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Summary

Through their anisotropic signature, fractures can be remotely detected using the P-wave seismic
amplitude variation with offset and azimuth (AVOAZ) technique. One of the issues in estimating the
fractures is correctly determining their orientation. The near-offset AVOAz inversion is non-unigue with
two solutions 90 degrees apart. This paper explores the use of information from larger incidence angles
and constraints to solve this problem. By themselves larger angles are not the solution. The key is in
incorporating geologic information such as the regional stress field and rock physics constraints.

Introduction

In this study a method to solve the seven-parameter linearized AVOAz inversion is demonstrated. The
approach is valid for both transverse anisotropic media with a horizontal symmetry axis (HTI), and
vertical fractures in an isotropic (VFI) background medium. The seven parameters to be estimated
include: three background parameters such as density, P-wave and S-wave impedance reflectivity; and
four anisotropic parameters including an orientation parameter. The HTI Rlger equation (1998) is a
subset of this problem. One of the key elements in solving the seven-parameter inverse problem is
determining the azimuth of the symmetry axis in the case of HTI media, or of the fracture normal in the
case of VFI media. For brevity both azimuths are referred to in this paper as the symmetry axis azimuth
Feym-

The inverse problem is nonlinear. Similar to the solution of the near-offset HTI Riger equation the
solution is bimodal. This nonuniqueness manifests itself as a 90 degree ambiguity in the estimate of fsym.
This ambiguity potentially biases the remaining six parameters. Through the introduction of constraints
based on rock physics relationship or geologic control the most likely solution may be chosen.

| begin by reviewing the seven-parameter AVOAz equation and parameterizations specific to HTI and
VFI media. The linearized AVOAz expression is then written in terms of azimuthal Fourier coefficients
(FCs) (Downton et al., 2011) in order decompose the problem into simpler parts for analysis. The
solution of the near-offset linearization is next reviewed with the objective of introducing the symmetry
axis ambiguity. It is shown that a priori knowledge of the regional stress field may be used to
preferentially choose one solution over the other. Having reviewed the near-offset case, the more
complex far-offset problem is discussed and shown to exhibit the same ambiguity. In this case
constraints based on the rock physics of fractured media are employed to help resolve the ambiguity.
Both synthetic and real seismic data examples are shown to illustrate the method.

Linearized seven-parameter AVOAz

The seven-parameter HTI and VFI P-wave reflectivity, which varies as a function of incidence angle g
and azimuth £, may be written as the Fourier series (Downton and Roure, 2015)

R(7,q) =ro(@) +1,(q)cod2lf - 7.,.,))+r.(g)coddlf - 7.,.) (1)

where in the linearized form, only the magnitudes of the sinusoids of periodicity n = 0, 2 and 4 are
nonzero. The magnitudes in equation (1) are
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r,(g) = A + B, sin’ g + Csinfgtart g,
r,(g)=B,sin* g+C,sin*gtar? g,

r,(g)=C,sin’ gtar’ .

(2)

®3)

(4)

where the definitions of the parameters Ay, Bo, Co, B,, C, and C4 depend on the form of the anisotropy
and are described in Downton and Roure (2015). This paper focuses on the B,, C, and C, parameters

since they control the Amplitude variation with Azimuth (AVAz). In HTI media B, = 0.5B

ani?

C,= 0.25De" and C, =1/16DA.Y The parameter B, is the anisotropic gradient, &" is the Thomsen

parameter describing the P-wave anisotropy and #" represents the anellipticity (Riger, 2002). All the
parameters are evaluated at the interface generating the reflectivity with the symbol D denoting the
difference operator between the lower and upper medium. The phase of the sinusoids is controlled by
the symmetry axis azimuth 7. In the case of VFI media, the parameters B,, C, and C, are
parameterized in terms of fracture weakness parameters. Rotationally asymmetric fractures give rise to
orthorhombic anisotropy. The medium is described by the vertical, horizontal and normal fracture

weakness parameters d;, dsjandir especTheeagsf olrimaktiinoon t hese par amet
el 1 [4]
-9 0 - (- 29)g;
B,0 &2 21( %04, o
U_ z P AR e u 5
gczg-go 0 -—glt g)ggDa’Hq (5)
&C.H éo }g _}gz L:JngNH
g 8 8 H

whegies

t he swjaweer &wdv & velocity

ratio

dhetbheasbackgr oua

symmetricgfvastuires
we ak reessrse acaqn r e

Linearized AVOAZz Inversion

t ol HTtl h jdgo ittctheoet evoepryt.i ¢ al

and hori z

replhaxiendg lbey pgarteéhmrettearngent i al. fractur

In order to solve the linearized AVOAZz inverse problem it is easier to write the Fourier series in terms of

cosine (u,) and sine (v,) functions, where n refers to the periodicity of the sinusoid. Re wr i t i ng
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Figure 1. The (a) anisotropic gradient Bani, (b) stress constrained symmetry axis and (c) symmetry axis calculated
using the positive Bani solution.
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