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Abstract

This work aims to identify the influence of climate change on sedimentary processes associated with the usual regression
process during the rise of sea level in the early/middle Holocene in southeastern Brazil. The studied area is on the eastern
side of Marambaia Barrier Island, which borders the eastern side of Sepetiba Bay (Rio de Janeiro State, SE Brazil). Nowa-
days, the Marambaia Barrier Island, a ~ 40 km long and = 5 km wide sandy ridge, shields Sepetiba Bay from the direct
influence of the Atlantic Ocean. To achieve this goal, grain size, geochemical data (including elemental and stable isotopes),
and radiocarbon dating data from sediment core SP10 (spanning depths from 8.2 to 45.5 m), collected in the eastern sector
of the Marambaia Barrier Island were analyzed. Core SP10 predominantly consists of sandy sediments with some textural
variations. However, St/Ba ratios suggest that brackish waters primarily influenced the depositional environment, which was
also subject to cyclical marine incursions. The essentially felsic sediments of the interval between 45 and 41 m (= 10.0-8.5 ka
BP) were probably deposited in a protected tidal plain estuary with mangroves. They were possibly mainly sourced from the
nearby Pedra Branca Complex. Subsequently, between =~ 41 and 11 m, the marine influence and hydrodynamics increased,
and the sediments exhibited a more mafic mineralogical composition resulting probably from the erosion of the Rio Negro
Complex, which is mainly found in the northern region of Sepetiba Bay. The mafic component likely reached the study area
through coastal drift connected with Sepetiba Bay. During the drought period, recorded between ~7.5 and 7.0 ka cal BP
(section 25-21 m), the contribution of the mafic component from the Rio Negro Complex decreased and less weathered
sediments were accumulated. On the other hand, marine incursions into the study area became more prominent. During
the drier climate phase recorded in the interval ~ 11-9 m (after ~ 4.0 ka BP), the La/Sc values indicate that the sediment
included a higher proportion of felsic particles, probably due to more significant restrictions on the connection of the study
area with Sepetiba Bay due to the development of the Marambaia Barrier Island. These findings are significant as they
demonstrate the influence of geomorphology, climate change, sea level, and the development of Holocene barrier islands on
the sedimentation in coastal regions.
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1 Introduction the sediment supply deposited in marine environments, pri-

marily through fluvial transport (Hay, 1998; Walling, 2006).

The geological and geomorphological evolution of vari-
ous coastal ecosystems, including estuaries, bays, lagoons,
coastal plains, and deltas, is controlled by three key factors:
sediment supply, physical regimes, and sea level oscilla-
tions (Alexandrakis et al., 2021; Idier et al., 2019; Laignel
et al., 2023). Continental zones contribute significantly to
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Understanding the evolution of transitional marine
environments concerning climatic variations and sea level
changes is crucial. Demographic data indicate that one-
third of the world’s population lives within 100 km of the
coastline (Reimann et al., 2023) and is directly impacted
by geomorphological changes in coastal regions (Walling,
2006). Consequently, environments such as bays, coastal
lagoons, estuaries, and deltas have garnered increasing
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attention from academics globally, including studies in
Brazil (Silva et al., 2022). These studies aim to analyze
the behavior of sedimentary cover concerning current or
past coastal dynamics and the natural and anthropogenic
impacts on these systems.

The geomorphology of the coastal region is strongly
influenced by the area’s topography and geology, sedimen-
tary dynamics, relative sea level oscillations, and coastal
hydrodynamics (waves, tides, currents) (Roy et al., 1994).
Studies by Rodriguez et al. (2005) have demonstrated that
Holocene sea level oscillations led to the formation of bar-
rier islands and paleochannel systems in certain coastal
regions. Barrier islands are unconsolidated sandy sediment
structures formed under wave action, primarily composed
of sands and located in coastal environments. They act as
a physical (sedimentary) barrier between the ocean and the
continent (Hesp & Short, 1999). As they have a topography
just above sea level, barrier islands are environments vulner-
able to relative sea level variations (Oertel, 1985), covering
~ 15% of the world’s oceanic coastline (Davies, 1980).

According to Kraft and John (1979), coastal barrier island
systems’ sedimentary and morphological characteristics
depend on climate, amount of sediment sourced and grain
size, wave and tidal behavior, topography, and tectonic and
eustatic variations in relative sea level. The interaction of
these factors results in different stratigraphic patterns, pro-
ducing transgressive and regressive barriers (Kraft & John,
1979). Galloway and Hobday (1983) classify three types of
barrier island system evolution processes: (a) aggradational,
when the rate of sediment supply is equivalent to the rate of
creation of sediment compartment space; (b) transgressive,
when the sediment supply is less than the sediment accom-
modation space; and (c) regressive when the sediment rate
supply is greater than the sediment accommodation space.

In Brazil, barrier islands are found in states like Rio
Grande do Norte (Potiguar Basin), Sao Paulo (Ilha Com-
prida), and Rio de Janeiro (Marambaia Barrier Island, also
known as Restinga da Marambaia), among others (Carvalho
et al., 2020). Marambaia Barrier Island, located in Rio de
Janeiro State, Southeast Brazil (Fig. 1), is a sandy ridge
approximately 40 km long, with a maximum width of 5 km
(Fig. 1). This structure evolved throughout the Holocene,
initially under normal regression conditions during sea level
rise and then (since ~ 5.8 ka BP) by forced regression when
the sea level dropped to its current position (Dadalto et al.,
2022; Friederichs et al., 2013).

The development of Marambaia Barrier Island shielded
Sepetiba Bay from open ocean processes, transforming it
into a semi-confined environment with brackish waters.
However, it is known that the Marambaia Barrier Island
is a fragile sedimentary structure that has ruptured several
times, exposing Sepetiba Bay to coastal erosion processes
(Friederichs et al., 2013). Therefore, it is essential to analyze
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the sedimentary dynamics processes that led to the estab-
lishment of Marambaia Barrier Island to understand the
formation of this sandy ridge. Despite some studies on the
sedimentary structure of Marambaia Barrier Island, such
as Friederichs et al. (2013) and Dadalto et al. (2022), the
sedimentary framework of its eastern sector remains virtu-
ally unknown.

This study aims to identify the influence of climate
change on sedimentary processes during the normal regres-
sion process that occurred in the early/middle Holocene in
southeastern Brazil. The region studied is on the eastern
side of Marambaia Barrier Island, which borders the eastern
tip of Sepetiba Bay (Rio de Janeiro State, SE Brazil). The
research is based on the analysis of core SP10 collected in
the eastern sector of Marambaia Barrier Island (Fig. 1).

2 Study area

Marambaia Barrier Island is situated to the south of Sepetiba
Bay (SB) between latitudes 22°53" and 23°05'S and longi-
tudes 44°01" and 43°33'W (in the western region of the State
of Rio de Janeiro, Southeast Brazil (Fig. 1). Sepetiba Bay
with an area of approximately 450 km?, displays an elon-
gated configuration featuring numerous islands and connect-
ing to the South Atlantic Ocean in its western part, as well
as to the eastern part of Marambaia Barrier Island through
the tidal channels of Barra de Guaratiba.

The region’s bedrock, which most influences sedimenta-
tion, is predominantly composed of igneous and metamor-
phic rocks, such as granites, migmatites, gneisses, tonalites,
and granodiorites (Heilbron & Machado, 2003) formed dur-
ing the Neoproterozoic (Tupinamba et al., 2000). A dense
drainage network intersects these rocks.

The hydrographic basin surrounding the region has two
origins: the slope of the Serra do Mar and the vast lowland
area, comprising several rivers, a total of 22 sub-basins, with
the Guandu River basin being the primary one (Saucedo-
Ramirez et al., 2022). The Guandu River basin is the primary
source of siliciclastic sediments, traversing Precambrian
rocks, such as migmatites, gneisses, and gneiss-granitoids,
and coastal massifs of Marambaia Island, Pedra Branca and
Mendanha (with alkaline rocks), Cretaceous dykes, Quater-
nary fluvial, and fluviomarine deposits (Fig. 1).

The Pedra Branca Complex stands out in the study area
as the source of sediments transported to the coast by vari-
ous rivers flowing into the region. The primary rocks in the
Pedra Branca Complex consist of bedded leucogranites with
monzogranites rich mainly in quartz, plagioclase (especially
microcline), and, to a lesser extent, biotite, apatite, and zir-
con (Porto Jr. et al., 2018). Additionally, tonalites and grano-
diorites are rich in quartz, biotite, and plagioclase (Heilbron
& Machado, 2003).
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Fig. 1 Location map of the study area with the location of core SP10, including the Guandu River Basin Modified from the Geological Map of
the Rio de Janeiro State published by the CPRM (2001)
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Marambaia Barrier Island exhibits a variety of morpho-
logical and sedimentary domains. It displays, particularly in
its eastern sector, coastal sandy ridges, bundles facing the
bay, and the tidal plain with mangrove development (Dadalto
et al., 2022).

In the contemporary scenario, the study area boasts a
great diversity of environments, including sandy beaches
(with medium to coarse sands), flooded areas, either colo-
nized by mangroves or not, and tidal channels where medium
sands to fine sediments predominate (Carvalho & Guerra,
2020). The eastern limit of the Marambaia Barrier Island is
an inlet (Barra de Guaratiba Channel) approximately 4 m
deep, covered by medium sands, where tidal currents veloci-
ties exceed 2 m/s (Carvalho & Guerra, 2020). In contrast
to other channels identified in seismic records, the position
of the Barra de Guaratiba Channel remains fixed due to a
rocky coastline.

3 Materials and methods

Core SP10 was collected using a rotary drilling rig (Sondeq
SS61) in 2017 on the eastern sector of the Marambaia Bar-
rier Island (latitude 23°03'16.1 S, longitude 43°34'43.0 W),
near the Centro de Avaliacdo do Exército (Army Evaluation
Center; CAEX; Fig. 1). After drilling, 1.5 m long tubes were
extracted, identified (with the section number and indication
of the top and bottom) and sent to the Petrophysics Labo-
ratory of the Fluminense Federal University (LAGEMAR/
UFF). This study focuses on the interval between 8.2 and
45.5 m (the initial 8.2 m of sediment could not be recov-
ered). Hence, the top of the analyzed section is considered
the 8.2 m level, and the base is the 45.5 m level.

The tubes were opened, and the sediment was sectioned
at 10-cm intervals. During this processing stage, materi-
als that could be dated by '“C (shells and wood fragments)
were selected. The 102 obtained samples underwent textural
analysis, with 50 sediment layers selected for elemental geo-
chemical analysis and 14 sediment layers (obtained in the
finest and richer organic matter (OM) section, between 45.5
and 34.0 m) for stable isotopic analysis in organic matter.

The samples selected for textural analysis were oven-
dried, homogenized, quartered, and weighed (initial weight
of ~ 100 g of sediment). Subsequently, the samples were
oxidized using hydrogen peroxide (H,0,), and carbonates
(CaCO;) were removed with hydrochloric acid (HCI). These
procedures were interspersed with washing sessions, oven
drying at an average temperature of 55 °C, and weighing
on an analytical balance. The percentage of organic matter
(OM) and carbonates were determined by dry weight differ-
ence after the described procedures.

The coarse and fine fractions of the sediment were sepa-
rated through wet sieving (with distilled water) using a
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63-um sieve. Once separated, both fractions were oven-dried
at 50 °C. The coarse fraction underwent further separation
by dry sieving using a set of 9 sieves: < 2000 um, 1000 pum,
500 pm, 355 um, 250 pm, 180 um, 125 pm, 90 um, and
63 um. Each sample was subjected to a mechanical shaker
for 20 min with a vibration intensity of 8. The sediment
retained on each sieve was weighed on an analytical balance
and subsequent statistical analysis. Particle size analyses
were conducted at the Geological Oceanography Labora-
tory of Universidade do Estado do Rio de Janeiro (LaboGeo-
UER]J). The textural parameters were determined according
to Folk and Ward (1957).

3.1 Elemental geochemical analysis

For the elemental geochemical analysis, the selected samples
of total sediment underwent grinding in an agate mortar and
subsequently sieved through a-63 um sieve. The resulting
powdered sediment was subjected to total digestion with four
acids (HNO;, HCIO,, HF, and HCl) and analyzed through
Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) at the Bureau Veritas Ltd laboratory, Vancouver
(Canada). Thirty-five chemical elements were analyzed in 50
sediment samples distributed along the core. The geochemi-
cal results estimated the concentrations of specific oxides,
including Al,O;, CaO, FeO, K,0, MgO, MnO, Na,0, TiO,,
and Fe,0;.

Additionally, various ratios were applied to represent
changes in the geochemical composition of the sediments,
such as Ti/Ca, considered an indicator of terrigenous input
(Arz et al., 1998; Govin et al., 2012); Y/Ni, Cr/V, La/Sc
and Th/Co, Th/Sc, to indicate changes in the sources of
lithogenic materials in the study area (Bhatia & Crook,
1986; Cullers, 2002; Okunlola & Idowu, 2012); Sr/Ba to
distinguish marine and terrestrial sedimentary environments
(Wang et al., 2021; Yan et al., 2021); Ti/Zr to understand
weathering processes and also to indicate homogeneity/
discontinuity of source materials (Dress & Wilding, 1973;
Montibeller et al., 2017).

In addition, the V/Cr was used to identify changes in
redox conditions (Jones & Manning, 1994; Powell et al.,
2003). This ratio has been widely used in the literature to
indicate redox conditions (e.g., Rimmer, 2004; Tabatabaei
et al., 2012). The boundary between an oxic—dysoxic and
dysoxic—anoxic environment was considered between 2 and
4.25 for V/Cr, as suggested by Jones and Manning (1994).

3.2 Geochemical indices

Geochemical indices were used to assess the weathering of
the source rocks. The ICV, CIA, and PIA indices (calcu-
lated as shown below) have been used to detect variations in
paleo-weathering as demonstrated by several studies (e.g.,
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Armstrong-Altrin et al., 2017; Bela et al., 2023; Ngueutch-
oua et al., 2019). These indices were formulated based on
the assumption that the intensity of chemical weathering
influences the mineralogical composition of the sediments
deposited in a basin.

The Index of Compositional Variability (ICV) was deter-
mined according to Cox et al. (1995), measuring the rela-
tive abundance of aluminum versus other major cations in a
rock or mineral. The ICV was calculated using the equation:
ICV = (Fe,05+K,0 +Na,0 + CaO +MgO +MnO + TiO,)/
Al,0O;. The ICV index compares the alumina concentration
in the sample, common in clay minerals, with other cations
that are more common in other minerals. High ICV values
tend to be related to non-clay silicates with a low proportion
of Al,O5. Furthermore, Cox et al. (1995) suggested that ICV
values are lower in minerals more stable at Goldich’s (1938)
weathering trend, such as the alkali feldspars. The relation-
ship between weathering resistance and ICV helps identify
the sediments’ compositional maturity.

The Chemical Alteration Index (CIA), developed by Nes-
bitt and Young (1984) and McLennan et al. (1993), was also
applied in this study to estimate the degree of the sediment’s
weathering. Nesbitt and Young (1984) used, as a principle,
the mineralogical composition of the upper crust and how
the respective minerals behave during the chemical weather-
ing process. According to Wedepohl (1969), the upper crust
is composed of approximately 21% quartz, 41% plagioclase,
and 21% K-feldspar. Nesbitt and Young (1982) suggested
that clay minerals are formed synchronously during the deg-
radation of minerals from the feldspar group. During this
process, elements such as Ca, Na, and K are removed, and
the proportion of Al increases as weathering increases.

CIA indicates the source rock’s chemical weathering level
based on the minerals present in the sample. The Chemi-
cal Alteration Index was calculated using the equation:
CIA =[AL,05/(Al,05+ CaO* 4+ Na,0 + K,0)] x 100. If the
molecular content of CaO is lower than that of Na,O, the
CaO value is used for CaO*; however, if the opposite occurs,
the Na,O value is used instead of CaO* when calculating the
CIA values (Shao et al., 2012).

Another employed index was the Plagioclase index
of alteration (PIA), according to Fedo et al. (1995). This
index is represented by the equation PIA =[Al,05,-K,0/
(AL,0; 4+ CaO* 4+ Na,0-K,0)] x 100). The PIA, derived
from the CIA equation, signifies the level of chemical altera-
tion in the sediments based on the presence or absence of
clay minerals. As with the CIA calculation, values assigned
to CaO* are either CaO (if CaO <Na,0) or Na,O (if
CaO > Na,0).

Values of CIA and PIA <60 indicate low weathering,
between 60 and 80 suggest levels of intermediate chemi-
cal weathering, and > 80 indicate high levels of weathering
(Fedo et al., 1995; McLennan et al., 1993; Nesbitt & Young,

1984). ICV values < 1 indicate mature sediments with more
clay minerals. ICV values > 1 indicate a higher presence of
compositionally more immature non-clay siliciclastic miner-
als (Cox et al., 1995).

The C-value index, developed by Zhao et al. (2007) and
Cao et al. (2012), was determined using the equation: C-va
lue= Y (Fe+Mn+Cr+Ni+V +Co)/Y(Ca+Mg+Sr+Ba
+ K+ Na). This index was used to infer variations in humid-
ity in the environment. The C-value is based on the prem-
ise that chemical elements in the numerator become more
abundant in the basin during higher humidity, increasing the
ratio value. Conversely, during periods of increased aridity,
the ratio tends to decrease due to the high concentration
of the chemical elements found in the denominator of the
expression.

3.3 Isotopic analysis

Approximately 2 g of the total sediment was homogenized
and decarbonated by adding an equal amount of HCI acid
(1:1 ratio). In this procedure, the samples underwent wash-
ing and drying in an oven at 50 °C. For the quantification of
8'3C data, the Costech Instruments Elemental Combustion
equipment, coupled to a Thermo Scientific Delta V Advan-
tage Isotope Mass Spectrometer (EA-IRMS), was used at the
Marine Organic Chemistry Laboratory (LabQOM, Univer-
sity of S@o Paulo, Brazil).

3.4 Statistical analysis

Before the statistical analysis, data from the core SP10
were normalized using the natural logarithm transforma-
tion (Log(x+ 1)). Pearson’s correlations were computed,
and a significance threshold of p value < 0.050 was applied.
Additionally, a principal component analysis (PCA) was
conducted to explore the overall relationships between the
variables. Only variables with factor loading > 0.50 for the
first four PCA factors were included in the analysis. The
factor scores for the first four PCA factors were then plotted
against depth. The statistical analyses were performed using
Statistica 12 software.

3.5 Radiocarbon dating

Radiocarbon dating was conducted on two shells and a wood
fragment. The analyses were carried out at the Beta Ana-
lytic Inc. Laboratory (Miami, USA) using the Accelerator
Mass Spectrometry (AMS) method. This method accounts
for the count of each atom present in all the carbon isotopes.
The samples underwent chemical pre-treatment to eliminate
impurities to ensure accuracy. The wood fragment was sub-
jected to the so-called Acid—alkali-acid (AAA) pre-treat-
ment, involving an initial bath in hydrochloric acid (HCI) to
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remove carbonates, followed by the removal of organic acids
using sodium hydroxide (NaOH) and a final wash with HCI
to neutralize it before the drying procedure.

The radiocarbon results for the wood material and shells
were calibrated using the SHCAL20 database (Hogg et al.,
2020) and the MARINE20 curve (Heaton et al., 2020)
for the Southern Hemisphere, respectively. The Bayesian
analysis probability method proposed by Bronk Ramsey
(2009) was employed to estimate the radiocarbon ages
(Bronk Ramsey, 2009). The Delta-R value, specific to the
study area, was applied to calibrate the shells, with a value
of —59 +42 years, following the methodology outlined by
Macario et al. (2018). The ages from this work are referred
to in calibrated years before the present (yrs. cal BP) or
1000 years before the present (ka cal BP).

4 Results
4.1 Radiocarbon dating

The ages determined by carbon-14 dating are presented in
Table 1. Based on the radiocarbon results and the interpre-
tations in the discussion section, it can be deduced that the
analyzed section covers approximately = 10 to ~ 4 ka cal
BP. This timeframe corresponds to the Holocene transgres-
sion when the sea level reached 1-3 m higher than today,
around 5 ka cal BP (Angulo et al., 2006). This period also
marks the start of the development of Marambaia Barrier
Island (Reis et al., 2020).

4.2 Sediment texture

Core SP10 is a predominantly sandy sedimentary sequence
(Appendix 1). Within the middle segment (between 36 and
31 m) and the upper segment (between 18 and 12 m) of the
core, there is an observable trend of increasing sediment
mean grain size (Fig. 2A). The finest fraction is located at
the base of the core, particularly in the interval between 41
and 36 m. In the upper and middle sections of the core, the
sand fraction prevails, with medium and fine sand fractions
being predominant. Coarse sand content increases notably

Table 1 Radiocarbon dating carried out on the core SP10

Depth (m) Material Conventional age  Calibrated
(BP) age (Cal
BP)
20.0 Shell 8383 +40 7016-6624
21.3 Shell 8713 +40 7426-7064
26.0 Wood 881030 7961-7645
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in the intervals of 35-31 m and 25-21 m. Generally, the core
exhibits an ascending trend in sediment grain size from the
base up to 18.8 m, followed by a reduction towards the top
(Fig. 2A).

The upper and middle sections of the core are primar-
ily unimodal, while the sediments at the core’s base exhibit
bimodal and polymodal characteristics. The modes compris-
ing the top and middle sections of the core are 427.5 um and
152.5 pm. In contrast, the modes characterizing the lower
section are expressed as 107.5 pm, 605 um, and 76.5 um.

The sediment varies from poorly sorted, with some very
poorly sorted levels at the base, to moderately/well sorted
towards the top. This transition is evident from the depth
of 41 m upwards, where the core ceases to have a signifi-
cant percentage of fine fraction and becomes predominantly
sandy.

Skewness values in most of the core tend to be positive.
Negative values are primarily identified in the lower portions
of the deposit, between 41 and 36 m. The highest skewness
values are observed in the upper part of the core SP10, par-
ticularly from 18 m to the top (Appendix 1).

4.3 Elemental geochemical results

Organic matter (OM) contents (<9.9%; mean 1.0+ 1.9%) are
generally low (Appendix 2; Fig. 2B). However, they exhibit
higher values at the core base. Carbonate contents follow
a similar pattern to organic matter at the base of the core
(Appendix 1; Fig. 2B). Carbonates also increase in the core’s
middle section.

The S content was below the detection limit of the equip-
ment in the upper part of the core but tended to increase
towards the core base (max. 3.0%; Appendix 2; Fig. 2B).
Sulfur contents demonstrate a similar distribution pattern to
the OM, with the most significant values found at the core
base (Fig. 2B).

The values and ranges of the analyzed element con-
centrations are included in Table 2 and Appendix 2.
Aluminum, Fe, and Ca stand out among the analyzed
chemical elements, reaching 14.8%, 11.5%, and 7.5%,
respectively (Appendix 2). Among the trace elements,
Ba, Mn, and Sr stand out, reaching 1183 mg kg'l,
1100 mg kg~!, and 472 mg kg™, respectively (Appendix
2).

In general, Ca, Sr, Ba, and Mg tend to exhibit a simi-
lar distribution pattern throughout the core SP10, reaching
higher concentrations in the middle section (Appendix 2;
Fig. 3A). Similar to carbonates, OM and S, the concentra-
tions of Pb and Zr (Fig. 2B) decrease towards the core top,
with more significant levels in the lower portion of the core
(Appendix 2).
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The concentrations of Al, Zr, Nb, and the Y/Ni, Th/Co,
Ti/Ca, and V/Cr ratios are also higher in the core base and
reduce towards the core top (Fig. 3A-C). Although the La/Sc
ratio shows significant values at the core base, it also shows
significant values at the top (Fig. 3D). The Zr/Sc, Ti/Zr, and

B

graphs. The regression lines and the respective R* values have been
plotted for the very fine sand, V, and Pb contents. The scale for the
XX axis of carbonates is logarithmic

Sr/Ba ratios show several peaks along the core (Fig. 3C).
However, the distribution patterns of the Zr/Sc and Ti/Zr
values are mainly opposite.

The C-values vary significantly along the core SP10
(0.2-3.5; mean 1.4 +0.8; Appendix 2, Fig. 4). The CIA,
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Table 2 Maximum, minimum, mean, and standard deviation (Std.
dev.) of the concentration of chemical elements along the core SP10

Element Maximum Minimum Mean Std. dev
Al % 14.8 1.3 6.8 3.4
Ba  mgkg! 1183 113 4632 234
Ca % 7.5 0.1 15 1.7
Co mgkg™! 32 12.9 8.2
Cr mgkg™ 153 11 70.1 38.8
Fe % 11.5 0.7 52 26
K % 3.8 0.5 1.8 1

La mgkg™! 444 11 85.5 117.4
Mg % 1.3 0.1 0.6 0.3
Mn  mgkeg™' 1100 79 519.8  270.6
Mo mgkg™' 20 8.8 5.5
Na % 2.7 0.1 0.6 0.5
Nb  mgkg™' 67 4 22.2 17.2
Ni mgkg™! 107 9 40.4 27.5
Pb mg kg™! 81 8 32.8 16.2
S % 3 1 0.7
Sc mgkg™! 18 1 9.5 53
Sr mgkg™ 472 44 169.4 1142
Th mg kg™! 212 334 58.9
Ti % 1.7 0.1 0.5 0.4
\Y mgkg™! 142 11 74.7 42.5
Y mgkg™! 59 4 21.5 155
Zr mgkg™! 298 17 79.3 72.5

PIA, and ICV values also showed significant variability
(Appendix 2; Fig. 4). The CIA reached a value of 92.4
(mean: 76.2 + 13.1). The highest CIA values were recorded
mainly at the core base, between 42 and 35 m, and at the
top, between 15 and 11 m. CIA recorded its lowest values
at intermediate layers of core SP10, mainly near 21 m and
31 m depth (Fig. 4).

The PIA generally followed the CIA trends. Its maximum
value was 97.6 (average: 85.9 +15.4; Appendix 2) at the
core base (Fig. 4). The lowest PIA values, as with the CIA,
were identified in the intermediate layers of the core, mainly
around the 21 m depth (Fig. 4). The top and bottom of the
core have the highest PIA values (Fig. 4).

ICV showed an inverse trend to CIA and PIA (Fig. 4).
Its values are mostly > 1 (average: 1.4 +0.96; Appendix
2). Their highest value was recorded between the depths
of 22—-19 m (Fig. 4). The lowest ICV values, mostly < 1,
were observed at the core base, mainly between 45 and 42 m
depth (Fig. 4).

4.4 Isotopic results in organic matter
The §'3C, 8'°N, and total-N values between 45.5 and 34.0 m,

representing the finest and the most organic-rich segment,
are included in Table 3. The §'°C values range from -27.30

@ Springer

%o to -22.43 %o, 8'°N values varied from 8.21 %o to 18.42
%o, and total-N values oscillated between 0.0077% and
0.1717%. The variability of 8'3C, 8'°N, and total-N values
can be analyzed in Fig. 5A. Figure 5B highlights the inverse
relationship between 8'°N and total-N values, showing a
decrease in total-N values as '°N values decrease.

4.5 Statistical results

The Biplot comparing Factor 1 to Factor 2 of the PCA (Fig. 6)
explains 51.41% and 18.39% of the data variability (totaling
69.8%), respectively. The PCA utilizes the elemental concen-
trations as active variables and the textural variables as subor-
dinate units (Fig. 6). The analysis reveals that the increase in
the concentration of most of the chemical elements correlates
with fine fraction and organic matter; the increase in calcium
is related to an increase in coarse sediment fractions; sorting
and fine particles are opposed to Cr, Mg, Mn, Fe, Ni, and Mo.

Pearson’s correlations (shown in Appendix 3) broadly sup-
port the PCA results (Fig. 6). They suggest that organic mat-
ter positively correlates with fine grain size and most chemi-
cal elements, particularly those associated with terrigenous
sources, such as Al, Zr, Th, and Ti. Additionally, these param-
eters are negatively correlated mainly with Ca. Calcium, in
turn, positively correlates with other metals such as Ba and
Sr. Furthermore, sediment mean grain size (SMGS) and car-
bonates demonstrate strong positive correlations with Ca, Ba,
and Sr.

5 Discussion
5.1 Sediment source areas

The Y/Ni versus Cr/V diagram (Fig. 7A) suggests that
the sediments comprising core SP10 were mainly derived
from metamorphic rocks. However, some layers exhibit a
relatively more significant contribution of sediments from
the erosion of granitic rocks. According to the model pro-
posed by Heilbron et al. (2020), the Sepetiba Bay region
is part of the Eastern Terrain, an outer arc system that
agglutinated to the Sdo Francisco-Congo paleocontinent
between 605 and 595 Ma. This event resulted in high-
temperature metamorphism and progressive deformation,
generating multiple and varied granitoid plutons. Thus,
the region consists of metamorphic rocks, post-collisional
granites, and sediments from the Cretaceous and Cenozoic
(forearc and back-arc basins).

Regarding the region’s geology, the rocks that make
up the Eastern Terrain comprise gneisses intercalated
with marbles and amphibolites (Italva Group; Peixoto
et al., 2017) and high-grade metapelitic paragneisses with
quartzite lenses and calcisilic rocks (Sao Fidelis Group;
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and Mg (%); B Zr (mg kg™!), Nb (mg kg~") Y/Ni, Th/Co, La/Sc; C.
Ti/Ca, V/Cr, Zr/Sc, Ti/Zr, and Sr/Ba. The estimated ages have been
marked on the graphs. The Ti/Ca and V/Cr graphs show the regres-

Tupinamba et al., 2007). These rocks justify the predomi-
nance of sediments from metamorphic rocks in the core
SP10.
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sion lines and the respective R” values. The scales for the XX axis of
Ca and Sr/Ba are logarithmic. C contains information on the interpre-
tation of the results

The Th/Co versus La/Sc graph is widely used to inter-
pret the source area of clastic rocks (Cullers, 2002). The
graph of Th/Co versus La/Sc ratios for core SP10 indi-
cates that it comprises sediments from silica-rich rocks
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Table3 &'3C (%0) and 8N (%o) values and N total (%) content,
between 45.5 and 34.0 m, which is the finest and richer in organic
matter section from core SP10

Depth ( m) 813C (%o) 8N (%0) N total (%o)
34.0 —24.357 10.35 0.0482
35.0 —25.881 ND ND
35.5 —24.245 10.27 0.1247
37.0 —24.002 8.78 0.1464
38.0 -23.997 8.25 0.1717
40.3 —22.432 8.48 0.1341
413 ND 18.42 0.0077
414 —-26.165 15.86 0.0092
41.6 —26.650 18.29 0.0113
42.0 —-27.301 9.85 0.0448
423 —-23.129 8.21 0.1364
425 —-26.017 14.51 0.0145
44.5 —24.695 11.17 0.0111
455 —24.821 16.33 0.0087
Max —22.432 18.42 0.1717
Min -27.301 8.21 0.0077

Legend: ND not determined, Max maximum, Min minimum

(Fig. 7B). These data are corroborated by the region’s
geology, primarily consisting of gneisses and granites rich
in minerals with Si (Heilbron et al., 2020).

The Th/Co versus La/Sc graph (Fig. 7B) indicates
that some layers have sediments from silicic rocks. The
Pedra Branca Complex, the granitoid body closest to the
study area (Fig. 1), formed mainly from the melting of
ancient sedimentary rocks (Heilbron et al., 2020; Moterani
et al., 2020; Porto Jr. et al., 2018; Valeriano et al., 2011,
2016), could be an essential source of sediment for the
region. The Biplot of Th/Co versus La/Sc also suggests
the possible contributions from basic rocks. Considering
the location of the study area, it can be inferred that it
also received contributions from the erosion of the Rio
de Janeiro Suite and the Mendanha Alkaline Complex
(Fig. 1).

The Pedra Branca Complex, with intrusive basalt dykes,
oriented NE-SW, is formed mainly by post-tectonic por-
phyritic granitoids from the Cambrian, generated from
the fusion of ancient sedimentary rocks (Heilbron et al.,
2016a, 2016b; Porto Jr. et al., 2018). Similarly, the Rio
de Janeiro Suite is relatively close to the core SP10 area
and has S-type granitoids (CPRM, 2001). The Mendanha
Alkaline Complex (Fig. 1) comprises a group of igneous
and metamorphic rocks originating from Cretaceous mag-
matism (Mota et al., 2012).

The Th, Sc, and Zr/10 triangular graph (Fig. 7D) and the
fields defined according to Bhatia and Crook (1986) suggest
that the sediments deposited in some levels of the core SP10

resulted from the erosion of rocks formed in the context of
an active continental margin and a continental margin with
island arcs. The Eastern Terrain of the Ribeira Belt includes
two magmatic arc domains that collided with the Sdo Fran-
cisco Craton between ca. 900 and 500 Ma (Heilbron et al.,
2016b). Furthermore, Heilbron et al., (2000, 2008, 2016b)
suggested that the units comprising the western terrain (Sao
Fidelis and Italva Groups) are related to passive margin
basins, supporting our hypothesis.

Heilbron et al. (2020) illustrate that the geology of the
Rio de Janeiro state is very complex, given the intense tec-
tonic processes of the amalgamation of microcontinents to
form the Ribeira Belt. Additionally, several studies indicate
that the Rio Negro Complex (Fig. 1) is an arc of volcanic
islands with very active magmatism amalgamated with an
active margin (Heilbron et al., 2020). Therefore, the signal
captured by the ternary diagram (Fig. 7D) and the Cr/V vs.
Y/N diagram (Fig. 7A) indicates that the sediments of core
SP10 also resulted from the erosion of the metamorphic
rocks of the Rio Negro Complex (Fig. 1).

5.2 Paleo-weathering

McLennan et al. (1993) utilized the Th/Sc and Zr/Sc ratios
in modern deep-sea turbidites to assess the concentration of
metals during sediment sorting. In the Zr/Sc ratio, the con-
centration of Zr is associated with the abundance of the min-
eral zircon, while Sc represents minerals with a rare earth
signature (REE). Zircon is more resistant to weathering pro-
cesses, resulting in higher Zr/Sc values, indicating a pro-
cess of sediment recycling; zircon remains in the sediment
while other minerals degrade due to weathering (McLennan
et al., 1993). Conversely, the Th/Sc ratio is related to igne-
ous chemical differentiation processes, with Th being more
abundant in felsic rocks and Sc in mafic rocks (McLennan
et al., 1993).

The relations between Th/Sc versus Zr/Sc were used (as
described by McLennan et al., 1993) to detect changes in
sediment composition and alterations in weathering pro-
cesses along the core SP10 (Fig. 8A). The Th/Sc versus Zr/
Sc diagram (Fig. 8A) reveals that specific sediment layers
have higher mafic sources and have been affected by low
to intermediate degrees of weathering. On the other hand,
there are layers in core SP10 with higher proportions of sedi-
ments from felsic sources because they have been exposed
to intense weathering or were sourced by rocks enriched
in silica minerals. From the relatively high La/Sc and Zr/
Sc values (Fig. 3B, C) and Th/Sc (Figure Supplementary 1
or Fig. S1), it can be inferred that the sediments sourced by
felsic rocks resulted mainly from the intense weathering of
granitic rocks. At the core base, between 45 and 36 m, fine
(Fig. 2A), poorly sorted sediments (Appendix 1), rich in
elements such as Th, La, Y (Fig. S1), Zr, and Nb (Fig. 3B)
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should be related to a proximal depositional environment
with a significant continental contribution.

Titanium (Fig. S1) and Zircon (Fig. 3B) concentrations
increased at the base of the core SP10 (45-41 m) in fine
sediments rich in OM (Fig. 2A, B). These elements are
associated with different minerals (Koinig et al., 2003;
Taboada et al., 2006). Titanium minerals can degrade more
quickly than Zircon (Fitzpatrick & Chittleborough, 2002).
Titanium can dissolve in water (Kryc et al., 2003; Skrabal,
1995) but may be retained in organic matter-rich sediments.
Conversely, zirconium tends to increase in more weathered
sediments because zircon is a mineral that is more resistant
to weathering (McLennan et al., 1993). Cyclical increases
in the Ti/Zr ratio were recorded, indicating phases in which
the sediments were less reworked (Fig. 3C).
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Based on the Biplot of ICV versus CIA (Fig. 8B) and the
depth plots of CIA and PIA (Fig. 4), the core SP10 is char-
acterized by the predominance of moderately to intensely
weathered sediments due to leaching of minerals linked to
Na, K, and Ca from the matrix rock. The depth plot of the
ICV values (Fig. 4) indicates the prevalence of mature sedi-
ments at the base of the core SP10 and cyclical occurrences
of more immature sediments. For instance, low-weathered
and immature sediments were identified in the interval
21.8-20.9 m (Figs. 4, 8B).

5.3 Depositional environment

Salinity conditions in the study area were accessed through
the Sr/Ba ratio. The Sr/Ba ratio serves as an empirical
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indicator of paleosalinity (Liu, 1980), with Sr directly
deposited from seawater, while barium is readily adsorbed
by clay minerals and fine clastic sediments (Liu et al.,
1984; Wang, 1996; Xu et al., 2011). Wang et al. (2021)
also suggest that Ba is easily adsorbed by clay minerals,
colloids, and organic matter due to its large ionic radius
and lower hydration energy, while Sr is a more mobile ele-
ment that is not easily adsorbed by organic matter and clay
fraction during transport. Therefore, sediments of terres-
trial origin tend to have higher concentrations of Ba. Thus,
Wei and Algeo (2020) suggest that Sr/Ba values of < 0.2
are observed in freshwater, between 0.2 and 0.5 are typical
of brackish waters, and > (0.5 are found in marine waters.
Throughout core SP10, Sr/Ba ratios varied between 0.2
and 0.5 (Fig. 3C), indicating that the site was mainly a
brackish environment, except at its base (between 42.1
and 41.3 m) and middle section (mainly between 21.8 and
19 m) where Sr/Ba ratios are > 0.5 indicating the presence
of marine waters.

Despite this, there is a generally more significant
marine influence in the middle portion of the core (inter-
val ~35-18.5 m), where there is a significant increase in
Ca, Sr, and Mg (Fig. 3A) and carbonate (Fig. 2B) values.

The increase in Ca, Sr, and Mg can be justified since these
elements are related to sediments of marine origin due to
their assimilation into the carbonate shells and skeletons
of marine organisms (Kim et al., 1999). This interval of
higher marine water influence agrees with the observations
of Castelo et al. (2021) that suggested that around 7.8 ka BP,
the marine transgression flooded Marambia Cove.

The median diameter versus skewness graph (Fig. 9)
and the fields proposed by Noori et al. (2016) indicate
that the sediments from the section between 44.5 and 34 m
were deposited in general under "calm water" conditions.
The relatively high organic matter S, V, and Pb contents
(Fig. 2B) and the values of V/Cr> 2 (Fig. 3C; Jones &
Manning, 1994; Powell et al., 2003) indicate low oxic con-
ditions between 42 and 36 m, due to higher confinement.

Following this calmer phase, there is an upward
increase in grain size, indicating a progressive intensifi-
cation of hydrodynamics towards the core’s top (Fig. 2A).
The graph of Fig. 9 also suggests that the layer at 42.1 m
and the interval 33-19 m, characterized by increased
coarse and medium sand fractions (Fig. 2A), were depos-
ited in a wave-influenced environment.

The intensification of hydrodynamics in the upper sec-
tion of the core SP10 (between 41 and 8.2 m) determined
the reduction in organic matter (Fig. 2B) and Al (Fig. 3A)
contents and favored the oxygenation of the sediments
(according to the V/Cr values < 2; Fig. 3C). Organic mat-
ter and Al contents tend to increase in fine-grained sedi-
ment (e.g., Ho et al., 2010; Silva et al., 2022). Thus, we
can deduce that most of the sediments of core SP10 were
deposited in oxidizing conditions except its lower section,
between 45 and 41 m.

The relatively more positive skewness values (Appendix
1), corresponding to fine and medium sands (found mainly
between 34 and 8.2 m), suggest a weak tendency for sedi-
ments to be reworked, transported, and deposited close to the
bottom. Thus, changes in hydrodynamics and the character-
istics of the transport agent may have influenced not only the
sediment grain size but also its geochemical characteristics
(related to its mineralogical composition and redox state).

General changes in detrital supply, especially those sup-
plied by fluvial processes (Govin et al., 2012), were ana-
lyzed with the Ti/Ca ratio. The values of this ratio are higher
at the base of the core between 45 and 35 m (where the
sediments are finer) and lower in the upper section between
34 and 8 m (Fig. 3C). It suggests a decrease in the supply
of fine-grained terrigenous sediments and a deposition of
higher amounts of biogenic particles (e.g., mollusk shells),
as indicated by the relatively high carbonate (Fig. 2B) and
Ca contents (Fig. 3A).

However, according to Deng and Qian (1993) and Fu et al.
(2015), high Sr/Ba values can be associated with high salin-
ity and warm and arid environments. The C-value allowed to
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Fig.7 A Cr/V vs. Y/Ni diagram
(Hiscott, 1984), suggesting
ultramafic (UM), metamor-
phic (ME) and granitic (GR)
rock fields; B Th/Co versus
La/Sc diagram showing the
composition of the source rock
(and inferred fields based on
Cullers, 2002). C Th-Sc-Zr/10
discrimination plot for inference
of tectonic settings, based on
Bhatia and Crook (1986)
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access temporal changes in humidity (Fig. 4). According to
this index, there were several periods of drought during the
Holocene (Fig. 4). The driest (semiarid) periods were identi-
fied around 42-41 m, 31 m (Fig. 4A) and between 24 and
20 m (Fig. 4A). All these events were followed with shifts
in the Sr/Ba values (Fig. 3C) agreeing with the statements
of Deng and Qian (1993) and Fu et al. (2015).

The C-value depth plot also indicates that most core lay-
ers were deposited under humid climatic conditions (Fig. 4).
Higher rainfall phases were identified between 42 and 33 m,
31 and 25 m, 19 and 15 m, and 14 and 11 m (Fig. 4).

5.4 Source of organic matter for the sediment

We can deduce that in core SP10, the interval between
40.3 m and 34.0 m, with 8'*C values varying between
—27.30%0 and —22.43%. and 8'°N between 8.21%o and
18.42%o, likely received organic matter mainly from a man-
grove environment with additional marine sources (Fig. 10).
Several studies support these inferences.

Terrestrial organic matter exhibits lower 8'°C and §'°N
values than marine organic matter (Li et al., 2016; Sampaio
et al., 2010; Vizzini et al., 2005). The 813C values vary in
C3 terrestrial plants from —33 %o to —24 %o, C4 terres-
trial plants from —16 %o to —10 %o, and soil organic mat-
ter from —32 %o to —20%o (Kendall et al., 2001; Meyers,
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Fig. 10 Organic matter sources in the lower section of core SP10
accessed from 8'3C versus 8'°N. The suggested fields are based on
several authors (e.g., Carneiro et al., 2021; Deines, 1980; Kendall
et al., 2001; Martins et al., 2016; Meyers, 2003; Ye et al., 2017)

2003). According to Meyers and Ishiwatari (1993), values
of 8'3C > —20%o can indicate planktonic algae in lacustrine
and marine environments. Ye et al. (2017) observed 8§'3C
values from freshwater plankton between —28.4 %o and
—32.6 %o and enriched 8'°N (> 6.7 %o). Similar values were
observed in other rivers/estuaries, such as the Mississippi
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River estuary (Wang et al., 2004) and the San Pedro River
(Brooks et al., 2007). Deines (1980) found §'3C values in
a bay-type region ranging between —18 %o and —22%o.
Martins et al. (2016) observed in the transition region of
Guanabara Bay typical 8'3C planktonic signatures varying
between —25.3 %o and —16.2 %o and 8'°N oscillating from
4.6 %o to 11.2 %eo.

Smith and Epstein (1971), Bouillon et al. (2008), and
Wang et al. (2014) reported 8'°C values in the —35 %o
to —20%o range for mangroves. Similar 8'°C values were
observed in South Florida in Rhizophora mangle, a species
typical of mangrove environments (Lin & Sternberg, 1992).
Rodelli et al. (1984) found in Malaysian ecosystems the
following 8'*C values for mangroves ~ —27%o, for marine
phytoplankton from —22 %o to —20 %o and a variety of other
algae from —22.5 %o to —14.8 %o.

Sweeney and Kaplan (1980) observed in sediments of
marine origin 8'°N values of + 10%o. In a mangrove, nitro-
gen sources enriched in 8'°N, such as nitrogen-rich products
by anaerobic bacteria or nutrient-rich estuarine water, may
be found (Heaton, 1986).

The higher 85N values recorded at the base of core
SP10 may have resulted from isotopic fractionation during
denitrification. Denitrification transforms nitrates and other
substances into nitrogen gas (N,) by denitrifying bacteria.
In sediments without atmospheric oxygen, denitrifying
prokaryotes can use nitrate to oxidize organic compounds
(anaerobic respiration) (Chen & Strous, 2013; Shapleigh,
2013). Through this process, some of the nitrate in the soil
is returned to the atmosphere in the form of nitrogen gas.
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The return of the light isotope of nitrogen to the atmosphere
results in a higher value of 8N (Heaton, 1986). Thus,
higher 8'°N values should be related to anoxic conditions
in the base of core SP10, where more active denitrification
processes and a more significant loss of the nitrogen light
isotope to the atmosphere may have occurred. The negative
correlations between 8'°N and total-N values corroborate
these inferences, indicating a severe impact of organic matter
degradation in nitrogen isotope values (Fig. 5B).

The layers of the base of core SP10 also show more nega-
tive 8'°C values (Fig. 5A), probably due to organic mat-
ter diagenetic changes. Several authors also observed this
relationship (e.g., Freudenthal et al., 2001; McArthur et al.,
1992; Nakatsuka et al., 1995; Prahl et al., 1997).

5.5 Evolution of the sedimentary environment

The cyclical occurrence of wetter phases alternating with
drier ones, indicated by the C-value (Fig. 4), agrees with
the observations of Suguio et al. (1989). These authors
observed erosional phases in fluvial deposits and changes
in the vegetation cover in different areas from SE Brazil,
such as between 10.0 and 8.5 ka BP, 7.0 and 6.0 ka BP,
and 5.0 and 4.0 ka BP, due to increased precipitation. The
early Holocene moister phase (between 10.0 and 8.5 ka BP)
was also recorded at Salitre, central Brazil (Ledru, 1993).
Coarse sediment fans were deposited in Lago do Pires, SE
Brazil, between 9.0 and 8.0 ka BP during this moister phase
(Behling, 1995; Servant et al., 1989).

The study region may have experienced periods of severe
drought followed by heavy rainfall phases, resulting in the
mobilization of sediments. According to the CIA, PIA, and
ICV values presented in Fig. 4, highly weathered and mature
sediments were accumulated during the wetter phases; on
the contrary, during the drier phases, more immature and
less weathered sediments were deposited (Fig. 4).

In the core base, between 45 and 41 m, the relatively
high values of Ti/Ca, Zr, and Nb suggest a predominant sup-
ply of sediments from continental rocks, and Th/Co, La/
Sc, and Y/Ni indicate the presence of sediments primarily
sourced from proximal felsic rocks. The probable source
of these sediments is the Pedra Branca Complex, close to
the study area, composed chiefly of granitoids with a high
concentration of felsic minerals, such as plagioclase and
quartz (Porto Jr. et al., 2018). The sources of organic mat-
ter suggest that the environment was a mangrove visited by
calm tidal currents, favorable to the accumulation of organic
matter. The highly weathered sediments in this section (see
CIA and PIA values; Fig. 4) suggest their high chemical
and physical alteration under a wetter period (indicated
by C-value > 0.8; Fig. 4). The tidal currents continuously
reworked the sediments, but the presence of poorly sorted

sediments is probably related to mass displacements through
sloping areas during the rainiest periods.

The interval between 45 and 41 m was probably related
to the humid period recorded in SE Brazil by Suguio et al.
(1989) between 10.0 and 8.5 ka BP. The study area was
probably a protected tidal plain estuary with mangroves at
that time. The sea level was lower than the current one but
was rising (Angulo et al., 2006; Lambeck et al., 2014).

Studies conducted over the last 10 years in the Sepetiba
Bay region (e.g., Dadalto et al., 2022; Reis et al., 2020) and
adjacent continental shelf (Friederichs et al., 2013) have
revealed the complexity of the region evolution, particu-
larly over the last 22 ka, when global climate changes led to
the melting of glaciers found in temperate latitudes and the
consequent sea level rise. River basins extended over a large
part of the continental shelf during glaciation (Reis et al.,
2020). During the marine transgression, in addition to the
filling of the river channels (excavated during the regres-
sion), there are indications of the formation of sandy barri-
ers segmented by tidal channels (Reis et al., 2020). The old
tidal channels migrated laterally and were filled in as the sea
level rose. Sandy barriers were formed and destroyed along
the transgression (Reis et al., 2020), exposing or protecting
segments of the coastal plain. The position, extent, and con-
figuration of the barrier islands, among other factors, may
also have influenced the granulometry and compositional
characteristics of the sediment and the oceanic influence in
the study area (documented, for example, by the Sr/Ba val-
ues, Fig. 3C).

However, it should be noted that the rapid rise in sea level
significantly increased the marine influence and hydrody-
namics in the study area. That is indicated in the interval
35-8 m by the low Ti/Ca values (Fig. 3C), increased Ca con-
tents (related to mollusk shells; Fig. 3A), and the substantial
rise in the sand fraction (Fig. 2A). The values of the Y/
Ni, Th/Co, and La/Sc ratios (Fig. 3B) sharply decline from
41 m onwards, suggesting a significant shift in the sediment
composition. From 41 m onwards, the sediments started
exhibiting a more mafic mineralogical composition. These
characteristics remained identical until 14.2 m. Between
11.1 and 8.9 m, there is again a more significant felsic com-
ponent in the sediment composition (as indicated by the La/
Sc values; Fig. 3B).

It can be inferred that the mafic sediments supplied to the
study area, from 41 m onwards, originated in the Rio Negro
Complex, located to the north of Sepetiba Bay (Fig. 1). This
complex comprises orthogneisses, rich in mafic minerals
such as biotite and poikiloblastic hornblende, along with a
smaller proportion of other felsic minerals, such as plagio-
clase and quartz (Tupinambad et al., 2012). This change in the
source area of the sediments is probably associated with the
rise in sea level and the role of coastal drift in the distribu-
tion of materials (enriched in mafic components) supplied
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by the rivers that flow into Sepetiba Bay. These data suggest
that the intercommunication between Sepetiba Bay and the
study area was possible and easy.

Changes in rainfall intensity may also have influenced
the characteristics of the sediments deposited in the study
area. The drought period recorded in core SP10 from ~7.5
to 7.0 ka cal BP (between 25 and 21 m) was one of the dri-
est events of the Holocene in south-central Brazil (Salgado-
Labouriau et al., 1998). Notably, a decrease in CIA and PIA
values was recorded during this period (Fig. 4), indicating
that the deposited sediments were less weathered during this
dryness phase. The sudden increase in ICV values (Fig. 4)
marks the presence of immature sediments. Ti/Ca ratios
were low in this arid phase, and Ti/Zr sharply decreased
(Fig. 3C), probably due to the restricted supply of detrital
sediments to the study area. However, a notable rise in the
Sr/Ba ratio was recorded (Fig. 3C), which indicates that this
dry period was combined with a more significant marine
influence in the area.

Paleoclimate records in the regions influenced by the
South American Low-Level Jet (SALLJ) (Zhou & Lau,
1998), which transports moisture from the Amazon basin
core to the southwest of Brazil during the southern sum-
mer, indicate a consistent long-term trend of increasing pre-
cipitation starting around the mid-Holocene (~7.0-6.0 ka
BP). This trend is supported, for instance, by records from
Botuvera Cave (southern Brazil) (Cruz et al., 2005), Lake
Titicaca (the Altiplano, Peru; Baker et al., 2001), Laguna
La Gaiba (the central lowlands, Bolivia; Whitney & Mayle,
2012), which are influenced by the SALLIJ. This progressive
increase in rainfall may be linked to the strengthening of
the monsoon, following a precession cycle, as orbital forces
increase the insolation of the southern summer (Berger &
Loutre, 1991). This event is recorded in core SP10 between
19 and 15 m (according to the C-values; Fig. 4). This core
also records another wetter phase between 14 and 11 m
(according to the C-values; Fig. 4). These rainier phases
should be contemporaneous of the wet times noticed by
Suguio et al. (1989) between 7.0 and 6.0 ka BP, and 5.0
and 4.0 ka BP. During these humid phases, Ti/Zr peaks are
observed (Fig. 3C), indicating the supply of less weathered
sediments introduced by the rivers into the oceanic system
and transported to the study area by the littoral drift.

The slight increase in La/Sc values in the interval
~ 11.1-9 m (Fig. 3B) indicates that the sediment progres-
sively included an increasing proportion of felsic particles.
During this phase, the climate became drier again, and the
mean grain size decreased, but the sedimentary environ-
ment remained oxygenated; salinity decreased, indicating
less oceanic influence in the study area. The more nega-
tive skewness values also indicate a greater fine sediment
accumulation tendency. The sediment has become better
sorted, consisting of one primary mode, which indicates
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a preponderance of aeolian transport. Proximal sediments
were deposited during this phase, probably from the Pedra
Branca Complex (Fig. 1). The study area was now part of a
sandy coastal plain.

During this phase (after ~ 4.0 ka BP), the connection of
the study area with Sepetiba Bay was more restricted. The
extension and strengthening of Marambaia Barrier Island
(Friederichs et al., 2013) may have barred the direct con-
nection between the waters of Sepetiba Bay and the study
area, hindering the arrival of sediment from the erosion of
the Rio Negro Complex (Fig. 1).

6 Conclusion

Core SP10 has preserved significant variations in depo-
sitional conditions during the Holocene. The Sr/Ba ratio
suggests that the study area predominantly experienced the
influence of brackish waters, interspersed with periods of
higher marine influence.

The C-value indicates that the study region may have
experienced periods of severe drought followed by heavy
rainfall phases. During heavy rainfall, the sediments under-
went intense to moderate chemical weathering (as indicated
by geochemical indices CIA, PIA, ICV).

The core base, between 45 and 41 m, would correspond
to the wet period in SE Brazil between ~ 10.0 and 8.5 ka BP.
During this period, calmer hydrodynamic conditions pre-
vailed, allowing the deposition of fine sediments enriched
in organic matter provided mainly by mangrove sources (as
indicated by the 8'°C and 8'°N of organic matter). The deg-
radation of organic matter led to dysoxic conditions (indi-
cated by the V/Cr ratio). In the context of lower sea levels,
the study area was confined and received sediment from
nearby areas, probably mainly from the Pedra Branca Com-
plex. This period was interrupted by a dry phase.

In the 41-12 m interval, the study area began to receive
a significant sediment contribution from the Rio Negro
Complex, located to the north of Sepetiba Bay. The hydro-
dynamics strengthened, and the sedimentary environment
transitioned to oxic conditions (as indicated by the V/Cr
ratios). Due to the rise in sea level, the coastal drift brought
sediment supplied by the rivers that flowed into Sepetiba
Bay for the study area.

From ~7.5 to 7.0 ka cal BP (between 25 and 21 m), there
was a period of drought (according to the C-value). The Ti/
Zr decreased dramatically, probably due to a decrease in
the supply of detrital sediments. The CIA and PIA values
indicate a significant reduction in the chemical weathering
(immaturity) of the sediments deposited during this period.
The Sr/Ba ratio values suggest a more significant marine
influence in the study area.
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In the section between 21 and 8 m, there are two sig-
nificant increases in the C-value (between 19-16 m and
14-11 m), which may be related to the wet phases recorded
in SE Brazil, between ~ 7.0-6.0 ka BP, and ~ 5.0-4.0 ka
BP. During these wet phases, high-weathered sediments,
with a significant component from the Rio Negro Complex,
were accumulated. The rivers that flowed into Sepetiba Bay
probably introduced this mafic component, which was trans-
ported to the study area by littoral drift. At this time, the
direct connection between the waters of Sepetiba Bay and
the study area would be easy.

However, in the 11-9 cm interval of core SP10, the depo-
sition of felsic sediments increased, indicating greater con-
finement and less connection with Sepetiba Bay, probably
due to the development of the Marambaia Barrier Island.

The results from core SP10 illustrate the combined effect
of the geology, sea level rise during the Holocene transgres-
sion, climatic and coastal geomorphological changes, and
alterations in fluvial, wave, and tidal influence on sediment
transport in the study area. The results document the influ-
ence that the development of barrier islands, namely Mar-
ambaia Barrier Island, can have on the characteristics of the
sediments that accumulate in the coastal region.
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