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We report the geophysical characterisation of natural oil seep sites through a combination of sea surface evidence of oil leakage from spatial imagery with a large collection of seafloor and subsurface geophysical data. This paper provides a detailed characterization of one selected active seep site and identifies possible specific feature of oil seep sites. The oil seep is a complex-shaped feature on the seafloor consisting of a cluster of heterometric pockmarks inside a main depression area and peripheral metre-scale seafloor mounds. A strong deformation related to salt tectonics controls the location of the seafloor source by fracturing the overburden. The associated thermal anomaly induces a vertical modification position of the base of the gas hydrate stability zone (BGHSZ) that is used as a fluid migration route towards the crest of the diapir. The combination of local depressions and seafloor amplitude anomalies linked with vertical high-amplitude pipes rooted on the BGHSZ suggests a focused fluid flow towards the seafloor. In peripheral areas, the seafloor mounds are linked by shallow faults to buried high amplitude patches on sub-bottom profiler sections. The combination of restricted-size seafloor mounds with a progressive deepening of the high amplitude from the seafloor suggests a substantial decrease of the hydrocarbon flow towards peripheral areas.

The proximity of actively oil-supplying seafloor depressions and seafloor mounds shows that the hydrocarbon flow rapidly decreases laterally. The thermogenic seep site is affected by two consistent and sub-parallel reflections with negative polarity. The first is interpreted as the methane-related BGHSZ, the second could correspond to the base of a thermogenic BGHSZ produced by a mixture of heavier gas. The seafloor roughness and double BSR appear to be specific features of oil seep sites.

The geophysical features revealed at a localised study area will be extrapolated towards a larger province for relevance validation.

Introduction

The study of natural fluid escape has both industrial and academic implications. Natural hydrocarbon seeps are widely used by petroleum companies as an exploration tool as they provide evidence for an active petroleum system [START_REF] Abrams | Significant of hydrocarbon seepage relative to petroleum generation and entrapment[END_REF]Serié et al., 2016). The evaluation of active seeps also bears implications in terms of deep-sea geohazards as it enhances the risk of slope failure [START_REF] Acosta | Salt diapirs, salt brine seeps, pockmarks and surficial sediment creep and slides in the Canary Channel off NW Africa[END_REF]Bünz et al., 2005;Judd and Hovland, 2009;Gwiazda et al., 2016). For environmental purposes, the recognition of hydrocarbon seeps helps to identify habitats for extreme environment ecosystems (Ondreas et al., 2005;Judd and Hovland, 2009;Jones et al., 2014) and to locate potential hydrocarbon input into the hydro/atmosphere [START_REF] Wilson | Estimate of Annual input of Petroleum to the Marine Environment from Natural Marine Seepage[END_REF]Kvenvolden and Harbaugh, 1983;Kvenvolden and Cooper, 2003;National Research Council, 2003;Etiope et al., 2015).

The seafloor morphological expression of fluid seepage occur as mud volcanoes, mounds or pockmarks, defined as depressions associated with active focused fluid flow (King and MacLean, 1970;[START_REF] Hovland | A classification of pockmark related features in the Norwegian Trench[END_REF][START_REF] Hovland | Seabed pockmarks and seepages: Impact on geology, biology and the marine environment[END_REF]Judd and Hovland, 2009;[START_REF] Hovland | Unit-pockmarks and their potential significance for predicting fluid flow[END_REF] Andresen and Huuse, 2011;Andresen, 2012). Pockmark geometries range from circular to elliptical [START_REF] Hovland | A classification of pockmark related features in the Norwegian Trench[END_REF][START_REF] Hovland | Characteristic features of pockmarks on the North Sea Floor and Scotian Shelf[END_REF][START_REF] Hovland | Unit-pockmarks and their potential significance for predicting fluid flow[END_REF]Andresen and Huuse, 2011;Andresen, 2012). The depression diameters range from less than 5 m [START_REF] Hovland | Unit-pockmarks and their potential significance for predicting fluid flow[END_REF] up to over 1 km, as in the Regab pockmark in offshore Gabon (Charlou et al., 2004;Ondreas et al., 2005;Gay et al., 2006c;Marcon et al., 2014). The vertical migration of hydrocarbons through sedimentary series is typically expressed as clustered pipes or large-scale isolated chimneys identified as vertical columns of acoustic disturbance on geophysical sections (Loncke et al., 2004;Gay et al., 2006a, b;Dupré et al., 2007;Moss and Cartwright, 2010, Løseth et al., 2011, Karstens and Berndt, 2015). Both biogenic (action of bacteria at shallow depths) and thermocatalytic processes (effect of heat and pressure during the burial of sediments; Floodgate and Judd, 1992;Stolper et al., 2015) are known to generate hydrocarbons. However, geophysical subsurface imagery is unable to characterise the fluid type and to discriminate biogenic gas from heavier thermogenic seepage. Seafloor coring provides a precise means to evaluate the nature of hydrocarbons on the seafloor [START_REF] Abrams | Significant of hydrocarbon seepage relative to petroleum generation and entrapment[END_REF] but requires the deployment of relatively heavy toolsets. Recurrent oil seepage slicks at the sea surface are detectable with space-borne Synthetic Aperture Radar (SAR) tools (e.g. Gade and Alpers, 1998;Espedal and Johannessen, 2000;Hood et al., 2002;MacDonald et al., 2002;Williams and Lawrence, 2002;Brekke and Solberg, 2005;[START_REF] Zatyagalova | Application of Envisat SAR imagery for mapping and estimation of natural oil seeps in the South Caspian Sea[END_REF]Garcia-Pineda et al., 2010;Körber et al, 2014;[START_REF] Jatiault | Monitoring of natural oil seepage in the Lower Congo Basin using SAR observations[END_REF]; identifying their presence attests to active thermogenic migration and ultimately helps to locate active oil seeps at the seabed (Macdonald et al., 1993;de Beukaleaur et al., 2003;Garcia-Pineda et al., 2010;Körber et al., 2014;Serié et al., 2016;[START_REF] Jatiault | Monitoring of natural oil seepage in the Lower Congo Basin using SAR observations[END_REF]. The integration of SAR imagery, seismic datasets and geochemical analyses have demonstrated their efficiency to understand hydrocarbon plumbing systems (Garcia-Pineda et al., 2010;Serié et al., 2016).

In contrast with the well-documented gas systems, the detailed description of seafloor features associated with oil seep systems is restricted to a few case studies, mostly the Santa Barbara Basin (Keller et al., 2007;Valentine et al., 2010), the Gulf of Mexico (MacDonald et al., 2004;Sahling et al., 2016) and the Lower Congo Basin (Unterseh, 2013;Jones et al., 2014). The prediction of oilsupplying pockmark characteristics has strong implications for petroleum exploration decisions and on the selection of coring targets. We investigated the possible specificity of the geophysical signature of oil compared to gas by studying fluid migration features of oil-dominated seep sites.

The aim of this paper is first to assess the geophysical characteristics of oil seeps both on the seafloor and in the subsurface to understand whether specific attributes can be associated with active oil seep sites and then to offer an integrated high-resolution description of one thermogenic seep in the Lower Congo Basin. We will approach the oil seeps on the seafloor by combining different resolution datasets of subsurface seismic imagery used for petroleum exploration together with space-borne SAR imagery.

The study area

Geological setting

The Lower Congo Basin (LCB) is located in the northernmost offshore part of the Angolan margin (Fig. 1 a). The LCB extends over 115,000 km² (Da Costa et al., 2000) and is delimited to the north by the Gabon basin, to the south by the Ambriz arch (Davison, 1999;Moulin et al., 2005;Guiraud et al., 2010;Moulin et al., 2010;Fig. 1 Fig. 1a). It results from the break-up of Gondwana into the South American and African plates initiated in the Early Cretaceous (e.g. Lehner and de Ruiter, 1977;Brice et al., 1982, Duval et al., 1991;Marton et al., 2000;Marton et al., 2004;Beglinger et al., 2012). The deposition of a thick (up to 1000 m) evaporite layer (Loëme salt; Late Barremian to Aptian), mostly composed of massive halite topped by anhydrite (Brice et al., 1982;Teisserenc and Villemin, 1989;Uchupi, 1992;Karner et al., 1997;Da Costa et al., 2000;Marton et al., 2000;Anka et al., 2009; Andresen and Huuse, 2011) occurred after the end of the rifting phase. The hydrocarbon source rocks are the pre-salt lower Cretaceous Bucomazi Fm (Burwood, 1999;Cole et al., 2000) and the post-salt upper Cretaceous Iabe Fm, (Cole et al., 2000;Schoelköpf and Patterson, 2000;Séranne and Anka, 2005). Tertiary deposits dominantly consist of mudstones and shales alternating with sand-rich turbidite channel/levee deposits. The Landana Fm (65 -45 Ma;Cole et al., 2000, Schoelköpf andPatterson, 2000 and Malembo Fm (35 -5Ma) include high potential source rock formations, but these are mostly immature through the LCB due to insufficient burial (Cole et al., 2000). The shift of the paleo Congo River to its present-day location at the Miocene-Pliocene boundary (Ferry et al., 2004;Savoye et al., 2009), coupled with upwelling that enhanced primary productivity during the Early Quaternary modified sedimentation type towards fine deposits above the abandoned Miocene deep sea fan [START_REF] Jansen | Hiatuses in Mesozoic and Cenozoic sediments of the Zaire (Congo) continental shelf, slope, and deep-sea fan[END_REF]Uenzelmann-Neben, 1998). The post-salt sedimentary overburden is highly deformed and translated towards the basin by salt tectonics where evaporites act as a decollement layer. As a result, the basin is subdivided into three main structural domains as follows, from proximal to distal (Fig. 1 a,b). The proximal extensional domain are mostly constitutes in the deposits of the Neogene Congo delta (Séranne and Anka, 2005). Strong extensional deformation, dominated by rafts and grabens, evidenced by normal faulting and salt rollovers results in a widespread distribution of rafts and grabens that now corresponds to sealed blocks in the area (Brice et al., 1982). Evaporite series are restricted to thin residual deposits along the basal detachment, along with occasional salt pillows, in relation to the basinward translation of the overburden (Brice et al., 1982;MacHargue, 1990;Duval et al., 1991;Burwood, 1999;Schoellkopf and Patterson, 2000).

The transitional/translated domain is characterised by isolated salt diapirs that pierce through the seaward-translated post-salt series. The distal compressive domain is characterised by intense folding and salt thickening. Gravity-driven translation of the Tertiary sedimentary cover led to a drastic compression in the distal areas which expresses as a large diversity of salt bodies such as domes, shallow walls or nappes (for an overview of allochthonous salt types, see Warren, 2016).

Basinward compression together with ongoing salt tectonics led to the formation of squeezed diapirs (Brun and Fort, 2004;Fort et al., 2004). Ongoing salt tectonics concentrated the deposits of the postrift super-sequence into minibasins that are characterised by confined channel/levee systems and turbidite fans (Oluboyo et al., 2014).

The study area is affected by a prolific fluid seepage system as described in literature (Lucazeau et al., 2004;Gay et al., 2006b,c;Gay et al., 2007;Andresen et al., 2011;Andresen and Huuse, 2011;Andresen, 2012;[START_REF] Imbert | Seismic-scale funnelshaped collapse features from the Paleocene-Eocene of the North West Shelf of Australia[END_REF]Anka et al., 2013;Jones et al., 2014;Wenau et al., 2014 a,b;Maia et al., 2016;[START_REF] Jatiault | Monitoring of natural oil seepage in the Lower Congo Basin using SAR observations[END_REF][START_REF] Jatiault | Behavior of natural oil droplets through the water column in deep-water environments: The case of the Lower Congo Basin[END_REF], mostly constrained in the downslope compressive province. Two types of pockmarks on the seafloor were described in the area; (1) bullseye pockmarks described by Andresen et al. ( 2011) and defined as a vertical succession of stacked sub-circular depressions located in the centre of polygonal fault cells; (2) Clustered pockmarks consist of a complex aggregation of various size pockmarks (Andresen, 2012).

Study area selection

We focus this paper on one isolated oil seep site to perform a local and detailed study of the seafloor/sub-seafloor features associated with one selected thermogenic seep sites in the LCB based on data coverage. We investigated a zone of the Lower Congo Basin where a large amount of expelled oil was recognised regionally at the sea surface (Williams and Lawrence, 2002;[START_REF] Jatiault | Monitoring of natural oil seepage in the Lower Congo Basin using SAR observations[END_REF]. The first criterion of selection refers to the availability of seafloor and subsurface geophysical data, which consists of 3D exploration seismics and 2D, high-resolution geohazard survey data. A large number of recurrent oil seep sites (102) reported in this province [START_REF] Jatiault | Monitoring of natural oil seepage in the Lower Congo Basin using SAR observations[END_REF] are imaged by the 3D seismic cube but only 7 high-confidence oil seep sites are imaged with both the 2D, HR geohazard survey and 3D seismics. The amount of available SAR scenes were also considered for the site selection (MacDonald et al., 1996;Garcia-Pineda et al., 2010;Korber et al., 2014). The seep site investigated in this paper benefits from a high SAR coverage density (136 overlapping SAR scenes) and revealed frequent oil emission phases (high ratio between detected slicks and SAR data coverage). The selected sites in this study is located at the limit between the translated and compressive domain, where the water depth is about 1650 m (Fig. 1). 

Material and methods

Sea surface mapping of natural oil slicks

The SAR system is sensitive to capillary waves induced by the local wind at the sea surface (e.g. et al., 2002;McCandless and Jackson, 2003). We used published mapping of natural seepage slicks at the sea surface in the LCB interpreted from 104 SAR scenes [START_REF] Jatiault | Monitoring of natural oil seepage in the Lower Congo Basin using SAR observations[END_REF], which we complemented with 52 Cosmo-Skymed scenes delivered every 15 days during 2013 and 2014 together with Sentinel-1 data acquired between 2015 and 2016. The delineation of elongated seepage slicks is based on the analysis of radiometric anomalies associated with oil-covered areas (MacDonald et al., 1993;Espedal and Johannessen, 2000;Johannessen et al., 2000;MacDonald et al., 2002;[START_REF] Alpers | Oils and Surfactants in SAR Marine User's Manual[END_REF]Brekke and Solberg, 2005;Garcia-Pineda et al., 2009;Fingas and Brown, 2014).

Franceschetti

Diverging structures on the stack of slick outlines highlights recurrent oil seeps due to current variability at the sea surface; their centre pinpoints the locations of active oil seeps (Kornacki et al., 1994;MacDonald et al., 1996;de Beukelear et al., 2003;[START_REF] Zatyagalova | Application of Envisat SAR imagery for mapping and estimation of natural oil seeps in the South Caspian Sea[END_REF]Garcia-Pineda et al., 2010;Garcia-Pineda et al., 2014;Körber et al., 2014;[START_REF] Jatiault | Monitoring of natural oil seepage in the Lower Congo Basin using SAR observations[END_REF]. We draw visually the Oil Slick Origins (OSO, Garcia-Pineda et al., 2010;Körber et al, 2014) from the location of the proximal detectable edge of each oil slick. Posting all the OSO on a map highlights clusters of points whose spatial dispersion results from the horizontal deflection of the oil plume when rising through the water column; the minimum-size circles encompassing each single OSO expelled from individual seep sites then help to evaluate the offset range values generated by underwater deflection (Garcia-Pineda et al., 2010;[START_REF] Jatiault | Behavior of natural oil droplets through the water column in deep-water environments: The case of the Lower Congo Basin[END_REF]. In areas where hydrodynamic conditions are not affected by a dominant current, the vertical projection of the OSO density coupled with the location of the OSO barycentre (Geometric Mean Centre: GMC; Garcia-Pineda et al., 2010), at the sea surface provides an additional means to estimate the location of the active seep on the seafloor (Körber et al., 2014;[START_REF] Jatiault | Behavior of natural oil droplets through the water column in deep-water environments: The case of the Lower Congo Basin[END_REF]. Multiple slick patterns are commonly observed on SAR scenes (Garcia-Pineda et al., 2010;[START_REF] Jatiault | Monitoring of natural oil seepage in the Lower Congo Basin using SAR observations[END_REF]. The low residence period of oil slicks (a few hours; et al., 2017) suggests that multiple slicks with identical patterns (same geometry, same orientation) likely reflect concomitant emission from distinct sources rather than oil slicks relics expelled during former active stages. To link sea surface manifestations with seafloor features, we used the fact that OSO are mostly constrained within restricted-size circles of 2500 m radius with an average distance between individual OSO and the GMC of roughly 750 m. This shows that the spatial dispersion of individual OSO over time remains low compared to the water depth (1100 -2700 m), eventually due to reverse currents that decrease the deflection outcome [START_REF] Jatiault | Behavior of natural oil droplets through the water column in deep-water environments: The case of the Lower Congo Basin[END_REF] 

Jatiault

Seafloor and sub-seafloor geophysical dataset

The geophysical dataset used in this study is composed of a 3D seismic cube, sub-bottom profiler (SBP) sections and high-resolution multibeam seafloor imagery acquired with an Autonomous Underwater Vehicle (AUV). The characteristics of the geophysical data of both seafloor and subseafloor imagery are displayed in table 1. 

3D exploration seismics

The 3D seismic volume covers 3300 km² (Fig. 1a) with a record length of 4500 ms TWT. 

High-resolution geophysical survey

The high-resolution SBP 2D lines (Edgetech DW-216 Chirp profiler system) were acquired for site surveys and geo-hazards evaluation with an AUV, following a regular grid with a line spacing of 1000 m in the alongslope direction and 175 m in the cross-slope direction. The high-frequency data enable good vertical resolution (~10 cm) but with an acoustic wave penetration limited to the first 100 ms TWT below the seafloor (Table 1). The picking of horizons on the SBP sections was performed using the amplitude attribute; for visibility purposes, due to the very high frequency of the signal, sections are displayed on the figures with the envelope filter that averages the signal (RMS) over a sliding window.

In addition to the SBP sections, the AUV device is equipped with a high-resolution (HR) multibeam echo-sounder (EM2000 Simrad; 200 kHz) and a side-scan sonar device recording seafloor reflectivity (Edgetech Full Spectrum Chirp dual frequency DW-120/410 side scan sonar system) along the acquisition tracklines of the vehicle. The survey covers an area of 220 km² with a spatial resolution of 3 m. Seafloor imagery also provides seafloor backscatter that can be used as a proxy for seafloor hardness evaluations. The surveyed area (220 km²) remains larger than the area investigated in this study. Overlying the gradient with the seabed isochron enhances the imagery of seafloor features.

The architecture of the salt-related deformation is assessed from the interpretation of the 3D seismics because the line spacing between SBP sections is insufficient to ensure reliable correlation between faults picked on adjacent lines. 

Analysis and results

Fig

Sea surface evidence of natural oil seepage

Sea surface manifestations of oil leakages were observed between 1999 and 2016 but most seepage slicks were identified after 2010 due to an increase in SAR data acquisition (Table 2). A total of 44 slicks were identified as diverging from the oil seeping zone investigated in this study based on the analysis of the 136 overlapping scenes. The slick geometry occurred as curvilinear, straight or zigzagging shapes (Fig. 2), radially deflected from the central surfacing area. The slick width remained constant along the slick shape from the proximal OSO towards the distal edge as seen on successive SAR scenes. The length of seepage slicks ranged from 2 to 18 km and the surface area of individual seepage slicks ranged from 0.12 to 3.2 km² with an average value of 0.7 km² (Table 2). Distinct twin slicks were frequently identified (20 slicks out of the 44 mapped) and interpreted as expelled from two distinct oil seep sites, 1250 m apart (Seep A and Seep B in Fig. 2). For seep A and B respectively, the occurrence rate ratios compared to the SAR scene coverage were 11% (16/136) and 21%

(28/136) and the OSO gathered within circles of radii of 1200 and 1500 m (Fig. 3a). The maximum OSO density occurred at the location of the GMC of seep B and remained high within a radius roughly 750 m from the GMC of seep A and B (red to green in Fig. 3a) and rapidly decreased outwards. The maximum observed horizontal deflection value from GMC to individual OSO was 1750 m. 

Seafloor geophysical features associated with the oil seep site

Oil slicks diverge from a large depression located above the edge of the underlying diapir (pink dotted line in Fig. 3d). The morphology of the seafloor below the GMC of seeps A and B reveals a large number of depressions and hummocky topographic features (Fig. 3b,c). While sites A and B are imaged with 3D seismics, only site B is imaged by both the 3D and 2D, HR seismic surveys (blue lines in Fig. 3d); we therefore focused this study on the better constrained southern site. An extensive fluid seepage system also develops along minibasins axis as demonstrated by the occurrence of conical and aligned seafloor pockmarks (Fig. 3).

The seepage zone located at the vertical projection of the GMC of seep B consists of a large (0.17 km²) disturbed area (1200 m long and 300 m wide) forming a peapod-like feature on the seafloor.

This zone defines an elongate cluster depressions (Fig. 4a) in trend with the eastern edge of the underlying salt diapir.

The entire depression complex is composed of 38 individual depressions, either isolated or merged, with diameters ranging from 25 to 100 m and depths ranging from one to 12 metres. Seafloor depressions correspond to high positive amplitudes extracted from the first arrivals of the 3D seismics (Fig. 4b).

Individual high-amplitude anomalies on the seafloor reflectivity have diameters ranging from 10 to 30 m and correspond to the bottom of individual depressions identified on the HR bathymetry (Fig. 4c). Seafloor reflectivity anomalies (10 -15 m wide) located at the edge of the depression complex correspond to slight seafloor disturbances barely detectable on HR bathymetry. The high amplitude patches extracted from 3D seismics are coherent with high-density reflectivity anomalies visible on backscatter data the peapod-like depression complex (Fig. 4 d,g). Mounds are spread over a 900 m-wide area outside the depression complex. Seafloor mounds mostly gather into two main regions (Fig. 4 d,g) located in the internal zone inwards the diapir-affected area (see location in Fig. 3d). The northern and southern concentration areas are composed of 120 and 180 individual mounds covering seafloor areas of approximately 0.2 and 0.5 km², respectively. Mound density significantly decreases away outside these two areas. In the northern area, mounds form a cluster (Fig. 4d) that is associated with a slight increase of the seafloor amplitude (Fig. 4e). In the southern area, the seafloor is characterised by a low-amplitude area (Fig. 4h) and seafloor mounds are distributed along NE-SW seafloor escarpments.

The top of seafloor mounds show high amplitude anomalies, whose morphology matches that of the mound, sub-rounded or elongated (Fig. 4f,i). On 3D seismics, the depression areas are well discernible from the strong positive amplitude anomalies while the mounded area is only detectable on the backscatter data (Fig. 4e,h). 

Sub-surface high amplitude reflection in the sub-bottom profiler data

In the SBP sections, high amplitude reflections are visible in the Quaternary series a few tens of ms below the seafloor (Fig. 5a) and are associated with acoustic attenuation below.

The geophysical signature is similar to the High Impedance Layer (HIL) described and interpreted by

Hill et al. (2010)

as related to authigenic carbonate concretions. The lateral extension of the HIL reaches 2200 m across the SBP section over a 5.5 km² area (Fig. 5a,d) with a burial that varies from 0 to 100 ms TWT bsf. We differentiated three domains according to their position with respect to the underlying diapir: the central area that embraces the rugged seafloor depressions, the internal area covers the mounds-affected area and the external area outside the limits of the diapir. The geophysical signature of the HIL is the same throughout the affected area, but the relationship to stratigraphic boundaries differs between the three domains.

In the internal area, the top of the HIL corresponds to a sharp horizon. The TWT difference with the seafloor steeply decreases inwards (above the green dashed line in Fig. 5a,c) and remains buried 20 to 40 ms TWT below seafloor mounds (Fig. 5c, d ande). The HIL shows in many instances a layered character in trend with the stratigraphy around (Fig. 5a,b). Shallow faults, induced by the salt tectonics deformation, disrupt the internal structure of HIL and connect the HIL slabs with seafloor mounds.

In the central area, the HIL burial substantially decreases along a 500 m wide stripe that follows the edge of the salt diapir (Fig. 5e). Local seafloor depressions are associated with high seafloor reflectivity values (Fig. 4b,c) and coincide with areas where the HIL reaches the seafloor (Fig. 5e) and columns of high amplitudes visible on the 3D seismics (Fig. 5b). The section displayed in Fig. 5a is in close proximity to seafloor depressions No. 1 and crosses depressions Nos. 2 and 3 (Fig. 5d). There, seafloor depressions are associated with an internal disorganisation of the HIL (see for instance Nos.

1 and 2 in Fig. 5a) and were coupled with a rapid acoustic wave attenuation.

In the external area, the HIL burial progressively increases outwards (Fig. 5e). A dominant crosscutting reflection marks the upper HIL boundary. The internal structure organises as thinned reflections aligned with the stratigraphy and pinched at the sideward HIL termination. 

Echo-characterisation of the seeping zone on the exploration seismic

On 3D exploration seismics, the TWT difference between the top of the diapir and the seafloor varies between 230 and 550 ms TWT (~195 to 465 metres below seafloor for an estimated propagation velocity of 1700 m.s -1 ). Oil seeps from the shallowest part of the diapir area, i.e. where the sedimentary overburden is the thinnest (Fig. 6). Two specific seismic anomalies affect the Pliocene/Quaternary overburden at the crest of the salt diapir: (i) Positive high amplitude reflections and (ii) a double reflection with a polarity opposite to that of the seafloor (Fig. 6). Except in the internal part where seismic horizons continuity is disturbed, the 3D seismics is almost insensitive to the presence of the HIL depicted from the SBP dataset (see green dashed lines in Fig. 5b). 

Three dimensional distribution of high amplitudes

The interval from the HIL to the salt diapir is affected by High Amplitude Bodies (HAB) below the seeping zone (Fig. 8a). The high amplitudes occur as two distinctive features vertically delimited by NAA1 (Fig. 8a). The first is expressed by consistent and massive HAB in close proximity to the salt diapir (Fig. 8b), covering an area of 2.8 km². The second one consists of a vertical succession of local and focused amplitude anomalies corresponding to pipe-like features rooted on the massive HAB (Fig. 8c). NAA1 delimits the massive HAB at the top and acts as a transition horizon to the pipe-like features layer (Fig. 8a). The seismic pipes consist of a vertical succession of high amplitude anomalies stacked through roughly 50 to 100 ms (maximum of 85 m of sediments) with diameters ranging from 65 to 220 m. We identified 16 individual pipes near the oil seep site (Fig. 8c). We carried out a multi-scale recognition of the fault network using a combination of 2D and 3D seismics (Fig. 9b). In some cases, faults identified on the SBP sections propagate deeper on the 3D exploration seismics (Fig. 5a,b,c). The seafloor scars show that most of the concentric faults are still active (Fig. 4 and Fig. 5). (<1500 m around the emission point; Fig. 3a) suggesting that the deflection of OSO is restricted to low horizontal distances, even if the direction is highly variable. Low deflections are presumably due to the effect of opposite current components at different water depths. Modelled deflection distribution shows that the average surfacing area roughly corresponds to the vertical projection of seafloor source as suggested by the literature near this study area [START_REF] Jatiault | Behavior of natural oil droplets through the water column in deep-water environments: The case of the Lower Congo Basin[END_REF]. The computation of the average location of the OSO is relevant under the conditions of abundant of slicks emissions and the uncertainty associated with the location of the origin of the oil on the seafloor is significantly reduced when the slicks collection is important. For a large number of the 28 slicks for seep B, we consider that the sub-vertical projection of the GMC provides a satisfactory approximation of the origin of the oil on the seafloor (Fig. 3) with a degree of uncertainty between 100 and 200 m. The vertical projection of the GMC to the seafloor of seep site A corresponds to the lateral extension of the seeping zone and presents similar characteristics on the 3D seismics (HAB below the NAA1 linked to vertical pipes and seafloor irregular depression). minibasins suggests that the gas is trapped beneath the impermeable BSR (Fig. 6). We converted the time recorded between the seafloor and NAA1 to estimate the geothermal gradient above the diapir using a speculative linear propagation velocity. The distance between the seafloor and the BSR provides a means to estimate the geothermal gradient assuming that the temperature is constant at the seafloor (4 °C) and as a function of the depth (P-T) at the BSR level. In order to compute a straight comparison of the geothermal gradient in sediments, we selected areas where the water depth is equal between the diapir and the minibasin areas (1685 m; Fig. 7c).

Considering a propagation velocity of 1500 to 1700 m.s -1 in the shallow sediments, we estimate that the BSR depth is comprised between 1915 to 1945 m in the minibasin (green star in Fig. 7b,c) and between 1760 to 1770 m above the diapir (red star in Fig. 7b,c), which corresponds respectively to geothermal gradients between 143 and 162 °C.km -1 above the salt diapir and between 50 and 57 °C.km -1 in the minibasin (green star in Fig. 7c). This estimation is 100m shallower than the theoretical depth of the opal A/CT transition and rather corresponds to the reported range of a hydrate-related The vertical high amplitude pipes connects the BSR with seafloor depression areas on the 3D seismics and are therefore interpreted as deep feeder conduits for fluids throughout the sedimentary pile.

This suggests that the hydrocarbon flow is focused and consistent above the BGHSZ (Fig. 10 g).

Massive HAB induces an acoustic mask, which prevent the recognition of potential vertical conduits below (Fig. 10 h). The acoustic response of vertical pipes visible on exploration seismics corresponds to the disorganised, seafloor-reaching HIL on the SBP sections (Fig. 10 d) and coincides with the locations of seafloor high amplitude anomalies, the high amplitude pipes on 3D seismics (Fig. 10g) and the depression complex location (Fig. 10a,b,c).

The location of the depression complex is fairly well oriented along the salt diapir and at the intersection area of most of faults families (conjugate concentric and radial faults; Fig. 9a), suggesting a sub-vertical migration of fluids along peri-diapiric conjugate faults (Fig. 10 i). The connection with deeper faults suggests that fluids may migrate along structural trends from deeper series (Fig. 5).

Seafloor depressions are typical features of focused fluid flow [START_REF] Hovland | Seabed pockmarks and seepages: Impact on geology, biology and the marine environment[END_REF], Paul and Ussler, 2006, Roberts et al., 2006;[START_REF] Imbert | Seismic-scale funnelshaped collapse features from the Paleocene-Eocene of the North West Shelf of Australia[END_REF] usually entitled as pockmarks (King and McLean, 1970). In the case of seepage disruption, the depressions progressively get in-filled with sediment (Cifci et al., 2003;[START_REF] Hovland | Unit-pockmarks and their potential significance for predicting fluid flow[END_REF][START_REF] Imbert | Seismic-scale funnelshaped collapse features from the Paleocene-Eocene of the North West Shelf of Australia[END_REF]. Their persistence therefore suggests an active flow. The spatial correspondence of seafloor pockmarks (Fig. 10a) within the depression area, seafloor backscatter anomalies (Fig. 10b), seafloor amplitude anomalies (Fig. 10c), vertical pipes and upward deflection of the BSR, provides strong evidence of active or recent important and focused fluid flows through multiple conduit outlets. The seepage activity is therefore evidenced for the 38 individual depressions. The present-day activity throughout multiple fluids outlets therefore creates a cluster of heterometric pockmark (Fig. 4c). Oil bubbles, are commonly expelled as oily-coated bubbles with an important volume of lighter gas to rise towards the sea surface (Körber et al., 2014).

The fluid migration mechanism seems to be erosive in the depression complex, probably due to sediment liquefaction associated with considerable oil and gas flows at focused seep sites, which therefore constitute the main seafloor source of oil slicks visible at the sea surface. Accordingly, the locations of the GMC for seep A and B correspond to the focused seep sites in the paper (seafloor depressions).

Geophysical evidence of peripheral dispersed fluid flow

Several geophysical observations suggest that the fluid flow strongly decreases away from the main conduits described before. The presence of fluid-related geophysical anomalies such as NAA1 or HIL suggests that fluids migrate outwards the main fluid conduit at the depression areas (Fig. 10 d, e andi). In the internal area, the mound formation mechanism is a constructive/non-erosive mechanism (Fig. 4). The absence of erosive seafloor features (i.e. pockmarks) associated with gas erosion/ fluidization, coupled with buried HIL (Fig. 10 d) suggest that the portion of gas is sufficiently low to be entirely consumed with the anaerobic oxidation of methane reaction (AOM : [START_REF] Hovland | Methane-related carbonate cements in pockmarks of the North Sea[END_REF][START_REF] Hovland | Habitat of Methanogenic Carbonate cemented sediments in the North Sea[END_REF] or by hydrate nodule formation (Hovland and Svenssen, 2006). Constituent materials of meter-scale seafloor mounds (Fig. In the southern area the spatial concurrence of asphalt mounds and salt-related seafloor scarps (Fig. 10 a, i), together with vertical offsets of stratigraphic series on top of the HIL suggests that asphalt mounds are directly emplaced above migration pathways and that faults guide oil from the HIL to the seafloor (Fig. 5c).

+ => + + ; e.g.
The presence of heavy oils on the seafloor, such as tar or asphalt mounds (Keller et al., 2007;Valentine et al., 2010), indicate that biodegradation is severe and that the oil dysmigration process is a relatively slow process. The combination of buried HIL, NAA1 and asphalt mounds in the internal area suggests that the hydrocarbon migrates towards the sea surface but that the migration process is slower compared to the main conduits, evidencing a low-flow/dispersed migration area. The development of a main fluid conduit together with peripheral and auxiliary pipes was already reported at the sample scale for gas migration through a water-saturated sediment pile (Cuss et al., 2014). Multiple conduit outlets were also observed in this study from a large number of pockmarks and asphalt mounds (Fig. 4) that developed in relation to the fault network (Fig. 9). 

Massive high-amplitude bodies: A contribution of anhydrite dissolution?

The massive HAB below NAA1 (No. 3 in Fig. 11) can be explained as a temporary storage of hydrocarbon fluid below the impermeable BGHSZ (Sloan, 2003), while the structural trap is induced by the salt-related thermal anomaly (Calvès et al., 2008;Serié et al., 2016). However, the presence of gas is associated with negative polarity reflections while the amplitude anomalies reflections observed close to the diapir are positive (Fig. 8b). The Aptian evaporites were reported to be composed of halite and potash salt topped by anhydrite in the study area (Teisserenc and Villemin, 1989;Brownfield and Charpentier 2006;Anka et al., 2009). The sulphate reduction in association with the anhydrite dissolution (CaSO 4 + CH 4 → CaCO 3 + H 2 S + H 2 O) is effective in the presence of hydrocarbons (McKelvey, 1986;Fontboté 1994;Seawald, 2003) and produces a cap rock partly composed of calcite and hydrogen sulphur (MacKelvey, 1986). This reaction takes place both at high temperature (100 to 180 °C) by the thermochemical sulphate reduction (Warren, 2000;Machel 2001;Seewald, 2003;Cai et al., 2004;Fu et al., 2016) and at lower temperature (0 to 80 °C) under bacterial sulphate reduction (Machel, 2001;Stafford, 2008). Anhydrite is known to be commonly present within the salt diapir cap rock together with calcite (Posey et al., 1987;Sassen et al., 1994;[START_REF] Jackson | Origin of an anhydrite sheath encircling a salt diapir and implications for the seismic imaging of steep-sided salt structures, Egersund Basin, Northern North Sea[END_REF]Warren, 2016), as reported along Gabonese (Teisserenc and Villemin, 1989) and Angolan basins (Brownfield and Charpentier, 2006;Gindre-Chanu et al., 2015). We propose that anhydrite dissolution in the condition of abundant hydrocarbon migration could explain the high positive amplitudes anomalies observed close to the salt diapirs in offshore Angola. The storage of hydrocarbons below the BGHSZ probably helps to satisfy the necessary persistence of hydrocarbon presence required for carbonate precipitations.

Significance and implications of the double Negative Amplitude Anomaly

Multiple observations of stacked BSR were already reported in multiple continental margins and in varied context (Posewang and Mienert, 1999;[START_REF] Andreassen | Detection and variability of the Congo River plume from satellite derived sea surface temperature, salinity, ocean colour and sea level[END_REF]Foucher et al., 2002;Bangs et al., 2005;Popescu et al., 2007;Cullen et al., 2008;Gelleti and Busetti, 2011;[START_REF] Huuse | Deepwater Papua New Guinea-Evidence for a Working Petroleum System[END_REF].

The observation of multiple BSR however remains occasional and still controversial. Three main hypotheses are considered to explain the second BSR. The first refers to the transition between opal A and opal C/T that creates a cross-stratal reflection with a positive amplitude contrast (Davies and Cartwright, 2002;Lee et al., 2003;Cartwright et al., 2003;Berndt et al., 2004). This hypothesis is unlikely assuming that (i) the amplitude contrast is supposed to be positive, conversely to our case study (Fig. 7a), (ii) the Quaternary series are only characterised by fine-grained/silica-poor siltstones and (iii) considering environmental conditions, the opal A/CT transition should be at least 100m below the actual BSR in the minibasin. Alternatively, a vertical displacement of the BGHSZ following environmental conditions modifications could generate a second BSR. Following a marine transgression, the enhancement of the hydrostatic pressure displace the BGHSZ location downward which enables the preservation of the previous BSR within a thicker stable hydrate interval (Bangs et al., 2005). However, sea level fluctuations would result in a regional modification of the stability conditions of gas hydrate and in a regional displacement of the vertical location of the BGHSZ. Local uplifts due to post-depositional deformations also potentially modify the depth of the BGHSZ where the NAA2 could mark the former gas front below the BGHSZ (Macmahon et al., 2014). Ongoing salt tectonics probably results in hydrate dissociation over time by progressively heating the overburden (Lucazeau et al., 2004;Serié et al., 2016). Yet the paleo-location of the BSR is unlikely to produce a seismic reflection below the actual BGHSZ under the condition of heating from the substratum. In H are stable at greater depth and potentially host heavier hydrocarbons (Sloan, 1990;Sloan, 2003).

In the case of thermogenic seeps, multi-phased fluid composition could therefore result in multiple BGHSZ, as suggested by several studies [START_REF] Andreassen | Detection and variability of the Congo River plume from satellite derived sea surface temperature, salinity, ocean colour and sea level[END_REF]Macmahon et al., 2014;Pecher et al., 2014;Pecher et al., 2014;Li et al., 2015).

This case study refers to two-stacked NAA, where the extent of the deeper NAA is restricted to the active seeping area (No. 4 in Fig. 11). The identification of recurrent oil slicks at the sea surface testifies thermogenic hydrocarbon migration and the location of NAA2 corresponds to the thermogenic seeping zone (Fig. 7 c,d). In addition, the upward deflection testifies an active fluid flow (Gay et al., 2007) is observed at both NAA (No. 5 in Fig. 11). The curves of the BGHSZ can be assessed depending on the gas composition and P-T conditions (Sloan, 1990).

We considered three different propagation velocities to estimate the geothermal gradient above the diapir (Table 3):

1. A minimalistic velocity model using 1500 m.s -1 in the shallow subsurface;

2. A probable velocity model of 1700 m.s -1 assuming that the propagation velocity of acoustic waves is enhanced at the crest of the diapir due to an outcrop of slightly older and compacted sediments together with the presence of hydrate/carbonate related high amplitudes (HIL and HAB) and;

3. An upper threshold fixed at 2000 m.s -1 .

In the Kwanza basin, the geothermal gradient associated with salt diapir burial similar to this case study (~250 ms TWT bsf) was reported from 140 to 200 °C.km -1 (Serié et al., 2016). The range is likely in agreement with the probable and minimalistic propagation velocity (Vp 1 and Vp 2 in Table 3). The gas composition of the depth of NAA2 (blue stars in Fig. 7b) is estimated from the projection on the P-T diagram of the geothermal gradient assessed from NAA1 inferred to be composed of 100% methane hydrates (red star in Fig. 7b).

Table 3: Estimation of the geothermal gradient computed using the time recorded between the seafloor and the BSR using 3 different propagation velocities.

For the three propagation velocities, the projection of the geothermal gradient for NAA2 (blue stars in Fig. 12) ranges in the stability conditions of thermogenic gas melt reported by Sloan (1990) and later used by Gelleti and Busetti (2011) and Li et al. (2015). The estimation of the gas composition using the "probable" velocity model and the upper threshold provides comparable results. The relative portion of heavier gas would range between 3 and 7% for ethane and between 1 and 3% for propane (Fig. 12). 

Minibasin

Recognition criteria of an active thermogenic oil seeping area

The combination of different resolution scale geophysical datasets highlighted specific thermogenic seep features. High amplitudes in both the SBP and 3D exploration seismics appear as a relevant feature to identify hydrocarbon migration above salt diapirs, but the strict association with the presence of oil should be considered carefully. In fact, the high amplitude bodies are typical of MDAC or gas hydrates that can also form in association with biogenic methane seepage. Assuming that anhydrite dissolution may contribute to the high amplitudes observed close to the diapir, the high amplitude might be restricted to the evaporite contexts.

thermal anomaly instead of a seepage disruption. The complexity of seafloor seeps appear to be a distinctive feature between oil/gas and water pockmarks and shall be considered for further investigations in relation with peri-diapiric contexts in the LCB.

Conclusions

The combination of a 3D seismics with high-resolution near-surface seismic sections provided a complementary and comprehensive study of the geophysical signature of an active oil seep in the LCB. The recognition of recurrent oil slicks expelled from natural seafloor seeps with satellite imagery demonstrated the thermogenic hydrocarbon migration. This study focuses on a large seeping zone located at the rim of a salt canopy and composed of a large number of pockmarks and asphalt mounds, forming a 1 km² seeping zone on the seafloor.

• A mini-graben, controlled by the combination of concentric conjugate faults at the diapir crest, controls the location and probably the shape of the seeping zone.

• The oil-supplying pockmark complex is characterised by positive anomalies on backscatter data and seafloor amplitudes and corresponds to seafloor high-impedance layers in the subbottom profiler. Strong seafloor anomalies are linked to high amplitudes on exploration seismics and organised as vertical pipes above the base of gas hydrate stability zone.

• Seafloor asphalt mound fields that develop at peripheral areas are linked by shallow faults with buried HIL probably composed of restricted-size carbonate precipitations or hydrates.

We propose that the fluid migration is dispersed with moderate flux at the asphalt mound location.

• The fluid bypass system at the crest of the diapir is characterised by two parallel and crosscutting negative reflections. The first refers to the BGHSZ of hydrate 1 structure.

Assuming that the identification of recurrent oil slicks certifies thermogenic migration, the second negative reflection is probably related to the stability base of hydrate structure 2 and/or H associated with the migration of a heavier gas mixture.
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  BSR in the area(Serié et al., 2016) and therefore confirms that the actual BGHSZ is a good candidate to explain NAA1. The BGHSZ depth primarily depends on Pressure-Temperature conditions, the gas type(Sloan, 1990; Sloan, 2003), the gas flow and to a lesser extent on water salinity. The thermal conductivity of evaporites (~6.5 W/m.K) is greater than the surrounding siltstones and shales (1.5 -2.5 W/m.K -Serié et al., 2016) and the heat is more efficiently conducted from deeper series across evaporites series, which result in a thermal anomaly below the seafloor. The proximity of the underlying evaporites decreases the hydrate stability interval by (1) increasing of the NaCl concentration (Sloan 2003; Qi et al., 2012; Chong et al., 2015) and (2) creating a positive thermal anomaly (Lucazeau et al., 2004). The extension of NAA1 towards the minibasin suggests that a considerable amount of gas migrates laterally along the BGHSZ from the minibasin towards the peridiapiric areas (Fig. 6). The sub-circular local-scale upward deflections of the BGHSZ evidences local thermal anomalies associated with an active flow of warmer fluids along focused migration paths (Gay et al., 2006 b), which also corresponds to the upward deflections area of the NAA2 (Fig. 10 f).

  10a) differ from the surrounding siltstones based on the seafloor reflectivity anomalies. Recent studies that investigated similar restricted-size mounds with ROV dives in the same area(Unterseh, 2013; Jones et al., 2014) showed hardened extruded asphalts resulting from the severe biodegradation of hydrocarbons compounds under the action of bacteria in the shallow subsurface(Head et al., 2003; Larter et al., 2003; Larter et al., 2006; Peters et al., 2007). Two hypotheses could explain the seafloor scattering of mounds distribution. The first proposes a density-driven storage of hydrocarbon at the sediment/water interface due to a biodegradation-induced density increase, following a migration stage across sediments. The second involves a vigorous expulsion stage of the asphalt material in the water column and a lateral transportation by bottom currents later followed by a distant deposition on the seafloor. The latter is possible but restricted to a few tens of metres from the outbreaking area (Jones et al., 2014) while closest pockmarks are separated by at least 500 m from the asphalt mound fields (Fig.10 a). In addition, the distribution of asphalt mounds compared to pockmark locations are opposite to the main bottom current(Geldof et al., 2014).
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  addition, the effect of salt tectonics deformation (comparable to the sedimentation rate; ~0.1 mm.yr - 1 Berger et al., 1998) is insignificant compared to other external factors such as the potential hydrostatic pressure variability (~ 7 mm.yr -1 ; 120 m since the last glacial maximum 18 kyr ago; Lobo and Ridente, 2013). Finally, the composition of expelled fluids modifies the thermodynamic conditions of the gas hydrate stability. Compared to traditional hydrate structure I, structures II and
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Table 1 : Characteristics of the available datasets including seafloor and sub-seafloor imagery.
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Andresen et al., 2011).

  

	The
	acquisition source consists of 2 Texas Instrument sleeve airguns clusters (8 guns per source), 50 m
	apart with shot point intervals of 25 m at a depth of 5m. The source volume is 2*3000 cubic inches,
	operating a pressure of 2000 psi. The acquisition system consists of 10 parallel Thomson Marconi
	Sonar Sentry streamers separated by 100 m. Each streamer is composed of 396 individual receiver
	groups separated by 25 m (total length of 4950 m). The seismic cube used in this study is Pre-Stack
	Time Migration (PSTM). The seismic processing sequence (PGS Viper processing sequence) consisted
	first in time-migration and normal move-out correction using auto-picked velocities every 2000m and
	followed by the stacking of seismic traces. The distance between adjacent seismic lines is 12.5m
	following a nominal geometry derived from the navigation data. A 2 Hz low-cut and a 206 Hz high-cut
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	interpretation on the near-offset seismic cube. Seismic sections in the figures display the amplitude
	of the reflected signal. The colorscale is centred on zero, positive amplitude values indicating a
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	Root Mean Square (RMS) seismic amplitude (

Table 2 : Seepage slicks overview identified on spaceborne SAR scenes and released from the oil seep areas investigated in this study.
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Significance of positive geophysical anomalies

Significance of the conformable HIL

The AOM results in the development of methane derived authigenic carbonates (MDAC) known to generate strong seismic reflections (e.g. Heggland, 2002;Judd and Hovland, 2009;Petersen et al., 2010;Andresen et al., 2011;[START_REF] Imbert | Seismic-scale funnelshaped collapse features from the Paleocene-Eocene of the North West Shelf of Australia[END_REF] due to the competence contrast with the surrounding fine-grained siltstones. Authigenic carbonates and can probably be interpreted as the main component of the conformable HIL (No. 1 in Fig. 11). The hydrocarbon flow controls both the proximity with the seafloor where carbonate precipitates (namely, the sulphate methane interface; SMI) and the size of carbonate concretions (Paull and Ussler, 2008). In the case of moderate flow, carbonates precipitate as restricted-size concretions with a substantial distance from the seafloor.

The SMI typically varies in depth between less than a metre and a few tens of metres, although exceptional values of several hundred metres were reported (Borowski et al., 1999;[START_REF] Ivanov | Interaction of sulphur and carbon cycles in marine sediments[END_REF]Dikens, 2001;Arning et al., 2015). Carbonate concretions were reported in the LCB with sizes ranging from cm to dcm (Pierre and Fouquet 2007;Feng et al., 2010;Hass et al., 2010;Thomas et al., 2011). This may explain that HIL are not detected with the resolution of the 3D seismics but well imaged with the cm scale SBP resolution (Table. 1). The association of shallow faults, asphalt mounds and HIL suggests that the asphalt material transits through the HIL (Hill et al., 2010). Solidified crude oil might also generate a shallow acoustic reflection and conformable HIL are probably composed of a mix of asphalt material and restricted-size carbonate concretions, where carbonate slabs act as a temporary reservoir/cap rock system for asphalt materials (Fig. 5).

Vertical high amplitude pipes

High amplitudes anomalies below pockmarks (No. 2 in Fig. 11) are usually interpreted in the literature as authigenic carbonate concretions that form close to the seafloor (Léon et al., 2006;Römer et al., 2014). In this case, the observed high amplitude pipes may correspond to a vertical Double negative polarity reflection could be a distinctive criterion for the recognition of thermogenic seep sites (Li et al., 2015).

The asphalt deposits are detectable from acoustic anomalies on the seafloor, which constitutes a valuable distinctive criteria. The recognition of asphalt mounds on bathymetry imagery yet requires very high-resolution data. The specific response of asphalt in sedimentary series still needs to be tested taking into account the carbonate concretions might also induce geophysical disturbances.
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