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Abstract

An oil and gas field containing less than 50% carbon dioxide (CO:) impurities is considered
economically viable. This study focuses on the 'X' area, located in the northern part of the South Sumatra
Basin, and evaluates the sensitivity of elastic parameters—specifically P-impedance and Vp/Vs ratio—
to hydrocarbon presence. Additionally, the study assesses the distribution of sandstone reservoirs within
the Lower Talang Akar Formation (LTAF) using seismic reservoir characterization methods, while also
analyzing the spatial correlation of natural CO: impurities. Using data from 11 wells equipped with S-
wave logs, a multi-attribute analysis was applied to predict reservoir properties in 57 additional wells.
Sensitivity analysis of hydrocarbons, reservoir, and non-reservoir zones was then conducted using
elastic log parameters. Seismic attributes such as variance and ant tracking were utilized to detect fault
patterns and potential fractures. Moreover, Relative Acoustic Impedance maps—based on negative and
minimum amplitude summations—were generated to visualize sandstone reservoir distribution and CO:
impurity saturation derived from well tests. Results show that hydrocarbons exhibit greater sensitivity
to the Vp/Vs ratio than to P-impedance, although sandstone reservoirs generally display low P-
impedance values. Faults in the LTAF surface trend north-south, northwest-southeast, and northeast-
southwest, with the highest density in the eastern region of area 'X'. Thick sandstone reservoirs are
predominantly found in the northern, southern, western, and southeastern sectors. CO: saturation trends
decrease westward, aligning with reservoir presence and fracture intensity. Zones with thick reservoirs
and low CO: levels are identified as key targets for future exploration and development.
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Introduction CO: impurity levels exceeding 50% are
often reconsidered or even discontinued for
Hydrocarbons from well drilling typically further development.
contain impurities, one of which is carbon
dioxide (CO:). These impurities affect the The 'X' area, situated in the northern part of
economic viability of an oil and gas field the South Sumatra Basin (Figure 1),
(Hidayat et al., 2020). Sembiring et al. produces gas saturated with CO.. Over 60
(2019) explain that high CO:. content wells have been drilled to date, penetrating
reduces hydrocarbons' quality and calorific the main producing reservoir, a CO--
value and that Indonesian gas wells often saturated gas sandstone reservoir located
exhibit very high CO: concentrations in within the Lower Talang Akar Formation
natural gas. Variations in CO: saturation (LTAF). The syn-rift LTAF reservoir,
levels within hydrocarbon gases have been deposited during the initial basin
documented across the South Sumatra development phase, consists of alluvial and
Basin (Alamsyah et al., 2023). Fields with fluvial deposits that transitioned to deltaic
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deposits due to transgression (Figure 2-
rigth). The sediment model, reservoir
characteristics, and geometry of the LTAF
(Figure 2-left) are influenced by fault
movement, distribution patterns, and basin
slope.

Reservoir characterization, a crucial aspect
in understanding reservoir properties and
detecting its distribution (Ambarsari et al.,
2020), is a key player in field development.
This study focuses on identifying rock

elasticity parameters, P-impedance, and
Vp/Vs ratio, which are sensitive in
identifying hydrocarbons, reservoirs, and
non-reservoirs. It also aims to qualitatively
assess fault and fracture distribution and
intensity using seismic data, determine
reservoir distribution qualitatively
integrated with CO. impurity distribution,
and identify  economically  viable
prospective areas for further development.
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Figure 1. The 'X' area, situated in the northern part of the South Sumatra Basin overlaid with paleogeography of
LTAF (Modified from Ginger & Fielding, 2005). Left, 3D Seismic Basemap with well location and fault
configuration on LTAF, X Area
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Figure 2. (A) South Sumatra Basin generalized structural and stratigraphy section. (B) The sediment model,
reservoir characteristics, and geometry of the LTAF from Log Data (Modified from Ginger & Fielding, 2005).
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Figure 3. Study sequence to validate the distribution of CO, saturation in the sandstone reservoirs of the LTAF.

The data used in this study are well data and
3D post-stack seismic and the results of
LTAF and Basement structure
interpretation. Figure 3 shows the first stage
of this study is the analysis of well data in
the form of prediction of elastic parameters
S-Wave by multi attribute method and
sensitivity analysis of hydrocarbons,
reservoirs, and non-reservoirs using elastic
parameters P-Impedance, Vp/Vs ratio. The
next stage is the description of fracture and
fault intensity using variance and ant-track
volume attributes. The results of these
volume attributes are distributed on the
LTAF and basement surfaces. The
distribution of sandstone reservoirs in the
LTAF interval is described with the
Isochron Map, the sum of negative
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amplitude and relative  impedance
degenerate attributes from the LTAF-
Basement interval analysis window.
Finally, integrating CO» saturation
distribution from well data qualitatively
with fracture and fault intensity distribution
and sandstone reservoir distribution
represents the LTAF interval. This
integration is essential to validate the
distribution of CO> saturation in the
sandstone reservoirs of the LTAF so that we
can predict its origin, saturation, and
distribution.

Multiatribute analysis for S-Wave Log
prediction
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Multiattribute analysis is performed with
multiattribute linear regression which aims
to find an operator in predicting well logs.
Validation is a parameter to determine the
correctness of the number of attributes used
(Pratama et al., 2019). The target log is
modeled by a linear equation (Pratama et
al., 2019):

L(t) =wy+wA(t) + wyA,(t) +
w3As(t) 1)

where, L represents the target log and wn
represents the number of log weights and
represents the attributes.

The weights in this equation are generated
by minimizing the mean-square prediction
error (Pratama et al., 2019):

E? = §V=1(Li — Wy — WAy — WAy —
w3Asz;)? (2)

where E represents the error, i represents
the i-th well and N is the number of known
points (i.e. samples) in the analysis.

The validation error for each number of
attributes is always greater than the training
error due to deleting data (when having one
well that lacks log completeness is used).
When plotting the average error against the
number of attributes used, the training
process shows a continuous decrease.
However, the validation process often
shows a minimum number, and then
increases again. This minimum number is
the ideal number of attributes to use, and
more attributes only cause overtraining.
(Pratama, et al., 2019).

Sensitivity analysis

Log derivative is a step before conducting
sensitivity analysis by cross plotting log P-
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Impedance and Vp/Vs ratio. The logs used
are gamma ray logs to distinguish non
reservoir zones and sandstone reservoirs,
resistivity logs to distinguish non reservoir
zones and fluid-filled reservoirs, and
Poisson's ratio logs to discriminate the type
of fluid filling the reservoir. The derived
logs are made following the equation

(Russell, 2017).
Ip=Vpxp 3)

= 4
GRshale—GRss ( )

Vp/Vs Ratio =log Vp X logVs (5)

GR—-GR
=— X (Oshate — Oss) + Oss

where,
Ip : P-Impedance ((ft/s)*(g/cc))

Vp : P-Wave Velocity (ft/s)

Vs : S-Wave Velocity (ft/s)

p : Density (g/cc)

GRess : Baseline sand  (American
Petroleum Institute or API)

GRashale:  Baseline  shale  (American

Petroleum Institute or API)

OBss Poisson’s value of sandstone
(unitless)

osshale : Poisson’s value of shale (unitless)

Rock physics analysis is conducted to
understand the character and physical
properties of rocks and fluids using well
data, seismic data, or both. Russell (2015)
cross plotted the P-impedance parameter
with the Vp/Vs ratio to separate lithologies
and fluids into five clusters: shale, wet
sand, gas sand, and cemented sand with
reference to the rock physics template
shown in Figure 4.

There is a contrast in Poisson's ratio in
porous rock layers that contain fluid
(especially gas), and the Vp value also
decreases (Figure 5). So, Poisson's ratio can
be used in identifying the presence of gas.
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Figure 5. Plot Vp/Vs ratio vs Poisson’s ratio (Alamsyah & Muhtar, 2017).
Seismic attributes (Hijria & Danusaputro, 2016).

The types of amplitude attributes used in
seismic attribute analysis in this study are
as follows;

a. Variance Attribute

The variance attribute is called edge
detection because it serves to clarify the
edge of a surface change. This attribute
detects slope changes in seismic data by
comparing some data around the main data
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Mathematically, the calculation of
Variance normalization is as follows:

Variance = ]_il ¥ _(Uji—< Uj >)? (6)

where, J showing the center trace. <Uj> the
mean value of the test and i is the analysis
window. This attribute parameter is on the
difference in waveforms or traces that are
measured based on similarities both
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adjacent and vertically. So, it is very
effective in describing the boundaries or
edges of the main fault zones and fractures
(Hijria & Danusaputro, 2016).

b. Ant Tracking Attribute

Variance and ant-track attribute volumes
can describe amplitude discontinuities so
that they are good at delineating fault
structures, fractures, and reservoir bodies in
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a region (Ngeri et al., 2015; Hijria &
Danusaputro, 2016; Abdel-Fattah et al.,
2020; Alamsyah et al., 2023). The
scattering map obtained is a representation
of the intensity of the amplitude
discontinuity pattern identified with a
darker color, bright red or bright blue. This
intensity can be interpreted as the intensity
of fractures and faults that we believe are
seismically visible (Figure 6).

Example Processes

-
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Patches

{Wizual Filtering)
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Figure 6. Schematic of ant tracking methodology (Ali et al., 2016).

c. Relative Impedance Acoustic

Attributes (RAI)

Reservoir  distribution
impedance  acoustic attribute by
Emujakporue & Enyenihi (2020) this
attribute is used to describe sequence
boundaries, and thickness variations. The
acoustic impedance of a medium is given
as:

in relative

I =pV @)

where,
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V : velocity (m/s)
| :acoustic impedance (kg/m?s)
p :density (kg/m?)

High relative acoustic impedance values
are associated with shale-bearing facies,
while lower values are associated with sand
intervals (Emujakporue & Enyenihi, 2020).

d.

The sum negative amplitude attribute can
be calculated by summing the negative

Sum of Negative Amplitude attribute
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amplitudes shown in the following equation
(Alamsyah, et al., 2023).

SNA = YN (—a)N (8)

Where, a; is the i-th amplitude value, with
i=1,2,3, etc., and N is the number of
negative amplitudes.
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Figure 7. Example of minimum amplitude attribute application (Haris et al., 2018).

e. Minimum Amplitude Attribute

The minimum  amplitude attribute
calculates the minimum value of the trough
or its minimum amplitude. This attribute in
Haris et al. (2018) is used to see the
distribution that shows the channel
geometry of the sand body, which is
obtained by extracting the tuning amplitude
from the target reservoir surface area. The
tuning amplitude illustrates that the channel
sand body forms an elongated cluster and
develops in a northwest to southeast
direction as shown in Figure 7.

The sum of negative amplitude attribute
results from the summation of negative
values within the upper and lower analysis
window coverage of the interest zone in the
seismic data, which can indicate the
presence of sand reservoirs and the
presence of gaseous hydrocarbons,
provided that the hydrocarbon zone is
characterized by low impedance which is
identical to the presence of through in the
seismic cross section (Didi et al., 2022;

© 2025 Dept. of Geophysics Hasanuddin University

49

Corte et al., 2020; Okeke et al., 2021 and
Hesham, et al., 2023). The relative acoustic
impedance attribute is based on comparing
the contrast between the reservoir
impedance and the surrounding lithology in
a particular interval. This attribute is widely
used to delineate sequence boundaries,
areas of unconformity and discontinuity,
and the presence of fluid in the reservoir
(Emujakporue &  Enyenihi,  2020;
Lohitanon, 2021; Allo et al., 2022; Franklin
et al., 2023).

Results and Discussion

Multiattribute Analysis

Multiattribute analysis was applied to 53
wells to predict logs because these wells did
not have complete S-Wave logs.

The list of available attributes is shown in
the right-side of Figure 8. Looking at the
error trends in training and validation
shows that log prediction only uses 4
attributes because the 5th attribute is
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overtrained which is shown by the
increasing validation error value. This is
shown in left-side.

The predicted log S-wave output is shown
in Figure 9. Multiattribute analysis was
performed with inputs from wells RPH-16
and RPH-7 that had the originals S-Wave to

predict the S-wave in wells RPH-8 and
RPH-5. The correlation is 0.9, which
indicates a good correlation of the
multiattribute analysis result. Based on the
result of overall multiattribute analysis on
57 wells, the S-wave log prediction results
show a good correlation value of > 0,86.

Average Error for All Wells
Operator Length: 7
Black Dot: Analysis Using All Wells
Red Dot: Analysis Leaving Out Target Well

Average
Error

(us/ft)
234

214

Legend
—— All well Error

Multiple Attribute Correlation Results

Multi-Attribute List:

—— validation Error

Multi Attribute List1 -

Number of Attributes

Target
1 Sqrt( S-wave )
2 Sqrt(S-wave) Log(P-wave)
3 Sqgrt( S-wave )
4 Sqrt( S-wave) Sqrt( Density)
5 Sqrt(S-wave ) Log( Resistivity )
6 Sqrt(S-wave) Sqrt( Porosity )

7 Sqrt(S-wave )

(Gamma Ray )**2

Final Attribute
Sqrt( Neutron Porosity )  20.226909

Sqrt( Permeability )

Training Error Validatior

22.816695
16.176267 16476597
14631167 15.025293
14309914 14.838132
13.914447 15.144828
13.808217 14.929293
13.802008 14917780

Figure 8. (Bottom) List of available attributes for predicting Log S-Wave and (top) is error plot for each
attribute showing the 4th best attribute.

Sensitivity Analysis

This analysis is divided into 3 which aims
to separate the reservoir and non-reservoir
zones using as in Figure 10, to separate the
fluid filled reservoir zone and non-reservoir
as in Figure 11, and then to discriminate the
fluid that fills the reservoir as in Figure 13.
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The results obtained for the reservoir zone
have a P-Impedance value of 6000-9000
((m/s)(g/cc)) which is in the range of P-
impedance values of non-reservoir zones so
that the P-impedance parameter in this case
is less sensitive. While the Vp/Vs ratio of
the reservoir zone is 1.1-1.5 which shows a
smaller value than the non-reservoir zone.
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In Figure 10, color-key gamma ray shows
the difference in radioactive values
contained in rocks so that rocks that are
potentially  reservoirs indicate lower
gamma ray values because they have less

P-Impedance vs VpVs_Ratio
Well name: NEB-22

radioactive content, this is shown in the
yellow circle with a range of 60-100 (API).
Non reservoir zones are indicated by higher
gamma ray values marked with a green
square.
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Figure 11. Sensitivity analysis to reservoir zones distinguishes fluid-filled (light blue circle) and non-reservoir.

In Figure 11, color-key resistivity indicates
a permeable zone when it has a high
resistivity value. When the reservoir is
filled with hydrocarbons, the resistivity
shows a higher value than when filled with

water, this is shown in the light blue zone
when filled with hydrocarbons, the
resistivity is shown in red color with a value
of 8-10 Om.
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Figure 12. Sensitivity analysis to distinguish the type of fluid filling the reservoir (gas, oil, or water), but this
figure shows the reservoir is only filled with gas (red circle) and water (blue circle).
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In Figure 12, color-key Poisson's ratio
indicates the type of fluid that fills the
reservoir so that when filled by gas it will
show a value of 0.1-0.25 marked with a red
zone in curve display and when filled by
water it will show a Poisson's ratio of 0.3
marked with a blue zone and non-reservoirs
show a value > 0.3.

Seismic Attribute Analysis

Seismic attributes were applied to see the
distribution of faults and reservoirs in area
'X'. Attribute values close to 1 are
interpreted as the presence of faults, so the
main faults in area "X' are oriented north-
south, northwest-southeast, and northeast-
southwest (Figure 13). The higher fault
intensity is in the eastern field area. While
the lower fault intensity is in the western
field area.

—a—r—T

s 532 L im
g o
Z

Figure 13. Visualization of intensity and distribution of faults in the LTAF Formation (right) Variance attribute,
(left) Ant Tracking attribute.
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Figure 14. Relative thickness of reservoir (a) time structure map of LTAF Formation, (b) isochrone map of

LTAF-Basement interval.

The relative thickness of the reservoir can
be seen Figure 14. There is a time
difference in the time structure indicating
that shallower areas are shown with faster
times, and vice versa. As for the relative
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thickness of reservoirs, it is indicated by
dark blue-purple color with values <100 ms
spreading in the center of area 'X', and
thicker reservoirs are indicated by values
>100 ms.
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Figure 15. Reservoir distribution (a) Relative Acoustic Impedance-Minimum Amplitude attributes, (b) Sum of

230

Negative Amplitude attributes.

Reservoir distribution is done by applying
relative seismic data, namely Acoustic
Impedance at the minimum amplitude
attribute and conventional seismic at the
Sum Negative Amplitude attribute.

So that the results obtained look consistent
in describing the distribution of reservoirs
shown in Figure 15. Attributes with low
values are shown in purple, interpreted as
areas that have higher porosity that spread
in the middle of the area. Otherwise,
research areas with relatively thick
reservoirs are interpreted as having low
porosity that spreads to the north, south,
west, and southeast shown in light blue to
red.

Distribution of CO2 Impurities

The percentage of natural CO> distribution
was obtained from well test data. The data
shows the CO content contained in the
hydrocarbons in each well, which is then
mapped to the natural CO. saturation
distribution. Yellow to red colors indicate
high saturation of impurities with a
percentage of >50%, while purple indicates
low saturation with a percentage of <50%.
The distribution of high CO, saturation
spreads in the eastern part. While the
distribution of low CO; saturation spreads
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in the western part of the "X" area. The areas
with high and low impurity saturation are
separated by a large northwest-southeast
trending fault. Towards the west, the CO;
saturation spreads with a low percentage.
The high CO; impurity originates from the
Betara Deep area associated with the pre-
tertiary basement and the high intensity of
faults and fractures in the area that affect
the hydrocarbon distribution.

Integration of the LTAF and Isochron
structure maps (Figure 16) with the seismic
result map of the sum of negative amplitude
and relative impedance attributes to
identify the gross distribution of sandstone
reservoirs in the LTAF interval regionally
shows the same trend. The trend of
reservoir distribution shows N-S and NE-
SW directions, which correspond to the
regional trend distribution map of LTAF
sedimentation described in Figure 1. In
general, the sandstone reservoirs in this
LTAF interval have low-impedance elastic
parameters (Alamsyah, 2010) and thus
show negative valuations in seismic
amplitude (Alamsyah et al., 2023).
Qualitatively, integrating these maps is a
good validation to describe the gross
distribution of sandstone reservoirs for the
LTAF interval in this X area.
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Figure 16. Saturation‘distribution map of natural CO; impurities (well based)' in the LTAF-Basement interval
which shows high in the eastern area.

From the attribute model, the consistency is
shown by the significant intensity in the
area adjacent to the main fault zone, which
is oriented N-S and NE-SW. This
significant intensity may result from the
reactivation of the main faults during the
inversion process so that it can be an
alternative migration path for hydrocarbons
to fill the reservoir in the LTAF interval.
The integration results show the
correspondence between the distribution of
CO2 saturation and the intensity of fractures
and faults, where the high CO; saturation
comes from the east with a reasonably high
CO- saturation, and the further west, the
CO. saturation decreases. There is
consistency in the distribution of sandstone
reservoirs based on the resulting seismic
attributes, and the intensity of fractures and
faults also affects the CO2 migration path.

The results of this study provide
information and validation for the western
region of Area X, which has the potential
for field development with thick reservoir
zones and low CO; impurities content. This
potential area must be followed up with
reservoir engineering studies and its
subsurface and non-subsurface economics.
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Conclusion

The study concludes that sandstone and
hydrocarbon reservoirs in the LTAF
interval of area X are primarily sensitive to
elastic P-Impedance and Vp/Vs ratio. In
contrast,  sandstone  reservoirs  are
characterized by low impedance and gas
hydrocarbons by a low Vp/Vs ratio. In Area
X, the fault distribution trends north-south,
northwest-southeast, and northeast-
southwest, with a higher intensity in the
eastern section, while relatively thick
reservoirs are distributed across the north,
south, west, and southeast. The distribution
of CO impurity saturation gets lower
towards the west. With the consistency of
the distribution of CO2 impurity saturation
to reservoirs and the intensity of faults and
fractures obtained from seismic attribute
analysis, it is possible to identify areas with
thick reservoirs and low CO2 zones that
have the potential for further development.
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