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Abstract - The study focuses on the enhancement of 3D seismic data to improve the interpretation of carbonate 
growth phases within Middle Miocene limestone formations in the Karawang region, north west Java. By applying 
a sequential workflow of various seismic attributes, including the second derivative, phase shift, frequency filter, 
structural smoothing, and iterative trace Automatic Gain Control (AGC), the vertical resolution of seismic events 
is significantly improved, from an initial dominant frequency of 22 Hz (38 m tuning thickness) to a final effective 
dominant frequency of 33 Hz after all enhancements. These enhancements facilitate a clearer delineation of stratigraphy, 
depositional patterns, and the geometry of carbonate growth cycles. The integration of well data, including wireline 
logs and synthetic seismograms, with enhanced 3D seismic sections provides a comprehensive understanding of 
subsurface features and porosity development in the target area. The enhanced data enabled the identification of four 
distinct carbonate growth phases, revealing complex thickness variations and depositional architectures controlled by 
sea-level fluctuations. This integrated approach demonstrates the critical role of optimized seismic attribute application 
for detailed carbonate reservoir characterization and optimizing well placement for hydrocarbon exploration and 
exploitation.
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Introduction

Background
Understanding the interpretation of carbonate 

growth on seismic data is crucial for both explora-
tion and exploitation of hydrocarbon targets. This 
process aids in determining the size, geometry, 
and compartmentalization of reservoirs, which 
are essential factors for successful hydrocarbon 
recovery (Khalifa, 2024; Liu and Wang, 2017; 
Rao and Wang, 2015). Proper interpretation al-

lows for better prediction of reservoir behaviour, 
optimization of drilling locations, and improve-
ment of overall resource management. Various 
techniques have been developed to enhance high-
frequency components in seismic data, thereby 
improving vertical resolution. These techniques 
include seismic bandwidth extension using con-
tinuous wavelet transform (Smith et al., 2008) 
and spectral balancing techniques using structure-
oriented filtering and spectral decomposition 
(Marfurt and Matos, 2014). Automated tracking 
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of chronostratigraphic events, known as horizon 
cube interpretation, also significantly improves 
horizon interpretation down to the subhorizon 
level. By combining advanced seismic enhance-
ment and automated event tracking, a compre-
hensive workflow was proposed to aid in facies 
and stratigraphic interpretation, particularly in the 
analysis of carbonate bodies in the seismic data.

The Mid Main Carbonates (MMC) are sig-
nificant reef carbonate deposits formed during 
a prolonged transgressive phase in The Middle 

Miocene (Isworo, 1999; Natasia, 2024; Ratkolo, 
1994) within The North West Java Basin (NWJB) 
(Figure 1). Previous research on MMC facies has 
focused on depositional models using well and 
core data, particularly offshore, and investigated 
onshore isolated reefs influenced by sea-level 
eustasy. More recently, comprehensive interpre-
tations of the entire Upper Cibulakan Formation 
suggest a transgressive event from The Early 
to Late Miocene. While these studies offer de-
tailed geological divisions of the MMC facies 

Figure 1. Digital Elevation Model illustrating surface features of the northern West Java region and the major faults developed 
within the studied area. The southern part of the studied area is marked by the back-arc thrust fault (Aribowo et al., 2022). 
There are four grabens (Ciputat, Kepuh, Pasir Bungur, and Cipunegara Graben) separated by the Tanggerang, Rengasdeng-
klok, Pamanukan, and Arjawinangun basement high (Lunt, 2013). The studied area is located on the Rengasdengklok high 
(highlighted in black box).
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in a petroleum context, analyses of their lateral 
distribution using 3D seismic data are limited. 
Adriansyah and McMechan (2002) conducted an 
intensive study on the clastic Upper Cibulakan 
interval using Amplitude Versus Offset (AVO) 
to identify thin layers, but did not interpret the 
MMC carbonate layers.

In this paper, the use of a systematic seismic 
attribute workflow was discussed to enhance data 
quality and vertical resolution. Information from 
various seismic attributes is utilized to attenuate 
noise and broaden the frequency bandwidth, thus 
improving vertical resolution. This enhanced 
seismic data is subsequently used for the detailed 
interpretation of carbonate growth cycles and 
their lateral distribution. By understanding this 
process, the proposed analysis can aid in optimiz-
ing well placement for prospect identification.

Geological and Stratigraphical Setting
The MMC in The North West Java Basin 

developed mainly at the paleo high areas as a 
result of pre-Oligocene rift tectonics (Satyana 

and Purwaningsih, 2003; Sharaf et al., 2005). The 
formation of The West Java Basin can be divided 
into three mains tectonic. The Eocene-Oligocene 
tectonic phase involved north ̶ south oriented nor-
mal faults, forming half-graben structures with a 
west ̶ east opening direction (Pubellier and Morley, 
2014; Suyono et al., 2005). This activity led to 
the formation of The Ciputat, Kepuh, Pasir Bun-
gur, and Cipunegara Grabens, separated by The 
Tanggerang, Rengasdengklok, Pamanukan, and 
Arjawinangun Highs (Figure 1). Syn-rift sediments 
were deposited in these low areas. During The 
Late Oligocene to Late Miocene, tectonic activity 
shifted to compression-dominated, ceasing the rift-
ing. The entire basin experienced post-rift events 
(Clements et al., 2009; Clements and Hall, 2011; 
Pubellier and Morley, 2014; Suyono et al., 2005), 
during which The Baturaja and Upper Cibulakan 
Formations were deposited (Bishop, 2000; Lunt, 
2013; Satyana and Purwaningsih, 2003) (Figure 2).

The Upper Cibulakan interval ranges from 
Early Miocene to Late Miocene, with maximum 
transgression observed in The Middle Miocene, 

Figure 2. Miocene stratigraphic column in The North West Java Basin (modified from Natasia, 2024). Upper Cibulakan 
interval ranges from Early Miocene to Late Miocene. Maximum transgression is observed in The Middle Miocene, during 
which the Mid Main Carbonate member developed in the southern part of The North West Java Basin.
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when the Mid Main Carbonate member developed 
in the southern part of The Northwest Java Basin. 
The Upper Cibulakan Formation is divided into 
a lower Massive member and an upper Main 
member. Lithostratigraphically, the Main member 
contains three primary intervals for hydrocarbon 
exploration: Main sands, MMC, and Pre-Parigi 
carbonate (Adriansyah and McMechan, 2002; 
Noble et al., 1991; Posamentier, 2002) (Figure 2). 
Main sands were deposited in a shallow marine 
shelf ridge environment in the northern shallower 
area (Posamentier, 2002), while MMC was de-
posited in deeper areas where clastic sediment 
supply was absent, favouring carbonate reef facies 
development (Ratkolo, 1994). Following MMC 
deposition, further transgressive events in the 
NWJB reduced clastic sediment supply from the 
north, intensifying carbonate deposition (Burbury, 
1977; Widodo, 2018). During this period, pre-
Parigi carbonates were deposited (Bukhari et al., 
1992; Natasia, 2024). The Late Miocene to Early 
Pliocene saw the deposition of Parigi Formation 
carbonates, succeeded by The Cisubuh Formation 
shales (Bukhari et al., 1992; Burbury, 1977).

Methods and Materials

Two exploration wells (Well 1 and Well 2), 
equipped with wireline logs (gamma ray, neutron 
porosity (NPHI), density (RHOB), and sonic 
(DT)) and final drilling reports, were utilized for 
stratigraphy and depositional pattern interpreta-
tion following limestone well log interpretation 
standards (Moore and Wade, 2013). Lithology 

descriptions were obtained from side-wall core 
reports. The gamma ray log was employed to 
observe stacking patterns (constant, decreasing, 
and increasing upwards), and porosity logs were 
used to examine porosity development within 
each pattern. The combination of stacking pat-
terns and porosity was crucial for delineating 
carbonate growth phase boundaries, leading 
to the identification of four distinct carbonate 
growth phases in the well data. Both wells were 
supplemented with check shot data for accurate 
well-to-seismic tie. Synthetic seismograms were 
generated by extracting seismic data sections and 
subsequently correlated with well data.

A 3D seismic dataset from the Karawang 
region, covering a 6 x 8 km² area, was used. The 
MMC are clearly visible on the seismic sections. 
One north ̶south, one east ̶ west, and one south-
west ̶ northeast oriented seismic line are presented 
to illustrate MMC carbonate geometry (Figure 
3). The initial raw seismic data had a dominant 
frequency of 22 Hz and an average velocity of 
3,300 m/s, resulting in a tuning thickness of ap-
proximately 38 m.

The seismic data enhancement workflow 
comprised several steps:
1.	 Second Derivative Attribute: The first step 

involved applying the second derivative at-
tribute to assess and improve the continuity 
of seismic events within the target area. This 
attribute sharpens seismic reflections, making 
them more distinct and enhancing their termi-
nation and interpolation, particularly in the 
internal parts of the Top MMC and Base MMC 
configurration. As a consequence, initially 
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Figure 3. The left picture represents the result of seismic data quality improvement with south north direction and the right 
picture with southwest northeast direction. (Green horizon shows top of MMC formation).
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broad seismic events (e.g. two amplitudes of 
peak and trough) were resolved into sharper, 
more separated events (e.g. four amplitudes) 
(Figure 4b).

2.	 Phase Shift Attribute: Due to the inherent 180 
degree phase reversal caused by the second 
derivative attribute, a phase shift of 180 de-
grees was applied to restore the seismic data 
to its original zero-phase state (Figure 4c). 
This step is critical for accurate stratigraphic 
interpretation and well-to-seismic ties. After 
this step, the dominant frequency spectrum 
increased to 55 Hz (Figure 5).

3.	 Frequency Filter (Bandpass Filter): The second 
derivative and phase shift attributes can some-
times produce out-of-scale amplitudes (white 

colour in the middle of the peak and trough) 
due to excessively high or low amplitude val-
ues. To address this and further attenuate noise, 
a bandpass filter was applied (Figure 4d). The 
chosen parameters were: low frequency 5 
Hz, low cut 8 Hz, high cut 60 Hz, and high 
frequency 80 Hz. These parameters were care-
fully selected based on spectral analysis of the 
raw and derivative data to remove unwanted 
very high or low frequencies considered noise 
or interference, while preserving the signal 
related to the MMC. This resulted in smoother, 
more continuous seismic data with a dominant 
frequency of 54 Hz (Figure 5).

4.	 Structural Smoothing: Structural smoothing 
was applied to enhance seismic event continu-

Figure 4. a) Raw data seismic, b) Attribut Second Derivative, c) Phase Shift, d) Band Pass Filter, e) Structural Smoothing, 
f) AGC. (Green horizon shows top of MMC formation).
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ity by operating on the input signal guided by 
local structural dip and azimuth (Figure 4e). 
This attribute is particularly beneficial for 
improving the visualization of seismic events 
and aiding horizon picking, while carefully 
avoiding over-smoothing that could diminish 
subtle structural features.

5.	 Iterative Trace AGC (Automatic Gain Con-
trol): Finally, iterative trace AGC was utilized 
to balance amplitude variations across the 
seismic section (Figure 4f). This attribute 
strengthens seismic traces based on root 
mean square (RMS) calculations of amplitude 
within a specific window. The combined effect 
of structural smoothing and AGC contributed 
to overall seismic image clarity. After these 
final steps, the effective dominant frequency of 
the enhanced seismic data was 33 Hz (Figure 
5), representing a significant improvement in 
resolution compared to the raw data's 22 Hz.

After the 3D seismic data was successfully 
enhanced, well-to-well correlation was conducted 
using the improved seismic sections. Subsequent-
ly, the geometry of each carbonate growth cycle 
was analyzed by observing seismic geometries 
and integrating them with porosity development 
indicated by wireline log data.

Result and analysis

Well Log Interpretation
The description of the MMC in Well 1, ob-

tained from the well report, indicates that the 
limestone ranges from packstone to wackestone, 
with a pale yellow-brown colour and medium to 
hard hardness (Figure 6). On the wireline log, the 
MMC are characterized by a serrated gamma ray 
signature, generally exhibiting low gamma ray 
values, with a total thickness of approximately 
180 m from the top depth of 1050 msTvd.

Based on gamma ray stacking patterns and 
porosity log characteristics, four distinct phases 
of carbonate growth were interpreted within the 
MMC interval (Figure 6):

Phase 1 (1180 ̶ 1160 msTvd): The gamma ray 
log displays a decreasing GR upwards pattern 
(indicated by inverted triangles), coinciding with 
a decreasing porosity trend upwards.

Phase 2 (1160 ̶ 1120 msTvd): The gamma ray 
stacking pattern shows an increasing GR trend 
upwards (marked by white triangles). Porosity 
logs indicate a relatively constant trend around 
1140 msTvd, increasing towards 1120 msTvd.

Phase 3 (1120 ̶ 1080 msTvd): The gamma 
ray stacking pattern shows a decreasing GR 
trend upwards, while porosity log values remain 
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Figure 5. Frequency spectrum. The blue line represents the raw seismic data showing a peak frequency value of 12 Hz, 
the yellow and green lines intersecting each other are both attributes of the second derivative and phase shift with a peak 
frequency of 55Hz, the red line is an attribute of the band pass filter with a peak frequency of 54 Hz, and the last two lines 
intersecting orange and black are attributes of structural smoothing and AGC with a peak frequency of 33Hz.
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relatively constant.
Phase 4 (1080 ̶ 1050 msTvd): Up to the top of 

MMC, the gamma ray pattern remains relatively 
constant. Porosity logs (neutron and density) 
show a constant range at the lower part and a 
slight increase towards the top, although the sonic 
log reveals significant differences in porosity 
compared to neutron and density logs.

Seismic Data Enhancement
The raw seismic data (Figure 4a) exhibits broad 

seismic events, making it challenging to separate 
the Top MMC and Base MMC horizon boundar-
ies, which is problematic for accurate horizon 
picking. The application of the second derivative 
attribute significantly improved the termination 
and continuity of seismic events, especially in the 
internal parts of the MMC configuration (Figure 
4b). This is evident by the visual splitting of two 
initial amplitudes (peak and trough) into four dis-
tinct amplitudes (Figure 4b), demonstrating a clear 
enhancement in vertical resolution.

A 180-degree phase shift attribute was then 
applied to restore the seismic data to its original 

zero-phase polarity, which is crucial for correct 
stratigraphic interpretation and well ties (Figure 
4c). The dominant frequency spectrum at this 
stage increased to 55 Hz (Figure 5). While the 
second derivative and phase shift attributes en-
hanced resolution, they also introduced out-of-
scale amplitudes. The subsequent application of 
a bandpass filter effectively removed these very 
high or low frequencies considered noise, result-
ing in smoother and more continuous seismic data 
(Figure 4d). The dominant frequency after band-
pass filtering remained high at 54 Hz (Figure 5).

Finally, structural smoothing (Figure 4e) 
and AGC (Figure 4f) attributes were applied. 
Structural smoothing improved the smoothness 
and continuity of seismic events guided by local 
structures, aiding in horizon picking. AGC served 
to balance amplitudes across the seismic volume. 
While these attributes are vital for overall data 
quality and interpretation, it is noted that the final 
effective dominant frequency after these steps 
reduced to 33 Hz (Figure 5). This represents a 
significant improvement in vertical resolution 
compared to the initial 22 Hz raw data. Based 
on the 33 Hz dominant frequency and an aver-
age velocity of 3300 m/s, the effective tuning 
thickness of the enhanced data is approximately 
25 m, allowing for better delineation of features 
previously below resolution limits.

Discussion

Well to Well Correlation
The enhanced seismic data has proven invalu-

able in facilitating inter-well correlation. In the 
absence of enhanced seismic support, correlating 
available well data would be significantly more 
challenging, primarily due to the inherent vari-
ability in gamma ray values and GR log patterns 
observed across different wells. Seismic enhance-
ments provide a unified perspective and clarity in 
identifying geological features and stratigraphic 
markers, offering a much clearer picture of car-
bonate thickening and thinning in each growth 
phase. Well correlation, illustrated in Figure 7, 

Figure 6. Mid Main Carbonate interval in Well 1. Eleven 
deposition patterns categorized into four carbonate growth 
phases can be observed based on the interpretation of 
gamma ray and porosity logs (white triangles and inverted 
gray triangles). Rock descriptions are derived from the side 
wall core report.
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reveals a crucial discrepancy in the first growth 
cycle: Well 1 exhibits a thicker carbonate devel-
opment compared to Well 2, which has a thinner 

thickness for this initial phase. This difference is 
clearly visible in the enhanced seismic section 
(Figure 8).

This contrasts with the initial lithostratigraphic 
definition where the base of the MMC is simply 
defined as the first carbonate facies in the wells. In 
contrast, the enhanced seismic horizon continuity 
aligns more accurately with chronostratigraphic 
events. The chronostratigraphic base of the MMC 
that matches the position in Well 1 appears to be 
stratigraphically lower than the base MMC in 
Well 2. This is further supported by the presence 
of onlap configurations from the area around Well 
2 towards the mounded configuration in Well 1 
(Figure 8) , suggesting that carbonate growth in 
the area around Well 1 is slightly older compared 
to Well 2. In subsequent growth phases (second, 
third, and fourth cycles), the thicknesses observed 
in both wells do not differ significantly.

Figure 7. Well to well correlation illustrating variations in 
thickness across each carbonate growth cycle in the MMC. 
In the first stage, thicker carbonate development is observed 
in Well 2, while subsequently, the growth rates between the 
two wells show no significant differences.
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Carbonate Development Cycles
Detailed analysis of the enhanced seismic 

data, integrated with well logs, allowed for the 
interpretation of four distinct carbonate growth 
cycles:
•	 First Cycle: A northward-moving onlap 

configuration (retrogradation) is observed 
in the southern area of Well 1. Around Well 
1 (central area), a relatively small mounded 
geometry is seen, followed by another on-
lap configuration to the north. We interpret 
these configurations as the initial stages of 
MMC carbonate growth. The retrogradation 
in the southern area indicates that the early 
development of the MMC occurred during a 
transgressive phase, consistent with carbonate 
platform evolution on a shallow-marine shelf 
(Sirodj et al., 2022; Ehrenberg et al., 2024), 
where the sea level rise outpaced the growth 
of the MMC. The strong amplitude reflec-
tion in the seismic data, despite lacking well 
data confirmation for carbonate facies in this 
specific location, supports this interpretation. 
The mounded geometry likely represents the 
first vertical growth of the MMC carbonates, 
suggesting a stillstand period following the 
initial transgressive phase (Suryana et al., 
2023). This is supported by well data, where 
the gamma ray log shows an initial high value 
(indicative of shaly intervals) that then drops 
significantly (indicating cleaner carbonates). 
The porosity log shows a relatively constant 
low value at the top of the first cycle, sug-
gesting that this part of the carbonate was 
likely always submerged (Jambak et al., 2015; 
Sirodj et al., 2022). This condition prevented 
significant porosity enhancement at the top of 
the first growth cycle.

•	 Second Cycle: This cycle also shows retro-
gradation in the southern area, transitioning 
into sub-parallel geometries with prograda-
tion. We interpret this as a second sea-level 
transgression, consistent with Middle Mio-
cene transgressive events (Adlan et al., 2025). 
This transgression likely began with a brief 
sea-level drop, causing the mounded feature 

from the first cycle to cease development 
and instead form retrogradation in the south. 
We speculate that this sea-level drop did not 
expose the first cycle carbonates above sea 
level, as the porosity in both wells remains 
relatively constant during this period. The 
retrogradational geometry then transitions to 
sub-parallel with progradation at the margins, 
indicating intensive carbonate growth that 
kept pace with the rising sea level. Notably, 
porosity near the top of the second cycle in 
Wells 1 and 2 shows a significant increased, 
suggesting that a sea-level drop at the end of 
this cycle exposed the carbonates, leading to 
porosity enrichment.

•	 Third Cycle: This cycle begins with a 
mounded geometry around Well 2 to the 
north, followed by sub-parallel configurations 
above. We interpret this as the third transgres-
sive phase in the study area. In this cycle, the 
mounded geometry previously around Well 
1 shifts northward towards Well 2, support-
ing the general landward migration of the 
carbonate factory during the MMC due to 
continued sea-level rise. This sea-level rise 
appears to have been matched by carbonate 
growth, resulting in generally sub-parallel 
seismic configurations with progradation at 
the margins (Rosid et al., 2021; Adlan et al., 
2023). Porosity values in the third cycle in 
Wells 1 and 2 remain relatively constant with 
only slight spikes, and there is no significant 
porosity enrichment at the top. This suggests 
that this cycle did not necessarily end due to 
a sub-aerial exposure event via sea-level fall, 
but potentially due to reduced accommoda-
tion space or changes in carbonate factory 
productivity (Adlan and John, 2023).

•	 Fourth Cycle: The fourth carbonate growth 
cycle begins with another mounded geometry 
around Well 2, indicating continued transgres-
sion and providing accommodation space 
for further carbonate growth (Suryana et al., 
2023). This fourth cycle of carbonate growth 
appears to have matched the sea-level rise, re-
sulting in laterally extensive growth. Porosity 
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values also show a significant increase at the 
top of the fourth cycle, indicating a notable po-
rosity enrichment at the end of MMC growth. 
A pronounced sea-level drop at the end of the 
fourth cycle likely exposed these carbonates, 
leading to the relatively thick layer of enriched 
porosity observed in the well data.

Conclusions

Enhanced 3D seismic data significantly fa-
cilitated well-to-well correlation and the detailed 
analysis of carbonate growth cycle geometries, in-
tegrating seismic data with porosity development 
from wireline logs. The Mid Main Carbonates 
(MMC) exhibit a complex pattern of gamma ray 
and porosity log variations, indicating multiple 
phases of carbonate growth and differing porosity 
characteristics throughout the interval.

The seismic enhancement workflow, progress-
ing from a raw data dominant frequency of 22 
Hz to an effective dominant frequency of 33 Hz, 
significantly improved vertical resolution, enabling 
clearer event separation. This enhancement proved 
crucial for inter-well correlation, overcoming the 
challenges posed by variability in gamma ray val-
ues and GR log patterns across wells. It provided 
a unified and clear perspective for identifying 
geological features and stratigraphic markers, 
particularly in illustrating carbonate thickening and 
thinning during each growth phase. For example, 
Figure 8 clearly shows that Well 1 exhibits a thicker 
first growth cycle compared to Well 2, a difference 
directly observed in the enhanced seismic section. 
In later growth phases, the thicknesses in both 
wells are more similar.

Overall, the identified four carbonate growth 
cycles illustrate distinct stages of transgression, 
carbonate growth, and periods of exposure and 
porosity enrichment, dynamically driven by 
changes in sea level. This integrated approach 
provides a robust framework for detailed charac-
terization of carbonate reservoirs and improves 
confidence in subsurface interpretation for explo-
ration and development.
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