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Abstract

Here, we analyze two aspects related to converted-wave seismology: the conversion point problem and the zero-offset
energy phenomenon. We show the anisotropy effect on the conversion point position and evaluate the error introduced in data
processing due to neglecting anisotropy. We demonstrate that the location of the conversion point depends strongly on elastic
properties of the media. The exact position of the conversion point can move relatively to the isotropic conversion point and can
be located either inside or outside the vertical plane. Also, we discuss and demonstrate the possibility of recording PS zero-
offset energy in horizontally layered media and how to predict some of anisotropy properties from field messurements.
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1. Introduction

Where do P-S conversions occur? This is an
important question in converted wave seismology
(CWS). Assuming that P—S conversion occurs pre-
dominantly in reflectors (Yuan et al., 1998; Zhu et
al., 1999), the determination of the conversion point
offset is very important to carry out seismic process-
ing of converted wave. The final product, obtained
after handling the data, depends on the theoretical
assumptions used in the determination of these
points; mainly because, rather than CMP binning
used in pure-mode processing, common-conversion-
point (CCP) binning techniques are usually applied
instead.
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The strong dependence on physical assumptions
concerning rock velocities in locating offsets for
conversion points (CP) has been discussed in the last
few years (Tessmer and Behle, 1988; Thomsen, 1999
and others). In general, the search of CP is done under
the assumption of isotropic media. In the past few
years, several publications have dealt with offset
determination for converted waves (C—W) in aniso-
tropic media. Although these works are limited to
transversely isotropic media with vertical axis of
symmetry (VTI), they constitute an important advance
in CWS (Yuan and Li, 2001).

The relevance of anisotropic effects related to C—W
becomes very important when physical and processing
parameters are estimated from real data. The recovery
of these parameters is impossible or very imprecise
when extremely simplified assumptions are made.
Recently, Yang and Lawton (2002) using Thomsen’s
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approach quantified the errors in the CP determination
when VTI media are approximated by an isotropic one,
while Artola et al. (2003) analyzed the errors in the CP
determination when azimuthally anisotropic media are
approached with isotropic approximation. The latter
work showed that the exact CP is located outside the
vertical plane (offline component of displacement of
the exact CP). This offline displacement depends
mainly on the anisotropic nature of the subsurface,
the offset/depth ratio X/Z and source-receivers geo-
metrical arrangement. This fact can significantly affect
the spatial resolution of subsurface seismic images.

Another aspect in the C—WS context is whether
the PS zero-offset energy (ZOE) is null or not. The
simple theory for horizontal isotropic reflections pre-
dicts null P-S reflectivity for vertical incidence.
However, non-zero P—S zero-offset energy (ZOE)
can be frequently observed.

Due to popularization of VTI, HTI and orthorhom-
bic (no rotation around any horizontal axis) symmetry
in applied seismology, several reflectivity studies
adopted these symmetries. All of these symmetries
provide a zero PS-ZOE. However, if we consider non-
vertical or non-horizontal anisotropy axes, it is possi-
ble to justify non-zero ZOE.

In the upper crust, fractures are considered the main
cause of the azimuthally anisotropic features of seismic
data. Although it is often believed that fractures in the
earth have predominantly vertical direction, there is
some geological and geophysical data indicating that
certain mechanisms, such a strong oblique stresses,
might cause the presence of dipping fractures in the
subsurface (Grechka and Tsvankin, 2001). When dip-
ping fractures or cracks are affecting any isotropic
background, they generate a special type of reflectivity
response. In this context, non-zero PS reflectivity for
normal incidence can be expected for horizontal and
plane reflectors. In fact, the frequent observation of P-S
ZOE can be predicted by the theory. This fact can be
easily observed by analyzing approximated formula-
tions for reflection coefficients in arbitrary anisotropic
media.

2. PS conversion point in anisotropic media

The PS-mode behavior in anisotropic media is
rather complex. Jilek (2001) has shown some of the

inherent complexities of the propagation of PS waves.
In general, for non-isotropic and non-VTI media, it
can be demonstrated that the conversion point is
located outside the vertical plane, even in homoge-
neous media, since the Snell’s law cannot be satisfied
in that vertical plane (Fig. 1). The distance between
the conversion point and the vertical plane depends
mainly on the anisotropic nature of the subsurface, the
offset/depth ratio X/Z and source-receivers geometri-
cal arrangement.

Often, the determination of the conversion point is
tackled by considering the rock formation as isotropic.
This simplified approach may lead to errors due to
neglecting anisotropy. Even for the simplest aniso-
tropic case, as VTI media (Fig. 2), the discrepancy
between the true position of the conversion point, X,
and the approximated one, X-°°, can be in the order
of hundreds of meters, even for an offset/depth ratio,
(X/Z), less than 2. On the other hand, in some special
VTI cases, the position of the conversion point
practically coincides with that in the isotropic case,
even when ¢ and 6# 0. This means that besides the
dependence on (X/Z) and on vertical Vp/Vs ratio, the
discrepancy, or consonance, between conversion
points of isotropic and anisotropic media depends on
the values assumed by the anisotropic parameters ¢
and 0. Usually, in more general cases of azimuthal
anisotropy, as in the case of orthorhombic symmetry,
the conversion point is no longer located in the
vertical plane defined by source/receivers, i.e., the

Vertical Plane

%

1so,vrl .
)(E Horizontal Plane

@ azimuth

Direction normal
to the cracks

Fig. 1. Conversion point in isotropic and azimuthally anisotropic
media.
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Fig. 2. Conversion point in isotropic and VTI media.

discrepancy of the conversion point has inline and
offline components.

A VTI model was built starting from an isotro-
pic model using Thomsen (1986) method. An
orthorhombic model was built from VTI model
introducing vertical cracks in the medium. The
compliance tensor associated to this orthorhombic
model can be determined with the aid of the /inear
slip crack model, according to Schoenberg and
Helbig (1997) and Schoenberg and Douma (1988)
or with penny-shaped crack model according to
Hudson (1981).

2.1. VTI model

The starting model consists of a single 1-km
thick isotropic homogeneous layer: Vp=3 km/s,
Vs=1.5 km/s and p=2 g/cm’. Making Vp and Vs
as Vpo and Vs, vertical velocities in a VTI model,
one can determine a set of stiffness tensors for
several combinations of ¢ ¢ and y (Thomsen’s
parameters). The ray tracing code ANRAY 4.20
(Psencik, 1998) was used to determine the conver-
sion points. The source and receivers arrangement is
composed by 40 inline receivers equally spaced by
50 m, resulting in a minimum offset of 50 m and in
a maximum offset of 2 km. For this special case of
symmetry, the conversion point is located in the
vertical plane and the particle displacement of the

converted wave P-SV is polarized in the plane of
incidence. As a result, the discrepancy between XY '
and X iso is a distance measured in the vertical
(inline) plane. Hence this discrepancy can be calcu-
lated subtracting the inline coordinate of X*° from
the inline coordinate of XY™ (AX, =Xy ™ — X150,

The discrepancy between Xy and X5 for sev-
eral values of ¢ and ¢ is plotted in Fig. 3a—d. From the
figures, it can be seen that the discrepancy depends on
values associated to the Thomsen parameters as well
as on the ratio offset/depth. The value and direction of
the conversion point displacement depend on the
relation between ¢ and . For a fixed value of ¢, a
variation in the value of & can result in X ' closer to
the source or closer to the receiver, when compared to
XSO Also, certain combinations of values of ¢ and &
result in XY ™ very close to X°©. It can be seen in Fig.
3a and b that for the pairs (e, 9)— (0.1,0.075);
(0.15,0.12), XY™ is very close to X°°. It might be
that the good results obtained in converted-wave
processing, assuming isotropy, may be associated to
this fact.

2.2. Orthorhombic model

In order to evaluate the effect of anisotropy in
conversion point location for more realistic cases, a
new model was built introducing in the VTI model, a
vertical crack system with crack density n=0.1. Due
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Fig. 3. VTI model. (a) and (b): Displacement of the conversion point in comparison to the isotropic case. Model with ¢=0.1, 0.15 fixed and

o variable. (c) and (d): 6=0.2, 0.15 fixed and ¢ variable.

to the presence of the fractures, the medium became
orthorhombic (i.e., it is no longer azimuthally invari-
ant). The polarization vectors of converted qS; and qS,
waves are locally rotated by an angle @ when compared
to the correspondent converted SV and SH waves.
In addition, because Snell’s law cannot be satisfied
in the vertical plane, the conversion point is located
outside vertical plane. In consequence, XORTHO s
displaced from XY™ and X5° by inline and offline
components. The offline component depends on the
perturbation characteristics introduced to azimuthally
invariant models. Fig. 4 shows the azimuthal varia-
tion of the conversion point coordinates associated to
gS; and ¢S, for a fixed offset of 2 km and ratio
offset/depth =2. The conversion point coordinates for
P—-SV-mode in correspondent VTI and isotropic
cases are also plotted. The inline and offline displace-
ment components between X ORTHO and X'5© are
shown in the Fig. 5. It can be seen that for certain
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Fig. 4. Multiazimuthal conversion point for orthorhombic, VTI and
isotropic cases.
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Fig. 5. Offline and inline displacements of the anisotropic conversion point for qS, and qS; components from isotropic case. The curves
correspond to several values of azimuth with respect to the direction normal to the cracks.

values of azimuth, the offline component for gS,
wave can be of the order of hundreds of meters.

3. Reflectivity for zero-offset in anisotropic media

In this section, we demonstrate that P—S converted
wave energy for zero-offset in horizontally layered
media scenarios is not necessarily null and depends on
elastic properties of the subsurface.

Mueller (1991), among others, evidenced with
field data the presence of significant energy for
zero-offset/near-offset associated with the reflection
of the converted wave and later on Thomsen (2002)
pointed out its relevance.

One possible explanation of this observation is the
presence of anisotropy and the fact that the reflectivity
in anisotropic media is much more complex than in

isotropic media. In isotropic media, the propagation
directions and consequently the displacement vectors
of'the reflected and transmitted waves resulting from an
oblique P wave incidence can be determined directly
applying the Snell’s law. Transmitted and reflected
converted modes are generated to satisfy the displace-
ment and stress continuity at the interface. As for the
normal P wave incidence only displacement in the
normal (z) direction is generated, there is no converted
transmitted or reflected wave for such incidence. On
the other hand, in some anisotropic media, the particle
displacement vector of a qP wave propagating in the
vertical (z) direction does not point out toward that
direction. This occurs in media with oblique axis or
planes of symmetry. So, in order to satisfy the boundary
conditions at the interface, it is possible that converted
transmitted and reflected waves are generated for
normal P or qP wave incidence.
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Fig. 6. Matrix of elastic coefficients.

Because of the increasing interest in the converted
wave seismology, Zillmer et al. (1997), Vavrycuk
(1999) and Jilek (2001) have proposed approximated
formulations to evaluate such reflection coefficients
which, in spite of their limitations, can be still applied
to specific problems. From the analysis of these
formulations, it can be shown that such reflectivity
depends on the contrast of the stiffness components
Aszy4 and Ajs of the two media. Using the general

@
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approach of Jilek (2001) for PS-wave reflection coef-
ficients, it may be demonstrated that the P—S reflec-
tion coefficient for vertical incidence can be expressed
as:

Re1 = K[(A4sscosy + Adsasingy)cos®

— (AA4;4cosyy — Ad;ssiny)sind] (1)

Ry = K[(AA35COS!,0 + AA34Sil’llﬁ)Sin€D

+ (Adsscosyy — Adzysingr)cosP] (2)
where K is a constant related to background isotropic
media, @ is the polarization angle, / is the azimuth of
the incident plane and AA,]:A,(jZ) —A,(j”. The super-
scripts (1) and (2) stand for upper and lower medium,
respectively.

From Egs. (1) and (2), it can be noticed that for
AAs,# 0 and/or Adss# 0, R, and R, are non-zero
and for A4z, =0and A435=0, R.; and R, are null. The
consequence is that R; (i=1,2) for zero-offset can be
either zero or non-zero, depending on the contrast of
the elastic parameters associated to the media.
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Fig. 8. Synthetic seismograms indicating null energy for PS mode at zero-offset. (a) ISO/HTI model. (b) ISO/ORTHO model. (c) ISO/VTI

model.

3.1. In which cases is R.; non-zero at zero-offset?

A general elastic parameter matrix is shown in
Fig. 6. For isotropic media, the elements placed
outside the region delimited by the red dashed line
are always zero. They are also zero for VTI,
ORTHO (orthorhombic) and HTI media, provided
such media are referred to a coordinate system
whose axes coincide with the principal axes of
symmetry. It is also observed that the elements
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Az, and Ajs of the elastic matrix are still zero for
rotations around the vertical axis. It results that the
vertically propagating P-wave in these media is
purely longitudinal. As a result, R.; for zero-offset
is always zero.

For ITI (inclined transversally isotropy) and
MONO (monoclinic symmetry, VTI+oblique frac-
tures) media or for some other media of lower
symmetry, As4 and/or Ass are non-zero elements.
So, according to Egs. (1) and (2), for those cases,
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Fig. 9. Synthetic seismograms indicating non-zero energy for PS mode at zero-offset. (a) ISO/ITI model. (b) ORTHO/ITI model.

(¢) HTUMONO model, and (d) ISO/MONO.



162 FA.V. Artola et al. / Journal of Applied Geophysics 56 (2004) 155-163

R_; for zero-offset can be non-zero. Notice that this is
still valid even when one of the two media is isotropic.

4. Numeric results using the exact formulation

The ideas discussed above were confirmed by
numeric results obtained from exact formulation
(Fig. 7). The models consist of an isotopic half-space
into which incidence and reflection take place over
ITI half-spaces with several values of inclination of
symmetry axes.

The ITI half-space was built perturbing the isotro-
pic background with oblique cracks. Each figure
represents the PP and PS reflection coefficient as a
function of incidence angle for cases where cracks
with 80°, 75°, 70°, 65° and 60° of inclination are
affecting an isotropic medium. One can observe that
PS reflection coefficient values are not zero for
normal incidence, and this coefficient value is becom-
ing higher when diminishes the inclination of the
cracks. It was also observed that PS reflection coef-
ficient with the same or even higher values than PP
mode for vertical incidence.

4.1. Synthetic seismograms

Figs. 8a—c and 9a—d shows synthetic seismo-
grams obtained with the use of the ANRAY 4.2
ray-tracing package for seven different models.
Table 1 summarizes the model configurations and
the scenarios for zero and non-zero zero-offset
converted wave reflectivity. From this table it can
be pointed out that it may occur even when one of
the two media, the incident one for instance, is
isotropic.

Table 1

Configuration of the models

Figure Upper Lower Zero-offset
half-space half-space energy

(a) 1SO HTI no

(b) ISO ORTHO no

(© ISO VTI no

(d) 1SO ITI yes

(e) ORTHO ITI yes

) HTI MONO yes

(g) 1SO MONO yes

5. Conclusions

Considering non-VTI anisotropic models, the con-
version point is not placed in the vertical plane
defined by the inline arrange of source—receivers.
Conversion points determined for VTI models have
displacements in the vertical plane. For orthorhombic
models, conversion points have displacements com-
posed by inline and offline components compared to
the isotropic and VTI cases. It is important to note that
there are combinations of Thomsen’s parameters &, 9,
in VTI cases, for which XY is very close to X IS0,
For more realistic cases (e.g., orthorhombic models),
the offline component of the displacement in the
location of conversion points depends mainly on the
anisotropic properties of the subsurface, the offset/
depth ratio X/Z and source—receivers geometrical
configuration. The mislocation of the conversion
points due to neglecting anisotropy can seriously
affect the spatial resolution of subsurface seismic
images when simplified assumptions are made.

Considering anisotropy, it is possible to predict PS
non-zero reflectivity for zero-offset in horizontally
layered media. An approximated formulation was
used to give a better understanding of elastic param-
eters that control the PS conversion phenomenon. The
conclusions drawn are confirmed by calculating syn-
thetic seismograms using the ANRAY packed. We
conclude that the contrasts of the elastic parameters,
As4 and Ajs of the two media, are the dominant
factors that determine the PS zero-offset energy. As
a consequence, if the incident and the transmitted
media are isotropic, VTI, HTI or ORTO, R ;=0 for
zero-offset. For cases where at least one of the two
media is ITI, MONO or lower symmetry, R; is in
general non-zero.

Acknowledgements

The authors would like to thank the Acquisition
Group of the Oil Recovering Advanced Program of
PETROBRAS (PRAVAP 19) for the financial support
and help. Special acknowledgement goes to Ivan
Psencik for his technical help with software ANRAY
and to Vladimir Alvarado for the critical review of the
text. Suggestions and corrections from the reviewers
very much helped to improve the manuscript.



FEA.V. Artola et al. / Journal of Applied Geophysics 56 (2004) 155-163 163

References

Artola, F.A.V., Fontoura, S.A.B., Leiderman, R., Silva, M.B.C.,
2003. P—S conversion point in anisotropic media: errors due
to isotropic considerations. 65th EAGE Conference, Expanded
Abstracts.

Grechka, V., Tsvankin, 1., 2001. Characterization of dipping frac-
tures in transversely isotropic background. CWP Project Review
Report. Colorado School of Mines.

Hudson, J.A., 1981. Wave speeds and attenuation of elastic waves
in material containing cracks. Geophys. J. R. Astron. Soc. 64,
133-150.

Jilek, P., 2001. Modeling and Inversion of Converted-wave Reflec-
tion Coefficients in Anisotropic Media: A Tool for Quantitative
AVO Analysis, PhD thesis, CWP, Colorado School of mines.

Mueller, M.C., 1991. Prediction of lateral variability in fracture
intensity using multicomponent shear-wave seismic as a precur-
sor to horizontal drilling. Geophys. J. Int. 107, 409—415.

Psencik, 1., 1998. Program Package ANRAY, Version 4.20. Geo-
physical Institute of the Acad. Sci. of the Czech Rep.

Schoenberg, M., Douma, J., 1988. Elastic wave propagation in
media with parallel fractures and aligned cracks. Geophys. Pros-
pect. 36, 571—-589.

Schoenberg, M., Helbig, K., 1997. Orthorhombic media: modeling
elastic wave behavior in Vertical fractured earth. Geophysics 62,
1954—-1974.

Tessmer, G., Behle, A., 1988. Common reflection point data-stack-
ing for converted-waves. Geophys. Prospect. 36, 671—688.
Thomsen, L., 1986. Weak elastic anisotropy. Geophysics 51,

1954-1966.

Thomsen, L., 1999. Converted-wave reflection seismology over
inhomogeneous anisotropic media. Geophysics 64, 678 —690.

Thomsen, L., 2002. Understanding seismic anisotropy in explora-
tion and exploitation. Distinguished instructor series, No. 5.
SEG, EAGE.

Vavrycuk, V., 1999. Weak-contrast reflection/transmission coeffi-
cients in weakly anisotropic elastic media: P-wave incidence.
Geophys. J. Int. 138, 553-562.

Yang, J., Lawton, D., 2002. Mapping the P—S conversion point in
vertical transversely isotropic (VTI) media. 72nd Annual Inter-
nat. Mtg, Soc. Expl. Expanded Abstracts, 1006—1009.

Yuan, J., Li, X.-Y., 2001. PS-wave conversion point equations for
layered anisotropic media. 71st Annual Internat. Mtg., Soc.
Expl. Geophys., Expanded Abstracts, 157—160.

Yuan, J., Li, X.-Y., Ziolkowski, A., Strijbos, F., 1998. Processing
4C sea-floor seismic data: a case example from North Sea. 68th
Annual Internat. MtgSoc. Explor. Geophys., Expand. Abstr.,
vol. I, pp. 714-717.

Zhu, X., Altan, S., Li, J., 1999. Recent advances in multicomponent
processing. Lead. Edge 18, 1283—1288.

Zillmer, M., Gajewski, D., Kashtan, B., 1997. Reflection coefficients
for weak anisotropic media. Geophys. J. Int. 129, 389-398.



	P-S converted wave: conversion point and zero-offset energy in anisotropic media
	Introduction
	PS conversion point in anisotropic media
	VTI model
	Orthorhombic model

	Reflectivity for zero-offset in anisotropic media
	In which cases is Rci non-zero at zero-offset?

	Numeric results using the exact formulation
	Synthetic seismograms

	Conclusions
	Acknowledgements
	References


