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Summary

The azimuthal variations in P -P amplitude, veloc-
ity, and interval moveout show elliptical variations in
azimuthally anisotropic media. This can be used to
determine the fracture strike of the medium and has
been veri�ed from real data. However, the P -wave ef-
fects only occur at su�ciently large o�set with multi-
azimuths, and are often complicated by other factors.
This limits the application of P -wave analysis to some
extent. Analysis of P -S waves may thus prove to be
bene�cial. The azimuthal variations in P -S ampli-
tudes appear to be more sensitive to fracturing, and
in particular, for near vertical propagating P -S waves,
the polarization and time delay of the shear-wave pro-
vide a direct measurement of the fracture orientation
and intensity. A robust method is presented for recov-
ering the polarization azimuth of the fast shear-wave
for a 3D cross geometry where the source boat sails
across the receiver cable.

Introduction

Recently, the use of P -waves has attracted consider-
able interest because of their relatively low cost in ac-
quisition. These uses include azimuthal P -wave AVO
(Lefeuvre 1994, Lynn et al. 1996 and Mallick et al.
1996), and azimuthal variations in P-wave NMO ve-
locity (Sena 1991, Tsvankin 1995), and interval move-
out (Li 1997). With the advent of multicomponent
sea-oor seismic technology, the study of mode con-
verted shear-waves has become increasingly common
in the industry. The mode-converted P-to-S wave re-
tains the bene�t of both P - and S-wave surveys (Li
et al. 1996) and o�ers the potential for more cost-
e�ective reservoir characterization and monitoring.

Here, assuming fracture-induced transverse anisotropy
with a horizontal symmetric axis (TIH), which is the
simplest form of azimuthal anisotropy, I review some
of the fundamental e�ects on wave propagation. These
include the amplitude behaviour and velocity e�ects
for P -waves, and the polarization direction and time
delay for the P-S waves. For P -wave processing, I
will present a new technique to determine the fracture
orientation based on the azimuthal variations in the
P -wave interval moveout. For P-S wave processing, I
will review existing techniques and present new tech-
niques for anisotropy analysis.

AVO analysis

Assume the TIH media are obtained by fracturing

isotropic background media, and use VP0 and VS0 as
the average P - and S-velocities of the upper and lower
background isotropic media. From Li et al. (1996),
considering the AVO gradient (sin2 i) and the near-
o�set (cos i cos j) terms only, the reection coe�cients
rPP and rPS can be written as,
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where i and j are the average propagation angles of
the upper and lower media for P and S, respectively;
�k; �k and k (k = 1; 2) are the Thomsen parame-
ters (Thomsen 1986) for the upper (k = 1), and lower
(k = 2) medium, respectively; rPP0 and rPS0 are the
isotropic reectivities of the background media.

Some immediate observations can be drawn from the
�rst two equations. Firstly, the anisotropy has a �rst
order e�ect on the AVO response of both P -P and
P -S waves through the inuence of �; � and . Sec-
ondly, the anisotropy a�ects the P -S waves more than
the P -P wave, through the near-o�set term cos i cos j,
indicating that the P -S AVO response and its az-
imuthal variations (rPS � rPS0) are more sensitive to
anisotropy, or fracturing, than the P -P AVO response
and its azimuthal variations (rPP � rPP0). Thirdly,
a smaller angular coverage may be required to reveal
the e�ects of the P -S AVO response because of the
presence of the near-o�set term (cos i cos j).

Azimuthal P-wave analysis

P-wave amplitude and velocity. For a �xed o�set with
incidence angle larger than 15�, the reection ampli-
tude as a function of azimuth has the following form:

Rpp(�) = A+Bcos2�; (4)
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where A and B are constants. Mallick et al. (1996)
�rst presented equation (4) as an empirical expres-
sion from numerical modelling, and applied it to 3D
land data to quantify fracture strike. R�uger (1996)
provided an analytical account of the amplitude vari-
ation. Equation (4) forms the basis for azimuthal P -
AVO analysis.

For a single reector, the shot spread normal move-
out velocity vnmo for a given ray at azimuth � can be
written as,

v2nmo(�) = v2p0[1 + 2(� � 2�) sin2 �]

= C +Dsin2�; (5)

which yields,

v2nmo(�) = v2nmo(� = 0) cos2 �+ v2nmo(� = 90�) sin2 �:
(6)

Equation (5) has a similar form to the P -wave az-
imuthal AVO equation (4), and equation (6) reveals a
simple elliptical variation of the NMO velocity along
the azimuthal direction. Grechka and Tsvankin (1996)
generalized equation (6) for generally inhomogeneous
anisotropic media, and Corrigan et al. (1996) applied
equations (5) and (6) to real data.

Figure 1. The ray-paths of P-P reections from the top

and bottom of a fractured layer. The interval moveout is

de�ned as �ti = ttop � tbottom

P-P interval moveout. Assume a fractured layer with
azimuthal anisotropy overlain by a weakly anisotropic
overburden (Figure 1). Consider two orthogonal line-
azimuths at angles � and �+�=2 to the fracture strike,
respectively (Lines 1 & 3, Figure 2). The azimuthal
di�erence of the interval moveout for the fractured
layer between these two lines can be written as (Li

1997)

�t(�; x) = x�2x1
vp02

cos 2� sin i2
�
2�� � � (�� �) sin2 i2

�
= A(x; �; �) cos 2�;

(7)
where x is the source-receiver o�set, x1 is the o�set of
the transmission point at the top of the target layer,
i2 is the incidence angle at the bottom of the layer,
vp02 is the interval vertical velocity for the fractured
layer.

Consider another pair of orthogonal lines separated by
an angle '0 from the �rst pair (Lines 2 & 4, Figure
2), yielding

�t1 = �t(�; x) = A cos 2�;

�t2 = �t(�+ '0; x) = A cos 2('0 � �):

This leads to

�t02 = A sin 2�

= (�t2 � cos 2'0�t1)= sin 2'0; (8)

tan 2� = sin 2�= cos 2� = �t02=�t1: (9)

Thus, for the four line con�guration in Figure 2, the
cross plot of �t1 versus �t02 shows a linear trend, in-
dicating the direction of 2�. A least square analysis
of the cross-plot can be used to estimate the fracture
strike as,
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Figure 2. Four-line con�guration

P-S polarization analysis

P-wave anisotropic e�ects occur only at su�ciently
large o�sets with wide azimuthal coverage. Con-
sequently, the e�ects are subtle and often di�cult
to recover from the data. In contrast, shear-wave
anisotropic e�ects occur at near vertical propagation
and are relatively stable and robust.
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When a shear-wave enters a fracture-induced
anisotropic medium, it splits into two modes which
travel with di�erent speeds (Crampin and Lovell
1991). For near vertical propagation, the fast shear-
wave polarizes parallel to the fracture strike, and the
slow wave polarizes perpendicular to the strike. Fur-
thermore the normalised time-delay between the fast
and slow split shear-wave:

�td =
t2 � t1
t1

=
C44 � C66

2C66

�

1

2
�2td � ; (11)

is a measure of the Thomsen parameter  which is in
turn related to the fracture intensity (porosity) in the
medium. Thus P-S wave polarization analysis pro-
vides an e�ective way to determine the fracture strike
and density.

Figure 3. Converted shear-waves in 3C sea-oor seismic

acquisition over fractured media. The survey line is at

angle � to the fracture strike, and a conversion at the

reection point is assumed.

2D Rotation analysis for P-S wave . Consider a 2D
acquisition over horizontally strati�ed media with uni-
form azimuthal anisotropy. Further assume a P -S ray-
path with the conversion point at the reector, and a
displacement vector con�ned to the horizontal plane, �
representing the polarization azimuth of the fast shear
wave (Figure 3). The recorded radial and transverse
components can be written as,

�
Vr(t)
Vt(t)

�
=

�
cos � � sin�
sin� cos�

��
S1(t)
S2(t)

�

= R(�)

�
S1(t)
S2(t)

�
(12)

where R(�) is the 2D rotation matrix, and S1(t) and
S2(t) represent the amplitudes of the fast and slow
waves, respectively.

Assuming that the fast and slow shear-wave have sim-
ilar waveforms with only a time delay �t, S1(t) =
S(t); S2(t) = S(t��t); equation (12) can be solved by
rotation analysis based on an objective function which
measures the similarity of the two waveform. Rotating
the radial and transverse components with an angle �
gives the rotated components Rvr(�; t) and Rvt(�; t)
as,

�
Rvr(�; t)
Rvt(�; t)

�
=RT (�)

�
Vr(t)
Vt(t)

�
: (13)

An objective function F (�; � ) may be de�ned as,

F (�; �) =
X
t

Rvr(�; t)Rvt(�; t+ �): (14)

Thus, the optimization process is to search for a ro-
tation angle � = � and time shift � = �t, which
maximize F (�; � ) (Figure 4). MacBeth and Crampin
(1991) gave a good review of this kind of techniques.
For processing land converted waves, Donati and
Brown (1995) introduced the cross-correlation sum of
the radial and transverse components as the objective
function.

Figure 4. Determining the polarization azimuth based on

the similarity of the fast and slow waves. (a) from top to

bottom, rotation angles between 0 and 75�; (b) the corre-

sponding angles between 90� and 165�. The increment is

set to 15�. Note that the two waveforms are most similar

at rotation angle � = 60�, indicating the polarization of

the fast shear-wave.
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Figure 5. A plan view of a 3D cross geometry where the

source boat sails across the receiver cable. An orthogonal

pair of source-receiver azimuths is selected for analysis.

Note that the fracture strike (polarization azimuth) is

measured from the boat direction x.

Azimuthal rotation for 3D data Assume a 3D cross
geometry where the source boat sails across the re-
ceiver cable. Figure 5 shows a plan view of the ge-
ometry. Denote the boat direction as x, and the ca-
ble direction as y. Consider any orthogonal pairs of
source-receiver azimuths 1 & 2. Azimuth 1 is at an-
gle ' from the boat direction, and azimuth 2 at angle
�=2 � ' to the boat direction (Figure 5). For these
two azimuths, after correcting the ray-path di�erence
by moveout correction, the recording components V1x
and V1y for azimuth 1 can be combined with V2x and
V2y for azimuth 2 as,

�
V1x(t0) V2x(t0)
V1y(t0) V2y(t0)

�
=RT (�)

�
�1(t0) 0
0 �2(t0)

�

�R(�� ')

�
PS1(t0) 0

0 PS2(t0)

�
(15)

where t0 is the moveout-corrected two-way time, �1
and �2 are propagating functions for the fast and slow
wave, respectively, and PS1(t) and PS2(t) are the ef-
fective shear-wave sources at azimuths 1 and 2, respec-
tively.

Rotating the two horizontal components with angle ',
the ratio of the e�ective sources PS1(t0)=PS2(t0) can
be estimated from the o�-diagonal elements of the ro-
tated data matrix. This ratio can then be used as a

scaling factor to compensate for the di�erence between
the e�ective sources. The rotated and amplitude-
corrected data matrix Dc(t0) can be written as:

Dc(t0) ==RT (��')

�
S1(t0) 0
0 S2(t0)

�
R(��'):

(16)
Thus, the polarization azimuth � can be solved by
minimizing the o�-diagonal elements of Dc(t0).

To sum up, the following procedures can be used for
determining the polarization azimuth for a 3D cross
geometry:

1) sorting data into pairs of orthogonal azimuths;

2) applying moveout correction for the azimuthal
gathers, and forming a 2x2 data matrix using
the horizontal components;

3) rotating the horizontal components by ' into
the azimuthal direction, and estimating the scal-
ing factor and correcting for the amplitude dif-
ference;

4) determining the polarization azimuth by mini-
mizing the o�-diagonal elements of Dc(t0) us-
ing the linear-transform technique of Li and
Crampin (1993).

Discussion and conclusions

I have examined the e�ects of azimuthal anisotropy on
both P -P and P -S waves using analytical expressions
for weak anisotropy. This enables some understanding
of various dependencies, and allows the development
of processing algorithms to extract these e�ects from
multicomponent seismic data.

The e�ects of azimuthal anisotropy on P -waves are
relatively well known. The azimuthal variations in
P -P amplitude, velocity, and interval moveout show
elliptical variations in azimuthally anisotropic media.
This can be used to determine the fracture strike of
the medium and has been veri�ed from real data. The
use of azimuthal interval moveout has some distinct
features. The method, based on a four-line con�gura-
tion, utilizes cross-plot analysis, shows good exibility
in handling irregular acquisition conditions, and re-
veals good potential for e�ective compensation for the
overburden anisotropy through the alignment of the
top target reections.
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The e�ect of azimuthal anisotropy on P -S wave am-
plitudes is less well known. The P -S AVO and its
azimuthal variations appear to be more sensitive to
fractures than P-P AVO. For near-vertical propaga-
tions, the polarization of the fast shear-wave is paral-
lel to the fracture strike, and the time delay between
the two split shear-waves is proportional to the frac-
ture intensity. For a 3D cross geometry where the
source boat sails across the receiver cable, horizontal
components of P-S waves within orthogonal pairs of
source-receiver azimuths may be sorted into 2x2 data
matrices. After correcting for moveout and amplitude
di�erences, the polarization azimuth can then be de-
termined by minimizing the o�-diagonal elements of
these data matrices.
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