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Abstract
A multiproxy approach involving grain size, geophysical (resistivity, magnetic susceptibility, and P-wave velocity), mineral-
ogical (XRD), and geochemical (elemental, stable isotopes) data has been applied to core SP9 (128 cm long) to reconstruct 
natural and anthropogenic changes since ≈1850 AD (anno domine) (dating by 210Pb and 127Cs methods) in a distal region 
of Sepetiba Bay (SB), Rio de Janeiro State (SE Brazil). The analyzed core is a fine-grained sedimentary sequence (except 
its upper 20 cm). It comprises detrital particles derived from felsic and intermediate source rocks, as suggested by the fields 
defined by the biplot Zr vs  TiO2 and the  Al2O3/TiO2 ratios. Despite the increase in particle size at the top of the core, there 
was a progressive increase in the organic matter and potentially toxic elements (PTEs) contents and nutrients such as N and 
P. The geophysical data allowed us to identify the presence of subsurface (biogenic) gas, which suggests the occurrence 
of eutrophication processes in the study area despite its location in the outer region of the bay. Core SP9 records cyclical 
changes over the last ≈170 years in the mineralogical and elemental composition of the sediments and type of organic matter 
supplied to the bottom. These changes are associated with phases of more significant oceanic influence, salinity variations 
in the study area, and greater or lesser oxygen depletion in the sediment. These changes may have resulted from climatic 
oscillations or variations in the configuration and extension of the Ponta da Pombeba spit. The extent of this structure and the 
anthropic activities have contributed to the contamination of this area since 1975 AD. However, statistical analyses (Pearson 
correlations and principal components analysis) suggest that the transport and accumulation of PTEs (mainly Cd and Zn) 
did not strictly follow the general pattern of sedimentary dynamics prevailing in the studied area. Results indicate that this 
area became strongly polluted by Cd and Zn and with high ecological risk due to dredging and spoil disposal activities at 
sites close to the study area. It is noted that the environmental degradation reached higher levels here than in areas close 
to the primary source of the metals, the disabled Ingá Mercantil Company, in Madeira Island. This work demonstrates the 
temporal effect of dredge disposal activities in a distal region of Sepetiba Bay for the first time. It is a strong indicator that 
dredged spoil areas must be selected carefully, since healthy areas can become degraded due to the dumping of polluted waste.

Keywords Dredging · Spoil disposal · Pollution · Sediment provenance · Geochemical proxies · Geophysical data · 
Temporal record

Introduction

The evolution of coastal systems constitutes one of the major 
current concerns of humanity (Perez Filho and Rubira 2019; 
Souza et al. 2020). It has been influenced by multiple factors, 

such as changes in continent–ocean interaction, shoreline 
stability, sediment dynamics, human activities, environmen-
tal quality, and the integrity of coastal ecosystems (Fernan-
dez et al. 2017; Lämmle et al. 2022). In this context, it is 
necessary to understand the current state of coastal systems 
and their history over diverse time scales.

In the last decades, the uncontrolled advance of urbaniza-
tion, anthropic interventions, and the expansion of industrial Extended author information available on the last page of the article
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activities in coastal regions have left signs of disturbance 
of the natural sediment dynamics (Castelo et al. 2021a, b; 
Gabriel et al. 2021), causing, among other, significant mor-
phological changes and increased eutrophication and pollu-
tion (Tian et al. 2019; Birk et al. 2020; Lürling and Mucci 
2020; Wang et al. 2021). The study of sediment cores col-
lected in coastal systems has allowed the identification of the 
overtime impact of anthropic actions (Krippner et al. 2016; 
Aguiar et al. 2021) and the assessment of the magnitude of 
their impacts (Silva et al. 2022a, b).

In highly urbanized harbor regions where many industries 
are located, dredging activities to provide access to the port 
for sizeable sea-going cargo vessels and disposal of dredged 
materials have been causing increased problems, which are a 
significant concern for coastal systems. The adverse effects 
of the disposal of dredged waste at sea—such as interference 
with fishing activities or contamination of ecosystems—have 
been increasingly recognized. These activities have degraded 
the environmental quality of coastal marine ecosystems and 
have negatively interfered with fishing activities. The Con-
vention on the Prevention of Marine Pollution by Dumping 
of Wastes and Other Matter 1972, known as the London 
Convention, attempted to solve the problem. International 
agreements such as the Oslo Convention, the United Nations 
Convention on the Law of the Sea, and the OSPAR guide-
lines were established to protect the marine environment 
from these human activities. These regulations describe 
good practices to protect the environment from the man-
agement of dredged material. In many countries, authorities 
started to select disposal areas where the negative impact 
of these activities was minimized. Several regulations have 
been established in Brazil to control dredging activities and 
protect coastal systems, such as CONAMA (2004, 2012). 
Even so, there are several highly anthropized Brazilian 
coastal systems where critical port activities take place, such 
as, among others, Todos os Santos Bay (Brito et al. 2012), 
Santos Bay (Netto et al. 2022), Guanabara Bay (Vilela et al. 
2014; Potratz et al. 2019; Alves Martins et al. 2020; Nunes 
et al. 2023), Paranaguá Bay (Vieira et al. 2021), and Sepetiba 
Bay (Araújo et al. 2017a, b; Morales et al. 2019a, b; Souza 
et al. 2021; Castelo et al. 2021a, b; Silva et al. 2022a, b).

The study area of this paper is located in Sepetiba Bay, a 
highly anthropized coastal system where dredging, extrac-
tion, and spoil disposal activities constantly occur (Was-
serman et al. 2013). Previous investigations conducted in 
Sepetiba Bay have sought to identify the consequences of 
human activities in recent decades (Nascimento et al. 2016; 
Araújo et al. 2017a, b; Alves Martins et al. 2019; Castelo 
et al. 2021a, b; Silva et al. 2022a, b), including issues related 
to changes in the rate and source of pollutants (Ferreira and 
Moreira 2015; Rodrigues et al. 2020). However, we need to 
be aware of studies that have tried to discriminate the tempo-
ral influence of natural processes and dredge spoil dumping 

activities on the transfer of industrial contaminants from the 
inner to the outer region of Sepetiba Bay (SE Brazil). The 
analyzed area is located near Marambaia Barrier Island and 
Ponta da Pombeba spit and sites used in the past to dis-
pose of dredged materials. The work applies a multiproxy 
methodology (including geophysical, textural, geochemical, 
and mineralogical data) along core SP9 (Fig. 1). In it, ques-
tions related to sediment dynamics, sediment provenance, 
weathering, paleosalinity, paleoredox conditions, climate 
oscillations, and anthropogenic influence were investigated. 
Selected data obtained at core SP9 were compared with that 
of previously studied cores to contextualize better the results 
acquired there.

Study area

The study area is on the present configuration included 
in Sepetiba Bay is a coastal lagoon located 60 km west of 
the city of Rio de Janeiro (SE Brazil), between latitudes 
22°54′ and 23°04′ S and longitudes 43°34′ and 44°10′ W 
(Fig. 1). The bay is an ellipsoidal shaped coastal water body 
bounded by the Serra do Mar rock massif to the north, the 
Guaratiba tidal plain to the east, a series of islands with 
migmatitic rocks to the west (e.g., Itacuruçá, Jaguanum and 
Guaíba islands) and the ~ 43 km long Marambaia Barrier 
Island to the south (Dantas 2000). The Marambaia barrier 
island was formed following the sea level rising during the 
post-latest glacial period (Friederichs et al. 2013; Reis et al. 
2013, 2020; Dadalto et al. 2021). It plays a significant role 
in altering the sedimentary and oceanographic dynamics 
within Sepetiba Bay.

The Sepetiba Bay watershed comprises diverse rock types 
and terrains from Precambrian to Quaternary units (Fig. 2). 
The rock units are included in the Paraíba do Sul Terrane, 
a geotectonic unit with many lithologies, being composed 
mainly of metamorphic rocks, such as migmatites, gneisses, 
and gneiss-granitoids. The Rio Negro Complex is a litho-
demic unit which comprises granites, tonalites and grano-
diorites of the Neoproterozoic (Tupinambá et al. 2000; Heil-
bron and Machado 2003; Misumi et al. 2014).

According to the Köppen–Geiger classification, the 
Sepetiba Bay region is under the influence of the Tropical 
Af Zone, i.e., it is characterized by hot and humid condi-
tions, without the presence of dry seasons and with a small 
temperature range (Kottek et al. 2006; Alvares et al. 2013). 
The climate is largely controlled by the South Atlantic Con-
vergence Zone (SACZ; Carvalho et al. 2003), secondarily 
by cold fronts and, locally, by orographic effects related to 
the proximity of Serra do Mar escarpments to the ocean 
(Cunha et al. 2006). Due to the relief and the proximity 
to the ocean, the wind presents, as a first predominance, 
the south (S) and west–southwest (OSO) quadrants and as 
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a second predominance, the north–northeast (NNE) and 
east–northeast (ENE) quadrants. The Santa Cruz Air Force 
Base meteorological station indicates that the percentage 
of calm winds (19.4%) was considerably lower than that of 

winds with speeds in the range of 1.5–5.0 m/s (67.7%) in the 
period between 1981 and 1989 (SEMADS 2001).

Water circulation in the bay is controlled by tides (Leal 
Neto et al. 2006; Kjerfve et al. 2021) and wind. Tidal data 

Fig. 1  Location map of Sepetiba Bay (SE Brazil; Rio de Janeiro 
State) and core SP9 studied in this work. P-wave velocity data 
obtained in cores SP12, SP13, and SP14, collected near Marambaia 
Barrier Island, were also compared with those acquired in core SP9 
as well as some geochemical data obtained in cores SP3 (Castelo 
et al. 2021a, b), SP5 (Silva et al. 2022a, b) and SP6 (Alves Martins 
et al. 2019). The map shows the disposal areas for dredging material 
in Sepetiba Bay (according to Rodrigues et  al. 2020). Blue ellipses 

1, 2, and 3 are areas used by CDRJ (Companhia Docas do Rio de 
Janeiro), green circle 4 is the external disposal area which is currently 
used for the deposition of dredged; red square 5 is the confined dis-
posal facility (CDF) used by ThyssenKrupp Companhia Siderúrgica 
do Atlântico—Rio de Janeiro/RJ (CSA) and; black square 6 is the 
CDF used by Porto Sudeste. Geographic Coordinate System, datum 
SIRGAS 2000, IBGE, INPE, Natural Earth Data
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collected at Guaíba Island (23° 0′ 0″ S, 44° 1′ 9″ W) indi-
cate that the average tidal range is 0.74 m. The mean neap 
tidal range is ~0.3 m, while during spring tides, it is  ~1.1 m, 
reaching up to 1.41 cm (Kjerfve et al. 2021). Therefore, 
according to the Davies (1964) classification, Sepetiba Bay 
is a micro-tidal environment.

The humid tropical climate, with high rainfall rates, 
influences the sculpture of the relief forms and causes pro-
found alteration on the rocks, favoring the formation of 
weathering layers of varied thicknesses (SEMADS 2001) 
and the formation of sediments. Tectonic structures con-
trol the drainage pattern (Khan et al. 2015; Nascimento 
et al. 2019). Thirty-five water courses flow into Sepetiba 
Bay. From these, the Guandú River is the primary source of 
freshwater to Sepetiba Bay. Its waters reach the bay mainly 
through the São Francisco channel, with an annual discharge 
of ~ 6.5 ×  109  m3, representing 86% of the freshwater runoff 
(Molisani et al. 2004).

Rivers originating from the escarpment of the Serra 
do Mar facing the Atlantic Ocean and draining into the 

Sepetiba coastal plain (SEMADS 2001) cross the litho-
logical formations of the region, favoring the deposition 
of sediments in the tidal flats and mangroves along the 
northeast and southeast edges of the bay (Montezuma 
2012; Roncarati and Carelli 2012). The estimated fluvial 
sediment discharge to the bay is approximately 1,150,000 
t/year (SEMADS 2001).

Thus, while the northern and northeastern sectors of 
Sepetiba Bay are regions of high levels of sedimentation 
due to the fluvial input, the central sector near the Maram-
baia Barrier Island seems to be an erosion zone (Pereira 
and Santos 2012; Dadalto et al. 2021). Carvalho et al. 
(2020) applied a grain size trend model to surface sedi-
ments collected along the barrier up to ~ 2 m depth. They 
identified a region of divergence of sediment transport 
toward Ponta da Pombeba (westward) and eastward. As 
described by Pereira (1998), the areas of erosion and depo-
sition observed within Sepetiba Bay are a consequence not 
only of the location of the sediment sources but also of the 
bay’s internal circulation.

Fig. 2  Geological map of the Guandú River watershed that flows into Sepetiba Bay. Slightly simplified geology, according to Heilbron et al. 
(2016). The watershed boundaries were taken from Tubbs Filho et al. (2012)
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Materials and methods

Sampling

This work is based on the study of the sediment core SP9 
(128 cm long) collected ~ 950 m away from the margin of 
Marambaia Barrier Island (Fig. 1). Core SP9 was collected 
in 2015 by divers (local depth ~ 2.3 m) using a percussion 
drilling method, at coordinates 23° 2′ 21.00″ S and 43° 
51′ 28.57″ W. After collection, the core was preserved 
frozen until to be processed. After a Geotek geophysical 
probe was analyzed at the Marine Geology Laboratory 
of Universidade Federal Fluminense (LAGEMAR/UFF), 
X-ray images were obtained at the Nuclear Instrumenta-
tion Laboratory (COPPE/UFRJ) of Universidade Federal 
do Rio de Janeiro. It was opened and visually described, 
photographed, and sampled every 2 cm. Sediment samples 
were submitted to textural, mineralogical, and geochemi-
cal analyses.

Geophysical data

The following geophysical data were acquired at the Labora-
tory of Sedimentology (LAGEMAR/UFF): resistivity, mag-
netic susceptibility, and P-wave velocity. The electrical resis-
tivity was measured with a sensor developed by the British 
Geological Survey and the University of Leicester. This sen-
sor induces a high-frequency magnetic field from a trans-
mission coil, which generates electric currents with intensi-
ties inversely proportional to the electrical resistivity. The 
induced electric current regenerates magnetic fields meas-
ured by a receiver coil. The technique compares the readings 
generated from the measuring coils to those generated from 
an identical set of coils operating in the air (Geotek 2016b). 
The recommended calibration is performed using tubes 
filled with water of known salinities (and, therefore, known 
resistivities). Magnetic susceptibility (MS) was measured 
with a Multi-Sensor Core Logger (MS2C; Bartington Instru-
ments). It operates from an oscillator circuit that produces 
an alternating (0.565 kHz) non-saturating magnetic field of 
low intensity (about 80 A/m RMS). Approaching materials 
around the sensor cause a change in the frequency of the 
oscillator, provided this material has a magnetic suscepti-
bility. The MS values are positive if the magnetic field is 
strengthened by paramagnetic, ferromagnetic, ferrimagnetic, 
or antiferromagnetic material. If, on the other hand, the mag-
netic field is weakened by the influence of the presence of 
diamagnetic material, negative MS values will be recorded 
(Geotek 2016a, b).

The P-wave velocity was measured with the Geotek 
geophysical probe. P-wave propagation occurs through 

the vibration of particles in the direction of their propaga-
tion. For homogeneous and isotropic media, the P-wave 
propagation velocity (Vp) is expressed by the equation 
(Schön 1996):

where K is the compression modulus, µ is the stiffness mod-
ulus, and ρ is the density.

The P-wave velocities analyzed in core SP9 were 
compared with those recorded in cores SP12 (Lat. 
−23.036207; Long. −43.702817), SP13 (Lat. −23.052172; 
Long. −43.770516) and SP14 (Lat. −23.046289; Long. 
−43.837174). The mentioned cores were collected in 
Sepetiba Bay near the core SP9 and Marambaia Barrier 
Island in the same period (2015) and with the same sam-
pling procedure.

Sedimentological data

Sieving methods carried out sediment grain size analysis. 
Fine sediments were separated from coarser sediments by 
wet sieving through a 63 µm sieve of a known amount of dry 
sediment sample (≅ 30 g). The > 63 and < 63 µm fractions 
were oven-dried and weighed. The sand and gravel fractions 
(> 63 µm) were separated through a series of sieves (2000, 
1000, 500, 250, and 125 μm). The fine fraction < 63 µm was 
analyzed on a Malvern Mastersizer 2000 Size (model hydro 
2000MU), and the percentage of each particle size fraction 
was determined.

Sediment total organic carbon (TOC) and δ13C contents 
of the organic matter were analyzed in decarbonated sam-
ples (with 50% hydrochloric acid) with the Costech Instru-
ments Elemental Combustion System coupled to a Delta 
V Thermo Scientific Advantage Isotope Ratio Mass Spec-
trometer (EA-IRMS), at the Laboratory of Marine Organic 
Chemistry (LabQOM, University of São Paulo, Brazil). The 
total nitrogen (N) and δ15N values of the organic matter in 
the samples (total sediment) were also determined with the 
EA-IRMS at LabQOM. The following standards were used 
to determine stable isotopes: for δ13C, the Vienna Pee Dee 
fossil (V-PDB) and for δ15N, atmospheric nitrogen (Groot 
2009). The USGS-40 (United States Geological Survey) and 
the IAEA-600 (International Atomic Energy Agency) were 
certified reference materials used in this analysis. Mineral-
ogical data were obtained by X-ray diffraction of the fine 
fraction of the sediments at the University of Aveiro, Portu-
gal, based on the methodology described by Martins et al. 
(2007).

The elemental concentrations in core SP9 were analyzed 
by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) after digestion with 4 acids (“Near Total Digestion”: 

Vp =
√

((K + 1∕4�)∕�),
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 HNO3–HClO4–HF–HCl) at Activation Laboratories LTD., 
Ontario, Canada. The molecular concentrations of some 
oxides  (Al2O3,  Fe2O3, MgO, CaO,  Na2O,  K2O,  TiO2,  P2O5, 
MnO,  Cr2O3) also were estimated. About 5 g of (total) dry 
sediment from each sample was prepared for geochemical 
analyses. The samples were macerated and disaggregated 
in an agate mortar, sieved through a 63 µm mesh, and then 
geochemically analyzed at Activation Laboratories LTD., 
Ontario, Canada.

Geochemical data analysis

Numerous studies revealed that siliciclastic sedimentary 
rocks’ chemical composition is linked to their source mate-
rials (Akkoca et al. 2019). Therefore, ratios between trace 
elements and discrimination functions are used to identify 
sediments’ provenance (Roser and Korsch 1986; Armstrong-
Altrin et al. 2013; Akkoca et al. 2019). Some trace elements 
that reach higher concentrations in mafic (Sc, Cr, and Co) 
or felsic (La, Th and REE) rocks are considered essential 
tools to determine the composition of the source rocks 
(Armstrong-Altrin et al. 2004; Zaid and Gahtani 2015). On 
the other hand, most elements, especially Na, K, Ca, and 
Mg, are partially leached out during weathering of source 
rocks. However, Al, Ti, and Zr can be considered immo-
bile due to the low solubility of the oxides and hydroxides 
of these elements in aqueous solutions at low temperatures 
(Stumm and Morgan 1981; Ayers and Watson 1993; Ziem-
niak et al. 1993). Therefore, several ratios were used in this 
work to identify both the source area of the sediments and 
their degree of weathering and paleoclimate and paleosalin-
ity changes.

The index of compositional variability (ICV) and the 
chemical index of alteration (CIA) have been used to exam-
ine geochemical variability due to hydraulic sorting and 
the degree of weathering of the source rock (Cullers 2000; 
Armstrong-Altrin 2015; Armstrong-Altrin et al. 2015a, b; 
Ndjigui et al. 2018).

The index of chemical variability (ICV) was cal-
culated using the formula (Cox et  al. 1995): 
 (Fe2O3 +  K2O +  Na2O* + CaO* + MgO + MnO +  TiO2)/Al2O3. 
This index evaluates the ratio of alumina, which is more abun-
dant in clay minerals, to other cations that are more abundant 
in non-clay minerals. This index does not use the silica  (SiO2) 
value to reduce quartz dilution’s influence. The chemical index 
of alteration (CIA) can be determined by the formula (McLen-
nan et al. 1993):  [Al2O3/(Al2O3 + CaO* +  Na2O +  K2O)] × 100.  
This index is based on the fact that feldspars are among the 
most abundant minerals in the Earth’s crust (Wedepohl 1969) 
and among the groups most easily weathered (Goldich 1938). 
When feldspars degrade, they form clay minerals (phyllo-
silicates with Al in their crystal-chemical composition). Cal-
cium, sodium, and potassium are generally removed from 

the feldspars during intense weathering processes, typically 
increasing the concentrations of Al (related to the abun-
dance of phyllosilicates) in the degraded materials (Nesbitt 
and Young 1982). Thus, CIA is generally used to determine 
weathering conditions in the source area of sedimentary rocks.

Besides lithogenic sources, there are also anthropogenic 
sources in the sediments of Sepetiba Bay, such as potentially 
toxic chemical elements (PTEs). The importance of the contri-
bution of these sources was evaluated using several indicators, 
such as enrichment factor, Geoaccumulation Index (Igeo), and 
concentration factor.

The enrichment factor (EF) of the chemical elements was 
determined using the Eq. (1) proposed by Buat-Menard and 
Chesselet (1979):

where Cx is the concentration of the element under analysis, 
and Cn is the concentration of the normalizing element. Sc 
was used as the normalizing element because it is related to 
fine-grained sediments and, thus, reduces the influence of 
grain size on the concentration of the chemical elements. 
The baseline values from Pinto et al. (2019) were used.

The accumulation index (Igeo) was determined according to 
the following formula (2) (Müller 1986):

where Cn is the concentration of metal n in the sample, and 
Bn is its baseline concentration.

The ecological risk index (RI) of each potentially toxic ele-
ment (PTEs: As, Cd, Cu, Ni, Pb, Zn) identified in the study 
area was estimated by the Eq. (3) (Håkanson 1980):

where Trf is the toxic response factor for each analyzed 
metal. The following values of Trf were considered: Zn = 1; 
Cu = Ni = Pb = 5; As = 10 and; Cd = 30 (Håkanson 1980; 
Swarnalatha et al. 2013; Yuan et al. 2014; Li et al. 2018; 
Rodríguez-Espinosa et al. 2018; Kükrer et al. 2020; Zheng 
et al. 2020). CF is the concentration factor that estimates 
the enrichment of an element (Cn) relative to its baseline 
concentration (Bn) in sediments (Eq 4) (Håkanson 1980):

(1)EF =

(

C
x

Cn

)

Environment

(

C
x

Cn

)

Baseline
,

(2)Igeo =

[

C
n

B
n
× 1.5

]

,

(3)RI = Trf × CF,

(4)CF = C
n
∕B

n
.
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The sum of the individual potential risks (RI) was used 
as the index of potential ecological risk (Eq 5) (PERI; Swar-
nalatha et al. 2013):

The criteria used to rank the referred geochemical indices 
were those suggested by Sutherland (2000) for EF; Müller 
(1986) for Igeo, Protano et al. (2014) for RI, and Håkanson 
(1980) and Swarnalatha et al. (2013) for PERI (Table S1).

The Pollution Load Index (PLI) also was estimated with 
the equation of Tomlinson et al. (1980) as (Eq 6):

where CF is the contamination factor for each analyzed 
metal:  Cs/Cb: metal concentration in the stratum (s)/respec-
tive baseline concentration (b). According to Tomlinson 
et al. (1980) PLI values > 1 suggests degradation of the 
environmental conditions.

Statistical analysis of the results

Selected data were log (X + 1) transformed and submitted 
to statistical analysis. To analyze the possible relationship 
between the variables along the core SP9, Spearman correla-
tions for non-parametric data were determined. Correlations 
with p < 0.05 were considered significant.

The first principal component analyses (PCA) score fac-
tors were plotted as a function of depth, aiming to integrate 
the information extracted from the most relevant variables. 
Only variables with significant correlation (p > 0.50) with 
one PCA factor were used. Statistical analysis was per-
formed in the software Statistica 13.

Core dating

The ages along core SP9 were evaluated by applying the 
210Pb and 137Cs dating methods, which have been widely 
used to determine the ages of sedimentary layers depos-
ited over a period < 150 years (Appleby and Oldfield 1978; 
Kamman and Engstrom 2002; Begy et al. 2011; Sabaris and 
Bonotto 2011; Gharibreza et al. 2013), i.e., it covers the start 
of the industrial age at the end of the nineteenth century. The 
210Pb has a half-life of 22.3 years and is a member of the 
238U series, with a wide distribution throughout the Earth. 
During radioactive decay, it releases 222Rn gas (daughter of 
226Ra) from the soil and sediments into the atmosphere. The 
short 222Rn (3.82 days) decays to 210Pb, which returns to the 
land or aquatic/marine surface within weeks as solid precipi-
tation. The 210Pb activity can be supported, produced in situ 
by the natural decay of 226Ra, and unsupported, sourced 
from atmospheric fallout.

(5)PERI = ΣRI = Σ
(

Trf × CF
)

.

(6)PLI =
n

√

CF1 ⋅ CF2 ⋅ CF3 ⋅…… .. ⋅ CFn),

The unsupported part can be used to determine the age 
of the sediment layer. As the sediment is buried under more 
recent layers, the unsupported activity declines, following 
the law of natural decay. Therefore, the unsupported 210Pb 
acts like a natural clock, recording when it has been depos-
ited in soils and sediments. Thus, the current activity Cexcess 
(measured) can be inscribed as a function of the age and 
the initial activity when the sediment was buried Cexcess(0)

(Eq. (7); Appleby 2008).

Estimating this isotope’s initial activity allows the 
sediment’s age to be accurately determined. Commonly, 
two models have been used to address the geochronology 
based on this method: the constant rate of supply (CRS) 
model, which considers the occurrence of a constant flux 
of unsupported 210Pb to the sediment and allows estima-
tion of a variable sediment rate (Appleby and Oldfield 1978; 
Appleby 2001). The CRS model’s initial concentration var-
ies inversely with the sedimentation rate. In the CIC model, 
which is based on a constant initial concentration, the 210Pb 
amount varies directly with the sedimentation rate (Appleby 
2001). The CIC model considers that the sediment is depos-
ited with a constant flux, so the sedimentation rate is also 
constant (Shukla and Joshi 1989; Godoy et al. 1998). If sedi-
mentation rates remained relatively constant, the CRS and 
CIC models would provide the same result.

The Pb model was validated using independent ages 
determined from records of the artificial 137Cs fallout 
radionuclides (T1/2 of 30.2 years) (Pennington et al. 1973; 
Appleby 2008). The 137Cs is an anthropogenic radionuclide 
released into the atmosphere in the early 1950s following 
the first nuclear weapon testing (Figueira et al. 2007). In the 
Southern Hemisphere, to be able to determine the sedimen-
tation rate in sediment cores, it is necessary to identify the 
peak of the highest intensity of 137Cs, corresponding to the 
year 1963, related to the highest intensity of nuclear tests 
(Figueira et al. 2007).

Samples collected every 4 cm along the core SP9 were 
submitted to 120Pb and 137Cs analyses. About 15 g of the 
fine fraction of the sediment (> 63 µm) dried and macer-
ated were prepared for these analyses. The analysis was 
conducted at the Oceanographic Institute of the University 
of São Paulo (IO-USP) in the Marine Inorganic Chemis-
try Laboratory (LAQIMAR). The Constant Sedimentation 
Model (CFCS—Constant Flux: Constant Sedimentation; 
Koide et al. 1973; Brugam 1978; Appleby and Oldfield 
1978, 1983), the constant initial concentration of unsup-
ported 210Pb (CIC; Robbins and Edgington 1975; Matsu-
moto 1975), and the Variable Sedimentation Model (CRS) 
based on unsupported/ excess 210Pb, following the guidelines 
of Figueira et al. (2007) and Ferreira et al. (2015), were used 

(7)Cexcess(t) = Cexcess(0) × e−�t .



 Environmental Earth Sciences (2023) 82:560

1 3

560 Page 8 of 28

to estimate the age model and the sedimentation rate of core 
SP9 (Appendix 1).

Some geochemical results from core SP9 were compared 
with those of other cores collected in the Sepetiba Bay to 
broaden the data interpretation: SP3 (Castelo et al. 2021a, 
b), SP5 (Silva et al. 2022a, b) and SP6 (Alves Martins et al. 
2019). From core SP6, only the first top 40 cm of the sedi-
mentary column that records the period since 1955, accord-
ing to the model data based on 210Pb and 137Cs methodolo-
gies, are used in this work (Appendix 2). The age models 
of these cores are included in Appendix 1. The ages used in 
this work are from calendar years or Anno Domini (AD).

Results

Core characteristics and age model

Core SP9 consists mainly of gray to dark gray fine sedi-
ments (Fig. 3A; Appendix 3). X-ray imaging showed faint 
sedimentary structures (low-angle parallel laminations) in 
the upper 20 cm and changes at 42 and 76–80 cm; slightly 
higher values of magnetic susceptibility occur between this 
depth and the core base (Fig. 3A). Magnetic susceptibility 
(2.3 and 16.7 SI) reaches higher values at the lower part of 
the core, decreasing significantly at the top (Fig. 3A). The 
resistivity (0.4–6.4 Ωm) is constant along the core, except 
around 60 cm and close to the top (Fig. 3A). P-wave velocity 
shows relatively high values (maximum of 1561 m  s−1) in the 
lower and upper sections of the core. However, it decreases 
between 100 and 56 cm and, most significantly, around 
60 cm (where it reaches a minimum value of 255 m  s−1). A 
similar reduction in P-wave velocity was also observed in 
cores SP12, SP13, and SP14 (Fig. 3B).

The age of sediment layers, obtained by 137Cs and 210Pb 
methods through the CIC and the CRS models for core SP9, 
is shown in Fig. 4 (and Appendix 1). The SP9 core records 
the peak of 137Cs at the 46 cm level, equivalent to 1963, cor-
responding to the maximum fallout from the atmospheric 
nuclear weapons test (Appleby et al. 1991). By the CRS 
model, the year 1965 was estimated for this level. A good 
agreement was observed between the ages of the sediment 
layers estimated by both 210Pb models and 137Cs (Appendix 
1). The estimated age models allow us to verify that the age 
of the core base is older than 1866 and is beyond the limit 
of 7 half-lives of 210Pb. Therefore, the sedimentary records 
up to about 1855 were considered in this work.

According to the CRS model, the mean sedimentation 
rate varied between 1.32 ± 0.09 and 0.08 ± 0.01 cm  yr−1, and 
the average mass accumulation rate was about 0.14 ± 0.01 g 
 cm2  yr−1 (Appendix 1). The mean sedimentation rate was 
highest at the upper part of the core (between 1970 and 2015) 
and reduced significantly in sediment layers deposited before 

1970, reducing after that to values < 0.14 ± 0.02 cm  yr−1 
(Appendix 1).

Particle size characteristics

According to the classification of Shepard (1954), core SP9 
consists of very poorly sorted clayey silt at the lower part 
and silty sediments at the upper section. The most abun-
dant fine fractions are fine silt (~ 49%), clay (~ 16.2%), and 
medium silt (~ 12.5%). The fine fraction (< 63 µm) is pre-
dominant (48.8–96.2%; mean 88.9 ± 10.7%), mainly in the 
lower section of the core. The percentage of the sand frac-
tion increases (3.8–51.2%; mean: 11.1 ± 10.7%) at the top of 
the core, between 30 and 0 cm, due to increasing contents of 
very fine, medium and coarse sand fractions. The percent-
age of fine silt and clay is reduced in the upper core section 
(Fig. 3A). The remaining fine fractions are a little variable 
throughout the core.

Mineralogical composition

The main minerals identified in the fine fraction of core SP9 
are, in descending order, phyllosilicates (32.0–72.9%; mean 
52.2%), quartz (20.6–52.8%; mean 36.2%), and feldspars 
(2.1–32.6%; mean 7.5%). Some minerals with an abun-
dance below 10% were identified only in a few layers, such 
as anatase, anhydrite, bassanite, calcite, gypsum, ilmenite, 
magnetite/maghemite, pyrite, rhodochrosite, siderite, zeo-
lites. Anatase, pyrite, siderite, and anhydrite reach maximum 
values between 5 and 7%, while the remaining minerals 
exhibit relative abundances < 5% (Appendix 1).

The abundance of the main minerals (phyllosilicates, 
quartz, and feldspars) oscillated around their averages with-
out a clear distribution pattern throughout the core (Fig. S1). 
Calcite, although not abundant (< 2.43%; average 1.0%), 
exhibits a slight increase in the upper section of the core 
(Fig. S1).

TOC and N contents, and δ13C and δ15N values

TOC contents vary significantly along the core SP9 
(0.7–3.38%; mean 1.3 ± 0.4%). Excluding the TOC peak of 
3.38% recorded at the 42 cm level (≈1968), the regression 
line and the respective R2 value (0.82) for the remaining 
levels indicate a clear progressive upward trend in the supply 
of organic carbon contents (Fig. 5; Appendix 3).

Nitrogen contents (0.09–0.24%; mean 0.16 ± 0.03%) fol-
lowed a similar pattern; the lowest N values were recorded 
in the lower part of the core. Like TOC, N contents increased 
upward (Fig. 5; Appendix 3).

The δ13C values (−25.5 to −20.2‰; mean: 
−21.1 ± 0.9‰) show a few peaks relative to the mean, with 
the most significant deviation (−25.5‰) being observed 
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Fig. 3  A Depth plots of resistivity, magnetic susceptibility (SM), the 
sand fraction (> 63  µm; %), and fine fractions (> 63  µm) along the 
core SP9. B P-wave velocity (m  s−1) along the core SP9 is compared 

with that of core SP12, SP13, and SP14. These cores were collected 
near the core SP9 (Fig.  1). A photo, an X-ray imaging, and an age 
scale are also represented in A and B 
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recorded at ≈1968 (42 cm level; Fig. 5; Appendix 3). The 
δ15N values (8.4–11.7‰; mean 10.4 ± 0.9‰) are slightly 
higher between the core base and ≈1960 (50 cm level); they 
decreased significantly since 1957 (50 cm), but have a peak 
in ≈1997 and 2007 (22–6 cm; Fig. 5; Appendix 3). The 
carbonate concentration is less than 15%, but shows two 
peaks, the first round in 1990 and the second since 1995 (in 
the upper core section; Fig. 5; Appendix 3).

Elemental and oxide concentrations

The ranges of elemental and oxide statistics concentrations 
(maximum, minimum, mean, and standard deviation values) 
along core SP9 are presented in Appendix 3. The distribu-
tion of elemental concentrations shows upward increasing 
trends for: Zn (81–935 mg  kg−1; mean: 328 ± 305 mg  kg−1), 
Cd (< 5.9  mg   kg−1), Mn (362–1370  mg   kg−1, mean 
663 ± 248  mg   kg−1), P (0.05–0.08%;0.06 ± 0.01%), Ni 
(22.1–30.0  mg   kg−1; mean: 24.7 ± 1.7  mg   kg−1), Pb 
(24.0–38.0  mg   kg−1; mean: 30.1 ± 4.9  mg   kg−1), Cu 
(11.0–32.6 mg  kg−1; mean: 16.1 ± 4.8 mg  kg−1) and As 
(3.0–15.0  mg   kg−1; mean: 6.6 ± 3.0  mg   kg−1). Signifi-
cant increases in Zn, Cd, and Pb concentrations have been 
observed since ≈1955. There has been a gradual upward 
trend in Mn, P, Ni, As, Cu, Cr, and Fe concentrations since 
1915, but significant increases in these elements have been 
observed since 1975 (Fig. 5).

Calcium, Mg, Ti, and Zr contents of core SP9 were com-
pared with those obtained in cores SP3 (Castelo et al. 2021a, 

b), SP5 (Silva et al. 2022a, b), and SP6 (Alves Martins et al. 
2019). The results presented in Fig. 6 show that Ca contents 
(0.3–1.2%; mean 0.5 ± 0.3%) are low in cores SP9, SP3, SP5, 
and SP6; however, they are generally higher in core SP9 than 
in cores SP3, SP5, and SP6, and tend to increase at the top 
(upper 20 cm), since 1990.

Magnesium concentrations are, in general, higher in core 
SP9 than in cores SP3, SP5, and SP6, being only surpassed 
in core SP5 between ≈1945 and 1963 and around ≈1963 and 
in core SP3 between ≈1992 and 1996 (Fig. 6). Titanium con-
tents (0.2–0.5%, mean 0.4 ± 0.2%) in core SP9 are similar to 
that recorded in the other cores except between ≈1855 and 
1924 in core SP5 (Fig. 6). The distribution pattern of Zr is 
similar to that of Ti (Fig. 6). Zr concentrations are generally 
higher in core SP9 than in the other cores, except in core SP5 
that reaches highest contents between ≈1855 and 1924, as Ti 
(Fig. 6). However, since 1935, several rises of Zr concentra-
tions were observed.

The values of the ratios La/Sc, La/Cr, Ti/Ca, Fe/Ca Th/
Cr, Th/Sc, Zr/Sc, and Zr/Cr are not variable in the SP9 core 
(Fig. 6). The most significant increases La/Sc, La/Cr, Th/
Cr, Th/Sc, Zr/Sc, and Zr/Cr ratios were recorded between 
≈1855 and 1920 in core SP5 and between ≈1915 and 1975 
in the core SP3 (Fig. 6).

The values of  Al2O3/TiO2 and Rb/K are, in general, 
higher in core SP9, than in the other cores SP3, SP5, and 
SP6 (Fig. 7). In contrast, the values of V/(V + Ni) and Rb/Sr 
ratios are lower in core SP9 than in the other cores (Fig. 7). 
The distribution pattern of the Rb/Sr and Rb/K values is 

Fig. 4  Age models of core SP9 based on 210Pb. Legend marked: yellow—constant sedimentation model (CFCS); green—constant sedimentation 
model (CFCS); blue—variable sedimentation model (CRS)
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opposite (Fig. 7). All these ratios show a pattern with cycli-
cal increases and decreases along the core SP9 (Fig. 7). The 
changes of  Al2O3/TiO2, V/(V + Ni) and Rb/K are in general 
gradual. However, cyclic changes in Rb/Sr values were also 
observed in the core SP5, where the values of this variable 
reached relatively high values.

Enrichment factors (EF) and pollution load index 
(PLI)

The estimated EF values for most of the chemical elements 
in core SP9 are low ≤ 3 (Appendix 3). Higher EF values 
(up to 10) were reached in core SP9 for Zn and Cd. The 
graphs in Fig. 8 show that reduced EF-Zn and EF-Cd values 
were recorded before 1935 in cores SP9, SP5, and SP3. The 
EF-Zn and EF-Cd values increased after 1935 and more sig-
nificantly since 1955. The EF-Zn and EF-Cd values in core 
SP9 after 1955 are similar to those recorded in core SP5. 
The highest EF-Cd values were observed in core SP9, while 
EF-Zn values were recorded in core SP5. It is worth noting 
that a drop in EF-Zn and EF-Cd values has been generally 
observed since 2005 in core SP9.

The distribution of the PLI and PERI values in core SP9 
is also represented in Fig. 8 in comparison with cores SP5 
and SP3. The PLI reaches higher values in core SP9 (up to 
2.9) than in cores SP3 and SP5. As for the PLI, the highest 
PERI values (389) are also observed in core SP9. Both PLI 
and PERI reached higher values between 1960 and 2005, 
with a significant drop in 1991 and since 2005.

Statistical results

A selection of core SP9 variables was submitted to principal 
component analysis (PCA). In this analysis, the following 
variables were considered: granulometric data, such as clay 
(< 2 µm), fine silt (2–8 µm), total sand, and fine fraction 
(> 63 and < 63 µm, respectively); PTE concentrations (As, 
Cd, Cu, Ni, Pb, and Zn); geochemical ratios and indexes 
 (Al2O3/TiO2, Fe/Ca, Ti/Ca, La/Cr, Rb/Sr, Th/Sc, V/(V + Ni), 
La/Sc, Rb/K, Zr/Sc, CIA, ICV); environmental quality indi-
cators, such as PERI, PLI and also P, Mg, Mn contents.

The Factor Loadings (Unrotated) of the two first principal 
components of the PCA explained 64% of the data variabil-
ity (Factor 1: 47%; Factor 2: 18%). Factor 1 of PCA (Fig. 9) 
places the elements As, Cu, Ni, Zn, Cd, and Pb, as well as 
the PERI, PLI, and ICV values and sand fraction contents 
(II) in opposition to  Al2O3/TiO2, Fe/Ca, Ti/Ca, La/Cr, Rb/Sr, 
Th/Sc, and fine fraction (I). The correlations in Appendix 4 
show that concentrations of PTEs (such as As, Cu, Ni, Zn, 
Cd, and Pb), PERI, and PLI values, have strong positive 
correlations with each other and sand contents, confirm-
ing the PCA results. All mentioned chemical elements (As, 
Cu, Ni, Zn, Cd, and Pb) have: (a) positive and significant 

correlations with  TiO2/Zr and mostly with ICV, except Pb; 
(b) weak correlations with V/(V + Ni), La/Sc, Rb/K and Zr/
Sc; and (c) significant negative correlations with clay and 
fine silt and total fine fraction and CIA, except Cd and Pb 
(with negative correlations but not significant). Cd and Zn 
have weak negative correlations with lithogenic indicators 
such as  Al2O3/TiO2, Fe/Ca, Ti/Ca, La/Cr, Rb/Sr, and Th/Sc. 
Significant negative correlations are also observed between 
As and  Al2O3/TiO2, Fe/Ca, La/Cr, Rb/Sr,  TiO2/Zr, and CIA; 
Cu and Fe/Ca; Ni and Fe/Ca, La/Cr, Rb/Sr; and Pb and Th/
Sc. It is further observed that Factor 2 is positively associ-
ated with Zr/Sc and Th/Sc, as well as with ICV, V/(V + Ni), 
La/Sc, and Rb/K.

The biplots of the two first principal components of the 
PCA for a similar set of variables have also been plotted in 
Fig. 9 for cores SP5 and SP3. In both cases, the first two fac-
tors explain most of the data variability: (a) in core SP3, they 
explain 77% of the data variability (Factor 1: 64%; Factor 
2: 13%), and (b) in core SP5 (Factor 1, 54%; Factor 2, 19%) 
74% (Appendix 5). In core SP3, PTEs are also negatively 
related to lithogenic indicators, as in core SP9 (namely with 
Ti/Ca, Zr/Sc, Th/Sc, La/Sc, La/Cr,  Al2O3/TiO2, and ICV), 
but are positively related to Rb/K, Rb/Sr and Fe values. In 
core SP5, the PTE enrichments are also negatively related 
to some lithogenic indicators (such as Th/Sc, Zr/Sc, Ti/Ca, 
CIA, and Rb/Sr). However, they are positively related to 
other variables, such as La/Th,  Al2O3/TiO2, and ICV. There 
is, therefore, a more remarkable similarity in the association 
of the PTEs with the variables studied in core SP3 and SP9.

Discussion

The granulometric and mineralogical characteristics of core 
SP9 reveal that the study area was under the influence of 
generically calm hydrodynamic activity since 1855 but with 
some variations. The resistivity values increase at ≈60 cm 
depth and the top of the core SP9, probably due to granulo-
metric and compositional sediment-related hydrodynamic 
changes. The magnetic susceptibility values, corresponding 
to the degree of magnetization of a material in response to 
an applied magnetic field (Geotek 2016a), decrease from 
the bottom to the core top, indicating changes in sediment 
composition. Thus, we sought to understand if these features 
would be related to changes in sediment sources, weathering, 
and recycling.

Changes in the composition of the sediment

The  Al2O3/TiO2 ratio in terrigenous sediments is a help-
ful tool for identifying source rocks (Hayashi et al. 1997). 
Al is generally associated with feldspars and Ti in igneous 
rocks, which reach higher contents in mafic minerals (e.g., 
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olivine, pyroxene, hornblende, biotite, and ilmenite (Hayashi 
et al. 1997). The  Al2O3/TiO2 ratios in igneous rocks gener-
ally rise with increasing  SiO2 content (Hayashi et al. 1997). 
Thus, the values of this ratio are lowest in mafic igneous 
rocks  (SiO2 = 45–52 wt%), middle in intermediate igneous 
rocks  (SiO2 = 53–66 wt%), and highest in felsic igneous 
rocks  (SiO2 = 66–76 wt%) (Hayashi et al. 1997). Thus, the 
 Al2O3/TiO2 ratios increase from mafic (~ 3–8) to intermedi-
ate (~ 8–21) and to felsic rocks (~ 21–70) (Nagarajan et al. 
2017).

The depth plot of  Al2O3/TiO2 values for core SP9 (Fig. 7) 
indicates that it has primarily intermediate source sediments, 
with recurrent levels more enriched in felsic source materi-
als. The other cores also have sediments mainly from inter-
mediate sources. The exceptions are the base of core SP3 
(deposited between ≈1920 and 1938), with  Al2O3/TiO2 val-
ues indicating higher felsic particles (similar to core SP9), 
and some levels of core SP5 (deposited between ≈1905 
and 1915), with a more significant contribution from mafic 
sources. The enrichment in felsic components may result 
in this system from the weathering of the sediments, which 
results in a higher concentration of felsic minerals (e.g., 
quartz, which is resistant to coastal dynamics processes).

The content of Ti- and Zr-containing minerals in sedi-
ments can increase significantly during the transport and 
deposition of clastic sediments (Argast and Donnely 1987). 
Since both elements are associated with erosion-resistant 
minerals, Ti and Zr concentrations can provide helpful infor-
mation about sediment sorting and sources.

Thus, based on the scatter plot of Zr vs  TiO2 (Fig. 10A) 
and in the fields suggested by Hayashi et al. (1997) it is pos-
sible to deduce that most of the sediments in the analyzed 
cores come from intermediate igneous rocks; they are pri-
marily related to gneisses, abundant in the region (Tubbs 
Filho et al. 2012; Heilbron et al. 2016) and may have been 
largely supplied by the rivers flowing into Sepetiba Bay. 
However, it is possible to recognize that some levels of core 
SP9 and SP3 are mainly composed of felsic particles.

An indication of the influence of sediment trans-
port by the rivers in the various regions of Sepetiba Bay 
is the variation of the average sediment accumulation 
rates (estimated by 210Pb methods): in core SP6, it was 
0.26 ± 0.04 cm  yr−1 (Alves Martins et al. 2019), in core 
SP3, was 0.92 ± 0.15 cm  yr−1 (Castelo et al. 2021a, b), in 
core SP5, was 0.83 ± 0.13 cm  yr−1 (Silva et al. 2022a, b) 
collected in near the Guandú River mouth) and in core SP9, 
was 0.14 ± 0.01 cm  yr−1. It should be noted that according 

to Molisani et al. (2004), the Guandú River contributes most 
of the sediment received in Sepetiba Bay. The above-average 
sedimentation rates denote significant sediment accumula-
tion rate variability in different Sepetiba Bay areas. It seems 
to be influenced by the proximity of the rivers: higher accu-
mulation rates near the river mouths, namely the Guandú 
River, and lowest averages recorded in the distal region. 
Variations in hydrodynamic characteristics also have a sig-
nificant influence on the rate of sediment accumulation. The 
SP9 core located in a distal region of the bay receives a more 
negligible contribution of sediments introduced by the rivers 
into the bay. On the other hand, this area is subject to more 
active coastal dynamics.

Weathering and recycling of sediments

The chemical alteration index (CIA) and the compositional 
variability index (CVI) can show whether the sediments have 
undergone more or less pronounced chemical weathering 
processes (Cox et al. 1995; McLennan et al. 1993; Abuba-
kar et al. 2019). CIA values: ≈50% indicate no weathering, 
ranging from 60% to 80% suggest moderate weathering, 
and > 80% indicate the high intensity of chemical weather-
ing (Nesbitt and Young 1982).

On the other hand, according to Goldich (1938), the 
higher ICV values tend to be associated with the presence 
of more rapidly weathered minerals, such as olivine, pyrox-
ene, and amphibole. They tend to be lower as the abundance 
of phyllosilicates increases. Thus, higher ICV values (> 1) 
indicate immature sediments and the presence of a higher 
abundance of non-clayey siliciclastic minerals relative to 
clay minerals (Cox et al. 1995). Conversely, lower ICV val-
ues (< 1) indicate the presence of compositionally mature 
sediments with a high percentage of clay minerals (Long 
et al. 2012).

The CIA versus ICV plot presented in Fig. 10B suggests 
that the sediments from SP9 and the upper part of the core 
SP6 (analyzed in this work) are mature and have experienced 
moderate to intense weathering, as well as part of cores SP5 
and SP3, which also have immature sediment layers. Core 
SP3 has moderately weathered sediments, while the other 
cores contain moderately to intense weathered sediment lay-
ers. Core SP9 is composed mainly of intensely weathered 
sediment except the top layers deposited after 2000, which 
contain moderately weathered sediments (Fig. S2). Core 
SP9 is located in an external region of Sepetiba Bay, close 
to the Pombeba spit and Marambaia Barrier Island, where 
the coastal dynamics reworks the sediments. However, the 
top of this core records the accumulation in this area of a 
significant contribution of poorly weathered particles.

Thus, comparing the data from cores SP5 and SP3, 
we infer that from the 1950s on, there has been a sud-
den change in the textural and geochemical properties of 

Fig. 5  Age plots of geochemical data. Circles represent values. For 
selected variables, their average was represented by a vertical dashed 
line. Regression lines and the respective R2 were also plotted for 
some variables. The regression line and the respective R2 were esti-
mated for TOC without the high value recorded in 1968

◂
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the sediments. The transposition of the Paraíba do Sul 
River to the Guandú River basin since the 1950s (Macedo 
and Pimentel 2004) may have had a notable effect on the 
weathering of the sediments and on their chemistry and 
maturity.

In core SP9, the sediment accumulation rate was low 
before 1950. These data reveal that this area had, at that 
time, an essentially erosional character. However, since the 
1950s, the sediment accumulation rate has progressively 
increased and was relatively high between ≈1980 and 2003 
(up to 1.32 ± 0.09 cm  yr−1; Appendix 1). This change may 
be related to the increased sediment load introduced into 
Sepetiba Bay and the accumulation of sediments from other 
sources, as explained below.

The composition of the upper part of core SP9 agrees 
with the characteristics of the bottom sediments currently 
observed in that region. The shallow region near the Mar-
ambia Barrier Island is favorable for carbonate precipitation. 
The bottom of that area is composed mainly of carbonate-
aggregated sands. On the other hand, carbonate contents 
(which are essentially abiotic since carbonate shells and 
tests are rare) increased around 1890 and 1932 and have 
been progressively increasing since 1990, with a maximum 
peak observed in 2011–2015. These data indicate that the 
area of core SP9 may have been submitted to more or less 
pronounced evaporative processes in the past, depending on 
the water column height and the oceanic influence in the 
region. Another factor should be related to the extension 
and development of the Ponta da Pombeba spit (as analyzed 
by Dadalto et al. 2021) and the protection it provides. We 
can also consider the prevalence of favorable conditions for 
carbonate preservation.

During weathering (and, in many cases, diagenesis), an 
increase in Rb/Sr ratio values is observed in most rocks. 
It happens because  Rb+, a relatively large alkali chemical 
element, is more easily retained in clay minerals than  Sr2+, 
with smaller sizes (McLennan et al. 1993). Thus, changes in 
the Rb/Sr ratio allow the detection of chemical weathering 
processes (Ohr et al. 1991). Rb occurs mainly in K-bearing 
minerals that are relatively stable to weathering. In the cores 
SP9, SP3, and SP5, Rb concentrations positively correlate 
with  K2O, agreeing with this assumption (Fig. S3). Sr is 
mainly associated with Ca-minerals that are sensitive to 

weathering. Rb/Sr ratios increase with the dissolution of 
Ca-mineral-bearing minerals.

The Rb/Sr ratios of the analyzed cores vary between 0.69 
and 1.20; they are higher than the value of the Upper Conti-
nental Crust (UCC) 0.32 (Taylor and McLennan 1985), also 
indicating moderate to high weathering (Fig. 7).

Organic matter supply

Nitrogen, P, and TOC values have progressively increased 
since 1855 (Fig. 5), as shown by the regression lines of these 
variables (with R2 values between 0.75 and 0.89). These 
results suggest that the increase in nutrients contributed to 
the increased supply of organic matter to the sediment in 
this outer region of Sepetiba Bay despite the hydrodynamic 
characteristics of this area.

One of the consequences of the high accumulation of 
organic matter was the reduction of oxygen contents in the 
sediment. It was investigated using the ratio V/(V + Ni). This 
ratio was used as a paleoredox indicator of the environment 
since V tends to precipitate under reducing conditions and 
dissolve in oxidizing environments. Ni is more stable than 
V in both situations (Hatch and Leventhal 1992; Arthur and 
Sageman 1994). Therefore, the V/(V + Ni) ratio is positively 
related to the redox state of the sediment (Hatch and Lev-
enthal 1992; Jomes and Manning 1994; Li et al. 2018). In 
general, V/(V + Ni) values: < 0.6 indicate an oxygen-rich 
environment; between 0.6 and 0.84 indicate weak water 
stratification and anoxic/suboxide sedimentary environment; 
and > 0.84 suggest higher water stratification and an anaer-
obic environment (Zou et al. 2021). The V/(V + Ni) ratio 
values for the core SP9 are between 0.6 and 0.84, indicating 
weak water stratification and anoxic/suboxide sedimentary 
environment (Fig. 7). The V/(V + Ni) values in core SP9 are 
generally lower than in cores SP3, SP5, and SP6, indicating 
that the region is less prone to water column stratification 
and is not affected in general by such marked oxygen defi-
ciency than other Sepetiba Bay areas as suggested for cores 
SP3 and SP5.

The variation in P-wave velocity indicates the pres-
ence of gas at relatively shallow levels in the sediments. 
P-wave velocities vary considerably along the core SP9 
(255–1561 m   s−1). In subsurface marine sediments, the 
velocities of these waves are higher in sands (medium, fine 
and muddy sand) than in mud (e.g., Macedo et al. 2009): 
mean values around 1752 m  s−1 are characteristic of medium 
sands. Values between 1492 and 1498 m  s−1 were recorded 
in sandy mud and consolidated mud, respectively. P-wave 
velocities < 800 m  s−1 have been measured in gas-saturated 
subsurface marine sediments and 4000 m  s−1 in sedimentary 
rocks deposited in the deepest parts of a basin (Ayres Neto 
2000). Thus, it can be assumed that the reduction in P-wave 
velocity between 100 and 56 cm depth in core SP9 may 

Fig. 6  Age plots of Ca (%), Mg (%), Ti (%) and Zr (mg  kg−1) concen-
trations and La/Sc, La/Cr, Ti/Ca and ratios obtained in core SP9, as 
well as in cores SP3 (Castelo et al. 2021a, b), SP5 (Silva et al. 2022a, 
b) and SP6 (Alves Martins et al. 2019). The blue arrow represents the 
greater accumulation of sediments from felsic sources and the green 
arrow indicates increased detrital sediments relative to carbonates. 
Age plots of Th/Cr, Th/Sc, Zr/Sc and Zr/Cr ratios were obtained in 
core SP9, as well as in cores SP3 (Castelo et al. 2021a, b), SP5 (Silva 
et al. 2022a, b) and SP6 (Alves Martins et al. 2019). The blue arrow 
represents the greater accumulation of sediments from felsic sources

◂
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Fig. 7  Age plots of  Al2O3/TiO2, V/(V + Ni), Rb/K (*1000) and Rb/Sr ratios in cores SP9, SP3, SP5 and SP6. Dashed vertical lines mark bounda-
ries explained in the text. Arrows at the bottom of the graphs mark trends

Fig. 8  Comparison of depth plots of EF values of Zn and Cd, PLI and PERI in core SP9 and cores SP3 (Castelo et al. 2021a, b) and SP5 (Silva 
et al. 2022a, b). Dots represent values
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Fig. 9  Biplot of the two first 
principal components of the 
PCA based on selected grain 
size and geochemical variables 
for cores SP9, SP5, and SP3. 
Clay—clay fraction (< 2 µm); 
F.silt—fine silt (2–8 µm); 
Sand—total sand and gravel 
fractions (> 63 µm); Fines—fine 
fraction (< 63 µm); ICV—index 
of compositional variabil-
ity; CIA—chemical index of 
alteration, PLI—Pollution Load 
Index; PERI—potential ecologi-
cal risk index
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be related to the presence of gas in the sediment (Fig. 3). 
In cores SP12, SP13, and SP14 was also observed reduc-
tion in P-wave velocity in several subsurface levels, prob-
ably related to the presence of gas, due to the organic matter 
degradation by bacterial activity. Thus, the presence of gas 
is not only a local phenomenon but also may occur in some 
areas of Sepetiba Bay.

The sources of organic matter supplied to the sediments 
of core SP9 were analyzed from δ13C and δ15N values and 
the C/N ratio. The δ13C values decrease systematically at the 
levels where TOC contents rise, and the sharpest decrease 
was observed at 1968 (42 cm level), corresponding to the 
maximum TOC peak (3.38%; Fig. 5); this trend is indicated 
by the significant negative correlations between TOC and 
δ13C values (Appendix 4).

The C/N ratio value for organic matter has been used 
to trace the origin of organic matter (Emerson and Hedges 
1988; Meyers 1994). According to these authors, the C/N 
ratios of organic matter from marine productivity is < 7; 

organic matter from the sea and terrigenous (soil organic 
matter) vary between 8 and 20, and from the terrigenous 
origin is > 20. According to Meybeck (1982), the C/N ratio 
of algae/bacteria is 6.

Values of C/N < 7 were found intercalated along the core 
SP9 (Fig. 7; Appendix 3), which indicates that they should 
have received mostly an organic matter of marine productiv-
ity (algae/bacteria). In the remaining sediment layers, the 
C/N ratio values ranged from 7 to 17.9, probably resulting 
from organic matter supplied from various sources.

The biplots of δ13C vs. C/N (Fig. 11A) and δ13C vs. δ15N 
(Fig. 11B) and the signed fields based on Deines (1980), 

Fig. 10  Scatter plots obtained in core SP9 compared with that of 
cores SP3, SP5, and SP6. A Zr vs  TiO2 comparing results; the fields 
suggested by Hayashi et  al. (1997) are represented in the figure to 
indicate possible sediment sources. B Chemical alteration index 
(CIA) vs index of chemical variability (ICV); fields defined consider-
ing Nesbitt and Young (1982) and Cox et al. (1995)

Fig. 11  Scatter plot of the values of A δ13C vs C/N and; B δ13C vs 
δ15N in cores SP5 and SP9. In A the fields were marked according 
to Deines (1980), Lamb et al. (2006), Martinelli et al. (2009), Barros 
et al. (2010), and Bueno et al. (2019). DOC—dissolved organic car-
bon; POC—particulate organic carbon
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Lamb et al. (2006), Martinelli et al. (2009), Barros et al. 
(2010) and Bueno et al. (2019), also allow us to infer about 
the main sources of organic matter in core SP9. Their results 
also were compared to that of core SP5. While in core SP5, 
a more significant influence of sources related to freshwa-
ter algae and sewage discharge is recognized, in core SP9 
(under the more substantial oceanic influence), the δ13C 
values around -20% are mainly related to organic matter 
derived from ocean productivity and marine phytoplankton 
(Stein 1991). However, the influence of other sources, such 
as bacteria, mangroves, freshwater algae, and sewage dis-
charge, was also identified in this core (Fig. 11A, B). In core 
SP9, for example, the 42 cm level (1968) contains primarily 
organic matter supplied by mangroves, which are abundant 
in the area; the 82 cm (1916) and 114 cm (1875) seem to 
receive more organic matter from freshwater algae; while the 
2 cm (2011), 10 cm (2003), 34 cm (1981) and 102 cm (1890) 
layers may contain the significant contribution of bacterial 
organic matter (Fig. 11 A).

Thus, cyclical changes in the type of organic matter sup-
plied to the study site are observed in these records. They 
may be related to climatic oscillations, hydrodynamic, or 
geomorphological changes that may have influenced the 
transport and deposition of organic matter in this region.

Paleosalinity variations

To identify paleosalinity variations in the study area, the 
Rb/K ratio was used. Since Rb contents are three orders of 
magnitude lower than K ones, the ratio is usually multiplied 
by 1000 to facilitate the values’ reading and analyzing data 
representativeness (Zou et al. 2021). Within this context, the 
limit of 4 for Rb/K values has been proposed between fresh-
water environment (< 4) and brackish water environment 
(4–6), and values > 6 as indicators of the saltwater environ-
ment (Liu and Cao 1984).

According to the age plot of the Rb/K ratio, presented in 
Fig. 7: since 1855, saline waters have influenced the area of 
core SP9 more than the areas of cores SP3 and SP5 due to 
their proximity to the Guandú River outflow. However, the 
age plot of Rb/K (Fig. 7) for core SP9 shows cyclic decreases 
of this ratio, indicating phases of a more significant influence 
of brackish waters in this distal area of Sepetiba Bay.

The increase in Rb/K values generally correlates to the 
rise in V/(V + Ni) values; this indicates that the increase in 
brackish water influence in this region, probably caused by 
the augmented rainfall, may have contributed to the stratifi-
cation of the water column; relatively high V/(V + Ni) values 
also may have been caused by higher fluxes of organic mat-
ter to the bottom and further reduction of oxygen content in 
the sediment due to its decomposition.

Periods of increased Rb/K values also indicate significant 
weathering and reduction of K-rich minerals. They coincide 

with abrupt decreases in Rb/Sr values, indicating the pres-
ence of a greater abundance of Rb-associated minerals. Dur-
ing these periods,  Al2O3/TiO2 values decrease, denoting the 
deposition of sediments more enriched in mafic minerals 
and reducing feldspars, which also agrees with what was 
mentioned above.

Sediment pollution

Potentially toxic chemical elements such as Zn, Cd, Ni, Pb, 
Cu, and As show increasing trends from the bottom to the 
top of the core SP9 (Fig. 5). However, only Cd and Zn reach 
high CF and EF values (EF = 10; CF = 12/11; Appendix 3) 
indicating significant enrichment. According to the Brazilian 
regulation for dredging operations, only Cd and Zn exceed 
the threshold values established by CONAMA (2012) in 
core SP9.

According to the Igeo values, the upper layers of core SP9 
are moderately to strongly polluted by Cd and Zn (Appendix 
3). The RI values reveal high ecological risk by Cd. The 
PERI values show that the sediments from the top of the SP9 
core have moderate to high ecological risk. The correlations 
of the PTEs with Mn indicate that they may be associated 
with Mn compounds, such as oxides and hydroxides.

The PLI values reveal a progressive increase in envi-
ronmental degradation in this region of Sepetiba Bay. Cad-
mium and Zn contamination is known in Sepetiba Bay and 
has been studied by several authors (Barcellos et al. 1997; 
Araújo et al. 2017a, b; Morales et al. 2019a, b; Martins et al. 
2019; Rodrigues et al. 2020; Castelo et al. 2021a, b; Silva 
et al. 2022a, b). With the accelerated urbanization and indus-
trialization of the region, several industries and ports began 
to be installed around this bay (Patchineelam et al. 2011).

Human activity in the region is ancient and preceded 
colonization, which began in the early sixteenth century; 
the coast was then inhabited by the Tamoios, indigenous 
people from the Tupinambá nation (Duffy and Metcalf 
2012). However, the history of industrial development in the 
Metropolitan Region of Rio de Janeiro has its most remark-
able poignancy in the early 1940s, with the beginning of 
the construction of major highways such as Brazil Avenue 
(inaugurated in 1946) and the Presidente Dutra Highway, 
connecting the City of Rio de Janeiro to the City of São 
Paulo (inaugurated in 1951).

Created in 1967 by law 5969, the Companhia de Desen-
volvimento Industrial do Estado do Rio de Janeiro was the 
main driver of the state’s industrial development. A pro-
ject for implementing industrial districts throughout the 
state was started from it. In the region near Sepetiba Bay, 
the industrial district of Santa Cruz was implemented near 
the Guandú River mouth, a project that was ongoing in the 
1960s and started operating in 1975 (Codin 2017).
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Other polluting industries also had their great impor-
tance in the increase of pollution in Sepetiba Bay, such 
as the opening in 1962 of the Ingá Mercantil Company 
in Madeira Island and the most recent implementation 
of the Companhia Siderúrgica do Atlântico in 2010 to 
transport all this raw material, it was necessary to build a 
port, initially called Port of Sepetiba, but later called Port 
of Itaguaí. Its construction started in 1976, and the bay 
dredging began in 1977. Its inauguration was in 1982, and 
its main objective was to serve the industrial complex of 
Santa Cruz (Portal do Governo Brasileiro 2023).

Metal contamination in the first half of the twentieth 
century was negligible (Fig. 8). However, the installation 
and operation of Ingá Mercantil Company, a galvanizing 
plant installed in Madeira Island between the 1962 and 
1990s (Fig. 1), contributed to the significant degradation 
of Sepetiba Bay. This plant was a major producer of zinc 
in Brazil (60,000 t per year) obtained from silicate ores 
from Minas Gerais (Brazil). The zinc purification was inef-
ficient and contributed to the high production of improp-
erly stored waste (Barcellos and Lacerda 1994). The waste 
accumulation (≈600,000 t, containing ≈200 t of Cd and 
≈50,000 t of Zn) was exposed to the open air (Molisani 
et al. 2004). It was leached out during high rainfall events 
and contaminated surrounding areas, namely mangroves 
and the Sepetiba Bay (Molisani et al. 2004). The contami-
nation recorded in core SP9 and cores SP3 and SP5 since 
the 1960s should be related to the environmental liabilities 
generated by this company and probably other industries 
in the area.

Factor 1 of the PCA (Fig. 9) explains geochemical param-
eters influenced by hydrodynamics. Contrary to what would 
be expected, the enrichment in PTEs (As, Cd, Ni, Pb, Cu, 
and Zn) in the study area is related to relatively coarse sedi-
ments. However, they are relatively enriched in organic car-
bon. Higher metal enrichment is generally observed in areas 
of calm sediment accumulation prone to the deposition of 
finer sediments enriched in organic matter. This rule is not 
observed in core SP9 since the highest concentrations of 
PTEs are associated with relatively coarse sediments.

On the other hand, the enrichment in PTEs is negatively 
correlated with lithogenic indicators such as Fe/Ca and Ti/
Ca ratios, whose increase allows us to identify higher terrig-
enous input (Arz et al. 1998);  Al2O3/TiO2, La/Cr and Th/Sc, 
whose increase indicates higher concentration in felsic parti-
cles. However, they are significant and positively associated 
with higher ICV values, whose increase indicates more sig-
nificant compositional variability of the source rock (Cull-
ers 2000; Armstrong-Altrin et al. 2015a, b; Ndjigui et al. 
2018). These results suggest that the PTEs (As, Cd, Ni, Pb, 
Cu, and Zn) have followed a different distribution pattern of 
sedimentary dynamics and sediment deposition in the study 
area since the 1970s.

These metals’ negative peaks were observed in the EF-Zn 
and EF-Cd values around 1988. It might be related to the 
reduced release of metals into Sepetiba Bay due to the 
containment dam construction around the perimeter of the 
Ingá Mercantil Company waste piles in 1984 (Ribeiro et al. 
2015). However, the dam broke down in 1996, releasing 
high contents of PTEs into the bay (namely As, Cd, Pb, and 
Zn; Ribeiro et al. 2015). The structure of the containment 
dam began to deteriorate, and in 2003, the effluents were 
drained directly into the surrounding areas, contaminating 
the region’s mangroves (Molisani et al. 2004). After 2005, 
the enrichment of Cd and Zn decreased due to the reme-
diation of the discarded tailings (Gonçalves et al. 2020). It 
should be noted that the waste pile of the Ingá Mercantil 
Company was re-managed in 2012 (Araújo et al. 2017a, b). 
This history is represented mainly in the PTEs, EF-Cd, and 
EF-Zn values of core SP9 (Figs. 5, 8).

On the other hand, the EF-Zn values of core SP9, in com-
parison with those of cores SP3 and SP5, are the lowest until 
1945. However, from that date onwards, they began to rise 
and approached the values observed in core SP5, located 
near the Ingá Mercantil company, the main source of the 
metals. The EF-Cd values of the core SP9 have a similar pat-
tern but exceed those of the core SP3 (located in the central 
area of Sepetiba Bay) between 1986 and 2005.

Else, the PTE concentrations from core SP9 do not seem 
to be necessarily associated with sediments consisting of 
essentially felsic particles (as indicated, for example, by 
 Al2O3/TiO2, La/Sc, and Zr/Sc ratios) but are found in lev-
els with higher chemical variability, richer in mafic com-
ponents (indicated by positive correlations with  TiO2/Zr). 
These characteristics are not typical of this shallow coastal 
area, undergoing constant wave and current reworking. 
Furthermore, the increased concentrations of PTEs are not 
correlated with the V/(V + Ni) values, indicative of higher 
water mass stratification, and Rb/K values, tracing freshwa-
ter inflow in the area.

Notably, in the SP9 core, the PERI and PLI reach higher 
values than in core SP3 and are similar to SP5 (Fig. 8), 
which are closer to the polluting source area. It leads us to 
assume that the PTEs should be transported from distant 
areas (from the Madeira Island region) in events of high 
hydrodynamics by advection (Cunha et al. 2006) and strong 
bottom currents (Baptista Filho 2004) and from dredge 
spoil disposal areas. According to Lacerda et al. (2004), the 
sediments deposited in mangrove regions and mud tidal pro-
tected regions are also the most enriched by metals and show 
the highest accumulation rates of these metals. However, as 
core SP9 is close to dredging spoil disposal sites (1, 2, and 
3; Fig. 1), likely, metal enrichment in this region is mainly 
a consequence of those activities. Dredging and deposition 
of dredged materials can cause turbulence, generate a turbid 
plume, increase the resuspension of sediments and facilitate 
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material dispersion (Cutroneo et al. 2012; Wasserman et al. 
2013). This material is transported to the study area by tidal 
currents and retained by the Marambaia Barrier Island and 
the Ponta da Pombeba spit, giving place to high environ-
mental degradation and ecological risk (indicated by PLI 
and PERI values).

The PCA biplot of factor 1 versus factor 2 for core SP3 
shows a similar situation as for core SP9 (Fig. 9). Core SP3 
is close to the dredge spoil disposal site 5 (Fig. 1). The PCA 
for core SP3 also places the PTEs in opposition to lithogenic 
indicators, in general, except CIA, but associates them with 
increased finer-grained sediments and TOC, as well as Rb/K 
and Mg values (more significant marine influence) and Rb/
Sr (higher weathering) (Fig. 7). These data indicate that the 
turbid plumes of material dumped at site 5 are probably 
blocked by oceanic fronts. These fronts generate favorable 
conditions for the deposition of fines (including intensely 
weathered sediments), organic matter, and metals. PTEs 
end up being trapped in oxides and hydroxides of Mn or Fe 
sulfides, depending on the redox conditions of the sediment.

The PCA biplot of factor 1 versus factor 2 for core SP5 
(Fig. 9) reveals a lesser influence of dredging activities in 
the area. The PCA for core SP5 suggests that metal enrich-
ment is also associated with increasing organic matter and 
the deposition of immature sediments (indicated by ICV) 
consisting mainly of components supplied by intermediate 
igneous rocks (indicated by  Al2O3/TiO2 ratio; Fig. 7).

The possible influence of Ponta da Pombeba tip 
configuration

Factor 2 of the PCA (Fig. 9) is related to the more significant 
oceanic influence (Rb/K) and the weak stratification of the 
water masses (indicated by V/(V + Ni) values) and the depo-
sition of felsic sediments (traced by Th/Sc, La/Sc, and Zr/Sc) 
and other minerals but not clay minerals (see ICV values) 
in the study area. This factor represents coastal sediment 
dynamics. It shows cyclic increases in the oceanic influence 
in the study area (peaks of Rb/K; Fig. 7).

According to Reis et al. (2013, 2020) and Dadalto et al. 
(2021), the tidal channel features that were carved in the 
past (last glaciation, early Holocene) in this region where 
today Sepetiba Bay is located might have influenced the 
sediment transposition and conditioned the development 
stages of Ponta da Pombeba (erosion versus sandy strand 
deposition). Dadalto et al. (2021), using Ground Penetrat-
ing Radar (GPR) data and dating, described a model that 
shows distinct phases of Ponta da Pombeba development. 
These phases are well marked at the top of the sedimentary 
succession of the Marambaia Barrier Island and Ponta da 
Pombeba. Considering the location of core SP9, near the 
Ponta da Pombeba tip, an unstable structure whose length 
and configuration change temporally (Dadalto et al. 2021), 

the Rb/K peaks (this work; Fig. 7) can be interpreted as 
an indirect indicator of the degradation phases of this spit. 
Stability in the Rb/K values after 1975 is probably related 
to a configuration of the Ponta da Pombeba tip similar to the 
present one (longer length; see Fig. 9 of Dadalto et al. 2021). 
It has facilitated the retention of PTEs, namely Cd and Zn, 
contributing to the degradation of the ecological quality of 
this region (indicated by PLI and PERI).

Main changes in environmental indicators 
that influenced the sedimentary evolution 
near Ponta da Pombeba since 1850

Because of the aspects presented here, it is clear that the 
integrated use of geophysical, textural, geochemical, and 
mineralogical proxies was of great value in understanding 
the action of both natural and anthropic processes in the 
distal region of Sepetiba Bay. The geochemical proxies used 
in comparison with those acquired in other cores (SP3, SP5, 
and SP6), collected in different areas of the inner zone of 
Sepetiba Bay, show that the SP9 is the core with a higher 
oceanic character, which would be expected given its loca-
tion in the outer region of Sepetiba Bay.

Despite its distance from the sources of pollution, located 
onshore and Madeira Island, the SP9 core is located in the 
area of contamination plumes spreading in the bay. The 
results show that the area of the core SP9 has been undergo-
ing a eutrophication process and is polluted by metals. The 
study of the variation of P waves in core SP9 allows us to 
infer the presence of gases retained in the sediment between 
the 100 and 56 cm depth horizons, produced probably by 
bacterial activity. This phenomenon is not only local. Sub-
surface (biogenic) gas was also identified in cores SP12, 
SP13, and SP14 near Marambaia Barrier Island. This phe-
nomenon still needs to be studied in the region and needs 
detailed research to know its true extent and impact on nature 
since the gas formed can be released into the atmosphere.

Nevertheless, the present and recent sedimentary cover 
in the shallow areas near Marambaia Barrier Island consists 
of sandy sediments aggraded by carbonates resulting from 
chemical precipitation by evaporitic processes, sometimes 
making hardened crusts. In core SP9, this process is rep-
resented by a significant increase in carbonate since 1975. 
However, other events of more intense evaporitic processes 
have been identified, e.g., around 1895. Although this type 
of sediment can block gas escape to the atmosphere, it also 
displays a significant organic matter content due to the high 
biological productivity that occurs within this ecosystem.

The geochemical proxies used in core SP9 indicate cyclic 
phenomena occurring since 1855 involving changes in the 
type of detrital sediment accumulation and the supply of 
organic matter and diagenetic processes occurring in the 
region. This cyclicity may be related to climatic oscillations, 



 Environmental Earth Sciences (2023) 82:560

1 3

560 Page 22 of 28

changes in coastal sedimentary dynamics, and the geomor-
phology of the Ponta da Pombeba spit.

Core SP9 records events of lower salinity and stratifica-
tion of the water masses indicated by the lower values of 
the Rb/K ratio in four periods caused by higher rainfall. The 
water circulation within the SB favored continental water 
transportation to more distant regions.

Nonetheless, the geochemical indicators suggest no rela-
tionship between these events and metal contamination in 
this sector of Sepetiba Bay. The sediment in this region is 
moderately to strongly polluted by Cd and Zn. It reaches 
degradation levels higher than those observed in areas closer 
to the decommissioned Ingá Mercantil Company. However, 
core SP9 is located near three disposal areas for dredged 
materials from the port region near Madeira Island (where 
Ingá Mercantil company was set). It can, therefore, be 
deduced that the main cause of contamination of this region 
is the turbid plumes formed when the dredged materials are 
deposited or the remobilization of sediments from the nearby 
disposal areas.

The geochemical proxies applied on core SP9 indicate 
the cyclic occurrence of more significant oceanic influence 
in this area. They may be related to changes in the extension 
and configuration of the Ponta da Pombeba spit. The recent 
extension of this structure associated with the presence of 
the Marambaia Barrier Island should have favored the accu-
mulation of metals in the study area.

Conclusion

The results of core SP9, compared with others published 
in the literature, show that the studied region protected by 
Ponta da Pombeba and Marambaia Barrier Island is favora-
ble to organic matter and metal retention. That enrichment 
occurred mainly since ≈1950 due to the industrial activity 
around Sepetiba Bay, as documented in several works.

This effect may have given rise to eutrophication phenom-
ena, as it often happens in protected coastal environments. 
It may cause the presence of (biogenic) gas accumulated 
in shallow subsurface layers identified through geophysi-
cal data in core samples collected near Marambaia Barrier 
Island. The gas accumulation in this region, reported for the 
first time in this paper, was facilitated by evaporitic phe-
nomena. These led to the formation of sediments hardened 
by the precipitation of carbonates, hindering the escape to 
the atmosphere of gases formed by bacterial activity in the 
subsurface sediments.

The results of this work show that the accumulation 
of PTEs since ≈1950 was not directly related to the sedi-
ments supplied to the study area through the coastal sedi-
mentary dynamics. Disposal processes of contaminated 

dredged spoils and dispersion of sediments from nearby 
industrial sites (current or past) and the configuration and 
extent of the Ponta da Pombeba spit and the presence of 
Marambaia Barrier Island (contributing to the reduction 
of current velocity and forming a metal retention barrier) 
were the leading causes of the ecological quality degrada-
tion of this distal region of Sepetiba Bay, since 1985.

This work is a poignant warning of the problems caused 
by the choice of sites to place the dredged spoils; in this 
case, due to the dispersion of polluted dredged spoils, pol-
lutants were transferred to the distal region of Sepetiba 
Bay. Dredged spoils were dumped in nearby areas. The 
geomorphologic configuration of the area that condi-
tions the circulation pattern of the oceanic currents has 
facilitated the retention of metals and organic matter in 
this region, heightening eutrophication and environmen-
tal degradation. Thus, this work shows the importance of 
conducting environmental impact studies before selecting 
sites for disposing of dredged materials in coastal regions.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12665- 023- 11259-6.
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