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ABSTRACT. For a full wave inversion, it plays an important role to know the medium (isotropic, anisotropic,
poroelastic etc.) that best fits the observed data. Therefore, the goal of this work, which is part of a larger FWI
project, is to study which direct problem allows us to better describe the set of observed data available to us.
To this end, 2D numerical simulations of seismic wave propagation were carried out using a staggered grid finite
difference approach to simulate the acquisition of a zero-offset VSP. The synthetic data (d) were compared with
the data (dobs) of a zero-offset VSP acquired in the Islefio field, Greater Temblador Area in the Monagas State,
Venezuela. The physical models studied were wave propagation in isotropic and VTI anisotropic media. The
results of the study show three aspects to stake. First, the signal decay for the vertical component of both the
real and simulated data is similar. Second, when comparing the vertical component of the real and synthetic
data, it is observed that, for a signal recorded at 996 m, the correlation was 0.75 for the isotropic medium and
0.81 for the VTI anisotropic medium for direct waves. Finally, the third, the comparison for the horizontal
component recorded at the same depth shows a correlation of 0.40 for the isotropic medium model and 0.34
for the VTT anisotropic medium for direct waves. The results obtained allow us to deduce that in the case of
performing a full wave inversion in the land seismic data acquired in the Isleno field, it is recommended that it
be of the anisotropic full wave inversion type to obtain better results.

Keywords: numerical simulation, seismic wave propagation, isotropy, VT anisotropy.

INTRODUCTION

The numerical simulation of seismic data and its com-
parison with real ones has been carried out at different
scales, starting at small scales, as for example Bre-
taudeau et al. (2011); Pageot et al. (2017); Solymosi
et al. (2018). There are also examples of the applica-
tion of synthetic modeling of acoustical propagation
applied to seismic oceanography experiments (Kor-
mann et al., 2010) for the quantification of site effects
(Chavez-Garcia et al., 2000), as well as for the quality

control of high-resolution reflection seismic methods
as non-destructive tool for engineering tasks (Burschil
et al., 2015). However, no examples of the use of nu-
merical simulation of seismic data and its compari-
son with real data at a zero-offset Vertical Seismic
Profile (VSP) have been found in the scientific liter-
ature to investigate which type of medium (isotropic
or anisotropic) best fits actual seismic data.

A geophysical inversion process seeks to indirectly
extract information from the medium of the observed
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data, which is why it is necessary to have an equa-
tion or system of equations that best describes the
relationship between the environment and the ob-
served data. The process of mapping the parameters
of a geological model to quantities in the data space
is known as forward modeling, generally of the type
(Tarantola, 2005):

d = F(m), (1)

where d is the observed data and F is the function
that relates the parameters of the medium m with the
observed data. For the particular case of Full Wave-
form Inversion (FWI): it is a high-resolution seismic
imaging technique that is based on the use of all the
content of the seismic traces, which have little or no
null processing, to extract the physical parameters
of the medium sampled by the seismic waves. How-
ever, like any seismic inversion method, it needs to
use a theory that satisfactorily relates the physical
parameters of the medium with the observed data.
For this, the objective of this work, as part of a larger
FWI project, it was analyzed which theory best de-
scribes the observed seismic data. So, in this work,
2D numerical simulations of seismic wave propaga-
tion were performed using a staggered grid finite dif-
ference method for a zero-offset VSP acquisition case.
The results were compared with the data from a zero-
offset VSP acquired in the Isleno field, Greater Tem-
blador Area in Monagas State, Venezuela. The theo-
ries that were analyzed were those of wave propaga-
tion in isotropic and VTI anisotropic media to deter-
mine which theory best describes the observed data,
in order to, when the FWI of the land seismic data of
the Isleno field is carried out, select which equations
for the direct problem will give better results.

STUDY AREA

The Isleno Field is located in the Southwestern sec-
tor of the Uracoa Municipality of Monagas State and
northeast of the Orinoco Oil Belt. From a geological
point of view, it forms part of the southern flank of the
Maturin sub-basin in the Eastern Venezuela Basin. It
is located approximately 8 km south of Uracoa Field
and 30 km southeast of the city of Temblador (Fig. 1)
(CVET, 1970).

This zone is tectonically characterized by a pas-
sive margin with the transgressive influence of the in-
teraction zone between the Caribbean and the South
American plates. This interaction generated foreland-
type depocenters and folds thrusts in the deforma-
tion front, resulting in the creation of the Barinas-
Apure and the Eastern Venezuela Basins, where the
study field is located. From west to east, the Orien-
tal basin is divided into two sub-basins: the Guarico
and the Maturin sub-basins, separated by the Urica
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and Anaco fault systems (CVET, 1970). The stratig-
raphy of the fields of the area is characteristic of the
southern zone of the Eastern Venezuela basin and all
fields in the area are very stratigraphically similar,
composed by four large sedimentary units: the Mesa,
Las Piedras, Freites, and Oficina Formations which
unconformably cover a Cretaceous sedimentary unit,
the Temblador Group (Fig. 1b). This entire sequence
lies on a Precambrian igneous metamorphic basement
that represents the northern edge of the Guayana
shield (CVET, 1970).

ELASTIC WAVE EQUATIONS FOR
ISOTROPIC AND VTI ANISOTROPIC
MEDIA

Elastic waves are disturbances that propagate
through a medium and are characterized by their abil-
ity to transmit energy without transporting matter.
When a disturbance occurs in the medium, either
through an external force or a generating source, these
waves are produced (Caicedo and Mora, 2004).

In an isotropic medium, elastic waves propagate
in all directions with the same velocity and ampli-
tude. This means that the elastic properties of the
medium are the same in all directions. For an elastic
and isotropic medium in a 2D Cartesian system with
the horizontal and positive x-axis to the right and the
positive z-axis downwards, the P-SV equations of mo-
tion in the velocity-stress scheme are (Virieux, 1986):

vy 1 (004, n 004,
ot p\ ox 0z
a'Uz o 1 8sz + aazz
ot p\ Oz 0z
oo ov ov
TT _ Yz z 2
o = (25 A (2)
do.. [ Ovy v,
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ot " 0z or

Where v,,v, is the velocity vector; ¢,z,0,,,0:, is
the stress tensor; p is the density; and A and u are
Lame’s constants.

On the other hand, in a VTI anisotropic medium,
the elastic properties of the medium vary with direc-
tion. Elastic waves propagate at different velocities
and with different amplitudes depending on the di-
rection in which they propagate. The equations of
movement for a VTI anisotropic medium are given

by (Etgen, 1988; Caicedo and Mora, 2004):
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Figure 1: (a) Geographic location of the Islefio Field. The ILM-13 well where the zero-offset VSP was acquired is in

the yellow box; (b) Stratigraphic Column of Islefio Field area.
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where C1, C13, C33 and Cyy are the elastic coefficients
for a vertical transverse isotropy (VTI) medium.

STAGGERED GRID FINITE DIFFER-
ENCES IN THE TIME DOMAIN

The first implementations of the finite difference
method in a seismological context used a conventional
grid where all field variables (e.g., displacement, stress
and strain) are defined at the same grid positions, as
e.g. Kelly et al. (1976).

The breakthrough in finite difference modeling
was the application of the staggered grid approach
to discretization, where some of the wave quantities

are defined on a reference grid, and the rest of the
quantities are defined on a step grid, which is the off-
set grid midpoint of the reference grid (Fig. 2). This
technique was proposed by Madariaga (1976) and was
used to model an expanding circular fault.

MATHERIALS AND METHODS

Two cases were analyzed for the 2D numerical simu-
lation of the propagation of seismic waves. The first
case assumed the medium as isotropic and in the sec-
ond case it was used a VTT anisotropic medium. For
the numerical simulation for the isotropic medium,
the records of P wave velocity (Vp), S wave velocity
(Vs), density (p); and for the numerical simulation of
the VTT anisotropic medium, in addition to the afore-
mentioned records, it was also used the clay volume
record (VCL), from the weak elastic anisotropy pa-
rameters of Thomsen, to make the calculation. Fig-
ure 3 shows a diagram of the methodology used in
this work.

In the ILM-13 well, a zero-offset VSP (ZVSP) was
acquired at the interval 29.87 m — 1070.20 m MD us-
ing the VSI tool. The frequency analysis shows a fre-
quency content of 8-90 Hz and noise above 95 Hz. For
the ZVSP, a Vibroseis truck was used as a source and
the source was at 33.53 m and at an azimuth of 210°
from the well. 66 levels were acquired between 29.87
m and 1070.18 m in measured depth (MD). Then,
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Figure 2: Spatial discretization for the 2D problem in continuous isotropic medium.

from the well logs and the acquisition configuration,
grids of the input parameters necessary for the sim-
ulations with values of Az = Az = 0.999744m were
constructed as shown in Figure 4. The medium is as-
sumed to be perfectly horizontal since the dip in the
study area is approximately 4°.

Well Logs
Parameter calculation

Grid for Isotrb’b'ii:ﬂﬁ Grid for VTI
Medium Anisotropic Medium

Numerical
resolution of the
wave equation

‘ Synthetic data }—{

Real data

Figure 3: Methodology used in this work.

The values of A\ and p required in the numerical
simulation for an isotropic medium were calculated
from Vp, Vg and p using the following equations:

A=p(Vi —2V3)
) @
n=pVs

For numerical simulation in a VTI anisotropic
medium, the values of the coefficients Cy1,C13, Cs3
and Cy4 are needed and are calculated from the fol-
lowing equations (Thomsen, 1986; Yilmaz, 2001):

Css = p(V3) (5)
Cu = P(Vs2) (6)
Crn = C33(2¢e +1) (7)

C13 = \/20C33(Cs3 — Cus) + (C33 — Cu4)2—Ciy (8)
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where € and § are known as Thomsen’s elastic weak
anisotropic parameters (Thomsen, 1986). These pa-
rameters were calculated from the VCL using the em-
pirical equations proposed by Li (2006):

c— O, 6OVCL(VP - VPwater) (9)
VPquartz - VPwateT - 27 65VCL

§=0.32¢ (10)

where Vpyater = 1.50km/s and Vpguari: =
6.05km/s. The time interval used was At = 0.04ms
and the total recording time was 1.75s. The wavelet
used was the one obtained from the autocorrelation of
the Vibroseis sweep used as a source in the acquisition
(Fig. 5).

RESULTS AND ANALYSIS

The first thing that was done was to compare the
decay of the signal of the vertical component v, of
the real data with respect to those obtained for the
numerical simulation in the isotropic medium and
the VTT anisotropic medium, showing the results ob-
tained in Figure 6.

As observed in the results obtained, the decay of
the signal amplitude for the vertical component v, is
similar for both the real and the synthetic data ob-
tained in the numerical simulations.

Next, Figure 7 shows the seismogram for the verti-
cal component v, of the real data and Figure 8 shows
the seismograms of the synthetic data obtained from
the numerical simulations for the isotropic and VTI
anisotropic media. It can be seen that the arrival time
for the first arrival is similar for the real and for the
simulated data.
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Figure 4: Grids of Vp, Vs, p and VCL used in the numerical simulations.
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Figure 5: Source wavelet used for the numerical simulations of the ZVSP in the ILM-13 well.
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Figure 6: Decay of the v, signal of the real and of the synthetic data for the isotropic and the VTI anisotropic media.
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Figure 7: Seismogram for the vertical component v, of the real data.
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Figure 8: Seismogram for the vertical component v, of
the synthetic data resulting from the numerical simula-
tion: (a) isotropic medium (b) VTT anisotropic medium.

Continuing, the signal that was recorded at 996 m
was selected and compared with what was obtained
in the numerical simulation for an isotropic medium
(Fig. 9) and for a VTI anisotropic medium (Fig. 10).
If we visually analyze the comparison between the real
and the simulated signals of the isotropic medium, a
good adjustment is observed in valleys and peaks and
in the amplitude for times from 0.30s to 0.75s, but
after this time it is observed a considerable difference
in amplitude, as the real signal decays to values close
to zero, while the simulated signal remains between
-0.10 and 0.10. Then the correlation between the
observed and calculated seismic components for the
v, component of the isotropic medium was analyzed.
A separation of direct reflection windows (0 — 0.75s)
and primary reflections (0.7571.7s) was made. The
correlation obtained for the window of 0 — 0.75s was
0.75 and the resulting correlation for the window of
0.75 — 1.7s was 0.03, that is, it can be said that the
correlation is null for this last interval. Then a corre-
lation factor was calculated in a moving window with
a width of 100ms as a function of the reflection time
which is shown in Figure 11.

Regarding the comparison between the real data
and the results obtained for the VTI anisotropic
medium, if we visually analyze it, similar results are
observed as those obtained for the isotropic medium,
that is, a good fit in valleys and peaks and in am-

plitude, for times from 0.30st00.75s. However, af-
ter this time, a considerable difference in amplitude
is observed since the real signal decays to values
close to zero. In contrast, the simulated signal re-
mains between —0.10 and 0.10. If quantitatively
compared the correlation between the observed and
calculated seismic components for the component of
the VTI anisotropic medium, similar to the isotropic
medium, the analysis shows a separation of direct re-
flection windows (0 — 0.75s) and primary reflections
(0.7571.7s). The correlation obtained for the window
of 0—0.75s was 0.81 and the resulting correlation for
the window of 0.75 — 1.7s was —0.11, which means
that the correlation is null for this last interval. Then
a correlation factor was calculated in a moving win-
dow with a width of 100ms as a function of the re-
flection time which is shown in Figure 12.

Now we will see and analyze the results obtained
for the horizontal component v,. Figure 13 shows the
seismogram for the horizontal component v, of the
real data and Figure 14 shows the seismograms for
the synthetic data obtained from the numerical simu-
lations of the isotropic and VTI anisotropic media as
well as for the vertical component. It can be observed
that the arrival time for the first arrival is similar for
the real and the simulated data.

Then we selected the signal that was recorded for
the horizontal component v, at 996 m in the same
way that we did for the vertical component v, and
it was compared with what was obtained in the nu-
merical simulation for an isotropic (Fig. 15) and for
a VTI anisotropic medium (Fig. 16). If we visually
analyze the comparison between the real and the sim-
ulated signals of the isotropic medium, it is observed
that the amplitudes are similar for the times from
0.30st00.70s. However, a good fit between the val-
leys and real peaks is not observed. Moreover, the
simulated ones, after 0.70s, a considerable difference
in amplitude is observed since the real signal decays
to values close to zero while the simulated signal re-
mains approximately between —0.20 and 0.20 and
if they are compared quantitatively the correlation
between the observed and calculated seismic compo-
nents for the v, component of the isotropic medium
was analyzed, a separation of direct reflection win-
dows (0 — 0.75s) and primary reflections (0.7571.7s)
was made, the correlation obtained for the window of
0 — 0.75s was 0.40 and for the window of 0.75 — 1.7s
the resulting correlation was 0.19, that is, it can be
said that the correlation is low for this last interval.
Then a correlation factor was calculated in a moving
window with a width of 100ms as a function of the
reflection time which is shown in Figure 17.

As for the comparison between the real data and
the results obtained for the VTT anisotropic medium,
if we analyze it visually, similar results are observed as
those obtained for the isotropic medium, that is, it is
observed that the amplitudes are similar for the times
of 0.40st01.00s but a good fit is not observed between
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data resulting from the numerical simulation for an isotropic medium in the signal recorded at 996 m.
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Figure 11: Correlation factor for a moving window of 100ms for the v, component of an isotropic medium. Note that
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that the highest correlation values occur in the interval 0.3 — 0.6s.
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the real and simulated valleys and peaks. After 1.00s,
a considerable difference in amplitude is observed
since the real signal decays to values close to zero,
while the simulated signal remains approximately be-
tween —0.20 and 0.20. If quantitatively compared
the correlation between the observed and calculated
seismic components for the component of the VTI
anisotropic medium, similar to the isotropic medium,
it is observed a separation of direct reflection win-
dows (0 — 0.75s) and primary reflections (0.7571.7s).
The correlation obtained for the window of 0 — 0.75s
was 0.34 and the resulting correlation for the win-
dow of 0.75 — 1.7s was —0.09, which means that the
correlation is null for this last interval. Then a corre-
lation factor was calculated in a moving window with
a width of 100ms as a function of the reflection time
which is shown in Figure 18.

DISCUSSION

In isotropic media, the properties of the medium re-
main consistent in all directions. This implies that
seismic waves propagate at the same velocity regard-
less of their propagation direction. Comparing the
simulation results with the actual data, it is evident
that the accuracy of the vertical component (v,) is
higher than that of the horizontal component (v,).

On the other hand, in VTT anisotropic media, the
properties of the medium vary with the direction of
the wave propagation. This means that the velocity
of the seismic wave propagation depends on the di-
rection in which the wave travels (Thomsen, 1986).
Similar to the numerical simulations conducted for
the isotropic medium, the results indicate that the
vertical component (v,) performs better than the hor-
izontal one (v,).

If we focus solely on v,, we observe that the sim-
ilarities are more pronounced in the VTI anisotropic
medium compared to the isotropic medium. However,
this difference is not significant due to the minor im-
pact of VTI anisotropy on very small angles of re-
flection (less than 2° in our case) (Liu and Martinez,
2012).

Regarding lower correlation observed for v,, it can
be attributed to our assumption of a completely hor-
izontal medium, whereas the study area exhibits an
approximate dip of 4°. The obtained results lead us
to conclude that for performing a full wave inversion
on the land seismic data acquired in the Islefio field,
it is advisable to use anisotropic full wave inversion
to achieve improved outcomes.

CONCLUSIONS

The results obtained from the numerical modeling
demonstrate similarities in the decay of the signal
between the real and simulated data for the verti-
cal component (vz). The prediction accuracy for the

vertical component (vz) is higher, with correlations
in the area of interest for direct waves exceeding 0.75.
These correlations indicate a good agreement in both
amplitudes and the peaks and valleys. However, for
the primary reflected waves, the correlation factor is
significantly lower. In the case of the horizontal com-
ponent (vx), the correlation for direct waves exceeds
0.34, while for the primary reflected waves, the corre-
lation is close to zero (0.10), indicating only a reason-
able match in amplitudes but not in the peaks and
valleys. Comparing the simulations for an isotropic
medium and a VTI anisotropic medium in terms of
direct waves, the correlation factor figures suggest
that the results for the VTI anisotropic medium are
slightly better than those for the isotropic medium.
This observation can be attributed to the nearly ver-
tical orientation of the zero-offset VSP, resulting in
small incidence angles. While the isotropic full wave
inversion performed in this simulation yielded satis-
factory results, it is recommended that an anisotropic
full wave inversion be employed for the land seismic
data of the Isleno field. This is because we anticipate
the results to vary significantly due to the inclusion
of larger angles present in the land seismic data com-
pared to the angles encountered in this simulation.
An anisotropic full wave inversion is better suited for
handling these varying angles and is expected to pro-
vide more accurate subsurface structural characteri-
zation.
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