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Abstract :   
 
During the SALSA experiment, in 2014, twelve combined wide-angle refraction and coincident multi-
channel seismic profiles were acquired in the Jequitinhonha-Almada-Camamu, Jacuípe, and Sergipe-
Alagoas basins, NE Brazil. Profile SL09 images the Almada-Camamu basin and the São Francisco craton, 
with 18 four-channel ocean-bottom seismometers and 22 land stations. The datasets were forward 
modelled and combined with pre-stack depth migration to increase the horizontal resolution of the velocity 
models.  
 
Our results show that sediment thickness varies between 3.8 km in the oceanward part of the profile, 
4.3 km in the Almada basin and 6.5 km in the Camamu basin. Crustal thickness at the north-western edge 
of the profile is of around 40 km, with velocity gradients indicating a continental origin.  
 
The Camamu basin, which corresponds to the triple junction between the aborted N–S oriented Tucano 
rift, the SW-NE oriented Jacuipe-Sergipe-Alagoas branch, and the N–S Jequitinhonha-Almada branch, 
presents two crustal layers: a very thin upper layer, about 1.5 km thick, which increases seawards to 3 km 
in the Almada basin, and an higher velocity (HV) layer (6.8–7.2 km/s) about 4 km thick. This lower layer 
gradually disappears in the Almada basin. At the south-eastern edge of the profile, the resolution is lower 
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but the thickness of the crust seems to increase up to 5 km. Deep wide-angle reflections indicate upper 
mantle stratification.  
 
Crustal organisation and P-wave propagation velocities in the Almada and Camamu basins indicate a 
transitional crust domain of exhumed continental crust affinity. In the Camamu triple junction and beneath 
this thin exhumed continental crust, the HV layer may probably reflect intruded materials. No exhumed 
upper mantle is observed along the entire profile. The easternmost part of the profile may correspond to 
a proto-oceanic crust. Typical oceanic crust is never imaged along the 260 km-long offshore profile. 
 
 

Highlights 

► The transitional domain in the Almada and Camamu basins has exhumed continental crust affinity. ► 
The distal basin may correspond to a proto-oceanic domain. ► Typical oceanic crust in not imaged on 
profile SL09. ► Necking occurs within 60 km. 

 

Keywords : NE Brazil, South Atlantic Ocean, Passive margins, Camamu triple poin, Wide-angle 
refraction seismic, PSDM, Crustal structure, Cretaceous breakup, exhumed lower continental crust, 
SALSA 
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may correspond to a proto-oceanic crust. Typical oceanic crust is never imaged along the 260 km-

long offshore profile. 

 

Keywords: 55 

NE Brazil; South Atlantic Ocean; Passive margins; Camamu triple poin; Wide-angle refraction 

seismic; PSDM; Crustal structure; Cretaceous breakup; exhumed lower continental crust; SALSA 

 

Highlights: 

The transitional domain in the Almada and Camamu basins has exhumed continental crust affinity. 60 

The distal basin may correspond to a proto-oceanic domain. Typical oceanic crust in not imaged on 

profile SL09. Necking occurs within 60 km. 

 

Introduction 

The processes that led to the breakup of West Gondwana and the opening of the South Atlantic 65 

Ocean are still not fully understood. One of the main hindrances for an accurate reconstruction of 

West Gondwana is the lack of magnetic anomalies to establish a time-line for the oceanic crust-

spreading rate, as the breakup occurred during the Cretaceous Normal Superchron, chiefly in the 

Central Segment of the South Atlantic Ocean (Moulin et al. 2010). The lack of magnetic anomalies 

is counterbalanced by the presence of well-marked fracture zones and lineaments that, with the 70 

knowledge of the intra-plate deformation on both Africa and South America, tightly constrain the 

plate movements (Moulin et al. 2010; Aslanian & Moulin 2012; Bonifacio et al. 2023). 

 

The SALSA experiment is aimed at constraining the crustal structure and the segmentation of the 

NE-Brasilian margins from Jequitinhonha to Alagoas, and the geodynamical setting of the Camamu 75 

triple junction (Fig. 1), where the aborted Recôncavo – Tucano – Jatobá rift system connects with 

the Jequitinhonha – Almada – Camamu and Jacuípe – Sergipe-Alagoas rift systems. Here, the 

basins are set in with widths ranging from less than 40 km to over 200 km, and with very narrow 

continental shelves, which is quite rare in the passive margin settings of the eastern South American 

continent according to Dominguez et al. (2013). We present the results of P-wave velocity models 80 

obtained from the interpretation of a combined onshore-offshore wide-angle refraction and 

coincident multi-channel reflection data along profile SL09, which crosses the Camamu and 

Almada basins and the São Francisco craton, with a total extension of 415 km, running 

approximately 260 km from the continental shelf to the distal basin. This profile images the triple 

point of Camamu, the connection between the southern North-South trending Jequitinhonha and 85 

Almada branch with the northern Tucano failed rift and the SW-NE trending - Jacuípe and Sergipe-

Alagoas branch of the rift system. 

 

The crustal organization along the necking zone and offshore basins, as well as the nature of the 

transitional crust and the location of the first oceanic crust are still matter of debate in this region. 90 

 

This paper continues the discussion of the basins studied during the SALSA project: Jequitinhonha 

(Loureiro et al. 2018) Camamu and Almada basins (this paper); the Jacuípe and Tucano basins 

(Aslanian et al, this issue); the Jacuípe and Sergipe-Alagoas basins (Pinheiro et al. 2018); the 

Almada, Camamu, Jacuípe and Sergipe Alagoas basins along profiles parallel to the coast (Evain et 95 

al., this issue). 

 

2 Geological setting 

The Jequitinhonha - Almada - Camamu (JAC) rift system extends from the Royal Charlotte bank 

and Cumuruxatiba basin, on the south, to the Barra and Itapuã faults, and the Recôncavo and 100 

Jacuípe basins, on the north (Fig. 1), bordering the south-eastern margin of the São Francisco 

craton. The basement of the Almada and Camamu basins is the Archean crust of the São Francisco 

craton (Schobbenhaus & de Brito Neves 2003), which is also underlain by the Itabuna branch of the 
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Paleoproterozoic Itabuna-Salvador-Curaçá Orogen (Delgado et al. 2003). There is no clear 

basement feature marking the boundary between the Almada and Camamu basins (Caixeta et al. 105 

2007; Gontijo et al. 2007), but there are stratigraphic differences to consider them separate basins 

(Caixeta et al. 2007). The seaward limit between these two basins is also not always clearly defined 

(Menezes & Milhomem 2009). In the Almada basin, pre-rift neojurassic sediments overlay the 

cristaline basement, but on the Camamu basin there is an older Paleozoic sequence (Gontijo et al. 

2007). 110 

 

Further north, the Vaza-Barris transfer zone, a major structural fault, marks the limit between the 

São Francisco craton and the Paleoproterozoic Pernambuco-Alagoas Block and the Jacuípe and 

Sergipe-Alagoas basins (Pinheiro et al. 2018), where the N-S rift was aborted and propagated 

eastwards to join the Jacuípe-Sergipe rift system (Ferreira 2018) . The Camamu basin is, thus, an 115 

atypical region that borders very different geodynamical settings. The conjunction of basement 

heterogenities (Ferreira et al. 2009; Ferreira 2018) and the strain on the different plates and terranes 

resulted in a triple junction. The conjugates of the Camamu and Almada basins are the South Gabon 

and Congo basins respectively (Fig. 1b). 

 120 

During the disaggregation of Rodinia, the São Francisco and Congo cratons were never completely 

detached and formed a cratonic bridge (Porada 1989; Dias et al. 2016). Neoproterozoic rifting 

reached the present-day Araçuaí orogen (Trompette 1997), creating the Macaúbas-Jequitinhonha 

basin, a gulf-like branch of the Adamastor Ocean with an undetermined extension of oceanic crust. 

The main Cretaceous rift trends are strongly controlled by basement inheritance, with reactivation 125 

of previous rift structures and fold belts from the Paleoproterozoic Itabuna – Salvador – Curaçá and 

Neoproterozoic Araçuaí-West Congo orogens (Ferreira et al. 2009; Ferreira 2018). The Itaju do 

Colônia and the Salvador Shear Zones are two main basement lineaments in the basement of the 

Camamu and Almada rift basins. These are correlated to the Taipus Mirim Accommodation Zone 

and the Salvador Transfer Zone, respectively. The main rift faults in the Almada basin occur N-S 130 

and with a NE-SW trend on the northern part of the Camamu basin (Ferreira et al. 2009). 

 

Cretaceous rifting most likely started during the Berriasian-Valangian in the northern domain 

(Almada-Tucano region, the Congo–Camamu Basin to the Sergipe–Alagoas–North Gabon Basins) 

(Moulin et al. 2010; Chaboureau et al. 2013; Ferreira 2018); it finally fails at Aptian time at the 135 

Recôncavo - Tucano - Jatobá (RTJ) rift system, and propagates southwards to the Almada-Camamu 

and Jequitinhonha basins in several cycles of rifting and quiescence (Holz et al. 2017). During the 

Early Aptian, intense fault activity occurred in the Almada and Jequitinhonha basins, south of the 

Taipus-Mirim Accommodation Zone (TMAZ), but also on the northernmost part of the Camamu 

basin, forming isolated large grabens strongly bounded by basement lineaments. In the Middle 140 

Aptian, the rift architecture changed with the formation of conspicuous N-S and NE-SW hinge 

faults mostly concentrated in Camamu basin, north of the TMAZ. In the rest of the JAC rift system, 

fault activity decreased and thermal subsidence started (Ferreira 2018). Faulting and rifting 

propagated eastward along the JAC until marine incursions in the Early Albian marked the initial 

emplacement of oceanic crust (Caixeta et al. 2015). 145 

 

The tightest position of the Africa and South America plates is still a matter of debate as well as the 

position of the oldest oceanic crust due to the lack of wide-angle data (Torsvik et al. 2009; Aslanian 

& Moulin 2010; Moulin et al. 2010; Heine et al. 2013; Müller et al. 2016). The syn-rift sedimentary 

sequences in the Paleo-Mesozoic JAC basins are bound by two major regional unconformities 150 

which, according to biostratigraphic data, indicate that the rift phase lasted about 30 Ma and ended 

in the Aptian/Albian transition (Küchle et al. 2005). This chronology is disputed in the 

Jequitinhonha basin, where the rift phase lasts only up to 5 Ma (Rangel et al. 2007; Chaboureau et 

al. 2013), but also in the Almada and Camamu basins, where syn-rift sediments were deposited in 

the Lower Aptian (Scotchman & Chiossi 2008; Chaboureau et al. 2013) or even in the Middle 155 
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Aptian (Caixeta et al. 2007; Gontijo et al. 2007). In the Camamu basin, there is a hiatus in the 

sedimentation, extending from Early to Middle Aptian times, with the formation of a Central 

Elevated Block (CEB, Fig. 1a) (Chaboureau et al. 2013), an island that formed in the Berriassian 

and, at its maximum size (base Valanginian), extended from the Jequitinhonha basin to the Jacuípe-

North Gabon basin. The meaning of the CEB is still unclear, and Chaboureau et al. (2013) note that 160 

it records a splitting of the rift into two or three branches, changing from a narrow rift system into a 

wide rift system at the Vaza-Barris boundary (Pinheiro et al. (2018); Evain et al., this issue). 

 

Salt composition, morphology and distribution in the northeastern Brazilian basins and their African 

conjugates, including its absence in the CEB, is quite varied (Chaboureau et al. 2013). Salt is absent 165 

in the Jacuípe basin, but there are small anhydrite and halite deposits in the Camamu-Almada basin 

and larger deposits in the Jequitinhonha basin. Salt deposits in their conjugate basins are larger and 

more homogeneous, but with a different composition from the south of the Congo basin northwards. 

Here, they are potassium-rich evaporites with a probable hydrothermal origin that would suggest a 

magmatically active extensional environment (Hardie 1990; Chaboureau et al. 2013). The same 170 

composition is also found in the Sergipe-Alagoas basin, further north on the Brazilian coast, but in 

almost inexpressive deposits. 

 

The proximal part of the Camamu segment is affected by extensional faults and salt bodies (Souza 

et al. 2004). The Pleistocene to Barremanian sedimentary cover of these basins may reach a 175 

thickness of 8 km in the depocenters (Mohriak 2003), although along profile SL09 the maximum 

expected thickness is 6-7 km, according to the isopach values presented in Souza et al. (2004). 

 

3 Data 

3.1 Active Seismic data 180 

 

The SALSA (Sergipe-Alagoas Seismic Acquisition) is a joint project of the Department of Marine 

Geosciences (IFREMER: Institut Français de Recherche pour l’Exploitation de la MER, France) 

and Petrobras, in collaboration with the Laboratory of ”Oceanic Geosciences” (IUEM: Institut 

Universitaire et Européen de la Mer, France), the Faculdade de Ciências da Universidade de Lisboa 185 

(IDL, Portugal), and the Laboratório de Estudos da Litosfera, Universidade de Brasília (Brazil). The 

mission was conducted on the French R/V L’Atalante between April and May 2014, with the 

acquisition of twelve combined wide-angle refraction and high-resolution multi-channel seismics in 

the northeastern coast of Brazil. In this study we present the results from the SL09 profile, that 

crosses the Camamu and Almada Basins, with a NW-SE trending, oblique to the flowlines. It is 190 

located at the exact junction of the two northern branches of the triple junction (Tucano aborted rift, 

Jequitinhonha and Jacuipe-Sergipe branches), at the limit of the Salvador shear zone, and crosses 

the Itaju do Colônia shear zone defined by (Ferreira et al. 2009) on the base of gravity and Aptian 

salt isopach maps. SL09 was shot along the track of the industrial seismic profile ION GXT-2100 

 195 

Profile SL09 is a 415 km long on-shore off-shore wide-angle profile orientated NW-SE (Fig. 1), 

comprising 18 ocean bottom seismometers (OBS) capable of recording on four channels (1 

hydrophone and a 3 component geophone) and 22 land stations (LSS), each a small array of vertical 

short period geophones. 

 200 

A 4.5 km long digital seismic streamer with 360 channels ensured the recording of near-offset 

multi-channel seismic (MCS) (Fig. 2). The seismic source was a tuned array of 16 air guns with a 

combined volume of 6544 cubic inches. A 20 km shooting gap at the SE end of the profile was due 

to the presence of marine mammals. The 1669 shots, spaced at every 150 m, were recorded by all 

instruments. 205 
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The OBS were deployed at 7 nautical miles intervals, at water depths from 810 m to 4150 m, 

crossing profile SL06 at the position of OBS SL09OBS13/SL06OBS27 (Fig. 1). The apparent 

velocity of refracted arrivals in the shallow basement vary from 5.0 km/s to 6.5 km/s. In 

SL09OBS15-SL09OBS16 we identify long Pg arrivals with apparent velocity of 5.2-5.6 km/s, 210 

strong PmP arrivals and Pn arrivals up to 80 km offset with large amplitudes (Fig. 3). The crossover 

distance between Pg and PmP arrivals is approximately 35 km. The imprint of the salt body is 

revealed by sharp fluctuation of apparent velocity and traveltime of all arrivals that propagate 

through the salt, between model distances 0 km to 30 km. 

 215 

The crossover distances between Pg and PmP arrivals decreases at the SW limit of the Almada 

basin, indicating a crustal thickness decrease towards the distal domain (Fig. 4). Furthermore, while 

in the Camamu and Almada basins arrivals propagating at approximately 6.5-7 km/s are identified 

in almost all OBS, these arrivals no are longer recorded in the distal domain. This observation is 

particularly evident in Fig. 4a, when comparing both sides of the record section. 220 

 

In the distal domain we observe a 50 km wide region where the basement is flatter and deeper than 

in the rest of the profile. Three basement arrivals can be identified in the first seven OBS 

(SL09OBS01 to SL09OBS07): short Pg arrivals with apparent velocity of 5.8 km/s, short and high 

amplitude PmP arrival and Pn arrivals up to 100 km offset with large amplitude, although with 225 

fluctuation of apparent velocity and amplitude (Figs. 5 to 7). This observation indicates a one layer 

crust, although another thin layer may exist. 

 

The LSS were small arrays of vertical short-period seismometers for improved SNR and 

redundancy, deployed at approximately 5 km intervals. Records from the LSS are remarkably 230 

similar to each other along the whole profile (Figs. 8 to Fig. 10), indicating the absence of important 

lateral changes of the continental crust velocity and thickness in the São Francisco Craton. Besides 

Pg and intra-crustal reflected arrivals, we observe PmP arrivals and very strong Pn arrivals, up to 

offsets of 400 km. The existence of layering in the lithospheric mantle is evident from systematic 

observation of several and long branches of reflected arrivals. Station SL09LSS02 was extremely 235 

noisy and not included in the modelling. 

 

The reflection seismic data were pre-processed with the Geocluster (CGGVeritas) software to 

include geometry corrections, wave equation multiple attenuation, shot-gather predictive 

deconvolution, time variant band-pass filter, and radon transform multiple attenuation. The OBS 240 

data were pre-processed to include clock drift corrections, and location corrections due to drift from 

the deployment position during their descent to the seafloor using the direct water wave arrival. 

Data quality was generally very good on all instruments and channels, with clear arrivals to offsets 

over 80 km on most instruments. Times of first and secondary arrivals where picked at their onset, 

without filtering whenever possible, and with band-pass Butterworth filters in all other cases. 245 

 

3.2 Micro-seismic data 

 

The active seismic data recorded by the inland stations corresponds only to the seismic waves 

generated by the offshore shooting, with no reverse shots. An analysis of the inland seismic record 250 

acquired during the deployment revealed micro-seismicity in the Salvador region (displayed in 

Brazil’s epicentre maps, e.g. Bezerra et al. (2011), among others). To provide additional data in 

order to better constrain the onshore structure, the complete seismic records of the land stations 

(approximately five days) were screened for earthquake or quarry blast signals. Screening was 

performed with daily spectrograms (Vales et al. 2014) to identify coherent signals. These were later 255 

analysed with SEISAN (Havskov & Ottemöller 1999) to obtain a preliminary hypocentral location. 

All distant events were excluded, leaving 72 regional or local events at varying depths (Tab. S3, 

Fig. S25, supplementary material), corresponding to quarry blasts or small earthquakes. Only events 
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recorded in at least 15 stations and within 10 km of the profile were considered for further 

evaluation. 260 

 

On profile SL09, one of the identified events was recorded in all seismic stations, with clear P, S 

and Rg arrivals. For a P-wave propagation velocity of 6.15 km/s and vP/vS of 1.746, the epicentre 

is at W38.98740 S13.00614, with an RMS of 150 ms for the propagation time (orange star in Fig. 

25, supplementary material). This event was included in the modelling. 265 

 

4 Methods 

4.1 Forward modelling 

 

The wide-angle OBS data were modelled using the RAYINVR (Zelt & Smith 1992; Zelt 1999) 270 

software package using a layer stripping-approach and iterative damped least-squares travel-time 

inversion at later stages. The starting parametrization for each layer was defined by screening all 

instruments for the most important features, either strong reflections or clear turning waves and 

critical refractions (Figs. 5 to Fig. 10). To avoid over-parametrization, only the interfaces 

discernible in the OBS data were included in the models. Arrival times of near-offset reflections 275 

were picked from the MCS data for the main sedimentary interfaces (Fig. 2) that were also 

identifiable on the OBS data. These arrival times were converted to depths using the propagation 

velocities obtained from the OBS data. Depth and velocities of the crustal layers and the upper 

mantle were modelled using exclusively the OBS and LSS data. Velocity gradients, relative 

amplitudes, and cut-off points were constrained by comparison of synthetic seismograms with the 280 

record sections (Fig. 5a and Fig. 5b; or Fig. 7a and Fig. 7b, for example). 

 

Keeping in line with the minimum structure modelling approach (Zelt & Smith 1992), interface 

depth and velocity node spacing were included as needed to model lateral variations of the seismic 

velocity field and without introducing complexity not required by the data. 285 

 

The final model for SL09 (Fig. 11) shows the velocity field and interface geometries of all the main 

sedimentary layers and basement. On this profile, eight sedimentary layers were modelled, reaching 

a maximum thickness of 6.5 km in the Camamu basin, 4.3 km in the Almada basin and 3.8 km in 

the distal basin 3.5 km. The modelled onshore sedimentary basin has a thickness of less than 1 km. 290 

The sediments generate near-offset reflected arrivals having zero offset arrival times coherent with 

the interfaces interpreted in the MCS data. Refracted arrivals have apparent velocity in the range 

2.0-3.0 km/s in layers S1 to S4, 3.0-3.5 km/s in layer S6, 4.0 km/s in layer S7 and 4.5-5.0 km/s in 

layer S8. The velocities at the top of the layers are very well-constrained, with the vertical velocity 

gradient established from cut-off distances and relative amplitudes. The velocities in the 295 

sedimentary layers are further confirmed by the analysis of the residual move-out of a pre-stack 

depth migration of the MCS data. 

 

At shallow levels, the limit between Necking and Camamu domains coincides with the outer limit 

of salt and extensional tectonic faults in the centre of the Camamu basin. This limit is marked at 300 

depth by a flattening and an important decrease of velocity contrast across the Moho. This effect is 

due to the existence of a 2.5-4 km thick lower crust layer with a propagation velocity of 6.55-7.15 

km/s and a velocity gradient that decreases oceanward from 0.25 km/s/km to 0.1 km/s/km in the 

Camamu domain. This layer is overlain by a very thin layer (1-1.5 km thick) that has velocities in 

the range of uppermiddle-continental crust velocity (6.0 to 6.3 km/s and a high velocity gradient of 305 

0.2 km/s/km. 

 

In the Camamu domain, the nature and continuity of the lowermost sedimentary layer is uncertain 

(Fig. 11). This layer, which he named layer U, can include one or several materials such as 

sedimentary deposits, volcanics, mass waste deposits or exhumed material at its base. This layer 310 
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reaches a maximum thickness of 2.5 km with velocities of 4.75-4.85 km/s. The interface between 

this layer and the first crustal layer generates wide-angle reflected arrivals along its fullest extent, 

making it very likely that it marks an important lithological contrast, either the top of basement or 

an intra-crustal interface. 

 315 

On the São Francisco craton, four basement layers were modelled, based on the different refracted 

and reflected arrivals: upper crust, middle crust, lower crust, and lithospheric mantle. The middle 

and lower crust thin out under the Camamu basin. From the necking zone towards the distal basin, 

the basement structure is modelled as five layers: upper crust, High Velocity zone (HV) and three 

intra mantle reflectors. The upper continental crust is present across the São Francisco craton, and 320 

the Camamu and Almada basins, with a maximum thickness of 16 km on the craton, thinning to 6 

km in the Camamu basin and then to less than 2 km in the Almada basin until it pinches out at the 

basin limit. The middle continental crust is present in the São Francisco craton, with a maximum 

thickness of 13 km, thinning out under the Camamu basin. The lower continental crust is only 

present under the craton, with a maximum thickness of about 12 km. 325 

 

In the Almada and distal basins, the top of basement is well-marked by a typical alignment of strong 

diffractions. The wavelength of basement roughness is about 10-20 km, defining depressions of 

approximately 0.5 s twt in the Almada basin; towards the distal basin the basement deepens 

approximately 1 s twt and becomes flat. An abrupt change occurs when crossing the shear zone 330 

from Almada to Camamu basin, where the top of basement becomes hard to identify exclusively 

from the MCS data alone. 

 

A lower crustal unit appears at the transition between the Camamu and Almada basins and extends 

into the distal domain. It reaches a maximum thickness of 4 km in the middle of the Almada basin 335 

and progressively thins out to the SE of the profile. 

 

Several intra-mantle reflections are apparent on the seismic data and were modelled accordingly. 

The lithospheric mantle has a propagation velocity of 8.4 km/s 50 km below the Moho to provide a 

gradient capable of explaining the observed refracted arrivals. 340 

 

The model for SL09 is able to justify around 83% of the picked travel-times, with a pick uncertainty 

of 100 ms. The model is well adjusted, with a normalized χ² value of 2.623 (Tab. 1). 

 

4.2 Gravity modelling 345 

During the cruise, filtered gravity data were acquired every 10 s using a Lockheed Martin BGM-5 

dynamic gravimeter installed as close as possible to the centre of gravity of the vessel. This 

gravimeter additionally calculates the Eötvös correction, and the Free Air and Bouguer gravity 

anomalies. The data were merged with the navigation data and corrected for instrumental drift using 

the Caraıb̈es software, developed by Ifremer. Gravimeter drift was corrected using three 350 

measurements at absolute gravity points in Maceió, São Paulo and Salvador. Outliers were 

manually cleaned. The precision of the measurements is evaluated at 1 mGal. The gravity anomaly 

data was extended inland with Free air gravity derived from satellite data (Sandwell et al. 2014). 

The observed gravity is relatively smooth, with a positive anomaly on the edge of the continental 

shelf, and a negative anomaly in the necking zone. An estimate of crustal density can be obtained by 355 

correlating the acoustic wave propagation velocities with rock densities (Christensen & Mooney 

1995). Although there is no absolute relationship between acoustic propagation velocity and density, 

gravity modelling shows that the seismic model is compatible with the measured gravity anomaly. 

Areas of the model unconstrained or poorly constrained by seismic data can be further constrained 

as a first order interpolation by gravity modelling. 360 
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For profile SL09, we built a 2D model with homogeneous density blocks (Fig. 12a), by conversion 

of seismic velocity to density according to Ludwig et al. (1970). The sedimentary units have, thus, 

densities ranging from 1800 kg/m³ to 2500 kg/m³. Basement densities range from 2700 kg/m³ to 

2900 kg/m³. The regional component of the free-air anomaly indicates an increase of mantle density 365 

towards the continent. To fit this regional component, we adjusted the density of three basement 

blocks within 5% of the density-velocity relation. The density was set to 3180 kg/m³ and to 3240 

kg/m³, in the layers where Pm1P and Pm2P propagate, representing reductions of 3.6% and 3.0% 

respectively. In the B5 unit, the density was reduced by 1.5% to 2900 kg/m³. The density of the salt 

block (pink region in Fig. 12a) was set to 2180 kg/m³. To avoid edge effects, the density model was 370 

extended 400 km to each side and up to a depth of 100 km, where isostatic compensation may be 

reached. 

 

The density conversion of our velocity model (Tab. 2) is able to predict the main trend of the 

gravity anomaly (Fig. 12b). The calculated gravity anomaly fits the observed values with a 16 mGal 375 

RMS. The largest difference between observed and calculated gravity anomaly, 27 mGal (Fig. 12b), 

occurs at the NE limit of the salt body, which is not constrained by seismic data. The calculated 

gravity anomaly is also consistent with the satellite-derived gravity values observed on parallel 

profiles extracted north and south of the profile at 10, 20, and 30 km. 

 380 

In the Almada and distal basins, the lithospheric load is within acceptable ranges for a crust in 

isostatic equilibrium (Whitmarsh et al. 1996). The load increases towards the continent in the 

Camamu basin, reaching a local maximum over 200 Bar (Fig. 12c) at the fault that limits the salt to 

the SW. From this point to the NW it decreases, indicating that shear stress larger than those 

supported by an isostatic equilibrated crust may exist. Since both faulting and recorded seismicity 385 

are present in the the zone, Airy isostasy is certainly not applicable, thus there is no violation of the 

fundamental laws of mechanics. The densities for the upper mantle must be consistent with the 

geological setting, but in this complex region, with Archean and Proterozoic units and at the 

northern limit of the Neoproterozoic rifting, several hypotheses are possible. The modelled mantle 

densities are consistent with a moderately depleted Archean Sub-continental lithospheric mantle 390 

(SCLM), that can have mean densities as low as 3310 kg/m³; or a depleted Proterozoic mantle, with 

mean densities as low as 3330 kg/m³ (Poudjom Djomani et al. 2001). 

 

4.3 PSDM RMO 

To verify the accuracy of the final velocity model, the MCS data of the profile were pre-stack depth 395 

migrated (PSDM), and a residual move-out analysis was performed, using the Seismic Unix 

package (Stockwell 1999; Cohen & Stockwell Jr. 2015). The final velocity layered model was 

converted to a 50 x 25 m spaced grid, and used to compute travel-time tables regularly spaced at 

150 m (the same spacing as the recorded shots) along the profile by paraxial ray tracing. Solving the 

eikonal equation compensates travel-times in shadow zones. The travel-time tables are used to 400 

calculate a common offset Kirchhoff depth migration. Migrated traces are output as common image 

gathers (CIG) binned at 25 m, with 30 offset-classes between 249 and 4596 m, spaced at 150 m. 

SALSA09 (Fig. 13a) was migrated up to a depth of 12 km, showing very good resolution in the 

sedimentary layers, with good agreement between strong reflectors and their wide-angle estimated 

depths. 405 

 

Calculating the residual move-out (RMO) allows a dip-independent velocity analysis on the 

migrated CIG. This implies that, if the velocity model is close to the true medium velocity, all 

common offset migrated panels map the recorded seismic events to the same reflector depth. If the 

velocity model significantly deviates from the true medium velocity, the move-out from near to far 410 

offset translates into an interval velocity correction (Liu & Bleistein 1995). Additionally, depth 

migrated gathers are excellent records of amplitude variations with offset, and therefore are 

indicators of in-situ rheological changes. The residual move-out behaviour coupled with the seismic 
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character from PSDM images are key elements to locate accurately major geological contacts, 

moreover with higher horizontal resolution when compared to the OBS records. 415 

 

The RMO analysis of the migrated SALSA09 (Fig. 13b) section shows mostly sub-horizontal 

arrivals, indicating a good agreement between the modelled and true medium velocities in the entire 

sedimentary basin and upper crust. Coherence is lost immediately below the basement, due to the 

arrival of the free surface multiples. 420 

 

5 Model evaluation 

5.1 Indirect model evaluation 

 

Models are evaluated not only by the number of justified observations and global data fit, but also 425 

by the uniformity and density of their ray coverage, smearing, resolution and the number of rays 

that constrain each node (hit counts). 

 

Most interfaces of the SL09 model are reflective (Fig. 14a) in segments longer than 50 km, 

indicating that acoustic impedance contrasts do not vary significantly in this range of distances 430 

along the interfaces. As a consequence, the depth nodes have a large number of hit-counts (Fig. 

14b) and are well resolved (Fig. 14d) with little smearing (Fig. 14c). 

 

In the sedimentary cover, we observe a lateral variation of the velocity related to the limits of the 

basins, with each layer including a few velocity nodes, but still they are generally well resolved and 435 

not smeared. The less well-resolved velocities in the sediments occur in the salt domain, 

nevertheless, the resolution is still within the limits of well resolved parameters and its smearing is 

acceptable. The lowest values of resolution are attained in the middle and lower continental crust 

and in the lower crustal unit that is only present in the SE extremity of the model. However, the 

velocity of upper and middle continental crust and the mantle bellow the salt are most probably 440 

smeared, meaning that there is a dependence among these velocities (the data is not able to resolve 

each velocity independently of the others). 

 

The top of basement is reflective almost everywhere, indicating a good constrain of this interface, in 

good agreement with its high resolution values and little smearing, although having less hit counts 445 

than other deeper interfaces. Similarly, the Moho continuously generates PmP arrivals in Camamu 

and Almada Basins and in the distal basin. The region of thinning of the lower continental crust, 

from the limit of the intra-cratonic basin to the hinge line, is also reflective. Besides the Moho, two 

intra-mantellic interfaces at depths of 30 km to 40 km generate reflected arrivals. The deeper intra-

mantellic interface, lying at 55 km to 40 km depth, is continuously followed below the Intracratonic 450 

basin, Camamu and Almada. 

 

All layers show large hit-counts, indicating that the velocities are well constrained. Hit-counts for 

interface depths are larger than 1000, indicating a good constraint also on interface depths and 

topographies. Smearing is higher on the NW edge of the model, mostly due to the lack of reverse 455 

shots to better constrain the geometry. Nevertheless, the smearing values suggest that the model is 

not over-parametrized. 

 

5.2 Uncertainty estimation using VMONTECARLO and model uniqueness 

 460 

The velocity model suggests the disruption of the deepest layer in the crust, disappearing towards 

the south-east, between the Almada and distal domains, and towards the north-west, between the 

Camamu and Necking domains. In order to assess the reliability of alternative models not 

comprising these features, we performed a series of tests, generating 49968 valid random models 

with VMONTECARLO (Loureiro et al. 2016), using the Metropolis algorithm and adaptive 465 
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variance to increase the convergence. These tests also provide important limits to interpretation, 

since they establish bounds for velocity and velocity gradient. The SL09 model was preprocessed, 

in order to obtain a suitable model for random parameters generation, including horizontal and 

vertical limiting, pinchouts and linearly dependant parameters removal. We allowed for maximum 

velocity fluctuations of ± 0.60 km/s and maximum interface depth fluctuations of ± 2 km. We used 470 

both a Fisher hypothesis test and score based comparisons (Loureiro et al. 2016) to filter the random 

models according to the required level of data fit, that should be similar to the obtained for SL09 

model. The preferred SL09 model is capable of tracing 14343 rays to 16372 picks (justifying 87% 

of the data), with an RMS of 0.11 s, a χ 2 of 1.20, and a VMONTECARLO score of 0.86. 

 475 

For SL09, 55 models had better score than the preferred model, and from these, 13 also had better 

RMS, χ² value and number of justified observations. The best random model is capable of tracing 

14712 rays (justifying 90.0% of the data), with an RMS of 0.11 s and a χ² of 1.13. 

 

In the Necking Domain, the results indicate that the lower crust may be up to 1.5 km thicker with a 480 

velocity gradient smaller than the velocity gradient of the preferred SL09 model (Fig. 15). In fact 

this is also true in the Camamu Domain, where the bounds of velocity uncertainty in the lower crust 

allow for a velocity gradient decrease, namely considering the best random model. Similarly, the 

results suggest that a thin lower crust layer may occur in the distal domain (Fig. 15), probably up to 

2 km thick. 485 

 

The global uncertainty map for profile SL09 (Fig. 15a and Fig. 15b) shows that the crustal layers 

are generally well constrained, with very localized defocusing effects. 

 

5.3 Comparison with GXT 490 

SALSA09 was shot along the track of a still not published seismic acquisition line, profile ION 

GXT-2100. This dataset provides additional constraints to the sedimentary basin and crustal 

structure and has higher penetration than the SALSA09 MCS record section. The reflective and 

transparent pockets in layer U are well marked in both SALSA09 and GXT-2100, having no 

significant vertical mismatch. The layer with velocity 6.0-6.3 km/s, transparent in the Camamu 495 

domain, presents pockets of reflectors in the Almada and distal domain. On the line drawing of this 

profile there are several deep crustal reflectors that appear to be a highly reflective Moho. In the 

north-western-most Camamu domain, this thick reflective band coincides with the whole lower-

crust, contrasting with the transparent continental crust in the Necking domain. Due to the spacing 

of the instruments, refraction data are typically unable to retrieve small reflector wavelengths, but 500 

the final velocity model of SL09 is capable of bounding most of the major units identified in the 

ION GXT-2100 profile with a good agreement (Fig. 16). The deep reflectors in the distal basin 

identified on the GXT profile (red question mark on Fig. 16) are not visible in the wide-angle data 

and thus not modelled. However, the LSS data shows reflections below the Moho, indicating a 

possibly layered mantle, and this pack of reflectors may mark the base of a shallower high velocity 505 

mantle layer. 

 

6 Discussion 

In order to characterize the P-wave seismic velocity variations along profile SL09, 1-D velocity-

depth profiles were extracted from the velocity model at 10 km interval (Fig. 17), allowing to 510 

discuss the properties of crust and to establish the lateral segmentation along the profile Based on 

these 1-D velocity depth profiles, we identify five main regions along the profile from north-west to 

south-east: the São Francisco Craton, the Necking domain, the Camamu domain, the Almada 

domain and the distal domain (Fig. 17a). 

 515 

6.1 Nature of layer U 
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Between the reflector S8 (light green line on Fig. 2) and the basement top B1 (light blue), MCS data 

indicates the presence of an about 1 sec TWT thick layer U. The nature and continuity of this layer 

is unclear. 

 520 

According to model evaluation results (Fig. 14), whilst the depth of the base of this layer is very 

well resolved by the data, the velocity of this layer is less well resolved than the velocity of the 

remaining layers in this domain. Thus, its velocity and velocity gradient ranges can be larger than 

the given values and its nature (substratum or sedimentary) remains in question (Fig 18: igneous 

nature in light orange, sedimentary nature in dark bands). However, even taking into account the 525 

results of the uncertainty estimation and comparing the velocity depth profiles in the Necking and 

Camamu domains, the crust underlying Unit U, with velocities above 6 km/s, cannot be considered 

as the same envelope. 

 

Although the velocity range in the anomalous velocity layer U is similar in the Necking Domain 530 

and in the Camamu Domain, a speculative hypothesis would be to consider a similar lithology of 

this layer on both domains. The MCS data suggests (Fig. 2) a basement small-scale relief beneath 

the base of S8, configuring grabens filled with a thin sedimentary cover in the Camamu domain, 

and the Vzs profiles in Camamu basin present an inversion of velocity, not observed in the necking 

zone, suggesting the presence a magmatic sub layer in that area. In another hand, the gravity 535 

modelling requires a lower density for the U layer in the Necking domain, which is consistent with 

the presence of a salt body or a mixture of salt and sediments of unknown thickness. 

 

Layer U is therefore considered as a mixture of of salt and sediments in the necking zone, moving 

to a more volcano-sedimentray layer in Camamu Basin according to the results on the perpendicular 540 

profile which crosses the Jacuipe Basin (cf. Evain et al., this issue). The PSDM (Fig. 13) confirms 

this interpretation and shows that layer U has internal structure, with contrasting thick reflective 

pockets and transparent highs, indicating that layer U is not a single unit. 

 

The base of the basin therefore shows a rather sharp increase of depth in the Camamu area 545 

compared to the surrounding areas, giving it a “boutonnière” type shape. 

 

6.2 Unthinned continental crust domain 

 

The São Francisco craton, up to approximately 50 km model distance, shows a 41 km-thick 550 

unthinned continental crust, compatible with previous results that indicated a total crustal thickness 

between 37 and 41 km for this region (Assumpção et al. 2013). Here, the crust has propagation 

velocities, gradients and layer thicknesses comparable to those of shields, extended continental 

crust, and rifted continental crust (Fig. 19). A long deep-seismic refraction sounding transect, 

crossing the Borborema Province and the Tucano Graben (Soares et al. 2010; Tavares et al. 2012; de 555 

Lima et al. 2015) enters the Serrinha block in a direction approximately N-S, and ends 90 km north 

of SL09. This transect reveals a two-layer crust with a total thickness of 39 km to the south of 

Tucano. The upper crust is 18 km thick with velocity 6.1-6.2 km/s and the lower-crust is 21 km 

thick with velocity 6.9-7.0 km/s (Lopes & others 2017). Our modelling of SL09 shows a similar 

total crust thickness, but organized into three layers: an upper crust 16 km thick with velocity 6.1-560 

6.2 km/s, a middle crust 13 km thick with velocity 6.25-6.35 km/s, and, at 30 km model distance, a 

lower crust 11 km thick with velocity 6.85-7.15 km/s. 

 

When compared with the results from profile SL02 (Pinheiro et al. 2018), on the Sergipano Fold 

Belt (Fig. 19a), it is evident that the crustal organization is very different on each side of the Vaza-565 

Barris transfer zone, highlighting the contrasting tectonic heritage of both segments (see also Evain 

et al., this issue). The total crustal thickness in the São Francisco Craton is larger than in the 
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Sergipano Fold Belt (36–41 km compared to 27–36 km) and the upper crustal layer is also much 

thicker in the craton (26–29 km compared to 4–8 km). 

 570 

6.3 Necking domain 

On the necking domain, the continental crust thins from 40 km at -30km model distance to about 6 

km at 30 km model distance. The continental characteristics of the crust become less clear as we 

move towards the Camamu basin, showing a very abrupt 34 km thinning of the crust in a distance 

of approximately 60 km. There are also striking differences when compared to the necking domain 575 

in the Sergipe-Alagoas passive margin (SL01 and SL02, Fig. 20). 

 

6.4 The Camamu, Almada and Distal domains 

 

In the Camamu, Almada and distal domains, Romito and Mann (2022), based on multi-channel 580 

seismic, gravimetric and magnetic data analysis and interpretation, divide the transitional crust 

domain into three sub-domains. They define their Domain 2 as a 20 km-wide zone of exhumed 

mantle, which may correspond to a projection into the Almada Basin. Profile SL09 crosses their 

Line A profile between OBS 5 and 4, between 165 et 175 km model-distance, within their domain 3 

interpreted as a proto-oceanic crust. 585 

 

Exhumed mantle at the ocean-continent transition zone is characterized by high P-wave velocities at 

shallow depths and the absence of an oceanic Layer 3 and Moho step. These characteristics are 

usually enough to distinguish it from thinned continental crust, oceanic crust or magmatically 

underplated crust (Minshull 2009). However, velocities increasing rapidly to more than 7.6 km/s 590 

within a few kilometres of top basement can also indicate anomalously thin oceanic crust (Mutter & 

Mutter 1993; Funck et al. 2003). 
 

To test the hypothesis of mantle exhumation, the 1D velocity-depth profiles extracted along the 

Almada and Distal basin were compared to similar profiles extracted from wide-angle seismic 595 

models (Figs. 21a, 21b, 21d and 21e) in the Newfoundland Grand Banks margin, Iberia Abyssal 

Plain, and southern Galician margin, where the ocean-continent transition zones have been 

interpreted as exhumed mantle, serpentinized upper mantle, or a mixture of both. In the southern 

Galician margin serpentinized upper mantle and lower continental crust materials were drilled 

during Legs 173 and 149 of the Ocean Drilling Program (Chian et al. 1999), with the lower 600 

continental crust materials being interpreted as rafts that float in an overall upper mantle 

exhumation regime that occurs along a deep detachment (Boillot et al. 1987; Manatschal et al. 

2001). The 1D velocity-depth profiles are also compared to a compilation of mean velocity-depth 

variations in the ocean-continent transition (Fig. 21b and 21e, Minshull, 2009) in the UK western 

approaches margin, where an anomalously high Vp/Vs ratio indicates the presence of strongly 605 

serpentinized rocks (Bullock & Minshull 2005). 

 

The velocity structure of the Almada Basin up to the distal domain of profile SL09 is noticeably 

different from that of the profiles in the North Atlantic, where the basement is presumably formed 

of exhumed mantle. Although there are high P-wave propagation velocities at shallow depths, the 610 

gradients are much less pronounced. Furthermore, the 1D velocity-depth profiles show a strong 

velocity jump between 6.3-6.8 and 8km/s, representing a clear Moho boundary. These differences 

invalidate the presence of exhumed mantle in the Almada and Distal basins. 

 

Our modelling results show a upper crustal unit in the Camamu and Almada basins with P-wave 615 

propagation velocities ranging between 5.8 and 6.35 km/s, compatible with middle to lower 

continental crust. Below that unit, a lower unit of high velocities (HV zone), ranging between 6.55 

and 7.15 km/s (Fig. 11) appears along the Camamu basin and gradually thins out until it disappears 

in the Almada basin. This HV zone may be compatible with intruded continental crust and/or 
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altered or serpentinized mantle. The Vz profiles present anyway two strong steps of P-wave 620 

propagation velocities that preclude a continuous serpentinization process. Moreover, the high 

density of this unit (Fig. 12) excludes high degrees of serpentinization (Mével 2003), which 

indicates a non-mantelic origin. The internal reflectivity, apparent in the GXT-2100 line drawing 

(Fig. 16), is also in favour of a crustal nature (Hammer & Clowes 1997; Cook et al. 2010), and the 

reflection at the bottom of this layer may be a good candidate for the seismic Moho (Prodehl et al. 625 

2013). 

 

To test the exhumed lower continental crust hypothesis, we compared the 1D velocity-depth profiles 

in the Camamu, Almada and distal domains with those extracted from the wide-angle models in 

Brasilian and Mediterranean margins areas, where exhumed lower continental crust is proposed 630 

(Fig. 22). Despite some notable differences in the velocity crustal structure of the Camamu and 

Almada basins, their Vz profiles are all compatible, in terms of velocity gradients, to those from 

regions where exhumed/intruded lower continental crust is proposed. 

 

The Almada basin has a rougher basement topography, when compared to the neighbouring 635 

domains, which could indicate an oceanic nature with a slow spreading rate or lower mantle 

temperatures. 1D velocity-depth profiles across these domain were compared with a compilation of 

Atlantic oceanic crusts of similar age (White et al. 1992) and a compilation of oceanic crusts 

(Christeson et al. 2019). (Fig. 23b) and to Vz-profiles of domain interpreted as proto-oceanic crust 

(Fig. 21f). The crustal organization from the Camamu basin onwards is inconsistent with typical 640 

oceanic crust or proto-oceanic crust in terms of top velocity, propagation velocities, gradients and 

layer thicknesses. The Almada basin is also likely comprised of exhumed lower continental crust 

(Fig. 22b). 

 

In the Camamu and Almada basins, the bottom of the lower HV layer coincides with a high-645 

amplitude more or less undulating reflector identified in cyan in the line-drawing of profile ION 

GXT2100 (Fig. 16). This reflector shares similarities with the “M-reflector” proposed by Blaich et 

al. (2010) for this region. The wavy character of deep reflectors is also found in the conjugate 

margin, for example in profile PROBE23 (Rosendahl et al. 1991). In the Middle South Gabon 

Basin, a similar undulating reflector is also identified, the “G-reflector” (Dupré et al. 2011). The 650 

“G-reflector” appears also at approximately 10 s twt, and is interpreted as the transition between an 

upper crust and the result of mafic intrusions of the continental crust that has been thinned during 

extension. 

 

A possible interpretation for this unit is that the lower continental crust, as it is thinned, is intruded 655 

by magmatic material, begins to flow (Bott 1971; Buck et al. 1999; Aslanian et al. 2009) and forms 

lithospheric-sized boudins. A similar mechanism has also been proposed for the closely-related 

Jequitinhonha basin (Rangel et al. 2007) and the Uruguayan margin (Clerc et al. 2015). 

 

The steep deepening of the base of the Camamu basin, which gives it a “boutonnière” shape, the 660 

very thin upper crustal layer and the HV underlying layer interpreted as intruded material, may be 

linked to its very specific location at the junction of the three branches in action in the region at the 

time of rifting:  this triple junction area recorded both movements of São Francisco plate and Africa 

plate with respect to the Tucano sub-plate, which produced respectively the Recôncavo-Tucano-

Jatobá rift and the Jacuípe-Sergipe-Alagoas margin at Berriasian-Valangian time (Moulin et al. 665 

2010; Chaboureau et al. 2013). 

 

6.6.1 The distal domain 

The distal domain, between the Almada basin and 200 km model distance, shows a single basement 

layer, with P-wave propagation velocities ranging between 5.8 to 6.35 km/s and a strong step at the 670 

Moho boundary (dark purple lines in Fig. 21a-c, 22c and 22f, 23c). This crustal velocity structure is 
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incompatible with normal oceanic crust (Fig. 23c) or exhumed serpentinized upper mantle (Figs. 

21a & b), but is consistent with a proto-oceanic (Fig. 21c) or a very thin exhumed continental crust 

(Fig. 22c). The most distal domain (from 200 km model distance onwards, light profiles in the 

figures), where no OBS were deployed and therefore less constrained, presents Vz-Profiles very 675 

similar to the ones observed on the proto-oceanic crust of the Pará-Maranhão/Barreirinhas margin  

(Fig. 21c, Aslanian et al., 2021; Moulin et al., 2021). On profile SL09, the true oceanic crust was 

never reached, which is coherent with the results on SL11 and SL12 profiles (Loureiro et al. 2018). 

 

7 Conclusions 680 

 

Profile SL09 images a narrow margin, with the complete necking of the continental crust occurring 

within less than 60 km (Fig. 20). The transitional domain in this region is in general agreement with 

the transitional domain proposed for the same area by Blaich et al. (2008), including the density of 

the lower crustal body, but not in the position of the Continent-Ocean Boundary, which is never 685 

reached on profile SL09. 

 

Seismic velocity gradients and crustal organization discard a serpentinized upper mantle 

provenance for Domain 2, proposed by Romito and Mann (2022) (green arrow on Fig.17a) .The 

transitional domain is most probably composed of exhumed continental lower crust, similarly to 690 

what is found in the Jequitinhonha basin (Loureiro et al. 2018), immediately south of this profile. In 

the Camamu margin and partly in the Almada margin, there is an anomalous velocity zone that 

underlays the lower crust and bounds high-amplitude reflectors. The seismic propagation velocities 

and the depth of the reflectors suggest oceanward creep of the lower crust linked to the crustal 

thinning process, as proposed southwards for profile SL11 (Loureiro et al. 2018), but also in other 695 

margins: the Pará-Maranhão/Barreirinhas passive margin (Aslanian et al. 2021), the Angola Margin 

(Contrucci et al. 2004; Moulin et al. 2005; Aslanian et al. 2009), the Mediterranean margins 
(Afilhado et al. 2015; Moulin et al. 2015), the NW Greenland margins (Guan et al. 2019), the North 

Colorado margin (Shuck et al. 2019; Bécel et al. 2020), the margins of the austral segment of the 

South Atlantic ocean (Chauvet et al. 2021). The apparent imbrication of the domains reinforces the 700 

idea that the lower continental crust flow is gradually recrystallized to build a first proto-oceanic 

oceanic crust(Bott 1971; Aslanian et al. 2009; Sibuet et al. 2012; Afilhado et al. 2015; Aslanian et 

al. 2021; Moulin et al. 2021), leading to complete continental mantle erosion before the first typical 

oceanic crust appears (Bécel et al., 2020). 

  705 

These results are included in the Fig. 24, which presents a compilation of all results acquired during 

the SALSA experiment (Loureiro et al. 2018; Pinheiro et al. 2018; Aslanian et al. ; Evain et al. ) and 

the compilation done by Assumpção et al. (2013) on land. 

 

The crustal thicknesses of the unthinned crust along the SALSA profiles are coherent with the 710 

onshore compilation of Assumpção et al. (2013), showing the Vaza-Barris transfer zone as a major 

structural fault, which marks the limit between the São Francisco craton and the Paleoproterozoic 

Pernambuco-Alagoas Block, on one side, and the Jacuípe and Sergipe-Alagoas basins, on the other 

side, as already noticed by Pinheiro et al. (2018). Along the entire system, the width of necking 

zones (thick dashed black lines in Fig. 24) present two strong variations: 1) between the 715 

Jequitinhonha and the Almada Basins, to the south, and 2) on either side of the Vaza-Barris transfer 

zone, to the north between the Jacuipe and Sergipe margins, showing the impact of the tectonic 

heritage on the structure of the margin (Evain et al. ). The domain just after the necking zone 

presents a rather similar crustal thickness in entire system of about 10km, except in the Camamu 

Basin, along profile  SL09, which presents a thinner basement, probably due to the evolution of the 720 

triple junction. This triple junction is marked by a structure “en boutonnière” and  an anomalous 

velocity zone that underlays the lower crust and that expands east-northwards in the Jacuípe margin, 

probably connected to the Africa Plate movement (Evain et al. ). 
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Whilst in the Jacuípe-Sergipe-Alagoas margins the oceanic crust is always rapidly reached, this is 

not the case in the southern Margins, southwards of the Camamu triple junction, where the 725 

intermediate domain is likely of exhumed lower continental nature. This difference may represent a 

different geodynamical evolution but the connection between the two areas is not imaged. No 

exhumed upper mantle is observed in the entire area, but some very small occurrences may exist 

and not be imaged within the resolution of the wide-angle data. 

 730 
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TABLES 

 

Table 1: Statistics for the data fit of the velocity model of profile SL09. 

 

Table 2: Gravity modelling of profile SL09. Densities converted from seismic propagation 1065 

velocities for SL09, according to Ludwig et al. (1970) and gravity modelling results. 

 

Table S3 (supplemental): 1D model used for hypocentral determination. 

FIGURES 

 

Figure 1: Location of profiles of the SALSA mission. a) satellite-derived gravimetric anomaly in the 1070 

sea (Sandwell & Smith 2009; Sandwell et al. 2013; Sandwell et al. 2014) and topography on land 

(IHO-IOC GEBCO 2014). Circles denote OBS deployments. Triangles denote land stations. Black 

solid lines indicate MCS sections. Yellow star indicates approximate location of the earthquake used 

for modelling. Dashed black line denotes faults. Dashed white lines indicate marine basin limits 

(Bizzi et al. 2003). Dashed red lines indicate the extent of the Jequitinhonha-Almada-Camamu 1075 

(JAC) rift system. Orange area indicates the Recôncavo-Tucano-Jatobá (RTJ) basins (Bizzi et al. 

2003). Light blue area indicates the limits of the São Francisco Craton, adapted from (Hasui et al. 

2012). TMAZ: Taipus-Mirim Accommodation Zone. Main rivers indicated by solid blue lines 

(Wessel & Smith 1996). Yellow lines indicate position of the A and B GXT profiles used in the 

interpretation by (Romito & Mann 2022). b) General location map of studied area and conjugate 1080 

margin highlighted with red rectangles. STRM15+ bathymetry (Tozer et al. 2019). Orange lines 

indicate fracture zone tracks (Wessel & Müller 2016). c) Location of the Barra and Itapuã faults, 

adapted from (Halla et al. 2019). 

 

Figure 2: MCS record section for SALSA09. Solid coloured lines indicate the modelled interfaces. 1085 

White triangles denote OBS locations. Dark blue vertical line indicates crossing with SL06. HV – 

High Velocity zone. 

 

Figure 3: Instrument SL09OBS16. a) Record section. b) Synthetic record section. c) Synthetic 

record section, coloured according to their identified arrivals. d) Picked arrivals coloured according 1090 

to interfaces and type of arrival, their error bars, and solid black lines indicating the predicted 

arrival times. e) Ray tracing over the model. f) Comparison with the MCS section, coloured lines 

match the reflected arrivals colours from d) and colour scale from Fig. 2. All time sections reduced 

to 7 km/s. 

 1095 

Figure 4: Instrument SL09OBS08. aa) Record section. b) Synthetic record section. c) Synthetic 

record section, coloured according to their identified arrivals. d) Picked arrivals coloured according 

to interfaces and type of arrival, their error bars, and solid black lines indicating the predicted 

arrival times. e) Ray tracing over the model. f) Comparison with the MCS section, coloured lines 

match the reflected arrivals colours from d) and colour scale from Fig. 2. All time sections reduced 1100 

to 7 km/s. 

 

Figure 5: Instrument SL09OBS04. a) Record section. b) Synthetic record section. c) Synthetic 

record section, coloured according to their identified arrivals. d) Picked arrivals coloured according 

to interfaces and type of arrival, their error bars, and solid black lines indicating the predicted 1105 

arrival times. e) Ray tracing over the model. f) Comparison with the MCS section, coloured lines 

match the reflected arrivals colours from d) and colour scale from Fig. 2. All time sections reduced 

to 7 km/s. 
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Figure 6: Instrument SL09OBS11. a) Record section. b) Synthetic record section. c) Synthetic 1110 

record section, coloured according to their identified arrivals. d) Picked arrivals coloured according 

to interfaces and type of arrival, their error bars, and solid black lines indicating the predicted 

arrival times. e) Ray tracing over the model. f) Comparison with the MCS section, coloured lines 

match the reflected arrivals colours from d) and colour scale from Fig. 2. All time sections reduced 

to 7 km/s. 1115 

 

Figure 7: Instrument SL09OBS13. a) Record section. b) Synthetic record section. c) Synthetic 

record section, coloured according to their identified arrivals. d) Picked arrivals coloured according 

to interfaces and type of arrival, their error bars, and solid black lines indicating the predicted 

arrival times. e) Ray tracing over the model. f) Comparison with the MCS section, coloured lines 1120 

match the reflected arrivals colours from d) and colour scale from Fig. 2. All time sections reduced 

to 7 km/s. 

 

Figure 8: Instrument SL09LSS04. a) Record section. b) Synthetic record section. c) Synthetic 

record section, coloured according to their identified arrivals. d) Picked arrivals coloured according 1125 

to interfaces and type of arrival, their error bars, and solid black lines indicating the predicted 

arrival times. e) Ray tracing over the model. f) Comparison with the MCS section, coloured lines 

match the reflected arrivals colours from d) and colour scale from Fig. 2. All time sections reduced 

to 7 km/s. 

 1130 

Figure 9: Instrument SL09LSS09. a) Record section. b) Synthetic record section. c) Synthetic 

record section, coloured according to their identified arrivals. d) Picked arrivals coloured according 

to interfaces and type of arrival, their error bars, and solid black lines indicating the predicted 

arrival times. e) Ray tracing over the model. f) Comparison with the MCS section, coloured lines 

match the reflected arrivals colours from d) and colour scale from Fig. 2. All time sections reduced 1135 

to 7 km/s. 

 

Figure 10: Instrument SL09LSS19. a) Record section. b) Synthetic record section. c) Synthetic 

record section, coloured according to their identified arrivals. d) Picked arrivals coloured according 

to interfaces and type of arrival, their error bars, and solid black lines indicating the predicted 1140 

arrival times. e) Ray tracing over the model. f) Comparison with the MCS section, coloured lines 

match the reflected arrivals colours from d) and colour scale from Fig. 2. All time sections reduced 

to 7 km/s. 

 

Figure 11: Final velocity model for profile SL09. Thick blue lines indicate interfaces in the 1145 

basement constrained by reflections. Thick red lines indicate interfaces in the sedimentary basin 

constrained by reflections. Shaded area indicates ray coverage. Black triangles denote position of 

land stations and OBS. The crust on the São Francisco craton is comprised of upper crust, middle 

crust and lower crust. The middle and lower crusts thin out under the Camamu basin. From the 

necking zone towards the distal basin, a High Velocity zone (HV) and three intra mantle reflectors 1150 

are present under the upper crust. a) Complete model, up to a depth of 60 km. b) Zoom to highlight 

the crustal structure in the basins. 

 

Figure 12: Gravity modelling for profile SL09. a) Density model for profile SL09. Pink region 

indicates salt. b) Modelled (solid black line), observed gravity anomaly along profiles parallel to 1155 

SL09 (solid yellow lines), and observed gravity anomaly along profile SL09 (red circles). c) 

Calculated load anomaly. d) Observed magnetic anomaly. 

 

Figure 13: Pre-Stack Depth Migration analysis for SALSA09. a) Pre-stack depth migrated MCS 

record section for SALSA09. b) RMO analysis of the pre-stack depth migrated MCS record section 1160 
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of SALSA09. Solid coloured lines indicate the modelled interfaces. White triangles denote OBS 

locations. Red vertical line indicates crossing with profile SL06. 

 

Figure 14: Four estimators of model quality for SL09. a) Parameterization of the velocity model. 

Thin black lines indicate interfaces and squares indicate depth nodes. Reflective segments of 1165 

interfaces are highlighted in blue. All velocity and depth nodes in the basement were evaluated. The 

nodes defining the depth of sedimentary layers are not evaluated, since they are constrained by the 

MCS data. b) Hitcounts. Colour of squares indicates the hitcount for those depth nodes. c) 

Smearing. Colour of squares indicates the smearing for those depth nodes. d) Resolution. Gray and 

yellow areas are considered well resolved in terms of velocities. Squares indicated depth nodes in 1170 

the basement, coloured according to their resolution. 

 

Figure 15: Uncertainty estimation for SL09. a) and b): Model uncertainties for profile SL09 

according to (Loureiro et al. 2016), built from 13 models within the same quality thresholds as the 

preferred SL09 model. Red/blue shades denote maximum admissible velocity increases/decreases 1175 

from the preferred solution. Black lines denote modelled interfaces. Yellow bands indicate interface 

depth uncertainties resulting from the variation of the propagation velocity. c) Velocity-depth 

profiles with uncertainty bounds: velocity-depth range of 49968 random models (grey), velocity-

depth range of 55 models with a score as least as good as the preferred model's (yellow) and 

velocity-depth range of 13 models within the thresholds of number of rays, χ² and time RMS 1180 

residual of SL09 model (orange). SL09 model's and best random model's velocity-depth profiles are 

indicated by continuous black line and dashed white respectively. 

 

Figure 16: Comparison with ION GXT-2100. Overlay of main units of SL09 model (thick coloured 

lines) to line-drawing of ION GXT-2100 (thin lines). Red question mark indicates reflectors not 1185 

visible on the wide-angle data. HV – High Velocity zone. 

 

Figure 17: Domain segmentation along SL09. a) Distribution of 1D velocity profiles taken at each 

10 km from the final P-wave velocity model and colour-coded according to segmentation along 

profile SL09. Grey zone corresponds to Domain 2 from Romito and Mann (2022). Red arrow 1190 

indicates layer U. HV – High Velocity zone. b), c), f), g) and h) 1D velocity-depth profiles taken 

below the seafloor. d), e), i), j) and k) 1D velocity-depth profiles taken below the basement. 

 

Figure 18: Nature of layer U, with uncertainty bounds. a) to e) Velocity-depth profiles with 

uncertainty bounds below basement, excluding layer U (dark orange) and including layer U (light 1195 

orange). Necking domain is given for reference and salt is coloured in pink. SL09 model's and best 

random model's velocity-depth profiles are indicated by the continuous black line and the dashed 

white line, respectively. f) and g) dispersion of velocity-depth profiles taken at 10 km intervals 

including (light orange) and excluding (dark orange) layer U in the Necking and Camamu domains. 

Green arrow highlights velocity inversion at the top of layer U. 1200 

 

Figure 19: Comparison with profiles SL01 and SL02. a) Comparison of P-wave velocity as a 

function of depth below basement for the unthinned crust in São Francisco craton (SL09 - purple 

lines, this study) and the unthinned crust in the Sergipano Fold Belt (SL02 - green lines, Pinheiro et 

al. (2018)); b) Comparison of P-wave velocity as a function of depth below basement for the 1205 

Necking domains of SL09 (blue lines), SL01 (orange lines) and SL02 (red lines). Pink and blue 

regions indicated a compilation of continental crusts (Christensen & Mooney 1995). 

 

Figure 20: Extension of the necking domain. Comparison between the extension of necking 

domains in the Camamu margin (SL09, this study) and the Sergipe-Alagoas margin (SL02, Pinheiro 1210 

et al. (2018) ). The crust thins abruptly in the Camamu margin when compared with the Sergipe-

Alagoas margin. 
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Figure 21: Comparison with exhumed mantle and proto-oceanic crust domains. a), b), d) and e) P-

wave velocity as a function of depth below basement for the Camamu, Almada and distal basins, 1215 

compared with wide-angle seismic models where ocean-transition zones were interpreted as 

exhumed and/or serpentinized upper mantle (shaded areas). Lilac regions indicate velocity-depth 

profiles from IAM-9 in Iberia Abyssal Plain (Dean et al. 2000). Brown regions indicate profiles 

from profile SCREECH-2 in the Grand Banks margin, offshore Newfoundland (van Avendonk et al. 

2006). Dark blue regions indicate profiles from profile CAM in the Southern Galician margin 1220 

(Chian et al. 1999). Grey regions indicate mean velocity-depth variations with one standard 

deviation above and below the mean of SCREECH-1, SCREECH-2, SCREECH-3, WAM, ISE-1, 

CAM-144 and IAM-9 models from (Minshull 2009). c) and f) Same comparison, but with proto-

oceanic crusts in the Sardinia profiles (green regions) in the Provençal Basin (Moulin et al. 2015) 

and in the Santos basin (orange regions) (Klingelhöfer et al. 2015). 1225 

 

Figure 22: Comparison with exhumed continental crust domains. P-wave velocity as a function of 

depth below basement for the a) and d) Camamu, b) and e) Almada and c) and f) distal basins. Blue 

regions indicate 1D velocity-depth profiles taken along a region of Exhumed Continental Crust in 

the Provençal basin and Gulf of Lion (Afilhado et al. (2015) Moulin et al. (2015)). Brown regions 1230 

indicate 1D velocity-depth profiles taken along a region of Exhumed Lower Continental Crust in 

the Jequitinhonha basin (Loureiro et al. 2018). Green regions indicate 1D velocity-depth profiles 

taken along a region of Exhumed Middle-Lower Continental Crust in the Santos basin (Evain et al. 

2015). Yellow regions indicate 1D velocity-depth profiles taken along a region of Exhumed and 

intruded Middle-Lower Continental Crust in the Santos basin (Evain et al. 2015) . 1235 

 

Figure 23: Comparison with oceanic crust domains. P-wave velocity as a function of depth below 

basement for the Camamu, Almada and distal basins, compared with wide-angle seismic models 

where oceanic crust is interpreted (shaded areas). Lilac regions indicate a compilation of 1D 

velocity-depth profiles for oceanic crusts in the Atlantic Ocean aged 59 Ma to 127 Ma and 142 ma 1240 

and 170 Ma (White 1992) Grey regions, oceanic crusts up to 170 Ma (Christeson et al. 2019). 

 

Figure 24: Proposed segmentation. Map of all results acquired during the SALSA experiment 

(Loureiro et al., 2018; Pinheiro et al., 2018; Aslanian et al., this issue; Evain et al., this issue; 

Schnurle et al., this issue; and this article) and the compilation done by Assumption et al. (2013) on 1245 

land. The crustal thicknesses are illustrated with different colours along the profiles and in boxes 

onland. The necking zones of the margins is limited by two thick dashed black lines. The crustal 

interpretations of the wide-angle seismic data are showed with coloured areas. 

 

Figure S25 (supplemental): Microseismicity detected by the SALSA land stations. Earthquakes and 

quarry blasts detected by analyzing the coherent signals (Vales et al. 2014) found in the 

spectrograms of the land stations between April 8th and April 14th and between May 5th and May 

19th, 2014. Not all land stations were deployed simultaneously. The seismic array is represented 

blue triangles. The events location are represented by circles with radius proportional to the number 

of stations that contributed to the localizations. Circle colours represent the different ranges of 

hypocentral depths. Orange star indicates the earthquake used on the modelling of profile SL09. 
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