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9C-3D seismic modelling for VTI media
R. K. Sharma and R. J. Ferguson
ABSTRACT

For comparison with real seismic data, and with synthette darived from fully elas-
tic numerical methods, we presen®@-3D numerical modelling approach that is posed
in the slowness domain. The slowness domain approach hasmbenwf advantages:
1) multi-pathing with no internal reflection “simpler eventgistration”. 2) Paralleliz-
able over temporal frequencyd) Stable. 4) High frequency.5) Selectable propagating
mode.Implementation of our method proceeds as follows

e Define a sourcéP, SV, andSH) at the surface, and compute the plane wave trans-
form over the time and space coordinates so that wavefietdmiation proceeds as
a set of distributed, monochromatic extrapolation stepeih.

e Compute an anisotropic phase shift operator, and extraptiiatsource spectrupy
to a reflector at a new depthz.

e For a given receiver orientatiofV, H,, and H,) at each grid point o\ z, define a
rotation matrix according to the azimuth) and dip(¢, ) between the grid point and
the polarization vector of P wave source.

e Traveltimes in anisotropic media are accommodated tholeyepvave transforma-
tion and phase shift, and a propagation angle is producededaih geophone com-
ponent, the polarization angle is calculated from the pgagtian angle.

e Apply the rotation matrix to the extrapolated wavefield.

e Extract the desired component for analysis. Our numeresiilts demonstrate that
all 9 source-receiver combinations are reliably estimatagiour procedure.

INTRODUCTION

Seismic anisotropy plays an important role in Oil and Gadargpion field in order
to improve the image of target horizons (Grechka, 2009). €quently, it is less for-
giving and more detrimental to our data acquisition and @ssing efforts to ignore the
anisotropy. It has been demonstrated that wavefield prdjagtorough anisotropic me-
dia deviates from the isotropic case (Aki and Richards, 128 it is composed of two
parts: kinematic and dynamic. Of interest here is kinematiglysis of wave propagation
in anisotropic media. The use of travel time informationriter anisotropy of subsurface
and to image seismic data motivates this choice. Furthisrkitown that multicomponent
seismic analysis is an effective technology for risk redurcin exploration and develop-
ment. In exploration stage improved imaging, direct hydrbon and lithology indication
can be offered by multicomponent measurement while dewsdop setting facilitate im-
proved reservoir illumination and characterization by ticoimponent measurements.
The importance of the anisotropy and the multicomponersnsiei over the isotropy and
a single component seismic motivates author to m&@e=BD for the vertical transverse
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isotropic (VTI) media. Here, VTI media is taken into accobetause of its simplicity in
case of the anisotropic media beyond the isotropic media.

THEORY

In seeking of seismic wave interaction with anisotropic raede extrapolate wavefield
first and then apply rotation matrix on this wavefield in ortierobtain multicomponent
data. Now, two parts: phase extrapolation of known sourceefield, and how to build
rotation matrix are discussed in the following section.

Wave field extrapolation in the plain wave domain insurescigfficy in terms of compu-
tational time (Sharma and Ferguson, 2009). Given a soups the source wavefield is
extrapolated from the earth surface to reflector as

VA, = (poeiAzqw (1)

whereyy is the spectra of the source wavefield at the surface obtaiiactie Fast Fourier
Transform (FFT)

(tﬁwax_)plwvy_)p2w)

of the source wavefield. Vertical slownegdss dependent on horizontal slownesgesnd
p2 and seismic velocity through the scalar wave-equationnisadropic mediag depends
on a set of elastic coefficientsay, 5y, 6, €, and~ for transversely isotropic (T1) media.
Source wavefielgp . is the wavefield at depth z after extrapolation, ang is the vertical
slowness and is known for different seismic wave modes isaropic media (Ferguson
and Margrave, 2008).

After extrapolation, the source wavefield resides on thecéfig plane. Together, the
polarization directions of P-, SV-, and SH-waves (compmssertical shear, and horizon-
tal shear respectively) characterize a 3 dimensional dorate system defined here as the
survey co-ordinate system, while the recording coordisgttem is characterized by the
three component directions of3&’ geophone.

To model the arrival of &C wave, we rotate the co-ordinate system from the survey
co-ordinate to the recording co-ordinate system to regisie source energy on the ver-
tical, in-line, and cross-line components. With the basethnd of a co-ordinate system
transformation (Neufeld and Clayton, 2000), we transform shrvey coordinate system
into the recording system by rotatioh degrees about the axis followed by a rotatio
degrees about theaxis.

The polarization anglé, ) is the angle that polarization vector of the incident corspre
sional wave make with the vertical componen8of geophone. From the basic knowledge
of wave propagation through the anisotropic media it has lmesmonstrated that polar-
ization direction of compression wave deviates from theppgation direction but can be
computed for given propagation angle (Slawinski, 2003)wNKm compute the polarization
angld6,), first the propagation andl@) is computed. Anglé is the angle that the slowness
vector of an incident plane wave makes with the vertical congmt of a3C' geophone and
can be computed as described below. These ar@les are defined pictorially in Figure
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1.
A hypothetical geophone indicated by three orthogonal bhes is aligned with spacial
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FIG. 1. A hypotheticaBC' geophone at a grid point . “I” represents the normal to an
incident plane wave and azimuth is measured relative aais. Azimuth¢ indicates the
in-line direction and the cross-line direction is charazed by90°.

axesr, y, andz. The normal to an incident plane wave is indicated by symbgland the
horizontal projection of I” is indicated byH,. Azimuth ¢ is the angle which the horizon-
tal component makes withH, and indicated on this figure. The propagation artyis
the angle between the vertical componeiind “I”.

The slowness vectgbs characterizes the direction of the incident wavefield adicmy
to (Ferguson and Margrave, 2008),

. pitpjt+pk 5
p - 2 2 2 ) ( )
\VP1+Dr+ (g
wherep;, p, andgq are the horizontal components and vertical componefitrespectively.
The unit normal associated with38' geophone at a grid location is

a =sinf, cos qﬁai + sin 0, sin ¢aj + cos b, R, (3)
whered, and¢, are the dip and azimuth of the normal to the interface respagt
The angle) betweenp anda is then computed by cross product according to (Ferguson

and Margrave, 2008)
sinf = |p x a, 4)
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wherex indicates cross product. Note, though we restrict our disicun here to horizontal
interfaces(é = R) for simplicity, we anticipate implementation of dippingt@nfaces as
an extension to this approach.

Propagation anglé, once computed, is used to calculate the polarization angégms
of elastic coefficients (Slawinski, 2003). We develop atreteship between these two
angles in terms of Thomson parameters (Thomsen, 1986)dingdo

(a?(0) — B2 sin® 0 — af cos® )
V]2 — 32 [o2[20 + 1] — 3] sinf cos 6’
whered); is the polarization angle of a P-wave wheréd) is P-wave velocity, and the
polarization angle of a SV-wave when(d) is shear wave velocity. Propagation angle
is computed from equation 4. P-wave polarization angle @idmputed from known

polarization angle of SV-wavf)sy ) by subtracting 90 t@fsy/) (Tsvankin, 2001). Now,
givend; and a known source, effectid’ recordingDy, is computed

1

()

0, = tan™

1 0 0
Dy, =10 costy sinb | W, (6)
0 —sinf; cosbH;

wherelV describes the known source type. Generally¢asource wavefield is written in
matrix form as (Ferguson, 2009)
S
W=1|5|, (7)
P

where S, S, and P are the cross-line, in-line and vertical components of thece re-
spectively. A vertical source wavefield, for example, isttern

0
w=10|. (8)
P

Figure 2 depicts fousC' geophones positioned at grid points 200 m below a source posi
tion. 1, 2, 3 and 4 describe the four quadrant of a circle wipesghery trace the azimuth
from 0 to 360 and has the in-line and the cross-line directions as hota&@mnd vertical
axis. Rotatior?; degrees about theaxis (H;) is anti-clockwise for geophones to the left
of the source and clockwise for geophones to the right. Scadopt the convention of a
positive angle for anti-clockwise rotation and negativediockwise rotation (Neufeld and
Clayton, 2000).

Azimuth ¢ is the angle between one of the horizontal geophone compmiaed the
plane made with the source, and it is calculated from thetipptameters of a plane wave.
Following rotationf,; degrees about the axis, the source waveform is rotateédlegrees
about the vertical axis. A rotatiopabout the vertical axis is computed and is written as

cos¢ sing 0
D,=| —sin¢ cos¢ 0 | W, 9
0 0 1
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Depth(m)

offset(m)

FIG. 2. Schematic representation of considered model aatigaing of3C' geophones at
reflecting surface. 1, 2, 3 and 4 describe the four quadraatotle whose periphery trace
the azimuth from 0 to 360and hasg; andx axis as horizontal and vertical axis, respectively.

As a single operation, rotation throughand¢ is computed as

cos¢  sing cosf; sin# sino
D= | —sin¢ cos¢ cosf; cos¢osinfy | W, (20)
0 —sin 6, cos 6,

whereD is the source wavefield rotated into the orientation ofitiegeophone. Normally
it is written as (Ferguson, 2009)
H,
D=|H, |, (11)
Vv

where H;, H,, andV are the cross-line, in-line and vertical components of thetor
wavefield respectively.

EXAMPLES

Since up to 7% of oil and gas producing sedimentary basins worldwide aneprsed
of shales and it is a major contributor to observed seismisoaropy, a numerical model
of a 700 m thick vertical transverse isotropic (VTI) mediughdle) is taken into account
here. The anisotropic parameters of this shale in Thomsbor(iEen, 1986) parameters
areay=3048 m/s,3, =1490 m/s¢=0.255,)=-0.27, andy=0.480. Now a known impulsive
source is extrapolated through the medium using equatiotiie plane wave domain and
transformed back into the space and time domain at the agerfFurther, the components
of the recorded wavefield o3’ geophones have been sliced through the inline direction
and at any given time. The red dashed line highlighted in tfedecat the top right corner
of Figure 3 c indicates the direction along which a vertid@lesthrough the modelled data
is taken. The in-line and cross-line directions are indidaty magenta and blue colour,
respectively.
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FIG. 3: (a) Registered energy versus offset (REVO) analysiz-wave on/; component
illustrate thati/; component is more favourable for energy registration asepihcreases.
Polarity reversal appear on the either side of zero off$gt(REVO) analysis of P-wave on
H, component illustrate thaf, component is more favourable for energy registration near
to zero offset. Polarity remains stationary on the eithde $if zero offset. (c) Recorded

P-wave energy on vertical component demonstrate that gneggstration on vertical com-
ponent decreases with offset.
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Figure 3a shows a cross-line slice of the recorded P-waveggre H; component
obtained through the procedure outlined above and can besemted as registered energy
versus offset (REVO). REVO analysis reveals that energigtiegion increases with offset
and polarity reversal occur on the either side of zero offseehalf of different orientation
of H; components with respect to source on either side. The dindlee top right corner
of Figure 3c is the plan view of a recording surface where i location is in the
centre at the origin. REVO analysis of the recorded P-waw¥gnon H, component is
shown in Figure 3b. It indicates that energy registratiooreases with offset and polarity
follow the stationary behaviour on the either side of zerfseatfdue to same orientation of
H, components with respect to the source on the either sideuré-Bc shows the REVO
of P-wave energy on the vertical component and energy ragjis decreases with offset.
Since the propagation angle increases with offset, it eefothe polarization angle to be
increase toward$/; component along the direction in which the slice of recordath is
taken. Thus, it make&; component more favourable for energy registration at lafget
and endorses the obtained REVO analysis.

Figure 4a, b and c indicate the time slices of the recordedatrvenergy orf;, H,
andV component ,respectively, and reveal the variation of r@edrenergy versus azimuth
(REVA). The obtained circle in-y plane manifests azimuthal isotropy of the medium as
expected. It shows the efficacy of the proposed extrapolatiethod. Figure 4a demon-
strates that no energy is registered dn component in the in-line direction as expected.
Energy registration increases as azimuth increases fraon90 degree. Polarity reversal
occur on the either side of a line that bisects the obtainedecalong in-line direction.
SinceH,; components 08C' geophones of quadrant 1, 2 or 3, 4 ( shown in Figure 2) con-
tain the same orientation with respect to the source, thgyared to the incident wave field
in the same manner. Whilé{; components of quadrant 1, 4 or 2, 3 possess antipode ori-
entation with respect to the source and respond in a oppwaiteo the incident wavefield
and make it possible to endorse the obtained polarity ral/&eshaviour. REVA analysis
of the recorded P wave energy on H2 component (shown in Fidfoyéndicates that the
recorded energy decreases as azimuth increases from line idirection to the cross-line
direction. No energy is registered dfi, component in the cross-line direction in this case
as H,; component is more favourable. Polarity on tHeflips from on either side of a line
that bisects the obtained circle along the cross-line dorc The H, components o8C
geophones of the quadrant 1, 4 or 2, 3 respond to the incidavefield in the similar way
in behalf of the same orientation of the components witheesio the source. At the same
time, the H, components o8C geophones of the quadrant 1, 2 or 3, 4 have the opposite
orientation with respect to the source and respond to theent wavefield in a reversal
manner. Figure 4c shows the variation of the recorded P waeegg with azimuth on
the vertical component. It demonstrates that the recorde@\ energy on the vertical
component follow the stationary amplitude behaviour anidiity. Since, at a given time
the orientation of the vertical component with respect ® iticident wavefield remains
constant with azimuth,thus, it reinforces the obtained RB&haviour.

REVO analysis of the recorded SV-wave energyron H, and the vertical components
are shown in Figure 5a, b and c, respectively. This slice destnates an interesting prop-
erty possessed by SV-waves generated by an SV-source. iSotrapic media, SV-waves
triplicate (exhibit three arrivals) when the thickness loé &anisotropic medium is signifi-
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FIG. 4: (a) Registered energy versus azimuth( REVA) analgEP-wave af{; component
indicates that energy registration increases as azimutieases from 0 to 90. Polarity
reversal occur on the either side of a line that bisects ttedecalong in-line direction. (b)
REVA analysis of P-wave at/, component indicates that energy registration decreases
as azimuth increases from 0 to 90. Polarity reversal occutheneither side of a line
that bisects the circle along cross-line direction. (c) REalysis of P-wave on vertical
component reveal the variation of recorded energy and pplaith azimuth.
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FIG. 5: (a) REVO of SV-wave ori/; component. The Triplication phenomena occurs in
this case. Registered energy decreases with offset. (b)AR&NAlysis of SV-wave o/,
component demonstrate that a minuscule amount of energgistered or{, component.
(c) REVO analysis of SV-wave ori component indicates that a registered energy increases
with offset. Polarity reversal does not occur on the eithde &f zero offset.
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cant (Ferguson and Sen, 2004), and this is strongly appardritand H, in Figure 5. Itis
demonstrated by Figure 5a that energy registratiof/pcomponent decreases with offset
and polarity reversal is also occurred on the either sideeod offset. Figure 5¢ shows
that vertical component is more favourable for energy tegi®n at large offset. As offset
increases, the P-wave polarization angle increases witicae Thus, the orientation of
the polarization angle of SV-wave, normal to the P-wave fdéion angle, increases in
the direction of the vertical component and assign it asueaole component for energy
registration at large offset.

To verify the triplication phenomenon another approacttdesd by Ferguson (Fergu-
son and Sen, 2004) is delineated now. According to this ambravave field extrapolation
can be done using an estimatef true vertical slownesg and an estimate of true depth as

pa- = poe A, (12)
These estimated parameters are related to the travel timeparameterAr, via
AT (p) = 2[zq(p) — 24 (13)

From the above equation, follows

whereAr,, can be defined in terms of the known vertical slowness anckiisatives with
respect to Thomson’s parameters. Figure 6a shows theensline of the extrapolated
wavefield obtained by following the supporting approach amlthe facsimile of the Fig-
ure 6b. Thus, the authentication of the triplication pheeomis demonstrated. Figure 7 a,

In-line slice of extrapolated wavefield In-line slice of extrapolated wavefield

0.2

0.2

0.9F 1 0.9F

1 . . . 1 . . .
-1000 -500 0 500 1000 -1000 -500 0 500 1000
In-line(m) In-line(m)

(@) (b)

FIG. 6: (a) In-line slice of the extrapolated SV wavefield byidwing the supportive ap-
proach and it is replica of that obtained by author and shaw(b) part. It shows the
authentication of the triplication phenomena.

b and c reveal the variations of the registered SV-wave gnaitlp azimuth onH,, H, and
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the vertical components, respectively. More than one aatnicecircle is the counterpart

of triplication here. Figure 7a indicates that no energyegistered in the in-line direction
as expected and the registration increases as azimutlasese Further, polarity reversal
occurs on the either side of a line that bisects the obtaiimel® @long the in-line direction
due to the different orientation 8iC' geophones of the concerned quadrant with respect to
the source. Energy registration @¢f, component decreases with azimuth and no energy
is recorded orf{, component in the cross-line direction as shown in FigureAgiain the
polarity reversal occurs on the either side of a line thaetiis the obtained circle in the
cross-line direction. Figure 7c demonstrates the reco&\avave energy on the vertical
component at given time and it follows the stationary betsarivith azimuth. At a given
time the orientation of SV-wave polarization angle withgest to the vertical remains con-
stant for each azimuth and ensures the stationary behawidhe recorded energy on the
vertical component.

REVO analysis of the recorded SH-wave energyircomponent indicates that a small
amount of energy is registered on the component and is shown in Figure 8a. Figure 8b
shows that SH-wave energy registration/@ncomponent decreases with offset and polar-
ity reversal occurs on the either side of zero offset. No gynés registered on the vertical
component since SH-wave is decoupled from another seisaresv

Time slices of the recorded SH wave energylbn H, and the vertical components are
shown in Figure 9a, b and c, respectively. Figure 8a revéawariation of the recorded
SH-wave energy oih/; component with azimuth and demonstrates that energy ratost
decreases with azimuth and no energy is registered in drosslirection. Energy regis-
tration on H, component increases with azimuth and no energy is regésteréhe in-line
direction.

The zero offset travel time shown in Figures 5a, b, ¢ and 8ajrjicates that SH- and
SV- waves travel with same velocity along the symmetry akiss also noticed here that
at large offset the arrival time of the SV- and SH- waves ds#ffieom each other. This phe-
nomena is illustrated in more detail through the Figure IisTigure shows the difference
between the arrival time of the SV- and SH-wave at a geophoregéd at three different
offsets’ location, such as zero, medium and large offsdtsvelignore the dynamic be-
haviour of SH- and SV-waves and favourable component foretiergy registration and
are only concerned about travel time information, the olegtérns from this figure are
followed as:

e At zero offset both waves arrive at same time.

e At medium offset SV-wave energy is recognized by the geophmoare than one time
as supported by the cusps phenomena in anisotropic media.

e However, at far offset, the SH wave arrives prior to SV-wave

. These observations can be endorsed in the reference oigheeFL1. This figure reveals
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FIG. 7: (a) REVA of SV-wave onH; component and more than one concentric circle
is the counter part of the triplication. Polarity reversator on the either side of a line
that bisects the circle along in-line direction. (b) REVAadysis of SV energy ond,
component demonstrate thAt, component is more favourable for energy registration in
the in-line direction. (c) REVA analysis of SV-wave dhcomponent indicates that energy
registration on/ component follows the stationary behaviour. Polarity reaeoccur on
the either side of a line that bisects the circle along ctmeseirection.
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FIG. 8: (a) REVO analysis of SH-wave energy 6ih component indicates that a small
amount of energy is registered d@h, component. (b) REVO of SH-wave energy éh
component. Energy registration decreases with offset afatipy reversal occur on either

side of zero offset. (c) Recorded energy of SH-wave on \@rtomponent and it is null
in this case.
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FIG. 9: (a) REVA analysis of SH-wave energy éfi component indicates that energy
registration decreases as azimuth increases from 0 to 9@ritweversal occur on either
side of a line that bisect the circle along cross-line digtt(b) REVA of SH-wave energy
on H, component. Energy registration increases with azimuthpeotarity reversal occur

on either side of a line that bisect the circle along in-limection . (c) Recorded energy of
SH-wave on Vertical component and it is null in this case.
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FIG. 10: The arrival time of the SV- and SH- waves at a geopHonated at (a) zero
offset (b) medium offset (c) far offset. At medium offset Siveegy is arriving at two times
(expected, unexpected). The unexpected arrival time of 8fgy is supported by the
cusps in anisotropic media. The arrival time of the SH-wavess than that of SV-wave at

far offset.
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FIG. 11: The velocity variation of the SV- and SH-waves with group angle. The velocity
curve of the SV-wave shows the cusp phenomena and posseagdsiptamalue at angle near
by 45 degree in this case.

the group velocity behaviour with angle. It is observed tBak-wave velocity increases
monotonically with angle(offset). Although, SV-wave veity increases until maximum

value is attained and then decreases and grasp the minimuenatdar offset. As it is seen
that up to medium offset, the SH-wave velocity surface liebWw the SV-wave velocity

surface, the arrival time of the SV-wave would be less thahdfithe SH-wave arrival time

up to medium offset. At far offset, the SH-wave velocity sud attains its maximum value
that is greater than the SV-wave velocity at the same offsétthis behaviour shows the
agreement for the occurred pattern of travel time of the $\d &H-waves at far offset. Itis
also demonstrated that near by 45 degree of angle, the S¥~vewcity surface is multiple

valued with cusp and reinforced to the occurred pattern efuhexpected arrival time of
the SV-wave at medium offset.

CONCLUSION

9C — 3D seismic modelling for VTI has been accomplished in the plaage do-
main. The authentication of the proposed extrapolatiorhogtthas been demonstrated,
kinematically. The REVO and REVA analysis of the known seuie, SVand SH) on the
components of theC' geophone have been delineated here in order to illustrateifable
condition of energy registration on different componentshe 3C' geophone. Polarity
reversal analysis with azimuth and offset has also beensexpoThe phenomena of the
triplication occurs in using an in-line source. This is sagpd by the another approach
too.
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