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INTRODUCTION
The Santos Basin is the largest offshore sedi-

mentary basin in the Western South Atlantic, de-
veloped during the rifting of South American and 
African plates, covering an area of 350,000 km2, 
and extending from the coastline down to 3,000 m 
water depth and sediment thickness up to 15 km 
(Mio et al., 2005). It is one of the most relevant 
sedimentary basins at the Brazilian margin due to 

many ports’ activity and the pre-salt oil fields res-
ervoirs exploration.

Its continental shelf (Figure 1) comprises an 
area of 134,000 km2. It extends from shore to the 
shelf break at 200m water depth. It is narrower 
in Cabo Frio’s Northern limit (75 km) and wider 
from São Sebastião Island (220 km) toward the 
South till Florianópolis Island. Because of distinct 
shelf width, orientation, and sediment proper-
ties from North to South, we propose a division 
into Northern and Southern sectors. The deeper 
portion of the basin comprises the slope and the 
São Paulo Plateau. Because of the considerable 
amount of data, the focal point of this research is 
the continental shelf. In contrast, in the slope and © 2023 The authors. This is an open access article distributed under 

the terms of the Creative Commons license.
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The ocean bottom morphology, depth, sediment grain size, sediment sorting, carbonate content, and water depth 
are used to compose seafloor maps as support for biological studies. Sediments are reworked by waves and 
currents and accumulate according to the hydrodynamic level on the continental shelf. In contrast, sediments 
are accumulated by pelagic settling, mass wasting, turbidity flows, and boundary currents on the slope. Sea level 
oscillations during the Quaternary also played an important role in modifying the shelf seabed's morphology and 
sedimentary mosaic composition. The work addresses these topics in the Santos Basin based on extensive 
bathymetric data, shallow seismic records, and stratified bottom sediment samples in water depths ranging from 
25 to 2,400m, as part of The Santos Basin Regional Environmental Characterization Project (PCR-BS). The main 
objective is to provide broad background information on the sedimentology and morphology of Santos Basin, 
focusing on the continental shelf. The morphology, sediment supply, shelf orientation, and ocean climate imprint 
the Santos Basin's characteristics. The Northern shelf sector is the most dynamic because of the narrow shelf, 
steep gradient, and East-West shoreline orientation, providing conditions for storm waves to approach and mobilize 
sediment in the ocean bottom shallow than 50 m water depth. The Southern sector of the shelf is much broader 
than the Northern sector; it displays a gentler gradient, and its orientation is Northeast-Southwest; therefore, less 
subject to storm waves than the Northern sector.
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Figure 1. Santos Basin location. The continental shelf, extending up to 200 m water depth, is highlighted 
in green.

the São Paulo Plateau, only grain size and carbon-
ate content distribution will be explored because of 
the reduced amount of data.

The shelf morphology was described by the 
pioneer works of Zembruscki (1979) and Martins 
and Coutinho (1981) as very smooth, with low 
angle inclination. At the outer shelf, morphology is 
highly influenced by bioconstructions and features 
related to sea-level oscillations, such as beach 
rocks (Figueiredo Jr. and Tessler, 2004; Reis et al., 
2013). Sediments are mainly composed of silici-
clastic sands at the inner and middle shelves, with 
extensive mud facies toward the South and bio-
genic gravel patches toward the North at the outer 
and shelf break (Kowsmann and Costa, 1979).

As one of the Santos Basin Regional 
Environmental Characterization (PCR-BS) (2019-
2023) objectives, we compiled bathymetric and 
sediment datasets.

Several authors relate sediment quality to the 
benthos community and the geochemical process 
inside the sediment. According to Aller (1988, 
2014), marine sediments under oxygenated bot-
tom water are permanently or periodically inhab-
ited by benthos and endobenthos communities. 
During their grazing and feeding activities, they 

can transport sediment particles, burrowings, 
and tube constructions and consequently irrigate 
the sediment with nutrients and oxygenated wa-
ter. As a result of burrowing, the two-dimensional 
sediment surface becomes a three-dimensional 
body for geochemical reactions. Sediment poros-
ity and permeability depend on grain size, sedi-
ment sorting, layers stratification, and degree of 
bioturbation.

In the North Atlantic, in water depths between 
250 and 3,000 m, along the East coast of North 
America, Etter and Grassie (1992), based on 558 
box-corers demonstrated that in deep-sea benthic 
species, diversity varies geographically and bathy-
metrically, where the nature of sediment should 
be essential in structuring deep-sea communities. 
Because deposit feeders rely on sediments for 
nutrition and comprise most deep-sea organisms, 
the composition of soft sediment communities is 
influenced by sediment particle size.

However, according to Snelgrove and Butman 
(1994), there is little evidence that sediment grain 
size alone is the primary determinant of infaunal 
species distribution. Other factors may include 
organic and microbial content, food supply, and 
trophic interactions. Common sense indicates 
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that deposit feeders are more abundant in muddy 
habitats and suspension feeders dominate sandy 
habitats. Grain size covaries with organic mat-
ter content, pore-water chemistry, and microbial 
abundance and composition. Because these pa-
rameters are influenced by the near-bed flow re-
gime, further looking at sediment and environment 
dynamics is essential.

Considering the findings of the above-cited au-
thors, this paper has the primary objective of pro-
viding broad background information on the sedi-
mentology and morphology of Santos Basin with a 
focus on the continental shelf.

METHODS

Environmental Setting
The shallow and deep-water meteoceano-

graphic processes that influence Santos Basin 
geomorphology and sediment composition, like 
waves, currents, and water masses, are thorough-
ly discussed by Dottori et al. (2023) and Silveira et 
al. (2023).

The bathymetric map was derived from 891,979 
data points from the Brazilian Navy’s sounding 
sheets, 10,014 points from nautical charts, and 
gridded surface cells of the Brazilian Continental 
Shelf Research Program (LEPLAC). All these data 
had the same cartographic projection and were re-
duced to the same datum. We used the Inverse 
Distance Weighted (IDW) interpolation method to 
grid the final regional bathymetric surface with a 
cell size of 2 km.

To complement morphology data and identify 
ocean bottom features, 12,269 km of Sub Bottom 
Profiler (SBP) data at frequencies of 3.5 and 12 
kHz were acquired during PCR-BS project. SBP 
data was also used to identify sedimentary facies, 
such as bioclastic, sand, and muddy facies. Time-
Variant Gain-TVG and the negative amplitudes 
were corrected as proposed by Chu and Hufhagle 
(2006) and Taner et al. (1994).

Triplicate surface sediment samples were col-
lected during PCR-BS cruise one at eighty-eight 
stations along eight transects at specific isobaths 
(25, 50, 75, 100, 150, 400, 700, 1000, 1300, 1900, 
and 2,400 m) and eleven stations in the São Paulo 
Plateau, totalizing 297 samples (red dots in Figure 

2). A box-corer of 50x50x50 cm and a mega van 
Veen grab of 90x92x55 cm (231 L) were used. 
Sediments were sampled in three depth strata: 
0-2 cm, 2-10 cm, and 0-10 cm. In the laboratory, 
after homogenization, the sediment fraction of 
0-10 cm was frozen and dried before grain size 
and carbonate content analysis.

For grain size analyses, a fraction of 1 g was 
used in a laser grain sizer (Malvern Mastersizer 
2000 particle size analyzer). Each sediment 
sample was first sieved through a 1 and 2 mm 
mesh sizes and then analyzed with a Malvern 
Mastersizer 2000. Particles larger than 1 mm 
and 2 mm were weighed and added manually 
to the Gradistat program, to compute the statis-
tical parameters according to the Folk and Ward 
(1957) equations. The carbonate sediment was 
not eliminated before grain size analysis. Another 
fraction of 10 g was used for acid digestion with 
Hydrochloric Acid reduction at 10% volume to cal-
culate carbonate content.

In addition to the PCR-BS data, 7,740 grain 
size analyses and 3,404 carbonate content 
records from historical datasets were added to the 
data bank (green dots in Figure 2). The sediment 
data from the PCR-BS project is derived from the 
upper 10cm of sediment strata, while for the his-
torical datasets, there was no control. However, 
because the samples from historical datasets 
were collected by grab samplers, sediment strata 
would probably reach at most 20 to 30 cm below 
the surface. Despite the diverse methodology 
used in sediment analyses of historical and PCR-
BS data, results were compared, and the similarity 
between historical data and nearby PCR-BS data 
points was high.

RESULTS

Shelf Morphology
The Santos Basin continental shelf exhib-

its a variable relief of smooth and monotonous 
surfaces. It is notable a widening of the continen-
tal shelf in the central portion, off Santos Estuary 
(220 km), and a narrowing in Cabo Frio (75 km). 
The inner and middle shelves have smooth and 
gently undulating surfaces. In contrast, the outer 
shelf between 70 and 200 m exhibits a rough 
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surface in the Northern sector and is substantially 
less rugged in the Southern sector (Figure 3).

The mean shelf slope is 0.08°. In the Northern 
sector, between Cabo Frio and São Sebastião 
Island, the declivities range from 0 to 3°. A rugged 
relief from Cabo Frio to off Cananéia Bay prevails 
at the middle and outer shelves. Toward the South, 
the mean slope doesn’t exceed 1.5°. The geomor-
phological features richness increases toward 
shallow waters, mainly at bay mouth entrances. 
A great variety of bottom features as bay-mouth 
sand shoals (Figure 4I), ebb-tidal deltas (Figure 
4III), island downstream side sand shoals or sub-
merged spits that indicate drift direction (Figures 
4I and II), modern channels, sand wave fields de-
fined by undulating topography (Figures 4I and III), 
rocky outcrops, incised valleys (Figure 4II and III) 
are noted all over the inner shelf.

The SBP data complements the regional ba-
thymetric map aspect and detailed bottom and 
sub-bottom features as morphologies, sizes, and 
extensions (Figure 5). Other features were highli-
ghted exclusively in the SBP records as an exten-
sive erosive feature in the head of the Cananéia 

Figure 2. Sediment data points locations. Red dots are PCR-BS stations, while green dots correspond 
to historical public data. The light green area represents the area of detailed bathymetry derived from 
public data on the continental shelf. The black lines correspond to SBP track lines during PCR-BS cruise 
one. The blue area corresponds to the slope and São Paulo Plateau.

Canyon (Zembruscki, 1979, Figure 5IV). The ero-
sive area is 6 km wide at the shelf break inside the 
Cananéia Canyon head.

Sediments grain size and facies
Grain size analysis of triplicate samples collected 

during the PCR-BS cruise reveals the occurrence of 
very coarse sands to muds, with the predominance 
of sand-sized sediments on the continental shelf. In 
contrast, sediments are mostly muddy in the slope 
and São Paulo Plateau (Figure 6). From the inner 
shelf to the outer shelf, a trendline indicates a de-
crease in grain size towards the deeper areas, while 
on the slope, no grain size variation was detected. For 
the whole basin, the trendline suggests a decrease in 
grain size towards the deep.

When considering the historical and PCR-BS 
data, the sandy facies predominates on the shelf 
(Figure 7). In the Northern sector, it covers the 
whole shelf with a small area of muddy sediment 
in the middle shelf. In the Southern sector, the 
sandier facies is more restricted to the inner and 
middle shelf. In the slope and plateau, sands are 
more frequent in the upper and middle slopes in 
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Figure 3. Bathymetric map of Santos Basin. The colored area is the continental self, divided from the 
slope (grey area) by the 200m isobath. The focus of the paper is on the continental. Green squares 
indicate examples of geomorphological features, and dashed lines are the transects. Continental 
topography is derived from SRTM database.

the Northern sector despite being predominately 
muddy.

On the shelf, the muddy facies appears in two 
main areas. The largest one exhibits an elongated 
shape, up to 100 km wide and becoming narrower 
towards the North. It occupies the outer shelf and 

shelf break from Florianópolis to Santos Estuary. 
The smaller muddy facies is observed in shallower 
waters, between 100 and 135 m, and extends from 
São Sebastião Island to Guanabara Bay.

Considering only the PCR-BS samples, the 
muddy facies predominates on the slope and São 
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Figure 4. Examples of the main geomorphological features at the inner shelf. I- Sand shoals, sand shoal 
lobe, island downstream side sand shoal or submerged spits, and sand waves fields. II- Sand shoals 
and incised valley close to São Sebastião Island. III- well-defined incised valley close to São Francisco 
do Sul Island.

Paulo Plateau, except in samples collected along 
transect G and a few other samples from the 
Northern and Southern sectors (Figures 3 and 7).

Sediment sorting
Grain size sorting varies from well-sorted to 

very poorly sorted. The well-sorted, moderately 
well-sorted, and moderately sorted sediments are 
all located in areas shallower than 30 m (Figure 8). 
Beyond the 30m isobath, all samples are poorly to 
very poorly sorted. In the shelf muddy facies, all 
samples were classified as poorly sorted.

The wave base is the water depth where orbital 
movements associated with surface waves reach 
the bottom and may start resuspending sediments 
and consequently improve grain sorting. In the 
slope, because of the pelagic settling of bioclastic 
particles in a muddy environment and siliciclastic 
particles of various sizes transported by turbidity 
currents and contour currents, the grain sorting is 
not elevated.

According to Berger and Heath (1968), bio-
turbation rates are faster than accumulation rates 
contributing to the occurrence of poorly sorted 
sediments on the slope. Therefore, the poor and 
very poor sorting at the slope could also be related 
either to the pelagic settling of a variety of grain-
sizes or active bioturbation of sediment layers.

Carbonate Content
In this research, the carbonate content by 

weight in sediment uses the classification pro-
posed by Larsonneur (1977) and modified by Dias 
(1996) (Table 1).

Carbonate content in the basin increases from 
the inner to the outer shelf and from the upper 
slope to the lower slope and São Paulo Plateau 
(Figure 9). The highest carbonate content occurs 
in sediment from the outer shelf and shelf-break at 
150 m, as indicated by the shelf’s trendline. The 
slope trendline indicates increasing concentration 
towards the deep ocean.
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Figure 5. Geomorphological features mapped by the sub-bottom profiler (SBP). A few buried features, 
such as channels, are also shown. A reference depth line is added to identify water depth.

In the shallow shelf, the carbonate is domi-
nated by bivalves and gastropod shells, while 
in the outer shelf and shelf-break, calcareous 
algae, bryozoans, and Halimeda predominate. 
At the slope, crustacea, mollusks, and plank-
tonic foraminifera are the predominant carbon-
ate source. In contrast, in water depths between 
2,000 and 2,400 m, carbonate is mainly derived 
from planktonic foraminifera and pteropod 
shells.

On the shelf, carbonate facies dominate 
the outer and the shelf break area from North 
to South, with an interruption on the heads of 
the Cananéia canyon, which is covered by the 
muddy sediments (Figure 10). The carbonate 
content is higher in the Northern sector and de-
creases toward the South. 

Mean grain size and carbonate con-
tent along the transects

Along the eight transects, A to H, and at se-
lected depths (Figure 2), the mean grain size 
and carbonate content were plotted following the 
ocean bottom topography and distance from the 
shoreline (Figure 11).

The distance between the shoreline and the 
2,400 m isobath varies from 200 km (transects 
G and H) to 300 km (transects A, B, C and D), 
reaching 400 km at transects E and F. The slope 
topography in all transects has a concave profile. 
The slope gradient is higher in the Northern sector, 
than in the Southern sector.

In the Southern sector (transects A, B, C and 
D), samples taken in shallow water (20 – 50 m) ex-
hibit mean grain size smaller than 400 µm, while in 
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Figure 6. Mean grain size classification of the top 10 cm from the grab sampler of the PCR-BS cruises. 
Samples of all eleven transects and the São Paulo Plateau are represented. Blue dots represent 
samples from the shelf and slope. Green dots represent samples from São Paulo Plateau. Continental 
Shelf samples (CS) are represented in the clear area. Continental Slope samples (SLP) are represented 
in the darker area. The numbers on top indicate the transects.

Figure 7. Distribution of sandy and muddy facies in the continental shelf and slope. On the shelf, 
historical and PCR-BS samples were considered, while at the slope and São Paulo Plateau, only 
samples from the PCR-BS project were included. The yellowish colors represent the predominance of 
sandy facies, while greenish colors represent muddy facies.
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Figure 8. Grain size sorting on the shelf, slope, and São Paulo Plateau based only on the top 0-10cm 
of PCR-BS samples.

Figure 9. Carbonate content in the top 10 cm of sediment. The figure represents carbonate content 
along the eleven transects at a specific isobath from 20 to 2,400 m. Green dots represent samples from 
São Paulo Plateau. Continental Shelf samples (CS) are represented in the clear area. Continental Slope 
samples (SLP) are represented in the darker area. The numbers on top indicate the transects.

the Northern sector (transects E, F, G and H) their 
mean grain size is mostly greater than 400 µm, 
reaching values close to 1200 µm.

Towards the shelf break, there is a decrease 
in grain size, except at 150 m water depth, where 
there is always an abrupt increase in grain size in 
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Figure 10. Carbonate content at the continental shelf, slope, and São Paulo Plateau. The arrow indicates 
an interruption of the carbonate domain at Cananeia's Canyon Heads.

the outer shelf carbonate facies. Beyond the shelf 
break mean grain size stays under 400 µm.

In shallow water (20-100 m), carbonate content 
remains mostly below 20%, abruptly increasing at 
150 m, reaching 60-80% or even higher values. 
Beyond the shelf break, samples from transects A, 
B, C, D, and F present decreasing carbonate con-
tent followed by a gradual increase to deeper wa-
ters (Figure 11). In transects, G and H carbonate 
content stays between 60 and 80% beyond the 
shelf break.

In transects F, G, and H, at the deepest sta-
tions, carbonate content in the upper sediment 
layer (0 to 2 cm) is higher than the underlying sedi-
ment (2 to 10 cm) (Figure 11).

DISCUSSION
The continental shelf of Santos Basin presents 

a great variety of morphological features and is 
mostly of small relief, like Campos Basin at the 
Northern sector border (Figueiredo Jr. et al., 2016). 
Martins and Coutinho (1981) related the main 
features of the Santos Basin shelf to terrigenous 
deposits reworked during the Holocene transgres-
sion. Still, this unprecedented new seabed analy-
sis reveals a much more complex relation between 

morphology, sediment composition, hydrodynam-
ics, and sea-level changes.

The shelf morphology has a significant effect 
on sediment distribution and selection. The narrow 
shelf (100 km wide) and steep ocean bottom in 
the Northern sector (Figure 3I) allow the approach 
of energetic waves, promoting a mean grain size 
increase up to 800 µm and better selection toward 
shore starting at 50 m isobath (Figures 8, and 11). 
Stations 01 and 02 in transects E, F, G, and H, 
are expected to have a biota characteristic of this 
energetic environment. The Southern sector is 
much broader (200 km), wave energy is smaller 
than in the Northern sector, and grain size ranges 
between 200 to 300 µm.

Besides grain size and sorting, the bottom 
morphology has features that indicate sediment 
dynamics as ebb-tidal deltas at Guanabara’s Bay 
and Paranaguá Bay entrances (Figures 4I and 
5I) superimposed by a set of sand waves and is-
land downstream side sand shoals or submerged 
drifts, denoting drift direction. These features dem-
onstrate how energetic the waves in the Northern 
sector are and indicate that sediment is being 
transported toward the shore. Sand shoals can 
also be observed next to São Sebastião Island 
(Figures 4II and 5III) and near São Francisco do 
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Figure 11. Mean grain size, carbonate content, bottom topography, and distance from shoreline represent the 
eight transects from South (A) to North (H). The blue symbols refer to the top sediment fraction from 0 to 2 cm. 
The red symbols refer to sediment fractions from 2 to 10 cm deep. R1, R2, and R3 are replicas. Numbers on 
top of the mean grain size line indicate the water depth of sample collection.
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Sul Island. The position and orientation (SW-NE) 
of the submerged drift behind the islands agree 
with the main longshore transport that flows north-
ward due to wave action (Trombetta et al., 2020). 
Remanent relict features of low sea level have also 
been detected as paleochannels or incised valleys 
(Figure 4 I, II, and 5V).

Sand waves located at the estuarine system 
mouths would be the morphodynamics response 
of tidal and coastal currents, waves, and their in-
fluence on longshore transport (Gao and Collins, 
2014). Incised valleys are frequently found fea-
tures at the Santos Basin seabed and are evidence 
of lower sea-level continental drainage systems 
(Furtado and Conti, 2006; Artusi and Figueiredo 
Jr., 2007; Conti and Furtado, 2009; Friederichs et 
al., 2013; Reis et al., 2013; Riva, 2015).

The rough relief of the ocean bottom in the 
outer shelf between 70 and 200 m that extends 
from Cabo Frio to Florianópolis (Figures 3I and 
II) is characteristic of the carbonatic facies with 
overgrowing calcareous algae forming terraces 
and pinnacles (Figures 5II and IV). Grain size in 
carbonatic facies is coarser than the surrounding 
facies and thus should have a specific biota.

Indeed, the Northern sector middle and outer 
shelf present several carbonate bioconstruc-
tions fields (Cavalcanti et al., 2012; Reis et al., 
2013). These massive structures are similar to 
the rhodolith and coralline algae reef patches ob-
served at Campos (Lopes et al., 2014; Tâmega 
et al., 2014; Figueiredo Jr. et al., 2016; Curbelo-
Fernandez et al., 2017) and Espírito Santo 
(Bastos et al., 2015; Vieira et al., 2019; Oliveira et 
al., 2020) basins, including aggregates, terraces, 
pinnacles, rhodoliths mounds, crustose calcare-
ous algae, bryozoans, gastropods, bivalves, and 
others, creating a rough relief in the ocean bottom 
(Figures 3I and 5II).

Carbonate facies also occur on the slope and 
are more concentrated in the São Paulo Plateau, 
being quite different from those observed on the 
shelf. They are predominantly formed by the pe-
lagic deposition of foraminifera and pteropods, 
forming extensive vasa in the ocean bottom. So, 
while on the outer shelf the carbonate is construct-
ed as an irregular relief, in the deep ocean, it cre-
ates a drape over the ocean bottom, as seen in 

Figure 11. The upper 0-2 cm layer is richer in car-
bonate content than the underlying 2-10 cm layer.

Siliciclastic sand facies predominate in the in-
ner and middle shelf as a function of a more en-
ergetic environment and supply from land as river 
discharge and coastal erosion (Figure 7). The 
sand facies is carbonatic on the slope and São 
Paulo Plateau, since calcium carbonate grains are 
considered in the grain size analysis.

The muddy facies cover two main areas of 
the continental shelf. According to Carreira et al. 
(2023), muddy sediments in the mid-shelf, mainly 
along the 100 m isobath, are enriched in organic 
matter with great potential to be used by benthic 
organisms. The most extensive mud deposit is lo-
cated in the Southern sector (Figure 7) in the outer 
shelf and shelf break. According to Mahiques et 
al. (2010), the source for this facies is the La Plata 
River sediment plume. Indeed, Dottori et al. (2022) 
indicate that the large volume of fresh water in the 
Coastal Water (CW) has the La Plata River as a 
strong candidate for its origin. As this muddy fa-
cies prograde northward with the Brazilian Coastal 
Current (BCC), it is captured by the heads of the 
Cananéia Canyon and conducted to the upper 
slope (Figure 7).

The smaller muddy facies in the Northern sec-
tor is bordered by sand facies shoreward and car-
bonate facies in the outer shelf and shelf break. 
The origin of this muddy facies is attributed to sed-
iments derived from Guanabara Bay and Sepetiba 
Bay (Lazzari et al., 2019). In the deeper areas, the 
muddy facies extend over the slope and São Paulo 
Plateau, with some occurrences of sandy facies 
on the Northern slope. 

CONCLUSION
The morphology, sediment supply, shelf ori-

entation, and ocean climate imprint the Santos 
Basin’s characteristics. The Northern shelf sector 
is the most dynamic because of the narrow shelf, 
steep gradient, and shoreline orientation almost 
East-West, providing conditions for storm waves 
to approach and mobilize sediment in the ocean 
bottom shallow than 50 m water depth. Therefore, 
there is a predominance of sandy facies on the in-
ner and middle shelf, with a narrow strip of muddy 
facies on the middle shelf. In the outer shelf and 
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shelf-break predominates the carbonate facies of 
bioconstructions.

The Southern sector of the shelf is much broad-
er than the Northern sector; it has a small gradient, 
and its orientation is Northeast-Southwest, there-
fore, less energetic than the Northern sector. The 
sandy facies occupy the inner and middle shelf, 
while the muddy facies occupy the outer shelf and 
shelf break.

On the slope and São Paulo Plateau predomi-
nates the muddy facies, except for a portion of the 
slope in the Northern sector and a portion of the 
plateau.

In conclusion, many factors act in the shelf and 
deep ocean to determine the bottom morphology, 
grain size, grain sorting, its nature if carbonate or 
lithoclastic and consequently conditioning oxygen 
irrigation of sediment, nutrient preservation, and 
living conditions for biota.
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