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Structure features and exploration fields of transform-extensional passive continental margin basins: A case study of the Senegal Basin
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Abstract：The recent discovery of large-scale oil and gas fields in the deep-water area of the Senegal Basin has drawn global attention to the deep-water hydrocarbon exploration of this area. Despite this, numerous exploration wells in this area fail, which can be primarily contributed to a lack of understanding of the basin's structures and hydrocarbon accumulation conditions. This study examines these characteristics utilizing gravity, seismic, and drilling data. The results suggest that the Senegal Basin, influenced by multiple transform faults and a weak Paleozoic basement, experienced three evolutionary stages: rifting, transitional, and drifting. Each stage contributed to the development of distinct strata - rift strata, depression strata, and continental margin strata, respectively. The Triassic - Early Jurassic rifting stage predominantly formed continental deposits, like fluvial, lacustrine, and deltaic deposits, in the rift strata. The Middle-Late Jurassic transitional stage, influenced by transform faults, witnessed the formation of marginal ridges or submarine uplift zones. These zones, in conjunction with landward high terrains, formed a restricted environment promoting the development of source rocks in the depression strata. During the drifting stage, three types of reservoirs, namely platform carbonate rocks, deltas, and slope-floor fans were formed. Notably, large-scale hydrocarbon reservoirs have been found in the deltas and the slope-floor fans. The Upper Jurassic - Aptian platforms exhibit thick carbonate rocks and organic reefs on their edges, suggesting substantial potential for hydrocarbon exploration in the Senegal Basin.（两端对齐，1.5倍行距，Times New Roman，小四）
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1. Introduction (一级标题，左对齐，1.5倍行距，Times New Roman小四，加粗)
正文部分（两端对齐，首行缩进2字符，1.5倍行距，Times New Roman小四）
The northern sea area of West Africa features passive continental margin basins, including, from north to south, the Doukara, Essaouira, Aaiun-Tarfaya, and Senegal basins. The Senegal Basin, with an area of about 93.9 × 104 km2, encompasses both onshore and offshore regions. It is the basin with the largest coastal area and the highest number of hydrocarbon discoveries in West Africa. As of 2021, this basin had seen the discovery of 34 oil and gas fields, with proven and indicated recoverable oil and gas reserves of 1270×106 bbl and 55.1 Tcf, respectively. These reserves, amounting to 10451×106 barrels of oil equivalent (boe), have 87.8% natural gas content. The hydrocarbon exploration in the Senegal Basin remains low-intensity, with an exploration well density of only 7500 km2. Recent significant oil and gas discoveries in the deep-water area of the Senegal Basin have spurred hydrocarbon exploration in the Northwest African deep-water area.
The basic geological characteristics of the Senegal Basin and its adjacent areas have been investigated by many researchers (Lehner and Ruiter, 1977; Begg et al., 2009; Yang et al., 2014), and the tectonic and depositional evolution and petroleum geological characteristics of the basin have been explored (Elouataoui et al., 1996; Sun et al., 2017; Li et al., 2021). They suggested that the Senegal Basin, originally a passive continental margin basin formed during the spreading of the Mid-Atlantic Ocean, evolved into a superimposed rifting - passive continental margin basin after several evolutionary stages, including pre-rifting, rifting, and passive continental margin stages. Two types of organic facies have developed in the basin's source rocks: mixed parent material deposited in continental-shelf shallow-water carbonate platforms and the parent material of continental-slope to abyssal organisms. Three types of sedimentary facies are present in the basin: shelf-margin deltas, carbonate platforms, and turbidite fans. Despite these findings, limitations of offshore seismic techniques and a low degree of exploration have led to a lack of studies on the formation and evolutionary mechanisms of the rifting and transitional stages of the Senegal Basin and their control over the basin structure. Moreover, the depositional and filling characteristics of the Senegal Basin and their influence on key accumulation elements remain unclear. Accordingly, there is no satisfactory explanation for the failure of hydrocarbon exploration in several deep-water exploration wells in the basin.
Based on the theory of plate tectonics, along with free-air gravity anomalies, 2D seismic data, and exploration well data from the Senegal Basin and its adjacent areas, we first examine the basin's formation mechanism and analyze the controlling effects of transform faults and basement properties on the basin's formation and structural characteristics. By comparing these characteristics with the exploration results from similar basins, we depict the basin's deposition and filling processes, as well as the characteristics of key accumulation elements. Accordingly, we predict the hydrocarbon accumulation conditions in the deep-water area of the Senegal Basin while paying special attention to the spatial and temporal distribution relationship between the source rocks in the depression strata and the deep-water turbidite-sandstone reservoirs in the continental margin strata. This study then establishes hydrocarbon accumulation models of the basin and forecasts potential deep-water hydrocarbon exploration areas. As such, this study offers a reference for hydrocarbon exploration in the under-explored deep-water area of the northern part of West Africa, where data acquisition poses significant challenges.
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Fig. 1. (a) Locations of the Senegal Basin and the Cote d’Ivoire Basin in the West Africa; (b) Distribution of tectonic units and major oil and gas fields in the Senegal Basin; (c) Structural framework map of the Cote d’Ivoire Basin. Modified after MacGregor, et al., 2003.（Times New Roman,  五号，首行缩进两字符，两端对齐）
2. Regional geological setting
The Senegal Basin can be divided into the Mauritanian, Northern, and Casamance subbasins from north to south. Discovered oil and gas fields are primarily located in the offshore areas deeper than 1500 m in the Mauritanian and Northern subbasins, and in the central part of the Northern Subbasin (Fig. 1).
The formation and evolution of the Senegal Basin are tied to the formation and spreading of the Mid-Atlantic Ocean, as well as the separation of the African Plate from the North American Plate (Uchupi et al., 1976; Guiraud et al., 2005). This basin experienced multiple evolutionary stages, including pre-rifting (Early Paleozoic - Middle Carboniferous), rifting (Late Triassic - Early Jurassic), transitional, and drifting stages (Xiong, 2005; Gouiza et al., 2010). Each stage contributed to the formation of different strata: pre-rift, rift, depression, and continental margin strata. The sedimentary cover of the basin primarily comprises the Mesozoic and Cenozoic strata since the Late Triassic (Figs. 2, 3) (Jabour et al., 1998).
The Upper Triassic - Lower Jurassic rift strata predominantly feature continental deposits, which were deposited and filled under fault control during the continental breakup. The breakup unconformity (marked by the presence of oceanic crust) signifies the end of the rifting stage. During the Late Triassic, the early spreading of the Mid-Atlantic Ocean resulted in a series of NNE-trending half-grabens along the underlying Paleozoic structures in the Atlantic coastal basins of Northwest Africa. Given the closed or semi-closed environment with limited seawater circulation, the Senegal Basin experienced the deposition of Upper Triassic - Lower Jurassic salt rocks, with a thickness between 500‒2000 m (Watts and Stewart, 1998; Davison, 2005).
3. Formation and evolution of the Senegal Basin and their controlling factors
As shown by the following comprehensive analysis of the lithosphere in the Senegal Basin and basin-controlling faults, the basement properties and transform faults jointly shape the basin structure and further influence the occurrence of hydrocarbon accumulation elements such as source rocks and reservoirs, as well as hydrocarbon enrichment.
3.1. Reconstruction of the tectonic-depositional evolution (二级标题，左对齐，1.5倍行距，Times New Roman小四，加粗)
3.1.1. Rifting stage (三级标题，左对齐，1.5倍行距，Times New Roman小四)
In the Triassic - Early Jurassic rifting stage, many NNE-trending grabens occurred in the Senegal Basin, coinciding with the breakup of the Mid-Atlantic Ocean. The fault depressions in the basin aligned sub-parallel to the underlying Paleozoic structures. Triassic - Lower Jurassic continental clastics were deposited on the Silurian and Devonian strata of the pre-rift strata, showing an unconformable contact (Fig. 5). As shown by the onshore drilling data, fluvial, lacustrine, and deltaic deposits primarily formed in the early rifting stage, while extremely thick salt rocks, indicative of a restricted environment, were deposited in the late rifting stage due to the intrusion of seawater from the Paleo-Tethys and Atlantic oceans (Davison, 2005; Ndiaye et al., 2016). These significant salt deposits persisted until the end of the Early Jurassic, reaching a maximum thickness of 2000 m. As corroborated by drilling in the proximal domains, the Triassic - Lower Jurassic rift strata appeared on a small scale. Analysis of onshore drilling data, along with drilling data from the Scotia Basin on the west coast of the Mid-Atlantic Ocean (which diagonally conjugates with the Senegal Basin), showed that the rift strata primarily consisted of continental deposits such as fluvial, lacustrine, and deltaic deposits. 
3.1.2. transitional stage
During the Middle-Late Jurassic, the Senegal Basin entered the transitional stage, in which the Atlantic Ocean began to spread and the basin primarily underwent thermal subsidence, forming a bowl-shaped depression. The activity of the Guinea fault led to the development of the Guinea highlands (marginal ridges) at the southern end of the Senegal Basin. Concurrently, due to the upwelling of mantle plumes, submarine uplift zones frequently emerged in areas oceanward hosting transform faults. These marginal ridges and submarine uplift zones served as barriers against submarine currents. At the same time, landward areas underwent subsidence due to thermal cooling, leading to the formation of large low-lying areas. These areas, together with high terrains landward, created a closed or semi-closed, restricted environment (Lepinay et al., 2016; Peron-Pinvidic et al., 2019). The Middle-Upper Jurassic depression strata are widely distributed between the continental slopes and pelagic highlands. During this time, the water bodies in the Senegal Basin were predominantly shallow with a minimal supply of detrital materials. Moreover, due to its low-latitude location, the Senegal Basin featured the extensive development of carbonate rocks. The eastern continental shelf of the basin primarily exhibited carbonate platform development, while the western part was mainly composed of fine-grained sediments (Fig. 5).
4. Controlling effects of basin structure on hydrocarbon accumulation factors
4.1. Grabens formed in the rifting stage and a restricted environment formed in the transitional stage conducive to the formation of large-scale high-quality source rocks
Numerous researchers globally concur that several oceanic anoxic events took place in the Atlantic Ocean during the Late Cretaceous period. Specifically, during the Cenomanian-Turonian, the Atlantic Ocean was linked to surrounding open oceans through narrow and shallow channels with slow and stagnant ocean currents, creating a conducive condition for the formation and development of an anoxic bottom water environment (Philip et al., 2000). Based on the investigation of the geochemical characteristics of source rock samples from some typical wells in the Senegal Basin, Sun et al. (2017) discovered that the organic-rich marine shales found among the Cenomanian-Turonian source rocks in the basin have an abundance of organic matter but exhibit a low maturity level (Table 1). The petroleum reserves identified in the Senegal Basin's deep-water areas are predominantly natural gas (86%). These reserves are primarily located along the basin's slope toe, which was the main depocenter from the Middle Jurassic to the Aptian stage of the Lower Cretaceous. Conversely, the traps distant from the depocenter have mostly encountered unsuccessful hydrocarbon exploration. From these observations, it can be deduced that source rocks may have developed in the rift strata and depression strata of the Senegal Basin.
As per seismic and drilling data, Triassic lacustrine source rocks have only been encountered during drilling in the Casamance Subbasin of the Senegal Basin, with a burial depth exceeding 5 km. Based on the features of the rift strata in the Scotia Basin, the Senegal Basin and the Tarfaya Basin on both sides of the Mid- and North Atlantic Oceans (Wu et al., 2023a; Tian et al., 2023), a large number of fault depressions have developed. These have a narrow range and a filling thickness of about 3 km. Composed mainly of lacustrine fine-grained deposits, the rift strata are extensively distributed from proximal to distal domains, extending hundreds of kilometers. Drilling data from the Essaouira and Aaiun-Tarfaya basins, located north of the Senegal Basin, have confirmed the presence of high-quality source rocks in the rift strata. Specifically, the Triassic lacustrine shales have a total organic carbon (TOC) content of 2.0%‒35.0% and contain types I and II kerogens, and the Lower Jurassic lacustrine argillaceous limestones have a TOC content of 1.5%‒2.5% and type II kerogens. Analysis of the stratigraphic structure shown by west-east seismic profiles running across the Senegal Basin reveals large-scale grabens in the Triassic - Lower Jurassic strata of the basin (Figs. 3, 4).
5. Discussion
5.1. Hydrocarbon accumulation model and favorable areas of continental shelf deltaic sandstones
The Senegal Basin has several sets of source rocks, including the Triassic - Lower Jurassic rift strata, the Middle-Upper Jurassic depression strata, and the Aptian-Turonian continental margin strata. Notably, multiple transform faults have evolved in the basin from south to north during the transitional stage (Fig. 7), accompanied by the frequent formation of marginal ridges or submarine uplift zones, which, coupled with continental plates, created a restricted environment conducive to the development of high-quality source rocks. On this basis, it is predicted that five hydrocarbon-generating centers exist in the deep to ultra-deep-water areas of the basin. Rivers such as Senegal in the eastern Senegal Basin formed deltas in the continental shelf area. For instance, the Sne oil field has reservoirs consisting of Albian delta front sandstones, structural-stratigraphic (or unconformity) traps, and a transport system comprised of faults and unconformities (Fig. 8).
6. Conclusions
(1) The reconstruction of the tectonic-depositional evolution of the Senegal Basin indicates that this basin underwent three evolutionary stages: the rifting, transitional, and drifting stages. During these stages, the basin developed rift, strata depression strata, and continental margin strata respectively.
(2) The Senegal Basin is a transform-extensional basin that was shaped under the dual influence of basement properties and stress mechanisms. The basin's relatively weak Paleozoic basement was susceptible to stretching and thinning by extension, leading to the formation of fault depressions and fault horst zones. During the Middle-Late Jurassic transitional stage, marginal ridges or submarine uplift zones formed due to the effects of transform faults. They, along with the landward high terrains, created a restricted environment.
(3) The structure of the basin dictated the occurrence of key accumulation elements. The grabens that formed during the rifting stage and the restricted environment created during the transitional stage are conducive to the formation of large-scale, high-quality source rocks. Furthermore, three types of reservoirs have developed in the continental margin strata: platform-margin reefs, deltas, and slope-floor fans.
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