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Special section: Fractures

Interpreting azimuthal Fourier coefficients for anisotropic

and fracture parameters

Jonathan E. Downton' and Benjamin Roure?

Abstract

Amplitude variation with offset and azimuth (AVOAz) analysis can be separated into two separate parts:
amplitude variation with offset (AVO) analysis and amplitude versus azimuth (AVAz) analysis. Useful informa-
tion about fractures and anisotropy can be obtained just by examining the AVAz. The AVAz can be described as a
sum of sinusoids of different periodicities, each characterized by its magnitude and phase. This sum is math-
ematically equivalent to a Fourier series, and hence the coefficients describing the AVAz response are azimuthal
Fourier coefficients (FCs). This FC parameterization is purely descriptive. The aim of this paper is to help the
interpreter understand what these coefficients mean in terms of anisotropic and fracture parameters for the
case of P-wave reflectivity using a linearized approximation. The FC representation is valid for general
anisotropy. However, to gain insight into the significance of FCs, more restrictive assumptions about the
anisotropy or facture system must be assumed. In the case of transverse anisotropic media with a horizontal
axis of symmetry, the P-wave reflectivity linearized approximation may be rewritten in terms of azimuthal FCs
with the magnitude and phase of the different FCs corresponding to traditional AVAz attributes. Linear slip
theory is used to show that the FCs can be interpreted similarly for the cases of a single set of parallel vertical
fractures in isotropic media and in transverse anisotropic media with a vertical axis of symmetry (VTI). The
magnitude of the FCs depends on the fracture weakness parameters and the background media. For the case of
vertical fractures in a VIT background, the AVOAz inverse problem is underdetermined, so extra information
must be incorporated to determine how the weights are modified due to this background anisotropy. We evalu-
ated this on a 3D data set from northwest Louisiana for which the main target was the Haynesville shale.

Introduction

P-wave amplitude variation with offset (AVO), or am-
plitude versus angle (AVA) as it should more correctly
be known, has proven to be an important technology to
characterize reservoirs in isotropic media, especially
with the use of the Aki-Richards linearized approxima-
tion (Aki and Richards, 1980). This equation can also be
readily extended to transverse anisotropic media with a
vertical symmetry axis (VTI) such as shales (Thomsen,
1993; Riiger, 2002). As we will show in the next section,
isotropic and VTI cases are a function of the incident, or
polar, angle alone. Thus, VTI behavior in AVO is difficult
to distinguish from isotropic behavior. In fractured
media, it has proven beneficial to examine amplitude
variation with offset and azimuth (AVOAz) response
(Gray and Todorovic-Marinic, 2004; Xia et al., 2007).
This now introduces a second angle, the azimuthal an-
gle, which gives us two angles with which to extract
anisotropic parameters, making the evaluation of azi-
muthal anisotropy less nonunique than the evaluation
of VTI, or polar, anisotropy. (This assumes, of course,

that you have a good range of observed azimuths.)
The presence of fractures introduces anisotropy
(Schoenberg, 1980; Hudson, 1981), necessitating the
use of a more complex reflectivity expression. Thomsen
(1993), Riiger (1998), and PSencik and Martins (2001)
derive P-wave-linearized AVOAZz relationships for aniso-
tropic media of differing complexity. Analyzing and fit-
ting data using these AVOAz relationships is more
difficult than with AVO analysis because of the extra
dimensionality of the problem. One way to simplify
the analysis is to split the problem into two parts: am-
plitude versus azimuth (AVAz) and AVO analyses.
The AVAz response can be written in terms of a Fou-
rier series (Ikelle, 1996; Sayers and Dean, 2001). Note
that a Fourier series is a sum of weighted sinusoids
of differing periodicities. The weights describing the
sinusoids are called Fourier coefficients (FCs), which
are dependent on the angle of incidence. By analyzing
data from one particular incidence angle, it is possible
to analyze just the AVAz reflectivity. The azimuthal FCs
describing the AVAz behavior are estimated using a
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Fourier transform. Because of the orthogonality of the
Fourier transform, each of these azimuthal FCs conveys
unique and independent information about the azimu-
thal data, making them ideal attributes to interpret.
One of the key benefits of using these azimuthal FCs
is that they are descriptive in nature. It is possible to
look at the AVAz response and have an intuitive feel
for what the azimuthal FCs should be and whether
the calculated values are reasonable.

We begin by reviewing AVO in isotropic and VTI me-
dia. The AVOAz reflectivity (Riiger, 1998) for transverse
anisotropic media with a horizontal symmetry axis
(HTI) is then separated into its constituent parts. The
AVO part has the same form as the isotropic case.
The AVAz part is written in terms of a Fourier series.
The magnitude of the second FC is proportional to
the anisotropic gradient, whereas the magnitude of
the fourth FC is a function of the anellipticity. These
concepts are illustrated with a simple example. Next,
the calculation of the azimuthal FCs is discussed along
with some practical considerations in performing these
calculations on real data.

The case of general anisotropy is studied by re-
arranging the PSencik and Martins (2001) linearized
PP reflectivity expression as a Fourier series. This
has the same basic form as the HTI formulation but with
differing FCs. The FCs are functions of a total of nine
parameters that, in turn, are functions of the stiffness
coefficients and density. The case of general anisotropy
has 21 stiffness coefficients, and hence the P-wave
AVOAz inverse problem for the general anisotropy is
nonunique (PSencik and Martins, 2001). This is true
for any symmetry requiring eight parameters or more
to describe it, such as orthorhombic or monoclinic
anisotropy. Note that the anisotropy due to a conjugate
set of fractures is generally monoclinic or in the case of
dipping fractures triclinic. The number of parameters
can be reduced by assuming some rock physics model.
Linear slip (LS) theory (Schoenberg, 1980; Schoenberg
and Douma, 1988; Schoenberg and Helbig, 1997) is used
to calculate the azimuthal FCs for the case of a set of
parallel vertical fractures in an isotropic (VFI) back-
ground rock. The anisotropy due to VFI is generally
orthorhombic, but for the subcase of rotationally sym-
metric fractures, the anisotropy is HTI. In this special
case, the azimuthal FCs reduce to that of Downton et al.
(2011) and can be directly compared to the HTT (Riiger,
1998) reflectivity expressions. By comparing these two
formulations, it is evident that the anisotropic gradient
can be estimated using only FCs calculated from the
AVAz data.

Many shale gas reservoirs are thought to be VTI, so
the case of vertical fractures in a transverse isotropic
(VFTI) background rock is studied last. The presence
of VTI anisotropy modifies the expressions of the azi-
muthal FCs. Similar to VIT AVO, the VFTI AVOAz in-
verse problem is underdetermined. However, if some
knowledge of the background anisotropy exists, it is
possible to predict how the VFTI AVOAz response dif-

fers from the VFI base case. This is illustrated using a
3D data set from northwest Louisiana for which the
main target is the Haynesville Formation. This data
set is first used to compare anisotropic gradient esti-
mates calculated using FCs and AVOAz inversion. Then,
amodeling study is performed to try and understand the
influence of the background VTI anisotropy on the azi-
muthal FCs.

Amplitude variation with offset

To study the AVOAz response, it is instructive
to separate the amplitude response into its con-
stituent AVO and AVAz parts. The linearized AVO or
more precisely the AVA P-wave reflectivity in iso-
tropic (Aki and Richards, 1980; Swan, 1993) and VTI
media (Thomsen, 1993; Blangy, 1994; Riiger, 2002) is
given by

R(0) = A + Bsin2 0 + Csin? 0 tan? 0 6

and is solely a function of the angle of incidence 6.
The intercept A, gradient B, and curvature C are linear
combinations of the fractional material contrasts
across a simple interface. In isotropic media, these
are defined as

AVp A
A="2R 2P @)
2Vp | 2p
AV VZ[AVg A
oo = 5ot — 425 | =2+ 22, ®)
2Vp VBl Vs 2
and
AV
iso = va €))
P

where p, Vp, and Vg are the density and the P- and
S-wave velocities. The symbol A denotes a difference,
whereas an overbar represents the average of the
material properties across the interface. In VIT media,
the B and C parameters

Ad
Byt = Bigo + 5 ®)
and
Ae
Cymi = Cigo + D} (6

are perturbed by Ae and Aé. The fractional Thomsen
(1986) parameters ¢, §, and y describe the degree of
anisotropy relative to the vertical P- and S-wave veloc-
ities within the media. The vertical P- and S-wave veloc-
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ities defined in terms of stiffness coefficients are Vp =
VCss/p and Vs = \/cy/p.

The AVO reflectivity is a weighted sum of the inter-
cept, gradient, and curvature. Given data at three or
more unique angles, it is possible to estimate parame-
ters A, B, and C. If the media are known to be isotropic,
it is then possible to estimate the density, P-wave veloc-
ity, and S-wave velocity (Buland and Omre, 2003). How-
ever, if the media are VTI, then there are two additional
unknown parameters and the inversion to material
properties is underdetermined. In practice, due to lim-
itations of the data acquisition and noise, the near-offset
AVO approximation

R(0) = A+ Bsin?0 )

is often inverted providing estimates of only two
parameters.

Equations 1 and 7 exhibit no azimuthal dependence.
If the seismic amplitude data also vary as a function
of azimuth, this extra information may be used to
infer additional parameters about the earth’s material
properties.

Amplitude variation with offset and azimuth for
transverse anisotropic media with a horizontal
symmetlry axis

In HTI media, the amplitude also varies as a function
of azimuth. The linearized P-wave reflectivity at the in-
terface between two HTI media that share the same
symmetry axis ¢, as a function of polar angle 6 and
azimuth ¢ is (Riiger, 1998)

_AZ 1([AVp Vs\2AG
reo=g7+5( [0 (05) %)

Y\ 2
+ [A(S(”) +8 (%) Ay} cos2(¢—¢sym)> sin?6
P

AVp 1
+ (ZVP +2( 3 sm (¢ ¢sym)

+ A8V cos? (¢ — pgym) )sIn® (¢ — gbsym)) sin?@tan?0,

®

where Z = pVp is the vertical P-wave impedance and
G=cy= pV% is the shear modulus. The superscript
v on the fractional Thomsen (1986) parameters indicate
that ¢® and §* are referenced to the vertical axis
rather than the symmetry axis. Table 1 in Riiger
(1998) describes the transformations between the
two parameterizations. Equation 8 is sometimes written
in terms of y*) as

I/ 2
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making use of the linearized approximation y ~ —y®),
but at a loss of accuracy (Riiger, 2002). This second
version can be rewritten in terms of the fracture weak-
ness parameters without further approximations and so
is used in this paper.

Typically, for real seismic data, the near-offset
approximation

R(¢, 9) =A+ (Biso + Bani cos® (¢ - (/)sym))Sinz 0 (10)

is used to infer the parameters from the AVOAz data.
Equation 10 is parameterized in a similar fashion as
the isotropic AVA equation using

PR IEUAAE
2| Vp Vo) G

AV VE[AVs A
__P—4_§{_S+f] (11)
2Vp Vel Vs 2p
and
Bai = L {Aé(”) - 8(&)2Ay(”>] ) (12)
ani 2 VP

Compared to two-term AVO inversion, the near-offset
Riiger approximation provides the interpreter with
two additional parameter estimates: the anisotropic gra-
dient B,,; and the symmetry axis azimuth ¢gy,. A non-
zero anisotropic gradient implies that the media is
anisotropic. The exact interpretation is complicated by
the fact that B, is a weighted difference of the Thomsen
parameters 5% and (), and it is possible for the two to
cancel out. In the “Single set of vertical fractures in iso-
tropic background media” section it is shown that the
anisotropic gradient is a function of fracture weakness
parameters and that, for a single vertical fracture, the
isotropy plane azimuth is parallel to the fracture strike.
The isotropy plane azimuth is perpendicular to the sym-
metry axis azimuth.

Further complicating the interpretation is that the
solution for By, and ¢, is nonunique. The nonlinear
inversion of equation 10 results in two solutions that fit
the data equally well. Estimating B,, involves taking
the square root of an intermediate result (Downton
and Gray, 2006), thus introducing a sign ambiguity.
Choosing the wrong sign for B,,; introduces a 90° shift
to the estimate of ¢y, and biases Bi,.
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Figure 1 shows a synthetic gather generated using
equation 8 based on the parameters in Tables 1 and
2. The amplitude varies as a function of azimuth and
angle of incidence. These changes are more apparent
if the amplitude data are displayed as a polar plot (Fig-
ure 2a). It is not obvious from equation 8 how a particu-
lar parameter impacts the AVOAz. Figure 2b and 2c
shows the separate AVA and AVAz responses. The
AVAz response is sinusoidal, with the magnitude of
the sinusoids increasing as a function of angle of inci-
dence. The next section, “Amplitude variation with azi-
muth for transverse anisotropic media with a horizontal
symmetry axis,” shows that by rewriting the P-wave re-
flectivity solely as a function of azimuth, it becomes
more obvious how the different parameters impact
the amplitude.

Amplitude variation with azimuth for transverse
anisotropic media with a horizontal symmetry
axis

To understand the AVAz response, the HTI Riiger
equation 9 is rewritten in the form of the Fourier series

Table 1. Parameters used to generate the anelliptic
model.

Layer Vp (m/s) Vs (m/s) p (kg/m®) e 60

1 3800 1900 2450 0 0 0
2 4152 2100 2650  —0.0349 —0.1157 0.125
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Figure 1. Synthetic gathers generated using the HTI Riiger equation 8 based on elastic models listed in Tables 1 and 2. Synthetic
gather (a) is generated with anelliptical anisotropy, whereas synthetic gather (b) is generated with elliptical anisotropy. Both have
the same S-wave anisotropy. To emphasize the azimuthal variations within the common offsets, the data are displayed with an
alternating yellow and gray background that corresponds to the common offset panels.
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o

R(¢.0) =1o(6) + Zrn(e) cos(n(p — ¢,(0))). (13) r5(0) = %Bani sinZ0 + AfT(v)sin2 ftanZ 0, (16)

n=1 -

The FCs describing each sinusoid are the magnitude
7,(0) and the phase ¢,(0), both varying as a function Ap®)

_ e 2 2
of the incidence angle. The azimuthal reflectivity at a ma(0) = 16 sin” g tan” 6, an
particular angle of incidence @ is the superposition of
a series of sinusoids weighted by factor 7, of period and phase ¢, (0) = dsym- S
n = 0, 2, and 4 magnitude weighting terms are nonzero, of three sinusoids of periodicity n = 0, 2, and 4, whose
and thus equation 13 simplifies to magnitudes are governed by equations 15-17 and

phase-delayed ¢gy,. Figure 3 shows the appropriately
R(.0) = 7(0) + 1r5(0) cos(2(p — 2 (6))) weighted sinusoids calculated for the azimuthal data
for the incidence angle centered at 40° from Figure 2.
+74(0) cos(4(¢ — ¢4(9))), (14) The zeroth-order FC magnitude (equation 15) introdu-
ces a bias based on the AVO trend and has the same
with magnitudes form as the isotropic AVO equation 1. The parameters
Ay, By, and CO given by
ro(0) = Ay + By sin? 0 + C, sin® §tan? 0, (15) .
AO = Aiso’ BO = Biso + §Bani’
Table 2. Parameters used to generate the elliptical 3 1
model. and Cy = Cigo + = AelV) — — A5Y) (18)
16 16
Layer Vp (m/s) Vg (m/s) p (kg/m?) & 5 y are modified from the isotropic case (equations 2-4) by
the presence of the anisotropy.
1 3800 1900 2450 0 0 0 The parameter #(*) (Tsvankin, 2001), defined as
2 3929 2100 25650  —0.2143 —0.2143 0.125
() _ @)
0t "9 19
T T T2 19
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Figure 2. (a) The amplitude versus angle of incidence and azimuth, (b) AVA, and (c) AVAz of a synthetic gather generated using
the Riiger equation 8 based on the parameters in Table 1. In the AVA display (b), the data points are color coded by azimuth. Note
that the amplitude systematically varies about the average AVA trend line. The sinusoidal AVAz response (c) is displayed with the
incidence angle displayed in color.
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describes the anellipticity. The n = 4 magnitude (equa-
tion 17) is controlled by the change in anellipticity 7®
between layers. The magnitude of the fourth FC
increases as a function of sin® 8 tan? # and becomes sig-
nificant at larger angles. This is illustrated in Figure 3.
The model used to generate the AVAz response is anel-
liptic and has a nonzero fourth FC magnitude. Figure 4
contrasts this to the AVAz response generated for a
model with an elliptical anisotropy (Table 2). Rasolofo-
saon (1998) and Gurevich et al. (2011) suggest that
stress-induced anisotropy is elliptical. Because the
anisotropy due to VFI background media is generally
anelliptic (Bakulin et al., 2000), inverting for #(*) could
help determine the source of the anisotropy.

The magnitude of the second FC (equation 16) is a
weighted sum of B,,; and Ae"). The weights are angle
dependent, and at near angles, the sin’# term domi-
nates the sin®@tan®6 term; thus, the magnitude of
the second FC may be approximated as

1
=B, sin2 6. (20)

7”2(9)%2

This approximation provides an alternative method to
estimate B,, instead of inverting equation 9 or 10.

Eventl: Azimuthal E.C. DC = 0.0572197 Second FC mag. = 0.0125 2nd FC Azimuth =
Amplitude  -60.0 Fourth FC mag. = 0.0022
0.0700

u.os?s-;
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0.0525-; e
u.osoo—i

0.0575
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Legend
l Data Points' Incident AnglesView1 Event 1 -4~ DCFC
__'.__ 2FC .I. 4FC

The parameter B,,; is simply estimated by observing
the amplitude of the n = 2 sinusoid at some incidence
angle (i.e., substitute r5(0) into equation 20 and solve
for B,,;). The phase of the sinusoid is used to estimate
the symmetry axis azimuth ¢gyy,.

Calculation of azimuthal Fourier coefficients

In the previous section, the Fourier series was writ-
ten in terms of magnitude and phase. In calculating the
FCs, it is more convenient to write the Fourier series as
the weighted sum of cosine and sine waves

[s9)

R(¢,0) = (w,

n=0

) cos(ng) +v,(0) sin(ng)). (21)

For the case of N regularly sampled data, the cosine
coefficients u,, are calculated using

1 N
() =~ Ri(¢.0) cos(ng)dg. (22)
k=1

whereas the sine coefficients v,, are calculated using

Figure 3. AVAz for the data from Figure 2 centered at an an-
gle of incidence of 40°. The three sinusoids calculated from
the Fourier analysis are shown as well as the total response.
The n = 0 sinusoid (or DC) shifts the total response up or
down. The second and fourth FCs control the azimuthal re-
sponse. Note that the n =2 and n = 4 sinusoids are phase
shifted by 30°, which corresponds to ¢gy,. For display pur-
poses, the second and fourth sinusoids are shifted by the DC.
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Figure 4. The AVAz centered at an angle of incidence of 40°
for the synthetic generated from Table 2. The three sinusoids
calculated from the Fourier analysis are shown as well as the
total response. The fourth FC’s magnitude is zero in this case
because of the elliptical anisotropy; thus, the total AVAz re-
sponse is controlled by n =2 FCs. For display purposes
the second and fourth sinusoids are shifted by the DC.
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N
0,0) = 1Y Ri(p.O)sin(n)dp (29)

k=1

for integer values of n such that n > 0. These parame-
ters can be transformed to magnitude

7,(0) = \/u5(0) +v;,(0). (24)
and phase
dn(0) = %arctan (Z" ((2) ) (25)

In practice, the workflow for calculating the FCs de-
pends on the geometry of the data. The simplest case is
for regularly sampled data in the azimuth, such as the
output of an azimuthally sectored migration. If neces-
sary, the seismic data are transformed from offset to
angle of incidence for each azimuth sector. Then, the
data are grouped by angle of incidence. For each inci-
dence angle, equations 22 and 23 are used to calculate
the angle-dependent azimuthal FCs. The magnitude and
phase can, in turn, be calculated using equations 24 and
25. This is done for each common depth point location
and time sample.

The data migrated using a common offset vector
(COV) (Cary, 1999; Vermeer, 2002) approach are irregu-
larly sampled in the azimuth and offset domains. For the
case of irregularly sampled data, least-squares inversion
of equation 21 can be performed to obtain the FCs. To
accurately estimate each sinusoid, there should be at
least four data points per period. This sometimes can
be challenging for the n = 4 FC, particularly for azimu-
thally migrated data. For COV-migrated data, the azimu-
thal sampling increases as a function of offset, so
typically, the sampling is adequate to estimate the
fourth FC. To build up sufficient fold to perform this
inversion in a stable fashion, the data must be binned
over some angle range, centered on the angle for which
the analysis is to be performed. This binning introduces
smearing, which adversely impacts the analysis. This
can be mitigated by performing some form of bin-cen-
tering operation.

The estimate of the azimuth is complicated by phase
wrapping. Phase wrapping occurs due to the periodicity
of the sine and cosine functions. It gets worse as n gets
larger. The possible range of the arctan function in equa-
tion 25 is 180°. If n = 2, the possible range is reduced to
90°, and for n = 4, the possible range is only 45°. This com-
plicates the interpretation of the phase of the fourth FC.

Amplitude variation with offset and azimuth for
generally anisotropic media

The Fourier series equation 14 is derived for the case
of HTI media. These results can be extended to a gen-
eral anisotropy by rearranging the PSencik and Martins

(2001) linearized P-wave AVAz reflectivity (equation 1)
in terms of sine and cosine functions, or

R(p,0) = uy(0) + v2(0) sin(2¢) + us(6) cos(2¢)
+v4(0) sin(4¢) + u4(0) cos(4¢). (26)

where

uo(0) = woy + wig sin? O + wyy sin® Atan® 0,  (27)

v5(0) = wy; sin? @ + ws,; sin® @ tan? 6, (28)
Uy (0) = Wiy Sin? @ + wsy sin® G tan? 0, (29)
v4(0) = wag sin® G tan? 0, (30)
and
Uy (0) = wayy sin O tan? 6. 31D

The w;; coefficients are linear combinations of the
weak anisotropy parameters defined by PSencik and
Gajewski (1998) and given in Appendix A. By using
transforms 24 and 25, equation 26 can be rewritten in
terms of magnitude and phase so it has the same form
as equation 14. To a linear approximation, the P-wave
AVAz for all forms of anisotropy can be written either as
equation 14 or 26. Due to reciprocity, the general P-
wave AVAz expression is an even function with respect
to azimuth. The fact that there are just three nonzero
magnitude terms arises from the linearization used in
the derivation. In an orthorhombic modeling study,
Sayers and Dean (2001) report some energy on the sixth
FC, but this energy was much smaller than the n = 0, 2,
and 4 FCs, suggesting this approximation is adequate in
practice.

Without going into the exact details of the expres-
sions for the coefficients, there are several observations
that can be made. For all types of anisotropy, the n = 0
FC (equation 27) has the same form as the three-
term AVO expression (equation 1). The presence of
anisotropy changes the definitions of the A, B, and C
parameters from their isotropic forms. The phase of
the fourth FC is independent of the angle of incidence.
This is due to the fact that the n = 4 FCs (equations 30
and 31) are functions of a single variable, w3 and wyy,
respectively, and when substituted into equation 25, re-
sults in a phase expression that is independent of the
incidence angle. In contrast, the n = 2 FCs (equations 28
and 29) have a more complex form that results in a
phase expression for the second FC, which is depen-
dent on the angle of incidence.

The type of anisotropy governs the form and values
of the individual FCs. For example, in layered HTI me-
dia that share the same symmetry azimuth, the phase of
the second and fourth FC is ¢y,,. In layered HTI media

Interpretation / August 2015 ST15



Downloaded 06/02/15 to 216.63.246.110. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

in which the symmetry planes change across the inter-
face, the phase of the second FC is dependent on the
angle of incidence and is different from the phase of
the fourth FC. Thus, it should be possible by observing
the phase of the second and fourth FCs as function of
incidence angle to determine if the layered HTI media
has a consistent symmetry axis, and thus the applicabil-
ity of the HTI Riiger equation.

The sine and cosine weights (equations 27-31) pa-
rameterizing the Fourier series (equation 26) are a func-
tion of nine parameters, including the density. In the
case of general anisotropy, there are a total of 22 param-
eters (21 stiffness coefficients and density), and thus,
the general inverse problem is underdetermined. This
is true for orthorhombic and simpler symmetries. For
this reason, it is advantageous to introduce rock physics
models to reduce the number of unknown parameters.

Linear slip theory

LS theory (Schoenberg, 1980) provides a framework
to model the effective medium of a fractured rock. The
total compliance of the rock S is the sum of the back-
ground compliance S, plus the compliance due to the
fractures S;. The fractures are modeled as an imper-
fectly bonded interface in which the traction is continu-
ous but the displacement might be discontinuous. The
displacement discontinuity is linearly related to the
traction. For example, the displacement discontinuity
normal to the fracture is proportional to the normal
stress. This proportionality constant is the normal frac-
ture compliance By. The vertical and horizontal frac-
ture compliances By and Bg are defined in a similar
fashion. If the fractures are rotationally invariant, such
as penny-shaped fractures, then the vertical and hori-
zontal fracture compliances are the same. In an iso-
tropic background, a vertical penny-shaped fracture
gives rise to HTI anisotropy (Schoenberg and Sayers,
1995). When By and By are different, the fracture is
asymmetric. This is probably the more realistic case
(Far, 2011), but it requires an additional parameter add-
ing complexity. Asymmetric fractures give rise to ortho-
rhombic anisotropy.

The actual fracture compliance values depend on the
size and the spatial distribution of the fractures (Wor-
thington, 2007). Measurements of these values have
been performed at different scales including laboratory
measurements (Pyrak-Nolte et al, 1990), borehole
sonic (Lubbe and Worthington, 2006), vertical seismic
profiles (Worthington and Hudson, 2000), and micro-
seismic (Baird et al., 2013). Verdon and Wiistefeld
(2013) summarize the published values of the normal
to tangential fracture compliance values.

Rather than working with fracture compliances, it is
more intuitive to work with the dimensionless fracture
weakness parameters. The normal, vertical, and hori-
zontal fracture weakness parameters are, respectively,

oy = (c11,By)/(1 + ¢11,Bw), (32)
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8y = (cas,Bv)/ (1 + ca4,By), (33)
and
Sy = (ce6,Br)/ (1 + ce6,Br), (34

where c¢;;, are the background stiffness coefficients. In
the case of an isotropic background medium, with back-
ground P- and S-wave velocities a and f, then ¢, =
pa? and ¢y, = pf*. The fractional weakness parameters
range from 0 to 1. In the case in which fracture weak-
nesses are zero, the fracture has no influence on the
total compliance. The notation is potentially confusing
because the fracture weakness parameters and Thom-
sen parameters use 6. However, the weaknesses always
have a subscript.

Single set of vertical fractures in isotropic back-
ground media

Following Appendix B, the linearized AVAz reflectivity
for the case of a single set of vertical fractures with normal
¢sym In an isotropic background media may be written as
the Fourier series equation 14 with magnitudes

70(0) = Ay + Bysin? 6 + Cysin? 0tan6,  (35)

1_ _ .
r2(0) = §Q(A5V — 7Aby)sin®0

1
+59(5 ~ 1)Ady sin® O tan® 0, (36)

74(0) = 2 (ASy — GASy)sin® 0 tan 0, 37

ok ~]]

and phase ¢,(0) = ¢sy. The parameter g = f*/a* =
Cuy, [C33,, While y = 1 —2g. These results are consistent
with Shaw and Sen (2006). In general, VFI media are
orthorhombic, but in the special case of rotationally
invariant fractures, the media are HTI. The parameters de-
scribing the average AVO (equation 35) have the same
form as the isotropic definitions (equations 2—4) but are
perturbed by the fracture weakness parameters and are
listed in Appendix B.

The azimuthal response is controlled by the n = 2
and n =4 FCs (equations 36 and 37). Under the VFI
assumption, the presence of sinusoids with periodicity
of n = 2 and n = 4 implies that the media is fractured.
The n = 2 and n = 4 FCs controlling the azimuthal re-
sponse have the same form as the HTI case (equa-
tions 16 and 17). Based on the similarity of forms,
the anisotropic gradient in VFI media, given by

Byl = g(Ady — 7Ady), (38)
is a weighted difference of the vertical and normal frac-
ture weakness parameters. As such, the possibility
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exists that the anisotropic gradient BYL] is zero even in
the case of a fractured medium. The scaled magnitude

of the fourth FC,

Table 3. Fracture weakness parameters used to
generate the anelliptic model (Table 1).

Layer  Vpy(m/s) Vgo(m/s) p(kg/ m3) Oy or
1 3800 1900 2450 0 0
2 4200 2100 2550 0.09091 0.2

Table 4. Fracture weakness parameters used to
generate the elliptical model (Table 2).

x = §(Ady — GASY). 39)
is a weighted difference of the horizontal and normal
fracture weakness parameters and may be used in com-
bination with the anisotropic gradient B;’HP;I to detect the
presence of fractures. Because Bl and « are weighted
differences, their interpretation is more complicated
than if they were a function of a single fracture param-
eter. An incompressible fluid filling the fracture lowers
the normal fracture weakness but does not influence
the tangential fracture weakness (Bakulin et al., 2000).
In the extreme case, when &y goes to zero, BZE is propor-
tional to the vertical fracture weakness. The weight y is
always smaller than one, so dy is weighted more than éy.

Bakulin et al. (2000) show that to a linear approxima-
tion 7*) = 2 g(6y — gy ) so that, in the case of rotation-
ally invariant fractures, « is a measure of anellipticity. In
the case of asymmetric fractures, the ratio of the hori-
zontal to vertical compliances By /By controls the rel-
ative magnitudes of the second and fourth FCs. The HTI
parameters in Tables 1 and 2 are generated from the VFI
models detailed in Tables 3 and 4 assuming rotationally
invariant fractures. Note that the only difference be-
tween the two models is the value of the normal frac-
ture weakness. This one difference gives rise to
different AVO classes and AVAz responses. Figure 5

Layer ~ Vpo(m/s) Vso(m/s) p(kg/m’) &y &
1 3800 1900 2450 0 0
2 4200 2100 2550 0.5 0.2
AVAZ Curves
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0.0675— — —— 1

& x| Figure 5. The AVAz response generated by
the anisotropic Zoeppritz equation (Schoen-
berg and Protazio, 1992) from the parameters
in Table 3 and a By /By ratio of 2. Note the
increase in the magnitude of the fourth FC
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shows the AVAz response generated by the anisotropic
Zoeppritz equation (Schoenberg and Protazio, 1992)
from the orthorhombic model specified by the param-
eters in Table 3, using a By /By ratio of 2. Note the in-
crease in the magnitude of the fourth FC compared to
Figure 2c.

The anisotropic gradient may be estimated from the
magnitude of the second FC by rearranging equation 20
to solve explicitly for the anisotropic gradient:

2
M sin2g

75(6). (40)

The B,,; estimate is simply a scaled version of the mag-
nitude of the second FC calculated at some incidence
angle. Ideally, only azimuthal data from one incident an-
gle are used to calculate the magnitude using equa-
tions 24, 28, and 29, but in practice, a range of angles
must be chosen to obtain sufficient sampling and fold.
Estimating B,,; using equation 40 becomes unstable at
small angles. At larger angles, the full-offset equation 16
or 36 should be used. Estimating the magnitude using
equation 24 involves taking a square root, introducing
the same sign and azimuth ambiguity as the near-offset
Riiger equation.

The estimation of the anisotropic gradient using
equation 40 is illustrated with a northwest Louisiana
3D data set for which the main target is the Haynesville.
The Haynesville Formation is a black organic-rich shale
of Upper Jurassic age, which overlies the Smackover
Formation. Sena et al. (2011) and Castillo et al. (2014)
describe this data set in greater detail.

Figure 6 shows a comparison of the anisotropic gra-
dient estimated using equation 40 versus equation 10 on
an inline through one of the wells in this data set. The
azimuthal FC estimate (equation 40) is only analyzing
how the data from a 20° to a 30° incidence angle varies
as a function of azimuth. The near-offset Riiger estimate
(equation 10) analyzes how the data vary as function
of offset and azimuth using incidence angles from 0°
to 30°. The two anisotropic gradient estimates show
anomalies at the top and base of the Haynesville at
the well location. The base of the Haynesville is easier
to pick because of the large contrast in impedance
going from the Haynesville shale into the Smackover.
The Haynesville top is approximately 20 ms above
the base.

The estimate from the second FC (equation 40) is rel-
atively simple to quality control. Figure 7 shows the azi-
muthal data displayed at the well location for incidence
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Figure 6. Panel (a) shows the anisotropic gradient estimated from the magnitude of the second FC, whereas panel (b) shows the
anisotropic gradient estimated by inverting equation 10. The estimate based on the second FC uses incidence angles from 20° to
30°, whereas the estimate based on equation 10 uses angles from 0° to 30°. The two figures share many similarities and some
differences. Both show anomalies at the top and base of the Haynesville. The top is approximately 20 ms above the base of

the Haynesville horizon.
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angles from 20° to 25° at the zone of interest. Figure 7a
shows the AVAz decomposed into its constituent sinus-
oids. The magnitude of the second FC can be roughly
estimated by just measuring the distance between the
peak and the trough and dividing by two (Figure 7b).
Similarly, the azimuth is estimated by just observing
the phase of the trough of the sinusoid. If the aniso-
tropic gradient is positive, then this phase corresponds
to the isotropy plane azimuth. If B,,; is negative, this
corresponds to the symmetry axis azimuth. In this case,
having assumed that the anisotropic gradient is posi-
tive, the magnitude is 0.051 and the isotropy plane azi-
muth is —80° from north. Determining these parameters
for the near-offset Riiger equation (equation 10) is more
difficult because this involves solving a four-parameter
nonlinear inversion problem.

To reduce the impact of the azimuth ambiguity, the
isotropy plane azimuth is typically displayed on a seis-
mic horizon in which the sign of B, is assumed to be
invariant. Further, the azimuth is only shown when the
size of the anisotropic gradient exceeds some thresh-
old. This reduces the chance of the azimuth switching
its orientation 90° as B,,; goes to zero and the chance of
a polarity reversal increases. The magnitude and azimu-
thal information is used to construct the glyph display
shown in Figure 8. The size of the glyphs is proportional
to the anisotropic gradient (magnitude), whereas the
orientation is controlled by the isotropy plane azimuth.

The long axis of the glyphs shows the fracture strike
and is consistent with the east-west principal stress
in the area (Sena et al., 2011).

Figure 8. The size of each glyph is proportional to the aniso-
tropic gradient, and its orientation is determined by the isot-
ropy plane azimuth. Their directions are roughly parallel to
the dominant east-west stress orientation. The anisotropic
gradient is displayed in color using a similar scale as in Fig-
ure 6. The red arrow points to the north.
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Figure 7. The AVAz data plotted for incidence angles from 20° to 25° at the well location and the base of Haynesville. Note that
even for this limited angle range, there is dispersion introduced due to the AVA. The data are displayed as colored squares, with the
color representing the incidence angle. The AVA dispersion is evident as vertical bars for the analyzed sectors at —60, —30, 0°, 30°,
60°, and 90°. Panel (a) shows the best fit » = 0, 2, and 4 sinusoids along with their sum for the average incidence angle of 22.5°.
Panel (b) shows only the n = 2 sinusoid. The isotropy plane azimuth at —80° north corresponds to the azimuth of the trough of the
sinusoid. The half-distance between the peak and trough corresponds to the magnitude of 0.051.
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Single set of vertical fractures in transverse
anisotropic media

In the preceding section, the background media is
assumed to be isotropic; yet, the Haynesville shale is
known to be VTI (Sondergeld and Rai, 2011). This last
section explores the influence of a TI background on
the AVAz response due to fractures. Appendix C derives
the P-wave AVAz reflectivity for VFTI media, under the
assumption that each fracture has the same normal
¢sym- The result of this derivation is again the Fourier
series described by equation 14. Due to the assumption
of the aligned fractures, the phase ¢ = ¢4 = ¢gyr,. The
n = 0 magnitude in VFTI media is once again described
by the AVO equation

r9(0) = Ay + By sin? 0 + C, sin® §tan? 0, 41

where the parameters Ay, By, and C,, (equations C-7-C-
9) are similar to VIT media but with an additional per-
turbation due to the fracture weakness parameters.

The azimuthal response is controlled by the second
and fourth FCs in which the magnitude of the second
FC is expressed as

1
ry(0) = EBEIH sin?¢

1
+5 (1+28)g(g — 1)Ady sin® Otan® 0.  (42)

Similar to the VFI case, the VFTI anisotropic gradient

(o 4
Bgin—9<A5v—m()(+5)A5N)- (43)

is a weighted difference of the vertical and normal frac-
ture weaknesses. In the VFTI case, the weights are
modified by the background TI anisotropy with
g =p*/a® =cy, /035, and y =1—2g. The weights are
functions of the average parameters across the inter-
face. This complicates the interpretation of the aniso-
tropic gradient because the weights depend on the
background media.
The fourth FC magnitude

r4(0) = = (1 + 28)g(Asy — gASy)sin® Otan® 0 (44)

@] =

has the same basic form as in VFI media (equation 37),
but it is scaled by an additional factor dependent on the
P-wave anisotropy of the background media. Large pos-
itive values of &, such as found in shales, amplify the
fourth FC. Note that each of the VFTI FCs reduces to
their VFI equivalents in the case that ¢ =6 =7 = 0.
The linearized VFTI AVOAz reflectivity inversion
problem for fractional interface properties is underde-
termined for the same reason that the VTI AVO inver-
sion problem is underdetermined. Excluding the
fracture weakness parameters, there are five parame-
ters controlling the average AVO (equation 41), but
there are only three parameters that can be determined.

VaSlow GammavitiBackgro Deltai Delta3
2500 ftfs 10000 ] unitless 0.4 0 unitless 0.7 0.4 unitless 0.4
r T, D r 1 ] S HESS. |
Vpz VsFast EpsilonVitiBackgrou Deltay Epsilon2 Deita2 Gamma2
5000 fifs 20000 2500 fifs 10000 0  unitless 0.4 0 unitless 0.7 0  unitless 0.4 0.4 unitless 04  -0.2 unitless 0.4
T e ——————] [ | LS —T T e—————e i aama O r: rasts I e - it [ s s (M e
EDIT_VP *EDIT_VS “EDIT_RHOB |  DeltaViiBackground DeltaH Epsilon1 Detal Gammal VO (ft)
5000 fifs 20000 2500 fifs 10000 2 g/ec 3 0 unitess 0.4 0 unitless 0.7 0  unitless 0.4 -0.4 unitless 0.4 -0.2 unitless 0.4 from
Time(ms) f ———— 71 ——  p———— e ey | e e ey ||y surface

2050

s{"‘

g100~ Tt 1 1L 1L 11 111l Bgel 11 Piililill]

2150

w00+

11750
12000

~12250

12500

2250

—_— ?%m-}éwvlﬁ '

Track 1 Track 2 Track 3 Track 9

T*I O (S

Track 5 Track 7 Track 6 Track 8

12750

Figure 9. The anisotropic model used to generate the VFTI synthetic (Figure 13). The P-wave, S-wave, and density logs are
what would be typically used to perform AVO modeling. The normal, vertical, and horizontal fracture weaknesses describe

the fracture.
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Modeling vertical fractures in transverse aniso-
tropic media

The impact of a TI background media on the AVAz re-
sponse is studied by performing forward modeling fol-
lowing Downton (2014). A 1D isotropic layered earth
model is constructed in a similar fashion as in an AVO
modeling study, and then, TI anisotropy is determined
and incorporated in a manner analogous to Lin and
Thomsen (2013). For each layer, LS theory is used to con-
struct the anisotropic stiffness matrix due to fractures.

The synthetic is generated using a convolutional model-
ing scheme in which the P-wave reflectivity is calculated
using the Zoeppritz equation or some linearized approxi-
mation of it. The synthetic is compared to the seismic.
Differences in the AVO response are used to update
the background TI anisotropy whereas differences in
the AVAz response are used to update the fracture model.

For the well log shown in Figure 6, only the P-wave,
S-wave, and density logs are available. These logs are
used to construct the background model shown in
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Figure 10. The (c) AVA and (d) AVAz of the (a) real and (b) VFI synthetic data plotted for the base of the Haynesville event. Note
the real data have a different AVA trend than do the synthetic data. The blue AVA trend corresponds to the blue event on the
synthetic data (a), whereas the red corresponds to the real data. In panels (c and d), the data plotted as squares correspond to the
real data, whereas the triangles correspond to the synthetic data.

a) b) c) d)
T Trace Date: sreticeFl ew 2 Trace Duka; systhescveT] 0t e & » ks Curves 8=
s |ooe . — == _ i
i o Xdons: [dmgin =] s Framz 50 Torw0 sz 5|0 @ W a A = dEJmmmmmn Tods sl E(D @ (B BE| Q=
Cromshnn - =
ot W WMl o 1 mm wa e e gy e At Evnil A= 017029 B m 0.534018 Colar ey £l Iar Cffdet iger A = (73020 e = -B66M1 Color Bny
150 60 130 0 130 60 130 150 60 13 60 150 60 130 0 1% Ampmsde o = 0258063 A22 = 70,2087
[ {oeg) vtk
s i - -
) 'W N | = i — e e i = | fed]
YR TINET) ] Sane 7 0,350 i > a0
i :
o gl
i ) ) e "
)sb DI al ¢ | s
5 ;5; 2}) .5 ! 3 N a ! = o
I I j 4] e 0
AR a0 — [ -} o
: f\*&«‘«\\(ﬂ*\«\“ﬁ«' 'ﬂ«‘ e 2 o
8 s s | f 12 ] ! w0
! M &
] \ N I:ao
| ‘ »}é» )(;) }5» ))z}m }} | J \ N
-'i i FYTITT 00 J ‘| && 05 - 12 L e —— D
clicliddidideai il ibadic bl 3 N a8 "
« o «« « <« «<« ( a —
I : " g‘ ,_ » . . vsn ] e
. | | ! i - 3o
|J J i 1 o] . - ol | N
t e R | S I
IIIII 3 - -~ | : T~ [] 5 0 15 w L) » -0 om0 om om 7 g
Teme fm i v |riee ) & ’ e Aol [gns), Ever | s 27,04 o ot sfaat 15000 0 Varl: AsrDegros et | [Dmgrohmes 8.004egs 1o
ety ooy Dl " nancl: Anghe|[vegeuat), Ever § s 706 dogs at sflst 15000 1t it oy 2 AT {Digees], Event & (Dungrinesl it 9 (0degs o
wwum;wmlinml —— Praciced Deta View! Eveat ¢ i lo:ammmmmmmleuu—mmm iewt Event 1 ;
Dinta Prasty’ — vt 1 - Ak Doy Prirts’ Incicent Anglestiewd Evpnidi— Fradicted Natn Viend Event | el

Figure 11. The (c¢) AVA and (d) AVAz of the (a) VFI and (b) VFTI synthetic data plotted for the base of the Haynesville event. Note
how the introduction of the TI background media changes the AVA trend. The red AVA trend corresponds to the red event in panel
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Figure 9. To match the AVAz response shown in Fig-
ures 6 and 7, it is assumed that the Haynesville is frac-
tured. For simplicity, a single set of rotationally
invariant vertical fractures is assumed. Initially, speci-
fying fractures with a tangential fracture weakness of
67 = 0.2 and ratio By /Br = 0.1 results in the synthetic
shown in Figure 10. This figure compares the synthetic
to the real data AVO and AVAz at the base of Hay-
nesville.

The fact that the synthetic data exhibit a slightly dif-
ferent AVO trend to the real data is used to determine
the VTI parameters following the work of Lin and
Thomsen (2013). The Smackover Formation is assumed
to be isotropic, whereas the Haynesville shale above is

assumed to be VTL Different combinations of 6 and &
were tested to find the best match to the real data.
Due to the near-offset nature of this data set (30° maxi-
mum angle), the AVO testing was most sensitive to §
with the best match being 6§ = 0.2. The data exhibited
little sensitivity to €, so the observation of Vernik and
Liu (1997) that ¢ > 6 was used to specify ¢ = 0.3. Last,
the empirical relationship y ~ —0.01 4+ 0.96¢, by Wang
(2002), is used to specify the value of y. Although y
does not influence the AVO trend, it is ultimately re-
quired in the calculation of BYI'™. Figure 11 shows
how the introduction of the TI anisotropy alters the
AVO and AVAz synthetic response. The biggest impact
is on the AVO. The peak-to-trough AVAz is changed lit-
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Figure 12. The (a) AVA and (b) AVAz of the real and VFTI synthetic data are plotted for the base of the Haynesville event as
squares and triangles, respectively. Note that after the introduction of the TI background media, the VFTI synthetic (the blue AVA
curve) shares the same AVA trend as the real data (the red AVA curve).
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tle between the two models. Figure 12 shows that, after
introducing the background TI anisotropy, the VFTI
synthetic and real data share the same AVO trend.
Next, different combinations of 67 and By /By were
tested to obtain a better match to the AVAz of the real
seismic. Initially, the value of 67 was held constant and
the By /By ratio was varied. It was possible to match the
AVAz of the real data, but this required unreasonably
large values of 6, . Better results were obtained by vary-
ing 57 and holding By /By to its initial value. Figure 13
shows a good match for the AVO and AVAz using
or = 0.5. Figure 9 summarizes the parameters used
in the construction of this synthetic. The parameters
chosen in this manner are nonunique, but they prove
that it is possible to model the real seismic response
using geologically plausible parameters. The determina-
tion of these parameters is essentially a bootstrapping
process. The fact that the AVOAz can be separated into
AVO and AVAz is used to help build the model. The frac-
ture parameters primarily control the AVAz, whereas
the TI parameters control the AVO.

Discussion

The emphasis of this paper is that the AVAz can be
quantified in terms of the magnitude and phase of the
different FCs. This parameterization is purely descrip-
tive. Interpretation of these parameters depends on the
anisotropic symmetry class or fracture system. It is pos-
sible to invert for fracture parameters (Downton and
Roure, 2010), but this makes a strong assumption about
the form of the anisotropy.

If anisotropy is assumed to be due to VFI, it is also
possible to invert for an unambiguous estimate of the

isotropy plane azimuth (Downton et al., 2011). How-
ever, the method requires information from the fourth
FC and hence far-offset data. The Haynesville example
in this paper is thought to be VFTI and only includes
angles up to 30°, so it is not suitable for this analysis.

Conclusion

P-wave AVOAz analysis can be separated into two
parts: AVO and AVAz analyses. It is possible to detect
anisotropy and fractures by just looking at the AVAz
part. The AVAz may be modeled as a Fourier series
or the sum of a series of sinusoids, with each sinusoid
being characterized by its magnitude and phase. The FC
parameterization is parsimonious. Only sinusoids with
periods n = 0, 2, and 4 are needed to describe the AVAz
for the case of general anisotropy. The fact that only
even terms are needed is because of reciprocity. The
FC parameterization is descriptive. It is possible to
graph these sinusoids and estimate their amplitude
and phase by hand, so it is easy to get an intuitive feel
as to whether the estimated parameters are reasonable.

To understand the significance of the parameters,
some anisotropic or fracture system must be assumed.
The cases of HTI, VFI, and VFTI media were studied. In
each case, if the media has the same mirror planes, the
phase of the second and fourth FCs is the same. If the
phase is different, it suggests that this assumption is vio-
lated. In all the studied media, the magnitude of the sec-
ond FC can be used to approximate the anisotropic
gradient and give results similar to inverting the near-
offset Riiger equation. Interpretation of the anisotropic
gradient changes depending on the type of media. In
HTI media, the anisotropic gradient is a weighted differ-
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Figure 13. The (c) AVA and (d) AVAz of (a) the real and (b) the updated VFTI synthetic data are plotted for the base of the
Haynesville event as squares and triangles, respectively. Note that after the fracture parameters are adjusted, the two share similar

AVA and AVAz trends.
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ence of Thomsen parameters and is a measure of
anisotropy. In VFI and VFTI media, the anisotropic gra-
dient is a weighted difference of fracture parameters
whose weights depend on the background media. Thus,
the anisotropic gradient is a measure of the fracture
parameters whose interpretation changes, depending
on the background media.

In HTI media, the magnitude of the fourth FC can be
used to study anellipticity. In VFI and VFTI media, the
magnitude of the fourth FC is also a weighted difference
of the fracture parameters, and hence, it is an indicator
of fractures. In orthorhombic media, due to asymmetric
vertical fractures in a background isotropic media, the
ratio of the horizontal to vertical compliances controls
the relative size of the fourth FC, the size of which can
be much larger than in an HTI medium. In VFTI media,
the background P-wave anisotropy also influences the
magnitude of the fourth FC.
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Appendix A

Amplitude-variation-offset-and-azimuth weights for
general anisotropy

The weights w;; parameterizing the FCs for general
anisotropy (equations 27-31) are

1
Woo = Ajso + B¥] A(oPe,), (A-1)
1
Wi = Bigo + P [A(a?8,) — 8A(Sy,)]

1 1
b [Al28,) = 8APy,)] - 55 Alte,). (A2)
Wyg = Cigo + ﬁ [BA(%e,) + 3A(d%e,) + A(a5,)],
(A-3)

1
wy = 2—(12 [A(aZ;(z) - 4A(ﬂ2845)}a (A-4)

Wi = s [A@6,) ~ 8AFr,) — (Ala?s,) ~ 8A(r,).
(A-5)

1

War =73 [A(aPe16) + AaPess)]. (A-6)
1

W =13 [A(dPe,) — (AdPe,)], (A7)
1

Waz = @ [A(azgw) - A(azg%)}, (A-8)

Wy [A(aPe,) + A(azey) - A(a?8,)], (A-9)

- 16a2

and they are expressed in terms of the weak anisotropy
parameters defined by PSencik and Gajewski (1998) in
equation 17b. Equation 27 is evaluated with reference to
some background P-wave velocity a and S-wave veloc-
ity p. By choosing these background velocities to be the
average background velocities of the two media gener-
ating the reflectivity, the definitions of A, Bj,, and Cig,
are consistent with equations 2—4 calculated using the
isotropic velocities.

Appendix B

Amplitude-variation-offset-and-azimuth in vertical
fractures in an isotropic media

Appendix B outlines the derivation of AVAz reflectiv-
ity expression for a single set of VFI background
medium. The stiffness matrix for a single vertical frac-
ture perpendicular to the x-axis in a background iso-
tropic medium is (Schoenberg and Douma, 1988)
given as

M(1-6y) A(1-6y) A(1=6y) 0 0 0
M(1=6y) M(1=y26y) A(l—yby) 0 0 0
c— | M1=8x)  A(1=ydy) M(1=42%65)0 0 0
0 0 0 g 0 0
0 0 0 0u(l=6y) O

0 0 0 0 0 pu(l-6y)

(B-1)

where y = 1-2g and g = u/M = cyy, /¢33, The param-
eter g can also be expressed in terms of the background
P-wave velocity ¢ and the S-wave velocity f as
g = % /a?, which for the isotropic background medium
is directionally invariant. The azimuthal Fourier series
described by equations 27-31 is calculated by substitut-
ing the density normalized stiffness values obtained
from matrix B-1 into the w; coefficients (equa-
tions A-1-A-9) using the background isotropic P- and
S-wave velocities as the reference velocities. The result-
ing expressions are then rearranged as the truncated
Fourier series:

R(,0) = 19(0) +15(0) cos(2¢) + 74(0) cos(4¢). (B-2)

|



Downloaded 06/02/15 to 216.63.246.110. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

Matrix B-1 is written so that the normal of the fracture is
the x-axis. To generalize this to any orientation, the
fracture may be rotated anticlockwise ¢g,,, about the
z-axis by performing a change of variables ¢ —
(¢ — dsym) so that equation B-2 becomes

R($.0) = 10(0) +12(0) cos(2(¢p — Psym))
+74(6) cos(4(¢ — deym))- (B-3)

which has the same form as equation 14. In this case,
the magnitudes are

r9(0) = Ay + By sin®d + C; sin” § tan® 6, (B4)

1
Ty (9) = ig(ABV —)'(AéN)SmZH

1
+59(5 ~ 1)Asy sin® 0 tan? 0. (B-5)

r4(0) == (Ady — gASy)sin? O tan® 6, (B-6)

OOIQl

and phase ¢,,(0) = ¢sym. The terms describing the AVA
equation B-4

1_
Ay = Ajo — sz Ady, B-7
P _
By = By + 5 Ady - % Aby, (B-8)
and
g 1, _
Cy = Ciso — 3 Ady — 3 (3% — 49 + 2)Ady (B9)

are perturbed from the isotropic equations 24 by the
fracture weakness parameters. The velocities used in
calculating the isotropic reflectivity are the isotropic
background velocities.

Appendix C

Amplitude-variation-offset-and-azimuth in vertical
fractures in a transverse isotropic media

Appendix C outlines the derivation of AVAz reflectiv-
ity expression for a single set of VFTI background
medium. The density-normalized stiffness matrix for
a single set of parallel vertical fractures perpendicular
to the x-axis in a background TI media is (Schoenberg
and Helbig, 1997)

B

A
an, (1=8y)  an, (1-8y) a3, (1-6y) 0 0 0
az,(1=6y) ay, (1—*51\1) a3, (1—%%) 0 0 0
5 a2,
= | aus, (1=3y) @y, (1=520y ) ag, (1-zidy) 0 0 0
0 0 0 ay, 0 0
0 0 0 0 auy,(1-6;) 0
0 0 0 0 0 ag,(1-54)
(G-

with the constraint a5, = ay;, — 2a¢,. The density-nor-
malized background stiffness coefficients ass, and ay,
are used to define the background P-wave velocity a =
/@33, and S-wave velocity f = | /@44, used in the deriva-
tion. Similar to the VFI derivation, the variables
g = ayy,/as3, and y = 1-2g are defined. The matrix
C-1 is rewritten in terms of Thomsen’s parameters by
substituting

S =ay,/ag, = (14 2e), (C-2)
{=ap,/asg, =f—2d, (€3
§=ays, /ass, =y +9, (C4)
and
d = ags, /ass, = (1 +2y)g, (C-5)

into matrix C-1 as

A

f(1—5N) ((I-6y) &(1-6y) 0 0 0
f(l 425N> (1—§5N)0 0 0
— g, 5(1—5N) :(1 f&N) (1 ii&N) 0 0 0
0 0 0 g o0 0
0 0 0 0g(1-6,) 0

0 0 0 0 0 dl-&

(C-6)

At this point, the derivation proceeds similar to the VFI
derivation (Appendix B), substituting the density-nor-
malized stiffness matrix C-6 into the w;; coefficients
(equations A-1-A-9), simplifying and dropping the
nonlinear terms. The result is written as a Fourier series
represented by equation 14 with phase ¢y = ¢4 = gy,
The magnitude of the n = 0 FC is described by the AVO
equation 15 with

(7 +9)*
Ay = Ay — ————A -
0 VI (T 1 28) ON, (C-1N
1 _ 1 -
By = By + 5 (gASy — B (7 +6)Ady), (C-8)

and
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1
cwzam—§u+za@m%+ww%4@+mA%y
(C9)

The parameters A, By, and C, are perturbed from the
VTI case by the fracture weakness parameters. The VTI
background and the fractures modify the average AVO
trend compared to the isotropic case. The fractures
lower the vertical P-wave velocity and, hence, change
the impedance contrast at the interface. Large positive
6 values amplify this change.
The magnitude of the second FC is

1
r2(0) = §B;’5Hsin29

1
+35 (14 28)g(g — 1)Ady sin® Otan® @  (C-10)
with
_ 1+27) s
BYETT — g(A —(7 Ady). -11
ani - = 9(Ady (1+25,)()(+5) oy) (C-11)

Lastly, the magnitude of the fourth FC is

74(0) = = (1 + 28)§(ASy — GASy)sin? Otan? 0. (C-12)

@] =

Each of the magnitude expressions for the n = 0, 2, and
4 sinusoids reduce to the VFI form in the case

that e =5 =7 = 0.
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