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Abstract. The anisotropic property of sedimentary rocks are influenced by geological processes
such as sedimentation pattern, grain size and grain sorting, hence it might be a significant impact to
the seismic wave propagation. An identifying method of the anisotropic property is done by deriving
the relationship between group velocity and phase velocity of  a P-wave seismic diffraction
function. Subject to be studied are Naintupo Formation, Tabul Formation and Tarakan Formation
which are lied in Tarakan Basin, these formations are an anisotropic sedimentation products,
generally composed of sandstone and shalestone by thickness more than 1000 meters. In the seismic
section, it is shown by range of 1500 msec - 3000 msec. The diffraction function observed at a point
of the diffractor due to the normal fault. There are 3 points of observation, SP.1374, SP.1375 and
SP.1376 which assign anisotropic value & and £, where the & value is in the range 0 0.26 —0.28 and
the € value is in the range of 0.46 — 0.72, picked from 42 samples. Furthermore, Pre Stack Depth
Migration was carried out through 2 velocity models; there are velocity model with anisotropic
parameters & and £ derived fromdiffraction functions and the constrained velocity inversion method.
After the curved ray pre-stack migration process, it is found that the velocity V, (90°) of diffraction
method faster than the constrained velocity inversion method, where the & value for both methods
are .35 but the ¢ for the diffraction method is 0.4 and the constrained velocity inversion method is
0.35. Regarding to the result of the 2D NW-SE PSDM stack, there is a more obvious fault
compartment observed from the diffraction method.

Keywords: sedimentation, anisotropic parameters, diffraction.

1. Introduction

Naintupo Formation, Tabul Formation and Tarakan Formation are sedimentation products lied in the
Tarakan Basin. Tarakan Basin itself subdivided into Tidung Sub-basin, Berau Sub-basin, Tarakan Sub-
basin and Muara Sub-basin, however the boundaries between the sub-basins are not always effective
borders, some are only hinges or fault zones. The basin subsidence developed and opened to the east and
the sea transgressed westward, and marine shale of Sembakung Formation were deposited overlying the
Dannu basement rocks. The latest Eocene uplift interrupted the transgression which produced Sujau
Formation (coarse clastic), a carbonate platform of Seilor Formation and continued became Mangkabua
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Shales. The western basin margins were uplifted and caused open marine condition to widespread and rapid
clastic deltaic deposition, which prograded eastwards in the Middle Miocene [1]. In this period time, the
sedimentation process generated the thick sand-shale lithology with anisotropic tendency consist of
Naintupo Formation, Tabul Formation and Tarakan Formation.

The sedimentation process during this period was influenced by the regular NE-SW trending faults
which are normal to the sedimentary thickening direction, it seems direct result of successive deltaic
sediments loading [1]. The anisotropic property can be described as an orientation of the deposition pattern
which is controlled by tectonic activities through this period. Lithology fabric and pore geometry are
important factors in the velocity of wave propagating through medium. The characteristic of the anisotropic
rock is reflected from the velocities measured are not similar in different directions. Substantially, this is
caused by the effect of preferred alignments of geological components. For example, at the pore scale, shale
prone rocks are anisotropic owing to the alignment of clay minerals. Anisotropic effects can also occur at
the seismic scale owing to sedimentary layering and vertical fracturing [2]. Moreover, these effects relating
with pore geometry and rock fabric on elastic properties. These bounds are a useful type of rock physics
model, essentially representing different ways of mixing rock and fluid; the softest possible mix is the Reuss
bound (harmonic average) and the stiffest is the Voigt bound (arithmetic average). It is evident from figure
1 that the Reuss bound effectively describes the behaviour of suspensions. Note that the yellow points refer
to marine ooze data acquired at or close to the seabed. The sand-shale intercalation which is the mixing
situation between suspension sedimentary process tend to have Reuss bound with a Voight-Reuss bound.
The Reuss bound itself reflects the flattened clay minerals due to suspension and compaction. The intensity
of this process can be illustrated from this figure as the sand-shale porosity and velocity discrimination,
belong to the change of pore geometry and rock fabric [2].
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Figure 1. Velocity-porosity characteristics of brine bearing siliciclastic sediment [2].

In term of our study, anisotropic property related to layering. The aligned particles in shale units as well
arranged layers horizontally on smaller scale than the seismic wavelength. For this anisotropic property
type varies with incidence angle where horizontal layer velocity is faster than vertical velocity but within a
plane perpendicular to the symmetry axis, it does not show any variation with direction. As this layering
conforms to polar symmetry, the anisotropy that results from this type of configuration is referred to polar
anisotropy. It is also commonly called vertical tranverse isotropy or VTI that plane perpendicular to the
symmetry axis is essentially isotropic [3].

The real impact of anisotropic problem is flattening reflector. It occurs when the reflector in a gather is
difficult to be flatten beyond an incidence angle of about 30" with standard moveout corrections. It is
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pointed out the effect of vertical transverse isotropy (VTI) on the seismic travel time for a VTI medium
[4] then the travel time can be described by:

x2 2nxt

2 _ 72 _
Li=To+ Viso  Vitno (T8 Vigmo +(1+21)x2) )
where 1 is given by Thomsen’s parameter:
=4
= Tz 2)

and,

Vimo = Vpo/ (1 + 26) (3)

while Vp, is the P-wave vertical velocity.

The 1 parameter is usually derived from stack semblance optimization after initial velocity estimation
in time processing [5]. A combination of time migration and depth migration can provide the information
on anisotropic parameters § and &, which & can be estimated iteratively from the misties between a depth
migrated image and the true depth as measured from well data, and then £ can be estimated from the
combination of 1 and 8 [6].

The VTI anisotropic tendency occurs in the far offset. It is identified from the remain of normal move
out correction such as described in equation (1). Therefore, the anisotropic tendency commenced to be
observed after the late of 1980°s when the far offset arise to be used in the seismic survey. The real impact
of the anisotropic tendency in the seismic data processing is the ability of NMO data correction flattening,
which is anisotropy appeared in the unflattened data correction. The NMO data correction accuracy may
have an impact in the seismic imaging result, both for PSTM (pre-stack time migration) and PSDM (pre-
stack depth migration).

2. Methodology

The 2D NW-SE seismic data which is used for this study was conducted in the Macassar Strait along 27.2
km’s (2041 point CDP’s) in 1991. Generally, the data quality is fair to good which is static correction
problem not found due to the survey conducted in offshore, however the seismic data is somewhat disturbed
by the multiple reflectors caused by the high contrast of impedance. Despite of the 1991 data, the signal to
noise ratio is high as a consequence of the multiple coverage is 73%. The streamer length which was used
up to 4 km’s, so it has a far offset value causing anisotropic effect. Based on the acquisition parameters
statistics, it is observed that the receiver array is a 4000 m length generating an offsets distribution which
is dominated by offset range 1200 m - 1500 m, 2400 m - 2700 m and 3600 m - 3900 m. Beside of it caused
anisotropic effects, these also generate multiple which is appeared in the range of 1800 msec to 3400 msec.
Meanwhile, the seismic wave in the fault plane diffracted along Sujau Formation. Furthermore, the
equation which transforms to the diffraction based on geometry such as shown in figure 2 [7].
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Figure 2. Diffraction geometry [7].

Refering to the diffraction geometry and the assumption of tané = tang, then if Z = sin® 8 [7]:

Z{M} )
1+ tan” ¢
or,
x}=|: zn’ } )
(1-2Z)

where h is the thickness of medium. If the the diffraction travel time is the source to receiver offset function
which is expressed as t,, then:

[=t +1, (6)

In this case t, is the diffraction delay time or the travel time along the S'D segment when the source is in
[
the distance a from a diffractor projection point in the surface, then ¢, will change to % ifa = 0,orthe

source is above the diffractor point. It appears from the relationship in the right triangle S'SD that the ¢, is
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o _ Iy (8)

Meanwhile, the polynomial equation used in this study is an equation which states the relationship
between group velocity and phase velocity in determining anisotropic parameters [7][8].

V(g) =V (0)1+ (26 +46% )2 +(2n+ 1657357 )2% + (167 — 1409)2° ~159°Z") (9)

where z = sin’@.

The equation can be written to be:

Vig): =vI0NI+ pZ+gZzt +r2° +52%) (10)

with p, q, 7 and s replacing the coefficients of polynomial order. Then if equation (7) and equation (8) is
substituted to equation (10), the equation will become:

{Uf_z]} LVHONL+ pZ +qZ2 + 123 + 52 (11)

The anisotropic parameters will be calculated by above method then the result of each methods
(diffraction and CVI) will be applied to the depth migration process before stack. The work-flow of depth
migration processing before stack as shown in figure 3. It is started from inputting several gathers as result
of pre-stack time migration. Then, after interval velocity calculation to obtain the initial model, tomography
process was done to get the velocity model based on the ray-path modeling. At that step, the result of
anisotropic parameters estimation of 2 methods were inserted, through an iteration process to get a residual
of each & and & which must be rectified to obtain an optimal CRP (Common Reflection Point) gathers which
will be stacked.

3. Data and Discussion

Based on the 2D pre-stack time migration as shown in figure 4 that the diffraction effects appear as well
in the fault plane along the anisotropic medium of Naintupo Formation, Tabul Formation and Tarakan
Formation, the diffraction picked up on the fault plane that touch the Sujau Formation.
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Figure 3. Work-flow of study.

There are at least 5 major faults as the main factor of deformation to the sedimentary product. It seems
that the main fault develop in the northwest part of this section, which the area encircled by red line (figure
4). This fault plane can discontinue the seismic energy, consequently it becomes a scattered energy point.
This energy will propagate as an diffracted seismic wave to all direction along the medium, therefore it can
be observed from the difference between group velocity and phase velocity as the way to estimate the
anisotropy parameters.

Figure 4. Pre-stack time migration section, diffraction effects can be observed in the encircled area by red
line.
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Meanwhile, regarding to the sedimentary progradation to the northwest, the sedimentary product will be
thickening and strengthening the point of observation. Furthermore, as shown in figure 5 there are shotpoint
gathers display of SP. 1374 -SP.1376, it is seen that the diffraction effect arise when a seismic wave beam
reach fault plane around CDP.361 at a time range of 3000 msec to 3600 msec with the appearance of a
hyperbolic function with a sharper slope of the reflection seismic function. Diffraction effect also appearing
on CDP. 781 and CDP. 921 resulting from the existence of other fault planes. However, the choice of
observation is around CDP.361, which is projected to the surface as SP.1374, SP.1375 and SP.1376
because diffracted P-wave propagating along the anisotropic medium in this position.

SP.1374 SP.1375 SP.1376
Figure 5. SP.1374 to SP.1376.

It is observed that the average values gained from SP.1374, and SP.1375 provide a consistent value of
(.28 with standard deviation is 0.0117 (SP.1374) and 0.0118 (SP.1375), while for SP.1376 the value of &
is 0.26 with standard deviation is 0.0119 (table 1). The average £ attained from SP.1374 is 0.46 with
standard deviation is 0.0185, SP.1375 of (.48 with standard deviation is 0.0174, and the value of slightly
differed significantly in SP.1376 is 0.72 with standard deviation is 0.0015.

Velocity modeling is a forward and inversion modeling. The transformation process based on ray fracing
principle after horizon picking interpretation. This processing is aimed to get interval velocity. There are 2
velocity models in this study which is built with an anisotropy parameters derived from diffraction function
and constrained velocity inversion method. Then, & and ¢ applied on the CRP domain. Furthermore, it can
be acquired from the "semblance” of spectrum whether the velocity model is correct or not. An error will
be appeared in the corrected common offset data as a non-flat layer on a CRP domain. This is not due to
erroneous migration but the anisotropy effect on far offset (> 2000 m) in CRP domain.
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Table 1. The anisotropy parameters calculated by
diffraction method.

CDP. 1374 CDP. 1375 CDP. 1376

) £ ) € o) £
1. (.292 0.481 0.291 0.502 0.272 0.726

No.

2. 0.291  0.480 0.290 0.501 0271 0926

3. 0.289 0477 0.288 0.498 0267 0725

4. 0.287  0.474 0.286 0495 0266 0724

5. 0.286  0.473 0.285 0494 0265 0724

6. 0.285  0.471 0.284 0492 0264 0724

7. 0.282  0.466 0.281 0.488  0.261 0723

8. 0279  0.460 0.278 0.482 0257 0723

9. 0274 0453 0.273 0.475 0253 0722

10. 0270 0.447 0.269 0469 0249 0722

11. 0266 0.440 0.265 0463 0245 0722

12. 0.262  0.433 0.261 0.457  0.241 0722

13. 0.257 0427 0.256 0450 0235 0722

14. 0252 0417 0.251 0.443  0.231 0.723

Avg = 0.28 0.46 0.28 0.48 0.26 0.72

STDEV = 0.0117 00185 00118 00174 00119 0.0015

It can be mentioned that the anisotropic properties of medium will affect NMO correction, the horizontal
velocity accuracy level expressed by the n or (e-d) value [9]. The velocity analysis is obtained from
"semblance” then the velocity value will be seen from "the power spectrum” value of single constant
velocity, if the value is not optimal then the correction is only for the near offset. Therefore if 11 has not
been entered, the accurate NMO velocity value for far offsets can not be achieved, consequently it will
reduce the stack resolution. Similarly, if the n value is not correct as a consequence it can be known from
6 residual and &€ residual. However, each calculation has incorporated an anisotropy assumption but it will
be tested to understand what extent the error occurring in each velocity model built on that anisotropic
parameters value by viewing the residual value of & and residual value of & before the refinement process.

The result which is obtained after the curved ray pre-stack migration process appearing Vp (90°) of
diffraction method (5500 m/sec - 6000 m/sec) is faster than the constrained velocity inversion method (5300
m/sec — 5800 m/sec). The & value for the diffraction method and the constrained velocity inversion method
are (.35, while the € for the diffraction method is 0.4 and constrained velocity inversion method is 0.35.
The & and & values indicating how large the difference between group velocity and phase velocity which
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will shift the reflector point as an impact of energy propagation along the anisotropic sedimentation product.
The & value relates to the vertical component and the £ value relate to horizontal component. So, the
difference accuracy of both methods have been found in the £ determination, or in another word, the &
determination is the important factor and it is originate coming from the horizontal impact of anisotropy.

Figure 6. Residual € for a) seismic method constrained velocity inversion and b) diffraction method on
CDP. 750.

Figure 7. Migration cross-section before stack in depth domain a) with anisotropic parameters
calculated from the constrained velocity inversion method, b) with the anisotropic parameters calculated
from the diffraction method.

Figure 6 demonstrates in the € residual observation that the reflector's appearance on the diffraction
method is much better than the constrained velocity inversion method. This means that the € refinement of
CVI method is greater than diffraction method (approximately +0.05). This can be done as an alternative
in cases where PSDM processing is performed in the area without well data. By observing the stack results
qualitatively of each method it appeared that the horizon depth of the diffraction method is shallower than
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CVI method, this may be caused by the horizontal velocity of diffraction method is faster than the result
of the constrained velocity inversion method. There is also seen that a better image of curvature was found
in the diffraction method at depth of 2500 msec as shown in figure 7.

4. Conclusions

The Naintupo Formation, Tabul Formation and Tarakan Formation were formed in the anisotropic
environment with a vertical anisotropic tendency that can be observed through the diffracted P-wave
seismic caused by fault plane that intersecting formations. The diffracted wave may give a better impact
of the relationship between group velocity and phase velocity that can be used to determine how large a
shifting position occurs due to the nature of anisotropy. In this study, the horizontal velocity obtained from
the diffraction method (5500 m/sec — 6000 m/sec) is faster than the CVI method (5300 m/sec — 5800 m/sec)
and it performing a smaller refinement correction after ray curve analysis (nearly -0.001).

Regarding to the observation result of the 2D NW-SE PSDM stack, there is a more obvious fault
compartment observed on the diffraction method, where the NW part of fault throw offset is larger than the
SE part of fault. This corresponds to the regional tectonic reconstruction which the rapture intensity
increases toward to northwest.
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