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Summary

Both acquisition and structure a�ect the azimuthal
variation of P -wave moveout. Here, assuming a frac-
tured reservoir overlaid by a weakly anisotropic over-
burden, I develop an analytical expression for quanti-
fying the interval azimuthal variation in P-wave move-
out. This explains previous experimental results, of-
fers some detailed insights into the e�ects of various
factors, and may help for acquisition design.

The interval variation for orthogonal survey lines
shows cos 2� variations with the line azimuth � mea-
sured from the fracture strike for a �xed o�set.
For a �xed azimuth, it shows linear variations with
the o�set-depth ratio at small o�sets, and quadratic
variations at longer o�sets in the case of weak
impedance contrast. The sensitivity of the az-
imuthal moveout response will be further enhanced by
low/high impedance, but greatly reduced by high/low
impedance at the top of the reservoir. A con�guration
of four intersecting survey lines 45� apart may be used
to quantify the fracture strike.

Introduction

It is possible to use the azimuthal variations in P-
wave NMO velocity for detecting fracture orientation,
as suggested by Sena (1991) and Tsvankin (1995),
amongst others. This may provide a complement to
other studies such as azimuthal P -wave AVO (Lynn
et al. 1996 and Mallick et al. 1996), and shear-wave
anisotropy (MacBeth 1995, Li 1997). Here I evaluate
the sensitivity of the interval moveout di�erence be-
tween line azimuths for detecting fracture orientation
and porosity.

Similar to other wave�eld attributes, several factors
can a�ect the azimuthal moveout variation, particu-
larly the interval variation. These factors may include
survey line azimuth and o�set, overburden structural
variation, lithology and anisotropy, and variations in
target depth, thickness, impedance contrast and the
amount of fracturing. It is thus important to un-
derstand the e�ects of these various factors and to
evaluate the sensitivity of wave�eld attributes. Some
discussions on these aspects can be found in Garotta
(1989), Lefeuvre (1994), and Lynn et al. (1996). Here,
assuming a fractured reservoir overlaid by a weakly

anisotropic overburden, I develop an analytical expres-
sion for quantifying the azimuthal moveout variations.
This o�ers some detailed insights into the e�ects of
various factors, and may help in acquisition design.

Velocity variations in fractured media

Consider a transversely isotropic medium with a hori-
zontal axis of symmetry (TIH) obtained by fracturing
an isotropic matrix with velocities vp0 for P -, and
vs0 for S-wave. Assume the fractures strike at az-
imuth � to the survey line. For a P-wave (quasi-P
wave, with \quasi-" omitted) propagating in the ver-
tical acquisition plane at incidence (ray) angle �, the
group velocity vp(�; �) can be written as (Sena 1991),
ignoring ray deviations for weak anisotropy,

vp(�; �) = vp0[1 + (� � 2�) sin2 � sin2 � +

(�� �) sin4 � sin4 �] (1)

where � and � are the Thomsen parameters (Thomsen
1986).

For fracture characterization, one may wish to link the
velocity variation directly to the physical fracture pa-
rameters such as the fracture porosity �d, aspect ratio
�ar, and uid contents vf (the compression velocity of
the uid inside the fractures). Using Hudson's (1981)
model, the Thomsen parameters may be expressed in
terms of the fracture parameters as, to the �rst order,

� � 2�d

�
1� v2s0

v2p0

�
U33; (2)

� � 2�d

�
U33 �

v2s0
v2p0

U11

�
;  � 1

2
�dU11; (3)

where

U11 =
16

3

v2p0
3v2p0 � 2v2s0

; (4)

U33 =

8><
>:

4
3

v2p0
v2p0 � v2s0

if dry,

4
3
v2s0
v2f

��ar if uid-saturated.
(5)

The fracture porosity (�d) is de�ned as the ratio of
fracture volume to the total volume, and �ar as the
ratio of fracture width (w) to the fracture height. For
formation evaluation, the fracture height is usually
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larger than the formation thickness. Thus the frac-
ture porosity can be rede�ned as �d = Nw=L, where
N is number of fractures with width w, and L is the
formation length evaluated.

Equations (2) and (3) link the Thomsen parameters,
and hence the velocity variation, to the physical pa-
rameters, and can be used for inversion when the
Thomsen parameters are known.
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Figure 1. The ray-paths of P-P reections from the top

(interface 1) and bottom (2) of a fractured reservoir.

Interval moveout variations

Assume a two-layer model with a fractured reservoir
beneath a weakly anisotropic overburden (Figure 1).
Consider two line azimuths at �1 and �2 to the frac-
ture strike in the reservoir, but at �0

1 and �0

2 to the
fracture strike in the overburden, if TIH fracturing ex-
ists there. The di�erential moveout between the two
azimuths at o�set x for the reection from the top of
the reservoir (interface 1) can be written as

�t1(x) = t1(�
0

2; x)� t1(�
0

1; x) (6)

and for the reection from the bottom of the reser-
voir (interface 2), ignoring the ray angle di�erence for
di�erent azimuths,
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where x1 is the o�set of the transmission point at the
top interface; x2 = x=2 � x1, is the reection point,
and �2 is the reection angle at the bottom interface;
�z is the thickness of the reservoir (Figure 1). Sub-
stituting the ray velocity equation (1) into equation

(7), and calculating the interval di�erential moveout
for the reservoir, gives

�t = �t2 ��t1(2x1) = 2 x2
vp02 (sin

2 �2 � sin2 �1)�

� sin �2
�
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�
(8)

where vp02 is the interval vertical velocity of the reser-
voir. �t may be referred to as the interval azimuthal
moveout response. Now equation (8) allows detailed
analysis of the e�ects of various factors.

Analysis of the e�ects

Azimuthal variation for orthogonal survey lines. Let-
ting �1 = � and �2 = �+ �=2 gives,

�t = 2
x2
vp02

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

�
:

(9)
Equation (9) shows that the interval azimuthal re-
sponse is a function of cos 2� for orthogonal survey
lines (Figure 2), which explains the previous experi-
mental results of Garotta (1989).

Figure 2. Azimuthal variations at constant o�set x =

3000m for the three models in Table 1.

Weak impedance contrast. In this case, straight rays
may be used, and equation (9) for orthogonal sur-
vey lines can be further simpli�ed. Letting z =
z1 +�z (Figure 1) gives,
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Strong impedance contrast (L/H & H/L). This will
cause ray bending and has signi�cant e�ects on the
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interval response (Figure 3). A strong low/high (L/H)
impedance contrast enhances the sensitivity of the
azimuthal response (dotted line, Figure 3), whilst a
strong H/L contrast reduces the sensitivity of the re-
sponse (dashed line, Figure 3), and the case for weak
contrast in between (solid line, Figure 3).

Figure 3. Variations with o�set and depth ratio (x=z)

for the three models in Table 1. The moveout di�erences

are calculated between the two azimuths parallel (0�) and

perpendicular (90�) to the fracture strike.

O�set-depth ratio. Three models (Table 1) are used
to investigate the sensitivity of the azimuthal moveout
response in more detail. The models feature a 300m-
thick fractured reservoir with 10% fracture-induced
anisotropy. To quantify 20ms di�erence in the interval
variation, for Model 1 with L/H impedance, it only
requires a o�set-depth ratio (x=z) of 1.0, whilst for
Model 2 with weak impedance and Model 3 with H/L
impedance, it requires 1.2 and more than 1.6, respec-
tively (Figure 3).

Reservoir properties. Equation (8) shows that the az-
imuthal moveout response increases with the thick-
ness of the reservoir and fracture porosity. In the case
of weak impedance contrast, the sensitivity decreases
with the vertical velocity in the reservoir.

Multi-azimuth and fracture strike. Consider four in-
tersecting survey lines with 45� separation (Figure
6a). The four lines can be arranged into two orthog-
onal sets. Denoting the interval moveout di�erence
for the �rst set as �t(�; x), and for the second set as
�t(�+ �=4; x), using equation (9) gives,

tan 2� =
sin 2�

cos 2�
= ��t(�+ �=4; x)

�t(�; x)
: (11)

This permits the determination of the fracture strike
from four seismic lines. It may be particularly use-
ful for marine exploration where continuous azimuthal
coverage may not be available.

Synthetic results

Here I construct full-wave synthetics to test the pre-
vious analysis. A 3000m spread with 100m interval is
used and �ve CDP gathers are calculated over �ve
azimuthal lines (Figure 4) for Model 3 in Table 1.
The line parallel to the fracture strike (0�) in Fig-
ure 4 uses as a reference. Lines 1, 2, 3 and 4 (az-
imuth: 15�; 105�; 60�, and 150�) form two orthogo-
nal sets. I pick the residual moveouts of the bottom
event at 1.25s interactively for all four lines, and cal-
culate �t(15�; x) = �t( Line 2) � �t( Line 1) and
�t(60�; x) = �t( Line 4)��t( Line 3), as shown in
Figures 5 and 6. The analytical results calculated by
equation (9) match the numerical results very well for
each corresponding azimuth (Figure 5). Furthermore,
the cross-plot of �t(15�; x) versus �t(60�; x) for the
four-line con�guration (Figure 6a) con�rms the linear-
trend implied by equation (11) (Figure 6b). The trend
is at 30� to the horizontal axis, and agrees with equa-
tion (11), indicating the fracture strike at 15�. For
real data, a covariance analysis of the cross-plot can
be used to estimate the fracture strike.
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Figure 4. CDP gathers for �ve di�erent azimuths calcu-

lated for the shale/fractured gas sand model, in Table 1

with a high/low impedance (Model 3).
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Figure 5. Comparison of the results obtained from Figure

4 with those calculated using equation (9) for Model 3.
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Conclusions

Assuming a two-layer model with a fractured reservoir
beneath the overburden, I have obtained an analyti-
cal equation to calculate the interval azimuth move-
out variation. The equation quanti�es the e�ects of
various factors (Figures 2 & 3), and can help in ac-
quisition design. The equation also simpli�es the pro-
cedure for overburden correction, and can be used to
determine the fracture strike based on a con�guration
of four intersecting survey lines with 45� separation
(Figure 6). The method may be particularly useful in
marine exploration with repeated surveys of various
vintages where continuous azimuthal coverage is often
not available.
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Figure 6. (a) The four-line con�guration for estimating

the fracture strike; (b) the cross-plot of �t(15�; x) versus

�t(60�; x) obtained from Figure 4.
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Table 1. Parameters of the three models used in the study.

Models Density
(g=cm3)

vp0
(m=s)

vs0
(m=s)

�d �ar Fluid Thick-
ness(m)

Model 1:low/high Layer 1 1.97 2400 1100 iso� iso iso 1500
Claystone/chalk Layer 2 2.5 3500 1750 0.10 0.01 dry 300

Model 2:weak Layer 1 2.5 3640 1750 iso iso iso 1500
Limestone/chalk Layer 2 2.5 4000 2000 0.10 0.01 dry 300

Model 3:high/low Layer 1 2.3 3048 1574 iso iso iso 1500
Shale/gas sand Layer 2 2.19 2183 1502 0.10 0.01 dry 300

�d=fracture porosity �ar=aspect ratio
�iso=isotropic


