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Abstract

Diffraction imaging is a novel technology that uses diffractions to image very small subsurface elements. Diffraction imag-
ing may: (1) improve prospect characterization and pre-drill assessment of the local geology; (2) improve production and
recovery efficiency; (3) reduce field development cost; and (4) decrease environmental impact. Field development may be
accomplished with fewer wells to optimally produce the reservoir using high-resolution images of small-scale fractures
in shale or carbonate intervals. Standard approaches to obtain high-resolution information, such as coherency analysis
and structure-oriented filters, derive attributes from stacked, migrated images. Diffraction imaging, in comparison, acts
on the pre-stack data, and has the potential to focus super-resolution structural information. Diffraction images can be
used as a complement to the structural images produced by conventional reflection imaging techniques, by emphasizing
small-scale structural elements that are difficult to interpret on a conventional depth image. An efficient way to obtain
diffraction images is to first separate the migration events according to the value of the specularity angle, in a similar way
to offset gathers, and subsequent post-stack processing. The high-resolution potential is demonstrated by the diffraction
images from the Kenedy 3D survey over the Eagle Ford shale, which show much more detail than conventional depth

migration or coherence.

Introduction

In 2000 shale gas represented just 1% of American natural
gas supplies. Today, it is 30% and the percentage keeps
increasing. The technology to drill and fracture shale for-
mations is now exported from the US to the rest of the
world, increasing national oil and gas reserves in many
other countries. Currently, there is a high level of activity
for both shale gas and liquids production. Productivity
in the shale plays depends on many factors including
total organic content, the susceptibility of the reservoir
to hydraulic fracturing and factors in the well design and
completion processes. However, since fracture porosity
plays a critical role, the detection of naturally occurring
faults and fractures and the interaction of these with the
hydraulic fracturing process are key areas of investiga-
tion. New high-resolution technologies are now used to
visualize the structure and the natural fracture distribution
and orientation in thin shale layers. Diffraction imaging
is a new approach to image with super-resolution faults,
pinch-outs, salt flanks, reflector unconformities, any small
scattering objects, and is used as a complement to the
structural image produced by reflection imaging. By iden-
tifying the areas with increased natural fracture density,
reservoir engineers can design an optimal well placement
programme that targets sweet spots, areas with increased
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production, and minimizes the number of wells used for a
prospective area.

Most detection methods are based on the use of con-
ventional reflection seismic data (curvature, coherency, etc.).
However, diffraction imaging offers the potential of higher
resolution and reliability, as it is a direct method for the detec-
tion of subsurface discontinuities. The diffraction image is the
direct response to subsurface discontinuities and is in most
cases obtained from pre-stack, pre-migration data rather than
post-stack, post-migration images. Using diffraction imaging
we can obtain high-resolution 3D volumes of discontinuities
in the earth such as small-scale faults, pinch-outs, salt flanks,
reflector unconformities, in general small scattering objects.
The diffractions volume can be used as a complement to the
structural images produced by reflection imaging (Khaidukov
et al., 2004; Taner et al., 2006; Moser and Howard, 2008;
Koren et al., 2010; Dell and Gajewski, 2011; Moser, 2011).

In many of the shale resource areas the overburden is
relatively straightforward. These conditions are ideal for
focusing reflections, which also means that the diffraction
imaging process is highly effective. In this paper, we make
use of the recently developed workflow based on the role of
specularity gathers (Sturzu et al., 2013), illustrating this on
synthetic data and on a dataset from the Eagle Ford shale
play of South Texas.
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Regional geology and seismic analysis of the

Eagle Ford shale

The Eagle Ford shale, located in south-central Texas, is one
of the most prolific regions for shale liquid production. Since
2008 more than 11,500 drilling permits have been issued, and
as of November 2013, the Railroad Commission of Texas
reported completion of 4690 oil wells in an area spanning 25
Texas counties. A wide range of fluids is present in the Eagle
Ford play, including oil, wet gas, condensate and dry gas.
As noted by previous workers, the heterogeneity of the play
presents a number of exploration and production challenges
(Treadgold et al., 2011; Royer and Peebles, 2012).

As shown in Figure 1, the Eagle Ford Shale overlies the
Buda Limestone and is divided into two units: the Upper Eagle
Ford and Lower Eagle Ford. An internal carbonate marker, the
Kamp Ranch Member, separates the two and may be identi-
fied in wireline log signatures. In general, the lowermost Eagle
Ford is characterized by high organic content (4-7% TOC)
and moderate porosity (7-15%) (Treadgold et al., 2011). By
contrast, the Upper Eagle Ford is significantly more calcareous
and less organic rich (2-5% TOC). Total thickness of the Eagle
Ford in south Texas ranges from 15 to 75 m. The upper and
lower contacts are marked by unconformities with the Buda
Limestone and Austin Chalk, respectively.

Rock properties vary significantly between the Buda, Eagle
Ford and Austin Chalk, and regional 3D seismic analysis has
proven effective for exploration (Yu et al., 2013; Treadgold
et al., 2011). Predicting production, however, is more com-
plex due to small-scale variations in organic content and
pre-existing fracture networks. In general, previous workers
have tried to characterize heterogeneity and fractures at two
scales of observation. The ‘large scale’ approach makes use of
reflection seismic for edge detection, using attributes such as
curvature to define features in the Eagle Ford Formation. At
the other end of the spectrum, ‘fine scale’ approaches attempt
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to bring out sub-seismic fractures, e.g. measuring seismic
anisotropy using equivalent medium theory.

Diffraction imaging

Diffractions are the seismic response of small elements (or
diffractors) in the subsurface of the earth, such as small-scale
faults, near-surface scattering objects and in general all objects
which are small compared to the wavelength of seismic waves.
Diffraction imaging is simply the process of using diffractions
to determine the locations of the small subsurface elements
that produced them. Since diffractors are, by definition,
smaller than the wavelength of seismic waves, diffraction
imaging provides super-resolution information, which consists
of image details that are beyond the classical Rayleigh limit
of half a seismic wavelength. The importance of diffractions
in high-resolution structural imaging has been emphasized in
many recent publications (Khaidukov et al., 2004; Taner et al.,
2006; Moser and Howard, 2008; Koren et al., 2010; Dell and
Gajewski, 2011; Moser, 2011). However, diffraction imaging
is still not a widely used tool in seismic interpretation. In fact,
most of the algorithms that are used to process seismic data
enhance reflections and suppress diffracted energy. The goal
of diffraction imaging is not to replace these traditional algo-
rithms, but rather to provide interpreters with an additional
image to fill in the small, but potentially crucial, structural and
stratigraphic details.

The main goal of conventional time and depth seismic pro-
cessing is to enhance specular reflections, which follow Snell’s
law and for which the angle of incidence equals the reflection
angle. Many time processing steps are designed to increase the
lateral coherency of the reflections — from interpolation, FXY
deconvolution and FK filtering, to wave-equation binning.
Since diffractions have a different move-out than reflections,
many processing steps designed to enhance reflections result in
attenuating diffractions. Seismic methods are generally limited
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Figure 1 Cross section of Middle to Late Cretaceous
rocks of south-central Texas. The Eagle Ford
Formation pinches out to the northeast over the
San Mancos Arch. (After Hentz and Ruppel, 2010).
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in their resolving power to about one half of the dominant
wavelength at the target. When the sand or shale layers are
thinner than half of the wavelength, tuning and multiple-
reverberation effects make the stratigraphic interpretation of
the images difficult and unreliable. Decreasing the wavelength
of the seismic waves reflected at the target is nearly impossible
in surface seismic surveying because of the dissipative nature
of the overburden that causes the attenuation of the high-
frequency component of the seismic wavefield. Furthermore,
the high frequencies that are present in the data are often lost
during standard processing.

An important point to note is that a true diffraction
image is not optimally obtained by post-processing of a tra-
ditional seismic image, even if the seismic image is obtained
by an algorithm that does not suppress diffractions. While
diffractors will appear in the image, usually in the form
of discontinuities, they have often much lower amplitudes
than reflecting structures. By imaging diffractors using the
pre-stack data, the diffractor amplitude can be enhanced
while the specular reflections can be attenuated. Furthermore,
discontinuities in the seismic image can appear for a variety of
reasons other than diffractions, including small errors in the
velocity model of the earth that was used to obtain the image.

Several techniques for diffraction imaging have been
proposed (see references). They fall into two categories.
In the first category are methods that separate the seismic
data into two parts, one that contains the wave energy from
reflections and the other that contains the wave energy from
diffractions. Each component is used to provide an image
through traditional seismic imaging methods. We have to
keep in mind that there is no sharp distinction between
reflected and diffracted waves (recall that by Huygens’s
principle, a reflector can be represented by a series of point
diffractors that are positioned on its surface). In the second
category are methods that do not separate the input seismic
data, but rather use a different image-forming technique
that suppresses reflecting surfaces in the image (Moser and
Howard, 2008; Moser, 2009). We focus here on the second
category of methods, specifically on the method of Moser
and Howard, which can be expressed as a reflection sup-
pressing kernel for Kirchhoff migration. In this approach,
an accurate migration velocity model plays a central role
and the focusing quality of the diffraction image is directly
related to that of the standard migration image, with the
same potential and the same limitations. If reflections can
be focused, then they can also be suppressed, by using the
same velocity model. The residual image is the diffraction
image. The velocity sensitivity of the standard and diffrac-
tion image are therefore connected; we illustrate this below.

Specularity concept

A conventional Kirchhoff migration of the complete wave
field forms a seismic image as a summation (stack) of the
seismic events propagated to all possible locations in the sub-
surface (‘complete wave’ meaning reflections and diffractions
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included). The propagation is done using travel-time tables
computed in a given subsurface velocity model. The events
propagated to locations which correspond to real reflections
or diffractions within the subsurface, will be summed up
coherently, while those propagated in locations where the
velocity in the subsurface is not discontinuous will be aver-
aged out. As for the former case, there is a quantitative dif-
ference between pure (specular) reflections and diffractions,
a difference which comes from the fact that only for the
specular events two close enough events will be propagated
in two locations very close to each other. As a result, in the
final stack, the specular events will have much higher ampli-
tudes as compared to diffractive ones.

In the final image stack, a specular element can be
approximated locally as a planar surface, with the isochron
surface (computed from the exact travel-time tables) tangental
to it. For diffractive events, there is no such constraint. As a
measure of specularity for the image of a seismic event in a
location from the subsurface, one can use the departure from
Snell’s law, quantified as the cosine of the angle formed by the
gradient of the total travel time (computed from the source of
the event to the image point and further to the receiver of the
event), and the normal to the local planar surface defined in
that image location. Specularity is then equal to unity for pure
specular events following Snell’s law and smaller for diffrac-
tions, the more they disagree with Snell’s law.

Specularity gathers

The idea behind Kirchhoff diffraction imaging is to use a
tapering procedure during the summation of the elementary
seismic events, which will attenuate the events that are close
to the specularity condition, while preserving the diffractive
ones. The taper used for specularity suppression is obtained
by the following steps. First, using standard Kirchhoff migra-
tion we obtain the seismic image. This image will include
both reflections and diffractions, but as mentioned before,
the reflections are the most dominant part of the image. The
second step is dip extraction: to analyse the structures in the
Kirchhoff image and determine the reflector normal vector
to these structures at each image point. As for a specular
reflection, this direction is collinear with the total travel time
gradient; the taper function for those events will be zero. At
a diffraction point, since the seismic waves propagate in all
directions, the taper function will not be zero, at least for
most of the wave propagation directions. The third step is the
diffraction imaging proper, consisting of Kirchhoff migration
using a well-calibrated specularity taper function.

The design of an effective specularity taper can be a chal-
lenge when done a priori (before migration), as the limits of
pure specularity may vary as a function of subsurface location
and orientation with respect to the data acquisition; they
actually depend on the local size of the Fresnel zone which is
difficult to estimate a priori. A simple trial-and-error method
is computationally expensive since it requires repeated
migrations and moreover is not likely to result in an optimal
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Based on the specularity analysis of Figure 2c,
reflection energy with specularity higher than 0.66
is suppressed.

depthim)
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taper and diffraction image. The technique of specularity gath-
ers, introduced by Sturzu et al. (2013), offers a solution and
can be used to increase both the efficiency and accuracy of the
diffraction imaging technique. During the migration, partial
migration output is sorted with respect to specularity and
stored in gathers which depend on specularity. After migration,
the specularity taper can be efficiently designed by a small
number of tests, the specularity gathers tapered and stacked
over the specularity axis, resulting in an optimal diffraction
image. This is a procedure which is very similar to the familiar
process of sorting partial migration output in common-image
gathers, depending on offset or reflection angle, and designing
a mute function to properly mute unwanted (far-offset) energy
(see Sturzu et al. (2013), for details).

The simple model of Figure 2 illustrates the workflow
of diffraction imaging using specularity gathers. Figure 2a
shows the standard migration in an exactly known veloc-
ity model, Figure 2b the result of dip extraction over the
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Figure 3 (a) Standard Kirchhoff migration stack
using the exact Cassis velocity model. The vertical
line denotes the location of the specularity gather
in Figure 3 (b).

Figure 3 (b) Specularity gather at 3477 m hori-
zontal distance. Note flat event at 1800 m depth
related to a prominent diffraction.

Figure 3 (c) Diffraction image.

standard migration image. Using this dip information,
the specularity gathers are constructed, as shown at five
typical locations in Figure 2¢. Reflections are concentrated at
focused spots for specularity equal to 1.0 (panels labelled 1
and 3), the other gathers show energy smeared out along flat
events for a full specularity range of 0.0-1.0, associated with
diffractions. After a small number of tests (in post-migration
domain) we selected 0.66 as the optimal specularity cut-off
for this case (other selections were applied for the other
figures in the paper). The stack over the specularity gathers
tapered at this cut-off results in the diffraction image of
Figure 2d. Here, reflections are fully suppressed and the
diffracting edges are preserved and stand out. The Kirchhoff
migrations shown in this paper were performed using a
standard prestack depth migration programme, in which the
diffraction imagining method was implemented in a special
migration kernel and the dip field obtained using the plane
wave destruction method.
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Figure 4 Details on a pinch-out from the Cassis
model. (a) Kirchhoff migration and (b) Diffraction
imaging using the correct velocity model =2
(c) Diffraction imaging using a velocity lower with
1%. (d) Diffraction imaging using a velocity model
higher with 1%.

depthin}

Figure 5 Details on a fault from the Cassis model.
(a) Kirchhoff migration and (b) Diffraction imag-
ing using the exact model.

Figure 6 Details on a rough horizon from the Cassis
model. (a) Kirchhoff migration and (b) Diffraction
imaging using the exact model.

A second example is the Cassis 2D seismic dataset developed
at Total/Opera, Pau. The Cassis model has been previously
investigated in Moser and Howard (2008) using a slant stack
method for the dip field estimation. Figure 3 shows the
complete-wave and the diffraction imaging Kirchhoff migration
results. All the discontinuities visible in the full-wave stack (a)
are enhanced in the diffraction image (c) while all the specular
reflections are almost completely attenuated. In Figures 4-6 we
show some details from Figures 3a and 3c. The details cover spe-
cific geological features able to produce diffractions: a pinch-out
in Figure 4, a fault in Figure 5 and a rough horizon in Figure 6.
In Figure 4, we compare the diffraction images computed using
the exact velocity model and a velocity model change with — 1%
and 1%. One can clearly notice that most of the diffraction
spots are well-focused in the exact model image, but they start
showing the smile pattern even for a change as small as 1%
in the velocity. This high sensitivity of the diffraction image
transforms it into a valuable tool for velocity model building (a
common theme in publications on diffraction imaging).

Eagle Ford shale

As a field example, we show here the application of the dif-
fraction imaging workflow on the Kenedy 3D survey in the
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south-western area of the Eagle Ford play. This survey area
is characterized by a relatively uncomplicated velocity trend
with mild lateral variations. As a result, there are no impor-
tant challenges for the depth imaging, for instance, related to
multi-pathing of energy. It therefore equally poses no impor-
tant challenges to the diffraction imaging and qualifies as a
very suitable area for its further deployment as a technology,
and a step towards more complicated structural geometries.

Processing sequence

The diffraction imaging was conducted in the context of pre-
stack depth migration of the complete wave field, preceded
by pre-processing and pre-stack time migration. Particular
attention points for a successful diffraction imaging includ-
ed: pre-processing with special care to preserve high-frequen-
cy diffraction content and in the depth migration to arrive
at an optimal velocity model, allowing optimal focusing
of the standard migration image. This process consisted of
several tomography iterations. When the velocity model was
considered optimal, the resulting standard migration image
was used for reflector dip extraction (using a plane wave
destructor filter (Taner et al., 2006)). The reflector dip field
and the travel-time tables of the final velocity iteration were
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then used for the diffraction imaging. Specularity gather Switching off reflectivity — comparison of reflection
analysis (as described above) allowed us to efficiently select —and diffraction images

the best taper parameters to arrive at a high-quality diffrac- A typical output of the diffraction imaging is shown in
tion image. Figure 7. Various degrees of specularity tapering show how

3600

depth(m)

Figure 7 Switching off reflectivity: images over
Eagle Ford. (a) standard depth image; (b) with
weak tapering of specular reflectivity; (c) with
increased tapering; (d) with optimal tapering =
diffraction image.

5200

Figure 8 Depth slice zooms over Eagle Ford at
depth 4790 m. (a) standard depth migration (‘+’
denote locations of specularity gathers shown in
Figure 9), (b-f) diffraction images with increasing
specularity suppression (cut-outs have not been
part of the survey).

S
0.5 1.0

depth(km)

in/xline 125/18 in/xline 125/60 in/xline 125/94 inixline 125/122 in/xline 125/173
Figure 9 Specularity gathers at locations denoted ‘+’ in Figure 8a, depth indicated by blue line.
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the reflection content is gradually removed from the depth
image (Figure 7a-d). At the same time, diffractivity in the form
of diffraction images appears (diffractivity meaning the image

after reflectivity is suppressed). The gradual disappearance
of reflectivity clearly points to the fact that there is no sharp
distinction between reflections and diffractions, but rather a
smooth and frequency-dependent transition between the two.
Diffractions compensate for discontinuities in the reflection
wave field, thus ensuring continuity of the overall wave field
(Klem-Musatov and Aizenberg, 1984). Residual reflectivity
appears to be uplifted after specularity suppression. This can
be explained in terms of Fermat’s shortest path principle: after
removing specular reflections, ray paths in the vicinity of the
specular reflection survive, but with a longer reflection time.
Diffractions in comparison remain always at the same location.

It takes some practice to interpret the diffraction sections,
but on closer inspection and in comparison with the correspond-
ing standard migration image, (Figure 7a) the diffraction events

56

Figure 10 Depth slices over Eagle Ford at 2740 m.
(a) standard depth migration, (b) coherence,
(c) diffraction image.

Figure 11 Depth slices over Eagle Ford at 2790 m.
(a) standard depth migration, (b) coherence,
(c) diffraction image.

can be explained and serve as high-resolution complement of
the complete wave events. Most diffraction events (Figure 7b-d)
can be traced back to events weakly visible in the complete wave
image, but are overshadowed by reflectivity on this image.
Figure 8 shows the effect of specularity suppression of vari-
ous degrees on depth slices for the Eagle Ford/Kenedy 3D sur-
vey, based on specularity gathers as displayed in Figure 9. From
Figure 8a to 8f it becomes clear that an increasing tapering of
specular reflection is accompanied by an increasing degree of
diffraction detail (until an optimum is reached beyond which
diffraction information is attenuated as well). As the tapering
can be spatially variable and efficiently calibrated over the
area of interest, the specularity gather analysis proves to be
a valuable tool to select optimal taper parameters, in close
coordination with the interpreter. We believe that this is a key
advance and opens new capabilities in seismic interpretation.
The depth slices (Figure 10 to Figure 13) compare the dif-
fraction image with both the standard depth migration image
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and a coherence cube, extracted from the depth image. Here,
coherence seems to have more detail for fault definition in
some parts of the shallow slices. However, for the deeper slices
the diffraction images consistently show much more detail.
The section and depth slice zooms of Figure 13 confirm this.
Even the zoom at the shallow depth of 2740 m (Figure 10)
shows a much richer fault pattern of the diffraction image
slice than on the coherence slice. A comparison of maximum
curvature with the diffraction image shows similarly much
more detail in the diffraction image (Figure 14).

Response of large scale faults

A typical seismic section is shown in Figure 15. Here we
can observe the high reflectivity package which includes the
Eagle Ford, the overlying Austin Chalk and the underlying
Buda limestone. The overburden, although faulted, is not
highly structured. Let us examine the seismic diffraction
response of a major fault and compare this to the seismic

© 2014 EAGE www.firstbreak.org

Figure 12 Depth slices over Eagle Ford at 4115 m.
(a) standard depth migration, (b) coherence,
(c) diffraction image.

Figure 13 Depth slices over Eagle Ford at 4620 m
(a) standard depth migration, (b) coherence,
(c) diffraction image.

reflection response. Here, we begin with a migrated depth
image of a line which runs approximately along the strike of
the fault plane (Figure 16a). On this line we see little indi-
cation of the fault, except for a small area of disturbance.
When we superimpose the diffraction image (Figure 16b) we
notice that a strong diffraction response occurs not only at
the discontinuity but also in areas where there is no apparent
discontinuity in the reflection response. In Figure 16¢ we dis-
play the same crossline intersected with an inline. We observe
a diffraction response on both the crossline and the inline.
Now if we look only at the inline Figure 16d, we observe
that the diffraction response is much more limited in extent.
As shown in the reflection response (Figure 16e), it is clear
that the diffraction response is due to a normal fault. The
extended linear diffraction response seen on the crossline is
the local response along the strike of the fault plane. On the
reflection seismic image alone the presence of a fault strike
plane is not obvious. However, the 3D diffraction image
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Figure 14 Depth slices over Eagle Ford at Top Buda
(4570 m). (a) maximum curvature, (b) diffraction
image.

makes no distinction between dip and strike. The superpo-
sition of the reflection and diffraction responses therefore
provides a powerful interpretation tool.

Small-scale faulting

We now examine the spatial distribution of the diffraction
response relative to the major faults. In Figure 17 we show a
seismic cross section with the diffraction overlay along with
a diffraction horizon slice. We can note that the diffractiv-
ity tends to be organized in north-east south-west trending
bands running parallel to the major fault trends. We interpret
the area of high diffractivity to be small-scale faults or frac-
tures antithetic to the major faults. These features occur at
the seismic scale but are too small to be observed on the con-
ventional reflection seismic. Moreover, the dense diffraction
distribution could be associated with an even finer scale of
faulting and fracturing not detectable via the seismic method,
beyond the resolution of surface seismic data.

Conclusions and future work
We used the reflector dip field extracted from a full-wave
pre-stack Kirchhoff migration image to modify the tapering
function of the migration kernel. As a result we enhanced the
diffraction component of the image, while almost completely
attenuating the specular reflections. We showed that the
method is highly sensitive to changes in the velocity model,
making it appropriate for velocity model building.

We recommend a comprehensive integration of the dif-
fraction data with the production statistics to determine the
level of correlation with previous and ongoing production.

58

Top Buda Limestone
P Top Eagle Ford Shale

Figure 15 Eagle Ford Horizons on standard pre-stack depth migration image.

The diffractivity data can be treated as a seismic attribute
with the understanding that the attribute is itself an intrinsic
imaging product as opposed to the derivatives of the conven-
tional reflection image.
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Figure 17 Seismic cross-section with the diffrac-
tion overlay along with a diffraction horizon slice.
Note that the diffractivity trends are organized
in NE-SW trending bends running parallel to the
major fault trends. These trends can be interpreted
as small-scale faults or fractures antithetic to the
major faults, but are too small to be observed on
the standard reflection seismic image. The dense
diffraction distribution could be associated with
an even finer scale of faulting and fracturing not
detectable via the seismic method, beyond the
resolution of surface seismic data.
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but also in areas with no apparent discontinu-
ity in reflectivity. (c) Diffractivity on both the
crossline and the inline. (d) Inline section only.
(e) Reflectivity only. Note that the diffractivity is
much more limited in extent, indicating a normal
fault.
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