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We present a multi-scale conceptual model based on structural controls of the migration of mantle-derived CO2 offshore in the Santos Basin (Southeastern Brazil). We assembled the model from a regional 2D seismic reflection line integrated with potential gravimetric field data and a local 3D seismic reflection volume integrated with well data (lithologies and in situ stress). (i) The geochemical isotope range of δ13CCO2 falls mostly within −7‰ and −5‰ and shows relatively high values for 3He/4He represented by an R/Ra rate of up to 5.60, indicating CO2 mantle generation and degassing. (ii) Seismic interpretation feasibly validated by potential gravimetric responses of the crustal structure (Moho discontinuity) show CO2 migration through deep-seated faults in a region of highly stretched continental crust with oceanward mantle uprising. (iii) Early Cretaceous basement highs generated in an obliquely syn-rift faulting system control CO2 accumulation in thermogenic travertines (hydrothermal carbonate reservoirs of continental lakes), and Aptian evaporites subsequently trap it.
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1 INTRODUCTION
Mantle-derived CO2 occurrences have been well documented in different geological contexts around the world by various researchers (Lowenstern, 2001; Chiodini et al., 2004; Bigi et al., 2014; Hutchison et al., 2015; Lee et al., 2016; Lee et al., 2019; Yang et al., 2021; Hill et al., 2022; Xia et al., 2022). In the Songliao Basin (China), Liu et al. (2018) reported that CO2 mainly comes from deep magma, and accumulates mostly in the mantle uplift areas with the development of basement faults or strong deep hydrothermal activity. They also observed that this gas migrates mainly through the large-scale, low angle basin-controlling basement faults. Miao et al. (2020) found that in the Bohai Basin (NE China), the lithosphere scale strike–slip faults are the main conduits for the migration of CO2 below the middle crust. Chiodini et al. (2004) suggested that in a non-volcanic area in the central Apennines (Italy), this gas originates from a deep, mantle-related source, and that extensional tectonics and seismic activity influence its migration. Della Porta (2015) showed that in Central Italy, fault activity affects the development of hydrologically closed lacustrine basins, groundwater flow, and the location of hydrothermal vents, and classified their deposits as thermogenic travertines with thermally generated CO2 of magmatic mantle-derived origin.
Xia et al. (2022) stated that, typically, significant quantities of CO2 originate from three sources in the subsurface: organic matter maturation, magma degassing, and decomposition of carbonate minerals. Santos Neto et al. (2012) interpreted that up to 80% of CO2 anomalies in the Santos Basin are mantle-derived due to the isotope range of δ13CCO2 being mostly within −7‰ and −5‰ and the relatively high values for 3He/4He, represented by an R/Ra rate of up to 5.60. Gambôa et al. (2019) and Ferraz et al. (2019) proposed, based on magnetic and gravimetric regional data, that deep faults could possibly be the way for migration of this gas to the pre-salt hydrocarbon reservoirs in areas like Jupiter, where highly stretched continental crust and magmatic intrusions may have connected with mantle CO2 degassing. Ysaccis et al. (2019) speculated that deep-seated faults of the Jupiter structure could explain the occurrence of the high CO2 content found in this oil/gas prospect.
The Jupiter exploratory wells in the Central Santos Basin reached up 77% mean CO2 values. Besides Jupiter, other areas of the basin have stated high CO2 contents (Figure 1) (Freitas et al., 2022) and their production have faced several risks, such as production facilities (Beltrão et al., 2009) and corrosion of flow lines and production columns (Beltrão et al., 2009; Freitas et al., 2022).
[image: Figure 1]FIGURE 1 | To the left, heat map of CO2 in the Santos Basin and the location of the Jupiter prospect showing high CO2 content (77% wt mean value). To the right, study area location in the Central Santos Basin (CSB) corresponding to the 3D seismic survey in Jupiter. Both maps adapted with permission from Elsevier by Freitas et al. (2022), licensed for reuse under reference number 5681941283432.
We present structural evidence of a mantle-derived CO2 migration in the Jupiter area based on: (i) 2D/3D seismic reflection data; (ii) potential gravimetric field (Bouguer and residual anomaly); and (iii) in situ stress analysis and lithologies from wells. Our goal is to propose a conceptual model for CO2 migration in a mantle uplifted, highly stretched continental crust area, where deep-seated faults act as conduits connecting to the syn-rift basement faults, creating buildups with thermogenic travertines through the pre-salt section, from hydrothermal fluids that might be responsible for CO2 anomalous values in Jupiter area. This study provides critical information on understanding the mantle-derived CO2 migration offshore in the Santos Basin.
2 TECTONIC SETTING
The Early Cretaceous giant rift Santos Basin is located along the South Atlantic Brazilian margin with a width of approximately 700 km and 300 km of extension (Baptista et al., 2023). It is an asymmetrical basin that lies on a prominent irregular marginal plateau in the Southeastern Brazilian continental margin, the São Paulo Plateau. Intruding diapiric structures that have disturbed the overlying sediments mainly created the plateau (Kumar et al., 1977). The sedimentary history of the Santos Basin and the São Paulo Plateau suggests that the two regions have been structurally continuous, at least since the Late Cretaceous. The region occupied by the plateau has acted as a depocenter and has evolved as a marginal plateau since the termination of evaporitic deposition in the South Atlantic (Kumar and Gambôa, 1979). The Jupiter area lies in a region of highly stretched continental crust on the São Paulo Plateau, described as the Outer Hingeline, on the edge of the Santos Outer High (Gomes et al., 2009). A synthetic system of NNE-WSW faults, structurally uplifted by rotation of fault blocks in domino style (Plawiak et al., 2022), dominates the Jupiter’s structure.
Neoproterozoic-Cambrian metamorphic rocks from the NE-SW Ribeira Orogenic Belt compose the basement of Santos Basin (Heilbron et al., 2008). The Gondwana Supercontinent started to break up in the Early Cretaceous, and intense basaltic volcanism occurred due to early stretching of the crust, developing the rift phase between South America and Africa in the Hauterivian (Moreira et al., 2007). The South Atlantic margin inherited a NE-SW orientation from Late Proterozoic structures, and the syn-rift architecture resulted in an oblique orientation to the margin (Meisling et al., 2001). The NE-SW inheritance associated with a WSW-ENE rift extension created segmented faults with sinuous rombo-shaped and left-lateral en échelon patterns, as observed in the Jupiter rift shoulder (Plawiak et al., 2022) and in the East African Rift System (Zwaan and Schreurs, 2017), and also modeled in the Central Santos Basin (Pereira et al., 2021). Syn-rift structures have been reactivated at least three times in the South Atlantic Margin, in the Late Cretaceous, Eocene, and Miocene (Zalán and Oliveira, 2005; Fetter, 2009; Cobbold et al., 2010), with important consequences for hydrothermal vent formations (Magee et al., 2016). A late-rift left-lateral transtensional NE-SW shear zone (Late-Aptian to Early Albian) affected the syn-rift structures (“Helmut” Shear Zone—HSZ, Dehler et al., 2016).
We can divide the syn-rift sequence into three lithostratigraphic units, separated by unconformities (Moreira et al., 2007). The first unit represents rift onset on the volcanic rocks of the Camboriú Formation (CAM), marked by the Top Camboriú Unconformity (TCUnc) in 130 M.y. The second unit, lower rift, is composed of the Mg-clays and talcostevensitic ooliths of the Piçarras Formation (PIÇ), marked at the top by Lower Rift Unconformity (LRUnc) in 126 M.y. The third, upper rift, is composed of the bioclastic carbonates (coquinas) and siltic-clay intercalations of the Itapema Formation (ITA), marked at the top by the Pre-Alagoas Unconformity (PAUnc) in 123 M.y. (Figure 2).
[image: Figure 2]FIGURE 2 | Simplified stratigraphic chart of the pre-salt sequences in the Santos Basin (after Moreira et al., 2007). Lithostratigraphic sequences separated by unconformities (Unc): TCUnc-Top Camboriú, LRUnc-Top Lower Rift, PAUnc-Pre-Alagoas and BSUnc-Base Salt. Formations: Camboriú-CAM, Piçarras-PIÇ, Itapema-ITA, Barra Velha-BVE and Ariri. Tectonic events (Tect.).
The post-rift sequence represents the SAG phase (Moreira et al., 2007), Barra Velha Formation (BVE), with lacustrine continental carbonate deposits, and rudstones with fragments of volcanic rocks. Locally, carbonates can be dolomitized or silicified. The deposition of laminitic and spherulitic clay carbonates marks the Intra-Alagoas Unconformity (IAUnc) in 117 M.y. The deposition of the evaporites of the Ariri Formation marks the Base Salt Unconformity (BSUnc) in 113 M.y. and represents the passage to the continental break up—drift—phase (Moreira et al., 2007) (Figure 2).
We can divide the magmatism in the Santos Basin into two groups: Lower Cretaceous and Upper Cretaceous/Paleogen (De Luca et al., 2015). The former is usually associated with the rift phase with basalt-tholeiitic magmas that showed Ar-Ar ages between 137–122 M.y. The second group is usually associated with alkaline series, represented by ultramafic, mafic (basaltic), and felsic magmas (trachytes/syenites, phonolites/nepheline syenites) with Ar-Ar ages between 90–43 M.y. (De Luca et al., 2015).
Plawiak et al. (2022) have identified late-rift/post-rift fault-related structures and km-scale elongated conical-shaped buildups forming fissure ridges genetically related to the syn-rift basement faults in the Jupiter area. The fault-related features highlighted by Plawiak et al. (2022) are widespread in the Jupiter area and its spatial and temporal distribution may indicate fault reactivations responsible for fluid migration at depth, especially mantle-derived CO2.
Sombra et al. (2023) conducted a study at the Iara Complex in the Santos Basin that demonstrated that syn-rift faults act as pathways for hydrothermal fluids that precipitate as carbonate buildups. Mounded features are frequently above faults and structural highs. Considering the moderate to high CO2 content in pre-salt reservoirs, this relationship suggests that degassing of upwards migrating fluids rich in CO2, shifting pH towards more alkaline values, may have played an important role in calcite precipitation and mounds growth above faults (Sombra et al., 2023).
ION-GXT acquired 2D wide-angle reflection seismic profiles across the Santos Basin-São Paulo Plateau System (SSPS) in 2010/2011. Several interpretations have been presented to better understand the mantle-crust relationships and its inheritance influence on the tectonostratigraphic evolution of the Santos Basin syn-rift sequences (Zalán et al., 2011; Kumar et al., 2012; Evain et al., 2015; Rigoti, 2015; Dehler et al., 2016; Araujo et al., 2022). There is a consensus among these authors that the continental crust is highly stretched under the Jupiter structure.
3 DATA AND METHODS
We used the Jupiter 3D Post Stack Depth Migrated (PSDM) seismic reflection volume to interpret the top volcanic basement and syn-rift faults. The seismic area was 4,270 m2 and acquisition geometry settings had the following parameters: group interval of 12.5 m, recording sample rate of 2 ms, and shot point’s interval of 25 m with streamer depth of 9 m. We used the Kirchhoff algorithm for time-depth PSDM migration: (i) velocity input grid of 25 m × 25 m × 10 m with a sample rate of 6 ms; (ii) output grid of 50 m × 50 m with an offset range between 375-8,075 m.
We used an ultra-deep 2D PSDM seismic reflection line (ION-GXT, Brasil Span Project, line 0375, W-E oriented) to interpret Moho discontinuity, top volcanic basement, base/top of evaporites and sea bottom horizons. We used the gravity Bouguer profile (from this work) to support seismic interpretations at deeper depths. We checked the wide-angle refraction profiles from Evain et al. (2015) as references for Moho interpretations. The maximum seismic depth was 40 km. The seismic length was 820 km and acquisition geometry settings had the following parameters: group interval of 25 m, recording sample rate of 4 ms, and shot point’s interval of 50 m with streamer average depth of 9.5 m. We used the Kirchhoff algorithm for time-depth PSDM migration: (i) record length of 25 km with an interval of 12.5 m; (ii) crustal velocities were derived from gravity analysis; (iii) the final velocity model including salt (4,575 m/s constant velocity) and sediment velocity grids (with manual and tomographic update) were merged with crustal velocities. Gravity analysis defined the following velocity layers: Upper Crust 5,770 m/s, Middle Crust 6,600 m/s, Lower Crust 7,180 m/s and Upper Mantle 8,190 m/s.
We used Decision Space® Geosciences (DSG) by Landmark for both 2D and 3D seismic interpretations. We generated the 3D volcanic basement grids using the Dynamic Framework to Fill™ workspace (in DSG) with the Refinement Gridding method, which applies a minimum curvature algorithm to regular grids. We generated a Semblance color scale (blue/black) within the Azimuth seismic attribute from DSG to highlight structural patterns in depth slices from the amplitude 3D volume.
We used the altimetric data from the GEBCO global database. The GEBCO project—General Bathymetric Chart of the Oceans (https://www.gebco.net/)—provides satellite altimetry data with a resolution of 15 arc seconds. We used the Free-Air anomaly data from the Topex/Poseidon project database (https://topex.ucsd.edu/cgi-bin/get_data.cgi) with a resolution of 2 arc minutes. We loaded, calculated, and interpreted all potential data with Geosoft software (Oasis Montaj® by Seequent).
We interpolated the altimetric and gravimetric data in regular meshes of 2 arc minutes, using the method of minimum curvature with adjustable tension (Smith and Wessel, 1990). We used 0.35 for the altimetric data and 0.25 for the gravimetric data as the tension values.
We calculated the Bouguer anomaly using Parker’s method (Parker, 1973) which uses the Fourier transform to calculate the gravimetric anomaly between two media with distinct densities. The density formula used to calculate the Bouguer anomaly was:
[image: image]
We used the density values of 2.67 g/cm3 for the continental crust (Hinze, 2003) and 1.03 g/cm3 for seawater.
We performed the separation between regional and residual gravimetric anomalies through spectral filtering (Nettleton, 1954). We determined the regional gravimetric field from a low-pass filter. We estimated the 500 km wavelength of the regional anomalies from the power spectrum graph of the Bouguer anomaly (Carvalho et al., 2022). We obtained the enhancement of the small wavelength anomalies (residual anomalies) by subtracting the large wavelength anomalies from the Bouguer map.
We analyzed and interpreted acoustic image logs with Decision Space Petrophysics software by Landmark in all the Jupiter wells (1-BRSA-559A-RJS, 3-BRSA-967A-RJS, 3-BRSA-1183-RJS, and 3-BRSA-1246-RJS). We interpreted breakout structures on Ultrasonic Borehole Images (UBI ©Schlumberger) logging for in situ stress analysis and estimation of the Maximum Horizontal Stress (SHmax) orientation azimuth. We achieved the quality-ranked stress data from the World Stress Map Project (WSM—Heidbach et al., 2010). The WSM quality ranking system ranges from A-quality (highest; stress orientation accurate to within ±15°) to E-quality (lowest; no reliable stress orientation) and provides an easy assessment of the accuracy, scale, and reliability of each stress indicator.
We checked cores and side-core description reports from the Brazilian Petroleum National Agency (ANP) for the identification of lithologies and structures on wells 3-BRSA-967A-RJS and 3-BRSA-1183-RJS (Costa et al., 2017).
4 RESULTS AND DISCUSSION
4.1 Seismic amplitude 3D volume
We observed clear segmentation of the syn-rift faults, showing rectilinear to sinuous patterns, with strike variation from N to NE (Figure 3A). We separated two structural domains based on two distinct structural styles: Northwest (NW) and Southeast (SE) (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Structural map of volcanic basement with syn-rift segmented faults in white dashed lines and dip section locations in orange. (B) Structural map of volcanic basement separated by structural domains (yellow and green) with Jupiter wells locations (1)559A, (2)967A, (3)1183, and (4)1246, and examples of the main structural features.
NW Domain—The faults have en échelon and rombo-shaped (sigmoidal) patterns in map sight, with relay ramps stepping the faults’ segments (Figure 3B). In section view, structural styles include extensional planar to curved rotational fault blocks (domino structural style), forming hemi-grabens with mean dips 30° (Figure 4).
[image: Figure 4]FIGURE 4 | Dip sections highlighting volcanic basement hemi-grabens in red color and extensional planar to curved rotational faults in black (domino structural style). Arrows indicate fault-related structures above basement highs: volcanic-like cones and chimneys (yellow) and conical-shaped buildups (blue). V.E.=Vertical Exaggeration. Other horizons: Top and Base of Salt in pink color, Sea Bottom in blue color.
SE Domain—The faults show rectilinear to curved patterns that are less segmented than the NW Domain in map sight (Figure 3B). In section view, structural styles include negative flower-like structures with synthetic faults mean dips of 35° and antithetic mean dips of 55° (Figure 4). Depocenter thicknesses reach up to 5 km, salt welds occur in the southernmost corner of the study area, and top volcanic basement deeper depths are approximately 11 km.
The arrows in the dip sections of Figure 4 highlight the fault-related structures clearly connected to the structural highs and fault tip propagations. Conical-shaped buildups in section view (blue arrows in Figure 4) and km-scale fissure ridges in map sight (Figure 3B). The syn-rift basement faults may be genetically related to these structures. Volcanic-like cones and chimneys, also folding and cutting some layers above fault tips, occur between the top volcanic basement and the base of salt (yellow arrows in Figure 4). The volcanic-like cones and chimneys, identified as late-rift/post-rift fault-related structures by Plawiak et al. (2022), could correlate with at least one of the three events of reactivation of syn-rift structures observed in the South Atlantic Margin: Late Cretaceous, Eocene, and Miocene (Zalán and Oliveira, 2005; Fetter, 2009; Cobbold et al., 2010. Alternatively, they could correlate with the late-rift Helmut Shear Zone (Late-Aptian to Early Albian) (Dehler et al., 2016). In any case, the reactivations might have important consequences for hydrothermal vent formations (Magee et al., 2016). The seismic amplitude 3D volume confirmed no evidence of magmatic bodies newer than the Hauterivian volcanic basement.
In the Mero Field and in the Iracema/Iara Complex in the Santos Basin, hydrothermal processes, in a low-temperature evaporitic environment, connected to Ca-Mg-Si-rich fluids ascending in subaerial and sublacustrine hydrothermal vents originated the mounds (Souza et al., 2018). Fault activity can influence the development of hydrologically closed lake basins, groundwater flow, and the location of hydrothermal vents, and thermogenic travertine with thermally generated CO2 of magmatic origin derived from the mantle can classify their deposits (Della Porta, 2015).
The azimuth attribute in the depth slices identified two sets of lineaments: NW-SE and NE-SW (Figure 5), both oblique to the main NNE strike direction of syn-rift faults and clearly crossing over it with en échelon patterns in map view. An inflection axis of the syn-rift strike trends from South to North denotes the NE-SW lineaments highlighted in thicker white dashed lines in Figure 5. We interpret this inflection as a direct response to the late-rift left-lateral transtensional Helmut Shear Zone that affected the syn-rift structures (Dehler et al., 2016). The WSW-ENE rift extension axis might have originated the syn-rift faults structural styles from strain response, as observed in the East African Rift (Zwaan and Schreurs, 2017) and modeled in the Central Santos Basin (Pereira et al., 2021). The NW-SE lineaments have weaker expression and might relate to the NW-SE rift transfer zones (Meisling et al., 2001).
[image: Figure 5]FIGURE 5 | Azimuth attribute depth slice at Z = −6605 mm. (A) Highlighting the volcanic basement structural highs with same color scale as Figure 3. (B) Sets of lineaments interpreted in white dots (NW-SE) and dashed lines (NE-SW). Thicker dashed lines highlight the regional Helmut Shear Zone (HSZ) from Dehler et al. (2016) that caused the inflection of syn-rift structures.
4.2 Gravimetric potential field
Figures 6–9 present the Bouguer and residual anomalies maps and 2D profiles. We highlighted the location of 2D line 0375 on each map, where we calculated both the Bouguer and residual profiles with the same color scales from the maps. The Bouguer anomaly has both small and large wavelength anomalies (Figures 6, 7). Shallow structures are associated with small wavelength anomalies while deeper structures are associated with larger ones. We interpreted both crustal thinning and Moho oceanward uprising below the Jupiter structure, as the oceanward positive Bouguer gravity gradient in map sight indicates (Figure 6). It corroborates the Moho uprising observed in the wide-angle refraction lines SB01 and SB02 by Evain et al. (2015). The residual anomalies from spectral filtering (Figures 8, 9) show the volcanic basement structural highs and lows (smaller wavelengths). Although the first vertical derivative from the Bouguer gravity anomaly can also correlate with volcanic basement structural highs and lows (Plawiak et al., 2022), this response is usually noisier than residual anomalies from spectral filtering. The Santos Outer High is approximately 300 km in length and the maximum stretching of the crust has approximately 200 km of extension Figures 8, 9. We compared to the refraction lines from Evain et al. (2015): the southeastern part of the Outer High corresponds to Domain A’ and the maximum stretching zone represents the extension of Domain B to the northeast (see Evain et al., 2015 for Domains details). We assembled the location of the Continent-Ocean Boundary (COB) by separating high and low frequencies from the map of residual anomalies (Figure 8).
[image: Figure 6]FIGURE 6 | Map of Bouguer anomalies obtained from Parker’s method (Parker, 1973). 2D seismic line 0375 is indicated in a white line, crossing over the Jupiter prospect in black.
[image: Figure 7]FIGURE 7 | Profile of Bouguer anomalies through 2D seismic line 0375. Same color scale as Figure 6.
[image: Figure 8]FIGURE 8 | Map of residual anomalies obtained from spectral filtering (Nettleton, 1954). 2D seismic line 0375 is indicated in a white line, crossing over the Jupiter prospect in black. Outer High is indicated with the dotted white line and the maximum stretch of the crust in the dashed white line. COB = Continent-Ocean Boundary.
[image: Figure 9]FIGURE 9 | Profile of residual anomalies through 2D seismic line 0375. Same color scale as Figure 8.
4.3 Seismic amplitude 2D line
Figure 10 shows the wide-angle 2D ultra-deep line 0375 analyzed in this study and the associated gravimetric 2D calculated profiles from Figures 7, 9. We identified amplitude reflectors that may represent the Moho (Figure 10) and we corroborated the crustal thickness variations with interpretations of wide-angle refraction data from Evain et al. (2015). We also observed the oceanward mantle uprising: except for the necking zone with a thickness of approximately 11 km, the crustal thicknesses varies from 28 km at the Hingline to 15 km at the Outer High, decreasing to 5 km at the maximum stretching zone (Figure 10). See Graça et al. (2019) for discussions on crustal thickness of the South Atlantic. We interpreted the COB as a crustal fault and the oceanic crust as being approximately 6 km thick and overlain by volcanic sequences. We also interpreted a gentle mantle uplift under the Jupiter rift shoulder at the edge of the Outer High constrained by Bouguer responses (Figures 7, 10).
[image: Figure 10]FIGURE 10 | 2D ultra-deep reflection seismic line 0375 and associated gravimetric profiles. Top: without interpretations. Middle: interpreted with references to main structural features. Bottom: interpreted with references to the main geological features and to the Jupiter structure. COB = Continent-Ocean Boundary. Pink arrows: salt wedges. Horizons: Moho discontinuity (orange), intra-crust inferred detachment (white dotted line), top volcanic basement/continental crust undifferentiated (red), base of salt (dark pink), top of salt (pink), base/top of oceanic crust (purple), offshore volcanics (green), sea bottom (blue). Sequences: pre-salt (light blue), salt (pink), post-salt (no color). Crustal layers: upper mantle (light brown), continental crust (red), oceanic crust (purple), and volcanics (green). Oceanward mantle uprising observed in the profile of Bouguer anomalies (see Figures 7). Delimitation of the Outer High and the maximum stretching zone of the crust observed in the profile of residual anomalies (see Figures 9).
Based on the same reflection seismic data set, Zalán et al. (2011) and Kumar et al. (2012) came to divergent conclusions on the crustal architecture of the SSPS. Zalán et al. (2011) interpreted the easternmost part of the SSPS as an exhumed mantle, but we agree with Kumar et al. (2012) who did not find evidence of an exhumed mantle in the line 0375 (Figure 10). Zalán et al. (2011) claimed that a strong continuous reflector, the Conrad discontinuity, separates the crust between a rigid, highly fractured upper part and a ductile lower part. We have not identified any amplitude reflectors related to Conrad within the line 0375 (Figure 10) although a detachment (décollement) surface for the syn-rift crustal faults could be inferred as the faults become more horizontal towards this intra-crust surface. Kumar et al. (2012) termed this surface as the “mid-crustal layer”.
We interpreted the top volcanic basement and the pre-salt sequences with the syn-rift faults mostly dipping oceanward. Deeper fault throws coincide with salt wedges (pink arrows in Figure 10), indicating a long-term deformation caused by deep crustal faulting. Its tectono-structural framework provided the ideal scenario for CO2 migration through intracrustal faults from the mantle, where degassing may have generated the CO2. Ros et al. (2017) proposed that a strong lower crust leads to margins characterized by large oceanward dipping faults and strong syn-rift subsidence, and present a COB with an exhumed serpentinized mantle underlain by some magmatic products. Even though we have not interpreted an exhumed mantle in the line 0375, it is interesting to note that the anomalous velocity zone (AVZ) found on the wide-angle refraction SB01 line (Evain et al., 2015) coincides with the maximum stretching zone identified in the line 0357 in this study. Evain et al. (2015) interpreted the AVZ structure as atypical oceanic crust, exhumed lower continental crust, or intruded upper continental crust, overlying either altered mantle in the first two cases or intruded lower continental crust in the last case. See Loureiro et al. (2016) for uncertainty assessment in the wide-angle layered models from Evain et al. (2015). Nevertheless, we have not identified amplitude reflectors that could be associated with igneous bodies. We might expect lower crustal intrusions (magmatic underplating) beneath the SSPS as evidenced in the Faroe-Shetland Basin, NE Atlantic Margin (Layfield et al., 2022).
4.4 Well samples
Both wells cored in Jupiter (3-BRSA-967A-RJS and 3-BRSA-1183-RJS) have representative lithologies of travertine-like carbonates.
They contain wackestones with in situ and reworked shrubs and spherulitic grainstone levels that locally vary for micro-conglomerates, silicified breccias, vuggy porosity among the shrubs and fracture zones (Figure 11). Dolomite filaments, pseudo-grainstones, and silicification are present. In situ crystal shrubs intercalate with reworked spherulitic calcimudstones/packstones and silica-chert nodules.
[image: Figure 11]FIGURE 11 | Core photograph from well the 3-BRSA-967A-RJS (after Costa et al., 2017), showing representative lithologies of travertine-like carbonates: wackestones containing in situ and reworked shrubs and spherulitic grainstone levels locally varying for micro-conglomerates, silicified breccias, vuggy porosity among the shrubs, and fracture zones.
The faults and structural highs control mound growth. The facies consist largely of calcite shrubstones and travertine crusts, and thrombolytic facies are absent. These features suggest that ascending hydrothermal brines played an important role in the growth of mounds in the Iara Complex (Sombra et al., 2023). We interpreted similar conclusions from the travertine-like carbonates identified in the Jupiter well cores.
4.5 Well image logging
The image logging results showed a local variability of the maximum horizontal stress orientation around the Jupiter wells (Figure 12). The WSM stress quality rate for the Jupiter wells ranged from A quality (wells 1-BRSA-559A and 3-BRSA-967A) to B quality (wells 3-BRSA-1183 and 3-BRSA-1246). We can use A, B, and C quality stress indicators reliably for analysis of tectonics (Heidbach et al., 2010). The regional Helmut Shear Zone that affected the syn-rift structures (Dehler et al., 2016) possibly influenced the SHmax orientations from wells 559A and 967A, which have SHmax azimuths of 86° and 70° respectively. On the other hand, the syn-rift faults possibly influence the SHmax orientations from the other two wells, 1183 and 1246, which have SHmax azimuths of 28° and 36° respectively.
[image: Figure 12]FIGURE 12 | (A) Structural map with maximum horizontal stress (SHmax) indications on Jupiter wells. Values represent the SHmax mean azimuths estimated from breakout interpretations. (B) An example of static/dynamic acoustic image logging from the well 3-BRSA-1246-RJS, with breakouts in green rectangles.
The present-day maximum horizontal stress orientation is a primary control of fluid flow in the subsurface, both in fractured and unfractured rocks. Large volumes of fluid can flow through active faults and breach hydrocarbon traps (Tingay et al., 2005). The data did not provide any evidence of active faulting, but the SHmax estimation around the wells might corroborate the influence of regional structures. Moreover, local intersection of structures can form excellent paths for fluid percolation as observed in carbonates in Italy (Billi, 2005). The directions of SHmax observed in the wells might facilitate this percolation: NE-SW for wells 559A and 967A, and NNE for wells 1183 and 1246. However, the paleostress influence might have built up the elongated buildups (fissure ridges).
5 CONCLUSION
The proposition of a conceptual model for the migration of mantle-derived CO2 in the Jupiter area, offshore in the Santos Basin (Figure 13), resulted from this analysis. The CO2 mantle generation and degassing (Santos Neto et al., 2012) and its migration through deep-seated faults in a region of highly stretched continental crust (Ferraz et al., 2019; Gambôa et al., 2019) with oceanward mantle uprising allowed its accumulation in thermogenic travertines (hydrothermal carbonate reservoirs of continental lakes) controlled by basement highs, and its subsequently trapping by evaporites.
[image: Figure 13]FIGURE 13 | Conceptual model of CO2 migration in the Jupiter study area. (A) 2D ultra-deep reflection seismic line 0375 showing deep-seated faults acting as pathways for mantle–derived CO2 indicated by its geochemical mantellic signature. (1) Santos Neto et al. (2012). The white rectangle corresponds to the area of section B. See Figure 10 for color references of geological features. (B) dip section on representative structures interpreted in the Jupiter 3D reflection seismic volume showing: lithostratigraphic sequences separated by unconformities (after Moreira et al., 2007); buildups of thermogenic travertines and post-rift vent-like structures. CO2 % wt represents the maximum value from the Jupiter wells. See Figure 2 for references on unconformities, formations and tectonic events.
Relay ramps and the intersection of structures formed excellent paths for fluid percolation; in situ stress (present time) facilitated this percolation according to the directions of SHmax observed in the wells. Silicification and breccias evidenced the hydrothermal percolation through faults, although this conceptual model had not considered the influence of diagenesis.
Conical structures associated with the faults identified on the seismic data may reinforce the hypothesis of active volcanic and/or hydrothermal paleoconduits from the late-rift phase until the deposition of evaporites. It is most likely related to the late-rift left-lateral transtensional Helmut Shear Zone (Late-Aptian to Early Albian) that affected the syn-rift structures (Dehler et al., 2016), evidenced by: (i) inflection of syn-rift structures; (ii) NE-SW lineaments expression; (iii) in situ stress disturbance on the wells 559A and 967A; and (iv) en échelon sigmoidal segmentations of syn-rift faults suggesting left-lateral transtensional movement.
The multi-scale approach conceived this conceptual model. A regional 2D seismic line integrated with potential gravimetric field data validated the interpreted crustal structure (Moho discontinuity). Local 3D seismic volume integrated with well data (lithologies and in situ stress) helped us to understand the structural framework and its relationship with fluid percolation.
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