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Summary

Seismic methods play an important role in the develop-
ment of tight fractured reserwirs with substantial spatial
variabilit y of fracture density. Here, we apply a com-
prehensive processing sequencedesigned for layered az-
imuthally anisotropic mediato wide-azimuth P-wave data
acquired over a fractured gassand formation in the Ruli-
son eld, Colorado. The main processing steps include
nonhyperbolic moveout inversion basedon an orthorhom-
bic velocity model, estimation of e ective and interval
normal-moveout (NMO) ellipses, anisotropic geometrical-
spreading correction, and azimuthal amplitude-v ariation-
with-o set (AVO) analysis.

The azimuthally varying AVO gradient, which was com-
puted on common-midpoint supergathers, proved to be
the most sensitive fracture-detection attribute. In par-
ticular, we identied two areas of high AVO ellipticit y
at the bottom of the reserwir. One of these azimuthal
AV O anomaliesbecomesmuch more pronounced and spa-
tially coherert after application of the moveout-based
anisotropic spreading correction (MASC). Both anoma-
lies coincide with the intersections of two wrenching fault
systems, which suggeststhat the azimuthal AVO analy-
sis helped to detect \soft spots" of high fracture density.
Also, the dominant fracture direction (N70W) estimated
from the AVO ellipsesis aligned with one of the fault sys-
tems and is in good agreemer with electical microimager
(EMI) logs.

Intro duction

Geomedanical properties of tight, low-porosity resenoirs
are largely governed by natural fracture networks. Valu-
able information about fracture orientation and density
can be obtained from the azimuthal variation of such
P-wave signatures as re ection moveout and AVO re-
sponse (e.g., Lynn et al.,, 1999; Bakulin et al., 2000;
Reger, 2001). While moveout parameters (e.g., the NMO
ellipse) depend on the average fracture properties for
the whole reserwir layer, prestack amplitudes give local,
high-resolution information about fracturing at the top
or bottom of the reserwir. Note that wide-azimuth re-
ection moveout provides the input parameters for the
geometrical-spreading correction, which helps to recon-
struct the re ection coe cien t from recorded amplitudes.

This paper preserts the results of azimuthal moveout and
AV O analysis of P-wave data acquired above a fractured
gas resenwir in the Rulison eld, Colorado. Production
comes primarily from the relativ ely thick Williams Fork
formation, which consists of channel sand lensesembed-
ded in ne-grained levee deposition (Figure 1; Cumella
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Fig. 1: Stratigraphic column of the Rulison eld. The gas-
producing reservoir is bounded by the UMV shale and the
Cameo coal.
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Fig. 2: P-wave fold for the 55x55 ft bin size. The square in the
center marks the study area of this paper.

and Ostby, 2003). Since the matrix permeability is on
the order of micro-Darcies and porosity doesnot exceed6{
12%, characterization of natural fracture networks has vi-
tal importance for cost-e ectiv e developmert of the eld.

Data acquisition and pro cessing

To map the spatial distribution and orientation of frac-
tures and study the in-situ stress eld, the Resenoir
Characterization Project (RCP) at CSM acquired a 3D
multicomp onert seismic survey over a 2.2x2.5 km area
of the Rulison eld. The orthogonal acquisition geome-
try was designed to reach optimal balance between the
uniformit y of the azimuthal distribution and the layout
econony. The data coverageis especially densenear the
certer of the survey area, with the highest fold of 225
for a small bin size of 55x55 feet (Figure 2). To improve
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Fig. 3: Seismic section acrossthe middle of the survey area.

azimuthal and o set coverage,we collected CMP gathers
into 5x5 superbins. Further increasein superbin size re-
duces senblance valuesin 3D moveout analysis, which is
likely causedby lateral heterogeneity. Processingwas car-
ried out for CMP locations inside a squarearea (Figure 2)
in the certer of the RCP survey where uniform azimuthal
coverage extends to o sets of about 5000 feet.

The subsurfacestructure is closeto layer-cake (Figure 3),
which simpli es application of azimuthal moveout and
AV O analysis and the moveout-based anisotropic spread-
ing correction (MASC) developed by Xu and Tsvankin
(2006a, 2006b). The azimuthally-v arying NMO veloc-
ity typically traces out an ellipse in the horizontal plane
(Grechka and Tsvankin, 1999). Similarly, the azimuthal
variation of AVO gradient can be approximated by an
elliptical curve, unlessthe gradient changessign with az-
imuth (Reger, 2001). For laterally homogeneousmodels,
the orientation and eccerricit y of both ellipses usually
depend on the direction, density, and uid saturation of
subsurface fracture systems. To avoid bias in the recon-
struction of azimuthally varying signatures, we adopted a
\global" algorithm that ts an ellipseto the data using all
source-receier pairs in a 3D CMP gather (Grechka and
Tsvankin, 1999; Vasconcelosand Tsvankin, 2006).

Our processing sequence starts with multiazim uthal

moveout analysis based on the algorithm of Vasconce-
los and Tsvankin (2006). First, the NMO ellipse for the
three major re ectors in Figure 3 was estimated from
convertional-spread data with the maximum o set-to-

depth ratio closeto unity. Second,this ellipse was usedas
the initial guessto carry out 3D nonhyperbolic moveout
analysis of all traces in the gather. The estimated move-
out parameters not only allowed us to atten multiaz-

imuth re ection events, but alsoserved asthe input to the
geometrical-spreading correction. Third, we performed
amplitude picking on convertional-length spreads along
the traveltime surfacede ned by the 3D moveout param-
eters. Fourth, the picked amplitudes were corrected for
the geometrical spreading using the MASC methodology
(Xu and Tsvankin, 2006a). Finally, the corrected ampli-

tudes were inverted for the azimuthally-v arying AVO gra-

dient (along with the AVO intercept) to obtain the AVO
ellipse. To evaluate the impact of the anisotropic spread-
ing correction, we also repeated the last two processing
steps using the convertional t2-gain instead of MASC.
The results for the top and bottom of the reserwir are
discussedbelow.

Results of the azimuthal moveout and

AV O analysis

The azimuthal AVO response at the top of the reser-
voir contains only one pronounced AV O-gradient anomaly
near the east boundary of the study area (Figure 4a).
Since the UMV shale layer above the re ector is likely
to be VTI, the anomaly in Figure 4 may be causedby a
\soft spot" of high fracture density in the upper resenoir.
The inuence of the anisotropic spreading correction on
the azimuthal AV O responseis marginal becausethe geo-
metrical spreading is weakly dependert on azimuth. The
right column in Figure 4 shows the interval NMO ellipses
in the UMV shale layer computed from the generalized
Dix equation of Grechka et al. (1999). The ellipse ori-
entations are almost random, which suggeststhat either
the shaleformation is almost azimuthally isotropic, or the
layer-stripping operation is not su cien tly stable because
of the weak e ectiv e NMO ellipticit y.

For the bottom of the reserwir, two pronounced AVO-
gradient anomalies appear in the upper right and lower
left corners of the study area (Figures 5a,b). The magni-
tude of both anomaliesis closeto 1.5, which means that
the semi-major axis of the AVO ellipse is 2.5 times larger
than the semi-minor axis by absolute value. The azimuth
of the semi-major axis (Figures 5d,e) exhibits a strikingly
regular pattern that might be related to the geometan-
ical processesthat produce wrenching faults in the area
(Jansen, 2005). According to the AVO results in Fig-
ures 5g,h, the averagefracture azimuth at the bottom of
the reserwir is closeto N70W.

The large thicknessof the reserwir ensuresstable compu-
tation of the interval NMO ellipses (the right column in
Figure 5). The only noticeable azimuthal NMO anomaly
with the maximum ellipticit y closeto 8% is located in the
upper right corner of the area and partially overlaps with
one of the azimuthal AVO anomalies.

In contrast to the results for the more shallow re ectors,
the anisotropic spreading correction (MASC) makesa sig-
nicant impact on the azimuthal AVO response for the
bottom of the reserwir (compare Figures 5a and 5b). The
AV O anomaly in the lower left corner of the study areais
much more pronounced and spatially coherert after ap-
plication of MASC. The strong azimuthal variation of the
geometrical spreading for the re ection from the bottom
of the resernwir is likely causedby the in uence of frac-
tures in the thick reserwoir formation.

Discussion

The condence interval for the eccerricit y of the AVO
ellipse can be inferred from the correlation between the
magnitude of the AVO anomaliesand the regularity of the
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Fig. 4: AV O ellipses for the top of the reservoir and the interval NMO ellipses in the UMV shale. The rst two columns display
the AVO ellipses computed using MASC (left) and the conventional t2-gain correction (center). The right column shows the
NMO ellipses in the UMV shale. The top row (panels a, b, and c) is the eccertricit y of the ellipses calculated by subtracting
unity from the ratio of the semi-major and semi-minor axes;the semi-major axis of the AVO ellipse corresponds to the larger
absolute value of the AVO gradient. The middle row (panels d, e, and f) is the azimuth of the semi-major axis; the length of
the ticks is proportional to the eccerricit y. Panels g, h, and i are the rose diagrams of the azimuths from panels d, e, and f,
respectively. The azimuths in the middle and bottom rows are computed with respect to the north.

ellipse orientation. When the eccertricit y is smaller than
0.3, the azimuths of the AVO ellipses are random, which
is particularly clear in the upper left quarter of Figure 4d
and the lower right quarter of Figure 5d. Since AVO el-
lipses are estimated independertly for each CMP, with no
data overlap betweenadjacent gathers and no smoothing,
the con dence level of the AVO eccertricit y can be set at
0:3, which is much smaller than the magnitude of the ma-
jor AVO anomalies.

Note that the AVO gradient is estimated here by express-
ing the re ection coe cien t asa quadratic function of the
source and receiver coordinates. While this represerta-
tion is justied for the NMO ellipse, it is not appropriate
for quantitativ e inversion of the AVO response. Indeed,
the plane-wave re ection coe cien t obtained by ampli-
tude processinghas to be treated as a function of the
incidence phaseangle or horizontal slowness(ray param-
eter). Computation of the incidence angle at the re ector,

however, requires estimation of the interval anisotropy pa-
rameters in the overburden, which is outside of the scope
of this paper.

Although the thic knessof the reserwir formation at Ruli-
son is su cien t for azimuthal moveout inversion, the in-
terval NMO ellipticit y in the reserwir is much less pro-
nounced compared to the azimuthal variation of the AVO
gradient. Also, the azimuthal AVO and NMO attributes
are not well correlated, which may be explained by the

inherent di erence betweenthesetwo measuremerts. Re-
ection coe cien t is governed by the local contrasts in
the elastic parameters across interfaces, whereas NMO
velocity depends on the average medium properties over
coarse intervals. Most likely, the impact of the vertical
and lateral heterogeneity in the Williams Fork formation
on the interval NMO ellipses complicates moveout-based
fracture detection.

Since both fractures and faults respond to subsurface
stress elds, enhanced fracture zones are often assai-
ated with fault locations. Employing the wrenching fault
model, Jansen (2005) mapped the fault system by apply-
ing automated curvature measuremerns to poststack P-
wave images (Figure 6). Interestingly, the AVO-gradient
anomaliesobtained after application of MASC are located
at the intersections of the two wrenching fault systems,
where stressconcertration is likely to induce intense frac-
turing. The primary fault systemis aligned along N70W,
which agreeswith the averageazimuth of the semi-major
axis of the AV O ellipse. Also, the fracture direction esti-
mated from the AVO ellipsesis con rmed by an electical
microimager (EMI) log acquired in a well close to the
certer of the study area.

Conclusions

Despite the complexity of the heterogeneous fractured
resenwir at Rulison eld, P-wave re ection data provide
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Fig. 5: AVO ellipses for the bottom of the reservoir (left and center columns) and the interval NMO ellipses in the reservoir

(right column); the same display asin Figure 4.
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Fig. 6: Comparison of the fault system and the eccerticit y
of the AVO ellipses for the bottom of the reservoir. The
faults (blue lines), which are identical on plots (a) and (b),
were mapped by Jansen (2005); the arrows indicate the slip
movement. The AVO ellipticit y on plot (a) is computed us-
ing MASC (Figure 5a), and on plot (b) using the conventional
spreading correction (Figure 5b).

valuable information for fracture characterization. Our
processingsequenceancluded advancedanisotropic travel-
time and amplitude inversion methods designedfor wide-
azimuth, long-o set data. Areas of signi cant azimuthal
variation of the AVO gradient were detected at both the
top and bottom of the reserwir. There is strong geologic
evidence that these AVO anomalies correspond to \soft
spots" of high fracture density.

It should be emphasizedthat the AVO response for the
bottom of the reserwir is substantially distorted by the

azimuthally varying geometrical spreading. Application
of the moveout-based anisotropic spreading correction
(MASC) helped to focus and enhance one of the major
AVO anomalies. Clearly, to take full advantage of the
azimuthal AVO signature of events re ected beneath the
resenwir, it is critically important to accurately separate
geometrical spreading from re ection coe cien t. Note
that our implementation of MASC is basedon the results
of azimuthal moveout analysis and, therefore, involvesal-
most no extra computational cost.
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