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Abstract

The band-limited property and the low-frequency contenthefseismic data are rarely taken into ac-
count in wave reflection modeling. In this work we point out tonsequences of ignoring such signal
characteristics in both forward and inverse modeling ofre@ wave reflection. The variation in the
reflected P-wave amplitude as a function of the incidencdearadso known as AVA curve, obtained
with the classical plane-wave (PW) theory, is compared thighexact solution provided by the 3D code
OASES, and with our approximation which accounts for thdiapeegion which physically contribute
to the wave reflection process, i.e. the Interface Fresmad.zOur approximation provides much better
data predictions than the PW theory, widely used in AVA stadin seismic exploration. Moreover,
assuming that the AVA curves corresponding to real data reaydil described by the PW theory leads
to inaccurate estimations of the media properties. Ouraapiation may be therefore an attractive
alternative to classical methods to extract informatidatiee to bottom parameters from AVA signals.

Introduction

In seismic reflection surveys the waves generated by a poimte propagate in the stratified
Earth, and are recorded at the surface by the receivers,bafieg reflected by the reflectors
(or more generally speaking, interfaces). Classicallydoghysical exploration, the so-called
technique AVO (Amplitude Variation with Offset), respeaiy AVA (Amplitude Variation with
Angle), uses the variability of the reflected P-wave amggtwith source-receiver distance, re-
spectively with incidence angle, to constrain the refletwoation and the media properties.
Since the media heterogeneity can be highly complex in tisensefrequency range (typically,
between 10 and 60 Hz), retrieving these characteristiasusmby a difficult task. Solving such
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an inverse problem implies that one could find a set of mediarpaters which may fit the
propagation measurements, and therefore that a thedratciel of wave propagation was first
developed. A survey of the literature brings to light thatsincalculations are generally per-
formed within the framework of monochromatic plane-wavé/[Rheory [2]. The amplitude
of the reflected P-waves is thus evaluated knowing the ctaistics of the source and the PW
reflection coefficient at the interface, and consideringg@metrical-spreading compensation.
The angular dependence of reflection coefficients for plaae®/impinging on a plane inter-
face between two semi-infinite, homogeneous, isotropid edastic media is exactly described
by the Zoeppritz equations [1]. Nevertheless, as the coxiplef these equations defies physi-
cal insight and prevents from processing simple inverscohniques for estimating parameters
of real media, useful linearized versions of the exact plaaee reflection coefficients [16, 1]
have been therefore commonly applied in AVO/AVA analysgsThese approximations, valid
only for typical range of small incidence angles and for weaggedance contrast between me-
dia, have greatly facilitated physical understanding aardmeter estimation, but are nowadays
becoming obsolete with the computer power. The underlyssyiaptions of the PW theory,
illustrated by the Zoeppritz equations, are the infinitgfrency and the infinite bandwidth of
the signals. However, the measured seismic data are haitddisignals and have a low fre-
guency content. A question then arises: what is the effethege signal characteristics on
wave reflection modeling and on estimation of media propg®tin the paper we focus on this
guestion.

Besides the PW theory, the basis of many seismic studiesisaththeory. Under this
approximation it is assumed that the high-frequency paslastic energy propagates along
infinitely narrow lines through space, called rays, whidh jive source and the receiver. Ray
theory is then strictly valid only in the limit of a hypothedl infinite-frequency wave. As
measured seismic data have a low frequency content, it eépéed that seismic wave propaga-
tion is extended to a finite volume of space around the ray, galted the ¥ Fresnel volume
[9], which contributes to the received wavefield for eachyfrency. The % Fresnel volume,
hereafter denoted FV, and its intersection with a refleatalled the Interface Fresnel zone
(IFZ), have received broad attention in recent past yeah®es@& concepts are continually be-
ing developed and have found so many applications in se@ygand in seismic exploration
that it is impossible here to review all the books and arsieidich pay attention to them in
seismic wave propagation [14, 18]. Nevertheless, we shetition the works oferveny and
his co-authors who have suggested two methods for inclugihgarameter calculations into
the ray tracing procedure in complex 2D and 3D structures firkt one, called the Fresnel
volume ray tracing, combines the paraxial ray approxinmatigth the dynamic ray tracing,
and is only applicable to zero-order waves (direct, reftbeted transmitted waves...), whereas
the second method, more accurate than the previous onesad ba network ray tracing [17].
They have also derived analytical expressions for FVs a&fnsiei body waves and for IFZ for
simple structures, which offers a deeper insight into tluperties of FV and IFZ [10, 11]. Of
particular interest are the size of the IFZ and the size ofittheme of the reflector involved in
reflection time measurements [6] because each one can bedriddhe horizontal and vertical
resolutions of seismic methods [15, 12]. UnfortunatelyCasveny and co-authors’ objectives
were concerned essentially with kinematic ray tracing gtkressions they derived are incom-
plete. Until now, only the IFZ and the penetration depth & BV below the reflector were
considered in studies. Nevertheless, if the seismic ant@g at receivers have to be evaluated,
we must determine the interface reflectivity by accountiogtfie whole spatial region in the
vicinity of the interface which affects it. In other wordsewnust account for the IFZ and for
certain volumes below the interface in the transmissionium@nd above the interface in the



incidence medium which define the reflector from the seisnawpoint [4]. If there is no het-
erogeneity in the vicinity of the interface, only the IFZ mbe considered for the computation
of the interface reflectivity. On the other hand, if only telime measurements are considered,
for instance, for locating the reflectors in the media, theneo need for defining the region
above the interface, because this region is already indludéhe representation of the FV. In
this case, only the region beyond the interface has to baedmnesl. To the best of the authors’
knowledge, the imprint of the IFZ on AVO/AVA techniques hast been investigated yet, de-
spite the band-limited nature of seismic data. This is gedgithe goal of our work. To focus
specifically on the imprint of the IFZ, we consider a very sienplastic model, e.g. a smooth
homogeneous interface between homogeneous, isotroplielastic media.

The paper is divided in two sections. Section 1 briefly rectde concept of FV and IFZ.
Section 2 investigates the role of the IFZ in both forward anerse modeling of wave re-
flection. The variation in the reflected P-wave amplitude &sation of the incidence angle,
evaluated with our approximation which combines the IFZosgt with the Angular Spectrum
Approach (ASA) [5], is compared with the classical PW reflattcoefficient, and with the
exact solution obtained with the 3D code OASESHp://acoustics.mit.edu/faculty/
henrik/oases.html). The influence of the classical PW theory framework whicksioot
account for the IFZ, widely used for AVO/AVA studies, on thstimation of elastic media
properties is also investigated by simple inversion prsiogs Finally, we discuss the implica-
tions of our approximation in the estimation of media proipst

1 General background: the concept of Fresnel volume and
Interface Fresnel zone

We consider two homogeneous isotropic elastic media inedettntact at a plane interface lo-
cated at a distanag from thexy-plane including the point source SXs,0,0) and the receiver
R (xs,0,0). We assume that the interface is isolated from ther athes. WWe mean that the dis-
tance between this interface and another one is much gfteale%, whereV is the medium
velocity andB is the frequency bandwidth of the source. Consequently,aserae there is no
interference between close interfaces. The source gesdarathe upper medium a spherical
wave with a constant amplitude. The spherical wave can bendeased into an infinite sum of
PW synchronous each other at the time origin. We considdrahmonic PW with frequency
which propagates in the upper medium with the velogyfrom S to R, after being reflected
by the interface at the point M(0ZY) in a specular directiof with respect to the normal to
the interface (Fig. 1). Let the traveltime of the speculflected wave bésyr

The set of all possible raySMR with constant traveltimésyr defines the isochrone for
the source-receiver pair (S,R) relative to the speculagetfin SMR. This isochrone describes
an ellipsoid of revolution tangent to the interface at M, whaootational axis passes through
S and R. By definition, the FV corresponding to S and R and &s®akcwith the reflection at
M is formed by virtual diffraction points F such that the wagassing through these points
interfere constructively with the specular reflected wavkis condition is fulfilled when the
path-length difference is less than one-half of the wawgilen; = \% corresponding to the
dominant frequency of the narrow-band source signal [9]:

|I(F,S)+I(F,R)—I(M,S)—I(M,R)|g% ) 1)

the quantityl (X,Y) denoting the distance between the point X and the point Y.sAsdll-
known, the main contribution to the wavefield comes from tHéFY as the rapid oscillatory



responses of the higher-order FVs and Fresnel zones camcahd give minor contributions
to the wavefield. In our work we restrict ourselves to tfeRV which is simply referred to
as FV. The FV is represented by the volume situated aboventedace in the upper medium
and bounded by two ellipsoids of revolution, with foci at Sld® tangent to fictitious parallel
planes to the interface and located at a dista()adaaelow and above the interface (Fig. 1). The
two ellipsoids of revolution are defined by:

- ) : 2
(Rp+%)" (Rp+%) -Fiare (Q+%) -Z tare

Note that, as seismic wavefields are transient and largéd;b&is generally necessary to de-
compose the source signal into narrow-band signals fortwimicnochromatic FV can be con-
structed for the prevailing frequency of the signal speut[8].
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Fig. 1. Representations, in thezplane, of the Fresnel volume involved in the wave reflecibtthe

point M at a plane interface, under the incidence ate 35°. The source S and the receiver
R are situated at a distance 3000 m from the interface. Tlssickl representation of the
Fresnel volume is the ellipsoid of revolution with foci Ided at R and at the image source S”.
Another representation of the Fresnel volume associatdttie reflection SMR is given by the
volume located in the incidence medium between the ellgssof revolution with foci at S and
R (see the text for more details). The velocities in the ugmer lower media are respectively
Vp1 = 4000 m/s an¥p, = 5200 m/s, and the frequendy= 32 Hz. The seismic wavelengths in
the upper and lower media are respectivily= 125 m and\, = 1625 m. The critical angle is
equal tofc = 50.28.

The IFZ is defined as the cross section of the FV by an interfidgeh may not be per-
pendicular to the ray SM. If the source S and the receiver Rsitmated at the same distance
from the interface, the IFZ is represented by an ellipsearedtat the reflection point M, whose
equation is obtained from the formulation of the ellipsoideyolution, eq.2, keeping the sign



+ and replacing by zy. The in-plane semi-axis' and the transverse semi-axis of the IFZ
are then expressed as [10]:

N

1

rH:rJ- 1_Z|%/|anez 7rJ-:|iﬁ (i_’.ﬂ)]z (3)
m M 2 \cosB 8
<m+7)

The characteristics of the IFZ depend on the positions ofsthece-receiver pair, and also
on the incidence angle of the ray SM. Moreover, larger pogiof the interface are involved
for low-frequency than for high-frequency components @ thavefield, and also for great
incidence angleB rather than for small angles (Fig. 2). Itis also well-knoWatta perturbation
of the medium actually affects the reflected wave when thitugeation is located inside the
IFZ.

As an aside, we should point out here that in many papers éthseclassical representa-
tion of the FV which is an ellipsoid of revolution with foci¢ated at R and at the mirror image
S” of the source S (Fig. 1). This representation, mainly Basetransmission considerations,
is suitable for accounting for the heterogeneities of thelimma body located in the vicinity
of the ray, while the FV representation we use is more apatgpto account for the hetero-
geneities of the interface, as it is connected strictly towlave reflection process. Moreover,
unlike the classical one, this representation allows thimitien of the volumes above and be-
yond the interface which characterize the reflector [4]. \ibiat the two representations are
complementary and must be combined if the wave propagatiomedia with heterogeneities
in the body and at the interfaces is investigated.
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Fig. 2: Variation in the in-plane semi-axisl (—) and in the transverse semi-axi$ (- - -) of the
Interface Fresnel zone as a function of the incidence afigl€he velocities in the upper and
lower media are respectivelyp; = 4000 m/s and/p, = 5200 m/s, and the frequendy= 32
Hz. The seismic wavelengths in the upper and lower mediaemgectivelyA; = 125 m and
A> = 1625 m. The critical angle is equal & = 50.28°.



2 The role of the Interface Fresnel zone in wave propagation

The aim of this section is to investigate the role of the IFZhea wave reflection process, and
more specifically, to point out the consequences of igndahedFZ in both forward and inverse
modeling of wave propagation.

2.1 Media, model and exact solution

Consider the same configuration as previously. One typeteffate between elastic me-
dia has been chosen to illustrate the theoretical resulke upper medium has the density
p = 2000kg/m?, the P-wave velocityp = 4000m/s, and the S-wave velocitys = 2000m/s,
whereas the amount in the medium properties through thefante are/Ap = 400kg/m?,
AVp = 1200m/s and AVs = 500m/s. The interface is situated at a distargg= 3000m
from the source-receiver plane. The source spectrum iseohtosbe the Fourier transform of
a Ricker wavelet with the dominant frequentyand the frequency bandwidi The values
chosen forf andB are given hereafter.

The amplitude of the P-wave reflected from the part of intarfavhich physically con-
tributes to the wave propagation process, and measured egchiver R, has to be calculated.
As the problem under consideration can be viewed as a probieliffraction by the IFZ, we
chose to apply the Angular Spectrum Approach (ASA) [5] cambiwith the IFZ concept to
get the 3D analytical solution to this problem. Provided ith@dent spherical wavefield is
decomposed by Fourier analysis into a linear combinatioglehentary plane wavesurfaces,
traveling in different directions away from the source, éfffect of propagation over distance is
simply a change of the relative phases of the various planesuasiface components. Using the
ASA then permits straightforward derivations of the meadwamplitude of the reflected wave
at the point R. We refer the reader to our previous publicdi®) for a detailed description of
the procedure. In addition, we used the 3D code OASES to ctargmeurately synthetic seis-
mograms in media. OASES is a general purpose computer codsofteling seismo-acoustic
propagation in horizontally stratified media using wavebenintegration in combination with
the Direct Global Matrix solution technique [7]. This soétwe has the great advantage of pro-
viding reference solutions for various types of sourcepl@sive source, vertical point force,
etc...). In addition, upward and downward propagation shpgessional and of shear waves
can be easily separated. This 3D code, widely used in therwatkr acoustics community,
has been thoroughly validated.

2.2 Contribution of the IFZ to the seismic amplitude

Our objective being to evaluate the importance of accogrfom the IFZ for calculating the
amplitude of the P-wave reflected from the interface, it grnuctive to compare the variation
in the amplitude obtained with our method, as a function efititidence angle, with the ampli-
tude predicted by the code OASES which provides the exaatisnl and with the amplitude
predicted by the classical PW theory (here, the Zoeppritaggns [1]). Fig. 3 depicts these
amplitude-versus-angle (AVA) curves for the interface elpdnd for the source signal with the
dominant frequency = 32Hz and the frequency bandwidB\= 8Hz. A geometrical spread-
ing compensation factor equal g@g@ was applied to the predictions of our 3D approximation,
and to the synthetic data provided by the 3D code OASES, iardocbe compared in a suitable
way with the PW predictions.

Inspection of Fig. 3 shows that for small subcritical angl&¢A curves associated with



the exact solution and with the PW theory are quite identitaé discrepancies between them
do not exceed 1% up t8 = 40°. As the PW reflection coefficient varies smoothly with the
incidence angle, the geometrical spreading compensatisufiicient to reduce the amplitude
of the reflected wave generated by the point source to thered®W amplitude. The effect of
the IFZ on the wave amplitude is negligible for small inciderangles in the subcritical region.
Betweenf = 40° and the critical angléc = 50.28°, the PW reflection coefficient rapidly
increases with the incidence angle, and the geometricahdprg compensation is not sufficient
anymore. The discrepancies between the exact curve anithieffection coefficient increase
with the incidence angle and exceed 70% fler Therefore, the additional application of the
IFZ concept becomes necessary to get the reflected P-wavdwdap We should point out
that as expected, the discrepancies between the exadbsauatl the PW reflection coefficient
strongly increase with decreasing dominant frequency@gtiurce signal [3].

Below and close to the critical angle, the predictions ofapproximation better fit the ex-
act solution than the PW reflection coefficient, more paldidy betweend = 47° and6c. The
discrepancies between the ASA curves and the exact curveetdaxceed 5% up t6 = 52°
and are smaller than 1% fé&. Nevertheless, with increasing incidence angle, the agppro
mate solution shows increasing discrepancies, in congranisth the exact solution, reaching
the maximum value of 22% fo = 56°. The explanation comes from the fact that we calcu-
lated only the reflected wave amplitude, whereas the codeE3ABovides the amplitude of
the interference between the reflected and the head wawefidieé contribution of each wave-
field to the global amplitude recorded at the receiver cabeadiscriminated in the synthetic
seismograms because both waves have the same traveltimsgecific range of incidence an-
gles. For great postcritical angles, for which the signkdtiee to the head wave and the signal
relative to the reflected wave can be separated in time, qumogpnation tends to the exact
solutions. Our present work is focused on this topic andliesuill be reported later. Note
that general conclusions drawn above are in fact commorher aiterface models with lower
or stronger impedance contrasts. We should also point atit tontrary to the PW solution,
the predictions of our approximation fit reasonably wellélxact solution in the vicinity of the
critical angle, whatever the dominant frequency of the sesignal [3].

2.3 Estimation bias

Our objective is to evaluate quantitatively the error madéhe estimation of the media prop-
erties when the IFZ is not taken into account in the inverpimtedure. Consider that the AVA
curves corresponding to real data measured by the recaingerepresented in fact by the exact
curves provided by the code OASES. The measured reflectmfiicitly accounts for the low-
frequency content and the limited bandwidth of data, and thuthe IFZ. Nevertheless, one
usually assumes that the real curves can be well describédtelhtyjonochromatic PW theory,
and inversion algorithms are therefore based upon the Ziegguations. Which effect on
parameter estimation has this assumption?

To answer to this question we developed a quite simple irefrocedure applied to the
AVA curves. The propertiep, Vp, andVs, of the upper medium being considered as a priori
informations, the estimation problem was reduced to therdehation of the parametefsp,
AVp, andAVs, i.e. the amount in properties through the interface, wmthimize the cost
function expressing the distance between the measuredudathe simulated data represented
by the “Zoeppritz” curve. The initial estimates of the pasersAp, AVp, andAVs, were cho-
sen arbitrarily equal to 104/ m?3, 100m/s, and 100n/s, respectively. A number of algorithms
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Fig. 3: Variation of the amplitude of the P-wave reflected from a plarterface, as a function of the
incidence angle. Comparison between the plane-wave lieflecbefficient and the spreading-
free amplitudes associated with the exact solution andthé@tapproximate solution. The exact
solution is provided by the 3D code OASES, whereas the appeig solution is obtained by
applying the Angular Spectrum Approach together with therfiace Fresnel Zone concept.
(See text for the description of the medium configuration)

exist for solving least-square minimization problem. Agsal parameters had to be recovered
simultaneously, we chose the Simplex method [13]. The sigaralgorithm was first tested
against the PW AVA curve which represented here the measiatad Whatever the initial es-
timates, the parametefsp, AVp, andAVs, were identified with a high accuracy, the estimation
errors calculated with respect to the real values given oti@e 1.1. being less than 1¢%.
We could then trust in the inversion procedure. The invaraigorithm was then tested against
the AVA curves provided by the code OASES. This led to thengations of the amount in
the medium properties through the interface reported ineTaptogether with the estimation
errors calculated with respect to the real values given rti@e 1.1., for various dominant
frequencies and various bandwidths of the source signdlf@arvarious ranges of subcritical
incidence angles. Firstly, we can note that, whatever tbguencyf and the bandwidt!B,
the media properties are identified with a reasonably goodracy for typical range of inci-
dence angles in classical AVA studies, e.g. for an@lesrying within the rangé0, 40]. The
estimation errors are less than 4% except for the paramigtefior which the estimation error
exceeds 5% for the lowest frequency. These results whick exgoected come from the fact
that for small incidence angles, the AVA curve provided by B\ theory fits well the exact
one (Figure 3). On the contrary, in the context of wide-amya studies, e.g. for incidence
angles@ which varies within the rang@, 50| and which may be close to the critical angle,
the AVA curve provided by the PW theory does not fit the exa&.oAs a consequence, the
parameterd\p, AVp, andAVs, cannot be recovered with accuracy, the estimation eryang |
between 5% and 17.5% for the highest frequehey 32Hz and between 11% and 28% for
the lowest frequency = 12Hz The estimation errors increase with decreasing frequescy
the PW theory which has the underlying assumption of infifrieguency wave propagation
cannot fit the exact solution. Note also the very bad estonadf the amount in the S-wave
velocity through the interface.

These results show that accounting for the frequency coatehthe limited bandwidth of



the source signal is essential to constrain the estimafionealia properties in the inversion
process for wide-angle AVA studies. Considering the presicesults provided by both for-
ward and inverse modeling of wave reflection, and despitésaitieof its high accuracy in the
critical angle region, our approximation which accountstfe IFZ seems to be an attractive
alternative to the above-mentioned classical methodstta@xnformation relative to bottom
parameters from AVO/AVA signals. Our approximation wouldedy provide better property
estimations than the classical methods generally usedp&har emphasizes this feature rather
than addressing the question of how to achieve it techigic&lliture work will focus on this
particular aspect.

Properties of Amount in 0 € [0, 40 0 € [0, 50
the source signal medium properties estimated\ error estimated\ error

f =32Hz Ap 405.577 | 1.39%| 419.952 | 4.99 %
B=8Hz AVp 1196.403| 0.30 %| 1133.818| 5.52 %

AVs 497.263 | 0.55% | 412.804 | 17.44 %
f =12Hz Ap 421.348 | 5.34 % | 454.301 | 13.58 %
B=6Hz AVp 1168.447| 2.63 %| 1064.347| 11.30 %

AVs 481.031 | 3.79%| 361.648 | 27.67 %

Tab. 1: Estimation of media properties and estimation error foriterface model from exact AVA
curves for various dominant frequendyand various bandwidtB of the source signal. The
critical angle for the interface model # = 50.28.

Conclusion

The work reported here is the result of fruitful collabooatiwith our late friend Dr Eric de
Bazelaire during many years. We consider ourselves extydoréunate to have had the oppor-
tunity to work at close quarters with a scientist of his caibWe would also like to sincerely
acknowledge the chairman of the session {}"Inverse prolsi@mAcoustics”, Dr Emmanuel
Skarsoulis, as well as the audience, to have contributedrtour the memory of Eric who died
four days before the beginning of the ICTCAQ7, by observimgiaute’s silence after the talk.
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