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Abstract

:

This study identified the Pleistocene depositional succession of the group (A) (marine, estuarine, and fluvial depositional systems) of the Melor and Inas fields in the central Malay Basin from the seafloor to approximately −507 ms (522 m). During the last few years, hydrocarbon exploration in Malay Basin has moved to focus on stratigraphic traps, specifically those that existed with channel sands. These traps motivate carrying out this research to image and locate these kinds of traps. It can be difficult to determine if closely spaced-out channels and channel belts exist within several seismic sequences in map-view with proper seismic sequence geomorphic elements and stratigraphic surfaces seismic cross lines, or probably reinforce the auto-cyclic aggregational stacking of the avulsing rivers precisely. This analysis overcomes this challenge by combining well-log with three-dimensional (3D) seismic data to resolve the deposition stratigraphic discontinuities’ considerable resolution. Three-dimensional (3D) seismic volume and high-resolution two-dimensional (2D) seismic sections with several wells were utilized. A high-resolution seismic sequence stratigraphy framework of three main seismic sequences (3rd order), four Parasequences sets (4th order), and seven Parasequences (5th order) have been established. The time slice images at consecutive two-way times display single meandering channels ranging in width from 170 to 900 m. Moreover, other geomorphological elements have been perfectly imaged, elements such as interfluves, incised valleys, chute cutoff, point bars, and extinction surfaces, providing proof of rapid growth and transformation of deposits. The high-resolution 2D sections with Cosine of Phase seismic attributes have facilitated identifying the reflection terminations against the stratigraphic amplitude. Several continuous and discontinuous channels, fluvial point bars, and marine sediments through the sequence stratigraphic framework have been addressed. The whole series reveals that almost all fluvial systems lay in the valleys at each depositional sequence’s bottom bars. The degradational stacking patterns are characterized by the fluvial channels with no evidence of fluvial aggradation. Moreover, the aggradation stage is restricted to marine sedimentation incursions. The 3D description of these deposits permits distinguishing seismic facies of the abandoned mud channel and the sand point bar deposits. The continuous meandering channel, which is filled by muddy deposits, may function as horizontal muddy barriers or baffles that might isolate the reservoir body into separate storage containers. The 3rd, 4th, and 5th orders of the seismic sequences were established for the studied succession. The essential geomorphological elements have been imaged utilizing several seismic attributes.
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1. Introduction


Significant development of the three-dimensional (3D) seismic data acquisition over the past few decades has been achieved. Data processing, hydrocarbon exploration analyses, and seismic geomorphology is now a critical method for understanding a wide variety of depositional settings from shore to sea environments. This includes shallow marine settings of shelf deltas, cliffs, and submarine deep-sea fans’ settings [1,2,3,4,5,6,7,8,9,10,11,12,13]. The researchers have demonstrated that the 3D seismic data enables identifying distinct geomorphological features. However, there is low vertical resolution in 3D seismic data to distinguish sedimentary and stratigraphic elements that are discontinuous in the sub-surface’s seismic section. It is essential to delineate sequence stratigraphic unconformities and discontinuous reflections to establish a hierarchy chronology and genetically distinguish diverse geomorphic entities visualized in map surfaces (such as various fluvial channels and their channel belts) [14]. The traditional seismic 3D data can be complicated with no such surfaces and chronologically distinguishing closely spaced geomorphologic elements. The conventional 3D seismic interpretation is incapable of delineating stratigraphic discontinuities due to this technique’s primary limitation in the Malay Basin [15].



Consequently, it is challenging to compare geomorphic elements truthfully and precisely in map-view with precise seismic sequence-stratigraphic surfaces in seismic cross lines. Whichever closely spaced-out channels and channel belts exist within several seismic sequences or probably reinforce auto-cyclic aggregational stacking of the avulsing rivers can be challenging to determine. This research overcomes this obstacle by incorporating the 3D seismic data with a well log to approach the considerable resolution of depositions’ stratigraphic discontinuities. With roughly 25 times the higher vertical resolution than the 3D seismic volume, two-dimensional (2D) data provide a resolution of about 25 cm and enable a comprehensive stratigraphic framework identification. Therefore, erosional stratigraphic discontinuities with high amplitude can be interpreted on the seismic volume compared with geomorphic elements visualized in 3D seismic data [16].



The Malay Basin is a Tertiary trans-tensional rift basin situated in offshore Peninsular Malaysia [17]. The basin trends north-west/south-east and covers an area of about 80,000 square kilometers. It contains over 12 km or more Oligocene to recent sediments. The basin is adjacent to the Penyu and West Natuna basins to the south and south-east (Figure 1) [18,19]. The Tenggol Arch separates the Malay Basin from the Penyu Basin (Figure 1), while the Narathiwat High separates the Malay Basin from Thailand’s Pattani Basin.



The Inas and Melor fields are considered gas fields located in block PM 313, roughly 215 km north-northeast of Kertih, Terengganu, and 70 km northeast of the Resak production platform. The data used in this research comprises an area of roughly 574 square kilometers in the Malay Basin. The alternation of the marine and fluvial sediments in the uppermost deposited succession −507 ms of the Malay Basin shows submergence and shelf exposure several times through the Pleistocene [20,21]. Some factors include the sea-level changes, climate, and sediment supply that probably share control of the accommodation space and, consequently, the basin fill geometry [2].



Three fluvial sequences were established at various depths in the 3D seismic data and laterally in the 2D seismic cross-sections. Earlier researchers [18] proposed that this section’s topmost layer is lower Pliocene to Quaternary in age (Figure 2). The continental scale’s fluvial system has been imaged using the available seismic volume and well logs with the current Chao Phraya River’s exact trajectory that passes via Bangkok and into the Thailand Gulf. This river ranges from 150 m to around 230 m, and is around 50 km long from the land to the shoreline [22,23]. The evaluated succession covers the topmost −507 ms (522–550 Measured Total Vertical Depth Subsea (MTVDSS)) underneath sea level, as shown in Figure 3, which was previously labeled as Group A by Ibrahim and Madon, 1990 [24].



Some previous investigations have implemented a regional study of the Malay basin’s petroleum system [18]. The transgressive and regressive cycles in the Malay Basin have been investigated [25]. Moreover, the evolution of a Late Pleistocene incised valley, facies architecture, and analyzing recent fluvial point-bar deposits have been addressed as well, using regional seismic data, from References [1,26]. These studies are typically limited regarding the resolution achieved, representing only a regional investigation. However, this investigation can be considered the first integrated research in this area. This study gathers detailed analyses of the facies construction of fluvial deltaic systems and estuarine deposits utilizing the high-resolution 2D seismic sections, new seismic attributes, and time slices. The geomorphic features within the 3D seismic data have been extracted.



Overall, other variables, such as fluctuations in the supply of sediments and fluvial discharges, dominated the accommodation space in the farthest upstream to the shoreline. Moreover, the accommodation space downstream near the shoreline was controlled by the sea level fluctuation [27]. However, the Sunda Shelf’s low slope has likely facilitated quick and comprehensive transgressions and regressions, with only slight changes in the relative sea-level [28].



Due to the short period (Pleistocene) of the observed era succession, the tectonics factors are considered less significant influences. Implementation of sequence stratigraphic modeling was first based on marine seismic data [29] and later extended to cover the continental deposits [30]. Several studies were applied with greater emphasis on deposition factors, including sediment influx, climate, sea-level changes, subsidence, and tectonic control [31,32,33,34,35,36]. The model has been utilized in this investigation to understand the sedimentary fill evolution better and estimate the geomorphological elements of the deposited succession.



Existing incised valley models necessitate multistory fluvial strata as an essential identification criterion [21,35,37]. Such valley modelsproposes that multistory filled valleys might not even be a necessity to describe such incised valley. For instance, such incised valley may have an effective twisting river sitting on its bottom throughout a lower sea level. If the correct physiographic and accommodation requirements are fulfilled through the transgression cycle, the valley may encounter sudden flooding, resulting in an immediate backstepping of the valley’s coastline and fluvial network flooding [38]. The resulting filled canyon might not display an aggregational multistory canyon fill, as expected in References [39,40]. Rather than being characterized by a single sedimentary fluvial story at the canyon’s bottom, it is defined by estuarine and/or open-sea mudstones, as clarified in this review overlain by estuarine and/or open-sea mudstones [38].



The study objectives can be surmised in several points: (1) Interpretation of the seismic sequence stratigraphic in the topmost studied succession, roughly −507 ms (522–550) True Vertical Depth SS (MTVDSS) from the seafloor. Furthermore, assessing the interpreted units’ corresponding system tracts. (2) Describe the study area’s main deposition processes and identify the seismic facies nature of the deltaic deposits. (3) Offer a comprehensive seismic geomorphologic analysis of the studied succession through depicting the stratigraphic features with the fluvial deltaic’s geomorphologic elements. (4) Characterize the discontinuity in stratigraphy within the 2D seismic sections to distinguish the genetically different fluvial characteristics found in 3D time slices, thus enabling the geomorphic characteristics correlation with bed-scale stratigraphy, and (5) establish the morphological framework of the channel and channel belt and reveal the distribution of the sand and mud within such coastal environments.




2. Data and Methodology


A cube of raw 3D seismic data acquired and cropped for Inas and Melor fields was used in this study, which is located in the PM 313 block. The Inas and Melor 3D seismic survey covers an area of approximately 574 square kilometers. The data consists of 600 in-lines in the East–West directions and 3538 crosslines in the North–South direction. Data were recorded at a sampling rate of 2 milliseconds to 6.5 s of record length, with a line spacing of 25 m, while the Common Depth Point (CDP) spacing is 12.5 m, in-line length is 44,212.25 m, and the crossline length is about 14,975 m.



Using the Pre-Stack Time Migration (PrSTM) data, including full-fold, near, far seismic cubes with reverse SEG-Y polarity, the data were resampled to 3 runs during the processing chain to expedite data delivery. Data quality is relatively good in the zone of interest (Groups A), with a dominant frequency of about 67 Hz, which occurs in the time interval starting from 0 to −507 milliseconds. The minimum resolution is estimated at 25 m at the study succession. The seismic (16-bits SEG-Y) data (The SEG-Y (sometimes SEG Y) file format is one of several standards developed by the Society of Exploration Geophysicists (SEG) for storing geophysical data. It is an open standard, and is controlled by the SEG Technical Standards Committee, a non-profit organization) volume was loaded into Petrel 2019, Paleoscan 2019 to delineate the surfaces and boundaries.



Generally, both horizontal and vertical resolutions depend on similar data, reliant on different factors (velocity, wavelength, frequency, and noise). Some of the observable depositional features such as scroll bars in any point bar are simpler to image, recognize, and then interpret in the perspective of the 3D map-view. However, the same geological features can be depicted in a perspective view of the seismic cross-section, but in low detail compared to the 3D map view. Commonly, inferring a geological description from a view of the plan is more manageable than from an image view of the section. The workflow followed in this research is summarized in Figure 4.



The strata slices’ interpretations for such geomorphological evaluations provide a more accurate understanding of the lithology allocation and geologic system, such as stratigraphic analyses. The fluvial channel is an example where map-view elements might include sinuosity channel, meander scrolls, laterally incised, and crevasse splays. These are all possibly measurable in slice pictures, especially compared to even more restricted information accessible in view of the seismic section [41]. The seismic section might describe some other attributes, including reservoir architecture and channel asymmetry. However, the range and abundance of information that can be found in sectional views are limited compared to what is accessible in time slices.



The optimal method, in general, should include incorporating observations from both views. However, time slices’ images can facilitate and improve geological features’ detection that cannot be identified using 2D seismic sections. The minimum thickness of strata to be detectable in seismic data is around 5.7 m [38]. Likewise, two different reflecting points in horizontal space must be roughly 11 m distance from each other to be observed as two different elements. Conversely, in this good condition set of data, which is close to the seafloor and consists of youthful deposits, geologic elements significantly smaller and laterally relatively close could even, therefore, be identified both in time slices and seismic crosslines.



A successful study of seismic geomorphology depends on the knowledge of sedimentological, geomorphological principles, understanding the local geological setting and seismic geomorphological imaging quality [12]. A conventional 3D seismic data interpretation method comprises cropped time slices at consecutive time values to detect and distinguish the development of geomorphic elements and structural directions in map views [7,42].



Seismic attribute maps exhibited at certain travel times can be categorized with shady colored points. The negative segments of the seismic wavelets are overlapped by the time slice, and bright colors where the positive sections of seismic wavelet are overlapped by the time slice [43]. The eventual results in shape-visualized time slices derived from the 3D seismic data have been evaluated to recognize geomorphologic elements in map-view, for example, seismic geomorphology features.



Few seismic attributes such as red-green-blue RGB color blending and spectral decomposition helped identify channel boundaries with limitations. Three different dominant iso-frequency values (15, 25, and 35 Hz) were utilized to generate the RGB color blending attribute. This attribute provided an excellent resolution of the channel geometries and channel boundaries, fill of channel, and inner thin bedding construction with thickness alteration of 10 to 15 m. In the studied successions, an average seismic velocity of 1500 m/s was used in the depth conversion. This velocity is an attribute of youthful inhomogeneous marine subsurface stratas, wealthy in sand and clay [44,45].



Overall, fifteen wells and their geological reports have been utilized to acquire the information of the sequence stratigraphic lithologies presented in the seismic sections. A modulation and framework were perfectly established for Group A by manipulating and integrating the 2D view and 3D visualization of the 3D seismic volume and well logs using Petrel 2019 and Paleoscan 2019 applications.



The internal reflection configurations have been employed to classify the typical seismic facies in the seismic volume. The seismic well tie tool allows integrated sonic calibration and synthetic generation within the well section window. The generated synthetic was utilized in turn to establish the sequence stratigraphy of the investigated succession. Moreover, the reflection terminations, seismic face variations, and well log information were used to establish sequence stratigraphy of the studied succession. All these factors have been utilized in the succession subdivision into the 3rd, 4th, and 5th orders.



This investigation offers the first incorporated study that integrates detailed deltaic deposition, seismic facies classification, sequence stratigraphy, and systems tract interpretation of the investigated succession.




3. Result and Discussion


Seismic Geomorphology Interpretation


A series of seismic volume time slices are shown in Figure 5, and Figure 6 reveals detailed main fluvial systems at different time intervals (−50, −68, −90, −111, −138, and −174 ms). A map-view of time slices is shown in Figure 5A,B, representing the beginning exposure of the channels at two different two-way times (−50 and −68 ms). However, the topmost exposure of the southwest meandering channel is shown in Figure 5(B-A), while Figure 5(B-B) reveals the topmost meandered channel’s location at the east part of the studied area. Due to the nature of the study area deposits, which are generally sheet-like, the geomorphologic interpretation of time slices is working perfectly. Horizon slices (amplitude extractions simultaneous to trace the horizons) and flattened horizons function are especially effective for working with sloped or twisted rock layers.



Figure 5A–H shows a series of seismic volume time slices at different two way travel time (TWT). Details of the main fluvial systems viewed at −50, −68, −90, −111, −138, and −174 ms can be found in Figure 5 and Figure 6. The sedimentary characteristics shown in Figure 5 have also been explained in the discussion part. A quick investigation (Figure 5A–H and Figure 6A1–C4) of the time slices display complicated views of grouped channels that appear to be overlaid on each other. These are map-views of channels and channel belts’ directions that have been carefully spaced out in the vertical direction. This distribution makes it challenging to distinguish genetically different geomorphic characteristics in one 3D time slice. That is to say, 3D seismic slices cannot display the closely spaced geomorphic elements; therefore, they seem to exist on certain time slices, even though they are not contemporary. A comprehensive description of the geomorphic elements situated on the top of the main stratigraphic discontinuities of the time slices at −90, −111, −138, and −174 ms are shown in Figure 5A–H.



The 2D seismic sections were finally utilized to differentiate and identify multichannel systems. Correlation between channel belts and channels were visualized in cross-sectional channel fill pattern time slices (Figure 7 and Figure 8). This correlation demonstrated that the fluvial systems shown in time slices are routinely focused beyond stratigraphic discontinuities in 2D lines (Figure 3). To image these geomorphic characteristics, 3D time slices were chosen to correspond to the principal stratigraphic discontinuities scale shown in Figure 3, as near as possible. Commonly, seismic time slices display lateral plans, which do not certainly follow the stratigraphic divergences’ abnormal contours visible on 2D lines. Furthermore, this operation has shown that geomorphologic imaging on these surfaces has a reasonable estimation for accurate understanding and lineaments extraction.



The geomorphologically interesting features imaged during rolling along the 3D seismic volume start from the seafloor and lie down on the new sea layers until about −507 ms (522 m) beneath sea level. A geological analysis of the drilled well was conducted in association with drilling activities. It is understood that these partly eroded deposits constitute fine clay sediments (mud mounds) associated with the current northwest-south-east sea-bottom, with sufficient speed from 2.5 to 3.5 m/s.



Evidence from Reference [38] in the investigation area indicates that these extended mounds contain erosion residues produced by the shallow marine source. The first reflection multiple of the seafloor depicting the geomorphic features at a certain level at about −50 ms below the surface are shown in the time slice view in Figure 5. Instantly beneath the seafloor, at −68 ms, two fluvial systems were defined in the southwest corner and eastern part, respectively, as shown in Figure 5(B-A,B-B).



A west-east trending low meandering channel with a narrow channel belt compared to the major channel belt on the other side at the southwest corner (Figure 5(B-A)) is shown at −68 ms, with slightly different colors of the west side and east side of the channel, which indicate variations in the imaged channel slope. Another highly meandering fluvial system channel extended from the north to south, and a bigger northwest–southeast direction channel belt with point-bars on both sides of the channel, are shown in the map-view, representing the major channel crossing the investigated fields (Figure 5(B-B)).



The geomorphological fluvial systems visualized at −90 ms (Figure 5C) are also categorized by three different paleo-flows, with north–south paleo-flow of the biggest channel on the right side of the study area. This meandering feature, comparable in size and tortuosity to the current Chao Phraya River, displays a highly twisting sinuosity in the exhibited segment with scroll bars and point bars on both channel sides’ meander loops. The other fluvial system is directed from north-west to south-east toward the south–southeast highly meandering channel, in the upstream, while the central segment exhibited a less-twisting zone, and an overlapped twisted channel in the downstream area.



The third feature detected was a low to medium sinuosity channel with narrow size and extended from west–southeast. At the TWT −111 ms, we also noticed a wider single fluvial channel in the right segment of the studied area extending from north to south, with a wider north–south meander channel belt gaining popularity along with the studied map (Figure 5(D-B)). Incisions categorize both the tortuous and the larger winding channels in the corresponding floodplains.



The time slice also displayed the base of the southwest channel (Figure 5(D-A)). The top of this channel was noticed at −90 ms with a small size and southwest direction. The depicted channel seems to be absent temporarily at −113 ms. The same channel is seen again when scrolling down through the seismic volume in the same area, but at −115 ms. However, the best shape is seen at −138 ms. This can be interpreted that a short transgression has taken place along the channel absence interval. A new progradation has taken place later, resulting in a new incision and forming the same channel’s upper part. We noticed narrower-sized channels with some tributaries at this depth, and the meandering was also high compared with the map-view of the top of this channel.



The channel meandering at TWT −138 ms (Figure 5 and Figure 6) shows the best example of conserved valley-fill and channel belt deposits in 2D seismic sections’ 3D time slices. The Cosine of Phase and spectral decomposition attributes’ time slices at −138 exhibit the biggest and obvious geomorphological fluvial systems, depicted as shown in Figure 5 and Figure 6.



These continental tributaries are somewhat broader than the newer river Chao Phraya (Figure 6(C1)). This figure shows how different Cosine of Phase and RGB color attribute maps reveal geomorphic characteristics, such as point pars, channels, channel belts’ margins, and tributary incised valleys, which is the way that the deposits in the fluvial trunk systems accumulate. The point bars and chute cutoffs have been imaged within the channel belts, demonstrating the transmission of the downstream and the bar expansion’s meandering. The abandoned channel fills have various amplitudes responding from adjusting deposits in both Cosine of Phase and RGB color attributes, time slice maps, and cross-sections (Figure 8).



The time slice at TWT of −174 ms of RGB color blending of spectral decomposition attribute (Figure 5G,H) reveals an extended fluvial channel from north–south with low to moderate sinuosity, with a meander and narrow channel belt. A seismic artifact is shown in the right segment on the study area’s map-view, and this artifact is due to a problem in seismic processing. This pseudo-channel is interpreted as a shadow of the above-observed channel at −138 ms. The main channel’s low sinuosity reflects the substratum’s higher slope, whereas the high sinuosity of channels indicates a lower depositional substratum slope. The degree of channel sinuosity can help in inferring the landscape slope during river flow. An abundance of incised tributary valleys develops along the channel at the southwest corner of the study area.



The channel shows more sinuosity on the west side and gets less towards the south direction, which is believed to be attributed to the river’s pathway geomorphological gradient. At the center of this time slice, we noticed the top of the other high meandering channel extended from the north to south. On the right side of the study area is also a noticeable high sinuosity and meander channel extending from the north–south of the studied area’s map-view with some incised tributary valleys. The incised tributary valleys are more visible and concentrate at the west side, while they are less whenever moving towards the downstream in the south direction.



This distinguishing feature is considered a result of the lateral lithological differences with assumed sand-laying flat facies associated with point bar sediments and muddy facies, resulting in a mud plug in the channel’s last position before being abandoned. Besides, the major compression differences directly across the abandoned channels help define the mud-filled channel systems.



In the studied section, most fluvial systems were formed of one-channel zigzagging rivers, which vary widely from less than 100 to 900 m wide (Figure 7). Some minor fluvial systems are tiny and therefore do not display channel belts and bar sediments. The meandering fluvial systems at the TWT of −90, −111, −138, and −174 ms have shown clearly evolved channel belts with widths up to 6 km. The above components are slightly bigger than the Muar River’s present shape, which passes through the states of Johor, Negeri Sembilan, and Pahang in Malaysia, and is significant compared with other mainland analogs, like river Ucayali in Peru (Figure 6C1).



The southwestern segment of the trunk valley displays well-photographed carved branch valleys that are observed in consecutive time slices, wherein the interfluves were incised to form the tributary valleys (Figure 6(A1,B1)). The uppermost and central part of this fluvial channel displayed slimmer channel-belt sizes with plenty of tributary channels, which correspond with a reduction in sinuosity with fewer tributary channels and an increase in the width at the downstream, as shown in Figure 6(A2,B2).



This figure shows that the valley’s width can control bar expansion and transition and thus the channel sinuosity. In the southern part of the channel system, a noticeable expansion of the valley can be seen, whereby sinuosity and meander decrease towards the downstream at the south. The eastern segment displays the channel’s best image, abandoned channel, bars expansions, and channel belt extended from north to south with a high meandering degree as shown in Figure 6(A3,B3). The slides C1, C2, C3, and C4, are recent analogs with analogous features and similar depositional features: Muar River, Johor, Negeri Sembilan Pahang in Malaysia. A good display in Figure 7 of a 3D block diagram demonstrating the relationship between shape-filled channels in the cross-sections and their chart-view interpretation was noticed at TWT −138 ms. Obviously, the channel’s seismic amplitude is quite different from the surrounded point bars’ deposits in both the 2D seismic sections and the 3D time slices. The time slice of chart view-imaged Figure 7B represents a well-conserved channel, and channel-belt muddy depositional features, highlighting the channel variation sizes shown in Figure 7B. In the minor channels, there are several of the incised tributary valleys in the single southwest channel: extension surfaces, meander scrolls, abandoned channels, and bar expansions. The 3D amplitude volume reveals the biggest sinuosity channel crosses the Melor field. The blue colors indicate the meander scrolls, while the yellow color infers the sandy bodies filling the channel parts while others are filled with clay. The smaller chart in Figure 7D is an interpreted edition of the 3D seismic amplitude volume, displaying sand-prone facies in orange, mud-prone channel facies in blue, point bars in yellow, and the interfluve in gray and orange.



The carved fluvial channel has a channel belt average width to channel ratio of 1:10 and a depth ratio between channel and valley of 1:2. About 20 m of the point bar thickness comprises 3:1 ratios of the valley fill, while the upper section is characterized by fluvial and marine mudstones (Figure 8A,B). The internal configuration of the reflections, which are characterized by continuous high to moderate amplitude type, showed that these deposits are alternating sediments of the silt and mud, while the main valley has no multi-historic fluvial stack deposits. Three major genetic elements can be differentiated: an early fluvial phase accompanied by a transgressive phase, estuarine deposits overlaid partially on fluvial deposits and formed onlaps on the earlier deposits, and a final open-marine succession that covered the whole valleys (Figure 9). On this fluvial system (−138 ms below sea level), architectural interpretation of the channels, channel belts, and point-bars was carried out (Figure 10A).



In the chair display (Figure 8A and Figure 10B), a convex-up geometry represents the uncompressible sandy mounded top channel filled with sand. However, the middle did not compress, such as the ends (left and right) of this channel. The concave-up geometry on the right side of the chair display in Figure 10(Bb) represents a compressible muddy-filled channel. In the Inas field direction, time slice with Cosine of Phase attribute inline and cross-seismic sections have been displayed at TWT of −138 ms. In this slice, an apparent meandering channel extended from the southwest to the south exposed over the time slice and cross-section.



Cosine of Phase seismic attributes represent the lateral and vertical dimensions with the incised valley in both inline and Xline. The RGB color attribute shows the time slice at the top and base of the fluvial channel, with the width of this Inas field direction of ap-proximately −50 m. The west-most part of this fluvial channel displayed slimmer channel-belt sizes with corresponding low sinuosity and fewer tributary channels, and an increase in the channel’s width and sinuosity at the downstream in the south direction, as shown in Figure 10. The low sinuosity and the narrow width at the west side of this channel are more noticeable at the center and near the downstream, with the morphology at the center and south being flatter. In the southern part of the channel system, a noticeable expansion of the valley can be seen, whereby sinuosity and meander also increase towards the downstream at the south (Figure 10).





4. Seismic Sequence Stratigraphy


4.1. Seismic Facies Classification


Analysis of 2D seismic sections enabled five seismic facies to be distinguished depending on the inner and external geometries with termination patterns from the Melor and Inas fields (Figure 11). These facies include: (1) chaotic seismic facies associated with low-amplitude reflections (these kinds of facies are usually associated with high-energy deposition environment of point-bar tops) [20]. These facies are acoustically extremely impenetrable and have incoherent internal reflections. (2) Convergence facies with high-amplitude, low-frequency, semi-continuous reflections with single directional onlap against the channel walls. An internal convergence in the upper part of this deposit forms the point bar around the incised channel. (3) Concave-up multi-stacked channel with medium-amplitude and medium-frequency inclined seismic facies. Multi-stacked channel deposits, concave-up geometry with onlaps on the channel walls (usually linked to strike viewpoint crosscut across the middle of point bars). (4) Parallel continuous high-amplitude, low-frequency sheet drape is commonly formed by fine-grained sediment deposited slowly [46]. (5) Laterally continuous seismic facies with medium amplitude and high frequency. These facies are commonly associated with open marine deposits, as shown in Figure 11.



The seismic facies principles were utilized to analyze and describe the fluvial deposits’ internal configurations, such as point bars and multi-stacked channels (Figure 11). Not only that, but it also distinguished the variation between the fluvial, deltaic, and marine seismic reflections. Seismic facies were also essential to explain the different distribution of the depositional environment in space and time within the sequence stratigraphic context.



The concave-up geometry of the multi-stacked channel features a seaward slope increase ranging between 1.23° and 1. −90° at the top of the multi-stacked channel, and from 0.41° to 0.97° towards the bottom. In comparison, on the point bar side, time slices show chaotic configurations with medium amplitude in the upper part of the point bar. The noticed incline angles extend from 0.35° to 0.50° at the top of the point bar. Nevertheless, since most seismic reflections are not oriented to absolute dips, these slopes’ real angles are possibly slightly higher. Furthermore, referring to the previously mentioned geometric variations, scale and areal extent are two of the main variations between the multi-stacked channel and the lateral accretion point bar. Individual sigmoidal geometries extend from the east to south in slide three within Figure 11, forming an onlap against the channel walls.



These reflections are overlaid by convergent reflections below the unconformity and over the fluvial system point bar. This sigmoidal geometry extends horizontally to about 5.3 km from the fluvial channel system. It was truncated by erosion and terminated under the convergent feature as onlaps on the old deposits (Figure 11 slide 2). In contrast, single horizontal accumulation point-bar fluvial surfaces seldom surpass 350 m in depth from up to the base. Besides, the topmost truncated multi-stacked channel in slide 3 characterizes the conserved component of the mouth bar’s thicker deposits, which implies that the initial multi-stacked channel sizes were more extensive (Figure 11).



The smallest area assessed on the mouth bar (dependent on several 2D lines of previous studies) is approximately 12 square kilometers. The point bar zone covers only 7.3 square kilometers. The conserved thickness of the multi-stacked channel sediments is 120 m, as shown in Figure 11 slide 3, while point bars are not greater than 49 m. Large in-dentations truncated underlying reflections with widths of more than 700 m and depths of more than 60 m. Small indentations have maximum widths of 200 m and depth of more than 30 m. Small indentations often have berms a few meters high on either side of a central downturn.



A seismic artifact is shown horizontally along the channel direction and vertically to around 1450 m, and a sample of these artifacts is displayed in slide three of Figure 11 under the seismic features’ classification. This artifact is due to seismic processing problems [12], where this pseudo-channel is interpreted as a shadow of the above-observed channel at −138 ms. The internal structure of modern sandy point bars reveals erosional base layers and horizontal surfaces with sudden lateral incline changes. Bridge (1995) [47] interpreted these variations as a distinct event in barrier consolidation and degradation linked to flooding recurrence successions between decades and centuries. 2D and 3D seismic volume, the outcrop descriptions, and borehole evidence have been employed to examine the internal reflection configuration of old marine-impacted point-bar sediments. They describe the horizontal accretion surfaces in inclined convex-up bed sets.




4.2. Sequence Stratigraphy Interpretation


Based on the seismic reflection termination geometries interpreted in 2D sections, seismic facies can be interpreted by integrating 2D with the derived 3D map-view of the depositional system [31,48,49,50,51,52]. Three depositional sequences (DS.1, DS.2, and DS.3) with related system tracts were identified in this examination. Sequence boundaries constrain such sequences (SBs), defined depending on the following principles: (1) The high-frequency reflections (stratigraphic discontinuities) and basal erosional patterns noticed on the 2D seismic section, (2) the presence of map-view trunk fluvial deposits supplied by countless carved branch valleys situated on related interfluves and exhibiting dendritic canyons in time-slice view [7], and (3) the existence of over-consolidated horizons during subaerial display is expected to result in the development of soil evaluated by geotechnical well soil properties [53]. On average, deposition sequence thickness is around 20 m and infrequently comes up to 40 m.



Traditionally, sequences that include a basic sedimentary fill reveal basal valley-bound fluvial layers and are superimposed by estuarine, and subsequently deposit marine and/or periodic concave-up multi-stacked channel deposits. Fluvial deposits of the low stand (convex-up horizontally deposited layers and single or bidirectional down-lap seismic faces) are usually superimposed (SBs) and covered by transgressive surfaces. These deposits are followed by estuarine sediments that are mud-pronounced and correspond to transgressive system tracts (TST) (restricted horizontally continuous seismic facies).



The maximum flooding surface (MFS) covers the fundamental TST and is then overlapped with a high stand system tract of open marine mudstone deposits. The seismic nature of the seismic facies at the top of the high stand shows a rise in contrast in acoustic impedance, possibly reflecting the late phase of the high stand systems tract (HST). However, a detailed explanation of the studied succession, which started from the seafloor to approximately −507 ms, is presented, with three primary seismic stratigraphic sequences and their associated systems tract. From bottom to top, the SB-3 represents the horizon as unconformity separating, unit 3 from unit 2. The surface was identified based on the generated synthetic seismogram of Inas-8, Melor-2, and Melor-1 wells, and the seismic facies’ variations of this unit, as shown in Figure 12. This event was interpreted on the largest peak between two intense trough amplitude events representing an interface between unit 3 and unit 2. This unit is extended from the time of −400 to −490 ms.



In terms of the system tract, unit 3 has been divided into only two cycles. This unit’s base was formed during the regression phase, while the sea level was prograding seaward, resulting in a High Stand System Tract (HST) cycle. The HST is represented by the coarsening upward of the gamma-ray.



The other cycle in unit 3 is labeled as TST, which forms the top part of this unit. The top of this cycle is marked as a Maximum Flooding surface (MFS) in Figure 12B,C, that caused a retrograding stacking pattern of TST. This cycle yield after the sea level occupied the Malay basin during the connection with the China sea resulted in a TST.



Horizon 2 represents the SB2 surface that bounded at the top of unit 2. This horizon was picked based on the gamma-ray record on Melor-2, the generated synthetic seismogram of Melor-1 well, and the seismic facies’ variations of unit 2 (Figure 13).



This event was interpreted based on the zero-crossing below a strong trough amplitude event, representing an interface between unit 2 and unit 1. Incised valleys cut the SB-2 and channels, considered as the LST system, as shown in Figure 13B,C. Unit 2 extended from −175 to −400 ms. In terms of the system tract, unit 2 has been sub-divided into three cycles. The base of this unit was formed during the regression phase while the shoreline which was prograding seaward resulted in an HST cycle. The coarsening upward of the gamma-ray record reveals good evidence of this interpretation, which means that this cycle yield after the sea level decreased and continental deposits occupied the Malay basin.



Another cycle of unit 2 was labeled as TST. This cycle formed during a transgression caused by the sea level rising and occupied the Malay basin during the retrogradation session. The TST is characterized by a noticeable fining upward of gamma-ray reading. The top part of this cycle is labeled as MFS and capped this TST cycle. A new coarsening upward in the gamma-ray record reveals another HST in this unit with decreased sea level associated with land sediment deposits. This cycle formed some down-laps reflection terminations seaward against the MFS, reflecting a regular regression session that happened and resulted in prograding stacking patterns of HST, as shown in Figure 13.



This event was interpreted as SB1 on the most significant peak amplitude, representing an interface between unit 1 and the seafloor bed. This horizon represents the sequence boundary bounded at the top of unit 1. SB1 was picked based on the reflector amplitude event, gamma-ray record on Melor-2, the signature of synthetic seismogram of Melor-2 well, truncation reflection termination against the SB1, and the seismic facies’ variations (Figure 14). Unit 1 has fantastic features, as displayed in Figure 6, Figure 7, Figure 8 and Figure 10. This unit extends from the time of −125.27 to −193.35 ms.



Incised valleys cut unit 1 and some other channels, which is interpreted as LST at the top and the bottom of this unit, as shown in Figure 14B,C. This unit was subdivided into two cycles only. The bottom cycle of this unit was labeled as TST associated with a remarkable high gamma-ray record. The bottom of this unit is cut by an incised valley, which is assigned as LST. This cycle was formed during a transgression phase when the sea level was retrograding landward, resulting in a TST cycle. MFS binds this cycle. This cycle is overlain by new HST formed during the new regression phase when the sea level was prograding seaward, resulting in an HST. This cycle is cut by some channels interpreted as LST (Figure 15B,C).





5. Discussion


5.1. Incised Valleys Identification


The exceptionally broad incised valleys often reach hundreds of kilometers [54,55]. Some of them are more than 100 m deep [51]. Other identified depths are only ten meters, such as those in References [24,55,56]. The shallow valley (<35 m) identified as a multistoried channel deposit in this research shows a simple valley filling with single fluvial deposits on the base. These deposits are superimposed by valley deposits, such as estuarine facies, and covered with open-sea siltstones (Figure 15). The attribute slides in Figure 15 reveal the RGB color time slice with an accumulation of point bars throughout active fluvial sediments interpreted as low stand, as in slide (A). Transgressive sediments inactively form a reflection of onlaps against the channel walls, as shown in slide (B). Slide (C) explains sediments of open-marine high stand covering the whole carved-valley complex. However, simulation diagrams in (A1, A2), (B1, B2), and (C1, C2) are illustrated, showing the incised valley evolution from the bottom (A1, A2) to the top (C1, C2).



This research’s standard method to interpret the river systems as a sub-surface carved valley, as seen at −138 ms (Figure 5E,F) and observed within DS.1 (Figure 3B), is listed below.



The incision of the valley is displayed in the 2D seismic cross-section and 3D time slices:




	
The tributary channels’ existence passes through the floodplains, as shown in Figure 10, resulting in an abandoned floodplain and functioning as interfluves [7].



	
The interpretation of the abandoned floodplain relies on the sequences regional slope towards the incised channel and channel belt (Figure 9) and the absence of higher topographical levees, in addition to the over-bank presence.



	
The point bar tops that lay at the middle height of the interfluve, as shown in Figure 8 and Figure 15, and paleoenvironmental situation, all revealing that the river could not overtop the precursor floodplain even at the maximum flood phase.



	
The presence of transgressive seismic facies in the valley with draping point bar deposits of the channel and onlapping the walls’ valley indicates confinement, possibly associated with an estuary environment.









5.2. 3D Data Horizontal Time Slices Evidence (Map-View)


	
Existence of little carved tributary valleys stretching up to 2.5 km from the main body valley (Figure 5H, Figure 6, Figure 7, and Figure 10). The erosional characteristics indicate that the flood plains had been absent and categorized by constant drainage systems.



	
The presence of sinuosity and meandering of channel shapes are implying the incised valleys were passing and cutting sheet-like geomorphological floodplain deposits (Figure 6, Figure 7, Figure 8 and Figure 10). The areas with less sinuosity infer a higher slope than in the high meandered segments.






The degradation implied nature and an essential feature of these fluvial systems and the whole sequences. The channels and channel belts are perpendicularly constrained in the lower places within every sequence and are methodically situated in valleys, without any proof of the fluvial floodplain deposits’ aggradation outside these accommodations. The distinguishable pattern of degradation stacking in Figure 3B reveals that TST and LST are conserved just within the valleys. Simultaneously, the whole aggradation is severely restricted to the HST sea mudstones.




5.3. Accommodation and Conservation Possibilities


Some significant factors influence and control the creation of extensive succession sequence stratigraphic discontinuity and incised valleys within the tectonic shelf. These include eustasy, subsidence, climate changes, supply, and sediment discharge. In most cases, the fluvial discharge is associated with climate changes, and both influence and dominate the fluvial incision depth, the dimension of the valley, and the number of depositional elements. Subsidence controls the whole succession thickness, while the eustasy regulates the frequency of the stratigraphic event that interrupts the succession.



These factors combined regulate the entire accommodation on the shelf and regulated the conservation capability of distinct depositional environments and systems tracts. Conversely, eustasy’s task quickly decreases up-river as locality influences such as climate and tectonics control have more impact [38,57].



Recent researchers concentrated on Southeast Asia and highlighted the significance of some controlling factors such as fluvial discharge and climatic changes on the incised valleys’ formation, rather than eustatic sea-level drops [56,58,59]. Interpretation indicates that valleys and incisions appear throughout peak fluvial discharge times, irrespective of the location of the sea level [60].



The melted ice in the glaciated territories is the key control for the discharge alteration, while the climate changes can have the same effect in non-glaciated territories [56].



Climate change may happen at any time throughout a sea-level process and is not directly connected to glaciation or deglaciation cycles. However, it is proposed that substantial climate changes occur during the Pleistocene transformation to Holocene, more probably than during a particular low- or high-stand era of sea levels. In the history of fluvial valley incision, it is difficult to list the different impacts of sea-level change and climate change. In 1999, Posamentier and Allen [57] proposed that sea level alterations are the major cause of river incision in down-stream segments, while climate change and tectonics contribute significantly to upstream sections.



The incision’s relative depths in the shallow parts of the channels seen here are about <45 m. This can be interpreted by the absence of a nearby knick-point in the low slope (~0.006°) of the Malay Basin.



Due to this low basin gradient, the coastline can move huge distances with just slight relative sea-level changes, revealing or flooding huge regions in short times [61,62,63]. Besides, the relatively little distance occupied by carved draining valleys may indicate short-lived sea levels compared to the area of main river systems. Indeed, the relatively little distance occupied by carved tributary valleys equated to the area of river trunk systems assumes shorter sea levels of the low stand.



Conversely, the restricted magnitude of incised tributary valleys suggests that the reasons for fluvial incision were short-lived climatic changes and their role in fluvial discharge differences rather than eustasy. This does not mean that the eustasy does not influence at all. The function of sea-level change resulted in a tremendous shift in the coastline over time. Therefore, coastline deposits seemed to increase either thousands of kilometers downstream of this studied area (throughout sea-level low stands) or near the most resonant side of the shelf, around hundreds of kilometers upstream from the studied area (during a high stand of the sea level of the shelf). After intricately carved valleys have been formed, they are initiated to fill strictly by estuarine and fluvial deposits [64].



The apparent imaging of the fluvial depositional features contained by incised valleys such as in Figure 5A–H proposed a high conservation possibility of fluvial sediments but restricted just to carved “containers” [7]. On the other hand, the non-existence of distributive channel structures or delta lobes between high stand sediments and the subsequent LST fluvial sediments indicates a slight preservation possibility in this region of regressive deltaic sequences.



From the inner to mid-shelf, which symbolizes the study region, the coastline was possibly not motionless, but in a quick move, either transits seaward throughout sea-level drop or towards the land side throughout sea-level increase. This is particularly common in the lower slope shelf conditions, as discussed previously, in which even small changes in sea level led to massive shifting in the coastline. Even so, it could not be eliminated that perhaps the coastline might have stopped in this region. However, there is no substantial history of this time that has been kept for such a short time. It can, therefore, be mentioned that the stratigraphic portion of this study area is characterized by the landward sections of the LSTs, such as incised fluvial valley filling, and by the seaward parts of the HSTs. In this region of the Malay Basin, stratigraphic construction (Figure 3B) is described as aggregation ultimately constrained to marine sedimentation at a high stand of sea level.



Throughout LST, the fluvial systems usually tend to behave, such as a circumvent system with minimal deposition, transporting sediment through shallow incised valleys to the paleo-shoreline. Preserved fluvial sediments typically correlate to late phases of LST of the sea levels when the accommodation creation rate rises. SBs stretch laterally through interfluves from the bottom of the incised valleys and then integrate with the transgressive cycle’s surfaces. The TST is only depicted in this part as estuarine covers of carved valleys with minimal or no accumulation of equivalent interfluves (Figure 9).



The surfaces of the sequence-stratigraphic units, such as sequence boundaries, incised valleys, and overall flooding surfaces, are determined by the scale and resolution of the used data. Chen et al. classified the succession into three sequences, two only within the TWT of the first 500 ms from the seafloor, equal to an average of around 4.9 M.Y./Sequence [65]. However, this research showed that higher resolution sequences are presented within the 2D seismic sections. The 2D high-resolution sections with cosine phase seismic attribute allowed us to subdivide the interested succession (Group A) into three major sequences. These units were composed (3rd order) with four parasequences sets (4th order) and seven parasequences (5th order), as shown in Figure 3, Figure 12, Figure 13 and Figure 14. Magnitudes of LST deposits of sea level were big enough to expose in the current succession at around −90 ms to −241 ms in the sub-buried shelf in the study area. Therefore, the period interpretation describing the studied segment.



As a consequence, many other smaller sequence scales (20–40 m thick), such as parasequences and parasequence set, of the marine regression and transgression within all sequences have been illustrated by Chen et al. and can probably be associated with the low lodging, low slope, and also low subsidence ratios [65].




5.4. Exploration Effects of Hydrocarbon


Understanding the mechanics of the fluvial system helps predict the distribution of both the sandstone and the reservoir. The detailed 3D interpretation and identification of subsurface sandstone bodies help us make sense of reservoir interconnection. The deposited beds’ encountered discontinuities may have resulted due to the mud-drape deposition throughout the weak condition of flow hydrodynamics [39]. This may affect the reservoir’s connectivity. Like abandoned channels of mud plugs and engraved valley walls, the wide discontinuities may function as horizontal stratigraphic caps for the sandy channel belt bar sediments. This case eventually leads to a characterization of the reservoir system.



In the exploration and field development of hydrocarbons, it is a common pitfall to presume that channels that are imaged in 3D seismic time slices are uniform reservoir-filled components. There is a tendency to ignore the intrinsic complexity of channel storage tanks. The observations introduced here outline that this complexity can be very useful in establishing a more accurate and consistent static model of reservoirs. By integrating the high-resolution 2D seismic sections and 3D time slices of this study, concluding that point bar sediments represent reservoir-prone elements, the channels seem to be filled with mud deposits similar to the filling process of the abandoned channels.



The mudstone-filled channels repeatedly cut through the point bars’ sand bodies and probably separate the points bars from each other, segregating reservoir bodies. The mud plugs act as walls or barriers to some extent based on the natural surroundings’ sediments. Channel lag sediments can typically work as linkages between the point bar’s storage containers at the abandoned channel’s base [66]. While these lags of channels are continuously totally linked and consistent, these plugs of the abandoned channels can function as barriers to the hydrocarbons’ flow, where lags are discontinuous to nonexistent.



This study also suggests that some successions show no complete system tract. HST deposits are characterized primarily by proximal marine non-reservoir elements, while the fluvial incised valley-filling deposits represent LST deposits. The transgressive systems tract (TST) deposits seem confined to incised valley non-reservoir sediments, which are usually found superimposed on the fluvial low stand deposits.





6. Conclusions


This investigation incorporated geomorphological images of the depositional systems from the 3D seismic volume (time slices) with detailed seismic facies classification of the fluvial point bar sediments. The sequence stratigraphy of 3rd, 4th, and 5th orders with systems tract detail analysis from the high-resolution 2D seismic sections has been conducted as well. The approach allowed us to accurately interpret such lateral and vertical heterogeneous deposits with different geomorphological elements that were observed within time slices and 2D seismic sections.



A chronological framework was established by describing high-resolution sequence stratigraphic discontinuities using high-resolution 2D seismic sections for roughly −507 ms (522 m) thick succession. The utilized approach led to an accurate correlation of the geomorphological features encountered on time slices with certain sequence surfaces in the seismic sections. Furthermore, the identification in the surfaces’ section views explained the spatial relation between channel belts and channels detected in the same 3D time slices.



Therefore, we can conclude that these channel belts exist in several sequences and are not simply mounds of auto-cyclic rapid abandonment of a fluvial channel system.



The predominant sediment types in these fields are high stand of the distal shelf, shallow marine deltaic deposits, and fluvial low stand incised valley deposits. Small quantities of estuarine sediment were found overlying the incised valleys. The production of new sheet accommodation generally takes place throughout the transgressions and subsequent high stand phase, where minimum accommodation is confined to mostly incised valleys in the low stand phase.



The geomorphological elements observed are comprised of fluvial point bars, tide-influenced point bars, plugs of the abandonment mud, mouth bar clinoforms, estuarine valley fills, channels, and channel belts. The reflection terminations’ geometry can distinguish the reflection configuration of the distinct clinoform and point bars. Thus, convex-up geometries characterize the point bars, while concave-up geometries distinguish the clinoform mouth bars. Besides, point-bar horizontal accumulation surfaces are likely to have preserved the down-laps, whereas the mouth bar’s clinoform seems to exhibit a long extension of reflection terminations of top laps and onlaps.



Incised valleys in this section of the basin are common features. A comprehensive channel belt analysis observed at −96 ms shows that the channel belt is a single-story system situated in a shallow valley (Figure 5). The features used to identify the incised valleys included the existence of carved-out branched tributary valleys, non-existent levees, and related over-bank sediments.



The occurrence of the point bar top deposits at the middle of the interfluve level, the valley fills presence, which contains the fluvial phase, and estuarine deposits with a regional tendency of interfluves to the incised valley direction. The increase of fluvial discharge associated with climate changes was perhaps the most probable influence for valley formation. Such differences are overlaid on the accretion of sequences consisting of continental cycles to marine successions related to changes in high amplitude and high frequencies of the sea level.



Two primary control factors include the amount of erosion along the boundaries of the sequence and the different accommodation styles developed at different times. These impact the degree of systems tract (TSTs, LSTs, and HSTs) for all depositional sequences. Despite the apparent evidence of the fluvial and distal marine deposition, marine sediments’ nearshore evidence was not observed. That may be related to the rapid shoreline movement recorded over the study area, which rarely existed long enough to allow for significant deposits. Similarly, even though accommodation development throughout periods of transgression was generally restricted to flooded valleys, transgressive systems tract TST sedimentations are only slightly observed here, capping the incised valleys’ tops.



The predominant fluvial type in this region is single-channel fluvial systems associated with flanks and point bars. Together with this sedimentary system style, abandoned channels are pervasive. Understanding that the abandoned channels are generally filled with mud has significant outcomes for exploring and developing hydrocarbons to locate the sand bodies as hosts for the oil and gas. The injected muds within the channels can function as permeability or fluid flow barriers to the hydrocarbons’ migration.



Based on the obtained results that utilized the proposed approaches, we firmly believe that proposed approaches can be implemented practically in other field investigations due to the high accuracy and reliability achieved in this research. However, some limitations restrict the adopted approaches from reaching the optimal level and some suggestions that we believe will serve for future work were presented.



This research mainly emphasizes reducing the studied area’s uncertainty and ambiguity by establishing reliable seismic sequence stratigraphy and depositional environment geometries frameworks. Besides the studied area’s complected nature, there is a shortage of detailed investigations clarifying understanding the potential hydrocarbons reservoir distribution in interbedded sand and clay deposits. Although the proposed approaches can perform a reliable interpretation and reduce uncertainty, we still believe that they can be further improved by incorporating as much as we can of the required data and implementing the machine learning techniques to achieve more interpretation accuracy in a short time and with less effort.
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Figure 1. The map of the study area Malay Basin was modified and retraced after Madon (1999) [17]. 
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Figure 2. A layout shows the generalized stratigraphy and structural, historical column of the Malay Basin. The second column contains the main column of the successions of geographic stratigraphy and their approximate ages (categorized A–M) (in Mya), in addition to the dominant lithologies and possible associated facies, after Madon (1999) [17]. 
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Figure 3. (A) The noninterpreted and (B) interpreted two-dimensional (2D) high-resolution seismic sections representing three major depositional sequence stratigraphy units in the uppermost −507 ms (522–550 MTVDSS), several depositional geometries are displayed in the 2D section and (C) a map-view of the studied fields show the shallowest fluvial channels and incised valleys. 
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Figure 4. The general workflow for this research. 
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Figure 5. (A–H) Reveals the Melor and Inas fields’ time slices at particular two-way times and covering an area of approximately 574 km2. (A) Time slice of spectral decomposition attribute at −50 ms below the seafloor, (B) the time slice at −68 ms below the seafloor. (C) Time slice at −90 ms and the top major sinuous channel’s uppermost features extending throughout the widespread channel belt in the right-side of the map-view with the other two minor channels in the left and south of the map-view. (D) The time slice at −111 ms exhibiting the major sinuous channel in the right side of the map view (Figure 5(D-B) and a minor meandered channel with its tributaries in the southwest of the map view (Figure 5(D-A). However, (E) shows time slice of the seismic Cosine of Phase attribute, revealing the time succession’s fluvial channels system. (F) represent RGB color blending at −138 ms, exposing a continental meandering fluvial channel with paleo-flow trajectory from north to south. A minor sinuous channel is shown in the middle of the map-view. A medium sinuous channel is displayed with several tributaries at the southwest of the map view. (G) The time slice of the RGB color blending at −174 ms, displaying a continental low sinuous channel in the middle of the map-view with paleo-flow trajectory from north to south. (H) Explanation diagram highlighting the targeted channel with its tributaries and paleo-flow trajectory. 
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Figure 6. The map-view slides of continental channel belts and channels prominent at −138 ms. Slides (A1–A3) represent the time slices of RGB color blending seismic attribute at two way travel time (TWT) 138 ms, while (B1) shows a map-view representing the major geomorphological and depositional features of the southwest part of the studied area. Slide (B2) represents the meandering middle channels extended from the north to south, with the delineation of geomorphological elements. Slide (B3) shows the major sinuous channel at −138 ms. Satellite images in figures (C1–C4) reveal a recent analog with comparable features and similar depositional features, Muar River, Johor, Negeri Sembilan Pahang in Malaysia. 
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Figure 7. The block diagram illustrating the relationship between channel-fill shapes in the cross-sections and their chart-view interpretation was noticed at TWT of around −138 ms. (A) represents the RGB color blending seismic attribute at −138. The time slice of chart view-imaged figure B represents well-conserved channel, and channel-belt muddy depositional features, highlighting the channel variation sizes shown in (B). The channel’s seismic amplitude is quite different from the surrounded point bars deposits in both the 2D seismic sections and the 3D time slices, as shown in (C). The 3D amplitude volume reveals the biggest sinuosity channel crosses the Melor field; blue colors indicate the meander scrolls while the yellow color infers the sandy bodies filling the channel parts while others are filled with clay. However, (D)’s chart is an interpreted edition of the 3D seismic amplitude volume, displaying sand-prone facies in orange, mud-prone channel facies in blue, point bars in yellow interfluve in gray and orange. 
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Figure 8. (A) chair display of the Cosine of Phase attribute cross-section with RGB seismic attribute time slice at 192 ms. Panel (B) represents the map view of the 2D seismic section showing the marine deposits, interfluve, point bars, incised channel, and channel belts. A convex-up thick bed (Cyan) with horizontal reflections that formed down-laps on the channel walls. The point bars deposits were covered by transgressive deposits (Yellow). The uppermost deposits (Red) cover the entire valley and lay on the interfluves’ topmost layer. 
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Figure 9. Uninterpreted section in (A), and (B) the interpreted Cosine of Phase seismic attribute cross-section displaying the fluvial depositional system (Blue color). Estuarine deposits formed onlaps against the fluvial channel walls (Yellow). The estuarine and fluvial deposits are laterally capped by marine deposits (Orange). 
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Figure 10. (A) Chair display zoomed-in map-view of the southwest fluvial meandered channel at approximately TWT −138 ms with Xline and Inline Cosine of Phase seismic attribute across the sinuosity channel. The yellow colors represent the repeated channel in both Xline and Inline. (B) Another chair display for lower time slice with the same Xline and Inline Cosine of Phase seismic attribute, channel top-level showing a mounded top (Ba), which is probably filled with sand in the middle and clay in compressed ends. (C) The incised valley with its tributaries in blue color. The eroded beds formed reflector terminations down-laps against the incised valley walls. 
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Figure 11. The seismic facies categorization of Cosine of Phase seismic attribute sections depends on continuity, the strength of reflection, and internal reflection patterns. This figure shows five different characterized seismic facies with three observed seismic features. 
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Figure 12. (A) A regional seismic cross-section of unit 3, (B) a detailed explanation of the sequence boundaries of unit 3, systems tract, and faults, and (C) the 3D visualization of unit 3 with system tract, parasequences, and parasequences set. 
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Figure 13. (A) A regional seismic cross-section of unit 2. (B) A detailed explanation of sequence boundaries of unit 2. (C) Visualization of unit 2 with systems tract, faults, parasequences, and parasequences set. 
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Figure 14. (A) A regional seismic cross-section of unit 1. (B) A detailed explanation of the sequence boundaries of unit 1 and its systems tract. (C) The 3D visualization of unit 1 with systems tract, channel, parasequences, and parasequence set. 
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Figure 15. The RGB color blending time slice and Cosine of Phase seismic attribute cross-line through the incised channel, showing the evolution of three separate valley-fill stages: (A) accumulation of point bars throughout active fluvial sediments Lowstand Systems Tract (LST). (B) Transgressive sediments inactively forming reflection of onlaps against the channel walls. (C) Sediments of open-marine high stand covering the whole carved-valley complex. (A1,A2), (B1,B2), and (C1,C2) are simulation diagrams that show the incised valley evolution after [10,16]. 
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