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B ecause they are second-order derivatives, seismic curvature
attributes can enhance subtle information that may be
difficult to see using first-order derivatives such as the dip
magnitude and the dip-azimuth attributes. As a result, these
attributes form an integral part of most seismic interpretation
projects. This conventional computation of curvature may
be termed as structural curvature, as lateral second-order
derivatives of the structural component of seismic time
or depth of reflection events are used to generate them. In
this study, we explore the case of applying lateral second-
order derivatives on the amplitudes of seismic data along
the reflectors. We refer to such computation as amplitude
curvature. For volumetric structural curvature we compute
first derivatives in the inline and crossline components of
structural dip. For amplitude curvature, we apply a similar
computation to the inline and crossline components of
the energy-weighted amplitude gradients, which represent
the directional measures of amplitude variability. Because
of limits to lateral resolution, application of amplitude
curvature computation to real seismic data results in greater
lateral resolution than structural curvature. The images are
mathematically independent of each other and thus highlight
different features in the subsurface, but are often correlated
through the underlying geology.

Since the introduction of the seismic curvature attributes
by Roberts (2001), curvature has gradually become popular
with interpreters, and has found its way into most commer-
cial software packages. Curvature is a 2D second-order deriv-
ative of time or depth structure, or a 2D first-order derivative
of inline and crossline dip components. As a derivative of dip
components, curvature measures subtle lateral and vertical
changes in dip that are often overpowered by stronger, region-
al deformation, such that a carbonate reef on a 20° dipping
surface gives rise to the same curvature anomaly as a carbon-
ate reef on a flat surface. Such rotational invariance provides
a powerful analysis tool that does not require first picking
and flattening on horizons near the zone of interest. Roberts
introduced curvature as a 2D second-derivative computa-
tions of picked seismic surfaces. Soon afterward, Al-Dossary
and Marfurt (2006) showed how such computations can be
computed from volumetric estimates of inline and crossline
dip components. By first estimating the volumetric reflector
dip and azimuth that best represents the best single dip for
each single sample in the volume, followed by computation
of curvature from adjacent measure of dip and azimuth, a full
3D volume of curvature values is produced.

To clarify our subsequent discussion, we denote the above
calculations as structural curvature, the (explicit or implicit)
lateral second derivatives of reflector time or depth. Many
processing geophysicists focused on statics and velocity analy-
sis think of seismic data as composed of amplitude and phase
components, where the phase associated with any time # and
frequency fis simply ¢ = 2nft. Indeed, several workers have
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Figure 1. Effect of the first and second derivatives on a one-
dimensional amplitude profile. The two extrema seen in (c) show the
limits of the amplitude anomaly.
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Figure 2. 3D chair view showing the seismic inlines correlated with
the (a) inline energy gradient, and (b) the crossline energy gradient
strat cubes. The size of the 3D volume is about 100 km?, and 1 s of
seismic data is shown on the vertical display.
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Figure 3. Stratal slices close to 900 ms from (a) inline (NS) energy gradient, (b) crossline (EW) energy gradient, (c) inline (NS) dip, (d)
crossline (EW) dip, and (e) coberence attribute volumes. Notice the energy gradient displays (a and b) look sharper than their corresponding dip
computation displays (c and d), and look closer ro the coberence attribute display (). Data courtesy of Fairborne Energy Lid., Calgary.

used the lateral change in phase as a means to compute reflec-
tor dip (e.g., Barnes, 2000; Marfurt and Kirlin, 2000).

We can also compute second derivatives of amplitude.
Horizon-based amplitude curvature is in the hands of most
interpreters. First, we generate a horizon slice through a seis-
mic amplitude, rms amplitude, or impedance volume. Next,
we compute the inline (04/0x) and crossline (da/dy) deriva-
tives of this map. Such maps can often delineate the edges
of bright spots, channels, and other stratigraphic features at
any desired direction, 0 (cos6 da/0x + sin® da/dy). A common
edge-detection algorithm is to compute the Laplacian of a
map (though more of us have probably applied this filter to
digital photographs than to seismic data),
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Equation 1 is the formula for the mean amplitude cur-
vature. Figure 1 shows a diagram of an amplitude anomaly
exhibiting lateral change in one direction, x. Thereafter, we
compute the first and second spatial derivatives of the ampli-
tude with respect to x and show the results in Figures 1b and
Lc. Notice the extrema seen in Figure 1c¢ demarcate the limits
of the anomaly.

Luo et al. (1996) developed an excellent edge detector
similar to a scaled Sobel filter that is approximately

CSobel = K J

where the derivatives are computed in a -K to +K vertical
sample, /-trace analysis window oriented along the dipping
plane and the derivatives are evaluated at the center of the
window. Radovich and Oliveros (1998) developed an early
version of the “amplitude” family of curvature as applying
a Laplacian operator to the logarithm of the complex trace
envelope along time slices.

Marfurt and Kirlin (2000) and Marfurt (2006) showed
how one can compute accurate estimates of reflector ampli-
tude gradients, g, from the KL-filtered (or principal compo-
nent of the data) within an analysis window:
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Figure 4. Strat-slices
Sfrom the (a) inline (NS)
dip, (b) crossline (EW)
dip (c) inline (NS)
energy gradient, (d)
crossline (EW) energy
gradient (e) coberence,
(f) principal structural
positive curvature (LW),
(¢) principal structural
negative curvature (LW),
(h) principal amplitude
positive curvature (LW),
(i) principal amplitude
negative curvature (LW).
Notice the clear definition
of the Winnepogsis reef
boundaries, first seen
better on the energy
gradient volumes over the
traditional inline and
crossline dip volumes, and
then on the amplitude
curvature displays over

structural curvature
displays. Data courtesy of
Low Fairborne Energy Ltd.,
Calgary.
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Figure 5. 3D chair views showing
seismic amplitude on vertical slices and
strat-cubes corresponding to data shown
in Figure 1 through (a) most-positive
structural curvature (long-wavelength),
(b) most-positive amplitude curvature
(long-wavelength), (c) most-positive
structural curvature (short-wavelength),
and (d) most-positive amplitude
curvature (short-wavelength). Notice
the higher level of derail on both

the amplitude curvature displays as
compared with the structural curvature
displays. The size of the 3D volume is
about 100 km?, and 1 s of seismic data
is shown on the vertical display.

where v, is the principal component or eigenmap of the /-
trace analysis window, and 7\.1 is its corresponding eigenvalue,
which represents the energy of this data component.

In Figures 2a and b, we show a 3D chair view that cor-
relates a vertical slice through the seismic amplitude volume
and stratal slices through the inline and crossline dip and am-
plitude gradient volumes. All four images express indepen-
dent views of the same geology (almost NS-oriented main
faults and fault related fractures) as two orthogonal shaded
illumination maps. In Figure 3, we compare strata slices from
the inline and crossline energy gradient attributes with the
equivalent slices from the inline and crossline dip and coher-
ence attributes. Notice the energy gradient displays (Figure
3a and Figure 3b) look sharper than their corresponding dip
attribute displays (Figure 3¢ and Figure 3d), and appear to be
closer to the coherence attribute display in (Figure 3e).

For volume computation of structural curvature, the
equations applied to the components of reflector dip and azi-
muth in the inline and crossline directions are given by Al-
Dossary and Marfurt (2006). In the case of amplitude com-
putation of curvature, the same equations could be used by
applying them to the inline and crossline components of en-
ergy-weighted amplitude gradients which represent the direc-
tional measures of amplitude variability. In Figure 4, we again
compare the inline and crossline dip-component attributes
with their equivalent energy gradient displays and coherence.
Also in the same figure, we include an equivalent comparison
of the structural and amplitude curvature displays and notice
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that the definition of the Winnepegosis reef boundaries are
sharper and more distinct on the energy gradient displays and
amplitude curvature displays.

Geologic structures often exhibit curvature of different
wavelengths and so curvature images of different wavelengths
provide different perspectives of the same geology. Al-Dossary
and Marfurt introduced the volumetric computation of long-
and short-wavelength curvature measures from seismic data.

Many applications of such multispectral estimates of cur-
vature from seismic data have been demonstrated by Chopra
and Marfurt (2007a, 2007b, 2010). Short-wavelength cur-
vature often delineates details with intense highly localized
fracture systems. Long-wavelength curvature on the other
hand enhances subtle folds and flexures on a scale of 100-200
traces that are difficult to see on conventional seismic data,
but are often correlated to fracture zones that are below seis-
mic resolution as well as to collapse features and diagenetic
alterations that result in broader bowls.

Figure 5 and Figure 6 compare the long- and short-
wavelength computation of most-positive and most-negative
amplitude and structural curvature measures. In Figure 5,
we notice that for both long and short wavelengths, the am-
plitude curvature estimates provide additional information.
Structural most-positive curvature displays in Figure 5a and
Figure 5¢ show lower-frequency detail as compared with their
equivalent amplitude curvature displays in Figure 5b and
Figure 5d. Similarly, Figure 6b and Figure 6d exhibit much

greater lineament detail on the amplitude most-negative cur-
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Figure 6. 3D chair views show
seismic amplitude on vertical slices and
strat-cubes through (a) most-negative
structural curvature (long-wavelength),
(b) most-negative amplitude curvature
(long-wavelength), (c) most-negative
structural curvature (short-wavelength),
and (d) most-negative amplitude
curvature (short-wavelength). Notice
the higher level of detail on both

the amplitude curvature displays as
compared with the structural curvature
displays. The size of the 3D volume is
about 100 km?, and 1 s of seismic data
is shown on the vertical display.
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Figure 7. Stratal slices from most-positive structural volumes
computed from (a) seismic amplitude, and (b) corresponding model-
driven impedance. Notice more focused lineament detail seen in (b)
compared with (a). The curvature data have a size of abour 250 kn’.

vature displays than what is seen on structural most-negative
curvature displays in Figure 6a and Figure 6c.

Chopra (2001) demonstrated that coherence run on im-
pedance rather than amplitude can yield superior images.
This improvement is due to the improved bandwidth and
noise suppression provided by careful model-based inversion.
Similarly, Guo et al. (2010) applied “amplitude” curvature to
a model-based impedance volume computed over the Wood-
ford Shale and found that low-impedance lineaments seen
on most-negative amplitude curvature volumes were tightly
correlated to fractures and faults in the underlying Hunton
limestone. Figure 7 and Figure 8 are a similar computation
applied to two surveys acquired in the Western Canadian
Sedimentary Basin. Note the more focused lineament detail
on curvature computed from impedance data over structural
curvature computed from seismic amplitude data.

Conclusions

For data processed with an amplitude-preserving sequence,
lateral variations in amplitude are diagnostic of geologic in-
formation such as changes in porosity, thickness, and /or li-
thology. Computation of curvature on amplitude, envelope,
or impedance enhances such lateral anomalies. Curvature
values are related to eigenvalues of a 2D (in this case) that
measure the rate of amplitude variation in two orthogonal
(or principal curvature) directions. The corresponding eigen-
vectors can be used to describe the strike of such lineaments,
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Figure 8. Time slices through from most-positive curvature volumes
computed from (a) seismic amplitude, and (b) corresponding model-
driven impedance. Notice more focused lineament detail seen in (b)
compared to (a).

providing a means to azimuthally filter them into subsets
for further statistical analysis or visual correlation with rose
diagrams obtained from image logs. Such exercises will lend
confidence in the application of amplitude curvature in seis-
mic data interpretation. TeE
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