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Summary

A double-square root (DSR) equation is derived
for P-SV moveout for transverse isotropy (or po-
lar anisotropy). The DSR equation is accurate for
strong anisotropy and for an in�nite spread length,
and allows a detailed analysis of various parameter-
dependency of the moveout signature. For a short
spread, the equation has an isotropic form with only
two parameters, whilst, for a medium-to-long spread,
it can be reduced to a three-parameter equation inde-
pendent of the vertical velocity ratio. Utilising these
features, we can determine the four TIV parameters
(vertical velocities vp0 and vs0 and anisotropic param-
eters � and �) from P - and P -SV moveout analy-
sis alone. A spread with minimum o�set-depth ratio
(x=z) of 3 is required, which is readily available from
modern multicomponent sea-oor surveys.

Introduction

Most existing studies of P-SV converted-wave reec-
tion moveout (PS-moveout, in short) in a transversely
isotropic medium with a vertical symmetry axis (TIV,
or polar anisotropy) are based on the Taylor series
expansion of the traveltime equation (e.g. Seri� and
Sriram, 1991; Tsvankin and Thomsen, 1994; Thom-
sen, 1998). The Taylor series expansion of the PS-
moveout, designed for short spreads, does not accu-
rately describe the moveout signature for intermedi-
ate or long spreads where the anisotropy is likely to
have the most inuence. This causes some di�cul-
ties in the estimation of anisotropy parameters from
PS-moveout even combined with P -wave data. Here
we �ll this gap by deriving an accurate double-square-
root (DSR) equation for the PS-moveout in a TIV
medium. It is based on the equivalent-medium ap-
proach of Yuan and Li (1998), and is an extension of
its isotropic counterpart of Zhang (1996).

Full DSR equation for an in�nite spread

A TIV medium has �ve elastic parameters, four of
which are responsible for P-, SV - and PS-wave propa-
gation. In terms of Thomsen (1986) parameters, these
are: the P -wave and S-wave vertical velocities vp0 and
vs0 and the anisotropic parameters � and �. Consider
a horizontal layer at depth z with TIV, de�ned by the

four Thomsen parameters. Also introduce four other
parameters: P- and SV-wave short-spread NMO veloc-
ities vpn and vsn, and anisotropic parameters � and �
(Alkhalifah and Tsvankin, 1995), satisfying
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where n = vpn=vsn, is the stacking velocity ratio.

Assume that a P-wave is incident upon the reector at
depth z, converted into an SV-wave upon reection at
the conversion point with horizontal distance xp, and
recorded at the receiver at o�set x. Using the travel-
time equations for single wave modes (Tsvankin and
Thomsen, 1994), the travel time tps for this PS-wave
can be derived as
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tps0 is the equivalent PS zero-o�set time, and 0 =
vp0=vs0, is the vertical velocity ratio. Depth z and
zero-o�set time tps0 are linked to each other by z =
vp0tps0=(1 + 0). Equation (4) contains four indepen-
dent parameters: 0; vpn; vsn and �, noting � is related
to � through n [equation (3)]. Although it is an ap-
proximation, the DSR equation remains almost exact
(Figures 1a).
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Figure 1. The traveltime di�erence (residual moveout) between the exact traveltime and (a) the full DSR equation (4),

(b) the isotropic equation (6) for short spreads, and (c) the three-term Taylor series expansion of Thomsen (1998) for a PS

reection from in a TIV interface. The parameters of the three TIV materials are listed in Table 1. Dog Creek shale and

Taylor sandstone show � > 0, whilst Pierre shale shows � < 0.

Determination of the conversion point

In implementing equation (4), the conversion point xp
can be determined by ray-tracing, or other root �nd-
ing and iterative methods. With the current comput-
ing power, e�ciently �nding xp is not a major issue.
To understand the e�ects of various parameters on the
conversion point xp, an approximate equation for xp
can be derived, following Thomsen (1998), as

xp = x
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and eff is called the e�ective velocity ratio for polar
anisotropy. Among the three coe�cients, c0 and c3
are the same as Thomsen (1998), whilst c2 is di�erent
and more accurate.

Equation (5) is very accurate for o�set-depth ratio
(x=z) up to 4.0 for the Dog Creek shale and Taylor
sandstone, and up to x=z of 1.5 for the Pierre shale
(Figure 2a). We may also substitute the results of

equation (5) directly into the DSR equation for trav-
eltime calculation. This procedure is accurate for the
Dog Creek shale and the Taylor sandstone for x=z up
to 6.0, and for Pierre shale up to 2.5 (Figure 2b).

Reduced equations for short and long spreads

Reduced equation for short spreads. Equation (4) can
be reduced to

tps =
1

vpn

s
x2p +

�
vpn

1 + iso
tps0

�2

+
iso
vpn

s
(x� xp)2 +

�
vpn

1 + iso
tps0

�2

; (6)

where
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1 + 0
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: (7)

This is equivalent to the PS-wave moveout equation
in an isotropic medium with P -wave velocity vpn and
S-wave velocity vpn=iso. Thus for short spreads,
we may process the data ignoring anisotropy, and
the results obtained (iso) may be corrected for any
anisotropy e�ects using equation (7). Equation (6) is
accurate for x=z up to 2.0 (Figure 1b), similar to the
three-term Taylor series expansion of Thomsen (1998),
as shown in Figure 1c.

Materials vp0 (m=s) vs0 (m=s) � � vpn (m=s) 0 �n ��

Pierre shale 2202 969 0.015 0.060 2330 2.272 3.156 -0.249

Taylor sandstone 3368 1829 0.110 -0.035 3248 1.841 1.266 0.508

Dog Creek shale 1875 826 0.225 0.100 2054 2.270 1.645 0.632

Table 1: TI materials used in the study and the inversion results �n and �� in the case of known 0.
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Figure 2. (a) The di�erence in conversion point position between the exact and analytical results for the three materials

in Figure 1. (b) and (c) are the residual moveouts between the exact and the DSR equation (4) when (b) the conversion

point is calculated by equation (5), and (c) 0 is estimated by equation (8) for long spreads, respectively.

Equations for long spreads. In general, as o�set in-
creases, the sensitivity of the PS moveout to the ver-
tical velocity ratio 0 decreases. As a result, PS-wave
semblance analysis usually does not provide su�cient
resolution for 0 (Figure 3). This leads to a possible
reduction of the numbers of parameters a�ecting the
PS-moveout for long-spread data.

Figure 3. (a) PS reections from a layer of Taylor sand-

stone at depth z = 1000m for o�sets from 0 to 3000m

with 50m interval. (b) Semblance analysis for 0 and n,

using vpn = 3248m=s and � = 0:156 as prior information.

For �xed vpn; vsn and �, � and vs0 are both deter-
mined, and variation in 0 is wholly dependent on the
anisotropy parameter �. For typical oil �eld shales
and sandstones, the absolute values of � rarely exceed
0.15 (Thomsen, 1986; Tsvankin and Thomsen, 1995).
In fact, � equals zero, if the polar anisotropy results
from �ne-layering. Thus � may be ignored, which will
give an error less than 15% in estimating 0 for most
rocks. Considering the insensitivity of PS-moveout to
0 (Figure 3), ignoring � may be justi�ed. This yields,

20 = 2n
1 + 2�

1 + 2�
� 2n(1 + 2�): (8)

Thus, equation (4) will only contains three indepen-
dent parameters: vpn; vsn and either � or �. This may

be referred to as the reduced three parameters equa-
tion, which is valid for o�set-depth ratio up to 5 or
6 (Figure 2c). Equations (4) and (8) may be used to
obtain the stacking velocity ratio n when the vertical
velocity ratio 0 is unknown.

Parameter estimation and numerical result

We consider two cases: 1) known 0, for example, by
correlating P -wave traveltimes with PS-wave travel-
times, and 2) a more general case with unknown 0.
In both cases, the P -wave short-spread NMO veloc-
ity vpn is assumed to be known from P -wave moveout
data.

For case 1, we can use equation (4) to perform sem-
blance analysis on long spread PS-moveout to deter-
mine n, and � (Figures 4a). With known vpn, 0,
n and �, all other parameters can be determined by
equations (1), (2) and (3).

For case 2, the �rst step is to determine iso by per-
forming semblance analysis over short spread data
(Figure 4b) using equation (6). This may be per-
formed for several o�set-ranges with x=z < 2:0, then
take an average of all the results. The second step is to
determine n by performing semblance analysis over
the whole o�set range (Figure 4c) using equations (4)
and (8). The third step is to estimate 0 using equa-
tion (7), and the inversion is then reduced to the case
of known 0 with extra constraints on n.

The above procedures are illustrated in Figures 4 for
Taylor sandstone. Results for all materials studied are
summarized in Tables 1 and 2. The inverted parame-
ters, marked with an asterisk (*), are highly accurate,
and con�rm the viability of the inversion procedure.

Conclusions

We have presented a new approach to analyze the PS-
moveout in transversely isotropic media. An accurate



P-SV moveout for transverse isotropy

DSR equation is derived for the PS-moveout. This
allows a detailed analysis of the various parameter-
dependencies and o�set-behaviours and enables us to
identify the sensitivities of di�erent data apertures to
the parameters which we intend to invert. These anal-
yses make it possible to estimate the four TI parame-
ters using a combination of P - and PS-moveout from
horizontal events. Numerical tests con�rm the accu-
racy of these equations and viability of the inversion
procedures. However, a minimum o�set-depth ratio
(x=z) of 3 is required. This approach has been ap-
plied to real data (see Li and Yuan 1999; Godin et al.
1999, this SEG meeting).
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Figure 4. The inversion results for Taylor sandstone in Figure 3a: (a) Semblance analysis for n and � when both vpn
and 0 are known, (b) semblance analysis for iso for two o�set ranges: x=z � 1:0 and x=z � 1:5 when only vpn is known,

and (c) the same as (b) but for n over the whole o�set range.

Materials � iso �iso n �n 0 �0 � ��

Pierre shale -0.040 2.704 2.750 3.287 3.428 2.272 2.418 -0.232 -0.222

Taylor sandstone 0.156 1.317 1.315 1.261 1.262 1.841 1.834 0.492 0.479

Dog Creek shale 0.104 1.778 1.780 1.645 1.652 2.270 2.243 0.644 0.653

Table 2: Inversion results �iso, 
�

n, 
�

0 and �� in the case of unknown 0. The exact values of iso, n, 0 and � are
enclosed for comparison.


