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Summary
The reflection coefficients at a planar interface sepa-
rating two anisotropic media have a highly nonlinear
dependence on the elastic parameters and densities of
both media. Linear approximations on the elastic
parameters for the qP wave reflectivity are more con-
venient for AVO/AVD analysis. We present a simple
derivation of linearized approximations for convertd
waves reflectivity for weak impedance contrast and
general weak anisotropy. The derivation is simplified
by writing the solution of Zoeppritz equations explic-
itly in terms of impedance and polarization matrices.
The linear approximations for converted waves re-
flection coefficients are very close to the exact results
for incidence angles up to 30 degrees considering
moderate impedance contrast and mild anisotropy.
Only the linear approximations of converted waves
reflection coefficients are sensitive to fractures strike
and dip.

Introduction
AVO/AVD analysis extended to anisotropic models
could provide, besides some lithological parameters
and the prognostic of fluid content, a way to infer
principal directions of reservoir permeability associ-
ated to microfractures at a scale below the resolution
limit of seismic waves.
Several approximations for the reflection coefficients
of a reflected qP wave from an incident qP wave,
RqPqP, have been proposed. Assuming weak imped-
ance contrast, weak anisotropy and higher symmetry
the main contributions are Thomsen (1986, 1993) and
Banik (1987). For arbitrary impedance contrast and
weak anisotropy Zillmer et al. (1997) presented a
nonlinear approximation on the elastic parameters.
Vavryčuk & Pšenčik (1998) presented an explicit
linear approximation for RqPqP for media with weak
impedance contrast and weak anisotropy. Approxi-
mations for converted waves reflection coefficients
for qP incidence are derived by Vavryčuk (1999)
assuming weak impedance contrast and weak anisot-
ropy, though no explicit formula on the elastic pa-
rameters which are convenient for AVO/AVD analy-
sis were presented. Gomes(1999) and Gomes et
al.(2001) and more recently Jílek(2001) arrived at
similar expressions to the ones presented here.
We present explicit linearized approximations for
reflection coefficients of converted waves for qP
incidence at an interface across two weak anisotropic
media with weak impedance contrast. In contrast to
RqPqP, the approximations of converted waves depend
on fractures strike and dip and are accurate for inci-
dence angles under 30 degrees.

Zoeppritz Equations
Consider two arbitrary anisotropic media separated by
a plane interface, 03 =x . The incident and reflected
waves propagate at the upper medium and the trans-
mitted waves propagate through the lower medium.
Assuming that the plane wave approximation is lo-
cally valid, the incident and scattered waves at the
interface can be written as

( )tiAt −ω= αααα xsnxu .exp),( (1)
where αu is the displacement vector; αn  is the polari-
zation unit vector; αA is the wave amplitude; αs is the
slowness vector; x  is the observation position vector,
t is the time and ω  is the angular frequency. The
subscript α labels the wave types qP, qS1 and qS2.
Considering the traction and displacement continuous
across the interface we arrive at the Zoeppritz equa-
tions
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where αα = ii nN ; ααα = jkkjii nscZ 3  and lkjic  are
the components of the medium elastic tensor. The
matrices IN , RN , TN , IZ , RZ  e TZ are the polari-
zation and impedance matrices for the incident, re-
flected and transmitted waves respectively and, their
correspondent amplitudes are represented by the
vectors α= ii , α= rr  and α= tt . The solution of the
linear system (2) for the reflected and transmitted
amplitudes in terms of impedance and polarization
matrices is
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The matrices R and T contain all the reflected and
transmission coefficients for each wave type. Specifi-
cally, the reflection coefficients for qP incidence

qPqPR , qPqS1
R and qPqS2

R  form the first column of R:
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 Linearization
The solution of Zoeppritz equations in terms of pola-
rization and impedance matrices are very useful for
deriving linearized expressions for the reflection
coefficients. We consider an arbitrary homogeneous
isotropic medium as a reference background and
define all the perturbations on this isotropic back-
ground. The first order perturbation of reflection and
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transmission matrices is derived from (3) and obeys
the system of equations:
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where the matrices kZ~  and kN~ , with k = I, R, T, are
the impedance and polarization matrices associated to
the incident, reflected and transmitted waves at the
isotropic background; ( ) 2/IT NNN δδ −=∆  and

( ) 2/IT ZZZ δδ −=∆  are the average contrast for the
polarization and impedance matrices across the upper
and lower medium; δZI, δZT and δNI, δNT are the
perturbations for the impedance and polarization
matrices at the upper and lower medium, respectively,
relative to the isotropic background. In order to apply
equation (5), the polarizations of the shear waves in
the reference medium must be specified, we choose
the SV and SH directions as our reference for shear
wave polarizations at the background medium. With
these choices linear approximations for qP reflectivity
are presented below. In these expressions we use the
reduced notation for elastic tensors. The elastic ten-
sors on the top and bottom medium are written as

ij
iso
ijij CCC δ+= , where iso

ijC  is an isotropic part of
each elastic tensor specified independently for each
medium and ( ) 2/CCC T

ij
I
ijij δ−δ=∆ ; ρ is the density

and G is the shear modulus, αβ=κ  is the ratio be-
tween S-wave and P-wave velocities in the reference
isotropic background. The linearized approximation
for SVPR is
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the approximation for RSHP is
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where ϕ is azimuth angle, θ  is incidence angle;

θκ−=θ 22sin1)(K  is the cosine of the reflection
angle of the S wave, θθ+θκ=θω cos)(Ksin)( 2  and

θκ+θ=θη cos)()( K . The isotropic part of the con-
verted SV wave reflection coefficient is
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where ∆ρ and ∆G are the half difference between
densities and shear moduli of the isotropic part of
each medium. The linearized approximation for RPP is
similar to the one presented by Vavryčuk & Pšenčik
(1998) and is not presented here.

Numerical Examples
To illustrate the precision of the linear approxima-
tions we present an example of the reflection coeffi-
cients of an isotropic medium over a transversally
isotropic medium with symmetry axis at the direction
60 degrees of azimuth and dipping 30 degrees relative
to the interface. The isotropic top medium has density
2.20g/cm3, P wave velocity 4.23km/s and shear wave
velocity 2.73km/s. The unrotated ortorrombic me-
dium has density 2.6g/cm3 and its elastic tensor in
reduced notation is
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in GPa. Although the contrast of impedance at normal
incidence is weak the anisotropy is not so. For the
computation of (6) and (7) the isotropic part of the
bottom medium has the same density and ρα2 = C33

and ρβ2 = C55. The isotropic background has the av-
erage density and average P-wave and S-wave veloc-
ity of top and bottom isotropic parts. Figure 1 to 6
show the exact value, the linearized approximation
and the absolute error for SVPR and SHPR  also for
incidence angles up to 40 degrees. The exact values
where computed solving the system of equations (3).
These stereograms clearly show that reflection coeffi-
cients of converted waves are sensitive to the sym-
metry axis orientation. As a consequence, only con-
verted waves reflection coefficients are sensitive to
the strike and dip of a system of parallel fractures.
Other tests not presented here show that the approxi-
mations degrades more quickly for increasing imped-
ance contrast across the interface than for increasing
anisotropy of the bottom medium. Also if the top
medium is anisotropic and do not present azimuthal
symmetry SVPR and SHPR  may not be so close to

qPqS1
R and qPqS2

R . We need to known the polariza-
tions of qS1 and qS2 waves to have a better approxi-
mation.

Conclusions
Linear approximations of the reflection coefficients
for qP incidence were derived from the solutions of
Zoeppritz equations written in a partitioned form
using polarization and impedance matrices. The linear
approximations for the reflection coefficients of con-
verted waves are accurate for incidence angles
smaller than 30 degrees for weak anisotropy and
weak impedance contrast across the interface. In
contrast to RPP coefficient, which is sensitive only to
the fractures strike, convert waves reflection coeffi-
cients are sensitive to fractures dip also.
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Figure 1: Stereogram for the exact RqS1qP

Figure 2: Stereogram for the linearized
RSVP .

Figure 3: Stereogram for the absolute
error of  RSVP linear approximation.

Figure 4: Stereogram for the exact RqS2qP
.

Figure 5: Stereogram for the linear
approximation of RSHP .

Figure 6: Stereogram for the absolute
error of the RSHP linear approximation.
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Abstract 

Gas hydrates are frozen methane gas that can be found 
along most continental margins worldwide. Estimates 
of elastic properties of hydrate-bearing sediments are 
essential to evaluating the gas-content. Robust 
est1imates of these parameters can be obtained by pre-
stack inversion. However, the conventional streamer 
data cannot constrain the shear wave velocity well; a 
property that is essential to identification and 
quantification of gas. Here we report on the first 
observation of converted waves from hydrate-bearing 
sediments recorded on multi-component ocean bottom 
seismometers deployed during a field survey across 
the Oregon continental margin. We employ plane 
wave processing including interactive P and S wave 
velocity analysis of the data to obtain robust estimates 
of these parameters. The results are extremely useful 
in characterization of gas hydrates in continental 
margins. 

Introduction 

Academic institutions have been using ocean bottom 
seismometers (OBS) for deep-water seismic refraction 
surveys for over two decades now. Although OBSs 
record all four components (pressure, vertical and two 
horizontal components), only the hydrophone and 
vertical geophone data have been routinely used. 
Unlike OBS surveys, where only a sparse set of 
receivers is used in a typical study, 4C geophones are 
deployed at the seafloor at dense spatial sampling 
(typically 25m) along a cable to record converted 
waves, also called C waves (Thomsen 1999). PS 
surveys using OBCs yield images of the sub sea 
structure at similar resolution and quality as traditional 
marine P-wave reflection surveys. For hydrocarbon 
exploration, C waves are proving to be particularly 
powerful in the illumination of gas and sub-gas 
structures (S waves travel almost undisturbed through 
gas zones; e.g., Granli et al., 1999) and for a lithologic 
identification of gas reservoirs based on amplitudes 
(PP bright spots with only moderate PS arrivals, e.g., 
Zaengle and Frasier, 1993). Processing and 
interpretation techniques of OBS data are still in their 
early stages of development even in the hydrocarbon 
industry and the range of questions that can be 
addressed with OBC surveys will most likely grow in 
the near future. 
 The objective of this paper is two-fold. First we 
briefly review methods for processing of multi-
component OBS and OBC data in the plane wave 
domain and then present results from analysis of ocean 

bottom seismometer data collected at the Oregon 
continental margin. The Oregon continental margin 
experiment was carried out to study the gas-hydrate 
distribution and to estimate free gas content of the 
shallow sediments in the area. Answers to many of the 
questions related to the formation and distribution of 
gas hydrates depend on the robust measurement of S-
wave velocity (Vs). New rock-physics studies of gas 
hydrate-bearing sediments emphasize the importance 
of Vs for gas hydrate quantification. We are able to 
obtain robust estimates of Vs from the OBS data from 
the Oregon continental margin and can thus make 
estimates of gas-content in the hydrated sediments and 
within the free gas zone. 
 Determination of Vp from normal moveout of 
hydrophone common mid-point (CMP) gathers is 
fairly a standard practice now. The estimation of Vs is 
not trivial.  The common procedure is outlined below: 
�� Get an estimate of Vp-Vs ratio � from normal 

incidence PP and PS times. Note that normal 
incidence PS amplitude is zero, and therefore, PS 
normal incidence times are extrapolated from 
oblique incident arrivals. 

�� Use � to compute conversion points and sort PS 
gathers into common conversion point (CCP) 
gathers. 

�� Apply an rms stacking velocity analysis (with 
non-hyperbolic terms) of CCP gathers. 

Like the CMPs, CCPs also resemble synthetic aperture 
and thus the effect of lateral heterogeneity is 
minimized.  Note, however, that the CCP depends on 
the choice of � and the NMO correction using rms 
velocities introduces another level of approximation. 
Therefore, in addition to using the conventional 
approach described here, we employ �-p interactive PS 
velocity analysis of common receiver gathers along 
strike line (nearly 1D structure) to obtain Vs interval 
velocity. The �-p trajectory of the converted waves is 
given by: 
 � �sP qqzp ���� )( ,   (1) 
where qP and qS are the vertical  slownesses of the P 
and S waves respectively and �z is the layer thickness. 
For an isotropic medium, Eq. (1) reduces to the 
following form 

 � � � �2
1

2202
1

220 11)( sspP vpvpp ������� . (2) 

Note that extension of �-p velocity analysis to include 
anisotropy is fairly straightforward. In a transversely 
isotropic medium, the vertical slowness can be 
computed analytically from the solution of a quadratic 



Converted waves from gas hydrates  
equation. The vertical slowness for a general 
azimuthally anisotropic medium can be computed 
numerically.  
 Having obtained the velocity models, we can 
apply pre-stack time or depth migration based on 
kirchhoff plane-wave migration. We can also apply 
pre-stack waveform inversion of PP and PS data in 
which we use a reflectivity method for the calculation 
of synthetic seismograms and a very fast simulated 
annealing (VFSA) for optimization. 

Gas Hydrates and 3D streamer/OBS survey in the 
Oregon margin 

Gas hydrates are frozen methane gas that forms at 
specific pressure and temperature conditions. They are 
found in the marine sediments along continental 
margins worldwide. They have the economic potential 
of being tapped as a fuel source and also have the 
potential as a “greenhouse” agent after being freed into 
the atmosphere.  In seismic sections, the occurrence of 
the base of gas hydrates, in some areas, is often 
marked by a bright amplitude reflection. Such 
reflections follow the sea floor topography and are 
called bottom-simulating reflectors (BSR). The BSRs 
have reverse polarity with respect to the sea-floor 
reflection, and in a common shot or CDP gather, the 
amplitude increases with offset. Direct sampling of gas 
hydrates is difficult. This is partly due to the fact that 
under normal surface pressure and temperature 
conditions, gas hydrates vigorously dissociate before 
reaching the surface. Drilling of BSRs proved to be 
even more difficult because of the risk of releasing 
free gas underneath BSR. ODP Leg 141 was the first 
attempt to intentionally penetrate BSR (Bangs et al., 
1993). However, seismic waveform data can be 
analyzed to infer elastic properties of hydrate-bearing 
sediments above and normal sediments below BSR. 
Recently Xia et. al. (2000) applied a pre-stack 
inversion of streamer data and obtained profiles of 
elastic properties. However, since only P wave data 
were used, good prior knowledge of S-wave velocity 
structure was required. 
 In the summer of 2000, scientists from UTIG 
(Bangs, Nakamura) and University of Oregon (Trehu) 
conducted a 3D streamer and OBS survey in the active 
margin hydrate system of Oregon continental margin. 
The map of the survey area and the lines are shown in 
Fig 1 (upper panel); 20 OBS were deployed at the 
seafloor. Preliminary analysis of the 3D data were 
reported by Bangs et. al. (2000) at the AGU fall 
meeting; excellent images of the BSR were obtained. 

Figure 1 (lower panel) shows a 2D profile from the 3D 
volume on which OBS data are superimposed. Notice 
the excellent correlation between OBS and streamer 
data – the BSR matches well in the two data sets. As 
an example, we show the OBS gathers for the 
hydrophone, vertical and radial geophones. We were 
able to correlate the converted wave arrivals in the 
radial component with P wave arrivals in the 
hydrophone data at all OBSs. The data were then plane 
wave transformed and interactive velocity analysis 
was carried out to obtain both P and S wave velocities. 
As an example, we show the NMO corrected OBS 
gathers from location 101 and the corresponding Vp 
and Vs profiles. The zone below BSR shows a sharp 
decrease in Vp with almost no change in Vs indicating 
the presence of free gas. The Vp AND Vs values thus 
derived were interpolated and a map of high resolution 
Vp and Vs were obtained. These were then used in the 
estimation of free gas content in the hydrated 
sediments. More detailed joint PP and PS pre-stack 
inversion is also being carried out. 

Conclusions 

In this paper we report on the observation of converted 
waves from hydrated sediments in the Oregon 
continental margin recorded by the ocean bottom 
seismometers. High quality recordings enabled us to 
identify both PPS and PSS arrivals on the horizontal 
seismograms. They were used to estimate shear wave 
velocity structure in the sediments. Thus we are able to 
obtain better estimates of the gas concentration within 
the hydrated sediments. 
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Figure 1 (upper) Bathymetric map showing regional lines, OBS locations (numbered dots) ,  and the location of
the 3D seismic survey (red dashed box) 
(lower) A 2D seismic section on which OBS near offset traces have been superimposed. The BSR can be clearly 
seen. 
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Figure 2: (Upper panel) OBS records from location 101 – pressure, vertcal, and horizontal geophones. The BSR has 
been marked at both Z and R components. 
(lower panel) NMO corrected Vertical and tadial tau-p gathers and the corresponding velocity models. 
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Abstract
We investigate the detection of fractures orientation
through AVO/AVD analysis of qP and its converted
waves. Linearized approximations for the reflection
coefficients are used to invert exact multiazimuth
reflection coefficients for density and elastic
parameters contrast. Though converted waves are
sensitive to fractures strike and dip, the SVD analysis
of the linearized inversion shows that qP reflection
data is necessary to recover the fractures orientation.
Introdução
As propriedades elásticas das rochas na subsuperfície
podem ser estimadas através do estudo das
amplitudes das ondas refletidas utilizando-se análise
da amplitude versus afastamento (AVO) e amplitude
versus direção (AVD). Essas análises têm sido
importantes no prognóstico de contrastes litológicos
ou de conteúdo de fluidos das formações. Em meios
com fraturamento pode-se, por exemplo, determinar a
orientação de planos de fratura que em geral indicam
a direção de maior permeabilidade que é essencial à
caracterização de reservatórios de hidrocarbonetos.
Para modelos interpretativos que admitem anisotropia
as expressões analíticas dos coeficientes de reflexão
dependem de forma não linear dos parâmetros
elásticos do meio, o que torna a análise AVO/AVD
muito complexa. Devido a esta dificuldade formas
linearizadas são utilizadas.
Várias abordagens têm sido propostas para simplificar
a expressão exata do coeficiente de reflexão de uma
onda qP supondo uma onda qP incidente. Para meios
fracamente anisotrópicos com alto grau de simetria e
baixo contraste, os principais trabalhos foram de
Thomsen (1986, 1993) e Banik (1987). Uma
aproximação foi apresentada por Zillmer et al. (1997)
considerando meios fracamente anisotrópicos e
contrastes arbitrários. Entretanto, essa forma
aproximada é ainda muito complexa. Pšenčik &
Vavryčuk (1998) a particularizaram considerando
pequenos contrastes entre as propriedades elásticas do
meio obtendo uma fórmula mais simples tanto para o
coeficiente de reflexão como para o coeficiente de
transmissão de uma onda qP considerando uma onda
qP incidente. Gomes (1999), Gomes et al. (2001) e
mais recentemente Jílek (2001) apresentaram  formas
linearizadas para o coeficientes de reflexão de uma
onda incidente qP e suas convertidas ( PPR , SPR

e TPR ) considerando ainda fraca anisotropia e fraco
contraste. Neste trabalho é feita uma estimativa dos
parâmetros elásticos a partir da inversão destas
fórmulas linearizadas. É  feito primeiramente uma
análise de sensibilidade das formas linearizadas. Em
seguida os parâmetros são estimados utilizando o
inverso generalizado . Por fim são apresentados testes
numéricos para um modelo onde o meio de incidência
é um isotrópico e o meio subjacente é um meio TIV
fracamente anisotrópico cujo eixo vertical de simetria
foi girado e mergulhado. O ângulo de mergulho do
eixo de simetria do modelo foi estimado.apartir da
estimativa dos parâmetros elásticos
Análise de sensibilidade
Problemas lineares são representados matricialmente
por:

pAy = , (1)
em que: y  é o vetor de observações, p é o vetor de
parâmetros e A  é a matriz sensibilidade determinada
por jiijA pf ∂∂=  em que if  é a i-ésima componente
do funcional geofísico e jp é a j-ésima componente do
vetor de parâmetros. Neste trabalho o funcional
geofísico é determinado pelas fórmulas linearizadas
dos coeficientes PPR , SPR  e TPR .
Os parâmetros estimados estão relacionadas com os
parâmetros reais por:

RPP realest = , (2)
em que R é a matriz de resolução da matriz de
sensibilidade (Tarantola, 1987). Verifica-se de (2) que
quanto mais próximo da unidade estiver a diagonal
principal da matriz de resolução melhor resolução
terá os parâmetros estimados. Assim a estimativa dos
parâmetros elásticos é analizada através da matriz de
resolução de A.
Foram testadas várias geometrias onde os ângulos de
incidência e azimutais variavam. Essas geometrias
são conhecidas no levantamento sísmico como
walkway multiazimutal (Leaney, 1999). Verificou-se
que a melhor estimativa dos parâmetros era
encontrada quando a matriz de sensibilidade é
formada pelas três fórmulas lineares juntas. Assim
esta matriz de sensibilidade apresenta 21 colunas que
correspondem os parâmetros e combinações dos
parâmetros elásticos que caracterizam o meio. A
forma com os parâmetros foram organizados é
mostrada abaixo.
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A Figura 1 mostra a resolução dos 21 parâmetros
elásticos para incidências de até 150 e para azimutes
que variam de 300 em 300. De acordo com esta figura

3P  e 5P  apresentam pouca resolução. Os parâmetros
apresentam resolução total para ângulos de incidência
maiores. Entretanto, na prospecção sísmica os
ângulos de incidência medidos são subnormais
(ângulos próximos a normal), desta forma a geometria
utilizada para gerar a matriz de resolução na figura
acima apresenta a maior variação para o ângulo de
incidência aceitável em sísmica.
Formulação do problema Inverso
A estimativa dos parâmetros elásticos foi feita
utilizando-se à análise de SVD (Tarantola, 1987) a
partir das fórmulas linearizadas. Utilizou-se o mesmo
critério de corte adotado na análise de sensibilidade.
Assim os parâmetros estimados são determinados por:

yUSVP T
est

1−= , (3)
em que V e TU são matrizes cujas colunas são
autovetores de AAT  e TAA  respectivamente e 1−S é a
inversa da matriz diagonal dos valores singulares de
A.
A forma linearizada do coeficiente de reflexão de
uma onda qP e suas convertidas são feita em torno de
um meio de referência isotrópico e geral este meio é
considerado como sendo a média da parte isotrópica
dos meios de incidência e subjacente (Gomes et all,
2001). Para o problema da inversão o meio de
referência isotrópico foi tomado de tal forma que a
parte isotrópica nos dois meios foi considerada com
sendo a mesma
Para meios TIVrotacionados, tem-se que o ângulo de
mergulho do eixo de simetria pode ser determinado a
partir dos parâmetros elásticos pelas fórmulas:

)2()2(
)2(22tan

226622335513

34145614

cccccc
cccc

++−++
+++=θ (4)

A seguir é apresentado um exemplo numérico em que
o ângulo de mergulho é estimado.
Teste numérico
A estimativa dos parâmetros elásticos é mostrada para
um modelo onde o meio de incidência é um
isotrópico cuja densidade, velocidade da onda P e
velocidade da onda S são dadas respectivamente por

3/65.2 cmg=ρ , skm /20.4=α e skm /81.2=β . O meio

em subjacente é um arenito TIV fracamente
anisotrópico ( 09.0=δ ) de acordo com os parâmetros
de anisotropia de Thomsen, 1996. A densidade deste
meio é de 3/5.2 cmg=ρ e o tensor elástico é dado por :

.21.82 
0.00
0.00
0.00
0.00
0.00

80.91 
0.00
0.00
0.00
0.00

80.91 
0.0050.09 
0.0014.7559.80
0.0014.7516.1759.80



























=αβC (5)

O meio foi girado de 600 em relação ao eixo z e
mergulhado de 300.com relação ao eixo x.
As observações foram geradas de forma exata de
acordo com as equações de Zoepprittz generalizadas
(Gomes, 1999) e contaminadas com ruído gaussiano
de 5% do maior valor das observações. Para a mesma
geometria apresentada na Figura 1.

 As Figura 2, 3 e 4 mostram os estereogramas
dos coeficientes exatos de PPR , SPR  e TPR . Os
coeficientes obtidos após a estimativa dos parâmetros
elásticos apresentam ajuste de 0.0062 em relação aos
coeficientes exatos. A tabela 1 abaixo mostra o
contraste médio normalizado dos parâmetros elásticos
exatos e dos parâmetros obtido após a inversão em
torno do meio de referência.

Parametro ∆ Par_exat ∆ Par_est Erro
1  0.1507  0.1760  -0.0251
2  0.1583  0.1710  -0.0131
3  0.1220 -0.0620   0.1844
4  0.1650  0.1960  -0.0311
5  0.1260 -0.0370  0.1633
6  0.0900  0.0350  0.0545
7  0.0050 -0.0420  0.0476
8  0.0040 -0.0470  0.0514
9  0.0030  0.0420 -0.0394

10 -0.0216  0.1400 -0.1580
11  0.0062 -0.0280  0.0346
12  0.0130 -0.0480  0.0608
13 -0.0050  0.0380 -0.0437
14  0.0064  0.0003  0.0061
15  0.0110  0.0088  0.0021
16 -0.0020 -0.0151 -0.0037
17  0.0006 -0.0120  0.0126
18  0.0013 -0.0030  0,0044
19 -0.0080  0.0707 -0.0788
20  0.0042  0.0175 -0.0132
21 -0.0290 -0.0095 -0.0196

Tabela 1- Parâmetros exatos, parâmetros estimados e
o erro absoluto.
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De acordo alguns parâmetros que na análise de
sensibilidade apresentavam resolução total não
apresentam boas estimativas após a inversão. Isto se
deve ao fato de que as observações utilizadas na
inversão do problema lineares foram geradas de
forma exata e, portanto, os parâmetros estimados
perderam resolução, uma vez que se está resolvendo
um problema não linear de forma linear.
A seguir estimou-se o mergulho do eixo de simetria
deste modelo através de (4). A estimativa para o
ângulo de mergulho foi de 29.0080 . Uma vez que o
ângulo de mergulho exato é de 300, tem-se que a
inversão apresenta resultados satisfatórios.
O ângulo de mergulho foi estimado em outros
modelos com contraste dos parâmetros elásticos e
anisotropia variáveis. A estimativa deste ângulo ficou
em uma faixa de erro menor ou igual a 100 do valor
real para modelos com contraste e anisotropia fracos
ou moderados.
Outros fatores de influenciaram na estimativa dos
parâmetros foi analisados, como a abertura do ângulo
de incidência, influência do fator k, sensibilidade ao
meio de referência.
Abertura do ângulo de incidência

Foram feitos testes considerando aberturas angulares
de 200, 250 e 300. Ainda que a análise de sensibilidade
mostre que os parâmetros elásticos ganham resolução
com maior incidência, verificou-se que quanto maior
o ângulo de incidência pior ficava as estimativas dos
parâmetros elásticos. Isto se deve a fato de que as
fórmulas linearizadas só possuem validade a para
incidências subnormais, o que está de acordo com a
prospecção sísmica.

Influência do fator k

O fator k corresponde à razão entre a média da
velocidade da onda cisalhante e a média da
velocidade da onda longitudinal em relação aos dois
meios. Foram feitos testes considerando k variando de
10% e 50% do valor real de k. Os resultados mostram
que as estimativas são sensíveis ao valor de k. Nestes
testes para um mesmo modelo, a estimativa do
mergulho oscila em uma faixa de 100

aproximadamente do valor real do mergulho.
Sensibilidade ao meio de referência

Neste trabalho o meio de referência foi escolhido de
forma arbitrária. De acordo com os testes verificou-se
que dependendo da escolha deste meio de referência
os contrastes de impedância podem tornar-se
consideráveis tendo-se, portanto, um domínio onde as
linearizações não são mais válidas. O meio de

referência deve então ser escolhida de tal forma que o
pressuposto de fraco contraste deva ser respeitado.
Outro fator de grande importância verificado nos
testes realizados é que as estimativas são mais
sensíveis ao pressuposto de fraco contraste que fraca
anisotropia.
Conclusão
A análise do problema de inversão de coeficientes de
reflexão utilizando aproximações lineares para a
refletividade de ondas qP foi efetuada através da
decomposição em valores singulares. A inversão
linearizada apresenta resultados satisfatorios na
recuperação do constraste de densidade e de
constantes elástica para modelos com fraca
anisotropia e fraco contraste de impedância. Dentre
deste limites é possível estimar a orientação do eixo
de simetria de um meio TI e portanto a orientação de
fraturas utilizando dados de toda a refletividade qP.
Estes resultados não se mantem principalmente
quando aumenta o constraste de impedância. Para
meios com maior contraste de propriedades elasticas
e maior anisotropia a inversão não linear destes
coeficientes torna-se necessária para que se possa
estimar com melhor precisão os parâmetros elásticos
do meio em subsuperfície.
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Figura 1- Matriz de resolução obtida das fórmulas
linearizadas dos coeficientes de reflexão, para um
posto efetivo de A o valor absoluto 0.01.Verifica-se
que há dependência linear entre os parâmetros
físicos.

Figura 3 – Estereograma do coeficiente de reflexão

SPR  exato.

Figura 4 – Estereograma do coeficiente de
reflexão TPR   exato.

Figura 2 –  Estereograma com o coeficiente de
reflexão PPR  exato. O azimute varia de 00 até
3600 e está representado pelos raios na figura. A
incidência varia de 00 até 150 a partir da normal à
interface que separa os planos.
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Processing and Analysis of PS-wave Data from a 3-D/3-C Land Survey for
Fracture Characterization
James Gaiser, Richard Van Dok, and John Markert, WesternGeco, Denver

Abstract

The investigation of S-wave birefringence (splitting)
using 3-D converted P to S-waves (PS-waves) is an
important tool for characterizing reservoir fractures.
In azimuthally anisotropic media, fracture intensities
are directly related to traveltime differences between
the fast and slow S-waves and fracture orientations
are related to the polarization direction of the fast S-
wave. These effects are accurately analyzed in a 3-
D/3-C survey from the Green River basin in Wyo-
ming to preserve meaningful azimuthal variation in
amplitude and traveltime. Estimates of the principal
PS-wave fast and slow directions (PS1 and PS2) are
made early in the processing to guide propagation
azimuth limitations during processing. In preparation
for advanced fracture analysis techniques, the data are
processed in common-azimuth volumes and all azi-
muths are combined using 2Cx2C Alford rotation into
a single group after azimuthal residual statics. Ratios
of PS1 and PS2 average vertical velocity are particu-
larly important to identify the vertical extent of over-
burden anisotropy, as well as reservoir horizons.
Overburden effects can be removed by 2Cx2C rota-
tion and layer-stripping analyses before characteriz-
ing deeper horizons. In addition, less quantitative
attributes such as residual off-diagonal 2Cx2C am-
plitudes and isochron differences between PS1 and
PS2 are shown.

Introduction

Recent interest in the use of PS-waves to help char-
acterize fractured reservoirs has prompted the acqui-
sition of several multicomponent surveys around the
industry. Ata and Michelena (1995) used three 2-D
lines centered over a well to quantify fracture infor-
mation. Although the spatial coverage was sparse,
azimuthal anisotropy appeared to be caused by two
fracture systems. A small 3-D/3-C survey collected in
the Wind River basin in Wyoming to calibrate a
larger P-wave effort had some measure of success in
characterizing fracture anisotropy (Gaiser, 1999; and
Grimm et al., 1999). In 2000, the first marine 3-D/3-C
survey was acquired at the Emilio field in the Adriatic
for the purpose of characterizing fracture porosity
(Gaiser et al., 2001).
      The objective of this study was to use a PS-wave
seismic survey in the Green River basin in Wyoming
to quantitatively identify fractured areas in a naturally
fractured Cretaceous sandstone reservoir at depths
between 3,000 and 4,500 m.  A 3-D/3-C survey was

designed and acquired to provide wide azimuth and
offset coverage at the target. The receiver lines were
oriented E-W and a diagonal brick shot pattern was
acquired to yield a CMP fold of approximately 24
over 50 km2.

Data Processing

Initial processing of the horizontal data included
rotation to the radial and transverse components in a
source-centered coordinate system (Gaiser, 1999),
geometric spreading corrections, surface-consistent
deconvolution, and time-variant spectral whitening.
Source statics computed from the P-wave processing
were also applied to the PS-wave data, as well as
elevation corrections at the receivers. Preliminary
stacking velocities were estimated and an initial
common-conversion point (CCP) binning correction
was applied to the data. Five passes of residual re-
ceiver statics were computed while iterating with
additional passes of velocity analysis and anisotropic,
depth-dependent CCP binning.
      At two key well locations, a large azimuth super-
gather measuring 536 by 670 m (17 x 21 CCP gath-
ers) was extracted, consisting of radial and transverse
component azimuthal stack traces every 10 degrees.
The transverse component showed clear polarity
reversals every 90 degrees and the radial component
demonstrated a variation in traveltime with azimuth.
The fast PS1 direction was approximately N135E and
the slow PS2 direction N225E at both well locations.
The data volume was limited to the PS1 and PS2

propagation directions (+/-22.5°) stacked and mi-
grated. Additional residual receiver-static corrections
were computed using these limited azimuth volumes
and improved stacks.
      In preparation for subsequent fracture detection
analysis, the entire data volume, both radial and
transverse components, was divided into eight com-
mon-azimuth sectors; 0 to 360 deg, incrementing by
45 deg with a tolerance of +/-22.5 deg. The transverse
component data was processed using the same decon-
volution operators, statics, and velocities estimated
from the radial component data. All volumes were
migrated using the same migration velocity field.
This resulted in 16 separate common-azimuth vol-
umes of radial and transverse data. These components
exhibited azimuthally varying traveltimes and to
combine them into a single dataset for improved fold
and enhanced signal, 2Cx2C Alford (1986) rotations,
adapted for PS-waves (Gaiser, 1999), were applied.
Each of the eight 2Cx2C sets was rotated into the



Processing and Analysis of PS-wave Data for Fracture Characterization
preferred fast (PS11) and slow (PS22) directions
(N135E and N225E) and stacked to create one set of
2Cx2C data for further analysis. This increased the
fold and resulted in improved signal quality.
      However, small residual time shifts between PS11
and PS22 were observed in the data for each of the
eight common-azimuth directions and components.
To correct for this and improve the combined stack,
azimuth-consistent static corrections were computed
to align the radial component data in both the PS11
and PS22 propagation directions. After applying these
corrections to the radial and respective transverse
components for each azimuth direction the resulting
stacks were significantly improved (Fig. 1).

Birefringence Analysis

One of the most important steps in using PS-waves
for fracture detection is to quantify the overburden
azimuthal anisotropic properties. These properties
include the orientation of the principal S-wave direc-
tions, used to identify fast and slow waves for proc-
essing, and the differential velocity between the fast
and slow waves. Another important property of the
overburden is the vertical extent. One approach to
estimate the S-wave azimuthal anisotropy in the
overburden is to analyze PS11 and PS22 velocity ratios
(Gaiser, 1996) as a function of two-way vertical time.
Figure 2 shows an analysis between PS11 and PS22
data located at the well in the northern part of the
survey. The vertical axis is PS11 two-way time and the
horizontal axis is the ratio of Vps11/Vps22 average
velocity. Variable density represents positive cross-
correlation coefficients between the two waves. De-
pending on the velocity ratio, PS22 is stretched (< 1.0)
or compressed (> 1.0), and correlated with the PS11 at
predefined window times. Contours superimposed on
the plot indicate constant time delays of PS22 in milli-
seconds.
      A maximum correlation trend can be clearly in-
terpreted and is indicated by the dashed line. This
corresponds to the time-variant velocity ratio of
Vps11/Vps22. Above 1.0 s the trend is unknown. How-
ever, below 1.0 s the trend increases to a maximum at
about 1.3 s and then roughly follows a 30 ms PS22
time delay. In the absence of the upper 1.0 s of data,
the base of the overburden can be interpreted at about
1.5 s.  It represents an interval of relatively homoge-
neous, azimuthally anisotropic material with constant
orientation confirmed by azimuth-supergather analy-
ses. Notice that the trend increases to the 40 ms PS22
time delay contour at about 3.0 s, indicating an in-
crease in S-wave birefringence.
      Further processing of the overburden involves
2Cx2C rotation and Winterstein and Meadows (1991)

layer stripping to remove the azimuthal anisotropic
effects imparted on the PS-wave data. This can be
accomplished over a time window from 0.0 to 1.6 s.
After layer stripping, the data are in position for fur-
ther analysis to determine principal S-wave directions
and percent anisotropy for deeper intervals. Figure 3
shows the 2Cx2C-inline section that intersects the
well at the vertical white line. PS11 and PS22 are the
principal components and are aligned down to the
base of overburden at about 1.6 s. The off-diagonal
components (PS12 and PS21) have been minimized to
this same event.
      One approach to analyze target horizons below
the overburden is to interpret residual amplitudes on
the PS12 and PS21 components spatially and tempo-
rally. These amplitudes can result when there are
changes in the S-wave birefringence principal direc-
tions. Such changes may be too subtle to be quanti-
fied by traditional layer-stripping methods or by ve-
locity ratios, but amplitudes are sensitive to these
variations in S-wave properties and can give qualita-
tive insights into regions where fracturing may be
more intense and change orientation.
      A more quantitative approach is to measure
traveltimes between reflections bracketing targets for
both the PS11 and PS22 waves in the volume in Figure
3. By comparing isochron differences between PS11
and PS22, a spatial representation of percent anisot-
ropy can be interpreted for lateral variations in frac-
ture intensity. The assumption here is that there is
little or no change in the orientation of the principal
axes, since rotations are not involved.
      The third approach, which is most quantitative,
involves layer stripping below the overburden. Off-
diagonal components are minimized further by
2Cx2C rotations to estimate any change in the direc-
tion of the principal axes. After minimization, the
separated PS11 and PS22 waves are correlated and PS22
is aligned with PS11. These properties can be inter-
preted as lateral variations in fracture orientation and
intensity.

Conclusions

Early estimation of the principal S-wave orientation is
critical to optimize processing for fracture characteri-
zation. This can be accomplished using azimuth su-
pergather analyses at selected locations and limiting
propagation azimuths to improve signal quality for
various data processing steps. Rotating to the fast and
slow PS-wave directions can improve surface con-
sistent deconvolution, surface consistent static cor-
rections, and velocities. Rotating back to radial and
transverse and processing common-azimuth volumes
allowed all the data to be combined using 2Cx2C
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rotation. This increased fold helped improve the sig-
nal quality, but only after azimuth-consistent static
corrections were computed and applied.
      Vps11/Vps22 velocity ratio analysis is a valuable
tool to quantify the vertical extent of S-wave birefrin-
gence as a function of time. As this ratio varies in
time, it indicates different layers in the subsurface
where birefringent properties may have changed. One
of the most important of these layers is the overbur-
den, which can be removed effectively by 2Cx2C
rotation and layer-stripping analyses, and leads to
quantifying the fracture properties at target horizons.
Three analysis techniques (residual PS12 and PS21
amplitudes, PS11 and PS22 traveltime isochrons, and
layer stripping) provide a broad range of interpreta-
tion tools and attributes that can help identify lateral
variations in fracture properties.
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part of the survey. The Vps11/Vps22 ratio ranges from 0.95 to 1.05, time is two-way PS11, and variable density
represents positive cross-correlation coefficients between PS11 and PS22. Contours indicate constant PS22 time delays
and the dashed line shows the interpreted relationship between the split S-waves. The base of the overburden is
interpreted at the maximum traveltime difference just below the event at 1.3 s.
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Figure 3. 2Cx2C inline section after Alford rotation and layer stripping the overburden. PS11 and PS22 are the prin-
cipal components aligned through the overburden at about 1.6 s. These components are important for quantitative
isochron analyses of percent azimuthal anisotropy. PS12 and PS21 are the off-diagonal components minimized
through the overburden. Residual amplitudes below the overburden on PS12 and PS21 provide qualitative insights
into changes in birefringence. The vertical white line indicates the location of the well and the Vps11/Vps22 average
velocity analysis in Figure 2.
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Abstract

Rock samples from Açu sandstone, Potiguar Basin,
Brazil, were submitted to measurements of P and S
wave velocities. It was done under several conditions,
combining application of constant confining pressure
and increasing axial deviatoric stress, with
simultaneous monitoring of both axial and transversal
strains, that allows correction on rock density and
elastic moduli. By using the appropriate model of
stress-induced anisotropy for the data set obtained in
the experiments, third-order elastic constants for the
sandstone were estimated. These estimates, for each
rock specimen, led to velocity modeling for the
sandstone along arbitrary directions and different
stress magnitudes. This procedure yielded the
quantification of the velocity anisotropy on the Açu
sandstone under the application of incremental stress
fields.

Introduction

In this work it was used the solution of Hughes &
Kelly (1953) for P and S wave velocities in an elastic
medium under stress. Such solution includes the
influence of static stresses on the propagation of
elastic waves. Still, the mentioned solution takes into
account the second-order stress-strain relationship
instead of using the usual linear Hooke´s law. As a
direct consequence of the stress application, more
three [non-linear] elastic constants, l, m and n, are
required to describe the anisotropic behavior of the
isotropic material under stress, in addition to the
Lamé constants λ and µ. The elastic constants, l, m
and n, are termed here as Murnaghan´s constants, in
reference to Murnaghan (1951). Conceptually, these
are in fact third-order elastic constants in opposite to
Lamé parameters, which are second-order elastic
constants (Bentahar et al, 2000).

Hughes and Kelly  (1953) presented expressions for P
and S wave velocities for two cases of stress
conditions. Both wave velocity expressions depend
on pressure in the case of pure hydrostatic load, and
on stress in the case of axial compressive load.
Engelhard (1988) showed that the terms dependent on
pressure and on stress could be added to express the
general case of confining pressure plus deviatoric
stress.

For pure hydrostatic pressure p, the equations for P
and S wave velocities are given as follows

and for axial compressive stress σ parallel to the
direction of wave propagation, equations evolve to

In the equations above, VP and VS are P and S wave
velocities, respectively, K is the bulk modulus and ρ0

indicates the rock density in the underformed state.

The data used in this research for evaluation of
Murnaghan´s parameters can be found in Araújo
(1995), where thirteen Açu sandstone core samples
were submitted to laboratory measurements. Figures
1 and 2 illustrate the stress-strain behavior of the
studied rock specimens, each of which was subjected
to a constant confining (hydrostatic) pressure and
increasing axial deviatoric stresses up to rock failure.
In addition to axial and radial strain measurements,
VP and VS were recorded in the axial direction as
well. In average, velocities were collected on five
points for each test. In order to calculate Murnaghan´s
parameters l, m and n, an appropriate combination of
the previous equations, that takes into account the
stress field on the rock samples, must be considered.

Murnaghan´s parameters

Let us insert the stress-dependent part of equations
(2), for axial compression, into equations (1), for pure
hydrostatic load (Engelhard, 1988). This leads to the
complete set of equations that allow modeling both P
and S wave velocities obtained in laboratory tests
under the same stress conditions. This operation
furnishes

for P-wave velocities, and
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for S-wave velocities. Note that p represents here the
confining pressure, while σ stands for the deviatoric
compressive stress.

After rearranging equations (3) and (4), the following
linear relationships between the Murnaghan’s
constants are obtained

and

where

and

The use of the data set obtained from laboratory
measurements on the samples of Açu sandstone, a set
of linear equations can be constructed. The systems
thus formed for each rock specimen were solved for
the Murnaghan´s parameters. Figures 3 and 4 depict
graphical solutions for Murnaghan´s parameters on
rock sample AP-3. Note the unique solution for each
Murnaghan´s parameter, which was determined
independently of the differential deviatoric stress
levels. This behavior clearly indicates that the
determination of l, m and n parameters is insensitive
to deviatoric stress changes. Table 1 shows the
calculated values of l, m and n for all tested rock
samples. Further, confining pressure, temperature and
initial density ρ0 are shown. All samples were fully
saturated with mineral oil.

Velocity modeling

Simulation of P and S wave velocities under any
condition of confining pressure and differential

deviatoric stress can be performed. The data set
required are: Murnaghan´s constants, rock density in
the underformed state and Lamé constants as a
function of pressure. In this work, we used the data
listed in Table 1 for velocity modeling. The
Murnaghan´s constants were estimated for several
rock samples as described above. Bulk density ρ0, as
well as fitting functions of Lamé constants versus
applied stress were laboratory-acquired. Figure 5
illustrates fitting functions of shear modulus (µ)
versus total stress for a subset of rock samples named
AP.

Figures 6 to 9 depict the upper right quadrant of
azimuthal P wave velocity anisotropy due to an
arbitrary horizontal deviatoric stress of 90° of
azimuth, for some laboratory-tested rock samples
from Açu sandstone showed in Table 1. In these
figures, inner curve in black represents P wave
velocity for the isotropic rock sample, i.e., without
deviatoric stress application. Curves in green, blue
and red indicate P wave velocities for three conditions
of deviatoric stress application. Note that magnitudes
of incremental stresses σ are, respectively, 20%, 60%
and 100% of the magnitude of the confining pressure.

It can be observed the dependence of stress-induced
anisotropy on the magnitude of the deviatoric stress.
Let the P-wave velocity anisotropy be defined as the
percentual increment of velocity in the parallel
direction of the deviatoric stress in comparison with
the velocity in the perpendicular direction. Bearing
this definition in mind, an incremental deviatoric
stress of 20% of the confining pressure caused nearly
2% of anisotropy. The increase of the deviatoric
stress to 60% of the confining pressure caused a P-
wave anisotropy around 5% to 6%. Approximately
7% to 10% in P-wave anisotropy was observed  when
the deviatoric stress reached 100% of the confining
pressure.

Conclusions

Laboratory monitoring of P and S wave velocities on
rock samples under several conditions of stress
application allows calculation of the third-order
elastic [Murnaghan’s] parameters. By using
Murnaghan’s parameters, which are independent of
any state of stress applied to the material, wave
velocities under any stress condition can be predicted.

In the Açu sandstone, for arbitrary deviatoric stress
magnitudes varying from 20% to 100% of confining
pressure, stress induced anisotropy values of 2% to
10% were found. This result allows to characterize
the anisotropy of the Açu sandstone as weak.

( )

( ) 







+

µ
λ+λ+µσ

−



 −+µ+λ−µ=ρ

mn

n
m

p

4
4

K3

2
323

K3
V 2

S0

(4)

(5)m
p

p

p
l






 σ+









−





µ

λ+µσ−

+





 σ+

=

K3

2

K

2

K3

4

K3

4

K3

2

K

2

A

n
p

p

p
m






 σ+







µ

σλ−
+






 σ+

=

K3K

K12K6

K3K

B (6)

(7)

( ) ( )

( ) 







λ+λ+µ

µ
λ+µσ

−λ+µ−ρ−µ+λ=

410
K3

710
K3

V2A 2
P0

p

(8)( ) ( )λ+µσ−µ+λ−ρ−µ=
K3

4
2

K
VB 2

S0
p



Stress induced velocity anisotropy on Açu sandstone
Acknowledgements

Thanks to PETROBRAS Rock Mechanics and Rock
Physics Labs for sample preparation and facilities.
Our gratitude to Marcos Leão for equipment
assistance during velocity measurements and Lincoln
Homero for acquisition software development. Jorge
L. Martins acknowledges support from the Brazilian
Council for the Development of Sci. & Tech,
CNPq/RHAE, under process no. 610154/99-0.

References

Araújo, R. G. S. ,1995, Determinação da influência
da temperatura nos parâmetros elásticos e de
resistência em rochas reservatório de petróleo.
Dissertação de mestrado. FEM / UNICAMP. (In
Portuguese).

Bentahar, M., Badidi-Bouda, A., and Benchaala, A.,
2000, Second and third-order elastic constants
determination of an isotropic metal, 15th World
Conf. on Non-Destructive Testing, 15-21/October,
Rome, Italy.

Engelhard, L., 1988, Stress-induced anisotropy in
elastic media. Geophysical Transactions, 34, 59-81.

Hughes, D. S., and Kelly, J. L., 1953, Second-order
elastic deformation of solids. Physical Review, 92,
1145-1149.

Murnaghan, F. D., 1951, Finite deformation of an
elastic solid. J. Wiley, New York.

Table 1 – Murnaghan´s parameters.
sample P

(MPa)
Temp.
(°C)

ρ0

(Kg/m³)
l

(GPa)
m

(GPa)
n

(GPa)
AP-1 7.5 150 2073 +10 -21 -80
AP-2 20 150 2093 +2 -22 -66
AP-3 15 25 2169 -10 -28 -50
AP-4 7.5 150 2103 -4 -21 -50
AP-5 2.5 25 2105 +39 -27 -95

CAM-1 5 25 2283 +37 -38 -150
CAM-2 7.5 80 2498 +20 -50 -165
CAM-3 15 150 2532 +5 -60 -155
CAM-4 10 160 2410 +4 -26 -65
CAM-5 20 80 2418 -20 -41 -44
CAM-6 5 80 2230 +12 -31 -105
CAM-7 10 25 2347 -16 -37 -40
CAM-8 10 80 2203 -6 -20 -37

Figure 1 – Stress-strain curves for AP samples.

Figure 2 – Stress-strain curves for CAM samples.
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Figure 3 – Solution for l and m in sample AP-3.
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Figure 4 – Solution for m and n in sample AP-3.

Figure 6 – Modeled P wave velocity on sample AP-1
due to deviatoric horizontal stress of 1.5 MPa (green),
4.5 MPa (blue) and 7.5 MPa (red).

Figure 8 – Modeled P wave velocity on sample
CAM-1 due to deviatoric horizontal stress of 1 MPa
(green), 3 MPa (blue) and 5 MPa (red).

 Figure 5 – Fitting functions for µ in AP samples.

Figure 7 – Modeled P wave velocity on sample AP-2
due to deviatoric horizontal stress of 4 MPa (green),
12 MPa (blue) and 20 MPa (red).

Figure 9 – Modeled P wave velocity on sample
CAM-3 due to deviatoric horizontal stress of 3 MPa
(green), 9 MPa (blue) and 15 MPa (red).
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