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Estimation of shear-wave interval attenuation from mode-converted data

Bharath Shekar' and llya Tsvankin'

ABSTRACT

Interval attenuation measurements provide valuable infor-
mation for reservoir characterization and lithology discrimi-
nation. We extend the attenuation layer-stripping method of
Behura and Tsvankin to mode-converted (PS) waves with
the goal of estimating the S-wave interval attenuation coef-
ficient. By identifying PP and PS events with shared ray seg-
ments and applying the PP + PS = SS method, we first
perform kinematic construction of pure shear (SS) events
in the target layer and overburden. Then, the modified spec-
tral-ratio method is used to compute the effective shear-wave
attenuation coefficient for the target reflection. Finally, ap-
plication of the dynamic version of velocity-independent
layer stripping to the constructed SS reflections yields
the interval S-wave attenuation coefficient in the target layer.
The attenuation coefficient estimated for a range of source-
receiver offsets can be inverted for the interval attenuation
parameters. The method is tested on multicomponent syn-
thetic data generated with the anisotropic reflectivity method
for layered VTI (transversely isotropic with a vertical sym-
metry axis) and orthorhombic media.

INTRODUCTION

Attenuation analysis provides seismic attributes sensitive to the
physical properties of the subsurface. Reliable attenuation measure-
ments have become feasible with acquisition of high-quality reflec-
tion and borehole data. Attenuation is often found to be anisotropic
(directionally dependent) due to a variety of factors, such as the
intrinsic anisotropy of the material (Prasad and Nur, 2003), the pre-
sence of aligned fluid-filled fractures (Chapman, 2003; Batzle et al.,
2005), or interbedding of thin layers with different properties
(Carcione, 1992; Zhu et al., 2007). The magnitude of attenuation
anisotropy can be much higher than that of velocity anisotropy,

and the symmetry of the attenuation coefficient can be different than
that of the velocity function (Liu et al., 2007; Zhu et al., 2007).

The quality factors Qp and Qg are widely used as measures of P-
and S-wave intrinsic attenuation, respectively. Klimentos (1995) es-
timates compressional and shear attenuation from sonic logs in
sandstone formations with variable oil, water, and gas saturation
and observes that Qp and Qg can be used for pore-fluid discrimina-
tion. According to the results of Adam et al. (2009), the substitution
of light hydrocarbons with brine in carbonate rocks leads to a large
increase in P-wave attenuation. Chichinina et al. (2009) conduct
ultrasonic laboratory experiments for VTI models. Their results
show that the symmetry-axis attenuation of P-waves is much greater
than that of S-waves in dry samples, whereas for oil-saturated sam-
ples, the two modes have comparable attenuation. Blanchard et al.
(2010) correlate the time-lapse changes in P-wave attenuation mea-
sured over a carbon-sequestration site to the changes in CO, con-
centration. Shear-wave attenuation in heavy oils is closely linked to
temperature and could be useful in seismic monitoring of thermal
recovery processes (Behura et al., 2007). Attenuation due to the pre-
sence of gas in the near-surface layers causes distortions in the
amplitudes of migrated events, which necessitates application of
offset-dependent attenuation correction (Xin et al., 2008).

De et al. (1994) report measurements of the S-wave quality
factor from vertical seismic profiling (VSP) surveys and sonic logs.
Shear-wave attenuation is more difficult to evaluate from reflection
data due to such problems as a low signal-to-noise ratio and
statics errors. Behura and Tsvankin (2009a) combine the velocity-
independent layer stripping (VILS) method of Dewangan and
Tsvankin (2006) with the spectral-ratio method (Johnston and
Toksoz, 1981) to estimate the interval attenuation of pure PP or
SS reflected waves. Their method assumes the overburden layers
to be laterally homogeneous with a horizontal symmetry plane,
whereas the target layer can be arbitrarily anisotropic and heteroge-
neous. They identify the overburden and target events that share ray
segments in the overburden to compute the interval traveltime and
then the interval attenuation coefficient in the target. The algorithm
of Behura and Tsvankin (2009a) is data-driven, and does not require
information about the velocity or attenuation in the overburden. Reine
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et al. (2009a) introduce a similar algorithm for evaluating the interval
P-wave attenuation. Their method operates in the z-p domain and,
therefore, is limited to laterally homogeneous target layers.

Shear waves, however, cannot be excited offshore, and shear-
wave sources are seldom used on land. Therefore, here we extend
the technique of Behura and Tsvankin (2009a) to mode-converted
data by supplementing it with the PP+ PS =SS method of
Grechka and Tsvankin (2002). First, we discuss how the
PP + PS = SS method can be combined with VILS to construct
SS-wave moveout in the target layer and overburden from PP
and PS data. Then the interval S-wave attenuation coefficient is
obtained by extending the kinematic construction procedure to
frequency-domain amplitudes processed using the spectral-ratio
method. Finally, we apply the algorithm to synthetic data from
layered VTI and orthorhombic media to assess the accuracy of the
inversion for the SV-wave attenuation-anisotropy parameters.

METHODOLOGY

Our method operates with pure (PP) and mode-converted (PS)
reflections for a medium with an arbitrarily anisotropic, heteroge-
neous target layer overlaid by a laterally homogeneous overburden
with a horizontal symmetry plane in each layer. For simplicity, the
method is described for 2D models, in which the vertical incidence
plane containing sources and receivers is supposed to be a plane of
mirror symmetry. Therefore, both rays and the corresponding
phase-velocity vectors (PSVs) are confined to the incidence plane,
and converted waves represent in-plane polarized PSV modes. The
P-to-S conversion for all reflection events is assumed to occur only
at the reflector. For wide-azimuth data, the split mode-converted
waves have to be separated for each offset and azimuth, which,
in general, requires application of Alford-type rotation (Gaiser,
1997; Dellinger et al., 2002; Simmons, 2009). We begin by intro-
ducing the kinematic algorithm designed to compute the interval
shear-wave traveltimes and then describe estimation of the interval
shear-wave attenuation coefficient in the target layer.

Kinematic layer stripping for interval
shear-wave traveltimes

To estimate the interval shear-wave traveltimes, the
PP + PS = SS method can be combined with velocity-independent
layer stripping developed by Dewangan and Tsvankin (2006).
Suppose P-wave sources and receivers of both P- and S-waves
are continuously distributed along the acquisition line. As discussed
by Grechka and Tsvankin (2002) and shown in Figure 1, matching
time slopes on common-receiver gathers at the source location A
allows us to identify the PP (ARB) and PS (ARC) target events that
share the downgoing segment AR and the reflection point R at the
bottom of the target layer. Likewise, for a P-wave source at B, we
find PP (BRA) and PS (BRD) target events that share the downgoing
segment BR. This procedure makes it possible to construct the SS
reflection DRC, where C and D are the coordinates of S-wave
receivers. For brevity, we denote the PP (ARB) and PS (ARC and
BRD) events by PPg, PSg;, and PSg, (respectively) and the con-
structed SS event DRC by SSg (“E” refers to “effective” reflections
from the bottom of the target layer). The exact traveltime of the
reflection SSg is (Grechka and Tsvankin, 2002)

tss, = tpsy, + Ipsg, — Ippy- (D

The constructed event SSg can be treated (in a kinematic sense) as a
pure reflection mode excited by a shear-wave source.

Next, we find the interval SS-wave traveltime in the target layer,
which requires knowledge of the shear traveltimes in the overbur-
den. Because the data are assumed to be generated with a P-wave
source, it is necessary to apply the PP + PS = SS method repeat-
edly to construct SS reflections in the overburden (Figure 2). To
layer-strip the segment DR of the SS-wave, we need to obtain
the coordinate of point / and the traveltime along the overburden
segment /D. Note that the horizontal slowness along any ray in
the laterally homogeneous overburden is preserved.

First, we form a common-receiver gather of the PS-wave at loca-
tion D (Figure 2a) and identify the point E (i.e., the location of P-
wave source) where the time slope (horizontal slowness) coincides
with that at D. The obtained overburden PS event EID shares the
segment /D with the target SS event CJRID. Then we form a
common-source PP gather at location E (Figure 2a) and identify
the receiver location F' where the time slope (horizontal slowness)
coincides with that at £ (and hence at D). Because the horizontal
slowness does not change along each ray in the overburden, the PP
reflection recorded at F' shares the downgoing segment EI with the
PS event EID.

Under our assumptions, the moveout function of the overburden
PS event is symmetric with respect to zero offset, so the PS-wave
traveltime and ray parameter remain the same when the source and
receiver are interchanged. Therefore, the offset of the PS event FIG,
which has the same reflection point and ray parameter as events EIF'
and EID, should coincide with that of the “reciprocal” PS reflection
EID. The horizontal coordinate of the receiver at point G can then
be found from

.XG = Xg —+ Xp — Xp. (2)

The constructed event DIG (denoted by SSq, where “O” refers to
the overburden and “1” to the left segment of the target SS event in
Figure 2b) shares the segment DI with the target SS event DRC
(Figure 2b). The PP event EIF will be denoted by PPg; and the
PS events EID and FIG by PSq;. The traveltime of the event
SSo; is then given by

Isso, = 21psy, — Ippy, s (3)
and the lateral coordinate of point / is

xy =276, @
Likewise, the PP + PS = SS method can be applied to construct the
overburden SS event HJ/C (SSq,) that shares the segment JC with
the target event SSg (Figure 3). The corresponding traveltime 7gg,,
and the lateral coordinate of point J are obtained using the algorithm
discussed above. Hence, we can find the interval shear-wave travel-
time in the target layer as

1
fss, = Iss, — 3 (fss01 + fssm)- (@)

The traveltime fgg corresponds to the raypath IRJ of the target
event SSt. Note that the depth of the bottom of the overburden re-
mains unknown prior to velocity analysis.

For horizontal, laterally homogeneous target layers, the ray para-
meter is preserved along the entire raypath of the reflection SSg. If
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the target layer also has a horizontal symmetry plane, the raypaths
of the downgoing and upgoing overburden events are symmetric
with respect to the vertical. Then tgg,, = fsg,,, and it is sufficient
to apply the layer-stripping procedure just to one of the overburden
segments of the target event SSg.

Layer stripping for interval shear-wave attenuation

Behura and Tsvankin (2009a) combine VILS with the spectral-
ratio method and apply their attenuation layer-stripping algorithm to
frequency-domain amplitudes of pure-mode reflections. Our goal is
to extend this technique to the combination of PP- and PS-waves
analyzed above. The ray-theoretic frequency-domain amplitudes of
the waves PPg, PSg; and PSg, (Figure 1) can be written as

|UPPE| = S(a)) gPPEe_k{JAARlAR_kf,.BRlBR, ©)
|Ups,,| = S(@) gPSEle_k{’,ARlAR e Morche, ™
‘UPSE2 = S(a)) QPSEZe—k'p.BRIBR e—kngDlRD7 ®)

where S(w) is the spectrum of the source wavelet, and kb y, and
k% yy are the average P- and S-wave group attenuation coefficients
(respectively) along the raypath XY with the length lyy. The coeffi-
cients Gpp_, Gps,,, and Gps , include the source

radiation pattern and receiver directivity, the re-
flection/transmission coefficients along the ray- a)

path, and the geometric spreading of the F

|Ups,,, | = S(@) Gps,,, e ror'et e Fsoil, (11)

where ki, and k§,, are the average P-wave and S-wave
group attenuation coefficients along the corresponding raypaths.

Overburden

Target

Figure 1. Two-dimensional ray diagram illustrating the PP + PS =
SS method for PP and PS reflections from the bottom of the target
layer. The wavefield is excited in split-spread geometry by P-wave
sources located at points A and B. Target PP (ARB) and PS (ARC)
events share the downgoing segment AR, and therefore, the reflec-
tion point R at the bottom of the target layer. Another pair of PP
(BRA) and PS (BRD) target events share the downgoing segment
BR. The constructed SS target event corresponds to DRC. P-wave
ray segments are marked by dashed blue lines, and S-wave ray seg-
ments by solid red lines.

b)

corresponding event. Equations 6, 7, and 8 can
be combined in the following way to compute
the attenuation coefficient of the reflection SSg
constructed by the PP + PS = SS method

|Upsy, || Upsy, |

|Uss, | =
g |UPP].;|

E F D G E H C

Overburden
Target Overburden

= Gg S(a)) e~ k& o ko = k& pelrc )

Figure 2. Layer stripping of the constructed SS events. (a) The PP + PS = SS method is

where the ratio Gg = (Gpg1,Gpso, )/Gpp, is as-
sumed to be independent of frequency. It should
be noted that |Ugs_| in equation 9 does not repre-
sent the actual amplitude of the primary SS
reflection. Whereas the PP 4+ PS = SS method
reproduces the kinematics of shear-wave pri-
maries, it cannot yield the true amplitudes with-
out knowledge of the velocity model (Grechka and Tsvankin, 2002;
Grechka and Dewangan, 2003). Equation 9 can be used to evaluate
effective S-wave attenuation by computing the slope of In |Ugg, |
expressed as a function of w. This operation, however, is hampered
by the need to estimate the source spectrum S(w), which is often
difficult to do in practice.

However, as shown below, () is eliminated in the computation
of the interval S-wave attenuation coefficient. The ray-theoretic fre-
quency-domain amplitudes of the waves PPq; and PSq; (Figure 2)
can be written as

|UPP0| | = S(a)) gPPOIe—k,{z,m(lerlm) — S(a)) gPPO,e_Zk{’"O‘IEI,
(10)

applied to kinematically construct pure SS-waves in the overburden. PP (EIF) and PS
(EID) events share the downgoing segment E/ and the reflection point / at the bottom of
the overburden. Another pair of PP (FIE) and PS (FIG) overburden events share
the downgoing segment FI. The overburden events that share the reflection point /
are labeled O;. (b) The constructed overburden SS event DIG shares the segment
DI with the target SS reflection. The overburden events that share the reflection point
J are labeled O,.

Overburden

Target

R

Figure 3. Raypaths of the constructed SS events. The target SS
event DRC shares the segments /D and JC with the overburden
events DIG and HJC, respectively. The method produces the inter-
val traveltime along the raypath /RJ.
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Equations 10 and 11 can be combined to find the attenuation of the
constructed shear-wave SSy; in the overburden:

2
|Ups,, >

= Gor S(w) e Xsolm  (12)
|Upp,, |

|Uss,, |

where Go = G ]23501 /Gpp,, - Likewise, the attenuation coefficient for
the overburden event SSq, can be found from

|Ups,,|*
|Ussoz| ="

= = G S(w) e sl (13)
|Upp,, |

The problem of estimating the interval shear-wave attenuation in the
target layer (see Figure 3) is now reduced to the attenuation analysis
of pure modes considered by Behura and Tsvankin (2009a).
Equations 9, 12, and 13 can be combined as follows:

|Uss, |
|Usso, [1Ussq, |

=Gr o~ 2(KS pre IRk gelire) F2(KS o1 lip K 03 Lic) , (14

|UssT|:

where Gy = G2/(Go1G02).  Because ki pplpr = kIS,IR Lig
+ k§.01 lID and ké.RC lRC = kIS,RJ ZRJ -+ kls, 02 IJC, equation 14
reduces to

|USST| =0r e_Zkls.lRllR_Zkls.R./ les (15)
Taking the logarithm of equation 15 yields:

In|Uss, | =InGr — Zké,ue g — 2k§,RJ
lRJ =1In QT - 2kIS,T(lIR + ZRJ)’ (16)

where the coefficient kg,T represents the average group attenuation
coefficient along the SS-wave raypath in the target layer.

Interval attenuation for a homogeneous target layer

If the target layer is heterogeneous, equation 16 can yield only the
offset-dependent average interval S-wave attenuation coefficient,
provided the length of the shear-wave raypath (/;z + Iz;) is known.
Interpretation of attenuation measurements, however, can be signif-
icantly simplified for horizontal, homogeneous layers with a hori-
zontal symmetry plane. Then [;z + lz; = V, tgs,, where V, is the
shear-wave group velocity along the rays /R and RJ (Figure 3),
and ftgg, is the SS-wave interval traveltime in the target layer. As
a result, equation 16 reduces to

ln|USST| :lngT—zkIS!T‘/gtssT. (17)

Behura and Tsvankin (2009b) show that equation 17 can be used to
obtain the phase attenuation coefficient. According to their results,

1n|USST|:1ngT—2wAstSST, (18)

where ® is the angular frequency and Ag = k' /kRPh s the
S-wave phase attenuation coefficient (Zhu, 2006); k%" and
kP are the magnitudes of the real and imaginary parts of the
wave vector k. The angle-dependent quality factor Qg in anisotropic
media is usually defined as Qg = 1/(2.Ag). As proved by Behura

and Tsvankin (2009b), the coefficient A g in equation 18 has to be
evaluated for a zero inhomogeneity angle £ (the angle between the
real and imaginary parts of k), irrespective of the actual value of &
for the ray direction /R. In other words, Ag is found for the ima-
ginary part of k aligned with the phase (slowness) direction.
This result does not only hold for uncommonly large values of
the angle £.

The shear-wave interval traveltime in the target layer (fgs,) is
computed from equation 5 using the kinematic layer stripping.
Hence, the slope of the logarithmic spectral ratio in equation 18
yields the phase attenuation coefficient A g for the phase angle cor-
responding to the group direction /R in Figure 3. If the slope is con-
stant, the coefficient Ag and the quality factor Qg ~ 1/(2 Ag) are
independent of frequency. If the slope varies with frequency, Ag
has to be computed from the instantaneous slope, which yields a
frequency-dependent quality factor.

Below we apply our method to estimation of shear-wave interval
attenuation coefficients in VTI media and symmetry planes of
orthorhombic media. For vertical transverse isotropy, the coefficient
A can be inverted for the attenuation anisotropy parameters intro-
duced by Zhu and Tsvankin (2006, 2007). Under the assumptions of
weak attenuation and weak velocity and attenuation anisotropy, the
SV-wave phase attenuation coefficient is given by (Zhu and
Tsvankin, 2006)

AS\/(H) = Aso(l + GQ Sin26 COS2 9), (19)

60 = |2(1 = gp)o + 2%, (20)
8o g

where Agy = 1/(2 Qy) is the shear-wave symmetry-direction at-
tenuation coefficient (it is the same for SV- and SH-waves),
8o = Opo/0Os0. Opo and Qg are the vertical quality factors for
P- and S-waves, respectively, ¢, and J, are the attenuation-
anisotropy parameters, g = V3,/V2,, where Vp, and Vg, are
the vertical velocities of P- and S-waves, respectively,
o6 = (e—35)/g, and € and § are the velocity-anisotropy parameters.
The parameter o,y determines the variation of Agy away from the
symmetry direction.

If the model is orthorhombic and the symmetry of the real and
imaginary parts of the stiffness matrix is the same, the VTI equa-
tions for the attenuation coefficients can be adapted for the mutually
orthogonal symmetry planes (Zhu and Tsvankin, 2007). Here, the
symmetry planes of orthorhombic media are taken to coincide with
the Cartesian coordinate planes. It should be noted that in-plane po-
larized SV-waves in the vertical symmetry planes represent two dif-
ferent shear modes, fast S; and slow S, (Tsvankin, 1997, 2005).
Suppose the fast wave S; at vertical incidence is polarized in the
x;-direction (i.e., it represents an SV mode in the [x;,x3]-plane),
and the slow wave S, in the x,-direction. Then P-waves are coupled
to S;-waves in the [x,x3]-plane and to S,-waves in the
[x2, x3]-plane.

The linearized SV-wave phase attenuation coefficient in the
[x1,x3]-plane, adapted from equations 19-20, has the form

AP = Ag(1+ O_(Qz) sin? @ cos? 6), (1)

where 6 is the phase angle with the vertical, Ayg, is the vertical
attenuation coefficient of the S;-wave, and a(Qz) is the SV-wave
attenuation-anisotropy parameter in the [x;,x3]-plane defined by
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Zhu and Tsvankin (2007). (The superscript (2) denotes the x,-axis
orthogonal to the [x, x3]-plane.) Similarly, the SV-wave attenuation
coefficient in the [x,, x3] symmetry plane is given by

_A(Sl) = Ago(1+ o<QI> sin? @ cos? ), (22)

where Ay is the vertical attenuation coefficient of the S,-wave and
a(Ql) is the corresponding attenuation-anisotropy parameter.
Zhu and Tsvankin (2007) define the attenuation splitting param-
eter v by analogy with the S- locity splitti
Yo by analogy with the S-wave velocity splitting parameter
y®) as the fractional difference between the attenuation coefficients
of the vertically traveling split shear waves:

ZSO - -ASO
ASO

vy : (23)

The coefficient yg) is expected to play an important role in char-

acterization of fractured reservoirs using shear-wave attenuation
measurements.

Inversion of equations 19, 21, and 22 requires knowledge of the
phase angle € corresponding to each source-receiver offset (e.g., to
1J in Figure 3) at the top of the target layer. However, because
equations 19, 21, and 22 were derived in the linearized weak-
anisotropy approximation, the phase and group angles in the aniso-
tropic terms are interchangeable. Therefore, the angle € can be
replaced with the corresponding group angle computed from the
known offset using an approximate thickness of the target layer.

SYNTHETIC EXAMPLES
Layered VTI media

The method was first tested on synthetic multicomponent data
from a horizontally layered VTI model (Figure 4). The source
was placed at the top of the model, and the receivers were at the
water bottom. Our method is applicable to this source-receiver geo-
metry because it utilizes events with shared ray segments in the
overburden.

Synthetic reflection data were generated by using an anisotropic
reflectivity code (Schmidt and Tango, 1986). The interval
parameters for the model (Table 1) were chosen so as to simulate
significant P- and S-wave attenuation and attenuation anisotropy. A
broadband (0.1 — 150 Hz) source wavelet employed in the reflec-
tivity method ensured that the spectral-ratio method could operate
with a sufficient number of frequencies. The PP and PS events from
the top and bottom of the third (target) layer were identified on the
vertical and radial displacement components of the shot gather
(Figure 5). Kinematic layer stripping of the shear-wave traveltimes
(equation 5) produced the interval moveout in the target layer
shown in Figure 6. The layer-stripped interval traveltimes practi-
cally coincide with the exact values computed by ray tracing. It
should be noted that the maximum offset for the constructed
shear-wave in the target layer is limited by the critical angle for
SP mode conversions, which is equal to 32°. The critical angle,
however, is reached only for infinitely large offsets of the acquired
PP- and PS-waves.

The input amplitudes were obtained by computing the vector sum
of the radial and vertical displacement components. Frequency-
domain amplitudes were found by putting a tapered cosine window
(with a length of 128 time samples) around the arrivals and applying
the Fourier transform. The target layer is horizontal, homogeneous,

VTI half-space

Figure 4. Synthetic model used to test the algorithm. The source is
at the surface and the receivers are at the water bottom. The model
parameters are listed in Table 1.

Table 1. Synthetic model used to estimate SV-wave interval
attenuation in VTI media.

Layer 1 Layer 2 Layer 3 Halfspace
Symmetry Isotropic VTI VTI VTI
d (km) 2.00 0.60 1.00 —
Vpo (km/s) 1.50 1.60 1.70 2.00
Vso (km/s) — 0.80 0.90 1.20
€ — 0.30 0.25 0.40
0 — 0.10 0.10 0.20
o — 0.80 0.54 0.56
Opo — 50 100 60
Oso — 50 20 70
€0 — 0.30 0.20 0.40
oo — 0.20 0.10 0.30
) — 0.40 -0.78 0.08
) Offset (km) ) Offset (km)
6 8

Time (s)

Figure 5. (a) Vertical and (b) horizontal displacement components
of a shot gather for the model from Figure 4. The PP (a) and PS (b)
reflections from the bottom of the target (third) layer are marked by
arrows.
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and (as any VTI medium) has a horizontal plane of symmetry.
Therefore, the interval shear-wave phase attenuation coefficient
in the target was computed from equation 18 by using the algorithm
discussed above. Attenuation coefficients for offsets corresponding
to spectral contamination by multiples were removed. The SV-wave
phase angles were obtained from the corresponding group angles
using the known velocity function in the target layer. The para-
meters Agy = 0.025 £+ 107* and o6g = —0.72 £ 0.20 were found
by least-squares fitting of equation 19 to the estimated shear-wave
phase attenuation coefficient Agy (Figure 7), with the error bars
corresponding to the standard deviations from the best-fit function.
The inverted parameter A g, practically coincides with its actual va-
lue, but there is a significant uncertainty in the estimate of ¢ (the
actual value is —0.78) due to the limited range of phase angles for
the reflected S-leg of the PS-wave and the small PS-wave reflection
coefficient at near-vertical incidence. For this model, equation 19
provides a close approximation to the exact attenuation coefficient.

Then, we added Gaussian noise to the radial and vertical displa-
cement components of the PP- and PS-events, which resulted in a

2.6 T T T

25+ 1

241 1

Time (s)

22 1 1 1
0 0.5 1 1.5 2

Offset (km)

Figure 6. Shear-wave interval traveltime (red dots) in the target
layer computed using the PP 4+ PS = SS method and velocity-in-
dependent layer stripping. The gray curve marks the exact travel-
time.

0.035
0.03}

& . ot

< 0025t grr
0.02f
0.015

0 5 10 15 20 25 30 35 40 45
0 (degrees)

Figure 7. Estimated SV-wave interval phase attenuation coefficient
Agy in the target layer (blue dots) as a function of the phase angle
6. Attenuation coefficients corresponding to spectral contamination
by multiples have been removed. The red and gray lines are the
best-fit and exact coefficients A gy, respectively.

signal-to-noise ratio of 2.5. The bandwidth used in the spectral-ratio
method has to be chosen in a frequency range where the signal-to-
noise ratio is sufficiently high. To obtain a robust estimate of the
slope from the logarithmic spectral ratio, we employed the itera-
tively reweighted least-squares method (Scales and Gersztenkorn,
1988; Aster et al., 2005). The inversion for the attenuation coeffi-
cients was performed for 100 realizations of Gaussian noise. The
obtained mean values and pooled standard deviations of the coeffi-
cients are Agy = 0.0246+2x10™* and oo = —0.60 & 0.30.
Therefore, the estimate of A gq is accurate, whereas the coefficient
0 is somewhat biased.

Symmetry planes of layered orthorhombic media

Next, we consider a model that includes two horizontal orthor-
hombic layers with aligned vertical symmetry planes (Table 2). The
acquisition geometry shown in Figure 4 was used to generate syn-
thetic data in the vertical symmetry planes [x;, x3] and [x,, x3] with
the same anisotropic reflectivity code. The 2D version of our
method for estimating interval attenuation is entirely valid in both
vertical symmetry planes, if the symmetry-plane azimuths do not
vary with depth. In contrast to VTI media, geometric spreading
in orthorhombic media is influenced by azimuthal velocity varia-
tions even within the symmetry planes (Tsvankin, 2005, Chapter 2).

Table 2. Synthetic model used to estimate shear-wave
interval attenuation in symmetry planes of orthorhombic
media. The vertical symmetry planes in layers 2-4 are
aligned.

Layer 1 Layer 2 Layer 3 Halfspace

Symmetry Isotropic Orthorhombic Orthorhombic Orthorhombic

d (km) 2.00 0.60 1.00 —
Vo (kivs)  1.50 1.60 170 2.50
Vgo (kmfs) — — 0.80 1.00 1.40
@ — 0.25 0.40 0.30
5@ — 0.10 0.30 0.10
o? — 0.60 0.29 0.64
e — 0.30 0.20 0.40
s — 0.15 0.10 0.30
oV — 0.65 0.43 0.38
y® — 0.04 0.25 0.10
O — 40 50 60
0Os0 — 40 30 50
ey — -0.20 0.30 0.40
55 — -0.10 ~0.20 0.30
oy — -0.32 0.64 0.05
ey -0.30 0.25 0.40
5y — -0.20 ~0.15 0.30
oy — -0.58 122 0.38
7y — 0.12 0.34 0.17
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The geometric-spreading factor, however, is treated as part of the
frequency-independent term of the amplitude function and does
not influence inverted attenuation coefficients.

The synthetic data in the planes [x;,x3] and [x,,x3] (Figures 8
and 9) were processed separately. As discussed above, for
symmetry-plane propagation the P-wave is coupled only to the
in-plane polarized SV-wave (either S; or S,). Therefore, only
one mode conversion (PS; or PS,) is recorded in each vertical sym-
metry plane. Due to shear-wave splitting at vertical incidence, the
near-offset PS; and PS, reflections are shifted with respect to each
other in time. The interval SS-wave moveout functions in the sym-
metry planes computed for the third (target) layer by kinematic
layer stripping are close to the exact traveltimes (Figure 10).
The critical angle for SP mode conversions, which restricts the
offset range of the constructed SS-waves, is equal to 26° in the
[x1,x3]-plane and 24° in the [x,, x3]-plane.

To estimate the attenuation parameters, we performed least-
squares fitting of equations 21 and 22 to the computed symmetry-
plane shear-wave interval attenuation coefficients (Figure 11). The
obtained vertical attenuation coefficients Agy = 0.0165 £ 10~* and
Ago =0.0124 +£3x107* barely deviate from the actual para-
meters (Agy = 0.0167, Agy = 0.0125). Consequently, the method
yields a highly accurate attenuation splitting parameter
(y(QS) = —0.33). As is the case for the VTI model, the attenua-
tion-anisotropy parameters a(Qz ) and 0<Ql) are more distorted and have
larger standard deviations.

DISCUSSION

Despite the generally successful test results, the proposed method
has several limitations. First, the range of phase angles for the con-
structed SS-wave is restricted due to two factors: the small ampli-
tudes of PS-waves at near offsets and the critical angle for converted
waves. The critical angle seldom exceeds 30°-35°, which may cause
instability in the inversion for the attenuation-anisotropy parameter
og in VTI media and parameters 08’2) in orthorhombic media.
Estimation of ¢, should be more accurate for hard rocks with high
Vg/Vp ratios, for which the critical angle for SP mode conversions
is larger. However, the algorithm should provide tight constraints on
the vertical attenuation coefficients and, therefore, on the attenua-
tion splitting parameter for orthorhombic media. Second, because
the data are generated by a P-wave source, it is necessary to repeat-
edly apply the PP + PS = SS method to con-
struct SS events, which could lead to error
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Figure 8. (a) Vertical and (b) horizontal displacement components
of a shot gather in the [x;, x3]-plane of the model from Table 2. The
PP and PS reflections from the bottom of the target (third) layer are
marked by arrows.

Offset (km) Offset (km)
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Figure 9. (a) Vertical and (b) horizontal displacement components
of a shot gather in the [x,, x3]-plane of the model from Table 2. The
PP and PS reflections from the bottom of the target layer are marked
by arrows.

accumulation in the attenuation analysis. Third, a) 24 - b) 3.1

the algorithm assumes that the source radiation / i

pattern and the receiver directivity function are 23 / 28 )
frequency independent (equation 9). This as- = oo / - 2'8 /
sumption is valid for point sources in weakly P % //
heterogeneous anisotropic media, if attenua- E 21 5 27 /
tion-related velocity dispersion in the seismic 26

frequency band can be ignored. However, source 2 55

and receiver arrays in particular acquisition

geometries can produce a frequency-dependent % 05 1 1.5 2 0 05 1 1.5 2
directivity function, which may distort attenua- Offset (km) Offset (km)

tion coefficients measured by the spectral-ratio

method (Hustedt and Clark, 1999) or produce
“artificial”  attenuation-anisotropy  signatures
(Vasconcelos and Jenner, 2005).

Figure 10. Interval traveltimes (red dots) of the in-plane polarized S-wave in the target
(third) layer computed using the PP + PS = SS method and velocity-independent layer-
stripping for (a) [x;,x3]-plane and (b) [x,, x3]-plane. The gray curves mark the exact
traveltimes.
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D18 Shekar and Tsvankin

method discussed here, the vertical incidence
plane has to be a plane of mirror symmetry
in all layers including the target horizon. VILS
is designed for a laterally homogeneous (al-
though possibly vertically heterogeneous) over-
burden with a horizontal symmetry plane in
each layer. If this assumption is satisfied, our
method does not require knowledge of the over-
burden velocity and attenuation parameters.

a
) 0.02 ) 0.02
0.018
—
0016W7/ ’ 0.015| .
E:,(m ’ E‘{,, : I
0.014
0.01|
0.012
0.01 . L
0 5 10 15 20 25 30 35 00050 5 10 15
6 (deg) 6 (deg)

Figure 11. Estimated S-wave interval phase attenuation coefficient Agy (blue dots)
in the third layer as a function of the phase angle 6 for (a) [x;,x3]-plane and
(b) [x2,x3]-plane. Attenuation coefficients corresponding to spectral contamination
by multiples have been removed. The red and gray lines are the best-fit and exact
attenuation coefficients. The best-fit parameters are Agy = 0.0165+ 1074, Ag, =

(' — 1,30 4 0.40. The actual values are

0.0124 £3 x 107, o)) = 0.70 £ 0.25, and o)

Asy = 0.0167, Agy = 0.0125, o) = 0.64, and o)) = 1.22.

Application of the algorithm to field data requires registration
(correlation) of PP and PS data sets to identify reflections from
the same interfaces. Then the traveltimes of the overburden and tar-
get PP and PS events can be found by nonhyperbolic semblance
analysis (Vasconcelos and Tsvankin, 2006; Xu and Tsvankin,
2008). Kinematic layer stripping for both 2D data and 3D wide-
azimuth surveys can be implemented by using the methodology
of Wang and Tsvankin (2009).

As in the above synthetic example, the input amplitudes have to
be found in a suitable time window around reflection arrivals. Be-
cause the algorithm is supposed to operate with isolated reflection
events, amplitude distortions due to interference (e.g., with multi-
ples) would hinder S-wave attenuation estimates. The impact of
such interference may be mitigated by employing variable-window
time-frequency transforms (Reine et al., 2009b). Appropriate
smoothing filters in the frequency domain should help reduce errors
in spectral-ratio estimates produced by notches in amplitude spec-
tra. If lateral heterogeneity is relatively weak, the algorithm can ben-
efit from data redundancy because the attenuation coefficients for
fixed offset and azimuth can be estimated from multiple traces.

Expressing Agy as a function of the phase angle (equation 19)
requires knowledge of the velocity function. However, as discussed
by Behura and Tsvankin (2009a), the difference between the phase
and group angles for moderately anisotropic models does not sub-
stantially distort attenuation coefficients. It should be mentioned,
however, that even the group angle for a given source-receiver pair
cannot be computed without depth information, which can be
approximately obtained from hyperbolic moveout analysis of the
interval shear-wave traveltimes.

CONCLUSIONS

We extended the algorithm of Behura and Tsvankin (2009a),
originally introduced for pure modes, to the combination of
PP- and PS-waves with the goal of estimating the shear-wave in-
terval attenuation coefficient. Our technique involves repeated
application of the PP + PS = SS method followed by velocity-
independent layer stripping (VILS), for both traveltime and fre-
quency-domain amplitudes. In the 2D implementation of the

& ® B For heterogeneous target layers, the algorithm

estimates the average S-wave interval group
attenuation coefficient for a range of source-
receiver offsets. If the target is horizontal, homo-
geneous, and has a horizontal symmetry plane, it
is possible to obtain the offset-dependent interval
phase attenuation coefficient for the constructed
SS events.

Synthetic modeling for layered VTI and
orthorhombic media confirmed the accuracy of
the method in estimating the interval SV-wave
phase attenuation coefficient Agy. The range of phase angles for
the constructed SS reflection is limited by the small amplitudes
of PS-waves at near offsets and the critical angle for the reflected
S-leg. The coefficient Agy can be inverted for the symmetry-
direction coefficient A gy for VTI media and the vertical attenuation
coefficients of the split S-waves for orthorhombic media. Therefore,
application of the method to azimuthally anisotropic media helps
evaluate the attenuation splitting parameter }/(QS ), which may carry
important information about fracturing. Under favorable circum-
stances (i.e., for long-offset data and layers with a relatively large
Vs /Vp ratio), it may be possible to constrain the anisotropy para-
meters responsible for the variation of the SS-wave attenuation
coefficient away from the vertical.

Joint analysis of the P- and S-wave attenuation coefficients can
be used to detect the presence of fluids in a reservoir. In combina-
tion with the shear-wave velocity splitting parameter (S, its at-
tenuation counterpart }/(Qs) could serve as a potentially valuable
fracture-detection attribute.
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