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Tight, low-porosity reservoir formations can produce
significant amounts of hydrocarbons if they contain frac-
ture networks. Characterization of naturally fractured
reservoirs using surface seismic data is an important ex-
ploration problem that has attracted much attention in
the literature. TLE, for example, devoted an entire spe-
cial edition (Naturally fractured reservoirs, August 1996)
to this subject. While field data and modeling examples
presented in the existing publications clearly demonstrate
that the presence of fracturing causes significant azi-
muthal variation in the recorded seismic signatures, the
most difficult problem is how to infer the fracture para-
meters from surface seismic data.

The goal of this paper is to complement the re-
cent experimental results with an analytic and model-
ing study of the amplitude-variation-with-offset (AVO)
response of fractured reservoirs. The question we will
address is: What does P-wave reflectivity really tell us
about the fractures? To find the answer, we introduce
a convenient notation for azimuthally anisotropic mod-
els and present concise approximations for the reflection
coefficients in terms of the anisotropy parameters. Our
analysis shows that P-wave amplitudes may be sensitive
even to relatively weak anisotropy of the rock mass. We
also discuss how the azimuthally dependent AVO signa-
ture can be interpreted and combined with the results
of normal-moveout and shear-wave-splitting analyses to
constrain the crack density and other medium paramet-
ers. The simple relationships between the reflection amp-
litudes and anisotropic coefficients given here can be re-
garded as rules of thumb helpful in quickly evaluating the
importance of anisotropy in a particular play, planning
data acquisition and guiding more advanced numerical
inversion procedures.

Reflection coefficients and AVO

It is relatively straightforward, albeit tedious, to com-
pute reflection coefficients for interfaces between aniso-
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Figure 1. Sketch of an HTI model. Different P-wave reflec-
tion amplitudes in the two vertical symmetry planes, here
called the symmetry-azis plane and the isotropy plane, lead
to azimuthally-dependent AVO response. As indicated by the
arrows, shear waves polarized parallel and normal to the iso-
tropy plane have different vertical velocities.

tropic media. Inverting the reflection response for the
physical properties of the medium, however, is much
more involved due to the algebraic complexity of the re-
flection coefficients and the number of the relevant me-
dium parameters. To gain insight into the anisotropic
reflectivity, it is helpful to derive approximate scatter-
ing coefficients by assuming that both the contrast in the
elastic properties across the interface and the anisotropic
parameters are small. Shuey, for example, used the weak-
contrast assumption for isotropic media to provide simple
approximations illustrating the dependence of the AVO
gradient (the initial slope of the reflection-coefficient
curves) on the jumps in the P- and S-wave velocities and
density (“A simplification of the Zoeppritz equations,”
Geophysics, 1985). Shuey’s relationship is widely used for
lithologic interpretation in conventional (isotropic) AVO
analysis.

To understand the reflectivity of fractured reser-
voirs in a similar way, we suggest following the approach
of Stuart Crampin, Leon Thomsen and others (see the
references following this article) and initially consider
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Figure 2. The reflection response from fractured reservoirs
depends on two angles: (1) the polar (incidence) angle ¢
between the vertical and the slowness vector of the incident
wave; (2) the azimuthal angle ¢ defined with respect to the
symmetry axis.

the first-order model of azimuthal anisotropy conven-
tionally used in shear-wave birefringence experiments.
Assuming that parallel vertical cracks are embedded in
a homogeneous isotropic matrix, we obtain the trans-
versely isotropic model with a horizontal axis of sym-
metry (HTI media) sketched in Figure 1. As indicated
by the arrows, azimuthal anisotropy has a first-order in-
fluence on shear waves, which split into two compon-
ents traveling with different velocities. The fractional dif-
ference between the velocities of split shear waves at
vertical incidence (Thomsen’s coefficient ) is close to
the crack density, an important parameter responsible
for the permeability of the fracture network. Shear-wave
methods, developed extensively during the past decade,
are designed to obtain 7 from the difference in shear-
wave traveltimes and normal-incidence reflection amp-
litudes (Mueller, Geophys. J. Int., 1991). This techno-
logy, however, has drawbacks associated with the cost of
multicomponent surveys and the difficulty in acquiring
high-quality shear-wave data suitable for reliable polar-
ization and traveltime analysis. Clearly, then, it is ex-
tremely valuable to be able to obtain more information
about fractured reservoirs from 3-D P—wave data. Amp-
litude variation with offset (AVO) analysis is particu-
larly well-suited for fracture characterization because it
provides local information about the anisotropy at the
target horizon.

P-waves in HTI media

The influence of azimuthal anisotropy on P-wave
propagation is not as dramatic as for shear waves, but it

can still be substantial. Let us discuss P-wave reflectiv-
ity for the HTI model introduced above. Waves confined
to the plane normal to the symmetry axis (the “isotropy
plane”) do not experience any angular velocity variation.
For all other vertical planes, the velocity does change with
incidence angle; it also varies with azimuth (Figure 2),
significantly complicating the interpretation of reflection
data.

Figure 3 illustrates P-wave propagation in the ver-
tical plane containing the symmetry axis (the symmetry-
axis plane). The continuous white line marks the points
of equal P-wave traveltime on the seismic rays (wave-
front), while the dashed white circle represents the refer-
ence isotropic wavefront moving with the vertical velocity
a. Conventionally, anisotropic media are described by the
elements of the elastic stiffness tensor (a maximum of 21).
While this notation is helpful in numerical modeling, it
is not optimal for analyzing and inverting seismic signa-
tures. For example, it would be beneficial for surface seis-
mic applications to define a coefficient responsible for P-
wave near-vertical velocity variations. We found out that
for describing AVO and normal moveout in HTT media
it is most convenient to adapt Thomsen’s notation de-
vised for transverse isotropy with a vertical symmetry
axis (VTI media). Instead of using the generic Thom-
sen’s coefficients specified with respect to the horizontal
symmetry axis, however, we introduce these parameters
with respect to vertical by taking advantage of the equi-
valence between wave propagation in the symmetry-axis
plane of HTT media and VTI media. Thus, the five elastic
coefficients of HTI media can be replaced with the two
vertical velocities — of the P-wave («) and the fast S-wave
(B), the shear-wave splitting parameter v, and two more
Thomsen-style anisotropic coefficients — V) and §(V).
The superscript “V” emphasizes that the coefficients are
computed with respect to vertical and correspond to the
“equivalent” VTI model that describes wave propagation
in the symmetry-axis plane.

For the particular example in Figure 3, the continu-
ous white wavefront falls behind the corresponding iso-
tropic (dashed) wavefront as the ray deviates from ver-
tical, indicating that the P-wave velocity near vertical
(described by the anisotropy parameter § (V)) decreases
with angle (i.e., 07 < 0). Similarly, the isotropic wave-
front travels faster than the anisotropic one in the ho-
rizontal direction. This implies that the fractional dif-
ference between vertical and horizontal P-wave velocity
(close to the parameter €V)), is negative as well. Small

)

negative values of §) and €V are typical for fractured

reservoirs.



Sym.-axis plane propagation

Figure 3. P-wave propagation in the symmetry-axis plane
of HTT media. Seismic rays are shown in black; the continu-
ous and dashed white curves are the anisotropic and isotropic
wavefronts, respectively.

Analysis of P-wave reflectivity

Analytic expressions for the reflection coefficients at
HTI/HTI interfaces with the same orientation of the sym-
metry axis above and below the interface can be obtained
using a perturbation technique similar to that applied by
Thomsen to (azimuthally isotropic) VTI media. Linear-
ized in the small relative differences in elastic paramet-
ers (essentially, Shuey’s approximation) and small ani-
sotropy coefficients, the reflection coefficient of a plane
P-wave has the following form:
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where 1 is the incidence (polar) phase angle, ¢ is the azi-
muthal phase angle with the symmetry axis, Z = pa
= pp3? is the
vertical shear modulus. The elastic parameters are ex-

is the vertical P-wave impedance and G

pressed through their average values and relative differ-
ences across the interface. The vertical P-wave velocities
in the upper and lower layers, for example, can be writ-
ten as functions of the average velocity @ = (a2 + 1)/2
and the difference Aa = as — a1:
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a=a(l- %%) ;
Corresponding expressions are defined for the shear mod-
ulus, the density and the P-wave impedance.

The simplicity of approximation (1) (which is valid
for incidence angles not too close to the critical angle) is
striking, especially because no angular terms have been
neglected; the azimuthally-dependent contribution of ani-
sotropy is described by simple trigonometrical functions.
For azimuth ¢ = 90°, equation (1) yields the reflec-
tion coefficient in the isotropy plane, which is identical
to Shuey’s approximation for isotropic media. While P-
waves incident in the symmetry-axis plane excite S+
waves with the vertical velocity 8%, P-waves in the iso-
tropy plane are coupled with the faster S Il_wave. The
difference in the vertical shear-wave velocities can be
described by the shear-wave splitting parameter, i.e.,
B+ = (1 —~). That is why the parameter v influences
the gradient (i.e., sin® i) AVO term in the symmetry-axis
plane (¢ = 0°) and elsewhere outside the isotropy plane.
Since §() describes the near-vertical P-wave velocity in
the symmetry-axis plane, it is not surprising that it also
enters the gradient term at all azimuths except for the
isotropy plane. Likewise, the definition of V) implies
that it should contribute to the reflection coefficient at
higher angles i (see the sin® i tan® 4 term).

P-wave AVO inversion

Equation (1) provides a comprehensive insight into
AVO inversion. Rewriting it in the form

Rp(i,¢) = A+ {Bis° + B® cos’ qS} sin® i +
{Cis° + O cos? ¢ + C ™2 sin? ¢ cos? d)} X
sin® i tan” ¢ | (2)

we observe that a maximum of six coefficients can be
extracted from the dependence of Rp on the azimuthal
and incidence angles. Since it is often difficult to ex-
tract reliable estimates of the high-angle reflectivity term
sin?itan?4, we will concentrate on the AVO gradient
(coefficient of the sin?i term), which determines low-
angle reflection response.

One of the most important messages of our approx-
imation is that the contrasts in anisotropy parameters
8") and 4 have a non-negligible, first-order influence on
the AVO gradient (see the term B®"). For example, for
1/2, the contrast
in the shear-wave splitting parameter (Ay = v2 — 1)

azimuth ¢ = 0° and a typical /a =~

at the boundary has a weighting factor twice as large
as that of the P-wave velocity contrast ==. Hence, the
term B2 can be expected to 1ntr0duce a measurable
azimuthal variation in the AVO response.
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The AVO gradient term B = B™° 4+ B2 ¢os? ¢ in
equations (1) and (2) is composed of the azimuthally in-
variant part B%° and the anisotropic contribution B®"!
dependent on the azimuthal angle ¢ with the symmetry
axis. If the symmetry-axis orientation is unknown, ¢ can
be expressed as the difference between the azimuthal dir-
ection ¢; of the jth observed azimuth and the direction of
the symmetry-axis plane ¢ sym. The AVO gradient meas-
ured at azimuth ¢; can then be written as

B (¢;) = B™ + B™ cos’(¢; — psym) - (3)

This equation is nonlinear with three unknowns (B,
B and ¢sym), SO a minimum of three azimuthal meas-
urements of the AVO gradient are needed to find the ori-
entation of the symmetry planes and reconstruct the low-
angle reflection coefficient at all azimuths. If the direction
of the symmetry axis is known (for example from S-wave
splitting analysis), the equation becomes linear and two
independent measurements are sufficient to recover B*°
and B®". Plotting B as a function of ¢;, we find that
the locations of the extrema correspond to the symmetry-
plane azimuths, even though more information is needed
to distinguish between the symmetry-axis and the iso-
tropy plane. The difference between the symmetry-plane
AVO gradients yields the value B*", which contains in-
formation about anisotropy in the form of a combination
of the coefficients 6 and . In general, ") and ~ are
independent of each other; however, for a tight forma-
tion with no equant porosity and thin fluid-filled cracks,
0) ~ —~. In this case, the azimuthal variation in the
P-wave AVO gradient can be inverted directly for v and
the crack density.

Combination of AVO and moveout data

One of the complications in the AVO inversion is the
presence of the anisotropic parameter §¢' in the gradient
term B2, which prevents us (except for the special case
discussed above) from obtaining the shear-wave splitting
parameter and estimating the crack density using the P-
wave AVO response. However, the parameter 6" can
be found from azimuthally dependent P—wave moveout
data. The P-wave normal-moveout (short-spread) velo-
city in a horizontal HTT layer is given by

1+26V)

Vimo =00 —————————
nme 1426V sin?¢’

(4)
where ¢ is the azimuth of the common-midpoint (CMP)
line. Equation (4) describes an ellipse in the horizontal
plane and is valid for HTT models with any strength of the
anisotropy. Since the NMO velocity contains just three
unknowns, three measurements of Viymo at different azi-
muthal angles can be inverted for the vertical velocity,

Modell Model2 Model3
ISO ISO iSO
iSO wet dry
iSO iSO iSO

Figure 4. Three models used to study the differences in the
AVO response for fluid-filled and dry cracks. Table 1 lists the
model parameters.

the axis orientation, and the parameter 5w (provided
the fractured interval is not too thin). Hence, P—wave
moveout data can be used to identify the crack orienta-
tion and recover the parameter 6¢¥) that is required for
the AVO inversion. Then just two azimuthal measure-
ments of the AVO gradient are sufficient to obtain the
AVO gradient in the symmetry planes and estimate the
shear-splitting parameter ~y.

Fluid-filled versus dry cracks: a modeling
example

Figure 4 shows three models with a different target layer
and the same isotropic overburden and bottom reflector.
The first target layer is isotropic with the elastic para-
meters given in the first column of Table 1; the other
two layers have the same host rock, but also contain
vertical aligned cracks (causing HTI symmetry) with an
aspect ratio of 0.001 and a crack density of 7%. The
second column is computed for water-filled cracks, the
third column — for dry cracks.

Before evaluating the reflection response for the
three models, let us briefly discuss the difference between
the model parameters and use equation (1) to predict the
behavior of the three AVO responses. All three models
have the same density and the same fast vertical shear-
wave velocity (the shear wave polarized within the iso-
tropy plane is not influenced by the fracturing). Also,
the fractures are too thin and their density is too small
to influence the bulk density of the host rock. As a res-
ult, the vertical P-wave velocity « is almost the same for
the unfractured rock and the medium with water-filled



isotropic  wet cracks  dry cracks
a 4.500 4.498 4.388
8 2.530 2.530 2.530
P 2.800 2.800 2.800
v 0.000 0.085 0.085
eM) 0.000 -0.003 -0.150
5 0.000 -0.088 -0.155

Table 1. Parameters of the reflecting layers used to investig-
ate the azimuthally varying AVO response. Model 1 is isotro-
pic; Models 2 (wet cracks) and Model 3 (dry cracks) have the
same host rock, but also contain vertical cracks with different
contents.

cracks, and is only slightly smaller (by about 2.5 %) for
the medium with dry cracks. The anisotropy paramet-
ers, however, are substantially influenced by the pres-
ence and contents of the cracks. For water-filled cracks,
the coefficient €") is negligibly small, while the shear-
wave-splitting parameter v and coefficient §(") have al-
most the same magnitude but opposite sign. If the cracks
are dry, both ¢ and 6 are negative and large, with
V) z= §V); the absolute value of € and 6" is approx-
imately twice as large as the shear-wave splitting para-
meter +y.

These differences in the anisotropy parameters lead
to a different azimuthal variation in the reflection re-
sponse for each of the models. Taking into account
the percentage changes in the elastic parameters (see
Table 2), equation (1) predicts that the initial slope of the
reflection coefficient (AVO gradient) for isotropic Model
1 is identical to the AVO gradient in the isotropy plane of
Model 2, and is slightly less negative than the isotropy-
plane AVO gradient in Model 3. For water-filled cracks,
equation (1) predicts a substantial azimuthal difference
in the AVO gradients, with a more negative value in the
isotropy plane [recall that the difference in the symmetry-
plane gradients is approximated by (6" + 2v)]. In con-
trast, for dry cracks the combination 6(") + 2y = 0, and
we cannot expect a measurable azimuthal variation in
the AVO gradient. In this case, the reflection coefficients
computed at different azimuths start to diverge only at
large angles of incidence.

Figures 5-7 show the exact and approximate reflec-
tion coefficients for the three models discussed above
(Tables 1 and 2). To facilitate the comparison, we kept
the vertical scale the same on all three plots. Approxim-
ation (1) is sufficiently close to the exact reflection coef-
ficients for all three models; specifically, it predicts the
different azimuthal variation in the small- and large-angle
reflection response for the dry and water-filled cracks.

Hence, this modeling study confirms the physical
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isotropic  wet cracks dry cracks
Lo 0.203 0.203 0.180
&2 0.350 0.350 0.328
& 0.601 0.601 0.601

Table 2. Percentage changes in the elastic parameters for
reflection from the top of the target layer. The parameters of
the isotropic overburden are a = 3.67 km/s, § = 2.0 km/s,
p=2.41g/cm3.

insight provided by equation (1) and shows that P-
wave AVO has the potential of discriminating between
gas- and fluid-filled crack systems. Also, if the AVO re-
sponse at different azimuths diverges substantially only
at large angles of incidence, it is a strong indication of
a large value of the parameter V). In this case, the
less negative AVO gradient corresponds to the isotropy-
plane reflection because Ae!”) is negative for the inter-
face between an isotropic layer and a fractured medium
with the HTT symmetry.

It should emphasized again that the azimuthal dif-
ference in AVO gradients cannot be related directly to
the crack density (it may even be close to zero for dry
cracks) without knowledge of the anisotropy parameter
V). As mentioned above, §¢") can be obtained from P-
wave NMO velocity; alternatively, if v is available from S-
wave data, this study suggests combining the shear-wave-
splitting and azimuthal-AVO analysis to obtain 6 for
study of the contents of the cracks.

Discussion

The analysis above was limited to the interpretation
and inversion of the reflection coefficients. In practice,
we record the amplitude-versus-offset signature at the
surface rather than the reflection coefficients at the tar-
get horizon. Various methods designed to correct for the
propagation phenomena have been discussed in the lit-
erature, but most of them are approximate even for iso-
tropic media. The situation becomes more complex if the
reflected wave propagates through an anisotropic over-
burden, which may happen, for instance, if the cracks
are not confined to the reservoir layer. The presence of
anisotropy above the reflector leads to wavefront focus-
ing, or distortions in the amplitude distribution along the
wavefronts of the incident and reflected waves. This phe-
nomenon can be seen in Figure 3, where focusing and
defocusing of seismic rays mark areas of high and low
energy, respectively. Azimuthal variation in the transmis-
sion coefficients in the anisotropic overburden may also
contribute to the overall amplitude response at the sur-
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Figure 5. The exact reflection coefficient (solid line) and
the approximation (dashed) for the unfractured target layer.
Model parameters are given in the left column of Tables 1
and 2.
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Figure 6. Same as Figure 5, but the reflecting layer contains
water-filled cracks (the central column in Tables 1 and 2). The
reflection coefficients are shown for azimuths of 0°,30°,60°
and 90° measured from the symmetry axis, with decreasing
line thickness (i.e., the thickest line corresponds to 0°).
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Figure 7. Same as Figures 5 and 6, but the reflecting layer
contains dry cracks (the right column in Tables 1 and 2).

face. If not corrected for, these distortions can propagate
into the AVO signature and distort the inversion results.

Another complication is caused by the difference
between group (ray) and phase angles in anisotropic me-
dia. Analyzing the extracted reflection coefficient as a
function of the source-receiver offset (rather than as a
function of the incident phase angle) can lead to a mis-
leading interpretation of the azimuthal AVO variation.
In HTI media, the group and phase angles coincide for
waves propagating in the isotropy plane, but may differ
significantly in the symmetry-axis plane. In other words,
the rays connecting sources and receivers at any fixed off-
set have an azimuthally dependent incidence phase angle
at the reflector. To correctly interpret the AVO signa-
tures in anisotropic media using the analytic reflection
coefficients given here, it is essential to represent them
as a function of phase angle. Unfortunately, in practice
the anisotropic parameters of the overburden may not
be known with sufficient accuracy to account for various
propagation phenomena.

Here, we have concentrated on interpreting reflec-
tion coefficients at a single HTI/HTI or isotropic/HTI
boundary assumed to represent the top of a fractured
layer. As also pointed out by Sayers and Rickett (Geo-
physical Prospecting, 1997), the azimuthal dependence
of P-wave amplitudes may be more pronounced for the
reflection from the bottom of a fractured reservoir due
to the propagation phenomena (see above) caused by the
fractures.



Conclusions

In summary, the linearized approximations provide valu-
able insight into the otherwise incomprehensibly complex
reflection coefficients in anisotropic media. The main as-
sumptions used in this study — small jumps in the elastic
parameters across the reflecting interface, subcritical in-
cidence and weak anisotropy — are geologically and geo-
physically reasonable and have proved useful in many
exploration contexts. We showed that the azimuthal vari-
ation in the P-wave AVO gradient is controlled by two
anisotropic parameters — the shear-wave splitting coeffi-
cient -y and the “moveout” parameter (V). Both analytic
and modeling results indicate that, in principle, P-wave
reflectivity can be used to detect fracture orientation, es-
timate the crack density and discriminate between fluid-
filled and dry cracks. However, unambiguous interpret-
ation of P-wave AVO results in terms of the medium
parameters requires combination with moveout data or
results of shear-wave splitting analysis. One of the biggest
challenges in the implementation of anisotropic AVO is
reliable recovery of the reflection coefficients from sur-
face data by means of amplitude-preserving anisotropic
processing.

Certainly, the simple HTI model discussed here may
become inadequate for realistic models of fractured reser-
voirs, and it is important to study whether the reflec-
tion response in media of lower symmetry (e.g., or-
thorhombic) differs significantly from that in the HTI
case. However, it has already been shown that although
wave propagation in orthorhombic media is significantly
more complex, the reflection coefficients in the symmetry
planes have essentially the same form as in HTT models
and vary smoothly with azimuth (see literature references
below).

Suggested Reading

Papers of Stuart Crampin (Evidence for aligned cracks
in the Earth’s crust, First Break, 1985, and many oth-
ers) and Leon Thomsen (Reflection seismology over azi-
muthally anisotropic media, Geophysics, 1988) give a
good exposition of the implications of azimuthal ani-
sotropy in seismology. Thomsen’s work (Weak elastic
anisotropy, Geophysics, 1986; Weak anisotropic reflec-
tions, In: Offset dependent reflectivity, SEG, Tulsa, 1993)
provided a basis for defining anisotropy parameters and
deriving linearized scattering coefficients. The models
shown in this paper are computed using Hudson’s frac-
ture theory (A higher order approximation to the wave
propagation constants for a cracked solid, Geophys. J. R.
astr. Soc., 1986). Derivations of the AVO equations and
extensions to P- and S-wave AVO in orthorhombic me-
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dia are given in Riiger (Variation of P-wave reflectivity
with offset and azimuth in anisotropic media, Geophys-
ics, submitted; Analytic insight into shear-wave AVO for
fractured reservoirs, to appear in Proceedings of TTWSA,
special SEG volume on seismic anisotropy, Miami, 1996).
The anisotropic energy-focusing phenomena and normal-
moveout velocity in HTI media were described by Ts-
vankin (Body-wave radiation patterns and AVO in trans-
versely isotropic media, Geophysics, 1995; Reflection mo-
veout and parameter estimation for horizontal transverse
isotropy, Geophysics, March-April 1997).

Note:

This paper is formatted for submission to The Leading
Edge.
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