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ABSTRACT. The determination of the exact position of the P-S conversion point (CP) is an important issue in converted-wave seismology. Frequently, this issue is
approached considering that the rock formation is isotropic. This simple approach may lead to significant errors due to the anisotropic features of the subsurface. This
paper presents a comparison between the position of the CP obtained from the isotropic solution and the position of the CP considering two types of anisotropy: the
transversely isotropic medium with vertical axis of symmetry, the so-called VI, and an orthorhombic medium. In order to determine the location of the CP, the modeling
program ANRAY, based on ray tracing method, was used. It is shown that for the VTI case the discrepancy between the true position of the CP and the one found by
assuming isotropy can be in the order of hundreds of meters, even for offset/depth ratio, (X/Z), less than 2. On the other hand, for some particular values of Thomsen's
parameters € and §, it can be demonstrated that, the position of the CP practically coincides with the isotropic case. For orthorhombic symmetry (azimuthal anisotropy),
the CP, in general, is no longer located in the vertical plane defined by the source-receiver positions, i.e., the discrepancy between CP locations is expressed by an inline
and an offline components. The offline component value depends on the anisotropic nature of the medium. This observation is not valid only for orthorhombic models
since similar discrepancies can also be observed in cases where the anisotropy is induced by cross-dipping structures or in models with lower anisotropic symmetries.
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RESUMO. A determinago exata do ponto de conversdo (PC) do modo convertido PS & um aspecto relevante da sismologia da onda convertida. Geralmente, este
problema é abordado considerando-se modelos isotropicos. Mas esta simplificagdo pode induzir erros significativos devido a desconsideragdo das caracteristicas
anisotropicas do subsolo. O presente artigo apresenta uma comparagao no que diz respeito a posicao do PC nos casos isotropico e anisotropico. No caso anisotropico
consideram-se as seguintes simetrias: transversalmente isotrépica com eixo de simetria vertical (V1) e ortorrémbica. Os PC’s sdo calculados mediante a teoria do raio.
Mostra-se que para a simetria VTl a discrepancia entre a verdadeira posicdo do PC e o calculado, supondo isotropia, pode ser da ordem de centenas de metros, mesmo
para uma relacdo afastamento-profundidade menor que 2. Por outro lado, para alguns valores dos pardmetros de Thomsen (e e §), demonstra-se que a posicdo do PC
praticamente coincide com o caso isotrépico. Para a simetria ortorrdmbica que é um caso de anisotropia azimutal, o PC, em geral, ndo se localiza no plano vertical
definido pelas posigdes da fonte e do receptor, isto é, a discrepancia entre a locagao do PG isotropico ou VTl com relagdo a ortorrdmbica possui componentes paralelas
e normais ao referido plano. A componente normal depende da intensidade da anisotropia do meio. Esta observagao é vélida ndo somente para modelos com simetria
ortorrdmbica; discrepancias deste tipo podem ser observadas em casos onde a anisotropia € induzida por estruturas inclinadas ou, em geral, por arranjos eldsticos de
mais baixa simetria.
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INTRODUCTION

Converted wave seismology is being increasingly applied to ima-
ging the subsurface as a complement to P-wave information, as a
tool to classify or distinguish between rock types and fluid types
and to help invert data for reservoir monitoring purposes (Davis,
2001). Recent review on the current stage of converted wave te-
chnology have been presented by Stewart et al., 2002; 2003.

Assuming that the wave conversion occurs predominantly in
subsurface reflectors (Yuan et al., 1998; Zhu et al., 1999), the
precise evaluation of the P-S conversion point location is essen-
tial for assembling the common conversion point gather for the
purpose of velocity analysis. Exact solution exists only for sim-
ple case of homogeneous, isotropic media (Schneider Jr, 2002).
The experience with isotropic layers shows that the location of the
conversion point with respect to either the source or the receiver
depends upon the ratio between the P-wave and S-wave velocities
and the offset/depth ratio. For a given offset, as the depth of the
reflector increases, the locus of the conversion points defines a
curve that has an asymptotic value.

The proper evaluation of the conversion point location de-
pends mainly on the possibility of dealing realistically with the
most relevant physical variables related to the media. The pro-
cessed results, obtained after handling the data, depend on the
theoretical assumptions used in the determination of these points.
For this reason, a correct calculation of these points is necessary
because, rather than the CMP binning used in pure-mode proces-
sing that is generally based on geometrical criterion, common-
conversion-point (CCP) binning techniques are usually applied,
instead.

The strong dependence of the conversion point location on
physical assumptions concerning rock velocities has been dis-
cussed in the last few years (Tessmer & Behle, 1988; Thomsen,
1999). In general, the trend in searching for conversion point des-
criptions, in relatively realistic media, was initiated with crude ap-
proximations, but it is progressively moving towards a more ade-
quate description. In the last few years, a considerable number
of technical papers dealing with offset determination for conver-
ted waves in anisotropic context have been published. Although
these works are limited to VT media, they constitute an important
progress in converted wave seismology. One of these important
references is the work of Yuan & Li (2001).

The relevance of anisotropic effect studies in aspects related
to converted wave is not limited only to an academic research; it
becomes extremely important when physical and processing pa-
rameters are estimated from real data. The recovery of these pa-

rameters is impossible or very imprecise when extremely simple
assumptions are made. The aim of this paper is to discuss the
influence of anisotropic properties in the P-S conversion point
location. VTl and orthorhombic media are considered. In order
to estimate the location of P-S conversion points, the 3D, aniso-
tropic, seismic modeling computer program ANRAY, based on the
ray tracing theory, was used. The solution for isotropic cases is
compared to the results obtained taking anisotropy onto conside-
ration.

Recently, Yang & Lawton (2002) using Thomsen’s appro-
ach, quantified the errors in conversion point determination when
VTI media is approached with isotropic simplification, while Ar-
tola et al. (2003) analyzed the error for conversion point de-
termination when azimuthally anisotropic media are approached
with the isotropic simplification. The latter authors showed that
the exact conversion point is located outside the vertical plane
(offline component of displacement of the exact conversion point).
This offline displacement depends mainly on the anisotropic na-
ture of the subsurface, the offset/depth ratio X/Z and source-
receivers geometrical arrangement. This fact, besides the inline
discrepancy between the exact CP and that corresponding to iso-
tropic simplification, can affect significantly the spatial resolution
of subsurface seismic images.

P-S CONVERSION POINT IN ANISOTROPIC MEDIA

The behavior of the P-S modg in anisotropic media is nota simple
subject. VavryCuk (1999) and Jileck (2001) have shown some of
the inherent complexities of the propagation of this special type
of wave. If we consider some of these aspects, it is possible to
predict some relevant and “non-expected” properties of the P-S
wave propagation in layered media, though, in a strict sense, the
term “non-expected” only has meaning for people unfamiliar to
seismic anisotropy or other seismic features of complex media.
In non-isotropic and non-VTI media context, one of the “non-
expected” properties is the special characteristic of the CP loca-
tion. The latter is because, in general, the CP is located outside
the vertical plane defined for the source-receivers line, even in ho-
mogeneous media (Figure 1). In spite of this, it is important to in-
dicate that this is not something that happens only when the C-W
is studied, because the occurrence of reflection points outside the
vertical plane can be expected also in the context of the PP mode
propagation in isotropic inhomogeneous media. Examples can
be found in Gajewski & PSencik (1990). The offline displacement
of the location of the reflection points happens because, in some
cases, Snell’'s law cannot be satisfied in the vertical plane. For
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Figure 1 — Conversion point in isotropic and azimuthally anisotropic media.

C-W case, there is a significant distance between the exact loca-
tion of the CP and the vertical plane and, the measurement of this
distance depends on the anisotropic nature of the subsurface, the
offset/depth ratio X/Z and the azimuth of the source-receivers
line.

In this work, we show examples of the CP distribution in VTI
and orthorhombic (azimuthal anisotropy) media and we compare
those cases with the CP location in isotropic media. For this pur-
pose, we built a VTI model using Thomsen's (1986) parameters
from an initial isotropic model. The orthorhombic model is built
from the VTI model by introducing a system of synthetic vertical
cracks in the medium. The compliance tensor associated with this
orthorhombic model can be calculated with the aid of the /Jinear
Slp crack model, as described by Schoenberg & Helbig (1997)
and Schoenberg & Douma (1988), or with penny-shaped crack
model according to Hudson (1981).

VTI model

The starting model consists of a single 1 km-thick isotropic ho-
mogeneous layer with Vp = 3 km/s, Vs = 1.5 km/s and
p = 2g/cm3. By using Vp as Vpg, and Vs as Vs, instead, that
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is the vertical velocities ina VTI model, one can determine a set of
stiffness tensors for several combinations of €, § and y (Thom-
sen’s parameters). The conversion points were determined using
the ray tracing method available in the program ANRAY®  version
4-2,

The source and receivers array are composed of 40 inline re-
ceivers equally spaced 50 meters apart, resulting in a minimum
offset of 50 m and in a maximum offset of 2 km. For this special
symmetry, the conversion point is located in the vertical plane
(Figure 2) and the particle displacement of the converted wave P-
SV is polarized in the incident plane. As a result of the latter, the
discrepancy between Xcyr; and Xcyso iS a distance measu-
red in the vertical (inline) plane. Hence, this discrepancy can be
calculated subtracting the inline coordinate of Xc;so from the
inline coordinate of Xcy77(AXc = Xcyrr — Xcrso).

The discrepancy between Xcy 77 and Xcyso for several va-
lues of € and & is plotted in Figure 3 (a)-(d). In these figures, it
can be seen that the discrepancy depends on values associated
with the Thomsen parameters as well as on the offset-depth ratio.
The value and direction of the conversion point displacement de-
pends on the relationship between e and 8. For a fixed value of
€, achange in the value of & can resultin Xcy 7, being closer to
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Figure 2 — Conversion point in isotropic and VTI media.
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Figure 3 — VTI model. Displacement of the conversion point in comparison to the isotropic case. Model with € fixed in 0.1 (a) and in 0.15 (b), and

with & fixed in 0.2 (c) and in 0.15 (d).
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Figure 4 — Multiazimuthal conversion point for orthorhombic, VTl and isotropic cases.

gither the source or the receiver, when compared to Xcyso. On
the other hand, certain combinations of € and & resultin Xcyry
being nextto Xc;so. It can be seen in Figures 3 (a) and (b), that
for the pairs (e, 8) — (0.1, 0.075); (0.15,0.12), Xcy7y iS
very close to Xcyso. This shows that, in some special cases, the
VTl and isotropic CP's can be practically the same. It is possible
that in some cases, the good results obtained in converted-wave
processing, assuming isotropy, might be associated to this fact.

Orthorhombic Model

In order to evaluate the effect of anisotropy in the location of CP in
more realistic cases, a new model was built by introducing, in the
VTl model, a vertical crack system with crack density () = 0.1
(weak anisotropy). Due to the presence of the cracks, the medium
can be considered as being orthorhombic, i.e., it is no longer azi-
muthally invariant. In this case, in general, the polarization vec-
tors of the converted ¢ Sy and ¢ S, waves are rotated by an angle
6, when compared to the corresponding converted SV and SH
waves. In addition to this, as we mentioned already, because of
Snell's Law, the conversion point is located outside the vertical
plane. This way, the waves reaching the receivers were reflected
from a point in the reflector away from this vertical plane. Conse-
quently, Xcorr o 1S shifted from Xcyr; and Xcyso by in-
line and offline components. The offline component depends on
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the perturbation characteristics introduced to azimuthally invari-
ant models. Figure 4 shows the azimuthal variation of the con-
version point coordinates associated to ¢ S1 and ¢ S5 for a fixed
offset of 2 km and the ratio offset/depth = 2. The conversion point
coordinates of the P-SV-mode in correspondent VTl and isotropic
cases are also plotted.

The inline and offline components of the displacement
between Xcorrro and X;so are plotted in Figure 5. From
these results, it can be seen that the components displacement
(inline and offline) of the two converted modes are different when
measured with respect to the isotropic CP. If the processing were
carried out by means of algorithms based on isotropic assumpti-
ons, the error inthe location of the CP for certain values of azimuth
would be, for this example, in the order of hundreds of meters (up
to 15% of the distance source-receiver). The impact of this error
in the P-S acquisition design and in the spatial resolution of the
images related to these modes can be considerable, affecting both
converted modes to different extents.

CONCLUSIONS

Given the anisotropic effect on the GP location, in general, for
non-isotropic and non-VTI models, the CP is not placed in the ver-
tical plane defined by the inline arrangement of source-receivers.
On the other hand, the GP determined for VTl models, when com-
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Figure 5 — Offline and inline displacements of the anisotropic conversion paint from isotropic case. The curves correspond to several values of azimuth with
respect to the direction normal to the cracks. The gS2 component is shown in (a) and (b), and gS2 in (c) and (d).

pared to the isotropic case, has a displacement in the vertical
plane. When one considers orthorhombic models, CP's have a
displacement composed by inline and offline components com-
pared to the isotropic and VTI cases. It is important to highlight
that there are combinations of Thomsen’s parameters e, 8, in VTI
cases, for which Xcy 7 is very close to Xcyso.

For more realistic cases, orthorhombic models for instance,
the offline component of displacement in GP location depends
mainly on the anisotropic nature of the subsurface, the off-
set/depth ratio X/Z and the source-receivers geometrical arran-
gement. The values of offline displacement components of CP

can be much greater than the ones shown here, if more complex
models are considered, in which the crack systems are oblique
to the vertical axis. This fact can have important implications on
P-S acquisition design. On the other hand, if simple isotropic
assumptions were followed, the spatial resolution of subsurface
seismic images can be considerably affected.
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