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Abstract  This is a study on anisotropy of seismic attenuation in a transversely isotropic
(TI) model, which is a long-wavelength equivalent of an isotropic medium with embedded
parallel fractures. The model is based on Schoenberg’s linear-slip theory. Attenuation is
introduced by means of a complex-valued stiffness matrix, which includes complex-valued
normal and tangential weaknesses. To study the peculiarities of seismic attenuation versus
wave-propagation direction in TI media, numerical modeling was performed. The model-
input data were the complex-valued weaknesses found from the laboratory ultrasonic expe-
riment made with a Plexiglas plate-stack model, oil-saturated (wet) and air-filled (dry). The
laboratory experiment and the numerical modeling have shown that in the vicinity of the
symmetry axis, in the wet model, P-wave attenuation is close to S-wave attenuation, while in
the dry model, P-wave attenuation is much greater than S-wave attenuation. Moreover, the
fluid fill affects the P-wave attenuation pattern. In the dry (air-saturated) model, the attenua-
tion pattern in the vicinity of the symmetry axis exhibits steeper slope and curvature than
in the wet (oil-saturated) model. To define the slope or the curvature, a QVO gradient was
introduced, which was found to be proportional to the symmetry-axis Qs/Qp-ratio, which
explains the differences between dry and wet models. Thus, depending on the Qg/ Qp-ratio,
the QVO gradient can serve as an indicator of the type of fluid in fractures, because the QVO
gradient is greater in gas-saturated than in liquid-saturated rocks. The analysis of P-wave
attenuation anisotropy in seismic reflection and vertical seismic profiling data can be useful
in seismic exploration for distinguishing gas from water in fractures.
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1 Introduction

Azimuthal anisotropy of attenuation due to vertical fracturing of rocks attracts considerable
interest because it shows promise in seismic exploration for hydrocarbon-bearing rocks. Liu
etal. (1993), MacBeth (1999), Clark etal. (2001), Chapman (2003), Vasconcelos and Jenner
(2005), Varela etal. (2006), Chichinina etal. (2006a,b), Maultzsch etal. (2007), Liu etal.
(2007) reveal different aspects of this problem.

In the present work, we concentrate our efforts on a so far untouched topic—consideration
of the attenuation anisotropy for all three wave types (P, SV, SH) with a sequential aim
of joint inversion of such data for solving the practical problems related to search for
hydrocarbons. The problem is examined for a TI medium, which is an effective model of
rocks with parallel fractures. Solution of the inverse problem in explicit form requires deri-
ving approximate expressions for the attenuation functions. Parameterization of the attenua-
tion functions can be quite different depending on geological and rock-physics conditions
involving attenuation mechanisms. Because these factors are as a rule poorly known, an
effective-medium model for describing attenuation in fractured rocks must be reasonably
general.

Among all elastic models describing parallel fracturing of rocks, the most general and
relatively simple is Schoenberg’s TI including fracture compliances, or weaknesses, as they
are named by Bakulin etal. (2000). This model is based on the linear-slip theory and serves
as a long-wave equivalent of a fractured rock with one fracture set (Schoenberg 1980, 1983;
Schoenberg and Douma 1988; Schoenberg and Sayers 1995). For this reason, we intro-
duce anisotropic attenuation into this model. Schoenberg’s formulations are indistinguishable
from those of Hudson (1981), if appropriate values of normal and tangential weaknesses are
selected. In Hudson’s model, the effect of attenuation is modeled by complex-valued elastic
constants (Hudson etal. 1996, 2001).

In the previous work (Chichinina etal. 2007a,b), we began to develop the formalism
for complex-valued stiffnesses in terms of an LS TI model with a vertical symmetry axis
(VTILS), using complex-valued weaknesses instead of real ones in Schoenberg’s stiffness
matrix. To verify the validity of this formalism, we used data on velocities and attenuation of
P- and S-waves from the laboratory ultrasonic experiment of Gik and Bobrov (1996); the
data were fitted by theoretical functions for LS TI model. The experiment was completed
using two states of the model: dry and oil-saturated. The present work continues these studies
and seeks to ascertain the attenuation attributes depending both on P- and S-waves that could
help to distinguish between dry and saturated rocks. Such an attribute appears to be the QVO
gradient depending on the Qg/Qp-ratio at the symmetry axis.

2 Theoretical Effective Model for Attenuation in Fractured Rocks

In seismic studies, a formation containing sets of parallel fractures can be approximated
with a homogeneous anisotropic medium if fracture spacings are much less than seismic
wavelengths (see, for example, (Bakulin etal. 2000)). The most general effective model of
rocks with one set of parallel fractures is Schoenberg’s TI based on LS theory (Schoenberg
1980, 1983). Fractures are described by linear-slip interfaces, which are characterized by
normal and tangential weaknesses (these are the dimensionless parameters Ay and At that
are within the limits (0, 1)). To transform Schoenberg’s elastic model into the attenuative
(viscoelastic) model, we replace the real-valued weaknesses An and At by complex-valued
Ay and At. Then the stiffness matrix given by Hsu and Schoenberg (1993, p. 967) acquires
the following form (note that it is a VTI medium, with vertical symmetry axis z):
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TM(1-82Ay) A(1—£AN) A(1—Ay) 0 0 07
A(1—£Ay) M(1-82Ay) A(1-Ay) 0 0 0
A(1-Ay)  A(1—-Ay) M(1—Ay) 0 0 0

C= 0 0 0 1 (1—Ay) 0 ol @
0 0 0 0 n(1—Ay) 0
0 0 0 0 0 m

where M = A +2pand & = A/M. Ay and At are complex-valued normal (index N) and
tangential (index T) weaknesses,

AN = Ax —iAY, Ar=Ar—iAl, )
A and p are the Lame’s constants of an isotropic background rock (or material),
w=pVe, r42u=pV¢ , 3)

Vs and Vp are S- and P-wave velocities in the background, and p is the density of the
background.

The form of the stiffness matrix C implies that we assume that the background rock is not
attenuative (A and u are real-valued) and that all attenuation occurs within fractures, which are
characterized by complex-valued weaknesses AN and Ar. In doing so, we facilitate solution
of the problem, although all calculations could be made with complex-valued A and .

The attenuation Q‘l , 1.e., the inverse quality factor Q, can be defined (see, e.g., Crampin
1981; Carcione 2000) as

0.1 (@) =Im V2(a)/Re V2(a), @)

where index m (m =P, SV, SH) means P-, SV-, and SH-waves, and f/nz] (v) is complex-valued
squared phase velocity versus wave-propagation direction «. A wave normal z (sin «, 0, cos o)
makes an angle o with the symmetry axis z of VTT medium. Three complex-valued velocities
‘:/[121 (@), m =P, SV, SH, were derived as complex-valued eigenvalues of the Christoffel tensor
Cijuinjnip™!,

V(@) = VZ[1 — An(1 — 2g sin® @)? — Arg sin 2a], 5)
Vey(@) = V§[1 — At — (gAn — Ar) sin® 2a1], (6)
Véy(@) = V&1 — Arcos®a), (7

where Ay and At are given by (2), and g = /(A + 21) = (Vs/ Vp)?. Note that for an
elastic medium with real-valued Ax and A, the expressions for Vrﬁ () look like Eqgs. 5-7
and were derived by Schoenberg and Douma (1988, p. 581).

Substitution of (5)—(7) into (4) yields the attenuation Q;l (a) of P-, SV-, and SH-waves:

AL (1 —2gsin? )? + Alg sin? 2a
1 — An( —2gsin®a)? — Apgsin®2a’

05 () = 8)
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Ogho = - A1 ©)
sHW) = 1 — Arcos?a’
_ AL 4+ (gAL — AL) sin? 2«
05t (@ = 2T+ (88x = A1) (10)

1 — A1 — (gAN — Ar)sin® 2o

The imaginary parts A%\I and AIF of the weaknesses (2) can be related to physical parameters
(e.g., fluid viscosity, rock permeability, porosity, etc.) differentiating attenuation caused by
either attenuation mechanism. For example, the mechanism due to local fluid flows during
seismic wave propagation in a medium containing aligned microcracks in an equal-porosity
background is described by complex-valued functions (Hudson etal. 1996), which can be
related to complex-valued normal and tangential weaknesses. Chichinina etal. (2006a,b)
used a similar approach to compute and analyze azimuthal variations of attenuation due to
vertical fractures with gas, oil, or brine embedded within a porous rock.

Note that actually Eqgs. 8—10 give only the anisotropic parts of the attenuations for P-, SH-
and SV-waves. The complete attenuations are the sums of the attenuation in the isotropic
background rock (Q 1) and the attenuation due to parallel fractures (Q; ! ):

0s' @) =0y + 07 (), (11)

where the isotropic part of the attenuation, (Qy D, is a directionally independent quan-
tity, Oy - const, and the anisotropic part of attenuation, Q; ! (@), is a function of wave
propagation direction « given by Eqs. 8-10. The P-wave attenuation in the background,
Q;l, can be defined as (Qb_l)p = Im\N/b,p/Ref/b,p, and the S-wave attenuation as (Ql:l)s =
Im(/b’s /Re Vb,s, where Vb,p and Vb,s are the complex-valuegi velocities in the background;
they can be defined from complex-valued Lame’s constants A and [ for the background, by
analogy with Eq. 3, as Vép =0+ 2ii)/p and \7&5 = [t/ p. Thus, we reduce the problem to
the calculation of anisotropic attenuation Q¢ ") with subsequent addition of the constant
attenuation from the background, O} ! following Eq. 11.

3 Linear Approximations for P-, SV-, SH-wave Attenuations

In the range o = 0-40°, the expressions (8)—(10) for the attenuations can be approximated,
with a sufficient accuracy, by linear functions of sin? « (or sin? 2« in the case of the SV-wave):

07 ' (@) ~ A + Bsin’a, (12)

where

Al 49 [(1 = ANAL — (1 — Ap) AL
N _Ql;j_a B — g[( N) T ( T) N]; (13)
(I-AN) (1—An)?
Qg (@) ~ Ag + Bsp sin’ a, (14)
Qg (@) ~ As + Bsy sin” 2a, (15)
with

As = Ay/(1— A1) = Qg]. Bsu=—Ap/(1 - Ar)%,
Bsy = [AN(1 — A)g — Ab(1 — Ang)] /(1 — Ap).
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Note that for the complete incidence-angle range, « = 0-90°, the P-wave attenuation should
be approximated by the three-term function

07 ' (@) ~ A+ Bsin®a + Csin'a, (16)

where

(1—An)?

1—AN(1 —4g) —4gAT
(1— An)? :|

Co Al |:4gg(1 +3AN +4A3) — Ar[l 4+ 4g — An(1 — 4g)]i|
- 2N

)

—A7 [4g

the coefficients A and B are given by Eq. 13.

The approximations are useful for interpretation of experimental data. In seismic explo-
ration, the linear approximation for P-wave attenuation, Eq. 12, can be used in reflection data
for an analysis of attenuation versus sin? @ (or offset), which should be estimated in each
trace of common-mid-point (CMP) gathered before stacking.

4 Laboratory Ultrasonic Experiment

Laboratory ultrasonic experiments measuring attenuation anisotropy, caused by oriented
fractures, cracks, clay particles, etc., are conducted using different samples, natural and
artificial, along with models. For example, attenuation anisotropy has been studied in rock
samples (Domnesteanu etal. 2002; Shi and Deng 2005; Best etal. 2007), composite samples
with certain geometries of aligned cracks (Hosten etal. 1987; Sothcott etal. 2007), and plate-
stack models (Gik and Bobrov 1996; Zhu etal. 2007). From all these models, the most
suitable for us (i.e., of correspondence to the VTI LS model) is the Plexiglas plate-stack
model of Gik and Bobrov (1996). We use the data on velocities and attenuations from this
work in a quantitative analysis. It should be noted that the lucite plate-stack model of Hsu and
Schoenberg (1993) is closely similar to that of Gik and Bobrov (1996). Hsu and Schoenberg
(1993), studying a behavior of velocities in their model, proved the full validity of the LS
theory in an elastic medium. We do the same, but in terms of a viscoelastic medium (LS
model with attenuation) while studying both velocities and attenuations.

As for correspondence between the field and the laboratory ultrasonic experiment data,
the similarity principle holds. It is supposed that Viield/ Vinodel = 1, Pfield/ Pmodel = 1, where
Vheld and pfelq are velocity and density in the Earth model (field data), and Viyedel and pmodel
are velocity and density in the experiment (in the Plexiglas model). In the experiment, the
dominant pulse frequency was fimodel = 100 kHz, then the wave length Amodel = V/ finodel =
2.8kms~!/103s~! = 28 mm. For field parameters, for example, at the frequency fhelq =
28 Hz, this means the wave length Afelg = V/ffeld = 2.8km s_1/28 s~ = 0.1km. In the
experiment, the fracture spacing (the plate thickness) is equal to 1 mm, which is 0.04 Anodel-
This corresponds to the fracture spacing 4m in the Earth model. The fracture opening in
the experiment was 0.001 mm; this corresponds to the fracture opening 3.6 mm in the Earth
model. Thus,

seismic wavelength >> fracture spacing >> fracture opening;

this is according to the constraint for Schoenberg’s linear-slip model (see, for example,
(Bakulin etal. 2000)).
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Fig. 1 Scheme of ultrasonic experiment performed by Gik and Bobrov (1996). Uniaxial pressure is applied
by means of two screws and holder of two steel plates (a). The location of the sources (S) and receivers (R) in
the linear acquisition system (b), and the conical acquisition system (c). The angle « is the wave-propagation
angle between the ray and the symmetry axis z of VTI model

The model of Gik and Bobrov (1996) consists of rectangular Plexiglas plates, each 1 mm
thick and 72 x 250 mm?, used to imitate a fractured medium with parallel fractures; the
height of the model is 250 mm. The plates are held together under uniaxial pressure applied
to the top and the bottom of the model. Technically, it was done by placing the model into
a holder of two steel plates which were fastened by means of screws as shown in Fig. l1a.
The greater sides of the model, 250 x 250 mm?, were used for placing sources and receivers.
The ultrasonic experiment was performed in two configurations (b and c shown in Fig. 1),
representing “linear” and “conical” acquisition system.

In the linear acquisition system shown in Fig. 1b, sources (S) are located on one side of
the model and receivers (R) on the other, so the rays SR move toward the shaded plane. In
the conical acquisition system in Fig. Ic, all the rays from the source S toward the receivers
R form a cone. In both cases, the location of each source-receiver pair can be given by the
angle o between the ray and the vertical axis z normal to fracture planes.

The «-angle interval available in the experiment was not larger than (25°, 90°) in the linear
acquisition system and (45°, 90°) in the conical acquisition system due to the model size
and acquisition geometry. In both acquisition systems, max « = 90° since the corresponding
rays are horizontal. The angle « = 0° and the angles in its locality are inaccessible because
the top and the bottom of the model are covered with the steel plates shown in Fig. 1a.

The attenuation Q’1 and velocities V of P-, SV-, and SH-waves were estimated under each
source-receiver pair, i.e., each angle «. The experiment was performed for two states: oil-
filled (“wet model”) and air-filled (“dry model”). We fit the experimental data by theoretical
functions for attenuations and velocities versus angle «, and the model parameters are listed
in Table 1.

The P-, SV-, and SH-wave experimental data and theoretical functions for velocities and
attenuations are shown in Figs. 2 and 3, respectively. They were calculated with the use of the
model-input parameters AL AIT, AN, AT, g given in Table 1. This is the data obtained from
the experiment with the linear acquisition system shown in Fig. 1b the compressing pressure
P = 2MPa. The case of the conical acquisition system (shown in Fig. 1c) was considered
by Chichinina etal. (2007a,b).
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Anisotropy of Seismic Attenuation in Fractured Media 7

Table 1 Model-input parameters used for numerical modeling

Model AN At NS Ak g Vp (m/s) Vs (m/s) o,!
Wet 0.28 0.15 0.134 0.087 0.218 2,786 1,300 0.047
Dry 0.63 0.56 0.110 0.010 0.218 2,786 1,300 0.031

Note. Oy 1is the S-wave attenuation in background material (see Eq. 11); it was estimated to be the SH-wave
attenuation measured at @ = 90°

5 Numerical Modeling and the Laboratory Experiment

Figure 2 shows P- and SH-wave velocities, obtained in the experiment, and theoretical velocity
functions Vp(@), Vsy(a), Vs (@), calculated from Egs. 5 to 7 as real parts of complex-valued
velocities Vm (o), m=P,SV,SH. The normal weakness Ay in the dry model is greater than
in the oil-saturated model, because dry fractures decrease the total stiffness more than wet
factures. Therefore the P-wave velocity in the oil-saturated model is greater than in the dry
model. The velocity anisotropy in dry model is stronger than in saturated model. This is in
accordance with the experiment of Hsu and Schoenberg (1993) and Schoenberg’s LS theory
(see also Bakulin etal. 2000).

Figure 3 shows the P-, SV-, and SH-wave attenuations for the experimental data and the
theoretical functions Qp 1(oz), Qg\l, (@), and Qg 1(oz), in accordance with Eqs. 8-10. The
velocity and attenuation functions, V (o) and Q™' (), exhibit similar patterns, but the beha-
vior of the attenuation function is reciprocal to the velocity function, following the principle
that “the maximum of the velocity curve corresponds to the minimum of the attenuation curve,
and vice versa.” Both P-wave anisotropies—of velocity and attenuation—are greater in the
dry model than in the saturated model. The attenuation anisotropy is much greater than the
velocity anisotropy. The P-wave velocity anisotropy is 10-38% but attenuation anisotropy is
substantially larger, 114—153%, where the attenuation anisotropy is 2(max—min)/(max-+min).
This suggests that even when the velocity anisotropy is small, there may still be a strong
attenuation anisotropy.

Surface seismic reflection data and vertical seismic profiling (VSP) data deal with the
wave-incidence angles from 0° to 40°. In this interval, as is clearly seen in Fig. 2, in the
dry model, the P-wave velocity is much lower than in the wet model; the S-wave velocities
in the dry model also are lower than those in the wet model, but the percentage decrease
is less than that for P-wave. Looking at Fig. 3, we see that in the dry model, in the interval
(0°-40°), P-wave attenuation is much greater than attenuations of waves SV and SH. In the
oil-saturated model, on the contrary, all three attenuations are similar.

6 Attenuation Anisotropy in Dry and Saturated Models

In surface seismic reflection data and VSPs, wave-incidence angles are from 0° to 40°. In
Fig. 3, it is clearly seen that in the dry model, in this interval, i.e., in the vicinity of the point
o = 0°, P-wave attenuation is much greater than attenuations of waves SV and SH. In the
oil-saturated model, on the contrary, all three functions are similar, with attenuation for the
P-wave slightly larger than that for S-waves (although it should be noted that the relationship
between P- and S- attenuations may be opposite in oil-saturated models, as observed by
Gik and Bobrov (1996) in the experiment with compressing pressure P = 4 MPa). Data on
P- and SH-wave attenuation obtained at P = 4 MPa are presented in Fig.4, together with
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Fig. 2 The velocity data (marked by symbols) and the theoretical curves V («) for the P-, SV-, and SH-wave

velocities in the dry model (a) and the oil-saturated model (b). The angle « is measured as the angle between

the ray and the symmetry axis. The velocity values marked by symbols are the experimental data from Gik and

Bobrov (1996). The solid lines are velocity functions V («) calculated from Eqgs. 5 to 7 with the model-input
parameters given in Table 1

the data for P = 2 MPa (the latter are shown in more detail in Fig. 3). Figure 4 illustrates the
influence of a compressing pressure on an anisotropy strength and a behavior of dependences
Op 1 (@), Qs_l-ll («). As would be expected, the increase of the pressure P, from 2 to 4 MPa,
leads to a general decrease in attenuation anisotropy. In Fig. 4 for the cases P = 2 MPa and
P = 4 MPa, the relative positions of the P- and SH-wave attenuation curves differ in the dry
and the oil-saturated models. The dry model is characterized by great contrast between the
curves, namely, Q;j_ > QEJI_; itis seen in the vicinity of « = 0° indicated as “_L direction”.
The distinction between the P- and SH-wave curves extends the whole «-range (0°, 90°) for
the dry model. While in the saturated model, the contrast is insignificant, Q;ﬂ_ / ng_ =1
Symbols L and || denote directions perpendicular and parallel to fracture planes, respectively.

@ Springer



Anisotropy of Seismic Attenuation in Fractured Media 9

Q™ Dry model, 2 MPa
(@) ’

0,28 ™

0,24

0

0,20 N

0,16 —\

0,12

Attenuation

0,08

0,04

»

H,‘

ol

0,00

T

0 15 30 45 60 75 90 105
o, [degrees]

| i
Q Oil model, 2 MPa

= P wave
A SHwave
® SV wave

Py
O
~

0,28

0,24

0,20

iy

0,16
0,12 SH 4

Attenuation
|
1
/

0,08 SVa I

0,04

0,00

0 15 30 45 60 75 90 105
o [degrees]

Fig.3 The experimental attenuation data (marked by symbols) and the theoretical curves 0~ Ya) for the P-,
SV- and SH-wave attenuation in the dry model (a) and the oil-saturated model (b). The experimental values
are from Gik and Bobrov (1996), the theoretical curves Q*l () are calculated from Eqgs. 8 to 10 with the
model-input parameters given in Table 1

Thus, the data presented in Fig.4 confirm a known result on correlation Qp ! with Og !
following which liquid-saturated rocks exhibit the P-wave attenuation roughly equal to
the S-wave attenuation, while in gas-saturated rocks (in our case—in the dry model),
P-wave attenuation is greater than S-wave attenuation (Klimentos 1995; Dvorkin and Mavko
2006). We assume our dry model (which is actually air-filled) is a model of a gas-saturated
rock, because the ultrasonic experiment of Toksoz etal. (1979) demonstrates that dry and
methane-saturated rocks exhibited similar attenuation properties.

Because P-wave data are commonly used in seismic exploration, we seek to find attributes
of P-wave attenuation Qp ! (), @ = 0-40°, that enable differentiation of the fracture fluid
fill.
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(a) (b)
. Dry model, 2 MPa Dry model, 4 MPa
A
c The P-wave The P-wave
2 / attenuation g\\ attenuation
2 s /
5 2
g £ The SH-wave
A AT —— < attenuation
| The SH-wave ! A
attenuation a ) e
L || Direction - Il Direction
o Saturated model, 2 MPa Saturated model, 4 MPa
“PL -1
-PL
L The P The SH-wave
vy S, attenuation
1 /attenuation e /
471 ",-'Qu / o 8 I ]
2 |The SH-wave v §
g [attenuation E S |attenuation |
< ' g !
: a : a
1 Il Direction 1 Il Direction

Fig. 4 Comparison of the P-wave attenuation and the SH-wave attenuation for the dry and saturated models
in the cases of compressing pressure of 2 MPa (a) and 4 MPa (b). The presented curves are theoretical ones
calculated from Eqs. 8 to 10 with the model-input parameters derived from the data of Gik and Bobrov (1996)

It readily follows from comparison of initial parts of the curves Qp ! () in Fig. 4 for the
dry and oil-saturated models and from the linear approximation for Qp ! (), Eq. 12, that the
coefficient B is the sought-after attribute. It is illustrated by Fig.5, which shows a steeper
slope for the linear fit, Qp ! (x) = A + Bx, x = sin®a, of the dry model than of the oil-
saturated one (P = 2MPa). We name the coefficient B as the QVO gradient, and A as the
QVO intercept (or vertical attenuation). The QVO gradient and the intercept are introduced
exactly in the same manner as the AVO gradient and the intercept in the AVO analysis.

The significance of the QVO gradient lies also in its connection with a curvature of the
attenuation function Qp ! (@) ata = 0°, i.e.,

2B = 32Q;1/8a2‘ . (17)
o=

For the normalized QVO gradient, i.e., B/A, according to Eq. 13, we derived the following
relation (Chichinina etal. 2007a,b):

B/A=4(051/05! —1) (Vsr/Ver), (18)
where Q;l, lel,\/p 1, and Vg, are the symmetry-axis P- and S-wave attenuations and

velocities. Eq. 18 becomes simple for the case Vs / Vp1 = 0.5, which yields the following
concise expression:
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Fig. 5 Synthetic data (marked by dots) and the linear fit y = a 4 bx (solid line) for wet and dry models. The

axes are x = sin? o and y=(0p 1 («)/A), where A is the vertical attenuation

B/A=(05! - 05!) /05!, (19)

It follows that this describes the normalized QVO gradient: it is the relative difference bet-
ween the symmetry-axis S- and P-wave attenuations. Thus, the more the absolute difference
between lel and Q;l, the greater the absolute value of B/A. In the case of the dry model,

the difference Qsll — Q;ll‘ is greater than that in the saturated model, and therefore, the
absolute value of the QVO gradient is greater. We confirmed this with ultrasonic experiment
data.

Following the QVO-gradient definition as the second derivative of Qp ! (o), Eq. 17, the
normalized QVO gradient, B/A, is equal to Thomsen-style attenuation parameter ¢, which
is involved in the approximation Zhu and Tsvankin (2006),

03" = 05} (1 + 8gsin® @ + (eq — 8q) sin* @), (20)

which is analogous to the three-term approximation (16). Thomsen-style attenuation para-
meter &( is independent of the attenuation properties due to fractures, because & is a simple
function of Vp/ Vs-ratio of the background and the normal weakness An (Chichinina etal.
2007a,b):

—4g(1—g)

0T T AN 207 b

However, the parameter 6 may be meaningful for fracture characterization, because it can
be defined by the symmetry axis Qp, / Qs -ratio, following Eq. 18, where B/A = §q.

7 QVO Gradient for Wet and Dry Models

Figure 5 shows the QVO response (normalized P-wave attenuation versus sin? &) in wet and
dry models. The range of the incidence angles « from 0° to 40° is considered in the reflection
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12 T. I. Chichinina et al.

data. Figure 5 plots synthetic data (marked by dots) generated by Eq. 8 for Qp !(@), with the
parameters given in Table 1.

We assume that in real reflection data, Q;l (v) can be estimated from pre-stack reflection
data as Q! versus offset. Note that for better visual demonstration, we plot Op ! () divided
by the vertical attenuation A. A linear function y = a 4 bx, x = sin® « (drawn by solid line),
was least-squares fit, as is commonly used in the AVO method. The formulae of the linear fit
are given within the plot, for dry and oil-saturated models. Following the linear approximation
(12), the coefficient b plays the part of the normalized QVO gradient, b = B/A, and the
coefficient a is the normalized intercept, a = A/A = 1. Following Eq. 18, the absolute
value of the normalized QVO gradient B/ A should be greater in the dry model than in the

wet model, because ‘Qg Jl_ - 0p Jl_’ is greater in the dry model than in the wet model. This

is confirmed by the numerical modeling, which yields |b] = 1.079 for the dry model, and
|b| = 0.598 for the wet model.

Let us consider an analogy between QVO and AVO. In AVO analysis, the difference in
Vs / Vp-ratios (or Poisson’s ratios) in liquid-saturated and gas-saturated rocks acts to produce
different offset responses (Castagna 1993). Being linked to the Vs / Vp-ratio, the AVO gradient
is greater in gas-saturated rocks than in liquid-saturated rocks. As for QVO, the QVO gradient
is linked to Qs / Qp-ratio, which is different in liquid-saturated and gas-saturated rocks. Thus,
similar to the AVO gradient, the QVO gradient is greater in gas-saturated rocks than in liquid-
saturated rocks.

8 Discussion and Conclusions

Comparison between the laboratory-experiment data and the theory-predicted variations of
velocities and attenuations provides a support for consistency of the developed theoreti-
cal model. The attenuation anisotropy and the velocity anisotropy are interlinked. They are
interlinked by the parameters An, At, and g(g = (Vs/ Vp)?). We fitted the experimental
data with theoretical functions and demonstrated the validity of the theoretical model. The
velocity and attenuation functions exhibit similar patterns, but the behavior of the attenuation
function is reciprocal to the velocity function, in accordance with the principle “the maxi-
mum of velocity curve corresponds to the minimum of attenuation curve, and vice versa”.
The attenuation anisotropy is much greater than the velocity anisotropy. The variations mea-
sured in the experiment show the P-wave velocity anisotropy of 10-38%, but is substantially
stronger in the attenuation anisotropy (114—153%). This suggests that even when the velocity
anisotropy is small, there may still be a strong attenuation anisotropy.

We confirm a known result from rock physics and well-log analysis that Qs/Qp = 1 in
liquid-saturated rocks, and Qs/Qp > 1 in gas-saturated rocks (Klimentos 1995; Dvorkin
and Mavko 2006). This was confirmed by the numerical modeling based on the experimental
data. In the wet (oil-saturated) model, the symmetry-axis P-wave attenuation is close to
the symmetry-axis S-wave attenuation, while in the dry (air-saturated) model, the P-wave
attenuation becomes much greater than S-wave attenuation. We also have found out that the
fluid fill should affect the P-wave attenuation pattern. In dry model, the attenuation pattern
should exhibit a steeper slope and curvature than in the wet model. To define the slope and
the curvature, we introduce the QVO gradient, which was found to be proportional to the
symmetry-axis Qs/Qp-ratio, and that is why it should be different across dry and wet models;
the QVO gradient should be greater in gas-saturated rocks than in liquid-saturated rocks.
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Thus, depending on the Qs/Qp-ratio, the QVO gradient may serve as an indicator of the
crack-fill fluid. However, for reliable theory confirmation, additional experiments are needed,
in which the complete angle range (« from 0° to 90°) should be explored.

The analysis of P-wave attenuation versus offset (QVO) is in use in seismic exploration,
particularly, for distinguishing gas saturation from liquid saturation. This requires develop-
ment of the QVO analysis for both HTT and VTI media. Hydrocarbon-bearing rocks of HTI
type can be revealed from azimuthal variations of P-wave attenuation, and fluid in cracks can
be derived by the QVO data, at least in principle. In the case of VTI media, to find hydrocarbon-
bearing rocks from QVO analysis and to distinguish gas from liquid is much more difficult
because of competing actions of two factors: horizontal thin-layering and horizontal fractu-
ring, which are two different types of anisotropy in VTI media. Here, we presented the theory
for an attenuative VTI LS-medium whose anisotropy was due to horizontal fracturing, which
cannot be considered as a typical model for the earth structure. Next we are going to extend
our approach to more realistic VTI-medium model that includes both horizontal fracturing
and thin layering. The use of Schoenberg’s linear-slip model (Schoenberg and Douma 1988;
Schoenberg and Nakagawa 2006) will be the foundation for constructing such a model with
complex-valued weaknesses.

We realize that distinction between dry and wet fractures only from attenuation aniso-
tropy field data cannot be unambiguous. Therefore, our proposal is in joint interpretation
of all available data on anisotropy in P- and S-wave velocities, attenuations, and reflection
coefficients.
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