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In recent years, the petroleum industry has prioritized the exploration of new and unconventional petroleum reservoirs. As a result, this study assessed the significance of basaltic intrusions from two key aspects: their impact on the thermal maturity of pre-rift source rocks and their potentiality as reservoirs. The present study attempts to integrate surface field investigations of basaltic dykes in Wadi Nukhul and Wadi Matulla as surface analogs with petroleum system modeling of pre-rift source rocks containing subsurface basaltic intrusions in the Abu Rudeis-Sidri field. Therefore, the fracture networks were observed in Wadi Nukhul and Wadi Matulla, suggesting that both the basaltic dykes and host rocks have interconnected fractures, which is critical for a high-quality reservoir of the dykes and efficient oil expulsion. As a result, the analysis of burial history, temperature, maturity, generation, transformation ratio, and expelled oil quantity revealed a significantly high value for basaltic intrusions. Moreover, the Abu Rudeis-Sidri field had a good petroleum system with thermally mature source rocks by basaltic intrusions. Furthermore, the fractured basaltic intrusions presented a high-quality oil reservoir well-sealed by the thick Rudeis Formation. Oil production has doubled since the discovery of this reservoir. This study introduces a novel approach to understanding the distribution pattern of basaltic intrusions in subsurface and surface analogs, which can serve as a model for exploring new potential unconventional basaltic reservoirs in the Gulf of Suez rift basin.
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1 INTRODUCTION
Organic matter maturity and hydrocarbon potential in sedimentary basins are significantly influenced by the thickness and timing of the emplacement of igneous intrusions (Sydnes et al., 2018). During the cooling of the igneous intrusion, the heat transferring is experienced to the thickness of the thermally altered rocks and the lithology type (Wang et al., 2007). The thick sill intrusions close to the source rocks at great depth increase the thermal maturity history more than the thin igneous intrusions (Hubred, 2006). The main factors necessary for the conversion of organic matter into hydrocarbons are thermobaric conditions, the type and composition of organic matter, and the burial history of the sedimentary basin (Palumbo et al., 1999; Roberts et al., 2007; Grobe et al., 2015; Simandl et al., 2015). The thermal history and maturity of the sedimentary basins were influenced by the igneous intrusions (Galushkin, 1997; Othman et al., 2001; Aarnes et al., 2011; 2010; Wang et al., 2013; 2012; Peace et al., 2017; Schofield et al., 2017). Due to igneous intrusions, the temperature rises upon contact with the host rocks and decreases over time, leading to an increase in the transformation ratio (Fjeldskaar et al., 2008). Despite the relatively low total organic content (TOC) in the source rocks, gas generation within the host rock can be significant due to sill intrusions (Aarnes et al., 2015). The vitrinite reflectance increases at contact with or near the igneous intrusions and decreases far away (Stewart et al., 2005). In Svalbard, Norway, the organic matter of the Triassic section was strongly thermally altered by the Early Cretaceous dolerite intrusions (Brekke et al., 2014). In rifted margin basins, the interplay between the igneous intrusion and the host rocks led to an oil window in immature source rocks and a gas window in mature source rocks (Muirhead et al., 2017). The mafic igneous intrusions increase the maturity level of the immature source rocks to an oil window (Reeckmann and Mebberson, 1984; Muirhead et al., 2020). In southwest Colombia, dykes and sills of gabbro raised hydrocarbon generation and expulsion to the gas window (Vásquez et al., 2009). Based on seismic interpretation, the direction of intrusion flow was controlled by the basin’s main structure trend, forming numerous sub basins (Schofield et al., 2017).
Many countries, such as the United States, eastern China, and Argentina, have igneous intrusion reservoirs (Schutter, 2003a; Wu et al., 2006; Delpino and Bermúdez, 2009; Witte et al., 2012). The igneous reservoirs are characterized by types of primary vesicular porosity, secondary porosity with hydrothermal alteration, and fracture porosity (Schutter, 2003a). Vesicular basalt has high porosity ranging from 30% to 50%, attributed to fracture porosity experienced due to tectonic stress, thermal alteration, and dissolution (Chen et al., 1999). The primary factors controlling the petrophysical properties of volcanic rocks, including basaltic dykes, are lithology and degree of alteration (Lee et al., 2021). The volcanic reservoir is characterized primarily by fracture porosity associated with pores formed by dissolved phenocrysts and matrix and gas pores connected by fractures (Chen et al., 2016).
The study area is located in the eastern portion of the Gulf of Suez and the western side of Sinai between 29° 00ˋ and 28° 50ˋ N latitude and 32° 70ˋ and 33° 15ˋ E longitude (Figure 1). The area’s northern boundary coincides with Wadi Mheiherrat, and the southern border is Abu Rudeis. The extension of Wadi Mheiherrat delimits the eastern side of the study area, including Wadi Thal, Wadi El Iseila, and Wadi El Khaboba, from the northwest to the southeast in a line parallel to the shoreline of the Gulf of Suez. The Wadi Nukhul and Wadi Matulla locations and the Abu Rudeis-Sidri Field both contain basaltic intrusions that intruded pre-rift source rocks. They have the same lithostratigraphic sequence. Furthermore, the Abu Rudeis-Sidri Field has already successfully produced oil from a basaltic intrusion reservoir. The Wadi Nukhul and Wadi Matulla outcrops represent the closest surface exposures of these types of basaltic intrusions to the subsurface Abu Rudeis-Sidri Field. Notably, wells penetrating the basaltic intrusions in the Abu Rudeis-Sidri Field exhibited a doubling of oil production rates, demonstrating the reservoir potential. Therefore, the Wadi Nukhul and Wadi Matulla basaltic intrusions can serve as useful analogues to assess the reservoir quality and hydrocarbon potential of the intrusions in the Abu Rudeis-Sidri Field.
[image: Figure 1]FIGURE 1 | Location map of the study area showing Wadi Nukhul and Wadi Matulla in the western side of Sinai, highlighted in the yellow square, with accompanying geological map (Moustafa, 2004). The Abu Rudeis-Sidri Field on the eastern side of the Gulf of Suez is also shown in a red square.
Dykes, sills, and flows mark the early rift of the Gulf of Suez in the Oligo-Miocene (Patton et al., 1994). A few late pre-rift to early syn-rift basic dykes are distributed along the Gulf of Suez, including the study area (Kazmin and Byakov, 2000; Bosworth and McClay, 2001). The dykes in the Abu Zenima and Hammam Faraoun areas have thicknesses ranging from 10 m to 30 m, with the dykes nearly vertical, and the hypothesis that the dyke emplacement is in tension fissures is correct because there is no indication of displacement on the sides of the dykes (Ragab and El-Kaliouby, 1992). In the study area, dykes, sills, and flows are 22–24 Ma old (Steen, 1982; Mousa, 1987), and these volcanic basalts of the Early Miocene are the first evidence of rifting recorded. The abundant orientation of the dykes of early Miocene age in the area is NW-SE, subparallel to the rift trend; under the tensional stresses in the area in the early stage of rift opening, these dykes were intruded (Moustafa, 1993).
Only a limited number of published studies have focused on basaltic intrusions and their impact on hydrocarbon potential in the Gulf of Suez petroleum province. Sharib et al. (2019) conducted a study on the outcrop of a basaltic dyke in Wadi Matulla, examining its thermal influence on the maturity of the pre-rift source rock (PRSR) of the Sudr Formation (Sharib et al., 2019). Abd El-Gawad et al. (2022), Abd El-Gawad et al. (2021) investigated the basaltic intrusions as an oil reservoir in the Abu Rudeis-Sidri field and studied their distribution style.
Therefore, this study aims to (i) investigate the Oligo-Miocene basaltic intrusions (OMBIs) in Wadi Nukhul and Wadi Matulla as surface analogs of the subsurface basaltic intrusion dyke’s reservoir and their thermal influence on the maturity of source rocks and expulsion of hydrocarbons; (ii) analyze the fracture network in Nukhul and Matulla dykes, comparing them with fractures in subsurface basaltic intrusions in Abu-Rudeis Sidri field and fractures in Thebes and Matulla formations; (iii) examine the influence of basaltic intrusions on the pre-rift petroleum system, with a specific focus on their effects on charging and reservoir potential; (iv) study the distribution pattern of basaltic intrusions and their effects on source rock maturity of the pre-rift source rocks (PRSRs) and reservoir quality.
2 GEOLOGIC AND TECTONIC SETTING
The exposed rocks of the study area range in age from Coniacian-Santonian to Middle Miocene, including pre-rift and syn-rift sequences (Figure 2A). The pre-rift sequence is represented by formations from Matulla at the base to Thebes at the top, and the syn-rift sequence is represented by Nukhul, Rudeis and Kareem formations. Matulla Formation is composed of sandstone, shale, claystone, and calcareous sandstone with dolomitic limestone (Zalat et al., 2012), and Duwi Formation consists of clays, sandstones, and limestones from shallow marine conditions (Youssef, 1949; 1957). Sudr Chalk is composed of hard white chalk with chalky limestone (Ghorab, 1961), and Esna Shale is composed of greenish shale overlying the Sudr Chalk with sharp contact (Said, 1960). The Thebes Formation consists of gray to white limestone with chert bands (Moustafa, 2004). The Darat Formation consists of shale and marl with thin limestone beds and the Mokattam Formation composed of yellowish-white limestone (Bosworth and McClay, 2001; Moustafa, 2004). The Tanka Formation comprises chalky and argillaceous limestone intercalated with thin shale beds (Abuseda et al., 2015). The Maadi Formation is composed of shale intercalated with limestone beds (Said, 1962). The Abu Zenima Formation is made up of white and red sandstone and siltstone, as well as basalt pebbles and conglomerate, and is capped by basaltic flow (Plaziat et al., 1998). The rifting of the Gulf of Suez profoundly impacted Upper Oligocene and Miocene deposits in western and central Sinai, such as in the Wadi Baba, Wadi Gharandal and Nukhul–Sudr areas (Hewaidy et al., 2012; 2013; Ayyad et al., 2023). The Lower Miocene Nukhul sandstones, which produce oil in the Abu Rudeis-Sidri Field, are characterized by four systems tracts that experienced sea level changes during the rifting phase of the Gulf of Suez (Hewaidy et al., 2012; Abu Shama et al., 2023; Farouk et al., 2023). Nukhul Formation consists of sandstones, conglomerates, and marl with cross-bedded sandstones (Scott and Govean, 1985). The Rudeis Formation is composed of fine-grained sandstone with marl at the lower part graded into glauconitic and fossiliferous coarse sandstone at the top (Garfunkel et al., 1974; Beleity, 1982). The stratigraphic section is topped by the Kareem Formation, consisting of sandstones, shales, and carbonates with anhydrites, which rests unconformably on the Rudeis Formation (Hughes et al., 1992; El Nady and Mohamed, 2016). The subsurface lithostratigraphic section of the Abu Rudeis-Sidri field is composed of three major sequences of pre-rift, syn-rift, and post-rift from base to top (Figure 2B). In the Gulf of Suez rift basin, source rocks are distributed across both pre-rift deposits (including the Duwi, Esna, Sudr and Thebes formations) and syn-rift deposits (including the Rudeis and Kareem formations). The pre-rift source rocks were deposited under anoxic conditions and contain marine organic matter of kerogen types I and (Barakat, 1982; Salah, 1992; Alsharhan and Salah, 1994; 1997; Wever, 1999; Alsharhan, 2003; Younes and Philp, 2005; El Nady and Mohamed, 2016; Elmaadawy et al., 2021).
[image: Figure 2]FIGURE 2 | (A) Surface lithostratigraphic sequence for the eastern side of the Gulf of Suez, including Wadi Nukhul and Wadi Matulla adapted from Moustafa (2004); (B) subsurface lithostratigraphic column of Abu Rudeis-Sidri field (modified after Elmaadawy et al., 2021).
The rift faulting that started in the Oligocene and continued into post-Miocene times resulted from regional extensional stress more or less perpendicular to the rift axis (Robson, 1971; Chenet et al., 1987). The age of the Red Sea opening ranged from the late Oligocene to the Middle Miocene, during which the Red Sea rift developed through the mixing of normal faults and dykes in the late Oligocene or early Miocene (Coleman and Billington, 1979). The Gulf of Suez rift with the primary trend (N30W) and the Gulf of Aqaba with the primary trend (N25E) are the two branches of the Red Sea rift (Badawy and Abdel-Fattah, 2006).
The Suez rift was opening perpendicular to a NE-SW extension in the early Miocene, which was also the opening of the northern Red Sea at the time, with the Suez Gulf reaching its maximum width in Miocene time (Mart and Hall, 1984). In central Sinai, near Abu Zenima and Hammam Faraoun, volcanic rocks spread as dolerite dykes, sills, and flows, in which these volcanic rocks intruded rocks up to the Middle Eocene (Meneisy, 1990; Said, 1990). The basement structures strongly influenced the evolution of the Gulf of Suez rift through four Wadi systems opening into the Gulf of Suez. They also played a crucial role in shaping the geological features of the area. These Wadi systems include the following: Wadi Nukhul, running from the west shoreline of the Gulf of Suez to the east; Wadi Matulla, running from southwest to northeast; Wadi Tayiba, running from north to south; Wadi Wasit, running from west to east (Bosworth et al., 2005).
The Red Sea rift system including the Gulf of Suez rift was associated with the volcanism of basaltic intrusions (Bosworth and Stockli, 2016). In Egypt, this Cenozoic volcanism has many forms including basaltic dykes, basaltic flows and cones of basaltic cones. The basalts alore distributed from Libyan Plateau in the west to Sinai in the east related to the NW-SE faults (Baldridge et al., 1991; Abdel Aal, 1998; Endress et al., 2011). Basaltic dykes in Wadi Nukhul and Wadi Matulla range from olivine dolerites and olivine-bearing basalts to vitrophyric, texturally heterogeneous basalts and crystal lithic tuffs. The transitional tholeiitic basalts display low compatible element concentrations and an enrichment of the whole spectrum of the incompatible elements. Major, trace and Rare Earth Element data suggest that the melts formed by 5% melting of mantle peridotite at the spinel–garnet transition zone (80–90 km depth), in the presence of 2%–4% residual garnet. During the melt ascent, the fractionating phases were olivine, clinopyroxene and, to a lesser extent, plagioclase (Shallaly et al., 2013). The basaltic dyke is vitrophyric composed of subhedral to euhedral phenocrysts of sericitized plagioclase fresh to partially altered olivine and few clinopyroxene crystals floating in a cryptocrystalline to glassy ground mass. Accessory phases include Fe-oxides and apatite (Sharib et al., 2019).
The major trends of normal faults in the study area are NW and NNW, parallel to the Gulf of Suez trend (Hegazi, 1995). The NW-oriented fault in the Hammam Faroun area exits before the Neogene opening of the Suez rift. In the Oligocene-Miocene, the NW-oriented pre-rift fault was revitalized as diagonal-slip faults. NW-oriented faults are normal, right lateral, or left lateral diagonal slips (Khedr, 2003). The NNE normal faulting regime was related to the Gulf of Aqaba tectonics, which prevailed during the Late Oligocene–Early Miocene with left lateral slip movement (Hegazi, 1995). The NE fault populations are of extensional origin and rejuvenated by left-lateral strike-slip faults in many localities (Seleem and Khalifa, 2006).
3 DATA AND METHODOLOGY
3.1 Surface field study
3.1.1 Lineations
The orientations of all lineaments were extracted based on the Landsat image through automatic detection using PCI Geomatica, 2017 software (Geomatica, 2017) for the area between 29° 00ˋ and 29° 14ˋ N latitude and 32° 70ˋ and 33° 15ˋ E longitude. Additionally, ArcMap v10.4.1 was used to edit and calculate the coordinates for extracting lineaments. Moreover, RockWorks 16 software was used to draw a rose diagram and to interpret the lineaments, including fractures, faults, dykes, and shear zones.
3.1.2 Fracture pattern quantification
Quantification of fracture patterns in 2D based on field photography was determined using FracPaQ software of Healy et al. (Healy et al., 2017). The fractures were traced and processed to develop fracture trace maps used to study fracture properties such as orientations, lengths, permeability, connectivity, intensity, and density (Dershowitz and Herda, 1992). The fracture density (P20) is defined as the number of fractures per unit area (m-2), while the fracture intensity (P21) is defined as the sum of all fracture lengths in a given area (thus, m/m2 = m-1). The connectivity and the 2D-permeability ellipse plots were linked to research on fluid flow in rock fracture networks (Healy et al., 2017). The connectivity diagram was constructed depending on nodes as the isolated ends of traces (I), branch points, splays, or abutments (Y), and cross-cutting intersections (X). These nodes are the three vertices of the connectivity ternary plot of the fracture network. In this diagram, more connected networks plot toward the lower Y-X side, while less connected networks plot toward the apex (I) (Manzocchi, 2002). The outputs were represented in fracture networks, fracture density (P20) map, fracture intensity (P21) map, connectivity, and permeability for fracture networks. Thin sections were prepared for basalt dykes from Wadi Nukhul and Wadi Matulla to investigate pore and fracture types, lengths and widths, and their relation with reservoir quality.
3.2 Subsurface study for basin and petroleum systems modeling
To reconstruct the models, the input data required are the initial ages of the formations, intervals of hiatuses and erosions, lithology types along with their respective percentages for each formation, and the formation tops with their thicknesses for wells ARS-6 and ARM-4 (Table 1 and Supplementary Table S1). The modeling process involves various aspects such as burial, thermal history, maturity, generation, and expulsion histories of the basin and petroleum systems. For maturity modeling, we utilized the model proposed by Suzuki (1993). For generation modeling, we relied on the kinetic model of Pepper and Corvi (1995). The thermal maturity data were validated for the wells of the Abu Rudeis-Sidri Field by Elmaadawy et al. (2021).
TABLE 1 | The input data used to construct the burial history model for well ARS-6.
[image: Table 1]4 RESULTS
4.1 Lineaments
The identified lineaments were 1533, including fractures, faults, dykes, and shear zones, and based on their strikes, they were subdivided into six trends: NW, NNW, NNE, NE, WNW, and ENE (Figure 3). The dominant trends were NW and NNW, including normal faults that parallel the Gulf of Suez rift trend. Normal faults with trends NE and NNE attributed to Gulf of Aqaba tectonics during the Oligo-Miocene. The minor trends that have little effect on the tectonic evolution of the area were in the WNW and ENE directions.
[image: Figure 3]FIGURE 3 | (A) Landsat ETM image of the whole area; (B) lineaments network with rose diagram showing the trends of lineaments.
4.2 Fracture networks
Four locations were selected for constructing the fracture networks, including two in Wadi Nukhul and two in Wadi Matulla. In Wadi Nukhul, fracture networks were constructed for two locations in contact with the basaltic dyke. The first location represents the limestone on the eastern side of the dyke, and the second represents the black limestone on the western side (Figure 4). The rose plots of the fracture network on limestone revealed a two-abundance orientation of the fracture population in the NW and NE, respectively (Figure 4E). The direction of the fracture population of the black limestone was NNW (Figure 4F). In Wadi Matulla, fracture segment angles were plotted: the first fracture network of the Matulla basaltic dyke with two standard orientations in the NW and NE (Figure 5E) and the abundance orientation of the second fracture observed on shale in the NW and NNE (Figure 5F).
[image: Figure 4]FIGURE 4 | Two fractured networks observed in Wadi Nukhul. (A) Outcrop of a fractured limestone network, photograph looking NE; (B) outcrop of a fractured black limestone network, photograph looking SW; (C) fracture trace map of fractured limestone of the photograph shown in (A); (D) fracture trace map of a fractured black shale photograph shown in (B); (E) angles of fracture segments from a limestone network and distribution of fracture orientations in the rose diagram; (F) angles of fracture segments from a black shale network and distribution of fracture orientations in the rose diagram.
[image: Figure 5]FIGURE 5 | Two fractured networks observed in Wadi Matulla. (A) Outcrop of a fractured basaltic dyke, photograph looking south; (B) outcrop of a fractured shale network, photograph looking SE; (C) fracture trace map of the fractured dyke of the photograph shown in (A); (D) fracture trace map of a fractured shale photograph shown in (B); (E) angles of fracture segments from a basaltic dyke network and distribution of fracture orientations in the rose diagram; (F) angles of fracture segments from a shale network and distribution of fracture orientations in the rose diagram.
4.3 Fracture density and intensity maps
The density map of the limestone fracture network in Wadi Nukhul (Figure 6A) revealed two or more distinct clusters of high density (i.e., many fractures per square meter), with the highest values of density clusters focused in the center and extending in the NW direction. The fracture intensity map of the limestone (Figure 6B) revealed a high intensity (considerable fracture lengths per unit area) in two orientations, NW and NE. The second fracture network in Wadi Nukhul was carved on black limestone (Figure 6C), which revealed two or more distinct high-density clusters, with the highest-density clusters focused in the northwest and south. The black limestone’s fracture intensity map (Figure 6D) exhibited high intensity in a zone extending from the south to the northwest. The density map of the fracture network on the Matulla dyke (Figure 6E) indicated three or more distinct high-density clusters, with the highest-density clusters in the NW. In addition, the fracture intensity map (Figure 6F) exhibited a high intensity in the NW and from south to north. The second fracture network was observed on the shale in Wadi Nukhul (Figure 6G), which revealed three or more distinct high-density clusters. The fracture intensity map of shale (Figure 6H) displayed high intensity in a zone extending from the southeast to the northwest.
[image: Figure 6]FIGURE 6 | Estimated fracture density maps (P20) and estimated fracture intensity maps (P21). (A,B) P20 and P21 maps for fractured limestone in Wadi Nukhul; (C,D) P20 and P21 maps for fractured black limestone in Wadi Nukhul; (E,F) P20 and P21 maps for fractured basaltic dyke in Wadi Matulla; (G,H) P20 and P21 maps for fractured shale of Matulla Formation in Wadi Matulla.
4.4 Fracture connectivity and permeability
In Wadi Nukhul, fracture connectivity and permeability estimation were the results of analyzing two different lithologies in FracPaQ. The connectivity plots (Figures 7A, C) were not similar, with the limestone fracture having a more significant proportion of “Y” and “X” nodes and a lower proportion of “I” nodes than black limestone, implying more excellent connectivity overall. Permeability estimation showed that the limestone fracture (Figure 7B) parallels the more extended, slightly higher-density fracture set than the other set-in azimuth of 130° (Figure 4C). For the black limestone, permeability (Figure 7D) was oriented parallel to the only longer, high-density fracture set in azimuth of 160°. In Wadi Matulla, the connectivity plots were similar, with the fracture of the basaltic dyke having a slightly higher proportion of “Y” nodes and a somewhat lower proportion of “X” nodes and “I” nodes than shale, reflecting more excellent connectivity overall (Figures 7E, G). Permeability estimation in Wadi Matulla showed that the fracture network of the basaltic dykes parallels the shorter, high-density fracture set in azimuth of 110° (Figure 7F). For the other location of the fractured shale, permeability was oriented parallel to the shorter, high-density fracture set in azimuth of 140° (Figure 7H).
[image: Figure 7]FIGURE 7 | The estimated connectivity and 2D permeability ellipse of fracture networks for (A–D) Thebes limestone in Wadi Nukhul; (E,F) basaltic dike of Wadi Matulla; (G,H) shale in Wadi Matulla.
4.5 Pore and fracture types
Based on the thin-section investigation of basalt dykes in Wadi Nukhul and Wadi Matulla, the pores were primary gas pores or vesicles, which are circular or sun-shaped closed pores filled with calcite (Figures 8A, B), and intergranular pores between crystals of calcite and quartz cements in fractures (Figure 8C, and Figures 9A, B). Many types of fractures originate from many mechanisms. The tectonic fractures result from tectonic events from the post-Miocene until the present. These fractures are encountered in sets paralleling or intersecting with high lengths and small or large widths (Figure 8D). The fractures originated from the cooling of basaltic magma were the shrinkage fractures that have different orientations and different widths with short lengths intersecting with each other and other fracture types (Figure 8E). The tectonic fractures intersect with others, forming an interconnecting network of fractures that facilitates the hydrocarbon flow that leads to high reservoir quality. Different fractures were partially or completely filled with calcite and quartz cements (Figure 8C; 9C,D). There was a late tectonic fracture in quartz cement, which was small in width and length and filled the large tectonic fractures (Figure 8F).
[image: Figure 8]FIGURE 8 | Thin-section photomicrographs of basaltic dyke in Wadi Matulla showing (A) closed sun-like gas pore filled with calcite; (B) closed circular gas pore filled with calcite; (C) intercrystalline pore between fracture filled with calcite and intersected with fracture filled with quartz; (D) tectonic fractures; (E) shrinkage fractures; (F) late tectonic fractures in quartz cement.
[image: Figure 9]FIGURE 9 | Thin-section photomicrographs showing (A) intercrystalline pores in Wadi Nukhul basaltic intrusion; (B) intercrystalline pores in Wadi Matulla basaltic intrusion; (C,D) interconnected fractures showing good fracture networks in Wadi Nukhul basaltic intrusion. .
4.6 Petroleum systems models
4.6.1 Burial history model
The burial history models of wells ARS-6 and ARM-4 displayed the episodes of the pre-rift and syn-rift, which occurred in the Gulf of Suez, in addition to the basaltic intrusion event recorded in ARM-4 well between 24 and 22 Ma (Figure 10). The pre-rift episode characterized by low tectonic subsidence occurred from Early Cetaceous to Early Miocene (Aquitanian) represented by Nubia, Raha, Wata, Matulla, Duwi, Sudr, Esna, Mokattam, Thebes, Abu Zenima and Nukhul formations from base to top. The syn-rift episode was characterized by high tectonic subsidence that occurred through the Miocene from Burdigalian to Messinian, represented by Rudeis, Kareem, Belayim, South Gharib, and Ziet formations from older to younger. The OMBIs intruded into the pre-rift deposits as two distinct bodies. The lower OMBI was emplaced into the Matulla Formation with an apparent thickness of 132 m, and the upper OMBI was emplaced into the Sudr Formation with an apparent thickness of 90 m.
[image: Figure 10]FIGURE 10 | (A) Burial history model for well ARS-6; (B) burial history model for well ARM-4 showing the basaltic intrusion event occurred between 24 and 22 my; (C) temperature distribution model for well ARS-6; (D) temperature distribution model for well ARM-4; (E) mature stages model for well ARS-6; (F) mature stages model for well ARM-4.
4.6.2 Thermal and maturation history models
In well ARS-6, the temperature distribution gradually increased with time and depth, reaching 170°C at a depth of 4200 m (Figure 10C). In well ARM-4, the temperature reached 180°C at depths ranging from 1000 m to 3500 m and from 24 (my) to recent due to the OMBI (Figure 10D).
In well ARS-6, the PRSRs of the Raha, Wata, and Duwi formations entered the early and mid-mature stages (Figure 10E). These source rocks entered the early mature stage in approximately 33 (my) at a depth of 1100 m, and the youngest PRSRs of the Esna and Thebes formations in 14 (my). The PRSRs Raha, Wata, and Duwi formations met the mid-mature stage in 12 (my) at a depth of 1800 m, whereas the youngest PRSRs began the mid-mature stage in 2 (my) at 2800 m of the Esna and Thebes formations. In well ARM-4, the PRSRs of the Nubia, Raha, Wata, and Duwi formations began the early mature stage in 23.5 (my) at a depth of 1000 m, while the PRSRs of Esna and Sudr began this stage in 22.9 my at a depth of 440 m (Figure 10F). The Nubia, Raha, Wata, and Duwi formations met the mid-mature stage in 22.9 my at a depth of 1000 m, whereas Esna and Sudr met this stage in 22.5 my at a depth of 600 m. The late mature stage has been met by the oldest PRSRs in 22.3 my at a depth of 1000 m, while the youngest PRSRs met this stage in 2.2 my at a depth of 3200 m. Mid- and late-mature stages continue till the present, while the early-mature stage ended in 4.5 my.
4.6.3 Hydrocarbon generation model
In well ARS-6, the early generation phase for the PRSRs of Raha, Wata, and Duwi formations onset in 13 my at 1800 m, whereas the PRSRs of Esna and Thebes formations onset this stage in 4 my at 3100 m (Figure 11A). The main phase generation for the PRSRs of Raha, Wata and Duwi formations began in 8.0 my at 2100 m, while for the Esna and Thebes formations, it began in 3.3 my at 3150 m. The peak-late generation for the Raha, Wata, and Duwi began in 3.1 my at 3400 m, whereas the Esna and Thebes formations began this stage in 1.6 my at 3120 m. This stage ended in 1.3 my for the lower boundary for the PRSRs of Raha and Wata formations, while this stage continues till present for the upper boundary and the PRSR Duwi Formation. Moreover, for the PRSRs Thebes and Esna formations, the main phase generation continues till the present. In well ARM-4, the PRSRs of Raha, Wata, and Duwi formations began the early main and peak-late generation phases in 23.9, 23.6, and 22.9 my and ended in 23.6, 22.9, and 22.1 my, respectively, at a depth of 1000 m (Figure Figure11B). The PRSR Sudr Formation began the three-generation phases as the same in the Raha and Wata formations, while the peak-late phase continues till the present at a depth of 3000 m. The PRSR of Esna Formation met the early, main, and peak-late generation phases in 22.7, 4.1, and 3.6 (my) at depths of 450 m, 2860 m, and 3000 m, respectively, and the peak-late generation phase ended in 1.0 my.
[image: Figure 11]FIGURE 11 | (A) Hydrocarbon generation phases model for well ARS-6; (B) generation phases model for well ARM-4; (C) transformation ratio model for well ARS-6; (D) transformation ratio model for well ARM-4; (E) oil expulsion model for well ARS-6; (F) oil expulsion model for well ARM-4.
4.6.4 Transformation ratio
In well ARS-6, the PRSR of Thebes Formation passed the early and main generation phases with a maximum transformation ratio of 56% (Figure 11C). The PRSR of Esna Formation met the main and peak-late generation phases with a maximum transformation ratio of 64%. The PRSR of the Duwi Formation passed the peak-late generation phase with a maximum transformation ratio of 80%. The PRSRs of the Wata and Raha formations passed the peak-late generation phase with maximum transformation ratios of 85% and 100%, respectively. In well ARM-4, the PRSRs Esna, Sudr, and Duwi formations met the peak-late generation phase with maximum transformation ratios of 95%, 95%, and 100%, respectively, while the PRSRs Wata and Raha formations passed the peak-late generation phase with transformation ratios of 100% (Figure 11D).
4.6.5 Expulsion history model
In well ARS-6, the expelled oil from the PRSRs of Esna and Duwi formations was 1.9 and 2.6 kg/m3, respectively, whereas the expelled oil for the PRSRs of Wata, Raha, and Nubia formations was 3.2 3.7 and 3.8 kg/m3, respectively (Figure 11E). In well ARM-4, the expelled oil from PRSRs Esna, Sudr, and Duwi formations was 3.3, 2.2, and 18 kg/m3, respectively (Figure 11F). The maximum expelled oil from PRSRs Wata, Raha, and Nubia formations was 5.0, 5.1, and 5.8 kg/m3, respectively.
5 DISCUSSION
5.1 The impact of OMBI on temperature and mature stages
The effect of OMBI was investigated through the correlation of the maturity, generation, transformation ratio, and expulsion between well ARM-4 with OMBI and well ARS-6 without OMBI recorded. In well ARS-6, the highest temperature is 170°C at 4100 m, while in well ARM-4, the highest temperature is 180°C first recorded at a depth of 1000 m attributed to the OMBI intrusion (Figures 11A, B). Moreover, at the maximum drilled depth of 3500 m, the temperature is 180°C. At the same depths in both wells, the temperature differs; for example, at a depth of 1000 m, the temperature reached 75°C in well ARS-6, while in well ARM-4, it reached 180°C. The pronounced difference in temperature distribution between both wells was due to the occurrence of OMBI in well ARM-4.
The high temperature distribution in well ARM-4 positively affects the PRSRs maturity, particularly at shallow depths. The early mature stage began at a depth of 1000 m in well ARS-6, while it began at 450 m in well ARM-4 (Figures 12A, B). Furthermore, in wells ARS-6 and ARM-4, the mid-mature stage occurred at depths of 1900 m and 600 m, respectively. Additionally, in well ARS-6, the PRSRs only met early and mid-mature stages, whereas, in well ARM-4, they met early, mid-, and peak-late mature stages for long durations. In well ARM-4, PRSRs attained high maturity at shallow depths. In well ARS-6, the early generation phase of the oldest PRSRs began in 13 my at a depth of 1800 m, whereas in well ARM-4, this stage began in 24 (my) at a depth of 1000 m. In well ARS-6, the main generation phase began in 8.5 (my) at 2100 m, and in well ARM-4, it began in 23.6 (my) at depths of 1000 m and 600 m for the oldest and youngest PRSRs, respectively. In well ARS-6, the peak-late generation phase began in 3.3 my at 3400 m, whereas in well ARM-4, it occurred in 22.8 my and 3.1 my at depths of 1000 m and 3100 m for oldest and youngest PRSRs, respectively. High maturity stages and generation phases are reflected by transformation ratio and expelled oil; for example, the Duwi Formation attained the highest transformation ratio of 100% and expelled oil of 18.3 kg/m3 in well ARM-4, while they reached 80% and 2.6 kg/m3 in well ARS-6 (Supplementary Table S2).
[image: Figure 12]FIGURE 12 | Field photos showing (A) Wadi Nukhul basaltic dyke intruded in Thebes Formation; (B) fractures parallel to the bedding in black limestone near the contact with the dyke; (C) basaltic sill branching out from Nukhul dyke with its upper boundary only exposed; (D) Wadi Matulla basaltic dyke intruded in Matulla Formation; (E) road cut of the basaltic Matulla dyke; (F) fracture networks of the Matulla dyke.
5.2 Timing of basaltic intrusion, source rock maturity, and hydrocarbon generation
The thermal impact of sill intrusion increases vitrinite reflectance, a maturity indicator, in zones below and above the sill (Zhu et al., 2007). The effect decreases with distance from the contact The basaltic intrusion occurred between 24 and 22 my, and the youngest Thebes Formation deposited in 50.6 my. This implies that the basaltic intrusion intruded in all the PRSRs and consequently has a high thermal impact on these source rocks. The thermal impact is reflected in the acceleration of the maturity and generation of in well ARM-4 compared to well ARS-6.
In well ARM-4, the Nubia began the maturity as an early mature stage in 23.74 my, the Sudr Formation reached this stage in 2.17 my, and the Esna Formation did not reach this stage (Supplementary Table S3). The maturity duration extended from the onset of OMBI in 24 my to 0.05 my. In well ARS-6, the maturity began earlier in 50 my and all the PRSR did not reach the late mature stage except the Nubia Formation, whose bottom only entered the late stage in 13.45 my. In well ARM-4, all the PRSRs passed the late mature stages except the Esna Formation, while in well ARS-6, the PRSRs did not pass this stage except the bottom of the Nubia Formation.
In well ARM-4, the generation of PRSRs began as an early phase in 23.80 my and reached the peak-late phase that ended in 3.1 my (Supplementary Table S4). In well ARS-6, the generation commenced in 48.16 my, during which all formations except the tops of Thebes and Esna formations reached the main phase. Additionally, the top of the Duwi Formation did not reach the peak-late phase.
5.3 Thermal impact and distribution style of OMBI
The thermal maturity of the dyke intrusion is proportional to its thickness (Bishop and Abbott, 1995). The thickness of dykes in the Abu Zenima and Hammam Faraoun areas ranges from 10 to 30 m (Ragab and El-Kaliouby, 1992). In the Wadi Matulla area, a very high geothermal gradient accompanied by a rift-related Oligocene basaltic dyke resulted in the carbonization of the kerogen-bearing Upper Cretaceous Sudr Chalk over a 100 m wide baked zone. At the time of intrusion, the maximum temperature on the Matulla dyke contact was 500°C and decreased to 100°C far away from the contact (Sharib et al., 2019).
The thickness of Wadi Nukhul and Wadi Matulla dykes is approximately 30 m. Wadi Nukhul dyke intruded in PRSR Thebes Formation, resulting in the dipping of its eastern side to the northeast direction with an angle of about 10ᵒ. In contrast, on the western side, the Thebes Formation is horizontal (Figure 12A). On contact with the dyke, the Thebes limestone was thermally altered to black, dark gray, and gray limestones, and the thermal alteration disappeared within about 15 m from the dyke contact. Within 5 m from the contact with the dyke, Thebes limestone source rock was highly mature with fractures parallel to the bedding (Figure 12B). These fractures of Thebes source rock indicated high oil expulsion due to high maturity and the generation that facilitated the oil flow from Thebes source rock to the basaltic dyke reservoir. On the western side of the Nukhul dyke and near the contact appears the basaltic sill branched out from the main dyke and parallel to the bedding plain with a thickness of 1m above the ground (Figure 12C). This distribution style of vertical dyke with horizontal sill increases the thermal maturity as it extends horizontally as sills, increases the exposed area of the source rock to thermal alteration and high thermal maturity. Wadi Matulla dyke intruded in PRSR of Duwi, Sudr Chalk, and Matulla formations with dip angle nearly vertical (Figure 12D). At the begging of the Wadi Matulla, Matulla basaltic dyke occurred as a road cut that aids in studying the fracture pattern as an analog of the basaltic reservoir in Abu Rudeis-Sidri field (Figures 12E, F).
The main oil production in the Abu Rudeis-Sidri field comes from the pre-rift reservoirs of the Nubia A, Matulla, and Nukhul formations. A geological cross-section has been created based on the interpretation of a seismic section through the field to illustrate the subsurface distribution of OMBI (Figure 13). The basaltic intrusions in this area are vertical dykes with perpendicular sills that intrude horizontally and parallel to the bedding. These dykes have penetrated the pre-rift formations, including source rocks such as Nubia B, Raha, Wata, Duwi, Sudr, and Thebes formations, as well as reservoirs like Nubia A, Matulla, and Nukhul formations. In the ARM-4 well, there are two zones of basaltic intrusions: a lower zone that intruded into the PRSR Duwi Formation with a thickness of 136 m and an upper zone that intruded into the Esna and Sudr formations with a thickness of 81 m (S. Table 1). It is important to note that the high thickness of basaltic intrusions in the ARM-4 well is not their true thickness but rather their apparent thickness due to the drilling path penetrating vertically within the basaltic intrusions as a dyke. The thicknesses of these intrusions include metasediments resulting from the thermal effect of basaltic intrusions. The distribution style of dykes with sills can be observed in well ARM-14 on the geological cross-section based on interpreted seismic data.
[image: Figure 13]FIGURE 13 | Geological cross-section through the Abu Rudeis-Sidri Field showing basaltic intrusion reservoirs distribution and the petroleum system elements source rocks, reservoir rocks, and seal rocks, in addition to the direction of oil migration (Modified after Abd El-Gawad et al., 2022).
5.4 Reservoir quality of OMBI
The development of high-quality volcanic reservoirs is primarily influenced by lithology and lithofacies, weathering and corrosion, as well as fractures (Yiming et al., 2023). The fracture network distribution in the surface analog Matulla dyke and subsurface Abu Rudeis-Sidri basaltic intrusions is responsible for the reservoir quality of these intrusions. In the Matulla basaltic dyke, fractures range in length from a few centimeters to 2 m, with widths ranging from a few millimeters to a few centimeters. These fractures are visible as intersected white lines filled with calcite (Figure 14A). The main structural trends of these fractures in the Gulf of Suez are northwest-southeast and northeast-southwest (Figure 14B). Similarly, the subsurface basaltic intrusions in the Abu Rudeis-Sidri field also exhibit fractures with a main trend of the northeast-southwest direction (Figures 14C, D).
[image: Figure 14]FIGURE 14 | Field photos showing (A) fracture network in Matulla basaltic dyke; (B) Matulla dyke; (C) core photo of OMBI reservoir in Abu Rudeis-Sidri field showing the fractures network; (D) a rose diagram showing the fracture orientations for OMBI reservoir (C,D combined from Abd El-Gawad et al., 2022).
Lee et al. (2021) evaluated the alteration degree by integrating petrophysical properties with mineralogical and geochemical analysis. They classified the alteration into four stages from fresh to slightly altered, weakly altered, moderately altered, and strongly altered. The identified alteration phases have affected the reservoir quality of the basaltic intrusions in the study area. Reservoir properties were primarily influenced by lithology, as well as mineralogical and textural variations. The fracture networks observed in the Matulla basaltic dyke show high connectivity and permeability. Thin sections of the basaltic dykes reveal that porosity originates from primary pore types such as gas and vesicles, as well as shrinkage and tectonic fractures that are interconnected, creating fracture networks with high porosity and permeability. Hydrothermal alteration was intense in permeable zones of fractured and weathered basaltic dykes, facilitating fluid circulation (Navelot et al., 2018; Caspari et al., 2020). The hydrocarbon potential is influenced by the distribution style of basaltic intrusions in three ways. Firstly, the intrusion of basaltic dykes into the PRSRs allows for oil collection through rock fracturing from these mature rocks. Secondly, sills branching out from the dykes increase the thermal effect of the basaltic intrusions. Lastly, fracture networks in the host rocks ensure efficient oil expulsion from these rocks to the basaltic intrusions and facilitate its flow from mature source rocks to the basaltic intrusion reservoir.
5.5 Impact of OMBI on the petroleum system in the Abu Rudeis-Sidri Field
The impact of basaltic intrusions on thermal maturity is demonstrated by comparing the transformation ratio and expelled oil in the ARS-6 well without basaltic intrusions and the ARM-4 well with basaltic intrusions (Figure 15). However, the PRSR Nubia has equal transformation ratios in both wells and exhibits different amounts of expelled oil. In the ARS-6 well, the Nubia source rock expels 4 kg/m3 of oil, whereas in the ARM-4 well, it reaches 5.5 kg/m3. Similarly, in the ARS-6 well, PRSRs Raha Wata and Duwi expel 3.8, 3.4, and 2.25 kg/m3 of oil, respectively, whereas in the ARM-4 well, they expel 5, 4.8, and 18 kg/m3, respectively. The Esna source rock expels 1.75 and 3.15 kg/m3 of oil in the ARS-6 and ARM-4 wells, respectively. The amount of expelled oil from PRSRs in the ARM-4 well increases twofold compared to that from the same source rocks in the well ARS-6 due to the high thermal maturity experienced by basaltic intrusions.
[image: Figure 15]FIGURE 15 | Histogram showing the expelled oil from the pre-rift source rocks for wells ARS-6 and ARM-4 in Abu Rudeis field.
The Matulla and Nukhul dykes, which serve as surface analogs for the basaltic intrusion reservoir, are highly fractured and have well-connected networks, resulting in high levels of porosity and permeability. In 2014, exploring these basaltic intrusions as oil producer reservoirs in the Abu Rudeis-Sidri field led to a doubling of oil production (Abd El-Gawad et al., 2021; 2022). The basaltic intrusion reservoir collects an equivalent amount of oil to all the pre-rift reservoirs in the Nubia, Matulla, and Nukhul formations. This is supported by production data showing a doubling of production rates after tapping into the basaltic intrusion reservoir. The distribution pattern of the basaltic intrusion dykes greatly influences the collection of oils from the pre-rift petroleum system. These dykes vertically penetrate all the PRSRs, allowing expelled oil to flow directly from these mature source rocks into the highly fractured basaltic intrusion reservoirs.
The intrusion of igneous sills and dykes into prospective sedimentary basins can have significant impacts on petroleum systems (Holford et al., 2013). Several factors influence the pre-rift petroleum system in the Abu Rudeis-Sidri field, including how basaltic intrusions enhance the thermal maturity of PRSRs, oil generation, transformation ratio, and amount of expelled oil. The high-quality basaltic intrusion reservoir is attributed to interconnected fractures of various types developed throughout the tectonic history of the Gulf of Suez rift basin. Additionally, shale deposits from the Rudeis Formation with high thickness act as seals for pre-rift reservoirs, preserving migrated oil within these reservoirs.
6 CONCLUSION
This study investigated the effects of basaltic intrusions on source rock maturity and hydrocarbon potential in the Abu Rudeis-Sidri oil field, Gulf of Suez, Egypt. Field studies of two basaltic dykes showed they have high fracture density, intensity, connectivity, and permeability. Thin sections revealed primary pores and interconnected fractures, indicating good reservoir quality. Subsurface studies compared two wells - one with basaltic intrusions (ARM-4) and one without (ARS-6). The intrusions in ARM-4 led to higher temperatures and maturity at shallower depths versus ARS-6. ARM-4 source rocks reached all maturity stages and generation phases, had a higher transformation ratio, and expelled more oil. Basaltic intrusions, as dykes with branching sills, significantly impacted source rock thermal maturity. They increased oil expulsion into the highly fractured basaltic reservoirs. Production from these unconventional reservoirs was equivalent to all conventional reservoirs. This study demonstrates basaltic intrusions’ effects on petroleum systems and their potential as unconventional reservoirs. The fracture patterns identified in outcrops can help locate similar unexplored reservoirs in the Gulf of Suez.
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