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Hybrid turbidite–contourite systems are present where gravity-driven and bottom-current processes interact. Although recent studies have advanced our understanding, deciphering the relative roles of downslope and alongslope processes in shaping the deep seafloor remains an important subject of investigation. The Tarakan Basin, offshore northeastern Borneo, is a prolific hydrocarbon province, yet its modern sedimentary systems are poorly understood. Shaped by rapid deltaic sedimentation, active tectonics, and ocean currents–the South China Sea Throughflow (SCSTF) and Indonesian Throughflow (ITF) – the basin offers an ideal setting to study hybrid deepwater processes. Here, we conducted seismic sedimentology analysis to quantify morphometric parameters, delineate seismic facies, and interpret depositional processes using 3D seismic reflection data. Three segments are identified. The Northern Segment is dominated by upslope-migrating sediment waves and plastered drifts, indicative of contourite-dominated conditions. The Central Segment hosts a canyon–drift complex, formed by synchronous interaction of turbidity flows and bottom currents. In contrast, the Southern Segment is shaped mainly by turbidity currents, with gullies and associated sediment waves suggesting limited bottom current influence. These spatial variations reflect a spectrum of hybrid depositional styles, consistent with global models of contourite-, synchronous-, and turbidite-dominated systems. The sedimentary patterns observed provide an analogue for subsurface reservoir and seal distribution, relevant to both petroleum and carbon storage systems.
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1 INTRODUCTION
Seabed geomorphology reflects the dynamic interplay of sedimentary processes on the ocean floor. Decades after foundational studies in deep-marine environments (e.g., Ericson et al., 1952; Hollister and Heezen, 1972), a detailed understanding of seafloor processes remains critical for a range of applications, from geohazard risk assessment and infrastructure site selection to the exploration of subsurface storage systems, such as for carbon capture and storage (CCS) (e.g., Amjadian et al., 2023; Warchoł et al., 2025). In highly dynamic sedimentary environments, where episodic flows and persistent bottom currents interact along continental slopes, interpreting geomorphological patterns is crucial for reconstructing sedimentary system evolution (e.g., Bailey et al., 2024; Nugraha et al., 2019).
On continental margins, seafloor morphology is shaped by the interplay of gravity-driven (downslope) and current-driven (alongslope) sedimentary processes (Kiswaka et al., 2025; Rebesco et al., 2014; Rodrigues et al., 2022b). These processes often interact, creating hybrid depositional systems marked by complex and laterally variable geomorphology (Fuhrmann et al., 2022; Miramontes et al., 2020; Rodrigues et al., 2022b). Examples of such interactions are observed in both ancient and modern continental margins worldwide, including the offshore Argentina (Rodrigues et al., 2022a), offshore Brazil (Alves et al., 2023; Schattner et al., 2024), offshore NW Africa (Mourlot et al., 2018), offshore East Africa (Fuhrmann et al., 2022; Kiswaka et al., 2025; Lu et al., 2021a), South China Sea (Gong et al., 2015; Liu et al., 2022; Palamenghi et al., 2015; Alves et al., 2023), offshore NW Australia (Nugraha et al., 2019), offshore SE Australia (Harishidayat et al., 2024; Wu et al., 2024), and the Makassar Strait (Brackenridge et al., 2020). The analysis of hybrid turbidite–contourite systems has become essential in seismic sedimentology and sequence stratigraphy, providing analogues for paleoenvironmental reconstruction and improving predictions of subsurface reservoir and seal distributions (Fonnesu et al., 2020; Fuhrmann et al., 2022; Gong et al., 2016; Rodrigues et al., 2022b; Sansom, 2018). Recognizing the relative contributions of each process is particularly important in deep-water environment exploration, where reworked turbidites and contourite drifts can both act as potential reservoir facies (Fonnesu et al., 2020; Kiswaka et al., 2025; Liu et al., 2022; Sansom, 2018).
The Tarakan Basin, offshore northeastern Borneo, has long been recognized as a product of rapid sedimentation delivering thick deltaic and deep-marine deposits to the slope and basin floor (Figure 1A; Erdi et al., 2023; Krisnabudhi et al., 2022; Lunt and Madon, 2017; Maulin et al., 2019; Morley et al., 2017). During the Plio-Pleistocene, sedimentation rates exceeded 820 m/my on the shelf and approximately 300 m/my on the basin floor (Hidayati et al., 2007; Lentini and Darman, 1996). This contrast in sedimentation is influenced by gravity-driven tectonics, that was initiated since Middle Miocene, where growth faults in the upslope areas trap sediments, while toe-thrust structures in the downslope regions create accommodation for sediment gravity flows deposits (Figure 1B; Erdi et al., 2023; Krisnabudhi et al., 2022; Maulin et al., 2019; Morley et al., 2017; Sapiie et al., 2021). In addition to the downslope processes, the basin is also influenced by an interaction between margin-parallel bottom currents, i.e., the South China Sea Throughflow (SCSTF) and the Indonesian Throughflow (ITF) (Fan et al., 2013; Wei et al., 2016; Xu and Malanotte-Rizzoli, 2013), which have the potential to rework and redistribute sediment along the slope. Despite this, the interactions between downslope and alongslope processes in the Tarakan Basin remain poorly understood, and their seismic expression on the modern seafloor has yet to be comprehensively assessed.
[image: Figure 1]FIGURE 1 | (A) Regional map showing the location of the Tarakan Basin and its major structural features (compiled from Erdi et al., 2023; Hidayati et al., 2007, and references discussed in the text). Inset highlights ocean current circulation in the region, including the South China Sea Throughflow (SCSTF), Indonesian Throughflow (ITF), North Equatorial Current (NEC), and South Equatorial Current (SEC) (adapted from Wei et al., 2016). (B) 3D perspective view of the seismic volume displaying the Middle Miocene surface and the modern seabed. The image illustrates the delta-fed gravitational tectonic system of the Tarakan Basin, including the extensional domain with growth faults associated with rapid sedimentation, and the compressional domain characterized by the toe-thrusts. SFZ, Sampoerna Fault Zone; MFZ, Maratua Fault Zone; SA, Sebatik Arch; AA, Ahus Arch; BA, Bunyu Arch; TA, Tarakan Arch. Bathymetry data is from GEBCO 2024 (available at https://download.gebco.net/).
In this study, we aim to characterize the lateral variability of modern seabed features in the slope area of the Tarakan Basin. Our objective is to provide an initial insight on the relative roles of downslope and alongslope processes in shaping the basin’s seafloor and identify key seismic sedimentology indicators of hybrid turbidite–contourite systems. The results provide insights not only into present-day sedimentary dynamics, but also into the stratigraphic architecture of analogous systems in deeper intervals, with implications for the prospectivity of both petroleum and carbon storage systems.
2 GEOLOGICAL SETTING
The Tarakan Basin is located on the northeastern margin of Borneo, Indonesia, within a structurally complex region shaped by the interaction of regional subduction and strike-slip faulting (Hall and Nichols, 2002). It is bounded by the Sampoerna Fault Zone (SFZ) to the north and the Mangkalihat Fault Zone (MFZ) to the south (Figure 1A), with internal segmentation that include NW-trending, Sebatik (SA), Ahus (AA), Bunyu (BA), and Tarakan (TA) arches (Figure 1A; Erdi et al., 2023; Hidayati et al., 2007; Krisnabudhi et al., 2022; Lentini and Darman, 1996; Maulin et al., 2019). These structures resulted from the basin’s tectonic evolution that has been governed by Paleogene to Neogene lithospheric deformation, including the counter-clockwise rotation of Borneo (Advokaat et al., 2018), rifting in the Makassar Strait (Satyana, 2015), and uplift associated with the Sabah orogeny (Lunt and Madon, 2017).
Since the Early Miocene (∼17 Ma), sedimentation rates increased progressively, from c. 60 to 330 m/my in the Late Miocene (Hidayati et al., 2007). This rapid accumulation of sediments both initiated and was later modulated by delta-related gravitational tectonic deformation (Erdi et al., 2023; Hidayati et al., 2007; Krisnabudhi et al., 2022; Maulin et al., 2019; Sapiie et al., 2021). Facilitated by underlying Miocene mobile shale, the system is composed of growth normal faults trapping fluvial to shallow marine deposits updip, and toe-thrusts ponding gravity-driven deposits downdip (Figure 1B). During the Plio-Pleistocene, sedimentation rates exceeded 820 m/my on the shelf and approximately 300 m/my on the basin floor (Hidayati et al., 2007; Lentini and Darman, 1996). The system is fed by five rivers (Figure 1A), that were redirected by progressively uplifted areas (e.g., BA and TA, see Figure 1A), resulting in bifurcation before reaching the open sea. This bifurcation led to lateral variations of sedimentation rates, which in turn influenced slope processes, contrasting with the focused sedimentation observed in systems like the Mahakam River (Maulin et al., 2019).
Oceanographic setting of the Tarakan Basin is as complex as its geological setting. The basin serves as the confluence area of the South China Sea Throughflow (SCSTF) and the Indonesian Throughflow (ITF, see inset in Figure 1A), whose interaction modulates bottom-current dynamics and sediment dispersal along the slope (Fan et al., 2013; Fang et al., 2009; Wei et al., 2016). The SCSTF developed more recently, becoming active in the early Holocene (∼10 ka) following sea-level rise that re-flooded the Sunda Shelf (Fan et al., 2018), whereas the ITF was initiated in the Early Miocene (∼23 Ma) and reached its modern configuration in the late Pliocene (∼2.7 Ma) (Gallagher et al., 2024). SCSTF flows seasonally from the South China Sea through shallow straits into the Sulawesi Sea, primarily within the surface and upper thermocline (0–400 m) (Trinh et al., 2024), while the ITF flows persistently southward from the Pacific through the Sulawesi Sea and Makassar Strait, with most transport concentrated in the thermocline above ∼680 m (Gordon, 2005; Susanto and Gordon, 2005). At intermediate depths (∼700–1,350 m), the Pacific water enters the Sulawesi Sea by overflowing a bathymetric barrier in the east (i.e., Sangihe Ridge), forming a distinct water mass shaped by bathymetric constraints, internal tides, and vertical mixing (Gordon et al., 2003; Hermansyah et al., 2019; O'Driscoll and Kamenkovich, 2009). Below the barrier depth (>1,350 m), deep water is isolated by surrounding bathymetric barriers encircling the Sulawesi Sea, with weaker along-slope currents and low oxygen indicating long residence time (Gordon et al., 2003; O'Driscoll and Kamenkovich, 2009). ITF can transport sediments and modify seabed morphology, playing a key role in sediment reworking and the formation of contourite features. For instance, adjacent to the Mahakam Delta, Brackenridge et al. (2020) demonstrated that the ITF also acted as a preconditioning factor for submarine landslides in the Makassar Strait.
In this study, we examine the seabed geomorphology and near-surface sedimentary architecture along the slope of the Tarakan Basin, offshore northeastern Borneo. The basin receives sediment from river-fed deltas and is influenced by alongslope oceanographic currents, offering a dynamic setting for investigating the interaction between downslope and alongslope processes. The combination of active tectonics, high sediment supply, and oceanographic forcing makes the Tarakan Basin as a natural laboratory for studying hybrid turbidite–contourite systems.
3 DATA AND METHODS
This study utilizes 3D reflection seismic data encompass an area of approximately 6,000 km2 (Figure 2). These data are Post-stack Time Migrated (PSTM) with normal polarity (where an increase in acoustic impedance downwards is indicated by a positive amplitude). The seismic bin spacing is 25 m × 12.5 m (inline × xline), with a 4 ms sampling rate. With dominant frequency of 30 Hz and a velocity of 1,700 m/s in the shallow interval (Erdi et al., 2023), the vertical resolution at the interval of interest is c. 14 m. There are lineations that represent acquisition or processing artifacts that could be clearly identified (Figure 2A). A data gap is present in the central part of the study area, where seismic data is unavailable, thus the mapping within this area is an interpolation of the surrounding bathymetric data (GEBCO Gridded Bathymetry Data 2024; available at https://download.gebco.net/).
[image: Figure 2]FIGURE 2 | (A) Seabed depth map showing the lateral variability of slope morphology across the study area, defining the Northern, Central, and Southern segments. The grey area represents the 3D seismic data gap. (B) Dip magnitude attribute map highlighting slope morphology and sedimentary features. Submarine canyons are outlined in orange.
We interpret the seafloor from the 3D seismic reflection data, which is expressed as the first positive event. The map was then converted to depth using the velocity of seawater, 1,500 m/s. Qualitative analysis was conducted to characterize the morphology of the features (e.g., cross-sectional and plan-view geometries), aided with Dip Magnitude seismic attributes (Figure 2B) that highlight dip variability and lateral continuity (Brown, 2011). In addition to morphology, seismic facies are also characterized in terms of their internal reflection configuration, continuity, amplitude and frequency (Figure 3). Morphometric parameters were quantitatively measured for key geomorphic features across the study area, including: (i) submarine canyons (width, incision depth, and length); (ii) gullies (length, width, spacing, and incision depth); and (iii) sediment waves (wavelength, amplitude, and orientation). To compare the morphometric distribution of these features, we plot width versus incision depth for submarine canyons and gullies (Figure 4A), and wavelength versus amplitude for sediment waves (Figure 4B). Insights from seismic geomorphology and the corresponding facies are integrated to infer process interactions in the study area.
[image: Figure 3]FIGURE 3 | Seismic facies characteristics of main sedimentary features found across the three segments.
[image: Figure 4]FIGURE 4 | Cross-plots showing the morphometric distribution of (A) width versus incision depth for submarine canyons and gullies, and (B) wavelength versus amplitude for sediment waves, shown across the three segments.
4 RESULTS AND INTERPRETATION
Seismic data reveal three distinct slope morphologies and associated subsurface architectures between depths of 500 and 2,000 m below sea level (Figures 2, 3). The slope maintains a consistent north–south orientation, but its morphology varies laterally—ranging from the smooth seabed of the Northern Segment, to a radial network of incised submarine canyons in the Central Segment, and transitioning into the steeper terrain in the Southern Segment (Figure 2).
4.1 Northern segment
4.1.1 Observation
The Northern Segment displays four primary geomorphic features (Figure 5A): gullies, submarine canyons, sediment waves, and plastered drifts. Gullies are located on the mid to lower slope and vary in geometry and spacing (Figure 5A). In the northern part of this segment, two gullies (6 km long, 0.8–1 km wide) originate from a headscarp and feed into a submarine canyon. In contrast, southern gullies initiate downdip from the western sediment waves field, are ∼3 km long, ∼300 m wide, and regularly spaced. Additional gullies in between display moderate lengths (3–6 km), widths (300–800 m), and spacing (400–600 m), with no apparent upslope connection to sediment waves. All gullies exhibit V-shaped cross-sections (Figure 3) with incision depths ranging from 30 to 75 m (Figure 4A).
[image: Figure 5]FIGURE 5 | (A) Dip magnitude map of the Northern Segment showing sediment waves and plastered drift. The gullies and submarine canyons present downdip from the plastered drift. (B) Seismic section across feeder canyons, illustrating southward-migrating thalwegs (green dots). (C) Seismic section across sediment waves and an associated plastered drift, highlighting upslope-migrating bedforms and mounded drift geometry.
Submarine canyons are present on the lower slope, where only the canyon heads are imaged (Figure 5A). These canyons originate from the downdip end of the plastered drift and are fed by converging gullies. Each canyon head comprises feeder canyons (∼800 m wide, 120 m deep) that merge into a larger canyon (3.5 km wide, 150 m deep; see Figure 4A). Seismic facies reveal southward migration of thalwegs (Figure 5B) and increased incision where the feeder canyons merge.
Two clusters of sediment waves are observed on the upper slope (Figures 5A,C). The eastern field consists of 3–4 km-long waves with wavelengths of 300–600 m, curving from a north–south to a northwest–southeast orientation. The western field shows waves of similar length (∼5 km) but shorter wavelengths (∼200 m). In cross-section, the eastern (large) waves exhibit amplitudes ranging from <15 m in the north to 15–50 m in the south and show asymmetric, upslope-migrating forms, whereas the western (small) sediment waves present lower amplitude (Figure 4B). Seismic facies in both fields are characterized by layered, undulating reflections indicating lateral migration (Figure 5C).
The plastered drift lies on the middle slope between upslope sediment waves and downslope gullies (Figure 5C). It is elongated (∼20 km long), north–south trending, 12 km wide in the north and 6 km wide in the south, with a mounded geometry (∼150 m thick) in cross-section. The drift is smooth and lacks an associated moat. Seismic facies show sub-parallel, low-amplitude to transparent reflections, with evidence of incipient slope failures downdip (Figures 3, 5C).
4.1.2 Interpretation
The Northern Segment is interpreted to be primarily shaped by bottom current activity, as evidenced by the extensive plastered drift and associated upslope-migrating sediment waves (Figure 5). The orientation and geometry of sediment waves, combined with their regular spacing and lateral migration, suggest deposition by sustained, margin-parallel bottom currents. The plastered drift further supports this interpretation, reflecting continuous sedimentation under persistent alongslope flow (Hernández-Molina et al., 2008; Rebesco et al., 2014).
However, the presence of gullies and submarine canyons indicate that gravity-driven downslope processes are also active. The V-shaped geometry and incision of channels, along with their origin near headscarps and convergence into canyons, suggest periodic turbidity flows (Wu et al., 2022). These flows may have been initiated by slope failure and were potentially influenced or confined by existing bottom-current deposits (Brackenridge et al., 2020). Overall, the Northern Segment records a hybrid sedimentary regime, with bottom currents dominating the upper and middle slope, while turbidity currents intermittently shape the deeper slope and canyon systems.
4.2 Central segment
4.2.1 Observation
In the Central Segment, four submarine canyons originate from a central initiation area located immediately downdip of the shelf (Figure 2). These canyons exhibit radial geometry, forming a fan-like pattern of divergence downslope (Figure 6). In this paper, the four canyons are informally named using words rooted in Bornean languages: from south to north (Figure 6), Harung (“to traverse”), Irang (“dark”), Laju (“continuous flow”), and Arur (“stream” or “watercourse”). These names reflect key processes and settings associated with submarine canyon morphology and the interaction between turbidity and bottom currents. Collectively, they are referred to as the HILA Submarine Canyon Complex.
[image: Figure 6]FIGURE 6 | (A) Dip magnitude map of the Central Segment, showing the radial arrangement of submarine canyons and associated inter-canyon features (HILA Submarine Canyon Complex). (B) Seismic profile across the canyons, highlighting the cross-sectional geometries and underlying thrust structures. (C) Longitudinal seismic section along the L Canyon, showing scarp of an anticline, failed mass, and internal cyclic steps (green dots represent the crests of cyclic steps).
H Canyon (Harung), the southernmost of the complex, is at least ∼25 km long and curves from EW to NNW-trending due to structural buttressing (Figures 6A,B). The cross-sectional geometry of the main canyon varies from symmetric to asymmetric, with width ranges from 3 km updip to 6 km downdip (Figure 6B). The 3 km-wide, 225 m-deep feeder canyon shows westwards offset of thalweg indicating lateral migration that is defined by a thrust fault zone (Figure 7A).
[image: Figure 7]FIGURE 7 | Seismic profiles illustrating interactions between downslope and alongslope processes in the Central Segment (see green lines in Figure 6 for section locations). (A) Feeder canyon of H Canyon showing westward migration of the thalweg. (B) Feeder canyon of I Canyon displaying southeastward migration. (C) Feeder canyon of A Canyon with southward-migrating geometry. Green dots in (A–C) represent thalwegs. (D) Asymmetric cross-section of I Canyon, bounded by a mounded drift and southward-migrating sediment waves (green dots represent the crest of sediment waves), interpreted as bottom current–reworked levees. (E) Mounded drifts with associated moats; note the geometrical relationship between the drift body and the underlying thrust fault zone.
I Canyon (Irang), is NW-trending and at least ∼30 km long (Figure 6A). It begins at the lower slope with a ∼4 km-wide, 225 m-deep feeder canyon and continues downslope with U-shaped, flat-based cross sections (Figure 6B). The main canyon ranges from 4 to 6 km wide and 300–450 m-deep (Figure 4B). The updip feeder canyon shows southeastward thalweg lateral offsets (Figure 7B).
L Canyon (Laju) is at least ∼40 km long and WNW-trending (Figure 6A). The canyon appears to initiate near the shelf, with the presence of feeder canyons inferred from seabed morphology beyond the updip limit of the 3D seismic coverage. The main canyon ranges from 7 to 10 km in width and 375 to 750 m in depth (Figure 4A). Cross sections reveal a range from symmetrical to asymmetrical V-shaped forms and signs of rotational wall failure (Figure 6B). Cyclic steps appear on the canyon floor (Figure 6C), which are also observed on the floors of the other canyons.
A Canyon (Arur) is at least 42 km-long and extends beyond the seismic survey limits (Figure 6A). The head area features two ∼3.5 km-wide feeder canyons that coalesce into an ∼8 km-wide canyon downdip, reaching depths of 525 m (Figure 4A). V-shaped geometries in the feeders transition to U-shaped profiles in the main canyon (Figure 6B). The canyon base is mostly flat with terraced walls. Thalweg offsets are noted updip, indicating southwards feeder canyon migration (Figure 7C).
Intercanyon areas between the canyons form triangular zones widening downslope (Figure 6A). The area between H–I canyons hosts EW-trending, southward-migrating sediment waves (5 km-long, 1–2 km spacing, 40–100 m amplitude; Figures 4B, 6A, 7D). I–L and L–A zones contain fault-controlled mounded drifts (Figure 6A). These include moats (∼600 m wide, 20 m-deep) and adjacent mounded drifts (8–10 km-long, 6–8 km-wide, 225 m-thick) that thin toward the moats (Figure 7E). Also note that the location of the moats coincides with the underlying thrust fault zones (Figure 7E).
4.2.2 Interpretation
The radial configuration of the HILA Submarine Canyon Complex suggests a focused sediment supply over a shelf promontory, where structural highs and toe-thrust anticlines influenced canyon initiation (Figure 6). Structural loading and localized oversteepening likely preconditioned the slope for failure, while tectonic activity acted as a trigger (e.g., Wu et al., 2022).
Canyon orientations relative to the NS-trending thrusts show two modes of structural control: H, I, and L canyons trend across thrusts, likely indicating failure of the anticline crests (e.g., Gee et al., 2007; Nugraha et al., 2020), while A Canyon aligns parallel to thrusts, suggesting lateral confinement during deposition (McGilvery and Cook, 2013).
Evidence of bottom-current interaction is observed in updip thalweg offsets (Figures 7A–C), indicating lateral migration of turbidity flows (Alves et al., 2023; Gong et al., 2015). In contrast, cyclic steps downdip highlight the dominance of high-density gravity flows (Figure 6B; Wu et al., 2024). This reflects a transition from hybrid sedimentation in the upper slope to more turbidite-dominated processes downslope.
Intercanyon areas record persistent alongslope transport. Sediment waves in the H–I zone align with canyon bends (Figures 6A, 7D), shows interaction between canyon overspill and bottom current reworking (Lu et al., 2021a; Rodrigues et al., 2022b). Mounded drifts and moats shaped by bottom currents (i.e., likely by the deep current circulation of the Sulawesi Sea) and structural highs (Figures 6A, 7E). Overall, the Central Segment represents a dynamic interplay between structurally triggered slope failure, turbidity current activity, and modification by bottom current.
4.3 Southern segment
4.3.1 Observation
The Southern Segment features upslope-migrating sediment waves and a network of gullies (Figure 8A). The sediment waves (wavelength of 430–1,000 m and amplitude of 14–43 m, see Figure 4B) are observed near the heads of the gullies and predominantly trend north–south as they migrate upslope (Figure 8B). Closer to the gully heads, the waves curve and become subparallel to the gullies (Figure 8A). These wave fields are bounded upslope by three segments of deep normal faults that are still expressed at the seabed (Figure 8A).
[image: Figure 8]FIGURE 8 | (A) Dip magnitude map of the Southern Segment, highlighting gully networks and associated sediment wave fields. (B) Seismic profile across upslope-migrating sediment waves. (C) Seismic section along a gully thalweg, showing internal cyclic steps interpreted as the product of turbidity flows. (D) Vertically stacked gully thalwegs with no lateral offset, suggesting minimal influence from bottom currents. Green dots represent gully thalwegs.
Downslope from the sediment waves, a set of gullies extends laterally along the slope for at least 45 km and stretches downslope for up to 10 km, within a depth range of 1,000 and 2,000 m (Figure 8C). The gullies exhibit V-shaped cross-sections with depth ranging from 75 to 450 m and widths of 800–2,500 m (Figure 4A). No notable lateral offset of gully thalwegs is observed (Figure 8D).
4.3.2 Interpretation
The proximity between the sediment waves and gullies suggests a potential genetic relationship (Figure 8). The presence of an active delta system (e.g., the Kayan River; see Figure 1) likely supplies mud-rich sediments, which, when combined with fault activity, may have triggered low-density turbidity currents (e.g., Jobe et al., 2011; Lonergan et al., 2013; Lu et al., 2021b). This interpretation is supported by the presence of cyclic steps along the gully thalwegs, indicative of turbidity flows (Wu et al., 2024). While the curvature of the sediment waves near the gully heads may suggest some reworking by bottom currents, the absence of thalweg offset (Figure 8D) supports a model dominated by sheet-like, gravity-driven turbidity currents. Thus, the Southern Segment records the domination of turbidity currents.
5 DISCUSSION
5.1 Spatial variability of hybrid sedimentary systems in the Tarakan Basin
The Tarakan Basin displays along-strike variability in seafloor geomorphology that reflects the dynamic interplay of downslope gravity flows and alongslope bottom currents (Figure 2). Each segment of the basin exhibits unique combinations of depositional and erosional features, indicating different types of process dominance. Rodrigues et al. (2022b) proposed a classification of hybrid depositional systems into three main categories—contourite-dominated, synchronous, and turbidite-dominated—based on the type of interaction between flows, their lateral migration, and depositional geometries. This framework provides an approach for interpreting the Tarakan Basin’s segmental variability.
In the Northern Segment, the predominance of upslope-migrating sediment waves and plastered drifts (Figures 5A,C), and the presence of the southward-migrating feeder canyons (Figure 5B) suggests a contourite-dominated mixed system. These features indicate sustained bottom current activity (Hernández-Molina et al., 2008; Rebesco et al., 2014). Submarine canyons associated with the headscarp at the downdip part of the plastered drift suggest that slope failure is likely due to oversteepening as the drift accumulates (e.g., Brackenridge et al., 2020). Therefore, this segment is classified as a contourite-dominated mixed system as bottom currents control depositional morphology (Figure 9).
[image: Figure 9]FIGURE 9 | 3D block diagram summarizing the hybrid turbidite–contourite systems of the modern Tarakan Basin. The diagram illustrates along-strike variability across the Northern, Central, and Southern segments, and highlights key geomorphic features associated with different sedimentary processes. (A–A′) Plastered drift and upslope-migrating sediment waves in the Northern Segment. (B–B′) Mounded drift developed in intercanyon areas, indicative of bottom current activity. (C–C′) Asymmetric canyon bounded by bottom current–reworked levees, reflecting lateral sediment redistribution. (D–D′) Canyon thalweg migration toward the bottom current direction, documenting the interaction of turbidity currents and bottom currents. (E–E′) Vertically stacked gully thalwegs in the Southern Segment, indicating the dominance of turbidity current processes. Yellow indicates potential coarse-grained sediments.
The Central Segment presents a more complex expression of process interactions (Figure 9). The radial arrangement of the HILA submarine canyons and the presence of inter-canyon contouritic drifts and sediment waves represent a synchronous interaction regime (Fuhrmann et al., 2022; Kiswaka et al., 2025; Lu et al., 2021a; Palamenghi et al., 2015; Rodrigues et al., 2022b; Schattner et al., 2024). Here, sediment gravity flows delivered by slope failures and canyon-forming processes interact coevally with alongslope bottom currents. The canyon–drift morphology, with high-amplitude reflectors (HARs) extending from the thalweg into the drift bodies (Figure 6), is similar with the characteristics of synchronous systems described by Rodrigues et al. (2022b), where the deviation and redistribution of turbidity plumes by bottom currents result in lateral facies variation and mounded drift growth (Lu et al., 2021a; Miramontes et al., 2020). Updip, the lateral offset of thalwegs (Figures 7A–C) near canyon heads and the occurrence of cyclic steps (Figure 6C) reflect active flow interactions. Meanwhile, downdip, high-energy turbidity currents are deflected by alongslope currents, forcing sediment redistribution toward the drift flanks forming the bottom current-reworked levee (Figure 7D; Fuhrmann et al., 2022; Kiswaka et al., 2025; Miramontes et al., 2020; Rodrigues et al., 2022a; Sansom, 2018). The coincidence between moat locations and the underlying thrusts suggests structural influence on the mounded drifts growth (Figure 7E; Hernández-Molina et al., 2008; Rebesco et al., 2014). The presence of these moats and mounded drifts at depths >1,500 m may serve as indirect evidence of deep isolated current circulation within the Sulawesi Sea, which remains poorly constrained and need further investigation (Gordon et al., 2003; O'Driscoll and Kamenkovich, 2009).
The Southern Segment is more reflective of a turbidite-dominated mixed system (Figure 9). The presence of linear gullies and associated cyclic steps along their thalwegs indicates sustained, low-density, mud-rich turbidity flows sourced from the active delta system upslope. Sediment waves near gully heads, some of which migrate upslope and curve parallel to the gullies, suggest minor modification by bottom currents. However, the overall morphology and lack of lateral thalweg migration support a system dominated by gravity-driven sediment transport, with limited alongslope influence. This geometry fits with the models proposed by Rodrigues et al. (2022b), where steep slope gradients and strong deltaic input favor turbidite dominance and inhibit significant drift development or system migration.
These three segments exemplify the continuum of mixed system types—from contourite-dominated to synchronous hybrid to turbidite-dominated—each shaped by different balances of sediment supply, tectonic confinement, and bottom current strength and variability (Figure 9). This segmentation is consistent with findings from other margins such as the South China Sea (Gong et al., 2015; Gong et al., 2016; Palamenghi et al., 2015), and East Africa (Fonnesu et al., 2020; Fuhrmann et al., 2022; Kiswaka et al., 2025; Lu et al., 2021a; Sansom, 2018).
5.2 Analogue for petroleum and carbon storage systems
This study provides insight into the present-day seafloor processes shaping the Tarakan Basin, based on seismic sedimentology analysis. While it does not directly characterize subsurface reservoirs, the observed hybrid features—such as sediment waves, mounded drifts, and submarine canyons—offer important analogues for interpreting older sedimentary systems. Given that both the Tarakan Delta and the ITF (and its associated deeper currents) have likely been active since at least the Miocene (Gallagher et al., 2024), the conditions for interacting downslope and alongslope processes may have existed during the basin’s geological history. This raises the possibility that ancient hybrid systems, formed under similar dynamic conditions, are preserved at depth.
Globally, hybrid turbidite–contourite systems are increasingly recognized as prospective targets for petroleum exploration and subsurface storage. In the Eocene–Oligocene interval of the Santos Basin, sand-rich contouritic beds have demonstrated net-to-gross ratios of 15%–25%, locally reaching up to 35%, with good porosity and lateral continuity (Mutti et al., 2014; Viana et al., 2007). Similarly, the Coral and Mamba gas fields along the northern Mozambican margin represent successful hydrocarbon discoveries within mixed systems. These fields contain an estimated 2.32 × 1012 m3 of recoverable gas, with an average porosity of 16.9% and net-to-gross ratio of 82% (Fonnesu et al., 2020). The reservoirs are associated with asymmetric, migrating fan lobes, formed through synchronous interactions between downslope turbidity currents and alongslope bottom currents. Kiswaka et al. (2025) also emphasize that reservoir quality varies across different intervals of hybrid systems, with higher seismic amplitudes potentially indicating better reservoir potential. These analogues underscore the exploration potential of hybrid systems, particularly where fine-grained contourites interleave with or drape over sand-rich turbidite units.
In the Tarakan Basin, similar high-amplitude reflections in canyon and drift settings suggest facies variability that could be favorable for both hydrocarbon reservoirs and carbon capture and storage (CCS). The combination of sand-prone geometries and continuous mud-prone drapes may offer effective reservoir–seal pairs, especially in settings where structural and geomorphic trapping mechanisms coincide (Figure 9). Although further stratigraphic, sedimentological, and petrophysical data are required to evaluate reservoir quality, storage capacity, and injectivity at depth, the present-day seafloor of the Tarakan Basin provides a valuable analogue. The combination of canyon-associated HARs, drift geometries, and segment-scale variability represent a first step toward identifying the potential subsurface storage targets shaped by hybrid sedimentary processes.
6 CONCLUSION
The deepwater Tarakan Basin offers a valuable natural laboratory for investigating hybrid turbidite–contourite systems in a tectonically active, delta-fed margin. This study presents an initial characterization of its seafloor morphology using 3D seismic data, revealing three distinct geomorphic segments. The Northern Segment is contourite-dominated, the Central Segment reflects synchronous interactions between gravity flows and bottom currents, and the Southern Segment is shaped primarily by turbidity currents. These spatial variations highlight how structural setting, sediment supply, and oceanographic forcing combine to generate diverse depositional architectures along a single continental slope.
The geomorphic variability observed in this study has important implications for subsurface resource development. Canyon fills and inter-canyon drifts with high-amplitude seismic reflections may represent potential hydrocarbon reservoirs or carbon storage sites, especially where sand-prone and mud-prone facies are vertically and laterally juxtaposed. Understanding the spatial distribution of these features enhances predictive models of reservoir and seal prospectivity.
This study provides foundational insights into modern hybrid sedimentary systems in the Tarakan Basin. However, further research is needed to better quantify the interactions between turbidity flows and bottom currents. Future work should include sedimentary facies analysis from well logs and core data to validate seismic interpretations and refine depositional models. Integration with paleoceanographic reconstructions will further improve understanding of the hybrid systems evolution.
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