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Abstract

:

Featured Application


A generalized conceptual model for the characterization of a deep-marine siliciclastic complex deposition with respect to the integrated submarine fan and lobe architecture, which are essential for understanding the subseismic lithological heterogeneities in potential petroleum reservoirs of a deep marine environment.




Abstract


Deepwater lobes constitute a significant volume of submarine fans and are primarily believed to exhibit a simple sheet geometry. However, recent studies interpret the geometries of these deep-marine lobes as distinct with respect to the complexity of the facies and their distribution. Hence, a conceptual model of deep-marine sediments is essential to discuss the deep-marine sediments associated with the fan and lobe architecture. The present study highlights the facies heterogeneity and distribution of various lobe elements at a multiscale level by considering a case study of the West Crocker Formation of Sabah in northwest Borneo. The formation was logged on a bed-to-bed scale from recently well-exposed sections, with a total vertical thickness of more than 300 m. The lithological characteristics, bed geometry, sedimentary textures and structures of individual beds were used to categorize the rock units into nine sedimentary lithofacies: five sandstone lithofacies (S1–S5), one hybrid bed facies (H), two siltstone facies (Si1 and Si2) and one shale or mudstone facies (M). These facies were grouped into four facies associations (FA1–FA4), which were interpreted as lobe axis (FA1), lobe off-axis (FA2), lobe fringe (FA3) and distal fringe to interlobe (FA4) facies associations. This study is applicable for the distribution of lobes and their subseismic, multiscale complexities to characterize the potential of hydrocarbon intervals in deep-marine sand-shale system around the globe.
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1. Introduction


Deep-marine siliciclastic deposition is primarily influenced by several factors, including the rate, type and source of sediments, sea level changes and tectonic settings [1,2,3]. These deposits are mainly present at the basin floor, constituting various submarine fans, which are considered one of the major hydrocarbon producing systems around the globe [4,5]. However, these fan deposits are highly complex due to variations in geometry, internal architecture and vertical and lateral distribution [6,7,8]. A range of processes related to sediment transportation and accumulation control the overall depositional characteristics of deep-marine sediments. Gravity-driven flows are one of the major sediment transport processes in a submarine depositional environment [9,10]. These flows principally encompass two endmembers: turbidity currents (frictional flow) and debris flow (cohesive flow) [9,11,12]. Such sedimentary processes and gravity flows result in the development of submarine fan and lobe systems. The classification of deep-marine fan and lobe deposits, with respect to sedimentary processes, requires the spatial distribution, thickness of individual units, sedimentary structures and variation in grain size [13,14].



Deep-marine lobes are considered a vital component of submarine fans [15,16,17], and they are radial features with thin apexes but distribute laterally like a fan toward the distal end [18,19]. However, the lobe deposition is more complex in terms of internal heterogeneity and the distribution of facies [20,21,22]. Various subenvironments (the lobe axis, off-axis, lobe fringe and distal lobe fringe) have been assigned to these lobe deposits with respect to their thicknesses and facies associations [19,23]. The excessive input of siliciclastic sediments from a shallow marine environment result in the significant internal heterogeneity and complex distribution of sediments in deep-marine lobes [20,21,22,24]. Later, because of substantial uplift and denudation, these gigantic sand deposits are exposed on the surface [25]. The study area selected for this project is present in the Malaysian part of Borneo, named Sabah, which contains extensive exposures of deep-marine fan deposits stratigraphically termed as the West Crocker Formation. In the case of our study area, with recent infrastructure development (Pan Borneo Highway construction in East Malaysia), numerous new outcrop sections were exposed as fresh roadcuts, which paved the way for the detailed analysis of facies heterogeneity and the distribution of various lobe elements in the West Crocker submarine fan.



The recent literature suggests that the sedimentary facies of deep-marine deposition are significantly diverse and complex when compared with the previous classic Bouma model [26]. Late Paleogene deep-marine sediments of the West Crocker Formation along the Pan Borneo Highway in West Sabah are mainly comprised of thin to thick and massive bedded sandstones, with some siltstone and shale units [27]. Although the previous studies describe Late Paleogene sediments in terms of several components of a submarine fan based on individual outcrops [27,28,29,30], this study highlights the multiscale heterogeneity to interpret the distribution of deep-marine lobe complex systems in the West Sabah Basin.



The study area included five studied locations of the Crocker fan, representing the sand–shale complex in West Sabah and having a total vertical thickness of more than 300 m, principally on the roadsides from Kota Kinabalu to Telipok/Tuaran (Figure 1). The key objectives of the study included (1) analyzing the facies and facies distribution of several outcrop sections of the West Crocker Formation; (2) interpreting the differences in stacking patterns and architectural elements of the studied sections; and (3) evaluating the characteristics of various components of the submarine lobe complex. These sedimentological details were supportive to determine the depositional characteristics and distribution of lobe elements in the deep marine environment. This research work is intended to address the following research questions: What are the main facies heterogeneities and facies associations in the Oligocene West Crocker Formation? How we can relate these facies and facies associations into the multiscale lobe elements of the lobe axis, off-axis, lobe fringe and distal lobe? How could these lobe elements be effective for interpreting the individual lobe and lobe complexes for each outcrop section? The purpose of this study is to analyze the lobe architecture and the development of thickening and coarsening upward patterns, which are interpreted as a part of the individual lobe or lobe elements.




2. Geological Background


The northwest Sabah Basin is considered as one of the major Tertiary depositional systems of northwest Borneo, having two distinct phases of sedimentation. The older deposition is termed as the Rajang Group, mainly comprised of the Paleocene to Eocene Trusmadi and East Crocker formations. These deposits were later uplifted and eroded to form late Eocene unconformity (LEU). After this LEU unconformity, the second phase of deposition started from the late Eocene to early Miocene epochs (West Crocker and Temburong formations) [28,29,33]. The present study focuses only on the second phase of deep-marine Tertiary deposition (late Paleogene) in the northwest Sabah Basin.



2.1. Deep Marine Environment, Processes and Lobe Complex


Deep-marine siliciclastic deposits are vital for the petroleum industry, with respect to hydrocarbon exploration, with a gradual increase in exploration for huge petroleum discoveries in a large volume of deep-water sediments [34]. The development of these deep-marine deposits is the result of various sedimentary processes, which resulted in numerous architectural elements and sedimentary facies [35,36,37,38]. In the deep marine environment, the components of a submarine fan are dependent on the distribution and variation of density flows and flow processes. Low-density turbidity flows are common in all subenvironments of deep-marine systems but are mostly abundant in the distal part of a submarine fan [39]. High-density flow processes are commonly associated with the feeder channels and distributary channels of a lobe in a submarine fan system. The variation in the thickness of sand units is also responsible for a variety of facies associations and depositional environments, such as the massive or thick-bedded sandstone with rare shale unit being most likely associated with the proximal lobe deposition. The lateral variation in the sedimentary succession of the individual lobe can be depicted from a decrease in the thickness of sand units with respect to neighboring shales, which represents the distal part of a submarine fan. The thickening up stacking patterns of lobes could be the result of the progradation of individual lobes [15,39,40,41].



In order to understand the paleoenvironments and facies analysis, the classical Bouma sequence has limited applications for deep-marine lobe systems [26,42]. Certain terminologies emerged in the past decade to refine the classification of deep-marine sediments. For example, the term “hybrid bed” is a product of the deceleration or transition of the turbidity current to mixed turbidite events [11,43,44]. Flow transformation is characterized by the erosion of underlying rock units within the feeder channels and the axial or proximal part of the lobe. The transition of flow from turbulent to laminar results in the development of heterogeneity in the form of hybrid beds, owing to the deceleration and expansion of flow [11,44,45].



Recent investigations explained that the deep-marine sand sheet or fan deposits included a feeder channel with several individual lobes [19,46]. The relative age of each lobe may vary as the older lobe may be overlapped by the younger one (Figure 2), and this overlapping of lobes may continue in a lobe complex [19,47]. The lobe complex can be classified based on the relative position of the feeder channel. Those present close to the feeder channel are termed as proximal lobes (Figure 2), the middle part of lobe complex is called the medial lobes, while those farther away from the medial lobes are labeled as distal lobes [24].



Lobes are divided into four subenvironments—the lobe axis, lobe off-axis, lobe fringe (both frontal and lateral) and distal lobe fringe—on the basis of the amount of sand, amalgamated surfaces and sedimentary facies [17,45,49,50]. The lobe axis is predominantly composed of structureless, thick-to-massive bedded sandstone with amalgamation, indicating greater depositional rates with high energy turbidity currents [17,48]. The growth of the lobe off-axis mainly results from the deposition of medium-to-thick bedded sandstone, representing relatively low deposition rates and low energy turbidity deposits [17]. The deposition of the lobe fringe is mainly characterized by thin-bedded sandstone (fine grained and rippled) with the hybrid event beds, which are created due to the transformation of flow [17,45,48]. However, the distal lobe fringe or interlobe only contain thin-bedded siltstone and thick-to-massive shale units [14,48].




2.2. Paleogene and Neogene Geology of West Sabah


Borneo has a complex geological history of sedimentation and deformation, especially in the Tertiary period, when a large volume of sediments was transported from southern Borneo, namely the Schwaner Mountains and the Tin Belt, resulting in the huge thickness of deep-marine deposits [29,30,51]. The development of Borneo is associated with tectonic subduction, along with the obduction of ophiolite rocks and the collision of tectonic fragments with the continental part of the Sunda Plate, resulting in the closure of paleobasins [31,52,53,54]. The Borneo Accretionary Orogen is present in the center of South East Asia, which is bounded by the subduction of the Pacific and Indian plates with a passive continental margin of the South China Sea. The Borneo Accretionary Orogen is currently active, as the subduction of the Dangerous Grounds under the Borneo Block is still continuous [55].



Northern Borneo comprises the Sabah Basin at the geological complex junction between Sunda, Celeb, Sulu and the South China Sea, where Tertiary sediments are exposed due to the Sabah orogenic belt, which resulted in the closure of the South China Sea [51,56,57,58,59,60]. The post-orogenic foreland Sabah Basin is mainly comprised of marine sediments, where the depositional processes were disrupted by several tectonic events in the form of unconformities. These unconformable surfaces are well-preserved in the Paleogene and Neogene stratigraphic record of West Sabah [61]. The Top Crocker Unconformity (TCU) or Base Miocene Unconformity (BMU) is the major unconformity separating the Late Paleogene West Crocker Formation from the Neogene Setap Shale [62]. The northwest Sabah Basin is mainly comprised of the Crocker fold and thrust belt (CFTB), which is also termed as the Crocker Range [29,63,64]. The Crocker fold and thrust belt was developed due to the collision of continental plates and largely consists of siliciclastic sediments of the deep marine environment [52].




2.3. West Crocker Formation


The West Crocker Formation crops out in the form of several vertical to subvertical rock sections around Kota Kinabalu and generally in the West Sabah [61,65]. The late Paleogene Crocker sediments were deposited by erosion of the early Paleogene rocks. The thickness of the late Paleogene sediments varies from at least 1000 m to more than 2000 m, and the lithologies include sandstone, shales and siltstones [30,33,66]. Late Paleogene sediments mainly consist of sand-dominated debris flow deposits and heterolith siltstone mudstones, having all components of the inner, middle and outer fan environments [27], while at a few studied sections, the formation is interpreted to be only a middle-to-outer fan system [67]. These sediments are mainly sand-rich facies deposited by high density turbidity currents; however, they also contain low-density turbidites and mass-transport deposits like slumps and contorted layers [68,69].



High-density turbidity flows result in texturally immature, poorly sorted and angular fragments in siliciclastic rocks [30,70,71,72]. Sedimentary structures like flute marks, cross bedding, convolution, parallel lamination, amalgamation and dish structures have been reported [27]. Water escape dish structures and convolution are the result of rapid deposition [73] and are termed as soft sediment deformation structures (SSDSs). These deformation structures are inferred to be seismites, which are representative of active tectonic settings [74]. The early Paleogene Rajang Group was eroded and resedimented to form the late Paleogene rocks of the West Crocker Formation [72].





3. Materials and Methods


3.1. Geological Fieldwork


The dataset included sedimentological logs and lithological details from outcrops. Standard field geological operations were followed to delineate the detailed sedimentary evaluation of the West Crocker Formation in West Sabah. The best-exposed sections were selected for the detailed sedimentological description of rock units with the help of available geological maps, google satellite imagery as well as several reconnaissance field visits. Measurements of the vertical thicknesses of the beds, identification of numerous sedimentary structures and grain size variations and descriptions of the geometries of rock units were noted for understanding complexities. These details were quite helpful to discuss the facies heterogeneity and lobe systems of deep-marine multiscale sedimentary successions. The methodology was used for classifying the deep-marine sediments into sedimentary lithofacies based on variations in bed thickness, grain size and types of sedimentary features. These sedimentary facies were grouped into facies associations, which were interpreted to be part of the submarine lobe environment.




3.2. Field Sedimentary Logging and Facies Analysis


The dataset comprised of detailed sedimentological characterization of the outcrops, including (1) the Kampung Madpai (KM) section, (2) the Jalan Universiti Prima (UP) section, (3) the Jalan UMS (JU) roadside, (4) the Jalan UMS behind KFC (JK) section and (5) the Jalan Sulaman (JS) section around Kota Kinabalu (Figure 1). These logs contained the particulars of individual rock units, including the bed thickness, lithological character, sedimentary structures and types of bed contacts. These details were investigated to analyze, evaluate and interpret the complexity of the deep-marine exposed sections. The field sedimentary details were applied to interpret the facies analysis and facies association, which were correlated with the submarine lobe architecture (e.g., lobe element, lobe complex and composite lobe system).




3.3. Sandstone Thickness Analysis and Trends


The pattern of thickness of rock units varied considerably, like how thin-bedded sand units were related to distinct elements of lobe fringes while thick-bedded sands were linked to the proximal part of the lobe. These thin or thick beds were indicative of the flow conditions, such as interbedded, thin-bedded sandstones and siltstone representing low-density turbidity flows while thick-bedded or massive sandstones indicating high-density flow conditions. These thick-bedded sand units were quite established by feeder channels in the axial or off-axial parts of the lobes [75,76]. However, lobe progradation could generally be linked with thickening up cycles, or it could be the onset of a new individual lobe. The medial and distal frontal fringe lobe were associated with hybrid units and were the result of a downward dip of high-density turbidites or low-density flows, representing the lower part of the prograding lobe succession [77].



Deepwater lobes are explained as simple radial deposits which are fine and thin in morphology at the initiation point or feeder channel, but they are more complex with respect to their geometry and facies characterization. These lobes are further classified by the relative thickness of the sand and shale beds. The lobe complex is the larger entity of lobe deposition that is primarily comprised of a feeder channel and individual lobes, having a variety of morphologies and geometric distributions [19,23,46].





4. Results and Interpretations


4.1. Stratigraphic Distribution of Outcrop Sections


Geological field logs explained the stratigraphic distribution of each outcrop in the study area. Recently exposed road cuts and fresh exposures were selected to study the West Crocker Formation. In general, the stratigraphy was sand-dominated sections with multimeter sand beds present throughout the outcrops. It is pertinent to mention here the Kampung Madpai outcrop (KM) contained mainly massive sand units with thin shale laminae, and massive shale beds were completely absent, representing the inner part of the submarine fan. The basal part of the Prima University section (UP) contained both shale and sand beds, and the middle part of the section contained massive sandstone intervals while the upper part of the outcrop contained thick-to-massive sandstone (Figure 3) with little influx of shale, representing the middle part of the submarine fan.



The lower part of the Jalan UMS road section (JU) comprised thick-bedded to massive sandstone beds, while the upper part of the section predominantly consisted of only massive multimeter sandstone beds, representing a high influx of sand, which is characteristic of a proximal fan environment. These massive beds were also common in the lower part of the Jalan UMS behind KFC section (JK), and the upper part was characterized by massive sandstone and shale intervals. The Jalan Sulaman section (JS) is a classic example of massive sandstone beds with alternate massive shale representing the cyclicity in the lobe–fan deposition.




4.2. Facies Analysis and Depositional Environment


A facies is defined as a rock unit comprising one or more beds which has specific characteristics, such as composition, bed thickness or texture. These facies are distinctive rock units which have been developed by a geological process and are indicative of certain conditions of sedimentation [42]. The clastic sedimentary rock units present in the study area were classified based on sedimentary structures and lithology, in which the sandstones are denoted with sandstone lithofacies (S), hybrid event beds (H), siltstone lithofacies (Si) and mudstone or shale lithofacies (M). These lithofacies were numbered according to each type of sedimentary facies.



4.2.1. S1 Facies: Graded Coarse-to-Fine-Grained Sandstone


The physical characteristics of this facies included thick-to-massive bedded sand units, mainly poorly sorted, some beds have normal grading and fine-to-coarse-grained sandstone units. The thicknesses of individual sand units ranged from 30 cm to more than 100 cm. Many sand units in this facies had thicknesses more than 2 m, which were often amalgamated. Based on amalgamation structures, the facies were interpreted as a result of multiple depositional events and a high-energy environment [11]. Moreover, a high vertical thickness and multimeter individual sand units were the result of a high sediment influx in a basin, where the lower part was characterized by high-density flow deposition, Ta division [78] or F5 and F8 facies [79].




4.2.2. S2 Facies: Ungraded Coarse Sandstone (Structureless)


The sandstone units were moderately sorted, having coarse to very coarse grain sizes (Figure 3). The thicknesses of the sand beds ranged from thick-bedded to massive (more than 30 cm up to 5 m). Most of the units had no grading and limited variation in grain size, which were termed as structureless and moderately sorted. Sand beds are often amalgamated showing tabular geometry and mainly lack any sedimentary structures. The facies was deposited by high-density turbidity currents, containing a traction carpet and classified as the S2 type [18,80], the lower part of Ta division by [78], and the flow is termed as dense sandy and gravely flow [79].




4.2.3. S3 Facies: Parallel Laminated Fine-to-Medium-Grained Sandstone


The thicknesses of sand units fluctuated from thin- to medium-bedded, while the grain size ranged from fine- to medium-grained sand. These beds exhibited parallel laminations and, in a few cases, laminated muddy sandstone were present. The parallel laminations (Tb) were often present above the massive structureless (Ta) units, indicating high energy conditions. The parallel stratification (Figure 4) indicated the near-bed suspension generated by progressive turbulent flow, where the rate of deceleration was relatively sluggish [81]. The facies was classified as the S3 type of sediment [80], with the Tb after Bouma [78] and F7 and F9 facies [79] representing high density turbidity currents [82,83].




4.2.4. S4 Facies: Ripple-Laminated Sandstone


The facies included fine- to very fine-grained sandstone showing ripple cross-lamination. These units were thin- to thick-bedded sands. The height of the ripple lamination may have varied from 4 to 10 cm (Figure 4C), and length ranged from 10 cm to 32 cm. The deposited rock unit indicated the lower flow regime and was marked as Tc [78] and F9 facies by [79]. These cross laminations were interpreted to be the result of a change in flow regime from higher energy to transitional or a low energy environment and loss of flow confinement. These facies are more frequently found in lobe off-axis settings [84].




4.2.5. S5 Facies: Medium- to Fine-Grained Soft Sediment Deformation Units


Convoluted lamination due to the deformation of unlithified sand units [74] is a typical characteristic of this sedimentary succession (Figure 5). The deformation of sandstone units varied from gentle to moderately strong, which indicates variation in the degree of deformation. Flame structures are also present in a few units, representing the facies at the hydraulic jump interprets to be a part of the proximal lobe [39]. Dewatering of unlithified clastic units due to the upward movement of fluids and some particles which had deformed the overlying strata can also be present [85]. The phenomenon of the generation of a deformational structure (Figure 5) is related with the fluidization process that develops the instabilities in the gravity flows, or it may also be related to seismic activity [74].




4.2.6. H Facies: Hybrid Event Beds


Hybrid beds are characterized by intermediate flow behavior comprised of two arrangements of lower mud-deficient sand overlain by a mud-rich sand interval, and various terms were assigned like slurry flows [18], transitional flow deposit [9], linked debrite [86], hybrid event [87] and matrix-rich sand [88]. The hybrid beds are often termed as bi- or tripartite beds, depending on the characteristics of the underlying and overlying units, and vary significantly from the downslope of the channelized to the unconfined area. Lateral lobe fringes are predominantly low-density turbidites and have hybrid events [23,45].



A great variety of lithofacies can be prevalent within the hybrid units and are also variable within the individual beds over a scale of centimeters to meters. These hybrid beds contain both the characteristics of turbidite and debrite within the same depositional event. The scales of thickness of hybrid beds vary considerably from tens of centimeters to more than a meter, which is associated with the influx of sediments deposited within the single event of hybrid flow. The hybrid beds in the study area (Universiti Prima road section) consisted of only three divisions (H1, H3 and H5) of hybrid event deposition [43]. The basal structureless graded sandstone (H1), overlain by a banded sand unit (H2), was composed of both sand and shale (irregular) bands. The third division was more chaotic (H3), having patches of sand with more mud, with the fourth subdivision having a laminated sand mud unit (H4) capped by a clayey shale unit (H5).




4.2.7. Si1 Facies: Laminated Siltstone


The facies represent the siltstone units, which are laminated siltstone and range in thickness from 6 to 17 cm. The major lithology was siltstone in the form of thin to laminated units with interbeds of shale or mudstone. Fine sand units and silt laminations are common in this facies, alternating with mudstone or shale lamination. The traction fallout and low energy depositional environment, or the diluted turbidity currents in the hemipelagic settings [11], are the possible explanations of these heterolithic facies, which were deposited from a suspension during a lower flow regime. This facies is equivalent to the Bouma Td division, representing a low-density flow deposit (Table 1).




4.2.8. Si2 Facies: Laminated Muddy Siltstone


Laminated to medium-bedded siltstone beds with shale or mudstone layers were included in this sedimentary facies. The amount of mud or argillaceous material was relatively higher than the siltstone units. The siltstone lamination could be discontinuous due to more shale material, where these lithological characteristics are associated with lobe fringes or distal lobe settings [19]. Numerous individual lobes are usually separated by muddy siltstone intervals. Suspension fallout occurs due to a low energy of flow from a relatively dilute sediment gravity flow. It is also interpreted as change in swiftness of flow and a lower sediment influx. The shale input increases in this type of sedimentary facies, which indicates the energy conditions equivalent to Bouma Td–Te facies. Argillaceous sediments present in the turbidity currents were finally settling down in the lower flow regime.




4.2.9. Mudstone (M) or Massive Shale Facies


The massive shale or mudstone facies predominantly contained thick-bedded to massive shale units although, it may have held a little influx of silt laminae. However, the thickness of shale or mud was considerably larger than the silt laminae, which indicates the strong influx of shale or mud in the sedimentary basin. These mudstone facies represent the lateral lobe settings [19] that separate the individual lobe or lobe complex. A massive mudstone interval could also be evident from the most distal part of the lobe environment. The term “interlobe” is also used for massive shale intervals to differentiate between deposition of the multiple lobes in a submarine environment [22,24,41]. The mudstone or shale primarily lacked any internal structures. The facies was equivalent to Bouma Te facies or T6 or T7 Stow’s classification [89,90] and was termed as mud turbidites. These units represent the final deposition from the phase of sediment gravity flow [91].





4.3. Facies Associations and Lobe Complexity


In this section, the outcrop sections are discussed with respect to various thickening or thinning cycles based on the range of thickness of the individual sand units. These cycles or trends are quite useful to relate the outcrop sections with lobe elements and lobe progradation, aggradation or cessation. The dynamics of the lobe in a deep marine system were quite evident from the thickening or thinning trends. Additionally, the lithological units were categorized into lobe elements, which were grouped into lobes and further into lobe complexes. Several individual sedimentary facies were identified for any rock formations, which were later grouped and categorized into facies associations [42]. Several facies associations were identified based on the facies analysis of lithological beds, including sandstone, siltstones and shales or mudstones. These facies associations are essentially connected with various components of submarine lobe deposits [17] equivalent to the proximal lobe or axial lobe (FA1), lobe off-axis (FA2), lobe fringe (FA3) and distal lobe fringe or interlobe (FA4).



4.3.1. Facies Association 1 (FA1): Lobe Axis


Lobe axis facies association is characterized by massive sandstone units, generally having thicknesses of more than 100 cm. The thickness of an individual sand unit may go up to more than 800 cm. These units are often structureless as there is no grading and only a minor change in grain size within the sand beds. Multimeter massive sandstone with an amalgamation structure is the characteristic of this facies. S2 and S5 facies and occasionally S1 facies are included in this facies association. The association of this facies is interpreted as unconfined lobe settings with lobe axis and lobe off-axis alternate beds that are stacked together [92,93], having amalgamated bodies (Figure 6) representing the proximal part of the lobe system. The facies is associated with high-density turbidity currents, where the huge amount of sand influx with rare or no argillaceous content is indicative of a lobe axis depositional environment.




4.3.2. Facies Association 2 (FA2): Lobe Off-Axis


The facies denote mainly sandstone units, which are medium- to thick-bedded and massive and where the average thickness was about 42.5 cm, while most thickness values ranged from 10 cm to 250 cm. There was a significant decrease in the sand-to-mud ratio and a lesser degree of amalgamation in the sand units. Hybrid event beds having greater sand bed thicknesses were also contained in this lobe off-axis [11] facies association. Sedimentary features like load casts and tool marks are common in this facies association. Some thick sand units are characterized by being massive or structureless, which is mostly associated with S1, S2 and S3 facies as well as with very rare S4 facies. Soft sediment deformation S5 is relatively common in this facies association. Amalgamated sand units also exist within this facies association. The abundant S3, S4 and Si1 facies represent the lobe off-axis deposition [50].




4.3.3. Facies Association 3 (FA3): Lobe Fringe


The lobe fringe is primarily characterized by muddy units, which comprise most of the percentage of sedimentary rocks. The main feature is rhythmic sandstone and mudstone units, which ranges in thickness from a few centimeters to tens of centimeters. The average thickness value was about 10.8 cm, where the thicknesses of the bed units ranged from 1 to 18 cm. The facies association included the S3, S4, Si1, Si2 and M facies. S1 facies are quite rare in this facies association. Furthermore, hybrid event beds (H) with a lower sand thickness are associated with lobe fringe deposits [49]. The rock units have sharp contact and are relatively continuous laterally. A complete Bouma sequence (from Ta to Te) could be present, but typically, the basal massive sequence (Ta) is usually absent in the lobe fringe settings [26,94]. Thin-bedded sand and shale interbeds with a high fraction of mud and good lateral continuity are interpreted to be a part of lobe fringe deposits.




4.3.4. Facies Association 4 (FA4): Distal Lobe or Interlobe


All types of clastic units, like sandstones (thin-bedded fine to very fine-grained), siltstones and medium- to thick-bedded mudstones or shales were present in this facies association (Figure 7). However, mudstone or shale units mainly comprised this association. The thicknesses of most of sandstone units were less than 10 cm, and the average value of the sand bed thickness was only 4.1 cm. The thickness of the shale units (M facies) was significantly higher (more than 230 cm) compared with other sandstone and siltstone facies. Owing to thin-bedded fine to very fine-grained deep-marine units having quite good lateral thicknesses and high fractions of thick mudstone or shale units, they were interpreted to be interlobe and lobe distal fringe facies associations. The slow hemipelagic to pelagic deposition was the result of low-density turbidity currents.






5. Discussion


5.1. Thickening and Thinning Multiscale Trends


Deep-marine sedimentary successions are characterized by multiscale thinning or thickening upward successions in exposed sections. These patterns were sometimes quite evident as we moved stratigraphically in the younging direction. Generally, lobe deposition is characterized by thickening or coarsening upward cycles, whereas channel setting is mostly linked with a thinning and fining upward sequence [17,95]. However, lobe progradation is considered a thickening (Figure 8) or coarsening sequence that has variations in the rate of sediment influx, resulting in a variety of sedimentary facies and their associations [14], while an individual thinning sequence may also be developed due to starvation of the deep-marine lobe system toward the lobe fringe or lateral lobes [39,50]. These thickening and thinning sand units represent unconfined lobe settings, and these thickening sandstone cycles are related to lobe axis and lobe off-axis facies associations [11,15,88,96].



A thinning upward sequence was observed in the Jalan UMS road section (Figure 8) because of lobe abandonment, while at one location, a thinning and then thickening cycle was observed in the outcrop, representing the cessation of a relatively older lobe and subsequently followed by the development of a newer, younger lobe [15,97]. Lobe thickness variation was significant in the Jalan UMS behind KFC section, where three cycles were observed. First was the thinning cycle, where the thicknesses of the individual sand units gradually decreased while the shale content increased as the stratigraphic order became younger (Figure 9). Another event of thinning and then thickening followed by two cycles of thickening was present, which were interpreted to be progradational lobe geometry. A thinning upward cycle was also marked in the Jalan Sulaman outcrop that was distinctive of lobe desertion.




5.2. Distribution of the Lobe Complex


A submarine lobe system is a vital constituent of deep-marine fans. These lobes are characterized by geometries which are quite useful for interpreting the geological processes related to fan deposition [15]. Tectonically active regions are generally characterized by coarse sand units, representing the development of deep-marine fans having less than 10 km radial exposure on relatively higher slope angles, where a fan lobe system is frequently surrounded by shale cover [39].



These submarine fans are composed of numerous lobe complexes. The lobe architecture consists of a composite hierarchy from a smaller unit of a lobe element to a larger unit, which is termed as a composite lobe system or lobe complex set [22,24]. The lobe element is essentially comprised of one or more beds, with the thickness extending from a few decimeters to more than a meter [39]. The individual lithologies or beds collectively form an element of a lobe, while the group of lobe elements constitutes an individual lobe [15,24]. These lobes are characterized by interbedded sandstone and shale, with a collective range in size of several meters in thickness, combined to form a lobe complex (Figure 10) or also termed as stacked composite lobes [15,24]. Lobe components or sand-rich lobe complexes are separated from each other by a thick to massive hemipelagic to pelagic shale unit [22]. It is pertinent to mention here that each lobe component consists of one or more sandstone or shale beds, which enabled us to characterize the deep-marine deposits at a meter scale level. These high-resolution lithological observations could not be achieved by using seismic data. Hence, the study of lobe architecture at a lobe element scale caters to the idea of subseismic reservoir heterogeneity in submarine lobe–fan systems.



The results presented in this study reveal that there are multiple feeder channels in West Sabah’s deposition, where the number of feeder channels and lobe complexes increased toward northwest Sabah. Multiple feeder channels resulted in three to four lobe complexes (LC), each of which was classified into individual lobes (L) and further into lobe elements (LE) (Figure 11). The thick to massive shale separated the individual lobe complexes.




5.3. Submarine Fan–Lobe System


The present study highlights that all the exposed sections were interpreted to be proximal to medial fan depositions, which were further classified into a lobe hierarchy. It incorporates the concept of a submarine fan and lobe system with respect to the multiscale analysis of sand–shale complexes in a deep marine environment. The individual lithological bed or bed set at a centimeter-to-meter scale is termed as a lobe element, which is the basic building block for the whole lobe–fan architecture. These lobe elements combine to form multimeter lobes, which are the cyclic or repetitive structures in a lobe complex or in a composite lobe system, which are tens of meters in thickness, while the composite lobes eventually constitute a smaller portion of the submarine fan at a scale of hundreds of meters. A complete fan system is present at a km scale over a large depositional area in a sedimentary basin.





6. Conclusions


The results highlight the facies analysis and facies association linked with the architectural elements of lobes in the submarine fan deposits of West Sabah. Based on these results, the following conclusions are drawn:




	
Although the West Crocker Formation is mainly considered to have sand-rich deposits (Crocker sands), the formation also contains massive shale and siltstone units. All types of sedimentary facies related to sandstone, siltstone and mudstone and could be termed as a sand–shale system. This variety of sediments shows more heterogeneity in lithological characteristics than previously thought;



	
The sedimentary facies were grouped into four facies associations, which were linked to the lobe architecture of deep-marine systems. These facies associations are discussed as components of individual lobes, namely the lobe axis, lobe off-axis, lobe fringe and distal fringe;



	
The thicknesses of individual sandstone units are helpful for interpreting several thickening and thinning multiscale sequences, which are characteristics of lobe progradation and lobe abandonment. These cycles of thickness variations represent the multiple tabular sand bodies of a lobe complex.



	
The deep-marine lobe deposits can be classified into beds or bed sets, which constitute the lobe elements. These lobe elements are grouped into individual lobes, which are broadly categorized into lobe complexes. These lobe element to lobe complex nomenclature can be identified on all exposed sections of West Sabah, where the individual thicknesses of lobe elements highly vary from as small as 1–3 m up to a large thickness of 8–10 m in the studied sections having multiscale sand-shale complex.



	
The West Crocker Formation is interpreted as a lobe complex set in which multiple lobe complexes are present, with their individual lobes and lobe elements based on bed-to-bed sedimentary analysis and supporting the multiscale modeling of deep ocean sediments.



	
The lobe complex sets are more developed in northwest Sabah, while West Sabah has a lower number of lobe complexes. This distribution of lobe complexes also verifies that the paleocurrent direction is mainly from the south to the north, where the feeder channels form multiple lobe complexes in northwest Sabah.



	
The detailed facies and lobe architecture depict reservoir heterogeneities in deep-marine siliciclastic rocks, which are usually interpreted as single homogeneous sand units by seismic data. Hence, the present study highlights the subseismic lithological complexities in deep-marine depositional settings.



	
The alternate lobe off-axis and lobe axis distributions, interpreted as unconfined lobe settings, could be applicable for several unconfined deep-marine sedimentary successions around the globe which are potential sites of exploration of natural resources.
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Figure 1. Location of the study area. (a) Regional map of Borneo bounded by the South China Sea in the west and the Celebes Sea and Sulu Sea to the east, with Sabah being in the northwest part of Borneo [31,32]. The study area is marked with a black rectangle in Sabah. (b) Map of the outcrop locations (1. The Kampung Madpai section (KM), 2. Prima University section (UP), 3. Jalan UMS section (JU), 4. Jalan UMS behind KFC section (JK), and 5. The Jalan Sulaman section (JS)), mainly located along roadsides in the area from Kota Kinabalu to Telipok. (c) Generalized stratigraphy of West Sabah with the Oligocene age of the West Crocker Formation, where late Eocene unconformity (LEU) is present at the base while the top of the West Crocker Formation is marked by base Miocene unconformity (BMU) [28]. 
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Figure 2. Lobe terminology used for the discussion of facies heterogeneity and multiscale analysis of the lobe complex system. (a) Classification of the lobe complex into proximal, medial, and distal parts of the individual lobes [24,46]. (b) Hierarchy of the lobe system, where the smallest unit is the bed or bed set while the largest unit is known as the lobe complex set [47] or lobe complex system. (c) Characterization of the lobe, with a feeder channel into the lobe axis, off-axis, fringe and distal fringe, each with representative logs [14,19,48]. 
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Figure 3. Stratigraphic distribution of the selected exposed outcrops that represent the multiscale sand–shale complex system. These lithological heterogeneities are interpreted as various components of the submarine fan–lobe architecture. 
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Figure 4. Sedimentary facies. (a) Amalgamated massive sand with floating mud clasts in the Jalan UMS road section, interpreted to be S1 lithofacies. (b) Massive, coarse-grained sandstone at the Jalan UMS road section, which belongs to the S2 facies. (c) Parallel lamination S3 facies and cross-lamination S4 facies in the Jalan UMS road section. (d) Parallel laminated S4 facies at the Jalan UMS road section. (e) Flame structure S5 facies. (f) Laminated siltstone facies Si1 at the Jalan UMS KFC section. (g) Laminated muddy siltstone Si2 facies at the Jalan UMS KFC section. (h) Massive dark shale or mudstone M facies at the University of Prima Condo road section. 
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Figure 5. Sedimentary structures. (a) Tool marks in the Kampung Madpai section. (b) Load casts in the Kampung Madpai section. (c) Flute casts at the base of the sandstone in the Jalan UMS KFC outcrop. (d) Massive coarse-grained sandstone with dewatering in the Jalan UMS KFC section. (e) Ripple and parallel laminations in the Jalan UMS KFC section. (f) Flame structure in the Jalan Sulaman outcrop. (g) Load structure in the Jalan Sulaman section. (h) Convolute lamination in the Jalan Sulaman outcrop. 
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Figure 6. Lobe architecture and facies association of lobe settings. Thickening and thinning cycles are also marked on the bed scale for better understating of deep-marine lobe complex systems. L1 is the old event of lobe deposition, while L3 is the younger event partially overlapping the older lobe L1 and L2. Each lobe is further classified into axis (yellow color), off-axis (brown), fringe (brownish gray) and distal fringe (gray) from sand to shale or mud alterations [48]. 
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Figure 7. Facies associations. (a) Medium- to thick-bedded sandstone lobe fringe FA3 facies association in the Kampung Madpai section. (b) Medium- to thin-bedded sandstone of distal lobe fringe associated with the FA4 facies association in the Kampung Madpai outcrop. (c) Thin-bedded sandstone in the Jalan UMS road section, interpreted to be the distal lobe fringe to interlobe facies association FA4. (d) Mudstone facies interbedded with a thin sand unit, representative of distal lobe to interlobe FA4 settings in the Prima University Condo road outcrop. (e) Medium- to thick-bedded sandstone overlain by a massive sand unit of lobe axis FA2 in the Jalan UMS KFC outcrop. (f) Massive unit with amalgamation in the Jalan UMS road section, interpreted to be an FA1 facies association. (g) Massive sand with mudclasts and amalgamation in the Jalan UMS road section, belonging to the FA1 facies association. (h) Hybrid sand body in the Prima University road section, interpreted to be a lobe off-axis FA2 association. 
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Figure 8. Thinning and thickening cycles in the Jalan UMS road section, where the vertical thicknesses of the cyclic patterns ranged only from 1.2 to 2.7 m, which is indicative of a bed set or a lobe element. (a) Thinning pattern interpreted to be a lobe element. (b) Thinning and then thickening sequence, where each pattern represents the geometry of an individual lobe element. (c) Thinning trend with a vertical thickness of about 2.6 m in the set of beds. 
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Figure 9. Thinning and thickening patterns (a) marked by three cycles—two thinning and one thickening—each of about a 2 m vertical thickness in the Jalan UMS behind KFC outcrop. (b) Massive sand unit overlain by two thickening trends in the Jalan UMS behind KFC outcrop. (c) One cycle of thinning with a vertical thickness of only 1 m in the Jalan Sulaman outcrop. 






Figure 9. Thinning and thickening patterns (a) marked by three cycles—two thinning and one thickening—each of about a 2 m vertical thickness in the Jalan UMS behind KFC outcrop. (b) Massive sand unit overlain by two thickening trends in the Jalan UMS behind KFC outcrop. (c) One cycle of thinning with a vertical thickness of only 1 m in the Jalan Sulaman outcrop.



[image: Applsci 11 05513 g009]







[image: Applsci 11 05513 g010 550] 





Figure 10. The distribution of facies, facies associations and thickening and thinning cycles in the exposed sections from Kota Kinabalu to Tuaran in northwest Sabah. 
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Figure 11. Distribution of lobe elements, individual lobes and lobe complexes in the studied outcrop sections [17,24]. 
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Table 1. Summary of sedimentary facies, with their descriptions, outcrop locations and interpretations.
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	No.
	Facies
	Description
	Sedimentary Log
	Location
	Interpretation





	1
	S1 facies

(sandstone)
	Thick to massive sandstone

Normal grading

Amalgamated
	 [image: Applsci 11 05513 i001]
	Basal and upper part of the Jalan UMS road section
	Rapid accumulation

High-density currents

Ta Bouma



	2
	S2 facies

(sandstone)
	Structureless sandstoneUngraded

Amalgamated

Coarse- to very coarse-grained
	 [image: Applsci 11 05513 i002]
	Basal part of the Kampung Madpai section

Middle part of the Jalan UMS road section
	Lower part of the Ta Bouma facies

Sandy and gravely flow [79]



	3
	S3 facies

(sandstone)
	Thin- to medium-bedded

Parallel-laminated

Fine- to medium-grained
	 [image: Applsci 11 05513 i003]
	Lower part of the Jalan UMS road section

Middle part of the Prima University section
	Tb Bouma facies

F7 and F9 facies [79]



	4
	S4 facies

(sandstone)
	Ripple lamination

Fine- to very fine-grained

Thin- to thick-bedded
	 [image: Applsci 11 05513 i004]
	Basal part of the Jalan UMS road section

Basal part of the Prima University section
	Tc Bouma facies

F9 Mutti facies

Lower flow regime



	5
	S5 Facies

(sandstone)
	Soft sediment deformation

Thickly to massively bedded

Medium- to coarse-grained
	 [image: Applsci 11 05513 i005]
	Lower part of the Kampung Madpai section

Middle part of the Jalan UMS section
	Proximal part of the lobe

Tc Bouma facies



	6
	H facies

(hybrid event)
	Bipartite or tripartite beds

Rich in mud and broken clasts
	 [image: Applsci 11 05513 i006]
	Lower part of the Prima University section
	Transitional flow

Intermediate flow behavior



	7
	Si1 facies

(siltstone)
	Siltstone units

Very thin to thin units

Rare interbeds of shale or mudstone
	 [image: Applsci 11 05513 i007]
	Lower and upper parts of the Jalan UMS KFC section
	Suspension fallout

Bouma Td facies

Low density



	8
	Si2 facies

(siltstone)
	Higher mud content in siltstone

Laminations are discontinuous
	 [image: Applsci 11 05513 i008]
	Upper part of the Jalan UMS KFC section

Lower part of the Prima University section
	Dilute sediment gravity flow

Td–Te Bouma facies



	9
	M facies

(mudstone or shale)
	Mainly shale

Thickly to massively bedded

Lacking internal structures
	 [image: Applsci 11 05513 i009]
	Upper part of the Jalan UMS KFC section

Basal part of the Prima University section
	Te Bouma facies

Mud turbidites

Final deposition of sediment gravity flow
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