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Abstract— Seismic anisotropy causes deviation of
traveltime reflection from hyperbolic moveout. The
deviation can be seen at far offset and its deviation
depends on anisotropic parameter and offset. This paper
discuss velocity variation with offset (VVO) method as a
tool for estimating anisotropic parameters; ¢ and o.
Anisotropic parameter is one of important aspect in
seismic anisotropy analysis. While other methods use non-
hyperbolic moveout for estimating anisotropic parameter,
VVO method uses hyperbolic assumption for moveout
correction and leave reflector unflat at far offset because
anisotropy. The method calculates residual traveltime and
then changes it into anisotropy velocity to obtain
anisotropic parameter using linear inversion method. This
paper provides an improvement and limitation of VVO
method in estimating anisotropic parameter. Comparison
between VVO method and other established method is
discussed theoretically in this paper. To test the method,
synthetic model is built and the result show promising
outcome in predicting ¢ Meanwhile accuracy for o
estimation depends on accuracy of moveout velocity.
Advantage of VVO method is that £ and é can be estimated
separately using P-wave gather data without well
information.

Keywords- anisotropic parameter; velocity versus offset;
velocity dependent offset

l. INTRODUCTION

Seismic anisotropy is defined as velocity dependent
on angle or offset. In recent years, many researchers
have acknowledged of anisotropy effect on seismic data
processing and interpretation. Analysis of anisotropy
must be considered in doing normal moveout (NMO)
correction, velocity analysis, time-depth conversion and
amplitude versus offset (AVO) analysis [1]. Factors
causing anisotropy are intrinsic anisotropy, crack, and
thin bed laminated. Reference [2] measured seismic
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velocities from core plug and show that intrinsic
anisotropy is present in shale and coal rock because
micro lamination of their formed mineral. Sand and
carbonate are isotropic unless they are fractured or thin
laminated. Lamination of isotropy layer will give
anisotropy effect if its thickness is smaller compared to
seismic wavelet [3]. Pressure on rock affect anisotropy
velocity which varied azimuthally depends on crack
direction [4].

One of important things in anisotropy analysis is
parameter estimation. Other than for seismic imaging
purposes, knowing of anisotropic parameter also helps us
in understanding the reservoir. Besides from core plug
measurement, some researchers attempt to obtain
anisotropic parameter from well data or seismic data.
Anisotropy analysis from seismic data involves gather
data and common methods used for parameter estimation
are mostly based on traveltime reflection/moveout
velocity such as suggested by [5] and [6].

This paper will discuss alternative method in
estimating anisotropic parameter using P-wave seismic
data suggested by [7] called velocity variation with offset
(VVO). The method is based on calculation of velocity
variation along offset caused by anisotropy and it allows
us to predict anisotropic parameter in the absence of
velocity information from well/checkshot data. In this
paper we will review VVO method and discuss
improvement of the method from current research point
of view. There are some established methods in
estimating anisotropic parameter that have been widely
used in processing software. This paper will briefly
discuss one of those methods called Alkhalifah’s
inversion method and compared it with VVO method. A
technique of estimating ¢ and ¢ simultaneously using
velocity versus offset information with the help of linear
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inversion method will be discussed here with synthetic
model example.

Il.  VELOCITY ANISOTROPY

There are some models in anisotropy which are
vertical transverse Isotropy (VTI), horizontal transverse
isotropy (HTI) and tilted transverse isotropy (TTI). Rock
physics and seismic data show that VTI model is often
seen in sediment rock such as thin bed layering and shale
anisotropy [1]. Reference [8] derives an equation of
plane wave for weak polar anisotropy and gives three
anisotropic parameters known as Thomsen’s parameters.
In VTI medium, velocity depends on the angle between
the vertical symmetry axis and direction of travel and
Thomsen’s parameters are defined as follows:

Vpon =V
o — VP90 ~VPo 1)
Vpg
V V
5:4( Pas _1j_( Poo _1] @
Vpg Vpo

Parameter ¢ shows difference between P-wave
vertical velocity (Vpo) and horizontal velocity (VPeo). d is
a measurement of near vertical velocity for P-wave
where Vpas is velocity at 45°. Other parameter is y which
measures difference between vertical and horizontal for
S-wave velocity.

For transverse isotropic media, phase velocity for P-
wave or Vp(8) is defined as:

Vp(8) =Vpg 1+ Ssin 2 ¢9cos2 6+gsin4 ). 3)

Weak anisotropy assumes the magnitudes of ¢ and o
are less than 0.2. Even though, 6 and ¢ were originally
introduced to simplify velocity equation for weakly
anisotropy media, [6] have identify that they also assist
moveout analysis for transversely isotropic models with
arbitrary strengths of anisotropy.

For VTI medium, [7] derived an equation to obtain
velocity anisotropy or Vp@@) based on hyperbolic
moveout and simplify weak anisotropy equation by
assuming that for small 6, the third term of (3) which
contains ¢ is neglected. So (3) becomes:

Vp(6) =Vpq (L+5sin 2 6). 4)

By plotting Vp(6) and sin?(9) for near offset, intercept
and horizontal gradient velocity (Vpo*d) can be obtained
in similar way with obtaining gradient in AVO method.
Meanwhile ¢ parameter is obtained by assuming that
velocity anisotropy follows ellipse curve [7]. Reference
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[9] show that gradient velocity obtained from VVO
method can be used as an alternative tool to indicate
hydrocarbon present especially in gas reservoir in
addition to common direct hydrocarbon indicator method
such as AVO analysis. Sand filled with gas will have
higher ¢ and ¢ compared to water saturated sand. The
advantage of this method over AVO analysis is that
VVO does not require a preserved amplitude data.

In this study, velocity information until far offset will
be used as an input for (3) to obtain 6 and ¢
simultaneously using linear inversion method. A
technique on obtaining velocity along angle of
propagation, Vp(8), will be discussed in this paper.

I1l.  COMPARISON OF VVO WITH ALKHALIFAH’S
INVERSION METHOD IN ESTIMATING ANISOTROPIC
PARAMETER

Reflection traveltime for isotropic medium is based
on hyperbolic moveout defined as:

2 2, X ()

=1p +V 5
NMO

where t is travel time at x in two way time (TWT), to is
travel time at zero offset (x = 0), x is offset and Vnwo is
normal moveout (NMO) velocity.

Anisotropy presence disturbs this reflection moveout
and cause deviation of traveltime at far offset. Reference
[7] defines relationship between those deviations with
offset dependent velocity, Vh;. In VVO method, gather
data is corrected using initial stacking velocity (Vamo
=Vstack) based on hyperbolic moveout and then calculate
time deviation (residual moveout) of each offset, At;. The
residual moveout for each offset (At;) is calculated as
time difference between correct moveout (moveout with
Vh;) with moveout with Vnmo and can be approximated
as:

L2 L2
i X (6)
2 2

hiTy v To

Atj =AT — ATStaCk ~

Velocity dependent offset (Vh;) is then calculated
independently for each offset:

Vh;

2 - 2
J J

Where ATswack iS travel time difference to zero time
(to) after Vstack OF Vmo as in (6) and Vnwo is obtained
during velocity analysis. Meanwhile At; will be
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calculated using cross correlation method as explained in
the next section.

There are several methods which estimate anisotropic
parameter using moveout velocity analysis such as
shifted-hyperbolic moveout [10], modified three term
Taylor series [6], and Alkhalifah’s traveltime inversion
methods [11]. Those methods are based on non-
hyperbolic reflection traveltime, in which the third term
is related to anisotropic parameter. Reference [11]
derives quadratic term equation for P- and S-wave in
transversely isotropic media becomes:

2o ®
2 2[, 2 4
VNMo© Vamo [to VyMod + L+ 2n)x }

So moveout for P-wave can be explained with
vertical travel time and two effective parameters Viwmo
and n where 7 is called as ellapticity parameter defined
as (e-0)/(1+26). In Alkhalifah’s inversion method, 2D
scan semblance of Vnmo and 7 is used to flat the reflector
event and to reduce ambiguity in estimating anisotropic
parameter. ¢ is estimated with the help of well velocity
(Vpo) based on (9) and ¢ is then calculated based on 7
value. This method needs long offset and also the
extracted values of # are sensitive to error in Vymo [5].
Meanwhile in VVVO method, moveout correction still
uses hyperbolic assumption and leave the reflector unflat
at far offset so that residual moveout (At) can be
calculated to get velocity data of each offset.

The VVO method involves calculation of interval
velocity and transformation of offset to angle. In
isotropic medium, moveout velocity (Vnmo) is equal to
RMS vertical velocity (Vrws) then interval velocity can
be obtained by applying Dix’s equation. However, that
simple approach is not valid for anisotropy medium
where moveout shortspread (Vnmo) is not equal to Vrms
even for horizontal reflector [8]. In anisotropic media, if
Dix formula is used to derive interval velocity such as in
this study then obtained velocity is apparent interval
velocity (Vp') that contains anisotropic parameter 6 and
defined as:

This relationship must be taken into account when
Vpo is estimated using (3) which become:
| . .2 2 .4
Vp'(6) =Vpg'(1+0sin~ dcos™ O +¢sin ™ ). (10)
Current transformation offset to angle is mostly for
isotropic medium such as in [12] in which offset

information convert to group angle. However for
anisotropic media, group angle is different with phase
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angle. Meanwhile for reservoir property interpretation,
such as in weak anisotropy equation, angle and velocity
that is used is phase angle and phase velocity. Therefore
group angle is needed to be changed to phase angle.
However calculation between phase and group angle is
depend on parameter anisotropy itself, so mathematical
calculation that relates phase and group velocity is
complex. However, for weak anisotropy, group velocity
can be approximated by phase velocity [8]. Reference
[13] study new ray-traced approach that is more accurate
in offset-angle transformation by taking into account the
difference between group and phase angle. They find
that an accuracy of conventional transformation which
assumed group angle = phase angle in anisotropic media
is getting less with an increasing of angle and anisotropy
degree. In VVO method, transformation of offset to
angle assumed that group angle is the same as phase
angle. Therefore when dealing with strong anisotropy
case, VVO method will lose its accuracy in defining
anisotropic parameter.

IV. APPLICATION OF VVO METHOD IN SYNTHETIC
MODEL

In this paper the VVO method is tested on simple
synthetic model. Gather is built using available software
based on finite difference algorithm with parameter
shown in Fig. 1. The maximum offset is set to 5000 m
with dominant frequency 30 Hz and sampling rate 2
msec. Second layer is anisotropic media with ¢=0.12 and
0=0.06. The gather is then corrected by hyperbolic
moveout with Vywo based on the model. Gather after
moveout correction shows flat event for first reflector at
1000 msec (Fig. 2a). Meanwhile for bottom of
anisotropic layer (around 1300 msec), reflector is flat for
offset < 1800 m and gets deviated as offset increasing.
Fig. 2b shows gather after non-hyperbolic moveout
correction based on Alkhalifah’s inversion method with
the same Vmo and # for second layer is picked around
0.061 to get flat reflector. In VVO method, we will
calculate residual travetime after moveout shown in Fig
2a to obtain velocity information of each offset.

Vp = 3500 m/sec Vs = 2300 m/sec
1800m

Vp = 4100 m/sec Vs = 2500 m/sec

2400m £=0.12 , 5=0.06, n=0.056

Vp = 5000 m/sec Vs = 3000 m/sec

Figure 1. Simple horizontal model with second layer is anisotropic
media
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Figure 2. Gather after normal moveout with hyperbollc equation
showing hockey stick effect on the bottom of second layer. (b) Gather
after normal moveout with non-hyperbolic assumption based on
Alkhalifah’s traveltime inversion.
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Residual moveout (At) can be calculated either in
time domain or frequency domain and it is obtained by
calculating time shift of particular reflector event of two
closest traces. In this paper, At is calculated in frequency
domain with the help of S-transform [14]. Frequency
analysis is expected to give more detail result since it
allows delay time that smaller than sampling rate
especially since we work with weak anisotropy.
Reference [15] show with synthetic example that At
calculation in frequency domain gave result closer to the
At model compared to its calculation in time domain.
Each trace is transformed to S-transform and two nearest
traces are cross-correlated resulted in amplitude and
phase spectrum as shown in Fig. 3. Delay time is then
calculated from gradient of phase spectrum. However as
seen in Fig. 3 the phase is varied with frequency and the
filter based on signal to noise ratio is applied to pick the
frequency range. Firstly, amplitude spectrum s
converted into amplitude in unit dB (Fig. 4a). Then -10
dB cut off is used considering that amplitude above -10
dB have signal to noise ratio around 0.7 (Fig. 4b).
Secondly, gradient phase is calculated over resulted
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frequency range which is around 22 — 55 Hz. The
process is repeated until last offset with a nearest-offset
trace is used as reference for measuring At for the next
trace.

Amplitude Spectrum
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Figure 3. Example of cross-correlation result between two traces in
amplitude and phase spectrum.

50},
-100
g so
8
3 200
2
E- 250
-300
S50 " " . . . N . , .
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)
(a)
10
8t 4
6 4
4r 4
8
8 7 ]
| °r T
2 2f |
=)
£ -
6} .
8} -
% ) ; i A A . i i s
10 20 30 40 50 60 70 80 90 100
Frequency (Hz)
(b)
Figure 4. Amplitude spectrum in dB (a) and amplitude spectrum that

has been cut above -10 dB (b).
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Since At is calculated after velocity analysis, then its
value will depend on Vnwmo. Fig. 5 shows At at bottom of
anisotropy layer (reflector two) for different Vmo. For
modeled Vnmo = 3695 m/sec, residual moveout start to
deviate from 0 m from offset 1800 m and time shifts get
larger up to -30 msec showing that faster velocity is
needed to flat the reflector event. Meanwhile if picked
velocity is too high such as 3800 m/sec, then data is
overcorrected and At has positive value.

After obtaining At of each offset then velocity
information is calculated using (7) and apparent interval
velocity per offset, Vp’, are calculated using Dix’s
equation. The next step is to transform it to velocity of
angle using offset-angle transformation in [12] or other
available transformation. Obtained velocity for each
angle will be used as an input data for (10) and will be
solved by linear inversion method. Solution for linear
problem is defined as:

1
m:[GTGT Gld.

Where d is known data (Vp’@) and 6), G is kernel
matrix, and m is model parameter that we need to
estimate (Vp0’, ¢, and ). With two known and three
unknown parameter then (10) has underdetermined
problem and there will be ambiguity in solving the
problem. One of ambiguity is the angle range of input
data. Reference [5] states that for X/D < 1 (X=offset,
D=depth), hyperbolic assumption is still valid and [2]
mentions that anisotropy effect is significant for angle
>20°. Obtained residual moveout for X/D < 1 is closed to
0, so velocity and angle data that we input for inversion
method started from X/D > 1 (around 1800 m) or around
20°.

(11)
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Figure 5. Residual moveout caluclation for different Vywo.

As shown in Fig. 5 that different picked velocity
resulted in different residual moveout, then it will result
in different value of ¢ and 6. Fig. 6 shows inversion
result of anisotropic parameter estimation for different
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Vnmo. Estimation of ¢ is quite stable in variation of
picked Vnmo with error 10% compared to model value.
Meanwhile ¢ value is more varied due variation of Vymo
with deviation 25% from the model. This result shows
that 0 value is more affected by Vimo due to their
relationship as defined in (9). Accuracy of ¢ in this
method gives advantage on reservoir interpretation
because ¢ value is more related to rock property [16]. If
right Vnmo is picked in this case 3695 mi/sec, then
anisotropy parameter can be estimated closed to the
model as shown in Table 1. For vertical velocity, Vpo,
estimation from this method is accurate with an error of
0.5. For ¢ the inversion result is 0.056 so an error is
around 6% and the result for ¢ is 0.11 with the model
0.12 so an error is around 8%.
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Figure 6. Anisotropic parameter from inversion result for different
Vimo
TABLE I. COMPARISON OF ANISOTROPIC PARAMETER BETWEEN
MODEL AND INVERSION RESULT
Anisotropic Model Inversion Result
parameter
Vpo (m/sec) 4100 4127
0 0.06 0.056
e 0.12 0.11

V. CONCLUSIONS

VVO method provides alternative tool to predict
anisotropic parameters for weak anisotropic case. The
assumption of this method is still hyperbolic moveout
and doesn’t directly give anisotropic parameter during
velocity analysis. However it gives advantage in
providing separation value of ¢ and ¢ in the absence of
well velocity. Estimation of ¢ and ¢ can help us in
understanding reservoir such as lithology or fluid
property. In VVO method, estimation of ¢ has better
result compared to ¢ estimation which & value is more
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affected by velocity picking. The method however
depends on continuity of seismic event especially at far
offset since it will affect residual moveout calculation.
Therefore removal of random noise is needed to improve
data quality. The ambiguity of inversion method also
influences accuracy in anisotropic parameter value.
Forward modeling using well information or rock
physics study will help us to predict expected value of
anisotropic parameters and range of error in our
prediction.
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