different effective elastic constants to the grid cells where fractures or the intersection 
of fractures were located. The effective constants for the fracture grid cells were calculated by the method 
developed by Coates and Schoenberg (1995). A simple 3-layer model with a fractured reservoir in the 
middle layer was used to emphasize on the scattering patterns due to multiple fracture sets. By analyzing 
the forward modeling results from different configurations of fractures sets, they addressed qualitatively the 
relationship between the patterns of scattered energy and the orientations, elastic properties, and spacing of 
the fracture sets. We might note that Willis et al (2004) had considered the case with dual fracture sets but 
simplified the fracture properties by using homogeneous and isotropic media directly. As mentioned earlier, 
Willis et al (2006) developed a method, called the Scattering Index (SI), to extract the orientation 
information of one single set of aligned fractures from variations in the scattered energy as a function of 
azimuth.  The question we want to answer in this paper is whether the SI method can work on cases with 
multiple sets of fractures, and further to discuss whether the transfer function or the stacked traces can give 
us some new information about such multiple fracture sets. 
 

This paper is organized in four sections: 1) a brief review of the numerical modeling work done by 
Chi et al (2006), since we will use their data for our SI analyses; 2) the analysis of the 3-layer model data 
by the SI method; 3) the analysis of one 5-layer model with multiple fracture sets; and 4) a discussion of 
the results.   
 
2. Numerical Modeling of Multiple Sets of Fractures 
 

Although the length and spacing of large fracture zones are comparable to the seismic wavelength, 
they are composed of many cracks that may contain weaker material such as oil, water and gas.  These 
infill materials cause the fracture zones to be much more compliant than the background matrix material. 
As a result, fractures can behave mechanically as discontinuous interfaces, through which seismic wave 
induced displacements are discontinuous while tractions are continuous (Schoenberg, 1980).  Schoenberg 
and Sayers (1995) mathematically derived a linear slip relationship to link the displacements and tractions 
with a factor Z, the fracture compliance, which describes the mechanical properties of fractures. 
Schoenberg and Sayers (1995) showed that the effective properties of media containing multiple fracture 
sets can be gotten by adding each set of fractures sequentially.  Chi et al (2006) used a similar procedure, 
treating the finite difference cells containing intersecting fractures as multiple sets of fractures, while all 
other cells contained either a single fracture or the background material. In this paper, we only consider 
vertical fractures and a maximum of two fracture sets. 
 

For a given coordinate system, the anisotropy for a single fracture set aligned with the coordinate 
axes would be HTI (horizontal transverse isotropy), and for a single fracture set oriented at an angle to the 
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axes the anisotropy would be monoclinic.  For two sets of orthogonal fractures, the material at the 
intersection would be orthorhombic, and for those of non-orthogonal intersecting fractures, monoclinic it 
would be (Chi et al., 2006).  Coates and Schoenberg (1995) introduced a method to represent the fractures 
in finite difference grids by calculating the effective constants for grid cells where fractures intersect. Once 
we get these effective constants, we can assign them onto grid cells corresponding to the locations of 
fractures. Figure 1 shows three types of fracture models considered in this paper: one set of aligned 
fractures, two orthogonal fracture sets and two non-orthogonal fracture sets intersecting at 45 degrees. 
Different colors represent materials with different anisotropic properties.  
 

 
3. Orientation Estimation for Multiple Sets of Fractures with SI 

Method 
 

The Scattering Index (SI) method developed by Willis et al. (2006) is a technique to estimate the 
orientation of aligned large fractures by capturing the azimuthal variation of the coherence of seismic 
scattering energy from fracture zones. The method was derived from numerical data analysis and has been 
successfully applied to onshore and offshore field data from fractured carbonate reservoirs. However, the 
methodology was developed with the assumption of a single set of aligned fractures and it is not clear if the 
method will work if there are multiple fracture sets present.  Chi et al (2006) showed that the scattered 
wavefield generated from multiple sets of fractures is much more complicated than that of a single set of 
fractures, adding to this concern. To answer this question, we generate numerical waveforms for a 3 layered 
and 5 layered model. The middle layer in each contains fractures with one of the three types of fracture 
distributions shown in Figure 1.  Figure 2 shows the model configuration for 3-layer model, in which 
source and receivers are at the surface, and the acquisition azimuths have been defined. 

 

Source Receivers 
0

o
 

45
o
 

90
o
 

 
 

Figure 2: A three-layered model for fractured reservoir. 

          (a)             (b)             (c) 

 
 
Figure 1: Three fracture models: (a) one set of aligned fractures; (b) two orthogonal 
fracture sets;  (c) two non-orthogonal fracture sets intersecting at 45 degrees.  
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4. Results and Discussion  
 
4.1 Model with 3 Layers 
 

For this case, as shown in Figure 2, one fractured layer is embedded within two homogenous, isotropic 
layers. Large fractures in this layer are distributed in form of each of the models shown in Figure 1. The 
spacing for fracture set aligning at 90 degrees is set to 30 m (Figure 1a), denoted asX30 , while the spacing 
for the one orthogonally aligned is set to 30 m ( Y30X30 ! ) and 42 m ( Y42X30 ! ) respectively as 
shown in Figure 1b. For non-orthogonal fracture sets, the fractures oriented at 45 degrees have a spacing of 

42230 !"  m ( 45X30! ), as shown in Figure 1c. The fractures we consider are rotationally invariant 
with normal and transverse compliance being equal. For most cases considered here, we choose fracture 
compliances 

! 

Z
N

= Z
T

= 2 "10
#10m/Pa for all fracture sets.  For the case of Y30X30 !  we also 

investigate unequal compliance for different fracture sets. We set the compliance value for the fracture set 
aligned at 0 degree (Y30 ) to be four (4) times large than the fractures at 90 degrees (X30 ).  This 
situation is denoted as !" Y30Z4X30 . One case without fractures (NoFrac) is used as a reference 
(Figure 3a). For More details about the numerical modeling, please refer to the work by Chi et al. (2006). 
 

For models without fractures and with parallel and orthogonal fractures, we sort the common-shot 
gathers in azimuths from 0 to 90 degrees at an increment of 10 degrees. A gather at an azimuth 45 degrees 
is also included. Especially for multiple non-orthogonal fracture sets intersecting in 45 degrees to each 
other, the range of azimuth should vary from 0 to 180 degrees because of the lower symmetry of the model 
configuration. Following the method of Willis et al (2006), we first use the shot gathers of the NoFrac 
model to do a velocity analysis and obtain the NMO velocities of the PP events at each azimuth (which 
should be equal theoretically). We then apply these NMO velocities on the azimuthal shot gathers for the 
rest models. We stack the traces of these NMOed shot gathers at offsets within 400 m.  Figure 3a shows the 
stacked traces in azimuth for the model without fractures. Two strong events at times of about 550 ms and 
650 ms represent the reflected PP wave from the top and bottom of the reservoir.  The amplitudes of these 
arrivals have no azimuthal variation and no scattering energy arrives at later times.  For using the SI 
method on the models containing fractures, we pick two time windows, the input and output windows, 
which are indicated by red and blue boxes respectively in Figure 3a.  The longer output window is chosen 
to capture most of the scattering energy due to large fractures in the other models.  
 

Applying the NMO velocities for the model without fractures on the data for models with fractures we 
get the stacked traces shown in Figure 3b to 3f.  The most significant phenomenon for these traces is the 
coda energy existing at later times due to the scattering from the large fractures. For models with only one 
set of parallel fractures (Figure 3b), strong scattered energy is seen at the azimuth of 90 degrees, which is 
parallel to the fractures. After stacking, coherent scattered energy gets strong, while incoherent energy (that 
is, the combination of forward and back scattering) gets cancelled out.  The result is that scattered energy 
stacks in at the azimuth that is parallel to the fracture direction. Due to symmetry of the configuration, the 
model with two sets of orthogonal fractures with equal compliances and spacing gives equally strong 
scattered energy at 0 and 90 degree azimuths, which are parallel to each set of fracture respectively (Figure 
3c). Relatively small scattered energy is seen in the middle range of azimuths. For models with one set of 
more compliant fractures (Figure 3d), we see that the PP reflection from the bottom of the reservoir is 
mostly contaminated by the scattered wave energy.  Strong scattered energy shows at all azimuths, and the 
scattered energy at 0 degrees is stronger than that at 90 degrees.  This suggests that the more compliant 
fracture set contributes much more to the scattered wavefield. For models with two sets of fractures but 
with different spacing (Figure 3e), the azimuthal variation of scattered energy is somewhat similar to that 
for one set of parallel fractures (Figure 3b) except that a small amount of scattering is also seen at 0 degree 
azimuth, which is due to the second fracture set with larger spacing. Comparing energy in Figure 3d and 3e, 
we see that spacing and compliance both have an effect on stacked energy, but the compliance factor has 
the larger effect. The final model has two sets of non-orthogonal fractures at 45 degrees to one another.  
Figures 4f shows that the scattered energy varies azimuthally from 0 to 180 degrees. The strongest scattered 
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energy is seen at 90 degrees, which is parallel to the fracture set with 30 m spacing.  There is a small 
amount of scattered energy visible at 45 degrees arriving at 900 ms.  
 

To compute the SI attribute we can apply the input and output time windows to the azimuthal stacks in 
Figure 3 to isolate the signals for the deconvolutional process, which at the end gives us the transfer 
function linking these two signals (Willis et al., 2006). Being like a filter, the fractured reservoir takes in 
the simple input signal and converts it into the more complicated output signal. The transfer function 
describing the filter characterizes the degree of scattering due to the discrete large fractures in the reservoir.  
By calculating the L1-norm of the transfer function, Willis et al (2006) derived a quantity, scattering index 
(SI), as a seismic attribute of scattering to determine the orientation of fractures.  
 

Figure 4 shows the scattering index (SI) values as a function of azimuth for cases with and without 
fractures. The SI values are calculated for azimuths between 0 and 90 degrees, and these values are then 
projected into the other quadrants based on symmetry. For the model without fractures there is no scattered 
energy and the SI values show no azimuthal variation (Figure 4a). For the model with one set of aligned 
fractures (Figure 4b), there is a large SI amplitude at an azimuth of 90 degrees, which is the orientation 
direction of the fracture set.  Figure 4c shows the SI values for the model with two sets of orthogonal 
fractures having equal fracture spacing.  High amplitudes are seen at azimuths of 0 and 90 degrees, 
indicating the orientation of the two sets of fractures respectively.  This result, where the two fracture sets 
have the same compliance, can be compared to the case where the fracture compliance values are different.  
Figure 4d shows the results for the same two sets of orthogonal fractures as shown in Figure 4c, however in 
this case the fracture set oriented at 0 degrees has a compliance that is four times larger than the set 
oriented at 90 degrees.  In the direction parallel to the more compliant set of fractures (0 degrees) the SI 
amplitude is about four times larger than the amplitude at 90 degrees, which is parallel to the less compliant 
fracture set.  This is an encouraging result that suggests the possibility of using the scattered energy 
amplitude as a measure of fracture compliance, which could be related to fracture aperture and therefore 
permeability.  However, such an approach must be entered into cautiously because of the ambiguity 
between fracture spacing and compliance. Figure 4e illustrates this point.  For a model with two sets of 
orthogonal fractures but having unequal spacing, we see a pattern in the SI values that is similar to that seen 
with different compliance values. In this situation the highest SI amplitudes are in the direction parallel to 
the smaller fracture spacing (90 degree orientation, 30 m spacing), with a much smaller SI value peak 
(about a factor of three smaller) in the direction of the fracture set with larger spacing (0 degrees, 42 m 
spacing).  The relationship between scattered wave energy and fracture spacing will be a function of the 
seismic wavelength. Because of the similar response of the SI attribute to changes in fracture compliance 
and spacing, it is important to find ways to differentiate between these two effects.  Zhang et al. (2006) and 
Willis et al. (2006) have used the backscattered energy and spectral notches respectively to estimate the 
fracture spacing from the scattered wave energy. Such approaches might provide us with a means of 
separating the effects of spacing and compliance and allow us to isolate the effect of fracture compliance.  
The final model is for two sets of non-orthogonal fractures, one set oriented at 90 degrees and the second 
set oriented at 45 degrees.  Both fracture sets have the same compliance, but the spacing is different (larger 
spacing for the fracture set at 45 degrees).  In this case we need to investigate the scattering in the azimuth 
range from 0 to 180 degrees in order to cover fully the scattering for both fracture sets. The resulting SI 
values are plotted from 0 to 180 degrees, which is symmetric for the 180 to 360 degree azimuths.  Figure 4f 
shows that the SI values are largest at 90 degrees, the orientation of one set of fractures (with the smaller 
spacing), while the other azimuths show much smaller values.  We can infer that another set of fracture is 
present, which could be oriented at 30, 45, or 135 degrees based on the SI distribution (which is clearly 
different from that seen for a single set of fractures as in Figure 5b).  For this simple 3-layer model, the 
stacked traces in Figure 3f would suggest that the second fracture set is at 45 degrees, however the SI 
values are less clear.  
 
4.2 Model with 5 layers 
 

In the three layer model, it is quite easy to pick out the reflections from the top and base of the 
reservoir, even in the presence of significant scattering.  However, in actual field situations there will be 
many reflectors present and it will not be easy to isolate these reflectors for SI analysis.  In order to test the 
methodology in a slightly more realistic situation we generate a second set of models containing 5 layers.  
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In these models we will use a larger sampling window containing several reflected events for the SI 
analysis, as was shown by Willis et al. (2006).  The ‘input’ wavelet is estimated from a window containing 
reflection events above the reservoir level, and the ‘output’ wavelet is estimated from a window containing 
reflection events below the reservoir level.  The transfer function is estimated from these wavelets via a 
deconvolutional process.   
 

Choosing the same parameters for the background media and fracture compliance used by Willis et al. 
(2006), we modeled the seismic response to discrete large fractures embedded in the middle layer. The 
same three types of fracture model shown in Figure 1 are considered, but for these models the fracture 
spacing is set at 35 m to provide maximum scattering for this set of parameters (Willis et al., 2006).  In this 
case the spacing between fractures orientated at 45 degrees is about 50 m, so there are a total of six cases 
considered in this section: NoFrac, X35 , Y35X35 ! , !" Y35Z4X35 , Y50X35 !  and 

45X35! . 
 

Figure 5a shows the azimuthal stacked traces for the model without fractures.  Four arrivals are seen, 
which correspond to the PP reflected waves at each interface in the model. We take a window (red) 
including first two reflected PP events as the input signal, and then another window (blue) including the 
last two as the output signal. These two time windows will be applied on the azimuthal stacked traces for 
the other models as well.  
 

Azimuthal stacked traces for all the different models are shown in Figure 5 and most of the same 
trends seen for the 3-layer models are present. For the model with a single set of parallel fractures (Figure 
5b), strong scattered energy remains after stacking in the direction parallel to the fracture strike. For the 
model with two sets of orthogonal fractures with the same spacing (Figure 5c) strong energy is seen in the 
two directions parallel to the two sets of fractures.   When one fracture set is four times more compliant, the 
more compliant fracture set induces stronger scattered energy in the direction parallel to its strike (Figure 
5d), although the difference in amplitude is not as great as it was in the 3-layer model (Figure 3d).  Figure 
5e shows the results for a model with two sets of orthogonal fractures but with different spacing. For the 3-
layer model we observed that the fracture set with smaller spacing (30 m) induced stronger scattered energy 
than the one with larger spacing (42 m). However for the 5-layer model, the fracture set with the larger 
spacing (50 m) seems to give slightly stronger energy than smaller spacing does (35 m), although the 
difference is quite small. This may be due to somewhat different source wavelengths in the two models.  
The final model is for two sets of non-orthogonal fractures, oriented at 90 and 45 degrees (Figure 5f). We 
still see strong scattered energy in the 90 degree direction along with significant scattered energy at most 
other azimuths although higher amplitudes are seen around 45 degrees, the orientation of the second set of 
fractures. 
 

Applying the time windows defined in Figure 5a to each set of model azimuthal stacks we compute the 
SI values, which are shown in Figure 6. For the model without fractures (Figure 6a), the SI values are small 
and approximately equal at all azimuths.  For one single set of parallel fractures, the SI value is a maximum 
in the direction of the fracture strike (Figure 6b).  The three cases with orthogonal fracture sets are shown 
in Figures 6c, d and e respectively. All of them give a clear indication of the orientations for both sets of 
fractures. We notice that the SI plots in Figures 6d and 6e look similar, with the maximum SI value being at 
0 degrees.  In Figure 6d this direction corresponds to the fracture set with largest compliance, while in 
Figure 6e this direction corresponds to the fracture set with the larger spacing, which shows again the 
ambiguity between compliance and spacing.  In Figure 6f, the SI peak is at 90 degrees indicating the set of 
fracture with 35 m spacing with a broad area of increase SI values around is at 30 to 50 degrees.  
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              (a)      (b) 

 
 
   (c)        (d) 

 
 
   (e)       (f) 

 
Figure 3: Azimuthal stacked traces for the 3-layer models. (a) no fractures; (b) single 
fracture set with a strike of 90 degrees (X30 ); (c) two sets of orthogonal fractures with the 
same fracture compliance and spacing ( Y30X30 ! ); (d) same as (b) except compliance 
for fracture set aligned at 0 degrees is 4 times large than that at 90 degrees 
( !" Y30Z4X30 ); (e) two sets of orthogonal fractures with different spacing 
( Y42X30 ! );  (f) two sets of non-orthogonal fractures at 45 degrees, 0 to 180 degrees 
azimuth ( 45X30! );  
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            (a)          (b) 

 
 
             (c)            (d) 

 
 
             (e)          (f) 

 
Figure 4:  Azimuthal scattering index for 3-layer models (a) NoFrac; (b) X30 ; (c) 

Y30X30 ! ; (d) !" Y30Z4X30 ; (e) Y42X30 ! ; (f) 45X30! . 
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Figure 5: Azimuthal stacked traces for 5-layer models. (a) no fractures; (b) single 
fracture set with strike of 90 degrees (X35 ); (c) two sets of orthogonal fractures with 
the same fracture compliance and spacing ( Y35X35 ! ); (d) same as (b) except 
compliance for fracture set aligned at 0 degrees is 4 times large than that at 90 degrees 
( !" Y35Z4X35 ); (e) two sets of orthogonal fractures with different spacing 
( Y50X35 ! );  (f) two sets of non-orthogonal fractures at 45 degrees, 0 to 180 degrees 
azimuth. 
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Figure 6: Azimuthal scattering index for 5-layer models (a) NoFrac; (b) X35 ; 
(c) Y35X35 ! ; (d) !" Y35Z4X35 ; (e) Y50X35 ! ; (f) 45X35! . 




