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Abstract: Mud depocenters are found across most siliciclastic continental shelves, occurring in various
bathymetric ranges and typically dating to the Holocene. This study analyzes the sedimentary char-
acteristics and formation processes of mud depocenters in the central sector of the inner continental
shelf of the Sao Paulo Bight. A total of 1700 km of high-resolution seismic profiles, four gravity cores,
and 1346 surface sediment samples were analyzed. The sedimentary analysis involved determining
grain size parameters, organic matter content, carbonates content, and radiocarbon dating. Seafloor
sedimentary mapping shows the predominance of very fine siliciclastic sand, together with three
mud depocenters located shallower than the 30-m isobath. The northern depocenter comprises
one sedimentary unit (SU-NZ-01), while the central depocenter consists of two sedimentary units
(SU-CZ-01 and SU-CZ-02) and the southern depocenter is made up of two other sedimentary units
(SU-5Z-01 and SU-5Z-02). Units SU-SZ-02, SU-CZ-02, and SU-NZ-01 were deposited on Precambrian
rock surfaces during the Holocene transgression and include reworked sediments from nearby Upper
Pleistocene coastal plains, characterized by a transparent seismic pattern. Above these, units SU-SZ-01
and SU-CZ-01 developed following the Holocene Transgression Maximum, associated with local
mud input from the Peruibe River mouth and the Santos Estuary, respectively. The paleorelief of
Precambrian rocks favored the formation of these depocenters by creating wave shadow zones and
trapping mud within the paleovalleys.

Keywords: grain size; cartography; sedimentary units; Holocene transgression

1. Introduction

In most siliciclastic continental shelves, mud deposits are common features, character-
ized by distinct grain size, geometry, and internal sedimentary structures [1-5]. These mud
deposits often form near river mouths, where there is a high input of mud sediments [1].
For example, along the northern coast of South America, the Amazon River discharges
approximately 1150 x 10° tons of sediment per year into the Equatorial Atlantic Ocean [2],
contributing to one of the largest mud deposits globally [3-5]. Although mud deposits
are mainly associated with fluvial fine sediment input, these deposits can also occur in
regions devoid of fluvial input, as that identified along the Gulf of Arguim (Mauritania),
a region marked by high aridity where fine sediment input is mainly eolian [6]. A sig-
nificant input of fine sediments is necessary for the development of mud deposits, but
their location and formation also depend on other processes responsible for the control
of sedimentation along marine environments, such as hydrodynamics, tectonic, and sea
level oscillations, and the geomorphological setting [7]. From a hydrodynamic point of
view, several pioneering models have already exposed the influence of waves, currents,
and subsurface density flows on the transport and distribution of mud sediments along
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continental shelves [8-10]. In general, the interplay between hydrodynamic and geomor-
phological factors (e.g., rock outcrops) determines the location of mud deposits. Sea level
oscillations dictate the variations of accommodation space on continental shelves [11].

Research on mud deposits along continental shelves has grown in recent years, largely
due to their environmental relevance. These deposits have a high capacity for adsorbing
chemical pollutants, effectively acting as sinks for contaminants [12-15]. In addition, mud
deposits also function as historical records of continental anthropic activities, as observed
by Hanebuth et al. [16] when analyzing the levels of heavy metals along a mud deposit in
the Bay of Cadiz (Spain). The interest in these deposits also lies in their possible sedimento-
logical, stratigraphic, paleoclimatic and paleoceanographic implications [6,17-22].

This study aims to identify and characterize mud deposits along siliciclastic sediments
on the inner continental shelf of Sao Paulo Bight (southeast Brazil), and to relate them to
sea-level fluctuations.

2. Materials and Methods
2.1. Study Area

The study area is located in the central sector of Sao Paulo Bight (SPB), between the
Sao Sebastiao Channel and Peruibe River mouth, down to 60 m depth (Figure 1). The SPB
is an arc-shaped sector of the Brazilian continental shelf extending from Cape Frio to Cape
Santa Marta [23]. Morphologically, the SPB varies in terms of width (70 km-230 km), slope
(0.09°-0.04°), and depth of the shelf break point (120 m-180 m) [24]. The shelf is widest at
the center, near the Sao Sebastiao Channel, and becomes narrower and steeper in the north
and south, near Cape Frio and Cape Santa Marta, respectively.
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Figure 1. Location of the study area in the central sector of the inner continental shelf of Sao Paulo
Bight (southeast Brazil). Location of the Sao Paulo Bight and Serra do Mar mountain range (A), the
main rivers to the north (B) and to the south (C), the central zone of the Sao Paulo Bight (D), where
the study has been carried out, and the main islands and other places cited in this study (E and F).
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Santos Basin subsidence and Serra do Mar mountain range uplift since the Mesozoic
determined the origin and main geological characteristics of the SPB [25]. However, the
current geomorphology of the SPB is mainly controlled by the Late Quaternary Relative Sea
Level Oscillations (LQRSLO) [26,27]. Between the Late Upper Pleistocene (120,000 years
BP) and the present Holocene interglacial period, the Last Maximum Glacial (LMG) (18,000
years BP; 130 m below present mean sea level) was responsible for the exposure of the
entire SPB to subaerial erosional processes, developing paleo-valleys that were then filled
in during the Holocene [28].

As a consequence of the uplift of the Serra do Mar mountain range, most of the
local fluvial courses near the SPB were diverted to the west and therefore, they began to
contribute more significantly to the inland basins of the Parana and La Plata rivers [29].
Consequently, the direct supply of autochthonous terrigenous sediments to the SPB is
low in the Holocene, thus contributing to the predominance of both relict sediments
and modern allochthonous terrigenous sediments in the inner continental shelf. Current
sedimentation rates in the continental shelf of SPB do not exceed 70 cm/ky, with the lowest
values associated with high local hydrodynamics and low fluvial sediment input near both
the Santos Estuary and the Sao Sebastiao Channel [30].

The Sao Sebastido Island (SSI) marks the limit between two sedimentary provinces
of the SPB with different grain size patterns of the seafloor. South of the SSI, where the
study area is located, there is a predominance of sand along the inner continental shelf with
an increase of mud towards the shelf break. In contrast, north of the SSI there are great
heterogeneity, with mud patches interspersed with sand along the entire inner continental
shelf [29,31-33]. Grain-size differences between these two provinces reflect the existence of
distinct sediment sources and processes acting in each [29].

The local wind regime along the Sao Paulo shore is characterized by seasonality.
During the austral spring and summer, winds blow mainly from the east and north,
while during the austral autumn and winter, they blow mainly from southwest and west-
southwest [34]. A local bidirectional current, induced mainly by the seasonality of the wind
regime, flows parallel to the coast assuming a northeast direction during the austral winter
and southwesterly during the austral summer [35]. This bidirectional pattern of the local
coastal current, in association with the Coriolis force, induces specific dynamics in the local
distribution of water masses. During the austral summer, these dynamics are based on the
offshore surface displacement of the Coastal Water (CW) and Tropical Water (TW) together
with the onshore sub-surface displacement of the South Atlantic Central Water (SACW);
during the austral winter, the opposite occurs [36].

In addition to influencing the coastal current and water mass dynamics, the seasonality
of the wind regime is also reflected in the local wave climatology. Under austral summer or
winter winds conditions, there is a predominance of easterly or southerly waves, respec-
tively; the latter, mostly associated with the cold fronts, are more energetic [37]. The region
is characterized by a mixed microtidal regime [38]. Compared to the wind regime, tides
show a weaker influence in the local hydrodynamics of the continental shelf hydrodynamic;
their contribution to the local longitudinal and transversal fluxes is about 10% and 45%,
respectively [39].

2.2. Data Acquisition, Processing and Analysis

Grain size distributions and carbonate content of 1346 surface sediment samples
from the inner shelf were analyzed, in addition to approximately 1700 km of seismic
profiles and 4 sediment cores. The carbonate content and grain size curves (obtained after
destroying organic matter and carbonates) of the surface sediment samples were obtained
from the database of the Brazilian Navy. Then, grain size parameters were computed
by GRADISTAT 4.0 software [40] utilizing the formulae proposed by Folk and Ward [41].
Lastly, a sedimentary cartography of the seafloor was elaborated by ArcGIS software 10.5.

The seismic profiles and sediment cores were obtained after three oceanographic
surveys directed by the authors aboard the oceanographic vessel Alpha Delphini between
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2018 and 2019 (Figure 2 and Table 1). The seismic profiles were recorded by the use of
a Chirp sub-bottom profiler system operating in low and high frequencies (2-8 kHz and
10-20 kHz). The MDCS Marine Geophysical Survey and Data Acquisition software 3.0 was
used in this process, which allowed the simultaneous recording of low- and high-frequency
seismic profiles. However, only the low-frequency profiles presented a satisfactory result
for the proposed purposes of this study, with the high-frequency profiles not included
in the results. The 4 sediment cores, in turn, were collected using a gravity corer system,
positioned in strategic locations based on prior analysis of the seismic profiles.
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Figure 2. Location of the surface sediment samples (A), seismic profiles and sediment cores (B) ana-
lyzed, with the detailed location (C-E) of the seismic profiles shown in Figure 4.

Table 1. Location, depth (m below present mean sea level) and length (m) of the analyzed sediment cores.

Sediment Core Latitude Longitude Depth Length
SC-1 23°54/09.00” S 45°41'00.30" W 29.0 0.60
SC-2 24°03/23.28" S 46°14/39.60" W 19.2 1.55
SC-3 24°03'23.64" S 46°16'48.30" W 19.0 1.10

SC-4 24°20'45.18" S 46°45'33.54" W 21.5 1.26
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The analysis of the low-frequency seismic profiles was conducted using the MDPS
Data Processing and Interpretation software 3.0. The processing was based on offsets and
filters applications, and main reflectors identifications. The identification of the reflectors
allowed the delimitation of the respective sedimentary units, obtaining their horizontal and
vertical distribution throughout the investigated area. The thickness of each mud unit was
determined from the seismic profiles and mapped. When two overlapping mud units were
identified, the total thickness was determined as the sum of thicknesses of both. However,
it was not possible to obtain a good density of seismic profiles in the southern sector of the
study area, and consequently, the map of thickness of the southernmost mud deposit could
not be plotted.

The content of organic matter (OM) and carbonates of the sediment samples collected
each 2 cm along the cores were determined following [42,43], and subsequently they
were removed to carry out grain size analyses. The grain size distribution analysis was
conducted by the sieving method [44] for the particles’ size under 4 phi (very fine sand)
and by the laser diffraction method for the particles’ size over 4 phi. After, the main grain
size parameters were calculated following the same methodology as described for the
surface sediment samples. Also, the cores” samples were texturally classified using the
ternary diagram proposed by Folk [45]. When relevant, calculations were performed to
determine the mean, standard deviation and Pearson’s correlation degree to better describe
the results.

Four radiocarbon dating were realized on samples from the cores by the Accelera-
tor Mass Spectrometry (AMS) method in the Beta-Analytic laboratories. For the dating,
carbonated material at the cores” most basal samples were prioritized (SC-1: organic ma-
terial, sampled at 0.58-0.60 m from sediments with mean size of very coarse silt; SC-2:
fragments of bivalve mollusk shell sampled at 1.53-1.55 m; SC-4: organic material sampled
at 1.24-1.26 m from sediments with mean size of medium silt). Due to the proximity of
SC-2 and SC-3, only SC-2 was dated. An additional radiocarbon dating was carried out
for a fragment of a bivalve mollusk shell sampled at 0.28-0.30 m of the SC-4. The dating’
results were calibrated and corrected by both local (AR = 28 £ 25) [46] and global (IntCal13
or Marine13) reservoir effect [47].

3. Results
3.1. Seafloor Sedimentary Mapping

Approximately 99% of the area investigated is covered by sediments with a sand
content greater than 50% (almost 82% of the area is covered by sediments with a sand
content varying between 80 and 100%), while sediments with a total mud content greater
than 50% only occur in about 0.85% of the study area. Despite this predominance of
medium sand-sized sediment, there is an observed increase in total mud content both
offshore (>60 m depth) and nearshore (<30 m depth), reaching a maximum of 76%, with
silt content being higher than clay content. In addition, there are also some areas with a
significant presence of gravel at medium depths (from 30 m to 60 m depth), reaching up
to 39%, while 98% of the entire area has a gravel content of less than 10%. An increase in
carbonate content is observed in these gravel patches, reaching up to 47%, while the rest of
the area presents values below 10% (Figure 3A-F). According to grain size parameters, the
seafloor surface is mostly covered by very well-sorted to moderately well-sorted sediment,
with an average size of very fine sand. In contrast, areas with higher mud content are
characterized by very poorly sorted or moderately poorly sorted sediment, with an average
size of very coarse silt (Figure 3G,H).
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Figure 3. Sedimentary cartography of the seafloor along the central sector of Sao Paulo Bight (SPB),

from the Sao Sebastiao Channel to the mouth of Peruibe River: percentage content of gravel (A),
sand (B), total mud (C), silt (D), clay (E), and carbonates (F); mean size (G), and sorting (H).

3.2. Mud Deposits

Three mud depocenters were identified in the nearshore zone (<30 m depth) of the
inner continental shelf (Figure 3G). The depocenter in the northern zone (NZ) is located
around the island of Montao de Trigo, about 11 km from the south exit of the Sao Sebastiao
Channel and has an approximate area of 202 km? with a maximum lateral extension of
21 km. Like the NZ, the depocenter in the central zone (CZ) also occurs around an island,
in this case, Moela Island, located south of Guaruja Island. This zone has, in turn, an area
of almost 294 km? with an approximate extension of 38 km parallel to the coastline. Finally,
the depocenter in the southern zone (5Z) occurs near the Peruibe River mouth, with an
approximate area of 149 km? and aligned parallel to the coastline for about 20 km.

The NZ depocenter is formed by a transparent seismic layer (SU-NZ-01) bounded at its
base by an irregular surface with a high-amplitude reflector interpreted as the Precambrian
rock surface (PRS) (Figure 4A). The CZ depocenter is characterized by the occurrence of a
continuous high-amplitude reflector dividing two different seismic units, identified as SU-
CZ-01 (upper) and SU-CZ-02 (lower) (Figure 4B). SU-CZ-01 presents low-amplitude internal
reflectors, while SU-CZ-02 shows greater transparency with no occurrence of internal
reflectors. Whenever present, SU-CZ-02 occurs below SU-CZ-01 and over the irregular
and high reflectivity PRS. Both seismic layers occur concomitantly in the most central
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portion of the CZ. In the absence of SU-CZ-02, SU-CZ-01 occurs at the most peripheral
portions of CZ over a third layer (SU-CZ-03 characterized by the absence of seismic signal
penetration (Figure 4C). The SZ depocenter contains two layers; SU-5Z-01 (upper) and
SU-SZ-02 (lower) (Figure 4D). SU-SZ-01 is considerably thin and characterized by the
occurrence of low-amplitude internal reflectors, while SU-SZ-02 presents greater thickness
and transparency without the occurrence of internal reflectors.

Depth (m)

(] sunzo]

Depth (m)

Depth (m)

] su-czo ] su-cz-i

Depth (m)

] su-szon ] su-sz0n|

Figure 4. Identification of the seismic units (SU) via interpretation of the seismic profiles recorded along
the mud depocenters in the Northern Zone (A), Central Zone (B,C), and Southern Zone (D).

The sediment thickness of SU-NZ-01 varies from 1.3 m to 10.3 m, with an average
value of 5.2 £ 1.1 m (Figure 5A), mainly located at structural valleys of the irregular PRS.
In turn, the sediment thickness of SU-CZ-01 ranges from 1.5 m to 12.3 m, with an average
value of 5.2 + 1.3 m (Figure 5B), while SU-CZ-02 presents sediment thickness ranging
from 0 to 7.5 m and an average value of 0.8 & 1.2 m (Figure 5C). Therefore, the total
sediment thickness of the CZ mud deposit varies from 1.7 m to 19.8 m, with an average
value of 6.0 = 1.5 m (Figure 5D). The greatest sediment thickness extends radially from
Moela Island, making it possible to identify the occurrence of a depocenter to the northwest
of the island. The smallest thickness, in turn, is found along the most peripheral portions of
the CZ, where SU-CZ-01 occurs over SU-CZ-03. Total sediment thickness along SZ reaches
around 15 m, including SU-SZ-01 and SU-5Z-02. SU-SZ-01 is thinner than SU-5Z-02, being
limited to only the first meters of the sedimentary record (up to 0.75 m near SC-4).



J. Mar. Sci. Eng. 2024, 12, 2098

8 of 19

45°42'50"W 45°38'0"W

45°52'30"W 45°47'40"W

45°18'50"W 45°15'40"W 45°12'30"W

23°57'55"S

23°43'56"S

23°48'48"S

24°1'0"S

@
g
&
2
o

b
o

24045

23°5832"S

45°18'50"W 45°15'40"W 45°18'50"W 45°15'40"W 45°12'30"W

24°1'0"S 23°57'55"S

24°1'0"S

24°45"S
24°45"S

Thickness (m)
[ Jo-2 N 0-12
L 12-+« 24
[ J4-¢ 1 14-16
[ J6-2 N 6-18
[ 0s-10 M 18- 198
Figure 5. Sediment thickness of the sedimentary units SU-NZ-01 (A), SU-CZ-01 (B), SU-CZ-02 (C),

and total sediment thickness of the Central Zone (CZ) (D). The hatched areas correspond to the zones
with very coarse silt (see Figure 3G) without recorded seismic profiles.

The upper 0.60 m of SU-NZ-01 is composed of moderately to poorly sorted very
fine sand and very coarse silt (Figure 6A) and is therefore texturally classified as silty
sand (Figure 7A). Sand content (78.5 & 7.0%) exceeds mud content throughout the entire
sediment core SC-1, with silt content (20.5 & 6.6%) being consistently higher than clay
content (1.0 & 0.5%) (Figure 8A). Despite the dominance of sand, an increasing trend in total
mud content is observed in both the uppermost and basal sections, while the middle section
shows a higher sand content. Organic matter content varied from 0.5% to 7.5%, averaging
2.6 + 1.7% (Figure 6A). Higher values, found primarily in the upper section, decrease
towards the base without significant correlation with other analyzed parameters. Carbonate
content ranges from 3.2% to 23.1%, averaging 12.3 & 5.6% (Figure 6A); it increases towards
the middle section, similarly to the content of sand. Consequently, the mean size (phi units)



J. Mar. Sci. Eng. 2024, 12, 2098

90f19

and carbonate content show a moderate negative correlation (r = —0.64), indicating a higher
carbonate content for a coarser mean size of the sediments.
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Figure 6. Vertical variations along the sediment cores of mean size, sorting, content of organic matter
(OM) and content of carbonates, and position of the four radiocarbon dated samples. SC-1 (A) is
representative of SU-NZ-01, SC-2 (B) is representative of the northern upper portion of SU-CZ-01,
SC-3 (C) is representative of the southern upper portion of SU-CZ-01, and SC-4 (D) is representative
of both SU-5Z-01 and SU-SZ-02.

The upper portion of SU-CZ-01 (up to 1.55 m) in the north is dominated by poorly
sorted coarse to very coarse silt (sediment core SC-2, (Figure 6B), but in the south is domi-
nated by poorly sorted very coarse silt to very fine sand (sediment core SC-3, (Figure 6C).
Therefore, it is texturally classified as sandy silt (Figure 7B,C). Total mud content ex-
ceeds sand content to the north (69.4 £ 15%) (Figure 8B) and to the south (56.6 £ 12.7%)
(Figure 8C). The content of silt and clay towards the north reach up to 90.4% and 4.0%,
respectively, but coarser sediment is observed towards the south, where silt and clay con-
tents reach up to 63% and 4.2%, respectively. The organic matter content varies from 6.9%
to 16.0% (average value of 10.4 £ 1.7%) toward the north and from 0.2% to 9.8% (average
value of 4.8 + 2.4%) towards the south, while carbonate content varies from 0.3% to 13.5%
(average value of 6.1 & 3.4%) towards the north and from 4.8% to 11.4% (average value of
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7.4 £ 4.8%) towards the south (Figure 6B,C). Therefore, an increase in organic matter and
carbonate content is observed towards the north and south, respectively, but no significant
correlation was obtained.
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Figure 7. Classification of the core sediments after the ternary diagram of fine-grained textural classes
of Folk (1954) SC-1 (A) is representative of SU-NZ-01, SC-2 (B) is representative of the northern upper
portion of SU-CZ-01, SC-3 (C) is representative of the southern upper portion of SU-CZ-01, and SC-4
(D) is representative of both SU-SZ-01 and SU-SZ-02.

The SZ mud deposit shows a trend toward finer sediments. In fact, the upper 0.20 m of
SU-5Z-01 is composed of moderately well-sorted fine sand (sediment core SC-4, Figure 6D),
consequently texturally classified as sand (Figure 7D). At this 0.20 m layer, the sand content
is at least 80%, reaching 100% at the upper 0.05 m, but below, the total mud content increases
in a quasi-linear pattern, especially below 0.75 m, where SU-SZ-02 starts taking place.
Thus, below 0.75 m, the mean total mud content reaches 70.1 + 13.3%, with 64.3 4 13.3%
corresponding to silt and 5.8 &= 1.9% to clay (Figure 8D). Therefore, the upper sand layer
is replaced by a layer composed of sandy silt and silt (Figure 8D), composed mainly of
very poorly sorted coarse silt (Figure 6D). The OM content varies from 0.2% to 8.2% (mean
value of 3.4 & 1.8%) while carbonate contents vary from 0.4% to 15.59% (mean value of
7.0 & 4.1%) (Figure 6D). A decreasing trend for the OM and carbonate contents is observed
towards the top and bottom of the sedimentary record, but no significant correlation was
found between these and the other two parameters.

The organic matter sample from SU-NZ-01 (taken at 0.58-0.60 m, bottom of the
sediment core SC-1), along with the shells sampled from SU-CZ-01 (taken at 1.52-1.55 m,
bottom of the sediment core-SC-2), and SU-SZ-01 (taken at 0.28-0.30, sediment core SC-4),
have been dated to the Holocene period, with ages of 7454 (7495-7414), 1702 (1817-1588),
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and 4228 (4365—4091) cal yr BP, respectively. In contrast, the sample of organic matter from
SU-SZ-02 (taken at 1.24-1.26 m, bottom of the sediment core SC-4) has been dated to the
Upper Pleistocene, with an age of 20,396 (20,587-20,205) cal yr BP (Figure 6 and Table 2).
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Figure 8. Sediment class distribution: percentages of sand, silt and clay along the sediment cores.
SC-1, which is representative of SU-NZ-01 (A), SC-2, which is representative of the northern upper
portion of SU-CZ-01 (B), SC-3, which is representative of the southern upper portion of SU-CZ-01 (C),
and SC-4, which is representative of both SU-5Z-01 and SU-5Z-02 (D).

Table 2. Isotopic dating (cal yr BP) of samples of organic matter and shell fragments at different
depths (m) from the cores corresponding to different seismic units.

Core Depth Dated Material Seismic Unit 4C Age
SC-1 0.58-0.60 organic matter SU-NZ-01 7495-7414
SC-2 1.52-1.55 shell fragment SU-CZ-01 1817-1588
SC-4 0.28-0.30 shell fragment SU-5Z-01 4365-4091
SC-4 1.24-1.26 organic matter SU-SZ-02 20,587-20,205

4. Discussion
4.1. Sedimentary Cover of the Seafloor

The central sector of the inner continental shelf of Sao Paulo Bight, from the Sao
Sebastiao Chanel to the Peruibe River mouth, is mostly composed of very fine, well-
sorted sand (Figure 3). This predominance of sandy sediments aligns with previous
studies [29,31,48-52] and is attributed to the interplay between hydrodynamics and local
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morphology. The coastline orientation, the arrangement of the isobaths, and the absence
of major modifications in the seafloor relief induce a more effective action of southern
waves [31,53]. These waves tend to remobilize an area extending from the coast to a depth
of 50 m, with remobilization probabilities of silty sediment exceeding 50% [54]. Thus,
it is inferred that mud sediment along the inner continental shelf of the SPB tends to
be constantly eroded and transported elsewhere, contributing to the occurrence of high
sand contents.

Lithoclastic sediments with a low carbonate content (<10%) dominate the seafloor
sedimentary cover. This low carbonate content is directly associated with local climatic
conditions [31-33,54]. Although to a limited extent, an increase in carbonate content toward
deeper areas was evidenced by the presence of isolated lithobioclastic deposits between
30 and 60 m depth. These isolated deposits compose a transitional zone preceding the
deeper bioclastic one [33], and consist mainly of fragmented, gravel-sized relict shells [55],
as depicted in the sedimentary cartography (Figure 3F). These gravel patches, with sig-
nificant carbonate content, are relict in nature and thus have no implications for current
hydrodynamics and sedimentary dynamics.

Similarly to the transitional lithobioclastic deposits, much of the identified lithoclastic
sandy cover is also interpreted as relict, being composed mainly of coastal quartz sand
eroded from the Pleistocene coastal plains during the Early Holocene marine transgression
(Santos Transgression) [55,56]. Local hydrodynamic processes and biological activities
act to rework the relict sandy cover [56]. Nittrouer et al. [57] point out that exposed and
reworked relict sedimentary layers are characteristic of regions without relevant modern
sediment input. This absence of modern sediment input along the inner continental shelf
of Sao Paulo Bight is evidenced by low local sedimentation rates ranging between 2 and
68 cm/ky [30]. In comparison, such rates tend to reach up to 810 cm/ky in other portions
of continental shelves off Brazil near significant fluvial systems [58]. Therefore, it can be
inferred that the relict origin of the sandy sedimentary cover of the inner continental shelf of
SPB, between the Sao Sebastiao Channel and the Peruibe River mouth, is directly associated
with the scarcity of expressive fluvial sediment inputs. The Iguape and Juqueriqueré rivers
are the main fluvial discharges to the Sao Paulo Bight, with approximately 435.0 m?/s and
2.79 m3/s, respectively [31,59], but they are located outside the study area. These values
are very low compared to some other rivers that flow into the South American coast, such
as the Paraiba do Sul River (1130 m3/s) and the La Plata River (25,000 m3/s) [60,61].

Although sandy sediments cover most of the investigated area, three mud depocenters
have been identified (Figure 3). They are characterized by a mixture of sand, silt and clay,
this mixture is found in most of the mud depocenters already identified along continental
shelves worldwide [6,57,59,62,63]. Prior to this study, mud deposition had already been
identified in some specific locations of the study area, such as near Santos Estuary [14].

4.2. Composition and Possible Sediment Sources of Mud Depocenters

Clay is present in the three identified mud depocenters, but its content levels never
exceeded 9% (Figure 8). This low clay content was already expected, given that clay
particles are preferably found in mud deposits near expressive rivers’ mouths, such as
those found along the Amazonian and Uruguayan continental shelves associated with the
Amazon and La Plata rivers, respectively [64,65].

The total mud content in the NZ depocenter is lower than the sand content (Figure 8A).
This pattern has been previously identified in other depocenters and is directly related to
a decrease in silt and clay contents towards the lateral boundaries of the deposits [63,66].
A similar variation is also observed in the CZ depocenter, where SC-2 and SC-3, located
approximately 3.5 km apart, indicated a trend of sediment thinning to the north, within the
deposit’s boundaries (Figure 8B,C), probably associated with local hydrodynamic conditions.

Like the sandy sedimentary cover, the identified mud depocenters are also composed
of lithoclastic sediments, with very low carbonates content (Figures 3F and 6), similarly
to other shelves [67]. The presence of lithoclastic sediment on continental shelves is
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commonly attributed to fluvial discharges, since 90% of the sediment load of rivers consists
of terrigenous muddy sediments [57,64,68-72]. Despite the absence of significant fluvial
inflows along the continental shelf examined, [31] identified the influence of minor river
courses contributing to the input of fine sediment and organic matter north of the Sao
Sebastiao Island. Furthermore, Vieira et al. [59] also confirmed the significance of this
sediment source in supplying muddy sediments to the region, and they were also identified
in a near coastal tidal flat within the Sao Sebastiao Channel [73]. Therefore, despite their
limited contribution, the role of small local fluvial systems in delivering muddy sediments
to the studied inner continental shelf cannot be completely ruled out, especially during the
austral summer when the coast of Sao Paulo experiences its highest precipitation rates.

In the assessment of the three identified depocenters, it is notable that both the CZ
and SZ deposits are located near river mouths, suggesting that the sediment loads from
these rivers could contribute significantly over time to the formation of these deposits. In
contrast, the NZ deposit is not close to a river mouth, but mud may be supplied to the
area by the Sao Sebastiao Channel, which transports sediment through its southern mouth
during fair weather conditions [74].

4.3. Controlling Factors of Mud Deposition

Once supplied to the marine environment, fine sediments are transported long dis-
tances until they settle. Near Sao Sebastido Island, the landward movement of Coastal
Water during the summer, together with the meandering of the Brazil Current, greatly
increases the transport of suspended sediment to the outermost region of the continental
shelf. This process facilitates the deposition of mud at greater depths [53].

In the central portion of the investigated area, near Santos Estuary, Coelho [75] ob-
served that the extensive rock outcrop (Moela Island) creates a wave shadow zone between
the island itself and the mainland. Within this zone, there is a marked reduction in signifi-
cant wave height, approximately 60% less than the rest of the shelf. This sheltered zone
promotes the deposition of fine sediments, especially during the passage of cold fronts,
when an advection of the sediment plume from the Santos Estuary towards the island
is observed. The reduction in hydrodynamic conditions due to rock outcrops has been
verified further north of the study area. Thus, Vieira et al. [59] observed that under easterly
wave conditions, Sao Sebastido Island tends to create a wave shadow zone towards the
south of the island, promoting the deposition of muddy sediments. Thus, the association
between hydrodynamics, morphology, and the output of muddy sediments through the
southern mouth of the Sdo Sebastiao Channel in fair weather conditions can favor the
supply and deposition of mud in the vicinity of Montao de Trigo Island, located around
25 km south the Sao Sebastiao Channel.

Reduced hydrodynamics within the sheltered zones also facilitate organic matter
deposition, since its settling velocities is similar to that of mud particles [76]. Selective depo-
sition of organic matter in low-energy zones has been documented in several environments
near the study area, including the Santos Estuary [77], the Sdo Sebastiao Channel [78], and
Ubatuba Bay [79].

Rock surfaces, in addition to creating wave shadow zones, influence the thickness
of mud deposits. Thus, mud deposits tend to fill paleovalleys. The control of rock sur-
faces on the location of mud deposits has been recognized elsewhere, including the Por-
tuguese continental shelf [80] and the Escagerraque Strait in Norway [81]. According
to Hanebuth et al. [11], these deposits are classified as Mud Entrapments, characterized
by their occurrence at the boundaries of elevations and depressions, where sediment
entrapment is a recurrent phenomenon.

4.4. Mean Sea Level Conditions for Formation of Mud Deposits

The absence of sedimentary record between the Quaternary mud deposits and the
Precambrian rock surface suggests that, during the previous sea-level fall, up to the LMG,
the older sedimentary layers were eroded, exposing the rock basement. The subsequent
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sea level transgression led to the filling of the accommodation space, forming the identified
mud deposits. A similar process was documented in Guanabara Bay, where intense mud
deposition occurred during the Holocene marine transgression covering both the thin layer
of Pleistocene fluvial sands and the Precambrian rock surface [82].

The lower sedimentary units of the CZ (SU-CZ-02) and SZ (SU-5Z-02) depocenters,
as well as the only sedimentary unit of the NZ (SU-NZ-01) depocenter, show transparent
seismic patterns. Transparent seismic units have been interpreted as sediments with
homogeneous settling velocity and density [83] and have been described in continental shelf
environments as forming during sea level transgressions and/or highstands [84]. These
sedimentary units with transparent seismic patterns have been described as filling incised
valleys during the Early Holocene transgression within in the LMG [85-87]. Therefore,
it can be deduced that Pleistocene sediments from the coastal plains of Sao Paulo Bight
were reworked during the Holocene transgression, in accordance with [54,55], forming
the transparent seismic unit of the inner shelf that has been identified in the lower part
of the SZ (SU-5Z-02). Thus, although the organic material of the sediment from SU-
5Z-02 has an age of 20,396 (20,587-20,205) cal yr BP (Table 2), the reworking of these
Pleistocene sediments and deposition of the SU-5Z-02 should occurred during the Holocene
transgression, similarly to SU-NZ-01, which has similar seismic characteristics and an age
of 7454 (7495-7414) cal yr BP, and SU-CZ-02. SU-NZ-01 formed during the Holocene
transgression, while SU-CZ-01 and SU-5Z-01 formed after the HMT (Figure 9 and Table 2).
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Figure 9. Sea level curves. (A) Global eustatic curve since last interglacial (MIS 5) (adapted from [88],
compiled from various sources). (B) Inferred sea level curve for southern Brazil (from [89,90], based
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on [91,92]). Meltwater pulse timing based on [93]. Uplift-corrected sea-level curve from the Argentina
shelf from [94], with the location of the samples from the Holocene SU-NZ-01, SU-CZ-01 and SU-
SZ-01 seismic units (depth against age of formation). Datum is MSL. The location of the CZ and
SZ depocenters near small river mouths explains the subsequent development of SU-CZ-01 and
SU-5Z-02 after the Holocene Transgression Maximum (HTM). However, this modern layer has not
developed in the NZ due to the absence of significant fluvial inputs. This implies that since the HTM,
the input of fine sediments from the Sao Sebastiao Channel has been insufficient to develop notable
mud deposition in the NZ depocenter above SU-NZ-01.

Finally, it should be noted that mud deposits linked exclusively to contemporaneous
processes are also observed along continental shelves. For instance, a Holocene mud
deposit was identified along the continental shelf of the Aquitaine region in France, exclu-
sively associated with a major anthropogenic disturbance near the Gironde Estuary [95].
Modern anthropogenic influences were also observed in the vicinity of the CZ depocen-
ter, particularly near Ponta da Manduba, which received substantial amounts of material
from dredging activities in the Santos harbor channel between the 1960s and 1980s [96].
These anthropic activities may have contributed to the supply of muddy sediments in the
region; however, the age and thickness of the three depocenters identified in the present
study suggest that their influence is minimal and confined to the uppermost portion of the
sedimentary record.

5. Conclusions

The central portion of the Sao Paulo Bight receives a limited supply of modern sedi-
ment due to the absence of significant fluvial systems, resulting in a predominance of relict
sandy sediment in the region. However, three Holocene mud depocenters have developed
near the Sao Sebastiao Channel, the Santos Estuary, and the Peruibe River mouth. These
mud deposits contain a blend of sand, silt, and clay, with silt content systematically higher
than that of clay content.

The central depocenter near Moela Island comprises an older sedimentary unit (SU-CZ-
02) and a more recent one (SU-CZ-01), coexisting within the central part of this depocenter.
SU-CZ-01 generally has a higher mean thickness (5.2 & 1.3 m) compared to SU-CZ-02
(0.8 £ 1.2 m). In contrast, the northern depocenter, near the island of Montao de Trigo,
is characterized by a single sedimentary unit, SU-NZ-01, with an average thickness of
5.2 &+ 1.1 m. The southern depocenter, with an estimated total thickness of about 15 m, is
composed of two sedimentary units: a thinner, superficial layer of coarser sediments (SU-
5Z-01) and a thicker, basal layer of finer sediments (SU-5Z-02). The location and thickness
of these three depocenters are influenced by the presence of Precambrian rock surfaces,
which created wave shadow zones and trapped sediments within paleovalleys. All three
mud depocenters are located within a consistent bathymetric range (shallower than 30 m
depth), aligning with the occurrence of the PRS in both outcrops and shallow subcrops.

The lower sedimentary units of depocenters CZ (SU-CZ-02) and SZ (SU-5Z-02), as
well as the single sedimentary unit of depocenter NZ (SU-NZ-01), were deposited during
the Holocene transgression, prior to the HTM. These units include reworked sediments
from the Pleistocene coastal plains that fill the irregular relief of the PRS, characterized by
a transparent seismic pattern. Above these, new units formed in the CZ (SU-CZ-01) and
SZ (SU-5Z-01) depocenters post-HTM, associated with the input of mud from the Santos
Estuary and Peruibe River, respectively. A second sedimentary unit did not develop in
the NZ depocenter, suggesting a lack of significant mud input from any river or the Sao
Sebastiao Channel since the HTM.
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