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The combination of oceanographic processes and a negligible fluvial terrestrial sediment contribution makes the
Santos Basin margin (southwestern Brazil) a unique environment for studying thew morphological imprint of
bottom currents on the seafloor morphology. We divide the seafloor into four domains: outer shelf, upper,
middle, and lower slope, based on an analysis of sub-bottom Chirp profiles, multichannel seismic data, hydro-
graphic data, numerical simulation outputs, and a seismic-derived bathymetry map. A clinoform at the outer
shelf and upper slope, topped by erosional morphologies, developed below the SW-flowing Brazil Current (BC).
At the bottom of the upper slope, a rugged and mounded surface around 600 mbsl coincides with the current flow
reversal to the underlying NE-flowing Intermediate Western Boundary Current (IWBC). The smooth middle slope
exhibits sheeted contourites interrupted by occasional channel-and-mound complexes.

From the middle slope base, salt tectonics becomes a major player in setting the seafloor morphology. The
slope-parallel Santos Channel develops above a subsurface diapir and the Cabo Frio Fault. The latter divides
between the landward gap in subsurface Albian salt and the basinward rich diapir realm. Hence, the lower slope
is reworked by the SW-flowing Deep Western Boundary Current (DWBC); however, salt tectonics dictates its
morphology. Our study consists of a unique example for studying the morpho-sedimentary imprint of a counter-
current flowing on the continental slope and also for exploring the interaction between bottom flows with a suite
of endogenic processes, such as salt tectonics, fluid flows, and mass movements.

1. Introduction

Oceanic thermohaline circulation mobilizes water masses via cur-
rents (e.g., Viana et al., 2002). In places where the oceanic circulation
flows along a continental margin, the friction of bottom currents with
the seabed produces strike-parallel depositional and/or erosional con-
tourite morphologies, which direct the flow of bottom currents (e.g.,
Rebesco et al., 2014). This connection between the seafloor morphology
and the pattern of bottom current flows makes the relief of a continental
margin an indicator for past oceanic flows and hence a proxy for past
thermohaline circulation (e.g., Stow et al., 1998; Wilckens et al., 2021).
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This cause-effect feature occurs particularly in places where down-slope
processes, such as sediment flows from terrestrial rivers, slope canyons,
and slides (e.g., Shanmugam, 2017), are subdued or ancillary to
alongslope processes.

The Atlantic margins of South America bound the South Atlantic
circulation and are influenced by western boundary currents (Boebel
et al., 1999). Many of these margins are sediment starved and affected
by diverse water masses flowing at different depth intervals that
generate depth-restricted contourite morphologies and deposits.
Notable cases of such contourite environments include the Demerara
Plateau off French Guiana (Tallobre et al., 2016), the northeastern
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Brazilian margin (Gomes and Viana, 2002), the southeastern Brazilian
margin in Campos and Santos basins (Fig. 1a; Viana et al., 1998a, 1998b;
Viana et al., 1998a, 2002a, 2002b; Viana, 2001; Schattner et al., 2020)
and the Uruguayan-Argentinian margin (e.g., Hernandez-Molina et al.,
2009, 2010, 2015; Preu et al., 2012; Wilckens et al., 2021). Sediment
drifts also formed at abyssal depths, below flows of the Atlantic and
Antarctic water masses (e.g., (Viana et al., 1998a,b), 2001; Faugeres
et al., 2002).

The seabed morphology consists mainly of contourite geometries
with moderate to reduced fluvial input. Geomorphological variations
occur mainly associated with water masses interfaces (e.g., Preu et al.,
2013; Hernandez-Molina et al., 2016). Additionally, long-term climatic
variability (i.e., glacial-interglacial) may alter the vertical extent of
depth intervals influenced by specific water masses. Consequently, the
geomorphological imprints of associated bottom currents may change
spatially (e.g., Viana et al., 1998a,b; Hernandez-Molina et al., 2016).
Finally, other deep-rooted seafloor morphologies, such as pockmarks,
slide scars, faults, and surface expressions of salt structures, also detour
and guide seafloor currents (Stow et al., 2008; Rebesco et al., 2014;
Schattner et al., 2018).

The large-scale circulation of the southeastern Brazilian margin has a
unique vertical structure. In this sector, the intermediate water mass is
transported opposite to both shallower and deeper currents (Fig. 1a)
(Boebel et al., 1999; Schmid et al., 2000). The opposing direction stems
from differences between the wind-driven Subtropical Gyre and
Meridional Overturning Circulation in the South Atlantic (Stramma and
England, 1999). North of 28°S, the Intermediate Western Boundary
Current (IWBC) flows northwards, between the southward flows of the
shallow Brazil Current (BC, above) and Deep Western Boundary Current
(DWBC, below) (Bil6 et al., 2014).

This study analyzes the outer shelf to lower slope relief and subsur-
face of the Santos Basin sector north of 28° S (Fig. 1b). This study in-
tegrates observations from shallow-water shelf to deep-water slope
settings, highlighting the downslope spatial variability between
shallow-water and deep-water contourite depositional systems. The
knowledge of contourite patterns in this margin sector is relevant since it
offers us a unique opportunity to understand the morpho-sedimentary
response of an intermediate current flow moving in the opposite direc-
tion to the upper and lower southward-moving water flows, thus
providing a world-class example that could be used for reconstructing
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paleo-oceanographic conditions. The counter-current mid-water flow
also triggers the occurrence of quasi-zero flows in an extensive across-
margin section. Consequently, the influence of bottom currents may
be subdued in wide areas of the margin, and in contrast, their interaction
with diverse endogenic processes such as salt tectonics, fluid flows, and
mass movements can be enhanced. This pattern markedly contrasts with
other contourite settings, where current patterns tend to flow in the
same direction, and energetic oceanographic phenomena tend to be
limited to water mass interfaces (e.g., Preu et al., 2013; Hanebuth et al.,
2015). Therefore, the study area can be regarded as a prime example of a
contouritic environment with strong interactions with a range of sub-
surface and shallow processes, resulting in complex deep-water sedi-
mentation patterns.

Considering those previous considerations, we define and charac-
terize contourite features between ~100-2000 m water depths and
explore their vertical and lateral variability. We aim to derive present
and past morphological current indicators, assuming that the negligible
fluvial input (Schattner et al., 2018) emphasizes the overwhelming
control of strike-parallel bottom currents on the seabed morphology. We
hypothesize that the unique water column structure, including the
different interfaces between water masses and specifically the transition,
bends between opposing flows, should be expressed in the seafloor
morphology and its subsurface. Ultimately, we discuss the importance of
driving contourite variability factors in each margin’s physiographic
domain, from the outer shelf to the lower slope.

2. Study area

The study area includes the outer shelf and upper to middle slope of
the Santos Basin, off Sao Sebastiao Island (SE Brazil), between 23.25°S —
26.92°S and 43.08°W - 45.76°W (Fig. 1).

2.1. Geological setting

The 350,000 km? Santos Basin extends east of the tectonically pas-
sive Santos margin (Fig. 1). It is delimited by the Florianépolis High (FH)
to the south, the Cabo Frio (CF) to the north, the Serra do Mar Mountain
range to the west, and the Sao Paulo Plateau to the east (Gamboa and
Rabinowitz, 1981; Hung Kiang et al., 1992). The present-day
morphology of the Santos Basin seafloor results from the combination
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Basin

50 km!

Fig. 1. Location of the study area and geophysical database. (a) Scheme of major currents flowing along Santos Basin. BCC-Brazilian Coastal Current; BC-Brazil
Current; IWBC-Intermediate Western Boundary Current; DWBC-Deep Western Boundary Current. CF-Cabo Frio; FH-Florian6polis High. The black box marks the
location of (b). Isobath contours were extracted from ETOPO-1 in a 500 m interval (Amante and Eakins, 2009; NOAA, 2009).

(b) Location of single-channel 3.5 kHz Chirp seismic lines obtained in different surveys onboard R/V Alpha Crucis between 2013 and 2017 in the study area (black
lines, also in (c)). Yellow lines mark the location of seismic lines presented in the following figures with yellow figure numbers (also in (c)). Yellow line number 2
marks the location of a multichannel seismic reflection line provided by the National Agency of Oil, Natural Gas, and Biofuels (Fig. 2). Red polygon marks the
location of the bathymetric map presented in (c). Isobath contours were extracted from Global Multi-Resolution Topography in 100 m intervals (Ryan et al., 2009).
Thick black contours of 200, 600, and 1700 m mark the transition between the bathymetric domains: Shelf (S), Upper Slope (US), Middle Slope (MS), and Lower
Slope (LS). Coloring of the domains corresponds to the depth range of currents depicted in (a).

(c) Bathymetric map derived from interpretation of seismic reflection data (after Guerra and Underhill, 2012), extending across the upper, middle, and lower slope
domains (US, MS, LS, respectively). Thick dashed lines mark the water mass interfaces at 600 and 1700 mbsl. SC-Santos Channel, SD-Santos Drift. Interpretation of
this map appears in Fig. 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of tectonic inheritance, Paleogene-Neogene halokinetic activity, late
Quaternary sea-level changes, sediment reworking by bottom currents
(de Mahiques et al., 2004; Guerra and Underhill, 2012; Reis et al., 2013),
and downslope processes that occur in the southwestern Atlantic margin
(Steventon et al., 2020).

The Santos basin began to open during the first tectonic pulses that
led to the Gondwana supercontinent breakup during the Neocomian
(Cainelli and Mohriak, 1999). Its initial rifting during the Barremian was
followed by widespread salt and carbonate production from late Aptian
to early Albian. The massive salt layer constituted a detachment level for
pervasive halokinesis (Fig. 2) (e.g., Butler, 1970; Williams and Hubbard,
1984; Alves et al., 2017).

The drift phase started during the Albian, with the progressive sub-
mergence of the previous Santos margin and its carbonate platform
(Mohriak et al., 1995). The continuous subsidence of the basin was
accompanied by a massive transfer of continental sediments from the
late Cretaceous until the Oligocene when the drainage systems of SE
Brazil were reorganized after the uplift of the Serra do Mar mountain
range (Almeida and Carneiro, 1998; Meisling et al., 2001; Modica and
Brush, 2004; Cogné et al., 2012).

Intensive Cenozoic salt tectonics deformed the Aptian evaporitic
deposits. Lateral salt flow formed the ‘Albian gap’ in the salt unit,
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extending basinward to the Cabo Frio Fault (CFF in Fig. 2b). The flow
was accompanied by the formation of overlaying rollover Cretaceous
monoclines above the depleted salt area of the ‘Albian Gap’ and intense
diapirism east of it, in the deeper basin(Fig. 2) (Modica and Brush, 2004;
Guerra and Underhill, 2012). Salt tectonics has continued to influence
the slope morphology until the present (de Mahiques et al., 2017;
Schattner et al., 2018).

The modern shelf architecture started to develop in the middle
Miocene, bounded by narrow coastal plains and small riverine systems
that drain Precambrian crystalline rocks (Kowsmann and Costa, 1979;
Zembruscki, 1979; Zalan and Oliveira, 2005). The paucity of fluvial
input deprived the shelf from terrestrial contribution, while the input
transported by the along-margin circulation (especially the BC)
remained high (Schattner et al., 2020).

2.2. Physiography and sedimentation of the upper margin of Santos Basin

Shelf width varies largely along the Brazilian margin within the
study area (Fig. 1). Close to Cabo Frio, the shelf is about 70 km wide. Off
the city of Santos, the width reaches about 230 km, representing one of
the largest shelf areas of the whole SW Atlantic (Figueiredo and Tessler,
2004). The shelf break is located between 120 and 180 m, the deeper

Fig. 2. (a) A SE-trending time-migrated multichannel seismic reflection profile crossing the distal margin of the Santos Basin (location in Fig. 1). Data is presented in
the amplitude attribute that went through structural smoothing. A hydrographic temperature panel is presented above the seismic data showing the main water
masses and currents, divided by thick dashed white lines. BC-Brazil Current; IWBC-Intermediate Western Boundary Current; DWBC-Deep Western Boundary Current;
TW-Tropical Water; SACW-South Atlantic Central Water; AAIW-Antarctic Intermediate Water; NADW-North Atlantic Deep Water.

(b) Same seismic profile as above, presented in black and white, overlayed by simplified interpretation, after Guerra and Underhill (2012) and Quirk et al. (2012).
Shading: red-basement, pink-Aptian salt, light blue-Cretaceous-mid Eocene, green-mid-Eocene-mid-Miocene, light beige-mid-Miocene-recent. A thick dashed black
line marks the Miocene clinoform initiation (C) below the Outer Shelf and Upper Slope (S, US, respectively), thinning under the Middle Slope (MS), and thickening
under the Lower Slope (LS). Purple shading marks the fill of margin-parallel contourite systems, which include the Santos Channel (SC). Note the spatial association
of SC, a subsurface diapir (D), and the Cabo Frio Fault (CFF), which bounds the Albian gap (e.g., Quirk et al., 2012). Thin black lines mark possible subsurface faults;
black arrows mark possible fluid paths. The black box marks the location of detailed interpretation presented in Fig. 9. The seismic data is topped by the across-track
velocity field of the water column based on the LLC2160 model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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being associated with broader shelf sectors (Zembruscki, 1979).

The Santos continental slope extends over 79,000 km? with a smooth
morphology and declivity varying from 1° to more than 2° (Milliman,
1978). The slope steepens around the 1000 m isobath (Fig. 1b). Its base
occurs between 1800 and 2200 m, becoming shallower toward the north
of Santos Basin (Figueiredo and Tessler, 2004).

The slope contains two major along-slope channels (Duarte and
Viana, 2007). The Santos Channel runs parallel to the slope along the
1500-m isobath (Fig. 1). This channel is about 2 km wide and 100 m
deep, extending over more than 200 km. It is embedded in the Cabo Frio
Fault (Demercian et al., 1993; Szatmari et al., 1996). The ~4500-m deep
Sao Paulo Channel is 15-20 km wide and 300 m deep and marks the
passage with the Sao Paulo Plateau (Duarte and Viana, 2007; Perez
et al., 2020), a deep marginal elevation underlain by oceanic crust and
bounded by fracture zones (Butler, 1970; Kumar and Gamboa, 1979).
Below 1500-1800 m deep, pervasive halokinesis formed a puzzling
pattern of small basins, topographic highs, and salt diapir exhumations
(Moreira et al., 2007; Caldas and Zalan, 2009).

The sedimentary growth of the continental shelf and the upper slope
has been guided by the deposition of offlapping forced-regressive
wedges locally molded by escarpments attributed to the erosional ac-
tivity of the BC (Reis et al., 2013). Recent sedimentation processes
exhibit a well-defined boundary at the location of Sao Sebastiao Island
(SSI in Fig. 1a). South of the island, sediments are mostly derived from
La Plata river runoff and transported by the Brazilian Coastal Current (de
Mahiques et al., 2004; Souza and Robinson, 2004). Southeast of the is-
land, sedimentation processes on the mid to outer shelf are mainly
influenced by the BC meanders, whose activity has guided sediment
transport processes and the development of bedforms (Dias de Araujo
et al., 2021). Extensive reworking of the outer shelf by the BC (Fig. 1a)
promotes the export of coarse-grained sediments toward the slope via
gravity flows (Viana et al., 1998a, b; de Mahiques et al., 2011). Deeper
strike-parallel currents carry this supply to form channel-related con-
tourite drifts, like the Santos Drift over the middle slope and the Sao
Paulo Drift at depths higher than 2000 m These drifts mainly developed
during highstand stages due to circulation intensification (Duarte and
Viana, 2007).

2.3. Physical oceanography

The water column is stratified into three layers, confined between
specific depth intervals (Fig. 2). The upper layer is characterized by
temperatures higher than 10 °C, attributed to the South Atlantic Central
Water (SACW). The temperatures decrease to ~8 °C at the lower
boundary, 400 m below sea level (mbsl). Below, the middle layer ex-
hibits homogeneous temperatures of 6 °C. Its depth range (450-1500
mbsl) corresponds to the Antarctic Intermediate Water (AAIW). Below
1500 mbsl, the lower layer exhibits a temperature lower than 5 °C,
corresponding to the transition to the North Atlantic Deep Water
(NADW). The motion of these water masses is determined by the western
branch of the South Atlantic Subtropical Gyre and its interaction with
the global overturning circulation (Fig. la) (Peterson and Stramma,
1991; Stramma and England, 1999). This circulation system comprises
the BC, which transports Tropical Water (TW) and South Atlantic Cen-
tral Water (SACW) in the upper 500 m (Silveira et al., 2004) (Fig. 2). The
BC flows southwestwards along the outer shelf and upper slope with
maximum speeds of up to 0.6 m s-1 (Bilo et al., 2014); it is intensified
south of 24° S due to the contribution of recirculation cells (Stramma
and England, 1999). Along the Santos and Pelotas basins, the BC is prone
to strong meandering and eddy shedding, and these features are asso-
ciated with a southward increase in eddy kinetic energy (Fernandes
et al, 2009; Assireu et al., 2017; Magalhaes et al., 2017). The
meandering pattern of the BC is evidenced by the occurrence of seaward-
directed bedforms indicating the direction of sediment transport, sug-
gesting sediment export from the shelf to the slope. Also, the erosional
power of the BC was already confirmed in previous studies by Viana
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et al. (1998a), de Mahiques et al. (2004), and Dias de Araujo et al.
(2021), among others. Landward of the BC, the shelf is episodically
swept by the northward-moving Brazilian Coastal Current (BCC in
Fig. 1a; Souza and Robinson, 2004).

At intermediate bathymetric levels, between 500 and 1200 m water
depths, the South Equatorial Current (the return current of the South
Atlantic Subtropical Gyre) reaches the continental slope in the Santos
Plateau, where it bifurcates (i.e., the Santos Bifurcation; Niinez-Riboni
et al., 2005; Legeais et al., 2013). Close to the margin, at ~28° S, this
current splits. Its northern branch, the IWBC, flows northeastwards at
0.20-0.30 m s~! along the 800 m isobath, mainly transporting the AATW
(Boebel et al., 1999; Silveira et al., 2004; Fernandes et al., 2009; Legeais
et al., 2013) (Fig. 2). Underneath, the Deep Western Boundary Current
(DWBC) flows southwards, carrying the NADW (Stramma and England,
1999), with a core velocity of about 0.1 m s~ (Mviiller et al., 1998).

3. Database and methodology

Three types of data were used in this study. A bathymetric map from
Guerra and Underhill (2012) was used to define physiographic domains,
their boundaries, and various geomorphological features. The map is
based on the interpretation of dense three-dimensional seismic data.
Seismic reflection data were used for characterizing recent (Chirp sub-
bottom profiles) and older (multichannel) subsurface sedimentary ar-
chitecture. Hydrographic data and outputs of numerical models were
used to depict the oceanographic patterns in the study area.

3.1. Seismic reflection data

About 1900 km of 3.5 kHz sub-bottom profiling were acquired on-
board RV Alpha Crucis in several cruises conducted from 2013 to 2017
(black lines in Fig. 1b). A 2 kW Knudsen 3260 Chirp Sub-bottom Profiler,
with a 27° wide-angle and 3.5 kHz transducer, was used during these
surveys. We assume an average value of 1500 m s~ for sediment sound
velocity to estimate depths and sediment thickness. All seismic data
were recorded in raw format and subsequently transformed in SEG-Y
format. Post-processing included wave correction filtering in RadEx-
Pro (Deco Geophysical Software Company) and MDPS (Meridata
Finland).

Several time-migrated multichannel seismic reflection lines crossing
the study area were provided by the Brazilian Petroleum, Natural Gas
and Biofuels Agency (ANP) for academic use. From these data, we pre-
sent one dip line that crosses the morphologic domains and the Santos
Channel (Figs. 1, 2). The seismic data were collected as part of a regional
survey within the Santos Basin and margin, in a two-second sample in-
terval and record length of 12 s. The was collected using 324 channels
and filtered to exclude frequencies exceeding the 5-206 Hz range. The
data went through standard processing, including resampling to 4 msec,
frequency and swell filtering and attenuation, deconvolution, and pre-
stack time migration. Interpretation of the major geological units was
based on Guerra and Underhill (2012) and Quirk et al. (2012). The
subsurface acoustic facies were interpreted based on existing schemes
for the classification of contouritic sedimentation, both in shallow water
(Verdicchio and Trincardi, 2008) and in slope settings (Hernandez-
Molina et al., 2008; Rebesco et al., 2014).

3.2. Oceanographic dataset and circulation model characterization

Temperature and hydrographic panels were constructed above the
selected multichannel seismic line to highlight the water column
structure (Fig. 2). The panels were extracted from the World Ocean
Database (Locarnini et al., 2018) using the Ocean Data View software™
(ODV, 2020).

To characterize the background circulation in the region, we use the
LLC2160 simulation, a 1/24° Massachusetts Institute of Technology
General Circulation Model (MITgecm) simulation on a Latitude
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Longitude Polar Cap (LLC) grid. The LLC2160 simulation is part of the
“Estimating the Circulation and Climate of the Ocean” (ECCO) project
(e.g., Menemenlis et al., 2008). This project makes optimal global
“ocean estimates” using a combination of MITgem simulations and an
array of observations, including Argo profiles, moorings arrays, and
satellite altimetry. The baseline ECCO Phase II state estimation was run
from 1992 to 2012 (see details in Menemenlis et al., 2008). The LLC2160
simulation is a forward integration spun up from the LLC1080 solution,
which in turn was spun up from the January 2010 ECCO Phase II ocean
estimate and run for 27 months. This hierarchy of spin-ups is described
in the online supplementary material of Rocha et al. (2016). The
LLC2160 vertical and horizontal resolutions of 90 depth levels and about
4 km are critical to representing the details of the boundary currents in
the Brazilian Continental Margin.

For our analysis, we discard the first three months of the LLC2160
output to avoid contamination associated with the spin-up of sub-
mesoscale flows, which are not resolved in the LLC1080 simulation
but are permitted by LLC2160’s high resolution. The velocity field dis-
cussed below is a two-year average spanning April 2011 through April
2013. It represents an annual-mean view of the regional circulation,
excluding the higher-frequency flows. The mean horizontal velocities
were interpolated onto the cross-slope section using the nearest
neighbor method (Fig. 2b).

4. Results
4.1. Seafloor morphology and sub-bottom acoustic facies

Data exhibits four morphological domains across the 100-2000 mbsl
depth range: outer shelf, upper slope, middle slope, and lower slope
(Figs. 1, 2). These domains are bounded by marked geomorphological
boundaries.

4.1.1. Outer shelf (100-200 mbsl)

Multichannel seismic reflection data below the outer shelf shows
seaward prograding sigmoid clinoforms (‘C’ in Fig. 2b). Sub-bottom
profiles indicate that the outer shelf is bounded landward by a ~ 20
m-high escarpment (~200 mbsl; Figs. 3, 4). The outer shelf shows a
minimal variability in the average seafloor gradients (0.02-0.13°) and
an irregular relief. Subsurface data exhibit progradational patterns
(Fig. 3b) truncated by a flat erosional surface (Figs. 3b, 4). A ~ 8 km
wide concave depression occurs seaward from the mid-shelf escarpment
(Fig. 3b). Further basinward, seafloor mounds with high reflectivity
appear between 140 and 150 m water depths (yellow rhombi in Fig. 3b).
Their width ranges between tens of meters to more than a kilometer,
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their tops stand several meters above the surrounding seabed, and their
profile is mostly asymmetric with a steeper seaward face. Due to the
limited extent of the 2D data, it was not possible to map the lateral
extent of the mounds and the concave depression.

The seafloor smoothens and steepens (>0.3°) between the mounds
and the shelf break, where the acoustic penetration is low (less than 10
m) (Fig. 3a). An SW-NE trending escarpment occurring at 165 mbsl
appears as a channel at 175 mbsl. The channel is up to 500 m wide and
14 m deep, increasing its dimensions toward the southwest. The channel
exhibits an asymmetric profile, with a steep 9.6° landward flank and a
convex 0.8° seaward flank. Both flanks truncate their underlying re-
flections (Fig. 4).

4.1.2. Upper slope (200-600 mbsl)

Multichannel data show that the upper slope comprises the toe of the
clinoform (Fig. 2b). The upper slope exhibits seaward variations in
steepness: 0.55° between ~200-250 mbsl; between 250 and 420 mbsl,
the gradient steepens to 1.2° in the southwest and 1.5° in the northeast;
and moderates to 0.7° seawards, deeper than 420 mbsl. Off the shelf
break, the seafloor exhibits an irregular morphology (Fig. 4). The
erosional truncation extends seaward down to 250 mbsl (yellow arrows
in Fig. 4), accompanied by localized smooth depressions. In the shallow
subsurface, low-angle parallel oblique reflections appear down to 350
mbsl (Fig. 4).

A 230 m wide and 6 m deep channel occurs at around 250 mbsl
(Figs. 4c). The declivity of its flanks is ~3.0° and 1.7° (upslope and
down-slope, respectively). The channel deepens northeastward across
the study area from 225 to 280 mbsl. In the subsurface, a few wider (~1
km) infilled paleochannels occur seaward (Fig. 4c). Their infill exhibits
two distinct facies divided by an irregular erosional truncation: high-
amplitude sub-parallel lower facies and low-reflectivity upper facies.

The upper slope relief smoothens between 300 and 600 mbsl, where
its average gradient is 0.74°. The upper tens of meters exhibit a low-
reflectivity acoustic response in the subsurface, becoming stratified
below (Fig. 5). Single-channel data show basinward thinning of the
clinoform layers that downlap to the southeast (Figs. 5, 6). The thinning
trend is represented in the data by tree subsurface undulating layers
(Fig. 5). The upper layer 1 thins by 73%, layer 2 by 84%, layer 3 by 47%,
over a distance of ~5.5 km. The undulations of layer 3 increase down-
slope. Similar thinning appears at the equivalent water depths presented
in Fig. 6 (yellow rectangles). The distal boundary of the upper slope is
marked by a break of the continental slope at 600 mbsl (Figs. 6, 7) that
exhibits a rugged bathymetry with numerous small-scale depressions
and localized chaotic reflectivity above and below the seafloor (pink
shading in Fig. 6¢). The multichannel indicates localized depressions

Fig. 3. (a) Chirp sub-bottom profile represen-
tative of the transition between the (b) shelf
and (c) upper slope. The transition is marked
by a surface escarpment marked as “upper
slope channel”. The shelf exhibits an erosional
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Fig. 4. (a) Chirp sub-bottom profile crossing the
shelf to upper slope transition. Yellow triangles
mark seafloor channels. (b) Surface depression
represents an outer shelf channel and an adja-
cent drift deposit. (¢c) A complex of two paleo-
channels at the upper slope adjacent to an active
seafloor channel. Up-facing yellow arrows mark
onlap, down-facing arrows mark truncated
layers. Location is highlighted in yellow on the
inset map and Fig. 1b. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

Active 7 [
channel

Water Depth (m)

N | Fit. 5. Chirp sub-botiom profile from the

upper slope in the study area, showing a
smooth seafloor underlain by three undulating
subsurface layers that thin downslope: layer
one by 73%, layer two by 84%, layer three by
47%. Layer 3 exhibits sediment waves with
decreasing wavelength upslope and into the
overlying layer 2. Location is highlighted in
yellow on the inset map and Fig. 1b. (For
interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)

Water Depth (m)

Upper slope

Fig. 6. (a) Chirp sub-bottom profile covering
the transition from the upper to the middle
slope, marked by an increase in slope gradient.
The upper slope exhibits sub-parallel re-
flections (also in (b)) that thin toward the
middle of the profile in the SE, as indicated by
two yellow rectangles. Truncation of these
upper reflectors suggests the thinning results
from erosion at the seafloor, under the flow of
the Brazil Current (BC). A dashed horizontal
black line marks the water mass interface. The
middle slope (also in (c)) exhibits surface de-
pressions (yellow triangles) associated with
adjacent seafloor mounded patterns (yellow
asterisks). Pink shading in (c) marks a possible
gas/fluid escape feature. The Intermediate
Water Boundary Current (IWBC) flows north-
eastward over the middle slope domain. Up-
facing yellow arrows mark downlap, down-
facing arrows mark truncated layers. Location
is highlighted in yellow on the inset map and
Fig. 1b. (For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

Water depth (m)
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and subsurface smearing (vertical black arrows below the upper slope in
(Fig. 2b).

4.1.3. Middle slope (600-1700 mbsl)

The middle slope extends seaward from the 600 mbsl slope break
(Figs. 6, 7), with average seafloor gradients that steepen from ~1.3° in
the NE to ~1.55° in the SW, attaining a maximum value of 2.2°. The
seismic-derived bathymetry map indicates that the middle slope relief is
generally smooth down to the Santos Channel (SC in Fig. 7). Elongated
seafloor depressions (C in Fig. 7) accompanied by mounds in their down-
slope flanks are observed between 600 and 840 mbsl (Figs. 6, 7). These
depressions are up to 20 m deep and ~ 100 m wide. They overlay a

Marine Geology 444 (2022) 106715

Fig. 7. Interpretation of the seismic-derived
seafloor bathymetry (after Guerra and Under-
hill, 2012). The upper to middle slope transi-
tion exhibits a rugged terrain (RT); seaward, a
smooth slope, is interrupted by occasional
elongated channels (C). The Santos Channel
(SC) establishes the boundary with the lower
slope. Localized slides (S) appear on the SC
flanks, tangent to its thalweg. The elongated
bulge of the Santos Drift (SD) includes
numerous localized arc-shaped rotational slide
scars marked by coupled black arcs and arrows
(marking the slide direction). The lower slope
(LS) seaward of the SD exhibits a smoother
relief divided into mini-basins (MB) by elon-
gated valleys (bounded by thin white lines)
topping subparallel extensional faults (see
Fig. 10). Thin yellow lines represent the loca-
tion of the seismic profile presented in previ-
ous figures. Location of the seafloor
bathymetry appears in Fig. 1b. (For interpre-
tation of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)

soo IS 2000

succession of similar depression-mound couples in the subsurface
(Fig. 6¢). Another set of elongated depressions with higher reliefs is
observed between 1200 and 1450 mbsl, almost coincidentally with a
seafloor steeping below 1300 mbsl (Figs. 8, 9). The bathymetric map
shows that these depressions extend from parallel to oblique to the
margin (Fig. 7). Most of the depressions exhibit progressive, asymmetric
infillings (Figs. 8 and 9), and as a consequence, their morphological
expression becomes subdued up-section (Yellow triangles in Fig. 8). Flat
morphologies underlay by continuous sub-parallel reflections divide
between these channels (Drift in Fig. 8).

The distal boundary of the middle slope is marked by the Santos
Channel (SC in Fig. 7), characterized by a southwestward thalweg

Fig. 8. Chirp sub-bottom profile showing the

boundary from the middle to the lower slope
and establishing the depth of occurrences of
the IWBC and the DWBC (Deep Water Bound-
ary Current). Yellow triangles mark seafloor
depressions, yellow asterisks, and dashed lines
mark their associated subsurface mounded re-
flections. The transition between the middle to
the lower slope is marked by a pronounced
depression (Santos Channel) and associated
sediment mound (Santos Drift) (also see
Figs. 1c and 12). Location is highlighted in
yellow on the inset map and Fig. 1b. (For
interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)

Santos
Channel

5 km
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Fig. 9. Chirp sub-bottom profile providing a

14001 *

S
w1
=

Water Depth (m)
g

1550

1600

closer look to the Santos Channel and Drift,
highlighting the steep middle slope, the
partially infilled channel, and drift. Down-
facing yellow arrows mark truncated layers,
the yellow triangle marks a surface depression,
and asterisks mark undulating reflections.
IWBC flows to the northeast. Location is high-
lighted in yellow on the inset map and Fig. 1b.

deepening from ~1570 to 1760 accompanied by a channel widening
from ~2.5 to ~4 km. Its steep (> 4°) western flank exhibits erosional
truncation, while its equivalently steep eastern flank (Fig. 9) is cut by
numerous localized slides (Fig. 7).

(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.)

4.1.4. Lower slope (1700 mbsl-deeper)

Multichannel seismic reflection data show that the Santos Channel-
and-Drift System, as defined by Duarte and Viana (2007), occurs
above the Cabo Frio fault and an attached salt diapir (Figs. 2, 10) and
records a long-term lateral migration of channels, evidenced by the
location of their thalwegs and intermediate mounds (white circles and

W Santos
= . Channel Santos D

24 ——

Two-way travel time (sec)

SE| Fig. 10. Time-migrated multichannel seismic
reflection profile crossing the Santos Channel
and Drift (Santos Channel complex), presented
in grayscale amplitude attribute (a) and black-
white amplitudes with colored interpretation
(b). Location is highlighted in yellow on the
inset map and Fig. 2b. Yellow triangles — sur-
face depressions, rhombi — drifts, white circles
- thalweg of paleo depressions (contouritic
channels). Red arrow and dashed black lines
mark the landward progradation of contourite
drifts below the modern Santos Channel. A
white dashed line marks the lower limit of the
Santos Channel complex. A thick black line
and adjacent black arrow marks the Cabo Frio
Fault (CFF), which bounds a subsurface diapir
(D). Thin black lines mark faults. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web

Water mass interface
-— D a» T

254

Two-way travel time (sec)

version of this article.)
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Water Depth (m)

Fig. 11. Two along-slope Chirp sub-bottom
profiles crossing the middle to lower slope
boundary (MS and LS in (a)) below the direc-
tion reversal between IWBC and DWBC bottom
currents. Both profiles exhibit an irregular
seafloor morphology with relief differences of
tens of meters between depressions (triangles)
and intermediate mounds. Note the truncated
reflectors on the mound flanks (yellow arrows)
that, in places, curve away from the depression
(asterisk). Location is highlighted in yellow on
the inset map and Fig. 1b. (For interpretation
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Fig. 12. Chirp sub-bottom profile crossing the middle to lower slope transition (MS and LS), below the direction reversal between the IWNBC and DWBC bottom
currents. A contouritic channel and drift developed along a steep >50 m high slope, showing truncated reflections (yellow arrows). Location is highlighted in yellow

on the inset map and Fig. 1b. (For interpretation of the references to colour in

yellow rhombi in Fig. 10b).

The lower slope extends seaward from the Santos Channel-and-Drift
System toward the deeper ocean (Figs. 7 to 12). It exhibits a ~ 0.5°
gradient, which averages over a series of stratified mounds and
kilometer-scale arc-shaped scars (Fig. 7). The arc-shaped scars vertically
protrude the average relief by tens of meters (some exceeding 100 m),
while their tangents point mostly toward the Santos Channel (Fig. 7).
The subsurface of the Santos Drift shows a general sub-parallel stratifi-
cation, with some intercalations of undulated facies (Fig. 9). Unlike the
other domains, the mounds and depressions are not separated by flat
morphologies.

Seaward of the Santos Drift, numerous depressions oriented

this figure legend, the reader is referred to the web version of this article.)

orthogonal to the slope consist of elongated fault-induced valleys that
bound localized smooth-relief mini-basins (Fig. 7). These depressions
exhibit erosional truncations at their flanks and separate diverse mounds
(Figs. 11, 12).

4.2. Hydrographic simulation

Results of the LLC2160 simulation yield the classic baroclinic west-
ern boundary current system off Southeast Brazil. The simulation in-
dicates that the annual-mean 0.03 m s~ ! along-track flow is slow and
negligible relative to the dominant along-margin component (Fig. 2b):
In the upper 400 mbsl, the 100-km wide Brazil Current (BC) flows
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southwestward with core velocities of ~ — 0.25 m s™! at the ocean
surface (flowing to the southwest). Below 400 mbsl, the ~30-km wide
Intermediate Western Boundary Current (IWBC) flows in the opposite
direction (i.e., northeast). Its core velocity of 0.125 m s~ ! centers around
800 mbsl (between ~600-1000 mbsl, Fig. 2b). At greater depths, the
simulation shows an inversion into a mild southwest flow with an
average velocity ~ 0.075 m sh

5. Discussion

Results of this study point to a lasting imprint of the Subtropical Gyre
flow on the morphology of the South Atlantic margin (Fig. 2b). Deep
seismic data indicate that the margin morphology developed primarily
due to the bottom current dynamics across the shelf, upper and middle
slope, accompanied by localized influences of fluid flows (black arrows
in Fig. 2a; pink shading in Fig. 6). The influence of deeper, salt-related
structures occurs at greater depths beyond the Albian Gap (Figs. 2b, 7,
10). The seafloor morphology and subsurface data show the bottom
currents molded the Santos margin relief during sub-recent and geologic
times. The oceanographic water masses and their opposing flow indicate
the connection between the morphologies and the present-day
geostrophic bottom currents (Fig. 2b). Indeed, there is an agreement
between the results of the LLC2160 simulation with the morphology and
sedimentary patterns on the outer shelf and upper to middle slope, with
the stronger velocities occurring on the outer shelf (BC) and on the in-
terval between 800 and 1200 mbsl (the core of the AAIW).

5.1. Significance of outer shelf-upper slope contouritic patterns

At the seismic scale, the core of the BC has been associated with the
deposition of a clinoform along the outer shelf-upper slope (Fig. 2;
Schattner et al., 2018). On the shelf, the meandering pattern of the BC
flow favored sediment removal on the outer shelf and transport toward
the upper slope, leading to the formation of clinothems. We assume that
spatial and temporal variations in the velocity and path of the BC altered
the sediment supply from the shelf to the upper slope, and therefore the
formation of the clinothems was not constant over time. This assumption
is based on the alteration of deposition to erosion at the shallow sub-
surface of the shelf, as exhibited by the truncated reflections (Figs. 3, 4)
and the filled paleo-channels (Fig. 4c).

The outer shelf escarpment (Fig. 4b) has been previously interpreted
as the Last Glacial Maximum (LGM) lowstand shoreline (Reis et al.,
2013). Seaward, the irregular geomorphological pattern exhibited by
the outer shelf can be partially attributed to the occurrence of carbonate
bioconstructions (Figs. 3, 4; Figueiredo and Tessler, 2004; Reis et al.,
2013). The asymmetric patterns exhibited by some of the outer shelf
carbonate mounds would be compatible with bedforms. Both bio-
accumulation and bedform formation can be linked to stillstands during
the postglacial transgression; bedform development could indicate
reworking processes of paleo-shorelines; and subsequent covering by
carbonates that enhances preservation (Kowsmann and Costa, 1974;
Kowsmann and Costa, 1979).

The wide shelf to upper slope transition is characterized by margin-
parallel channels and escarpments related to erosional surfaces. These
morphologies are interpreted to result from ongoing reworking by
strike-parallel bottom currents of the BC (Figs. 1-4 Viana et al., 2002).
This current-seafloor interaction corresponds with the definition of a
shallow-water contourite system (e.g., (Verdicchio and Trincardi,
2008)). This shallow-water contourite system is equivalent in depths
and appearance to the nearby Campos Basin, upstream of the BC (Fig. 1)
(e.g., Viana et al., 1998a; Viana et al., 1998b).

The Santos shallow-water contourites described here are sediment-
depleted compared to equivalent contourites worldwide (e.g., in the
Baltic Sea; Sivkov et al., 2002; in the Mediterranean Sea; Verdicchio and
Trincardi, 2008) since local terrestrial sources do not feed them (e.g., de
Mahiques et al., 2020). Hence, we attribute the depositional bedforms to
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localized transitions in the flow velocity and orientation (e.g.,
meandering). This pattern contrasts with other areas, which show more
developed contouritic deposits, such as channel-related drifts (Sivkov
et al., 2002) or mud-dominated sediment drifts (either sheeted or
elongated), particularly documented in the Mediterranean Sea (Ver-
dicchio and Trincardi, 2008; Vandorpe et al., 2011; Pepe et al., 2018;
Martorelli et al., 2021). We relate the poor development of
shallow-water contourites in the study area to the limited and distant
sediment supply (e.g., Schattner et al., 2019) and due to the occurrence
of wide shelves. Additionally, shallow-water contourites are usually
fostered by interactions between currents and outstanding
morpho-bathymetric features, such as faults or straits (Vandorpe et al.,
2011; Pepe et al., 2018), which are absent in the study area.

At the upper slope, channel migration toward shallower areas
(Fig. 4) indicates lateral (landward) translations of BC filaments in
response to sea-level rise from the LGM until the present-day highstand
conditions. Similar, yet opposite, translations were previously reported
regarding the last lowstand. Coupled productivity increase and tem-
perature decrease during the LGM have been related to the seaward BC
shift toward the outer shelf (de Mahiques et al., 2007; Nagai et al.,
2010).

5.2. Effects of current reversal and the IWBC

The reversal between the southwest-flowing BC and the northeast-
flowing IWBC generated the thinning of clinothems at the base of the
upper slope (Figs. 5, 6a) and its culmination at a strip of rugged terrain
(Fig. 7). Clinoform thinning is interpreted as the result of a decrease in
sediment supply representing the transition to a different, less prolific
source since the sediments are arriving almost exclusively via contour
currents. The spatial coincidence of the rugged terrain strip with the
subsurface indications for fluid/gas percolation with the BC-IWBC cur-
rent reversal (Figs. 2b, 6, 7) may result from negligible flow velocities of
water, as shown in the LLC2160 simulation. This quasi-stable zone lacks
sediment deposition, facilitates mound buildups, and may also host
percolation-related carbonate mounds, similar to its neighboring region
of the Alpha Crucis ridge, which is located ~60 km southwest of the
study area at around the same water depths (~400 to 700 mbsl;
44.55°W, 24.95°S; Maly et al., 2019).

The low-lying upper slope relief development resembles contourite
terrace geomorphologies formed on the seafloor underlying an interface
between water masses. For example, the La Plata contourite Terrace was
identified off the Rio de la Plata River in the northern Argentinian
margin, at a similar ~500 mbsl depth as the study area (Preu et al.,
2013; Hernandez-Molina et al., 2016). Erosion of the La Plata Terrace
was associated with the turbulence in the interface between the super-
ficial and the intermediate water masses in the Argentinian margin
(Preu et al., 2013).

The larger-scale subsurface geometry in the middle slope at water
depths higher than 600 m would indicate an overall low depositional
rate that formed a thin and smoothed-surface sheeted contourite (ShC in
Fig. 7) seaward of the shelf-edge clinoform (section above the thick
dashed black line in Fig. 2a). This thickness difference would indicate
the existence of two separate sediment delivery systems guided by the
IWBC and the BC. Shallow subsurface data would indicate an intensifi-
cation of bottom current reworking under a low sedimentation regime.
The elongated depressions following the strike of the middle slope
(Fig. 7) are interpreted as contourite channels formed under the IWBC
(yellow triangles in Figs. 6¢, 8). Their accompanying mounds are
interpreted as contourite drifts, while their underlying undulating re-
flectors (yellow asterisks in Figs. 6¢, 8) indicate that the contourites
developed through time while remaining stationary.

5.3. Role of salt tectonics below the IWBC-DWBC transition

The shift in seafloor morphology and subsurface stratigraphy
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observed at the Santos Channel-and-Drift System, initially defined by
Duarte and Viana (2007), stems from a deep-rooted player — salt tec-
tonics. Landward of the channel, the Upper and Middle Slope are located
above the ‘Albian Gap’ of the subsurface salt unit (Fig. 2; e.g., Guerra
and Underhill, 2012). The distal Middle Slope overlays the Cabo Frio
fault and the diapirs to the east. Seismic data support a composite origin
for the Santos Channel-and-Drift System, in which both tectonic and
sedimentary factors have been involved. On the one hand, the system
developed through several generations since the Miocene, while its
course maintained the same location above the Cabo Frio Fault and its
associated diapir (Figs. 2, 10). In addition, contourite sedimentation
patterns have also been involved in developing the system (Duarte and
Viana, 2007).

The analyzed seismic data corroborate the occurrence of contouritic
processes, as the shallowing and narrowing of the channel to the
northeast have been driven mainly by the lateral migration of contourite
channels and drifts and the occurrence of landward-directed pro-
gradation characteristic of sediment drifts (Fig. 7). However, there are
also recent signs of gravity-driven processes in the system. For example,
abundant arc-shaped depressions are recognized both in bathymetric
(Fig. 7) and sub-bottom data (Fig. 11) over the present-day elongated
bulge of the Santos Drift developed above the paleo courses of the Santos
Channel (Figs. 7, 9, 10). These arc-shaped depressions are interpreted as
localized rotational slides that form arc-shaped scars while progressing
down-dip toward the Santos Channel (Fig. 7). It is reasonable to assume
that these arc-slides, which may form escarpments tens of meters deep,
redirected seafloor currents. The currents that flowed along the slides
further eroded the escarpments and maintained their steepness (Fig. 11).

These observations would agree with a decreased activity through
time of the Santos Channel Sedimentary System since contouritic pro-
cesses seem to have been partially substituted by mass movements
around the main channel. Indeed, the present-day channel occurs in the
area of influence of the interface between the IWBC and the DWBC
(Figs. 2, 10), where the IWBC exhibits a significant decrease in along-
track velocities (Fig. 2b) below the middle slope where several con-
tourite channels indicate relatively fast seafloor currents (Fig. 7).

Seaward of the Santos Sedimentary System, salt tectonics remains a
dominant factor at the lower slope, yet its effect takes a different shape.
The elongated extensional valleys developed above subsurface salt walls
(Fig. 2) divide between mini-basins (e.g., Harding and Huuse, 2015;
Duffy et al., 2017; Jackson and Hudec, 2017). Similar to the arc-slides,
the elongated valleys also attracted and detoured the seafloor currents
that passed their location and maintained the steep escarpments
(Fig. 12). However, the relatively low flow velocities (Fig. 2b) resulted
in mild contourite drift deposits (Fig. 12).

6. Conclusions

Due to the differences between the wind-driven Subtropical Gyre and
Meridional Overturning Circulation in the South Atlantic, the water
column masses flow along the Santos margin in opposing directions. In
this margin, bottom current dominance on recent sedimentation pat-
terns is also favored by a negligible terrestrial sediment supply to the
margin. As a result, the study area provides a unique location for
studying the morpho-sedimentary imprint of a counter-current flowing
at mid-water depths, for elucidating the spatial variability of shallow to
deep-water contourite systems, and the interaction of contouritic pro-
cesses with salt tectonics and mass movements in deep slope settings.

A shallow-water contourite system is composed of depositional and
erosional features on the outer shelf. These form a clinoform that thins
toward the edge of the upper slope. These morphologies are attributed to
the southward flow of the Brazil Current (BC) that supply allochthonous
sediments, distribute them on the outer shelf and upper slope, and
erodes the seafloor.

At the interface between the BC and its underlying and opposing
northeast flowing Intermediate Western Boundary Current (IWBC,
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~600 m), sedimentation ceases, the seafloor is rugged, and fluid/gas
seepage is observed. Sheeted contourites over the middle slope are
associated with the IWBC flow.

The middle slope smooth morphology is interrupted by the slope-
parallel Santos Channel at the transitional depth between the IWBC
and the underlying Deep Water Brazil Current (DWBC). Data show that
the Santos Channel formation relates to deep-rooted salt tectonics and
the prominent Cabo Frio Fault. The channel captures and directs the
bottom currents, which in turn rework its surface expression.

Further basinward, the lower slope shows the dominant imprint of
salt tectonics since this domain is located above diapirs. Bottom currents
of the DWBC are directed by elongated, fault-related depressions that
bound subsurface diapir-related mini-basins.
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