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ABSTRACT

Anelasticity modifies the AVO-response of two-layer isotropic models. When
reflection amplitude losses due to attenuation are compensated for by unit reflectivity
scaling, AVO-characteristics similar to the elastic situation are found. Q-factor
dependence of spherical wave AVO is found to be strongest near critical angles of
Classes 1 and 2. This Q-dependence, to some degree, mimics depth dependence of elastic
comparisons. Normalized spherical wave Class 3 and 4 responses show a mild Q-factor
dependence for the highest attenuation levels modelled at Qp,; = 100. Wavelet stretch of
converted wave AVO reflection traces is observed in addition to a phase rotation of all
anelastic trace examples when compared to the elastic situation.

INTRODUCTION

In previous investigations of spherical wave AVO (Haase and Ursenbach, 2004),
elasticity has been assumed. However, all rocks encountered in nature are anelastic to
some degree. Anelasticity causes attenuation and velocity dispersion of seismic waves.
Velocity dispersion means velocities are functions of frequency. This frequency
dependence of seismic velocities can be quantified by frequency independent quality
factors Q (Kjartansson, 1979). Q-factors are useful for amplitude/phase compensation
and as lithology indicators, but it is well known that plane wave AVO-responses are also
Q-factor dependent (see for example Carcione et al., 1998). What, then, is the spherical
wave AVO-response in anelastic situations? This modeling study seeks to quantify the
sensitivity of spherical wave AVO-responses (Class 1 through to 4) with respect to finite
Q-factors.

THEORY

A mathematical treatment of anelasticity can be found in Aki and Richards (1980).
They show that causality requires velocity dispersion and derive the following equation:

) 1 ln(a)/a)refj ;
v(w) = Vref + 70 - 20 | (1)

where Q is a frequency independent quality factor.

As in the elastic case before, spherical wave displacements u are computed from the
potentials ® and ¥ :
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® = diwe I o(j: Rop ?Jo(a)pr)eiwé: ) g, 2)
— diwe— i@ T LBy P io(Eh+172)
Y = diwe (j)(ia)p OZRPS) é_,JO(a)pr)e dp, 3)
and
u=Vo+VxVx(0,0,¥), (4)

where R,,, and R, are the particle motion reflection coefficients (from Zoeppritz’s
equation).

The integrations shown in Equations (2) and (3) again proceed one frequency point at a
time. However, in the anelastic situation, velocities are complex and must be recomputed
for every frequency point, according to Equation 1. The P-wave quality factor for the top
layer (Qp1) 1s assumed to be known for the computations and is listed in the displays. Q>
(for the bottom layer) as well as S-wave quality factors Qs; and Qy, are calculated with
the aid of empirical equations (Waters, 1978; Udias, 1999)

2
”QP _ (const.} , (5)
and
2
QS=QP%(§J : (6)
MODELLING

The same two layer model as was utilized in the elastic situation (Haase and
Ursenbach, 2004) is also employed in this study. The layer parameters for all four AVO-
Classes are repeated in Table 1:

Table 1. Layer Parameters.

Class | ai/[m/s] | Bi/[m/s] | pi/[kg/m?] | ax[m/s] | Ba/[m/s] | p2/[kg/m?]
1 2000 879.88 | 2400 2933.33 | 1882.29 | 2000
2000 879.88 | 2400 2400 | 1540.05 | 2000
2000 879.88 | 2400 1963.64 | 1260.04 | 2000
2000 1000 2400 1598.77 | 654.32 | 2456.43

BAIWIN

All velocities listed are taken to be reference velocities here; the reference frequency (see
Equation 1) is set to 50Hz. As before, a 5/15-80/100 Ormsby wavelet is chosen as the
source signature; a P-wave point source is assumed. Free surface effects are ignored.
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Two values are assumed for the top layer P-wave quality-factor: firstly, Q,; = 100 and,
secondly, Qp1 = 387.5 . The other Q-factors are calculated from Equations (5) and (6) and
are listed in Tables 2 and 3:

Table 2. Q-factors derived from Q,1=100.

Class Qpt Qp2 Qs1 Qs2
1 100 215.1 25.8 118.1
2 100 144 25.8 79.1
3 100 96.4 25.8 52.9
4 100 63.9 33.3 14.27

Table 3. Q-factors derived from Q,1=387.5.

Class Qpt Qp2 Qs1 Qs2
1 387.5 833.5 100 457.6
2 387.5 558 100 306
3 387.5 373.5 100 205.1
4 387.5 247.6 129.2 55.3

The appearance of the computed AVO-results depends on the scaling. Spherical
spreading must be compensated for if results are to be compared to plane wave responses.
Figures 1a and 1b show Class 1 spherical wave AVO magnitude responses normalized to
the incident spherical P-wave. Figures 2 through 5 give Class 1 through 4 spherical wave
AVO magnitude displays normalized to the response magnitude obtained when reflection
coefficients R in Equations (2) and (3) are set to unity. Figures 1 through 5 are computed
from trace envelopes; elastic case comparisons as well as plane wave comparisons are
added for clarity. Spherical wave PS- and PP-reflection traces for AVO-Classes 1
through 4 are shown in Figures 6 through 9 . As before, these trace displays are scaled
individually in order to accommodate maximum amplitudes. Clipping of maximum trace
amplitudes is indicated by colour changes.

DISCUSSION AND CONCLUSIONS

The incident spherical P-wave normalization in Figures la and 1b highlights return
path differences. The smaller the Q-factors, the larger the attenuation. The return path for
converted waves is governed by Qs;, which is smaller then Q,; (see Tables 2 and 3).
Consequently, Class 1 spherical PS-wave AVO given in Figure la appears to be more
sensitive to decreasing Q-factors than its Class 1 PP-wave comparison shown in Figure
Ib. Return path attenuation is compensated for when unit R normalization is employed.
Q-factor dependence appears greatly reduced for this normalization scheme, as is shown
by the Class 1 examples in Figures 2a and 2b. However, converted spherical waves still
seem more sensitive to increasing attenuation when compared to spherical P-waves in
these examples.

Normalized Q-dependence for spherical wave AVO-Classes 1 and 2, as shown in
Figures 2 and 3, to some degree mimics normalized depth dependence of the elastic
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situation (see Haase and Ursenbach, 2004). Increasing Q-factors and increasing depths
move normalized spherical wave AVO closer to plane wave comparisons.

There is no Q-factor dependence following normalization of Class 3 spherical PP-
wave AVO-responses (Figure 4b). The normalized Class 3 converted wave counterpart in
Figure 4a shows some departure for Q,; = 100 (the highest attenuation value considered).
Note the different plotting scale for the vertical axes of Figures 4a and 5a . Figures 5a and
5b display normalized Class 4 spherical wave AVO-responses. There is similarity to
spherical wave Class 3 examples in that a weak Q-factor dependence is apparent only at
the largest attenuation value of converted waves.

All trace plots in Figures 6 through 9 show phase rotations when compared to the
elastic situation. Note that these trace examples are all computed for a depth level of
500m and Q1 = 100 for attenuation. Amplitude clipping is indicated by colour change:
black peaks change to blue, and red troughs change to green when clipped. Also
noticeable in these trace plots is the increased pulse width of anelastic converted wave
reflections. This wavelet stretch is indicative of a spectral band narrowed by predominant
attenuation of higher frequencies.
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FIG. 1a. Incident P-wave scaling for Class 1 PS-AVO.
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FIG. 1b. Incident P-wave scaling for Class 1 PP-AVO.
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FIG. 2a. Anelastic PS reflection coefficient curves for Class 1 AVO.
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FIG. 2b. Anelastic PP reflection coefficient curves for Class 1 AVO.
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FIG. 3a. Anelastic PS reflection coefficient curves for Class 2 AVO.
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FIG. 3b. Anelastic PP reflection coefficient curves for Class 2 AVO.
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FIG. 4a. Anelastic PS reflection coefficient curves for Class 3 AVO.
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FIG. 4b. Anelastic PP reflection coefficient curves for Class 3 AVO.

CREWES Research Report — Volume 16 (2004)



Anelasticity and spherical wave AVO

| Rps |

| Rpp |

AVO-Class 4 Spherical Wave PS Reflection Coefficient (z=500m)
0.4 T T T T T T T T
035— ------------------------------------------ e
— piane WAVE cnm;;arisnn :
] elastic spherical wave | 1 B
— Q=357 3
— Q=100 :
025_4 .......................................... —
Uz— ------------------------------------------ E
(7] RSN SN NN SN R S : [N SOOSN G SN S—— -
Uj g g [ R [ % .............. e mmmamaaa . —
008 |5oreoccemogdbesaamnoncanss desconsnonmaass e Hoocansoasnance ------------ Prosoassencanss dooccaanoannes -
] | | | | | | | |
o 10 20 30 40 &0 =] 70 &0 a0
Incidence Angle (degrees)
FIG. 5a. Anelastic PS reflection coefficient curves for Class 4 AVO.
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FIG. 5b. Anelastic PP reflection coefficient curves for Class 4 AVO.
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Class 1 Spherical Wave PS Reflection Traces (Q=100, z=500m)

e A0 TRk T CE (] (RN L ) B

1 e ALl

Two way time [ seconds )

PINNN

0 10 20 30 40 50 G0 70
Incidence Angle (degrees)

FIG. 6a. Anelastic PS reflection traces for Class 1 AVO.
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FIG. 6b. Anelastic PP reflection traces for Class 1 AVO.
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FIG. 7a. Anelastic PS reflection traces for Class 2 AVO.
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FIG. 7b. Anelastic PP reflection traces for Class 2 AVO.
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FIG. 8a. Anelastic PS reflection traces for Class 3 AVO.
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FIG. 8b. Anelastic PP reflection traces for Class 3 AVO.
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Class 4 Spherical Wave PS Reflection Traces (Q=100, z=500m)
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FIG. 9a. Anelastic PS reflection traces for Class 4 AVO.
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FIG. 9b. Anelastic PP reflection traces for Class 4 AVO.
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