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Using multicomponent seismic for reservoir
characterization in Venezuela

REINALDO J. MICHELENA, MARIA S. DONATI, ALEJANDRO A. VALENCIANO, and CLAUDIO D’AcosTo, Petrdleos de
Venezuela (Pdvsa) Intevep, Caracas, Venezuela

This paper shows part of the effort
in Venezuela during the last eight
years to record, process, and interpret
multicomponent seismic data. We
present the main results of three pro-
jects aimed mainly to help other stud-
ies in fracture, lithology, and heavy
oil characterization in different types
of geologic environments.

Maporal Field. This field, in western
Venezuela in the Barinas-Apure Basin,
produces primarily from a fractured
carbonate reservoir at a depth of 10 000
ft. The area is structurally simple. In
early 1994, Pdvsa recorded in this field
the first 3-C/2-D multicomponent sur-
vey in Venezuela to obtain information
about fracture orientation and density
at the reservoir level that could help
design trajectories of horizontal wells.

The survey was designed to inter-
sect existing well control and maxi-
mize data quality with respect to
resolution and signal-to-noise ratio.
Three 10-km 2-D multicomponent
lines were centered over the reser-
voir along three azimuths. Lines 1
and 3 were parallel to the field’s two
main fault systems. Line 2 bisects the
angle between lines 1 and 3, forming
an angle of approximately 41° with
line 1 (Figure 1). To avoid aliasing of
surface waves, the geophone group
interval was 17 m with a linear array
between stations. The far offset was
extended to 3600 m to allow con-
verted-wave events to arrive outside
the surface waves cone.

Figure 1 shows the behavior of
migrated horizontal components
around points 7 km from the begin-
ning of each line. At the blue point
on line 3, the radial component
arrives faster than the transverse
component. At the red point on line
1, the radial component arrives later.
Similarly, at the green point on line
2, energy arrives faster in the trans-
verse component. These observations
suggest that the orientation of fast
shear waves is roughly in the same
direction of line 3, which is also par-
allel to the orientation of maximum
horizontal stress.

We performed rotation analysis
along the migrated horizontal com-
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Figure 1. Examples of migrated horizontal components for selected loca-
tions along the 3-C lines. Rotation analysis of these data yielded the frac-
ture orientation and density map in Figure 2.

faults

Figure 2. Map view of fracture orientation and density at the top of the car-
bonate reservoir. Maximum horizontal stress is parallel to line 3 (blue).
Fracture orientations closely follow the alignment of major faults. Changes in
fracture density are related to structural variations and changes in rock type.
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Figure 3. Comparison of fracture orientation from FMS logs and from mul-
ticomponent seismic data. Two fracture sets intersect well 23. Seismic data

tend to follow the densest.

ponents to estimate the orientation of
the faster shear arrival and the trav-
eltime difference between the two
arrivals at each point. The analysis
was based on the ratios of amplitudes
between the two horizontal compo-
nents. After analyzing the energy
ratios around various significant
reflections, we obtained maps of ori-
entation of the faster shear wave
arrival which correlated very well the
alignment of the major faults that
cross the field. Figure 2 is a map gen-
erated at the top of the carbonate
reservoir where the effect of upper
layers has been removed by layer
stripping. Orientations were esti-
mated only along the 3-C lines.
Angles for areas between lines were
estimated by bidimensional splines
interpolation. Lengths of red seg-
ments are proportional to differences
in traveltime between fast and slow
shear-wave arrivals. Figure 3 shows
how orientations obtained from rota-
tion analyses are also consistent with
orientations obtained from FMS logs.
They reveal that the dominant frac-
ture system in the field strikes north-
west-southeast, making an angle of
approximately 30° with line 3.
Because of the good correlation with
the alignment of major faults in the
field and the good agreement with
the orientation of the dominant frac-
ture set observed at the wells, we
interpreted Figure 2 as the map of
fracture orientation of the densest set
of fractures in the field. This map was
used to design trajectories of hori-

zontal wells.

Vp/Vs ratio and lithology of for-
mations right above the target are well
correlated in this field. Figure 4 com-
pares the Vp/V s ratio estimated from a
dipole sonic log with a gamma-ray log
from the same well. Vp/V; ratios
obtained after a careful interpretation
and correlation of PP and PS data fol-
low the same trend of the Vp/V ratios
obtained from the dipole sonic log.
Ratios estimated from the seismic data
are well correlated with net sand thick-
ness estimated from gamma-ray logs
at different locations. Seismic-derived
Vp/Vs ratios were later used to gener-
ate maps of net sand thickness across
the reservoir.

Figure 5 shows the relations
among structural variations along line
1, changes in lithology indicated by
changes in seismic-derived V/Vsratio,
and changes in anisotropy (propor-
tional to fracture density) indicated by
changes in traveltime differences
between fast and slow shear-wave
arrivals along the same line. The green
line indicates the variations in depth
of the top of the target. Notice how the
intensity of anisotropy is not sym-
metric around the zone of the structure
with strongest curvature. The reason
for this asymmetry is because the
flanks of the zone of strongest curva-
ture contain different rock types that
respond differently to the same defor-
mation. Because shales are more plas-
tic than sands, they tend to fracture less
when a similar stress is applied to both.

9400

Depth [feet]

10300

Figure 4. Correlation between
gamma-ray log and V,/Vj ratio.

Lagunillas Field. This field is east of
Lake Maracaibo Basin. The target
horizon is a Miocene Formation char-
acterized by interbedded series of
shales, clays, and highly unconsoli-
dated sandstones at a depth of 2000-
2600 ft (300-500 ms). Heavy oil serves
as the “glue” that holds the rock
together in the producing area. The
reservoir is in a monocline structure
with a mild dip to the southwest.

In 1997, Pdvsa recorded a 3-D/3-
C baseline data set simultaneously
with a conventional 3-D volume as
part of a project to monitor steam
injection. The purpose of the 3-D/3-
C experiment was to evaluate the
potential of using multicomponent
data to quantify changes in reservoir
conditions with time. Only the base-
line survey has been recorded so far.

The 3-D/3-C survey covers 0.33
km?. Sixteen geophones were perma-
nently buried at a depth of 30 m; per-
manently burying the geophones
ensures the required repeatability for
a time-lapse study. Spacing between
receivers and receiver lines was 196
m. The 4104 explosive sources were
buried at a depth of 15 m and had a
brick distribution. The same sources
were used to acquire a conventional P-
wave data set that covered a larger
area. These P-wave data have good
signal-to-noise ratio, high-frequency
content, and good continuity along the
target horizon.

The most significant results
derived from processing this multi-
component survey were:

* Unconsolidated sands produce
azimuthal anisotropy. As evident in
Figure 6, there is coherent energy in
both horizontal components along
all time sections. We believe seismic
data are responding in this case to
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Figure 5. Relations among structural deformations, frac-
ture density (proportional to strength of anisotropy),
and lithology along line 1. The anisotropy vertical axis
in the top figure indicates the difference in ms between
fast and slow shear-wave arrivals. More plastic shales
(Vp/ Vs greater than 2, in pink) tend to fracture less than

sands around the dome.

the maximum horizontal
stress in the area. No bire-
fringence analysis has been
performed so far in these
data.

¢ Resolution of horizontal com-
ponents is higher than reso-
lution of vertical component
(Figure 6), suggesting that
much more detail about the
reservoir can be obtained
with PS data than with con-
ventional PP data.

* Horizontal components
show lateral variations in
amplitude not observed in
the vertical component. This can be
seen in Figure 6 and more clearly in
Figure 7, which compares three time
slices of PP and PS data. The reasons
for these changes are unknown but
may be related to changes in reser-
voir conditions due to steam injected
into the reservoir 18 months before
the acquisition, lateral changes in
azimuthal anisotropy, or lateral
changes in lithology. Confirmation of
any of the hypotheses will require
more modeling and calibration and
careful removal of azimuthal
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Figure 7. Comparison
of horizon slices
(from 3-D P-wave
data) and times slices
(from PP and PS seis-
mic data). There is
good correlation
between both P-wave
volumes. Strong
changes in amplitude
are observed in con-
verted waves. The
three red points are
wells used in the
processing.

anisotropy effects.

¢ Time migrations using PS migra-
tion velocities yielded better
images than migrations using PS
rms velocities.

Orinoco Oil Belt. This area, the
largest heavy oil accumulation in the
world, is in Eastern Venezuela.
Reservoirs consist of closely interbed-
ded series of heavy-oil sand bodies
at very shallow depths. In August
1997, one operator in the area
recorded a 3-D/3-C multicomponent
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Figure 6. Time-migrated seismic sections for vertical,
radial, and transverse component PP time. The energy in
both horizontal components is clear evidence of
azimuthal anisotropy in this field. The target is between
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data set to test how 3-C data could
help improve shallow resolution of
reservoirs with little or no contrast of
acoustic impedance between sands
and shales. The 3-D/3-C data were
processed by two contractors. This
study uses one of their final P-P and
PS migrated cubes. In addition to
seismic data, Pdvsa was provided
with dipole sonic, density, gamma-
ray, and spontaneous potential logs
from three wells (although not all
logs were available for all wells).
Figure 8 shows how the gamma-



Downloaded 05/03/18 to 96.81.42.129. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

yray p \Vp/Vs Vs Vp

2 ( 4000
: 2
é S 8 >
= ; { Y
B ; \ C 3600~
f SR AL
B5 € 4
- { ; }t> ﬁeoon
§ (=]
5 R 2, Py
\?? 9 Li LDast0
20 24 23 30 37 2 4 86
COI’I’ glem? (Kfeet/sec)
coeff, 10 079 032 -042 -0.16 022 -0.18 2000

Figure 8. Correlations among gamma-ray, density,

1
shale

sand

Vpl Vs ratio, S-wave velocity, P-wave velocity, P-wave L e

impedance, and S-wave impedance logs. Numbers at
the bottom are the correlation coefficients between

gamma ray and the log above.

ray log correlates with different seis-
mic properties such as velocities, den-
sities, and impedances. As expected
in this area, there is little correlation
between gamma ray and acoustic
impedance—the reason why com-
pressional seismic data have not been
reliable to detect changes in lithol-
ogy. The correlation with wave veloc-
ities and lithology is also poor. The
correlation with shear-wave veloci-
ties is better than with compressional-
wave velocities. Vp/Vs and gamma
ray are also poorly correlated.
However, the correlation between
gamma ray and density is high,
which suggests that medium density
can be used to help differentiate
lithologies in this area. When the two
parameters that show the highest cor-
relation with gamma ray (density and
shear-wave velocity) are crossplot-
ted and each point is colored with
the corresponding gamma-ray value,
we observe better separation between
sands and shales (Figure 9). This sug-
gests that elastic parameters of the
medium estimated from seismic data
can be used to differentiate shales
from sands after training a classifi-
cation algorithm at the well.

An arbitrary line that intercepted
the three wells where logs were avail-
able was extracted from the 3-D/3-C
PP and PS cubes. We used a com-
mercial algorithm to perform strati-
graphic inversion of these two
poststack lines. The results were com-
bined to obtain the elastic parameters
of the medium (Valenciano and
Michelena, 2000). Figure 10 shows a
density section obtained after invert-
ing PS poststack data and combining
this result with the acoustic imped-
ance and estimates of the product
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Figure 9. Plot of density versus S-wave velocity that is
color-coded using the gamma-ray log. Sands and
shales are clearly separated.
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Figure 10. Density section estimated after combining PP and PS inversions.
There is good agreement between estimated and expected densities except
between 0.2 and 0.4 s, where the seismic derived density shows lateral vari-

ations around the well.

Vp/Vg and ratio V,/Vg derived from
the dipole sonic log.

Figure 11 shows the lithology dis-
tribution over the arbitrary line
extracted from the 3-D/3-C data set.
This was obtained after extrapolating
along the section the relations
between velocities and density at the
well in the middle. The extrapolation
of relations among elastic parame-
ters was performed by using a
neural-net-based classification algo-
rithm on the elastic parameters
derived from the seismic data. Sands
are blue, shales are red, and transi-
tion zones are yellow.

These encouraging results helped
justify the current reprocessing of
these data with more emphasis on
static corrections, wavelet process-
ing, and preservation of true relative
amplitudes.

Final remarks. Pdvsa faces many
reservoir characterization challenges
in Venezuela, particularly onland, in
which multicomponent seismic can
make enormous contributions. Many
Venezuelan reservoirs have complex
stratigraphy and are in structurally
complex areas. Fracture, lithology,
and fluids characterization in com-
plex areas require better seismic
images. For this reason, geophysicists
in Pdvsa will focus in the next few
years on the use and enhancement of
3-C seismic processing and imaging
algorithms, and the development of
new analysis/interpretation methods
for these data. Particular emphasis
will be on estimation of petrophysi-
cal parameters and interpretation of
3-C seismic attributes. As part of its
exploration and production strategy,
Pdvsa plans to use 3-C seismic to help
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Figure 11. Lithology distribution after classifying the estimated elastic
parameters using a neural-net-based algorithm. There is good agreement
between seismic-based predictions and well logs, in particular below 0.44 s
where the target is located. The initial model was built using only informa-

tion from well A.

delineation and characterization of
offshore reservoirs in the near future.

Suggested reading. “Multicomponent
3-D seismic pilot study in the Orinoco
heavy oil belt,” by Lansley et al. (TLE,
1998). “Mapping distribution of fractures
in a reservoir with PS converted waves,”
by Ata and Michelena (TLE, 1995).

“Birefringence study on 3-C/2-D:
Barinas Basin (Venezuela)” by Donati
and Brown (SEG 1995 Expanded
Abstracts). “Quantifying errors in fracture
orientations estimated from PS con-
verted wave” by Michelena (SEG 1995
Expanded Abstracts). “Stratigraphic inver-
sion of poststack PS converted waves
data,” by Valenciano and Michelena

(SEG 2000 Expanded Abstracts).
“Tomography + prestack depth migra-
tion of PS converted waves” by
D’Agosto et al. (SEG 1998 Expanded
Abstracts). “P- and S-wave separation at
a liquid-solid interface,” by Donati and
Stewart (Journal of Seismic Exploration,
1996). “Making AVO analysis for con-
verted waves a practical issue” by Donati
and Martin (SEG 1998 Expanded
Abstracts). E
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