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Widespread deployment of carbon capture and storage (CCS) technology depends on the ability to safely and effectively store carbon dioxide (CO2) in deep geological formations. However, overlying sedimentary sequences obscure the structural and stratigraphic framework, affecting volumetric capacity assessment in the northern Gulf of America (GOA). In the East Cameron Block, located 40 km offshore Louisiana, we assess the key factors controlling CO2 storage viability by unraveling the morphology of reservoir formations and regional sealing units using 3D seismic data, well-log analysis, structural modeling, and volumetric analysis, to develop structural models and trapping mechanisms that will enhance CO2 sequestration in the Miocene to Pliocene reservoirs of the GOA. Our results reveal the northern GOA continental shelf reservoirs to be predominantly characterized by growth fault bounded faulted rollover anticlines and a massive salt-cored northeast-southwest trending anticline associated with crystal collapse faults that segment the reservoirs in the north. Strata in the northern GOA shelf are interpreted to have been deformed by extension in the coastal region of the contractional salt-related folds and secondarily by salt diapirs and inflation of the anticline by the flow of the ductile and overpressured marine salts. In general, thick columns of clay stones and shales overlie the Miocene to Pliocene sandstone reservoirs, serving as widespread regional seals for the reservoirs. Analysis of the structural maps of the interpreted target reservoirs revealed over 20 structural closures that are favorable storage complexes for commercial CO2 sequestration, with a total storage capacity of ∼70 million metric tons of supercritical CO2. These integrated analyses demonstrate that the characterization of structural geometry, stratigraphic framework, and volumetric potential of Gulf Coast storage complexes play a critical role in determining the long-term viability of CCS in the region.
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1 INTRODUCTION
As anthropogenic climate change and global warming continue to be a pressing concern for humanity, management, and reduction of increasing atmospheric greenhouse gas levels, have become a growing issue that needs to be addressed. A potential solution to reducing carbon dioxide levels in the atmosphere is carbon capture and storage (CCS), which is the process of capturing CO2 and injecting it into deep geologic reservoirs to prevent its atmospheric greenhouse effect (Koehn et al., 2023). Viable reservoirs include fractured mafic rocks (Al Maqbali et al., 2023), saline aquifers (Koehn et al., 2023), and depleted hydrocarbon reservoirs (Meng et al., 2018; Koehn et al., 2023; Indina et al., 2024). Geologic formations can act as storage sites for captured CO2, containing it in structural and stratigraphic traps (Meng et al., 2018; Koehn et al., 2023; Indina et al., 2024). Due to their proven storage integrity and subsurface conditions, depleted hydrocarbon reservoirs are considered one of the most promising geologic candidates for CCS storage projects (Meng et al., 2018; Raza, 2018). These reservoirs have known porosity, permeability, pressure, seal-ability, and volumetric capacities, and previously installed surface equipment in the area can be repurposed for CO2 injection (Meng et al., 2018; Raza, 2018).
The northern offshore region of the GOA, offshore Louisiana (Figure 1A), is a prime location for future CCS endeavors for many reasons. The GOA region has been a key player in national energy development and policy since the early 1900s, and two potential CO2 injection tests have already been performed in the region (Meckel et al., 2021). The conditions that created the longstanding history of oil and gas production in the region are the same ones that make it advantageous for CCS. Many porous sedimentary units are overlain by extensive impermeable shale formations acting as seals (Koehn et al., 2023). Storage potential in the US GOA Federal waters ranges from 490–6,454 billion metric tons of CO2, with even the lowest estimates forecasting enough storage capacity to hold the volume of 100 years of annual CO2 emissions from the entire United States (Koehn et al., 2023). Additionally, the East Cameron Block’s location in the GOA is extremely advantageous, as Texas, Louisiana, and Florida rank first, second, and third, respectively, in CO2 emissions by state, reducing the potential cost of transport and increasing economic viability (Koehn et al., 2023). Moreover, Louisiana law set by the Louisiana Geologic Sequestration of Carbon Dioxide Act of 2009 covers storage of CO2, permitting storage facilities and injection of CO2 into oil/gas/mineral strata if deemed safe, eminent domain for the use of CCS, well use, and establishment of a CO2 Geologic Storage Trust Fund for long term monitoring (Meckel et al., 2021). Furthermore, offshore oil and gas development facilities have several advantages for CCS projects. Offshore locations help bypass the ownership liabilities and complications often associated with many onshore sites (Meckel et al., 2023). Previous oil and gas exploration projects have provided scientists with a strong geologic understanding of the offshore region, and the offshore region has no fresh-water aquifers in the subsurface, eliminating concerns of drinking water contamination (Meckel et al., 2023).
[image: Figure 1]FIGURE 1 | (A) Structural domains of the northern GOA modified from Galloway (2009); (B) North-south running cross-sections of the Northern GOA continental margin, modified from Galloway (2009); (C) Principal depositional facies associations, modified from Galloway (2009); (D) Generalized stratigraphic column of the northeastern GOA modified from Mattson et al. (2020); (E) Interpreted Inline 4,755, displaying a cross-sectional view of the region’s 3D stratigraphy and structural morphology. Note VE denotes vertical exaggeration.
Although viable reservoirs and aquifers for CO2 storage in sedimentary basins such as the GOA play a crucial role in advancing CCS technology and mitigating greenhouse gas emissions, the characterization of these subsurface reservoirs remains a significant challenge. Additionally, key uncertainties remain regarding the long-term behavior of injected CO2, including potential leakage pathways, geomechanical responses, and reservoir-caprock interactions (Chiaramonte et al., 2008; Rutqvist, 2012; Vidal-Gilbert et al., 2009; Birkholzer et al., 2012). The use of 3D seismic and well-log data can be used to understand in detail the structural and stratigraphic framework, trapping mechanism, reservoir quality, and sealing integrity of potential subsurface CO2 storage complexes (Hovorka et al., 2006; Hovorka et al., 2011; Hosseini et al., 2013; Meckel and Treviño, 2017). Historically, large-scale CCS projects have demonstrated the feasibility of CO2 injection and storage, with well-documented case studies such as Sleipner in Norway, In Salah in Algeria, and the Illinois Basin–Decatur Project in the United States (Chadwick et al., 2005; Rinaldi and Rutqvist, 2013; Bauer et al., 2016; Ringrose et al., 2021). Notably, these case studies highlighted the importance of detailed structural characterization using 3D seismic, as unexpected surface uplift and induced stress changes were observed during injection, resulting in seismic slip on pre-existing faults (Mathieson et al., 2011; Rinaldi and Rutqvist, 2013). In addition, several studies have evaluated the key factors influencing CO2 storage integrity, emphasizing the roles of fault reactivation due to pore pressure increase (Rinaldi and Rutqvist, 2013) and caprock sealing efficiency (Chadwick et al., 2005; Birkholzer et al., 2012). On the other hand, certain geological formations have historically been considered less favorable for CO2 storage due to complex reservoir structural heterogeneity and poor sealing capacity (Hovorka et al., 2006). According to Vidal-Gilbert et al. (2009), the complexity of fault systems and their associated in-situ stress conditions, as well as reservoir heterogeneity, can significantly influence CO2 migration and long-term containment due to associated induced seismicity, and these factors can be assessed and better constrained using geophysical monitoring techniques such as high-resolution 3D/4D reflection seismic-based subsurface characterization, given that faults typically act as migration pathways and induced seismic events are mainly associated with slip on preexisting faults. These factors can be better constrained by applying high-resolution reflection seismic structural architecture and stratigraphic framework characterization.
So far, CCS studies in the GOA have mainly focused on fluid flow simulations of modeled CO2 injection in various synthetic reservoir models, with limited comprehensive characterization of reservoir-scale geological heterogeneity and CO2 plume migration pathways using high-resolution reflection seismic and well-log data. As a result, there is considerable uncertainty regarding the impact of structural and stratigraphic complexities on CO2 storage efficiency, leakage risk, and induced seismicity potential. Addressing these uncertainties is critical for improving the reliability of CCS projects and holds significant potential benefits for advancing carbon sequestration technologies. This study aims to comprehensively characterize reservoir-scale structural heterogeneity, trapping mechanisms, and CO2 plume migration pathways, as well as investigate the storage potential for future CCS projects in the East Cameron Block of the northern GOA region through detailed subsurface mapping and volumetric analysis of suitable reservoirs for carbon dioxide sequestration using 3D reflection seismic and well data, in order to address the rising atmospheric CO2 levels stemming from simultaneous increase in energy consumption mainly supplied from fossil fuels. Our study bridges these gaps by providing a reliable characterization of fault architecture, reservoir framework, and sealing efficiency, which are critical for long-term CO2 storage security. We chose the East Cameron block due to access to 3D seismic data provided by the BOEM. Compared to earlier evaluations, this study offers better restrictions on fault geometry and storage capability through a thorough seismic-based reservoir characterization. Additionally, the consensus is that offshore storage is a more viable option because of its advantages, including significant storage space potential and a lower likelihood of legal challenges (Hills and Pashin, 2010; Roberts-Ashby et al., 2015).
2 GEOLOGIC SETTING
2.1 Gulf of America basin evolution and history
The Gulf of America (GOA) basin is an ocean basin located between the Yucatan block and the North American plate (Galloway, 2009). The formation of the GOA Basin region originated in the Late Triassic period when the North American plate rifted and initiated the breakup of the supercontinent Pangea, resulting in the separation of the North American plate from the South American and African plates and continued through the Early and Middle Jurassic Dice, 2017). The resulting seafloor spreading and crustal extension throughout the Mesozoic are the primary geologic events creating the structure of the basin (Sawyer et al., 1991; Buffler and Thomas, 1994; Harry and Londono, 2004; Jacques and Clegg, 2002; Galloway, 2009).
Mesozoic evolution of the northern GOA was fundamentally dominated by subsidence that was both systematic and thermally driven, as well as global sea level changes (Watts, 1982; Galloway, 2009; Alves et al., 2020). Early Jurassic Transgressions resulted in the deposition of sedimentary units in a coastal plane to the shoreface environment (Hudec et al., 2013; Roelofse et al., 2020). The middle Jurassic period was marked by the deposition of the Louann Salts from the evaporation of marine incursions entering from the west (Ewing, 1991; Dice, 2017); see Figures 1A–C. During the Late Jurassic and Early Cretaceous periods, periods of crustal cooling and continued subsidence both expanded and deepened the GOA (Dice, 2017). However, seafloor spreading resulted in the southward rifting of the Yucatan block (away from the North American plate), initiating the formation of oceanic crust in the central basin and separating the Middle Jurassic Louann Salt deposits (Ewing, 1991; Galloway, 2009 Dice, 2017). Post-rifting thermal subsidence and connection with the Atlantic Ocean caused an expansion of the basin (Hood et al., 2002; Roelofse et al., 2020). By the end of the Cretaceous period, seafloor spreading was over and a passive margin structure was established (Roelofse et al., 2020).
The primary geologic structure and configuration of the basin was completed by the end of the Late Cretaceous, however it was during the Cenozoic period that the primary sediment deposition and salt movement occurred (Galloway, 2009). The Laramide orogeny during the Paleogene resulted in large quantities of clastic sediments being deposited into the basin beginning in the Paleocene through the Middle Eocene (Galloway, 2009; Dice, 2017). Crustal heating and volcanism and resulting erosional uplift during the Late Eocene and Early Oligocene also fueled Oligocene and Miocene depositional sequences (Galloway, 2009). Pliocene through Holocene sedimentation is attributed to the Pliocene uplift of the western High Plains (Galloway, 2009).
2.2 Gulf of America structural composition and styles
The primary structural features present in the GOA basin area are salt basins and diapirs resulting from the Late Triassic rifting (Sassen et al., 1994). The aforementioned rifting also resulted in a series of grabens and half-grabens (Salvador, 1987; Roelofse et al., 2020). After the Laramide Orogeny deposited clastic sediments over the Louann Salts through the Cenozoic era, differential pressure gradients resulted in salt flow, causing the formation of salt diapers, pillows, domes, and ridges (Galloway, 2009; Dice, 2017). Additionally, structural traps were created due to the pressure of these salt structures (Nehring, 1991). Subsequently, stress regimes within prograding continental margins resulted in growth faults along shelf margins and compressional anticlines and reverse faults along the slope base of the basin (Dice, 2017). These salt features and structural traps acted as traps for hydrocarbons due to the juxtaposition of reservoir rocks against salt diapirs and impermeable shale rocks that act as seals (Ewing, 1991; Nehring, 1991). This prevents fluid migration across faults or salt diapirs, resulting in a productive hydrocarbon-rich basin (Dice, 2017).
2.3 Gulf of America stratigraphy
The generalized stratigraphy of the GOA basin is summarized in Figure 1D. The Eagle Mills Formation comprises continental red beds and volcanic rocks that infilled the previously mentioned Triassic grabens and half grabens (Salvador, 1987; Roelofse et al., 2020). The Louann Salt deposit is the primary feature of the Jurassic period, while the formation of carbonate platforms marks the Cretaceous due to the largely carbonate depositional system due to the development of massive-margin structure (Roelofse et al., 2020). Terrigenous sediments prograde over carbonates from volcanic activity that continued through the Late Cretaceous (Galloway, 2009). During the Paleogene, the deposition of clastic sediments, including sandstone, marine claystone, and continental deposits, from the Laramide orogeny resulted in the deformation and mobilization of salt, resulting in diapirs and other salt intrusions and basinward progression of major fault systems (Galloway, 2009; Roelofse et al., 2020). In the Neogene, inversion, further listric down to basin growth faults are visible in the deposited sandstone, and overall local thickening and thinning of sediments occurred due to salt diapirism (Galloway, 2009; Hudec et al., 2013). In the Pleistocene and Pliocene periods, primarily deltaic sediments and fine-grained clastic were deposited (Galloway, 2009).
2.4 East Cameron Block
In terms of tectonic setting, general sedimentation patterns within the East Cameron area have primarily been influenced by growth faulting and salt deformation (Wagner et al., 1994). The specific study area is within latitude 25° 40′ 52.0932″ N and Longitude 89° 53′24.4932″W. Figure 1 details the region’s location in the larger GOA basin and its stratigraphic and structural features. As summarized in Figure 1, salt diapirism and overpressured mudstones dominate the East Cameron block. They are associated with growth faults, salt bodies fracturing and welds, and pathways that extend from source rocks through overlying Cenozoic sediments and reservoirs. Primary plays are Pliocene and Miocene in age, and traps include faults, anticlines, salt diapirs, and stratigraphic and combination traps. Overall, these structural styles, in combination with the high-frequency nature of the depositional systems at work and deformed shelf margin and slope sediments, make correlation and interpretation of existing structures very difficult (Wagner, 1994).
3 DATA AVAILABILITY AND METHODOLOGY
3.1 Available data
The interpreted database includes an area of full angle post stack time migrated (PTSM) three dimensional (3D) seismic volume selected within a large survey in the northern portion of the East Cameron Block GOA. The survey was acquired from the Bureau of Ocean Energy Management (BOEM), covering 3,902.6 Acres. The vertical sampling rate is 4s two-way-time (0–8 s), and bin spacing is 12.5 m by 20 m, which is considered high resolution 3D seismic volume, since variation in structural and stratigraphic features within such bin spacing is typically negligible. Included inline range is 2,800–10,275, and crossline range is 58,000–78,300. Additionally, a suite of wireline well logs obtained from BOEM was utilized, with the dataset including 13 rasters, 2 digital logs, and 5 checkshots later utilized for velocity modeling. Available well-log data included SP, gamma, resistivity, and biostratigraphic data; however, neutron, density, and sonic data were lacking.
3.2 Seismic interpretation
Seismic horizons corresponding to reservoirs were mapped using the Petrel standard geophysical software by applying integrative iterative attribute-assisted 3D seismic interpretation and subsurface mapping techniques. Fault identification and analysis were performed on every inline throughout the seismic volume incorporating Petrel’s variance-based semblance volume attribute to identify existing geologic structures and adequately unravel structural complexities. This attribute helps differentiate true fault terminations from seismic noise, strengthening our interpretation of fault networks within the CO2 storage complex. The high-resolution nature of the 3D seismic volume aided this integrated fault interpretation technique since low-resolution 3D seismic will result in pixelated attribute sections. The depleted oil reservoirs suitable for CO2 sequestration were identified by manually interpreting low gamma ray and high resistivity readings based on the well-log data. The identified reservoirs were then tied to specific seismic reflection characters/horizons using the time-depth relationship curves (checkshots) provided. Reservoir mapping was manually performed every five inlines and crosslines to ensure detailed and accurate structural characterization using Petrel. Horizon mapping started at well locations where target reservoir tops have been tied to specific seismic horizons (conventionally known as a well-to-seismic tie) and progressed until the horizon or reservoir surface was completely interpreted/mapped.
3.3 Velocity modeling and depth conversion
We proceeded to velocity modeling and depth conversion following the complete horizon mapping. Here, we calibrate available check shot data with the well tops manually identified from the available gamma and resistivity information. Subsequently, we utilized the calibrated checkshots to generate a linear velocity function that is then applied to model velocity across the mapped reservoir by incorporating the raw tow-way-time information contained in the time structure map. Finally, we incorporate the time structure map and generated velocity model in a standard mathematical relationship, such that:
[image: image]
where v is velocity and t is one-way time. The depth-converted maps are presented in the results section below. We acknowledge the limitation of using five checkshot wells for velocity modeling. However, the time structure maps for the reservoirs and regional surfaces interpreted show that structures identified in depth are consistent with the structures in time, validating the quality of the velocity model applied to depth convert the time maps.
3.4 Estimation of CO2 storage capacity
To estimate the number of tons of CO2 that could be associated with the depleted oil reservoirs interpreted, we carried out a comprehensive petrophysical and volumetric analysis of the identified and mapped depleted oil reservoirs and then utilized the oil volumes calculated to determine the equivalent CO2 storage capacity. Petrophysical parameters and volumetrics of the Miocene reservoirs mapped were computed by applying standard formulas described below to available well-log data. Well logs were utilized for petrophysical parameter estimates due to the lack of availability of core samples. However, it is important to know that the log-derived values are consistent with petrophysical properties typical of similar and nearby reservoirs in the GOA (Agartan et al., 2018).
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where: Φ is porosity, ρma is matrix density (2.65 for sandstone), ρf is fluid density (0.925 i.e., Average for oil), and ρb = average/bulk density.
We calculate water saturation using a simplified version of Archie’s equation, commonly used in reservoir engineering and well log interpretation,
[image: image]
Where Sw is the fraction of pore space occupied by water in reservoir rock, expressed as a decimal or percentage known as water saturation, F is a dimensionless factor that describes how resistivity changes with porosity known as the formation factor, Rw is the resistivity (Ω·m) of formation water at reservoir conditions, which is influenced by salinity and temperature known as formation water resistivity, and Rt is the resistivity (Ω·m) of the formation as measured by well logs, which includes the effects of hydrocarbons and water known as True Resistivity of the Formation. This equation assumes Archie’s Law applies and that the formation does not contain conductive minerals like clays, which would require modifications such as the Waxman-Smits or dual-water models. After determining the petrophysical parameters needed to estimate storage capacity, we proceeded to determine the Original Oil in Place (OOIP) of viable structural closures on the reservoirs mapped.
In the case of depleted oil reservoirs, the equation below is used to calculate the OOIP. Such that:
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Where: 7,758 is a conversion factor to adjust the volume to barrels, based on standard oilfield units, A is the area of the reservoir in acres, h is the net pay thickness of the reservoir in feet. This refers to the productive thickness that contributes to oil. Φ (phi) is porosity, a measure of the void spaces in the rock, expressed as a fraction or percentage. It indicates the portion of the reservoir rock that can store fluids; Sw is water saturation, which represents the fraction of the pore space occupied by water; the term (1−Sw) gives the fraction of the pore space filled with oil, Boi is the formation volume factor for oil, estimated from documented range for depleted hydrocarbon reservoirs in GOA (Agartan et al., 2018). It represents the volume of oil in the underground reservoir compared to the volume at the surface, and GCF is the gas cap factor, which is used if the reservoir has a gas cap that needs to be accounted for in the OOIP estimation. In the case of NT1 and NT2 reservoirs, there is no gas cap; therefore, GCF was taken to be 1, similar to reservoirs without gas caps, as documented in Agartan et al. (2018). This equation combines these parameters to estimate the amount of OOIP in the reservoir.
Subsequently, we apply the calculated OOIP to estimate the quantity of captured CO2 that can be stored in the structural closures characterized for the Miocene reservoirs identified and mapped through a step-by-step method described below. To determine how many tons of CO2 a structural geologic closure with a storage capacity designated by SC in millions of barrels of oil can hold, apply the following steps:
1. Convert Reservoir Capacity (OOIP) to Volume in Cubic Meters (VCM) such that 1 barrel (bbl) = 0.158987 m3. This implies that the VCM of 
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.
2. Apply CO2 Storage Efficiency Factor (SEF). The CO2 storage efficiency depends on the reservoir type (depleted oil/gas reservoirs or deep saline aquifers), porosity and permeability, and trapping mechanism (structural, mineralization, or stratigraphic). Typically, SEF ranges widely from 1% to 80% for depleted oil reservoirs in the GOA (Agartan et al., 2018). Given lack of access to the production data for the block, we apply an SEF of 4% characteristic of oil-bearing reservoirs in the GOA as documented by Agartan et al. (2018) for the structural closures identified for the mapped depleted oil reservoirs, which is reasonable for the study area, such that: 
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.
3. Convert CO2 volume to Mass. In typical geological storage scenarios, CO2 is injected at depths greater than 800 m to maintain supercritical conditions. At these depths, the temperature and pressure conditions generally result in CO2 densities ranging from approximately 600–800 kg per cubic meter (kg/m3) (Greene et al., 2008; Aydin et al., 2010). This is associated with the geothermal gradient in the GOA, which typically ranges from 25°C to 30°C per kilometer of depth (Aydin et al., 2010). Applying this gradient, northern GOA reservoirs at depths of 4,100 m to 5,100 m would have temperatures approximately between 102.5°C and 153°C, which agrees with the temperature results gotten for reservoirs in the region by Dessenberger et al. (2007). Therefore, in this final step we reliably assume that the supercritical CO2 to be injected into these depleted oil reservoirs will be at a density of ∼700 kg/m3. This implies that the capacity for CO2 storage measured in tons can be calculated for each structural closure identified, such that: 
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4 RESULTS
4.1 3D seismic interpretation
Detailed examination and interpretation of fault geometries and orientations were carried out using Petrel software, and we found a complex network of antithetic and synthetic normal faults throughout the region. The interpreted crossline 75,000 (see Figure 2) and the interpreted inline 7,400 (see Figure 3) are presented below. These figures show an increased intensity of faulting and significant salt deformation at deeper stratigraphic levels. Additionally, we document the density of faults at various depths throughout the northern East Cameron block in the GOA. Mapping of target reservoirs identified from interpretation of well logs revealed that the northern GOA continental shelf reservoirs are primarily distinguished by growth fault bounded faulted roll-over anticlines with fault throws ranging from 30 m to 131 m, and a large salt-cored anticline trending northeast to southwest that was associated with several crestal collapse faults that segmented the reservoirs with no evidence of reservoir communication between segmented fault blocks (Figures 2, 3). The lack of reservoir communication is attributed to juxtaposition of reservoir rocks on impermeable shale formations due to adequate throw along faults. In sedimentary basins, fault throw often correlates with fault length, such that typically, longer faults exhibit larger throws (Schultz et al., 2006). A common ratio observed is between 1:10 and 1:30, meaning a fault 10 km long might have a throw between approximately 333 m and 1 km (Schultz et al., 2006). Previous studies in the GOA have documented faults with varying throws affecting reservoir sequences. For instance, Fachri et al. (2016) noted a major fault with a maximum throw of 478 m, while ancillary faults exhibited throws between 35 and 80 m, which agrees with the fault throw qualitatively observed in this study. Fault throws of 30–131 m observed here indicate potential sealing capacity, reducing CO2 migration risks. However, we recommend that future work incorporate geomechanical modeling to evaluate fault stability under CO2 injection pressures. We also note that the strata in the northern GOA region reveal large amounts of deformation due to salt diapirs. There is also evidence of inflation of the anticline resulting from the pressure on the marine salts. The Miocene sandstone reservoirs were covered by thick columns of shale and claystone, which act as regional seals, as well as several diapiric salt seals present due to the large salt body intrusions.
[image: Figure 2]FIGURE 2 | High-resolution cross section showing interpretation of Crossline 75,000 in Petrel, exhibiting synthetic and antithetic normal faults. Note VE denotes vertical exaggeration.
[image: Figure 3]FIGURE 3 | High-resolution cross section showing interpretation of Inline 7,400 in Petrel, exhibiting synthetic and antithetic normal faults. Note VE denotes vertical exaggeration.
4.2 Regional structural characterization
Two regional structure maps were produced in the East Cameron block using Petrel software (Figures 4, 5). The data was converted from a time scale to a depth scale using the provided checkshot time-depth relationship for five drilled wells, allowing for the creation of a detailed subsurface depth map and detailing the significant structural complexity within the study area. It is imperative to interpret the regional surface level prior to reservoir mapping when attempting to identify potential CO2 reservoirs for sequestration because the regional surfaces act as seals that trap the hydrocarbons in the field and must be identified. On the Upper Lower Miocene Level (Figure 4), the region was dominated by large, central salt deposits and ridges. As depth increased on the Lower Miocene Level (Figure 5), we found reduced faulting on the structural level, but increased salt intrusion and deformation of strata.
[image: Figure 4]FIGURE 4 | Regional structure maps of the Upper Lower Miocene level. (A) Time structure map. (B) Depth structure map.
[image: Figure 5]FIGURE 5 | Regional structure maps of the Lower Miocene Level. (A) Time structure map. (B) Depth structure map.
Through a combination of 3D seismic data analysis techniques involving horizon mapping and structural interpretation of the different fault geometries and their subsequent orientations, we gained a more comprehensive and thorough understanding of the region’s 3D seismic structural architecture and its implications for CO2 sequestration and reservoir management. However, while structural closures provide potential CO2 traps, fault reactivation poses a risk to long-term storage integrity. Therefore, we recommend induced seismicity monitoring using downhole seismic sensors to analyze stress changes and estimate pore pressure increases throughout the CO2 sequestration operation life span.
4.3 Reservoir characterization
Two main reservoirs were characterized in the northern GOA region, based on data provided from well-log analysis and the petrophysical results obtained (Figure 6). The reservoirs were labeled NT2 (Figure 7) and NT1 (Figure 8). The time map was converted to a depth map using the checkshots to develop a reservoir velocity model. The resultant depth maps show that the structures in time are preserved in the depth domain, confirming the validity of the velocity model used (Figures 7, 8). Analysis of the interpreted target reservoir structural maps revealed over 20 structural closures that are favorable storage complexes for commercial CO2 sequestration (Figure 9), including an assessed best storage complex capable of storing 9.4 million metric tons of supercritical CO2 at 4% SEF (Figure 9D).
[image: Figure 6]FIGURE 6 | Well-log interpretation and petrophysical results of the target reservoirs. (A) Wireline log interpretation for Well EC-5370 showing gamma ray and resistivity values; (B) Petrophysical properties for NT1 and NT2 reservoirs; and (C) Base map of the study area showing the location of well EC-5370.
[image: Figure 7]FIGURE 7 | Structure maps of NT2 reservoir top. (A) Time structure map. (B) Depth structure map.
[image: Figure 8]FIGURE 8 | Structure maps of NT1 reservoir top. (A) Time structure map. (B) Depth structure map.
[image: Figure 9]FIGURE 9 | OOIP and equivalent CO2 storage capacity estimation for the target reservoirs. (A) OOIP estimates for NT2 reservoir; (B) Equivalent CO2 storage capacity for NT2 reservoir; (C) OOIP estimates for NT1 reservoir; and (D) Equivalent CO2 storage capacity for NT2 reservoir. Note that all CO2 storage capacity estimates are based on 4% SEF, as determined earlier, while the upper-case alphabets below the histograms represent the structural closures identified for NT2 and NT1 reservoirs in Figures 7, 8, respectively.
Mapped structures of the NT2 reservoir (Figure 7) showed a predominance of faulted anticlines and associated synclines bound to the south by salt diapirs and ridges. The different closure types present in the system were 3-way fault-bounded closures, 2-way fault-bounded closures, and 1-way faulted-bounded closures down dip. After analysis, we found 7 prospect closures. Reservoir characterization of NT1 (Figure 8) revealed similar structural characteristics. These also included faulted anticlines, associated synclines, which were bound to the south by salt diapirs and ridges, and closure types of 3-way fault-bounded closures, 2-way fault-bounded closures, and 1-way fault-bounded closures down dip. Prospects identified for CO2 storage are 15 in total.
5 DISCUSSION
Our interpretation of the region is mainly consistent with previous research regarding the structural style, stratigraphic framework, hydrocarbon occurrence, and viability of identified depleted hydrocarbon reservoirs for CO2 storage. We found that the area has a high potential for CO2 storage, as it has layers of depleted hydrocarbon-bearing sandstone reservoirs of good porosity and permeability, which are paired with confining impermeable shales that act as structural traps and seals (DeAngelo et al., 2019). The East Cameron block in the Northern GOA is dominated by several hydrocarbon source rocks, which produce an abundance of hydrocarbons due to sufficient timely burial of the source rocks as a result of the complicated salt tectonics in the region (Ewing and Galloway, 2019). Furthermore, our findings of thick marine salt diapirs are in agreement with the morphology of salt diapirs identified in a previous study in the Northern GOA (Locker and Albert, 2019). Our analysis found that the region was dominated by synthetic and antithetic normal faults, and faulted rollover anticlines cored by salt, which was also consistent with the recent study by Snedden et al. (2020). The faults in the region act as traps, allowing for hydrocarbon production (Locker and Albert, 2019), which will further allow for future CO2 storage, as the sealing shales that keep hydrocarbon in can also prevent CO2 from leaking out and migrating to the sea floor, allowing it to be successfully sequestered (Dai et al., 2017). This is a reasonable qualitative characterization given that an unsealed structural closure will lack hydrocarbon accumulation. However, the well-log data displayed in Figure 6 shows high resistivity values for the NT1 and NT2 reservoirs, which clearly demonstrates hydrocarbon accumulation in these reservoirs, thereby confirming their sealability. Previous studies also show that shale rocks in the region act as top seals and trap-sealing elements for underlying hydrocarbon bearing reservoirs (Agartan et al., 2018; Snedden et al., 2020). Studies regarding the sealing abilities of this region have revealed that the Mass-Transport Complexes (MTCs) of the region and thick shale columns present in the northern GOA act as strong seals and permeability barriers for the hydrocarbons accumulating underneath (Wu et al., 2021). These shale columns are interpreted to provide similar seal ability for the reservoirs in the case of CO2 injection for storage. Research regarding the potential of depleted oil and gas fields present in the GOA has shown high potential for CO2 storage, including the possibility of storing 21.57 billion tons of CO2 in all active and depleted fields identified so far in the region (Agartan et al., 2018).
Based on the seismic interpretation, regional structural characterization, and reservoir characterization results presented in this study, we develop a conceptual 2D structural model (Figure 10), which comprehensively illustrates the structural framework, stratigraphic architecture, and trapping mechanisms of identified depleted oil reservoir prospects within the Northern East Cameron block in the Northern GOA. The 2D model shows the presence of synthetic and antithetic fault-bounded traps, acting as potential storage mechanisms for future CO2 sequestration. Our best CO2 storage opportunity was found in NT1 (Figure 11A), a depleted oil reservoir supported by a high resistivity value (Figure 11B), and reservoir marker expression in both seismic cross-sections displayed in Figures 11C, D. The structure is a 1-way fault-bounded closure in the central part, a 2-way fault-bounded closure in the northeast part, and a 3-way fault-bounded closure cumulatively. Based on the reservoir’s ability to seal and store large amounts of hydrocarbon due to the thick columns of sealing shales, sealability for CO2 storage potential is inferred to be high since these are depleted oil reservoirs. This is a reasonable inference because the accumulation of oil in these reservoirs, which is now depleted, confirms the sealability of the bounding faults. Due to the significant number of closures, the reservoirs mapped can house large amounts of CO2. Since the region is so close to the anthropogenic sources of CO2, it is a prime candidate for future storage projects. Volumetric analysis of the CO2 storage capacity shows that 9.4 million metric tons of supercritical CO2 could be stored in our best investment (i.e., closure with largest CO2 storage potential) structural closure, revealing huge opportunities for CO2 storage within the Northern East Cameron Block. Cumulatively, the closures identified have the capacity to store ∼70 million metric tons of supercritical CO2 at 4% SEF. This represents more than 100% of the total amount of supercritical CO2 captured and sequestered in subsurface geologic reservoirs within the United States since the geologic sequestration of CO2 began in 2016, according to EPA data. This storage potential and capacity exhibited by these Miocene reservoirs in the Northern GOA would mean significant positive progress from the perspective of reducing atmospheric greenhouse gasses, resulting in a future decrease in global warming. Reducing CO2 emissions into the atmosphere by capturing and sequestering CO2 in geologic reservoirs interpreted in this study will help reduce the greenhouse effect on our planet. This would be very beneficial in the fight to slow anthropogenic climate change and a huge step in the right direction regarding a greener and more sustainable future. While these findings highlight promising storage potential; future studies should incorporate dynamic reservoir simulation to refine risk assessments. Additionally, the effectiveness of the natural seals in the region must be carefully and continuously re-assessed to ensure long-term storage integrity, which will, in turn, aid in clearing the path for limited regulations for future CO2 sequestration projects in the collective effort by international and national, state and local governments to curtail global warming.
[image: Figure 10]FIGURE 10 | 2D structural model of the East Cameron block in the northern GOA developed from seismic and geologic observations. Note the model is not drawn to scale.
[image: Figure 11]FIGURE 11 | (A) Detailed depth structure map of NT1 reservoir top, with Prospect A showing large capacities for CO2 sequestration; (B) Resistivity log showing large hydrocarbon presence in Prospect A, indicating a capacity for CO2 sequestration; (C, D) High-resolution seismic cross-section showing the location of Prospect A and associated seismic structure. Note VE denotes vertical exaggeration.
6 CONCLUSION
This study utilized integrated iterative seismic interpretation, subsurface mapping techniques, and volumetric storage analysis to locate and analyze Miocene age reservoirs within the northern East Cameron Block, Gulf of America, in order to evaluate the region’s potential for CO2 storage as a means to mitigate anthropogenic climate change. Comprehensive mapping and analysis of these reservoirs have revealed complex strati-structural architecture and fault-sealed subsurface reservoirs within the selected Miocene layers, with the field showing significant capacity for CO2 storage. The main conclusions of this work are listed below.
• The information gathered from 3D seismic interpretation carried out in this study showed that strata of the Miocene age reservoirs in the northern GOA shelf are deformed by contractional salt-related folds with associated parasitic synthetic and antithetic normal faults resulting from crestal extension with the density of faulting increasing with depth throughout the studied block. We also document the presence of extensive salt tectonics exemplified by salt diapirs and inflated anticlines by the flow of the ductile and over-pressurized marine salts.
• The Northern GOA has high potential as a CO2 storage region, and several faulted subsurface reservoirs within the Northern East Cameron block were studied. The largest CO2 storage prospect was found in the NT1 reservoir, which had 9.4 million metric tons of supercritical CO2.
• We find 22 structural closures that are conducive storage complexes for commercial CO2 sequestration with a storage capacity of ∼70 million metric tons of supercritical CO2 assessed at 4% SEF. Within the two main reservoirs studied (NT1 and NT2), the different closure types present in the system were 3-way fault bounded closures, 2-way fault bounded closures, and 1-way faulted bounded closures down dip in both. They have trap styles of predominantly structural framework.
These results highlight the potential of this region as a viable location for future large-scale CO2 sequestration endeavors. The enormous available volumetric capacity of these reservoirs, in combination with regional seals and sealing faults, and proximity to major CO2 emission sources and existing oil/gas production and transportation infrastructure, makes the Northern GOA an ideal candidate for future CCS projects. Based on this, the GOA is inferred to be a key factor in United States and global efforts to reduce atmospheric CO2 concentrations with the ultimate goal of mitigating the greenhouse effect and slowing climate change. While our findings highlight significant CO2 storage potential in the GOA, we acknowledge uncertainties related to volumetric estimates, reservoir heterogeneity, and fault-related leakage risks. Future offshore CO2 storage projects will need to follow the guidelines set out by these findings, which call for more geomechanical modeling and long-term induced seismicity monitoring to improve risk assessments and the understanding of fault behavior during CO2 injection, ensuring the long-term integrity and sealability necessary for effective CO2 containment.
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