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Abstract

Purpose Some marine organisms can be used as Biological Quality Elements to estimate the degree of environmental impact
and to monitor the health of benthic habitats. Organisms with mineralized protections, such as benthic foraminifera, can
provide helpful information on the evolution of the coastal system over a long period and determine the Paleo-Ecological
Quality Status (Paleo-EcoQS). This work aims at reconstructing the Paleo-EcoQS in the heavily anthropized Sepetiba Bay
(SB; Rio de Janeiro State, SE Brazil).

Materials and methods This work is based on a multiproxy approach, including textural, geochemical, and foraminiferal
data along the core SP11 retrieved near the Pico da Marambaia (a mountain on the tip of the Marambaia Barrier Island).
Geochemical analyses encompassing total organic carbon (TOC), total sulfur (S), total nitrogen (N), calcium carbonate
(CaCaO,), stable isotopes in organic matter (OMSBC, and OM615N) and elemental concentrations as well as 2°'Pb, '*’Cs, and
radiocarbon dating were performed to characterize the Paleo-EcoQS in the bay.

Results The values of the Paleo-EcoQS.st (standardized Paleo-EcoQS) index in core SP11 indicate that the paleoenviron-
mental quality varied from moderate to good between ~50 AD and ~1500 AD and from good to high between the ~ 1920s
and ~ 1990s. Since the 1990s, the Paleo-EcoQS.st has deteriorated considerably, probably due to the deposition of con-
taminated dredging material in nearby areas. Ballast water discharge may have introduced alien species, such as Ammonia
buzasi, into the SB.

Conclusions The results obtained in core SP11, compared to those of another core (i.e., SP8) from a nearby area, suggest
that the reference level of maximum environmental quality is not always reached in a period before industrialization in
coastal ecosystems with significant interaction with the ocean; natural factors, related, for example, to sedimentary dynamic
processes or geomorphological changes, can lead to unexpected results.

Keywords Foraminifera - Metals - Geochemical Proxies - Pollution - Alien Species - Ecological Indices

1 Introduction

Approximately half the world's population lives in coastal
zones where large metropolitan areas are located. These
environments, with their high population density and the
Responsible Editor: Elena Romano occurrence of many activities, are, therefore, commonly
highly impacted (Diaz and Rosenberg 2008).

Extended author information available on the last page of the article
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The release of sewage effluents and domestic and indus-
trial wastes are among the leading causes of environmental
degradation in marine environments (Tsujimoto et al. 2006;
Castelo et al. 2021a; Yuan et al. 2021; Silva et al. 2022a, b;
Li et al. 2023). Noticeably, the benthic community composi-
tion and structure of coastal ecosystems are largely conditioned
by environmental conditions (Tsikopoulou et al. 2019; Dreu-
jou et al. 2021), human activities and climate change (Sandra
and Carcedo 2013; Ford et al. 2020). Pollution largely affects
the abundance, diversity and biomass of these communities
(Dewenter et al. 2023; Sonkoly et al. 2019).

Some marine organisms can be used as Biological Qual-
ity Elements (BQEs) to understate the degree of environ-
mental impact and to monitor the health of benthic habi-
tats, i.e., the Ecological Quality Status (EcoQS). Organisms
with mineralized protections (i.e., shell or test) have a high
preservation potential in sediment records. They can further
provide helpful information on the evolution of the coastal
system over a long period and determine the Paleo-EcoQS.
Foraminifera, ostracods and diatoms have been studied for
this purpose, given their high preservation capacity and high
abundance in the sedimentary record and their sensitivity to
the physical-chemical variations of the environment (Irizuki
et al. 2015; Martins et al. 2020; Barik et al. 2022; Song et al.
2022). For instance, fossil benthic diatoms allowed Clarke
et al. (2003) to reconstruct 150 years of the history of coastal
eutrophication in Roskilde Fjord, Denmark. It was possible
to use fossil benthic foraminifera to assess the effects of a
ferromanganese plant and to establish Paleo-EcoQS in the
harbor of Boulogne-sur-Mer, France (Francescangeli et al.
2016) and industrial operations and intensification of coastal
urbanization in the Santos estuary, Brazil (Jesus et al. 2020).

In Brazil, several coastal areas have experienced accentuated
eutrophication, such as Vitéria Bay (Martins et al. 2019), Gua-
nabara Bay (Vilela et al. 2014; Baptista Neto et al. 2023), Ara-
ruama Lagoon (Laut et al. 2020), Lagoa dos Patos (Niencheski
et al. 1994), among others. Due to the significant industrializa-
tion in its surroundings since the 1950s, disordered urbaniza-
tion, intensive agriculture, excessive accumulations of organic
matter, and input of potentially toxic elements (PTEs), Sepetiba
Bay is also a highly contaminated coastal system (Rodrigues
et al. 2020; Carvalho et al. 2021; Souza et al. 2021; Silva et al.
2022a). Indeed, developing port activities in this region has led
to the introduction of invasive species from ships' ballast water
(Damasceno et al. 2024a; Soares et al. 2024). Allochthonous
species (e.g., larvae, algae, and protozoa) might settle in the
ports of destination, where significant ecological impacts are
caused (Bouchet et al. 2023) and can be highly detrimental to
the ecosystem balance (Wang et al. 2022). Brazil has a long-
lasting tradition of ecological studies on benthic foraminifera
(total assemblages or living fauna) (e.g., Soares et al. 2024, and
references therein). Furthermore, living foraminiferal fauna
performed well in Brazilian systems to evaluate the effects of

different types of pollution, e.g., trace metal elements pollution
(e.g., Raposo et al. 2022), organic matter enrichment (e.g., Laut
et al. 2024), oil spill (e.g., Nunes et al. 2023), shellfish farming
(e.g., Rudorff et al. 2012) and water sewage (e.g., Filippos et al.
2023). Hence, benthic foraminiferal species have the potential to
serve as accurate sentinels of the effect of pollution in Sepetiba
Bay and to reconstruct Paleo-EcoQS of the bay.

The main objective of this study is to reconstruct the
late Holocene environmental changes that occurred in the
outer sector of Sepetiba Bay through the analysis of textural,
geochemical, and meiofaunal (foraminifera) data along a
127.5 cm long sediment core collected ~25 km away from
the current main sources of sediments and pollutants (Fig. 1).

2 Study area

The Sepetiba Bay (herein SB) is a coastal ecosystem located
in the Rio de Janeiro state (southeastern Brazil), between
22°54"to 23°04'S and 43°34' to 44°10'W (Fig. 1). It is con-
sidered a region of great economic importance due to the
presence of two major ports and intense industrial activity,
linked to the mining, petrochemical, and steel sectors.

From a geological point of view, SB falls in a region of
complex characteristics. On the north, it is bordered by the
Serra do Mar hills, which include a set of igneous and meta-
morphic orogens dating from the Precambrian and raised
during the Cenozoic (Zalan and Oliveira 2005). At the south,
it is surrounded by a Holocene sandy barrier with an exten-
sion of approximately 43 km, while at the west lies a string
of islands with migmatitic rocks (Dantas 2000).

The bay is under a tropical humid climatic domain, with low
thermal variability, high rainfall during the year, and without dry
seasons (Alvares et al. 2013). The hydrographic basin flowing into
SB comprises 35 rivers, the most important of which is the Guandd
River, responsible for about 86% of the freshwater discharged into
the bay (Molisani et al. 2004). The bay has two main connections
with the ocean, the most significant in its western portion. In addi-
tion, to the east is a narrow tidal channel between Marambaia Bar-
rier Island and the continent. Besides the tidal influence, fluvial
discharge and winds shape the water column currents inside the
bay (Santos et al. 2018; Carvalho and Guerra 2020).

Due to the scarcity of basic sanitation infrastructure, the
growing population, and industrial expansion in areas surround-
ing the bay, a considerable discharge of organic sewage and
potentially toxic elements (PTEs) has negatively affected SB
since the 1950s (Souza et al. 2021). Among the industries, the
Companhia Sidertrgica Ingd Mercantil (Ingd Mercantil Steel
Company), located on Madeira Island, was responsible for the
irregular dumping of mining tailings rich in Zn and Cd. Even
after its deactivation in 1998, it delivered high metal contamina-
tion rates into the bay (Aratjo et al. 2017a, b). Over the years,
the great concern about the environmental quality of SB has
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Fig.1 Study area and location of core SP11. The map also shows the
locations of cores SP8 and SP2, discussed in the text. The ellipses 1,
2 and 3 indicate three disposal areas for dredging material in Sepetiba
bay (according to Rodrigues et al. 2020). Sites 1 and 2 are located

motivated several studies (e.g., Barcellos and Lacerda 1994;
Lacerda et al. 2004; Souza et al. 2021; Silva et al. 2022a, b).
However, it was only recently revealed that there is a tremen-
dous ecological risk in SB (Damasceno et al. 2024a, b, ¢). This
bay has been identified as one of the most contaminated coastal
areas in the world (Silva et al. 2022a).

3 Material and methods
3.1 Sampling
This work focuses on a 127.5-cm-long core (SP11; lati-

tude 23°01'47.80 "S, longitude 43°58'00.50 "W; 7.0 m
depth) that was collected close to Marambaia Island, in
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near the area where the cores SP11 and SP8 (used for comparison)
were collected; these sites were used by the Companhia Docas do Rio
de Janeiro

the outermost portion of SB (Fig. 1). The core SP11 was
collected on board a vessel using a Kullemberg-type piston
corer in 2022. After collection, the core was stored in a
freezer and then opened, described and sampled at 2.5 cm
resolution intervals for foraminiferal, textural, and geo-
chemical analyses. Considering the limited diameter of the
core (7.5 cm), this thickness (2.5 cm) of the samples made
it possible to acquire sufficient samples for the analyses
carried out. The core was dated by 2!°Pb and '*’Cs meth-
ods and by radiocarbon.

3.2 Coredating

Well-preserved bivalve shells, with both valves and in a liv-
ing position, were recovered from 92.5 cm and 122.5 cm
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layers and selected for radiocarbon analysis. The analyses
based on the Accelerator Mass Spectrometry (AMS) method
were performed in the Beta Analytic Laboratory (USA). The
reported results are accredited to ISO/IEC 17025:2017 Test-
ing Accreditation standards PJLA #59,423. The conventional
radiocarbon ages were corrected for full fractionation effects
and were calibrated with the BetaCal4.20: HPD method and
MARINE20 database (Heaton et al. 2020), according to the
probability method of Bronk Ramsey (2009). We applied
a DeltaR (AR): 67 + 33 years. The reported ,,5'°C (OM
— organic matter) values in organic matter were measured
separately on an Isotope Ratio Mass Spectrometer (IRMS).

In addition, the ages of the upper core (0 — 50 cm) were
estimated by using the >'°Pb and '*’Cs dating methods,
which have been commonly applied to determine the ages
of recent sedimentary strata (<150 years; Appleby and
Oldfield 1978). Samples of about 10 g were collected every
5 cm along the core and then dried and macerated. A high-
resolution gamma spectrometry was employed, making use
of an extended energy range co-axial hyperpure Germanium
(HPGe) detector (model GX5021 — Canberra) with relative
efficiency of 50% and resolution of 2.1 keV (FWHM) at the
%Co (1.33 MeV) energy peak. This system was installed
inside a shielding with an average thickness of 15 cm and
a very low Pb background, internally coated with pure Cu.
The detector efficiency curve for the sediment sample was
performed using a liquid solution containing a cocktail of
radionuclides — National Institute of Standards and Tech-
nology (serial number HV951). The cocktail included the
radionuclides '*Ba, *’Co, '*°Ce, %Sr, '¥7Cs, >*Mn, 38Y, and
657Zn. The total counting time for each sample was 24 h. The
main radionuclides measured were 2!°Pb, 22°Ra and '¥’Cs.
The geochronological model used the Constant Rate of Sup-
ply (CRS).

Chronology is based on the unsupported fraction of the
total 2!1%Pb in each stratum as >'°Pb unsupported =2!"Pb
total — 2!°Pb supported, where 2!°Pb supported =2?°Ra. In
this model, the mass sediment accumulation rates (SARs)
measure the sedimentation along the depth. Sedimentation
rates are determined by plotting the log of the excess >!°Pb
activities against cumulative dry sediment weights and cal-
culating the sedimentation rates over intervals of constant
slope. According to Appleby and Oldfield (1983), the age of
sediment layers can be obtained from Eq. 1:

Tabel 1 Criteria used to assess the Paleo Ecological Quality
Status (Paleo-EcoQS) based on Exp(H’bc)) values (according to
Bouchet et al. 2018) and the Paleo-EcoQS.st (standardized Paleo-

Classification

Exp(H'bc)
EQR - Exp(H'sc)st

(= zln<A—> )

X

where A is the total unsupported 210pp activity in the sedi-
ment column, A, is the total unsupported 210pp activity in
the sediment column beneath depth x, and A is the radioac-
tive decay of 210pp, (0.03114). In this work, AD calendar
ages were used in general.

3.3 Foraminifera

Benthic foraminifera were analyzed from the > 63 pm sediment
fraction in 51 sediment layers (2.5 cm thick). Foraminifera
were separated from each weighted sub-sample of sediment
using a binocular magnifier and an N° 000 mink hairbrush,
which was used to isolate the specimens from the sediment and
deposit them in foraminiferal micro slides. Specimens were
picked and sorted until, ideally, 300 individuals or at least a
number greater than 100 specimens were obtained. The den-
sity of individuals was determined per gram of bulk sediment
(n.°/g). The individuals found were identified whenever pos-
sible to species level, with the support of specific references
such as Boltovskoy et al. (1980), Loeblich and Tappan (1987),
and Disar6 et al. (2022). Foraminiferal taxonomy and species
names flowed the World Marine Species Database (Hayward
et al. 2024). Species richness (SR: number of species per sam-
ple) and Shannon Index (H’; Shannon 1948) were determined.

The diversity Exp(H';.) index, based on Bouchet et al.
(2012, 2018), was used to infer the EcoQS along the core
SP11. Criteria used to assess the Paleo Ecological Quality
Status (Paleo-EcoQS) based on Exp(H’bc)) ranges were also
based on Bouchet et al. (2018).

Ecological Quality Ratio (EQR) was also estimated
(Eq. 2). According to Van de Bund and Solimini (2007), the
EQR is the ratio between the value of the observed param-
eter and the expected value under reference conditions:

EQR = Exp(H’bC)ohservedva[ue /Exp(H’bC‘)referencevalue (2)

The EQR varies between 0 and 1. Five class boundaries
were 1-0.8 high, 0.8-0.6 good, 0.6-0.4 moderate, 0.4—0.2
bad and 0. 2-0 poor EcoQS (Table 1) were considered fol-
lowing the recommendations of the “Reference Conditions
Working Group” of the Water Framework Directive (WFD)

EcoQS) based on the EQR ratio or Exp(H',)st (standardized
Exp(H’bc)) following the recommendations of the REFCOND
(2003)

Moderate | Poor
7-11 3-7
0.6-0.4 [0.4-0.2
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(REFCOND 2003). The choice of reference value for this
work is analyzed in the discussion section.

3.4 Textural data

Samples for textural analysis were weighed after oven-dry-
ing (<60 °C). The fine sediment was then separated from
the sandy fraction by wet sieving on a 63 pum sieve. Each
fraction was dried and weighed on a high precision balance.

The fine fraction (< 63 um) was analyzed in a Malvern
Mastersizer 2000 (model hydro 2000MU) in the Laboratory
of Geological Oceanography (LaboGeo/UER]J), and the per-
centages of the fine fractions were determined. The sandy
fraction was processed by the classical sieving method,
where a series of sieves (2000 pm, 1000 pm, 500 pm,
250 pm, and 125 pm) were stacked and placed on a shaker
for 20 min. The textural parameters of the sediment (e.g.,
mean grain size and sorting) were computed according to
Folk and Ward's (1957) methodology.

3.5 Geochemical data

For the determination of total organic carbon (TOC),
OMSBC, total sulfur (S) and calcium carbonate (CaCO;)
concentrations, about 3 g of total sediment was separated
(at 2.5 cm intervals; 25 samples). The sediments were mac-
erated and sieved on a 63 pm sieve; the sediment was then
treated with a 50% diluted HCl in distilled water for 24 h to
remove all inorganic carbon. The acid was then removed by
five wash cycles with distilled water and dried in an oven
at 50°C. The carbonate content was estimated by weight
difference.

The TOC and S analyses were performed with LECO
SC-632 equipment in the Laboratory of Chemical Stratigra-
phy and Organic Geochemistry (LGQM) of the Universidade
do Estado do Rio de Janeiro (UER]J).

The samples were placed in tin capsules and analyzed
using Flash EA 1112 Series and Delta V Advantage equip-
ment in the LGQM (UERJ) to determine stable carbon iso-
topes in organic matter.

Total nitrogen (N) and ,8'°N values were also deter-
mined. For this purpose, about 6 to 8 mg of total sediment
was macerated in an agate mortar and analyzed in an Advan-
tage MS Thermo Scientific Delta V (EA-IRMS) coupled to
a Costech elemental analyzer at LaQIMar (Laboratory of
Marine Inorganic Chemistry, Oceanographic Institute, Uni-
versity of Sdo Paulo, IO-USP).

About 3 g of sediment was separated and macerated in
an agate mortar and sieved on a 63 um sieve for elemental
geochemistry analysis (at 2.5 cm intervals; 25 samples). The
samples were analyzed at Activation Laboratories Ltd. (Act-
labs, Ancaster, Canada). The sediment was digested entirely
with a mix of four acids (HNO;, HC1O,, HF, and HCI) and

@ Springer

then analyzed in an Inductively Coupled Plasma-Mass Spec-
trometry (ICP-MS).

The Enrichment Factor (EF; Eq. 3) (following the formula
of Buat-Menard and Chesselet 1979), the Potential Ecologi-
cal Risk Index (PERI; Swarnalatha et al. 2013; Eq. 4) and
the Pollution Load Index (PLI; Tomlinson et al. 1980; Eq. 5)
were determined according to the following equations:

(—CX ) Environment
Cn
EF =

o 3
< o ) Baseline

where Cx corresponds to the concentration of the chemical
element in the sample and Cn is the concentration of the nor-
malizing element. In this work, Sc was used as a normalizer
element since it generally relates to fine-grained sediments
(Castelo et al. 2021a; Silva et al. 2022a, b). Other normaliz-
ers are commonly used as a proxy of fine sediment fractions,
such as Al, Fe and Li, which are also related to the fine frac-
tion of the sediments (Loring 1991; Birch 2020); however,
the concentrations of Sc, a lithogenic chemical element, are
not influenced by anthropic activities and have been used
with good results in the region (Castelo et al. 2021a; Silva
et al. 2022a, b; Damasceno et al. 20244a, b, ¢).

In the Potential Ecological Risk Index (PERI) equation,
the CF is the contamination factor (Hakanson 1980), calcu-
lated by the ratio between the concentration of the studied
metal and the respective baseline value, estimated by Pinto
et al. (2019), based on core SP2 (signed in Fig. 1) and
T, is the toxicity factor of the metal (i.e., Zn=1; Cr=2,
Co=Cu=Ni=Pb=35, As=10, Cd=30 and Hg=40;
Hékanson 1980; Swarnalatha et al. 2013).

PERI = ) RI= ) (T * CF) 4)

The PERI value is determined from the sum of all the RI
values of the potentially toxic elements (PTEs). The Pol-
lution Load Index (PLI) was estimated with the equation
(Tomlinson et al. 1980; Eq. 5):

PLI = /CFI + CF2 ¢ CF3 ¢+ - «CFn ©)

The value PLI is determined by taking the root of “n”
(n=the number of metals included in the calculation) and
multiplying the contamination factors (CF of each analyzed
metal, numbered from 1 to n).

In this work, geochemical ratios, such as Fe/Ca, Ti/Ca, St/
Ba and V/V +Ni were also used. The Fe/Ca and Ti/Ca ratios
were applied to identify the lithogenic sources of sediment
introduced in the basin ratios. Iron and Ti are chemical ele-
ments commonly found in continental rocks, so their higher
concentrations, to the detriment of Ca contents, generally
related to marine biogenic components, indicate a period of
more significant terrigenous input (Govin et al. 2012).
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The Sr/Ba ratio is commonly used to see the influence of
fresh and salt water on the system. Strontium is a chemical
element mainly linked to biogenic components, such as Ca,
and Ba is more abundant in fresh waters. Hence, the variation
in the Sr/Ba ratio delimits the records of the influence of con-
tinental and oceanic waters (Wang et al. 2021).

The V/V +Ni ratio is usually used to identify changes in
sediment oxygenation. Vanadium is a chemical element sen-
sitive to redox conditions, and it deposits close to the bottom
in anoxic events, so higher V/V +Ni ratios indicate a more
stratified water column (Jones and Manning 1994; Powell et al.
2003).

3.6 Statistical analysis

A Co-intertia analysis (ColA) (Dolédec and Chessel 1994)
was carried out to identify relationships between the envi-
ronmental and faunal variables. The ColA is a multivariate
method that identifies trends or co-relationships in multiple
datasets that contain the same samples. The ColA is based on
matching a normed PCA on environmental data and a centered
PCA on faunistic data (PCA-PCA-ColA; Dray et al. 2007). A
Monte—Carlo test based on 1000 permutations between obser-
vations was used to confirm the significance of the Co-inertia
result. The environmental dataset was prepared by first con-
ducting a Spearman-based correlation analysis to eliminate
redundant variables. For the faunistic dataset, foraminiferal
species with an abundance of > 3% in at least one sample were
selected. The results have been displayed in three different
plots: a) a normed site scores plot showing the position of the
sites on the Co-inertia axes using the environmental (origins
of the arrows) and faunal (arrowheads) Co-inertia weights (the
shorter the arrows, the better the concordance between the
two projections); b) canonical weights of the environmental
dataset; c) canonical weights of the faunal dataset. Vectors
pointing in the same direction are correlated, and longer vec-
tors contribute more to the structure.

Both datasets were logarithmically transformed before
statistical analysis (log (x+1)). Layers 2.5, 45 and 50 were
removed because some environmental parameters were not
measured, and there were few foraminifera. The statistical
test and multivariate analysis were carried out using the soft-
ware R and the package ade4 (Dray et al. 2007).

4 Results

4.1 Age model

Core SP11 was mainly composed of fine sand with a dark
greenish-grey color and some layers containing mollusk

shells and fragments with no apparent primary struc-
tures. The '*’Cs peak from 1963 AD (Anno Domini),

corresponding to nuclear weapons tests, was not found in
the core. Although the sedimentation rate varied throughout
the core (Fig. 2A-C), according to >!°Pb and '*’Cs results
(Appendix 1), the average sedimentation rate every two
years (yr—2) was about 0.64 +0.24 g cm~2 yr—2. The age plot
of the sedimentation rate identified two prominent peaks
(Fig. 2C): the first in 1996 (22.5-20.0 cm; 1.15 g cm ™2 yr™2)
and the second one in 1959 (42.5-40cm; 0.76 g cm™? yr‘z);
between them, the sedimentation rate was significantly lower
(between 0.40-0.60 g cm™2 yr2).

According to the CRS 2!°Pb age model, the 52.5-50 cm
sediment layer was deposited in 1926 AD. However, radio-
carbon ages indicated that the basal part of the core (i.e.,
122.5 cm) may be older than 50 AD (Table 1).

4.2 Benthic foraminifera

The foraminiferal density varied between 15-1301 n.° g~
(mean or x=429 +656 n.° g”!; Fig. 3A, Appendix 2). Spe-
cies richness (SR; x=39+32) and H’ (x=2.9+0.6) varied
between 12-76 and 2.2-3.3, respectively (Fig. 3A; Appen-
dix 2). A total of 244 species were identified, and an addi-
tional six taxa could only be classified up to the order level
(Appendix 3). The taxonomic analysis revealed the presence
of 94 genera, 46 families, and nine orders across four distinct
taxonomic Classes: Monothalamea, Nodosariata, Tuboth-
alamea, and Globothalamea. Globothalamea exhibited the
largest identified taxa (206 total), constituting over 80% of
the total diversity. Tubothalamea (10.8%) and Nodosariata
(6.4%) accounted for 27 and 16 identified taxa, respectively,
while Monothalamea (0.4%) comprised only one taxon
which was the species Psammosphaera fusca.

Thirteen species exhibited marked peaks in relative abun-
dance along the core. Ammonia tepida recorded the highest
peak of relative abundance among all species (60%), fol-
lowed by Ammonia parkinsoniana (40%), Rosalina wil-
liamsoni (37.2%), Ammobaculites exiguus (36.7%), Cri-
broelphidium poeyanum (35.5%), Ammonia rolshauseni
(26.8%), Elphidium oceanense (22.5%), Buccella parkerae
(18.5%), Pseudononion japonicum (17.4%), Buliminella
elegantissima (16.1%), Rotorbis auberii (16%), Globocas-
sidulina crassa (14.1%) and Bucella peruviana (13.6%).
Although A. tepida showed the highest peak of relative
abundance, R. williamsoni exhibited the most frequent peaks
of abundance.

Four intervals can be recognized along the core SP11
based on foraminiferal distribution (Figs. 3 and 4). The first
one, from the core bottom up to 100 cm, was characterized
by low foraminiferal density and high epifaunal organisms
(Figs. 3 and 4); foraminiferal assemblages were dominated
by R. williamsoni, B. peruviana, and R. auberii. The H” and
SR indices showed values close to the average in this sec-
tion (Fig. 3).
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Fig.3 Depth plots of benthic foraminiferal parameters: density (n°
per gram of bulk sediment), Shannon index (H’), species richness
(SR), percentage of miliolid and agglutinated specimens and Elphid-
ium/Cribroelphidium, Ammonia, Bucella, Bolivinids+ Buliminids,

A significant increase in foraminiferal density accompa-
nied by minor H' and SR changes were documented in the
100-50 cm interval (Fig. 3). Rosalina williamsoni remained
the dominant species, followed by B. peruviana and R.
auberii (Fig. 4). However, other foraminifera, such as Glo-
bocassidulina crassa and Cassidulina braziliensis, were also
be observed (Fig. 4).

The foraminiferal density abruptly dropped, reaching the
lowest values in the interval between 50 and 40 cm (Fig. 3).
This section recorded a significant increase in Elphidium/
Cribroelphidium and agglutinated foraminifera. It was also

Cassidulina/Globocassidulina taxa. An age scale is represented.
The yellow band marks the interval with very low foraminiferal
density after a sedimentary discontinuity (marked with red dashes)
between ~ 1500-1925 AD

marked by the first peak of Ammonia and Quinqueloculina
genera, and the disappearance of R. williamsoni, along with
many other species (Figs. 3, 4). The percentage of epifaunal
species decreased, but an increase in the relative abundance
of B. peruviana, P. japonicum, A. rolshauseni, and Elphid-
ium advenum was also documented (Fig. 4).

The foraminiferal density and the percentage of epifaunal
species increased significantly between 40 and 10 cm but
diminished in the uppermost part of the core (10 — 0 cm;
Figs. 3 and 4). In this interval, R. williamsoni reappeared
with a great abundance at 40 cm but tended to disappear
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sented. An age scale is represented. The yellow band marks the inter-
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Fig.4 (continued)

towards the core top (Fig. 4). Epifaunal species and H' and
SR indices reached their highest values between 40-20 cm
and declined in the uppermost part of the core (Figs. 3, 4).
Ammonia was the most abundant genus, mainly represented

by A. tepida, A. parkinsoniana, A. rolshauseni, and Ammo-
nia buzasi (Figs. 3, 4). Other genera, such as Bolivina
and Buliminella, also had a significant presence between
40-0 cm (Figs. 3, 4).
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The foraminiferal density increased significantly from
40 — 10 cm but reduced in the uppermost part of the core
(10 — 0 cm) and the percentage of epifaunal species (Figs. 3,
4). In this interval, R. williamsoni reappeared with a great
abundance at 40 cm but tended to disappear towards the
top. Epifaunal species reached their highest values between
40-20 cm, where H' and SR reached their highest values of
this core (Figs. 3, 4). In the uppermost part (1996—2021)
of the core, Ammonia was the most abundant genus, mainly
represented by A. tepida, A. parkinsoniana, A. rolshauseni,
and A. buzasi (Figs. 3, 4). Other genera, such as Bolivina
and Buliminella, also had a significant presence between
40-0 cm (Figs. 3, 4).

4.3 Textural data

The core SP11 predominantly comprises very fine and fine
sand, and moderately to poorly sorted sediments (Fig. 5;
Appendix 4). The core exhibited two distinct coarser inter-
vals where the content of the sand (mainly medium to coarse
sand fractions) increased, interspersed by finer layers (Fig. 5;
Appendix 4). Sorting values and sediment fractions varied
with depth, increasing the complexity of sediment composi-
tion (between 25 cm and the top of the core; Fig. 5). Skew-
ness values show a similar pattern to sorting, while kurtosis
values tend to be the opposite (Fig. 5). The values of the
three main modes vary considerably along the core (Fig. 5).

4.4 Geochemistry

The TOC, S, N, OM613C, and OM(‘SlSN values showed signifi-
cant changes along the core SP11 (Fig. 6; Appendix 4). The
contents of TOC (x=0.53+0.21%) and S (x=0.14+0.05%)
varied between 0.29—0.96% and 0.09-0.3%, respectively.
They had relatively lower values in the 115-45 cm interval
and increased upwards (Fig. 6).

The 8'°C values (x=-22.64 +0.79 %o) oscillated from
-24.25 %o to -21.33 %o and showed a trend similar to that of
TOC and S (Fig. 6). In the lower interval, below 50 cm, the
omd'°C values were more negative, becoming progressively
more positive towards the core top (Fig. 6).

The C/S ratio values were lower than 3 in most of the
core, except in the first 20 cm and around 85 cm (Appendix
4). The concentrations of N (x=0.06 +0.03%) varied from
0.02 to 0.1%. The lowest N values were determined between
135-85 cm and 65-45 cm, whereas the highest values were
found between 85-65 cm and in the upper part of the core,
where they tended to increase towards the top (Fig. 6). The
omO N values (3.26-6.59%0; X=5.56 +0.69 %) decreased
significantly between 95-115 cm and further at 55 cm and
15 cm depth (Fig. 6; Appendix 4).
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4.5 Elemental geochemistry

Appendix 4 reports the maximum, minimum, mean, and
standard deviation (SD) values of the analyzed chemical
elements’ concentrations along core SP11. The concentra-
tions of selected chemical elements (Zn, Cd, Pb, P, Mg,
Al, Fe, Ca, Mo, and Mn) and geochemical indices (EF-Zn,
EF-Cd, EF-Mo, EF-U, and PLI) are shown in Figs. 6 and 7.
While, for instance, Zn, Cd, Pb, P, and Mn concentrations
tended to increase from ~50 cm to 0 cm, Mg, Mo, and Ca
reached higher concentrations in general in the lower core
section (Figs. 6 and 7). The EF values of Zn and Cd tended
to increase at the core top (Fig. 7). The Al and Fe contents
show recurring peaks above the average (Fig. 6). Molyb-
denum concentrations and EF-Mo and EF-U values rise
between 105-60 cm and 20-5 cm (Figs. 6 and 7).

The maximum values of RI were reached for Cd (164.2).
The maximum values of PERI and PLI reached 205.1 and
1.8, respectively (Appendix 4). The PLI (Fig. 7) and PERI
values tend to increase at the top of the core and follow a
pattern similar to those of the concentrations and EF values
of Cd and Zn (Fig. 7; Appendix 4).

4.6 Statistical analysis

The results from the ColA showed that the first and second
eigenvalues represent 91.3% of the total variation (Fig. 8A-
C). The ColA analysis compares separated PCAs from envi-
ronmental and faunal datasets. In Fig. 8B and C represent the
scatter plots of the Canonical weight, i.e., the coefficients of
the combinations of the variables for each table to define the
ColA axes. In Fig. 8A, the scatter plot of the ColA analysis
represents the score of the core layers. For the interpretation,
we can consider that the three plots are overlapped (Fig. 8A-
C). In Fig. 8B and C, the position of the core layers depends
on both environmental and faunal weights.

In the scatter plot in Fig. 8A, it can be observed that sam-
ple layers from 7.5 to 40 were separated from the rest of the
samples and were placed at the right of the first axis. These
layers are positively related, for example, to PLI, PERI,
TOC, EF-Zn and N. Amongst the most abundant and/or fre-
quent species, A. tepida, B. striatula, B. elegantissima, Par-
arotalia sarmientoi, and Gavelinopsis praegeri, correlated
positively with these variables (PLI, PERI, TOC, EF-Zn and
N; Appendix 5) and these layers (Fig. 8B-C). Elphidium
excavatum, R. williamsoni, E. oceanensis, B. peruviana,
Sagrina pulchella, Alliatinella differens, Bulimina aculeata,
Rotorbis auberii are negatively correlated with PLI, PERI,
TOC, EF-Zn and N and positively correlated with relatively
coarser sediments (Fig. 8B-C; Appendix 5).

The Exp(H',,) values in the core SP11 ranged from
14.8-34.4 (21.5+10.0) (Appendix 2).
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Fig.5 Depth plots of sediment fractions percentage and values of tex-
tural parameters. An age scale is represented. The yellow band marks
the interval with very low foraminiferal density after a sedimentary

5 Discussion
5.1 Reconstructing the sedimentary environment

Based on the sediment mean grain size (SMGS) and Folk
and Ward's statistical parameters, core SP11 consists of
fine and very fine sands, generally polymodal, and mainly
contains poorly and very poorly sorted particles. However,
three coarser sections/layers (~ 125 cm, 110-85 cm, and
70-50 cm) interspersed within the finer-grained intervals

k

discontinuity (marked with red dashes) between~1500-1925 AD.
SMGS - sediment mean grain size

(125-110 cm, 90-75 cm, and 45-0 cm) are identified. The
coarser core sections are characterized by a higher propor-
tion of medium (mainly at 110-85 cm) and coarse (mainly
at 70-50 cm) sand that has lower sorting values and is
more negatively skewed than the surrounding sediments;
in these sections, sediments are leptokurtic to mesokurtic
(with a higher concentration of coarse particles). These tex-
tural characteristics in coarser core sections indicate better
sediment sorting, likely due to a reduced deposition of fine
particles.
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Fig.6 Depth plots of the percentage (%) of total organic carbon
(TOC), total Sulphur (S), total Nitrogen (N) and OM613C and OMS]SN
values (%) and metals concentrations (Al, Al, Fe, Ca, Mo and Mn).

The Sr/Ba ratios indicate that these particle-size changes
may have occurred in a marine depositional environment
(Fig. 9). Core SP11 was collected in the submerged beach
where mega-ripple-like structures are noticeable. These
sandy structures are dynamic and can migrate depend-
ing on the tidal currents and wave influence (Koop et al.
2019; Tholen et al. 2022). This process creates a crest and
trough structure, which facilitates the deposition of coarser
(crest) and finer (trough) sediments (Koop et al. 2019). The
changes in grain size in the core SP11 may be associated
with the dynamics of these structures and shifts in the energy

@ Springer

An age scale is represented. The yellow band marks the interval with
very low foraminiferal density after a sedimentary discontinuity
(marked with red dashes) between ~ 1500-1925 AD

of the sediment transport agent and/or the sedimentation
environment.

In addition, processes associated with wave-induced lig-
uefied sediment gravity flow (Fig. 10) may also have contrib-
uted to the textural changes in core SP11. These processes
occur from the liquefaction of saturated sediment into a
fluid induced by waves resulting mainly from large storms
(Fig. 10; Yu et al. 2022). With the pressure generated by the
sediment load above combined with the saturation of pore
water, in moments of storms, part of the sedimentary col-
umn is remobilized and slides to the lower regions, carrying
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Fig.7 Depth plots of the concentrations of Zn, Cd, Pb, P and Mg and
Enrichment Factor (EF) values for Zn, Cd, Mo, and U, and the pollu-
tion load index (PLI). The dashed vertical line represents the average
value of the variables. An age scale is represented. The yellow band

mainly the finest sediment fractions (Tholen et al. 2022; Yu
et al. 2022; Fig. 10).

However, the cyclical reduction in Sr/Ba values (Fig. 9)
may indicate the presence of less saline waters. Despite the
absence of nearby important rivers, which flow mainly into
the inner region of Sepetiba Bay, it can be assumed that dur-
ing periods of high rainfall, the flow of continental freshwa-
ter might contribute to the reduction of salinity in this part
of the bay; the transport of low salinity waters to the outside
area may be facilitated by tidal currents and/or northerly
winds. In phases of decreasing Sr/Ba values (indicative of
phases of higher rainfall), there are generally peaks in Ti/Ca
values (Fig. 9) and Fe/Ca (Fig. 11), which should indicate a

marks the interval with very low foraminiferal density after a sedi-
mentary discontinuity (marked with red dashes) between ~ 1500-1925
AD

rise in the contribution of terrigenous sediments to the study
area. During periods when there is a greater freshwater influ-
ence in the study area, there is a tendency for the abundance
of euryhaline foraminifera species to increase, such as E.
excavatum, A. tepida, A. parkinsoniana, P. sarmientoi, B.
elegantissina, among others.

Based on the 2!°Pb dating for the upper ~50 cm layer and
the radiocarbon dating for the 122.5 cm and 92.5 cm layers
(Fig. 2; Table 2), it can be inferred that there was a significant
gap in the sedimentary record corresponding to ~400 years
before ~ 1925 AD. Thus, the probable age of the sediments
immediately below 50.0/52.5 cm might be ~1500 AD. The
sediment loss is probably coeval or after the deposition of
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Fig.8 Coinertia results. Leg-
end: Clay — clay fraction; Sil — A
silt fraction; OMS'SN — nitrogen
isotope in organic matter;

TOC - total organic carbon;

Al — aluminum concentrations;
N — nitrogen concentrations;
EF-Zn, EF-Mo, EF-U—enrich-
ment factors of Zn, Mo and U;
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coarser sediments between 80—55 cm (Figs. 2, 5). This sedi-
mentary discontinuity was likely caused by coastal erosion
associated with strong storm events, leading to a drop in
foraminiferal density and diversity (Fig. 3). Sedimentary
discontinuities are common features in SB. They are related
to geomorphological changes over time due to climatic vari-
ations and changes in sea level, the construction and rupture
of the Marambaia Barrier Island, and even anthropogenic
activities (Borges and Nittrouer 2016; Damasceno et al.
2024c).

After this erosive phase, the study area received an
increased deposition of terrigenous sediments, as indicated
by the rise in Fe/Ca and Ti/Ca ratios (~50-40 cm; Figs. 9,
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11). Both disturbances significantly reduced foraminiferal
density and diversity (Fig. 3). After these disturbances, the
recovery of the foraminiferal community was slow (Fig. 3).

Other peaks in Ti/Ca and/or Fe/Ca ratios are also
observed, such as between~ 125-100 cm, ~90-80 cm
and~ 10-0 cm (Figs. 9, 11), indicating the cyclical arrival
of higher terrigenous sediments. This rising contribution of
terrigenous sediments commonly occurs concomitantly with
the reduction of Sr/Ba values (Fig. 9), indicating a decrease
in salinity, probably related to higher rainfall, as mentioned.

The hydrodynamic conditions and degradation pro-
cesses did not allow for a large preservation of organic
matter at the studied site, as indicated by the low TOC
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Fig. 9 Geochemical ratios used to identify sedimentological or
sedimentary environmental changes. The dashed vertical line repre-
sents the average value of Ti/Ca and V/Cr, or indicative values used
to interpret the results of the other variables. An age scale is repre-
sented. The yellow band marks the interval with very low foraminife-

ral density after a sedimentary discontinuity (marked with red dashes)
between ~ 1500-1925 AD. The colored horizontal bars indicate sig-
nificant temporal changes in the characteristics of the sedimentary
environment

Wave propagation direction

Seepage flow channel

Liquefaction interface

Coarse particle
sedimentation

Original seabed
surface

Fig. 10 Schematic representation of wave-induced liquefied sediment gravity flow according to Yu et al. (2022)

values (0.29-0.96%; x=0.53+£0.21%). TOC values
increased slightly between 125-120 cm (at the base of
the core), around 85 cm and in the upper part of the
core (Fig. 6). The increase in TOC values in these layers

(Fig. 6) is punctuated by the rise in the V/V + Ni ratio
(Fig. 9) indicating the presence of dysoxic water bottom
conditions which allowed better preservation of organic
matter in the sediment.
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Fig. 11 Depth Plots of: SMGS (Sediment mean grain size), PERI
(Potential Ecological Risk Index); Fe/Ca ratio and Exp(H',.)st
(standardized Exp(H’bc)). An age scale is represented. The dashed
vertical line represents the average value of the analyzed variables.
The yellow band marks the interval with very low foraminiferal
density after a sedimentary discontinuity (marked with red dashes)

between ~1500-1925 AD. The colored horizontal bars indicate sig-
nificant temporal changes in the characteristics of the sedimentary
environment. The vertical colored bands in Exp(H',.)st graph, repre-
sent the EcoQS scale presented in Table 1. The dotted vertical lines
represent the average values of the variables for this core

Tabel 2 Radiocarbon Age

Core Level SP11—92.5 cm SP11-122.5 cm
Beta 633,123 655,631
Material / Pretreatment (shell): acid etch (shell): acid etch
Conventional Age 2060+ 30 BP 1840+30 BP
Calendar Calibration Probability 95.40% 95.40%

Calendar Calibration BC/AD
Calendar Calibration BP
IRMS §'*C

IRMS §"%0

409—700 cal AD
1541—1250 cal BP
+1.8 %o

-0.96 %o

131 cal BC—215 cal AD
2080—1735 cal BP
+0.4 %o

-15 %0

BC, Before Christ; AD, Anno Domini; BP, Before Present

Oxygen reduction in the sediments may have been sig-
nificant in some periods. The highest Mo, EF-MO, and
EF-U values in the 100-65 cm interval (Fig. 7) indicate
a marked oxygen reduction in the sediments (Pattan et al.
2019). On the other hand, the highest concentrations of
Mn in the upper 45 cm of the core indicate the presence of
oxic fronts (Martinez-Colén et al. 2017), favorable to the
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chemical precipitation of this element in a general context
of the prevalence of oxygen scarcity in the bottom water, as
indicated by the V/V +Ni ratios (Fig. 9).

According to Emerson and Hedges (1988) and Meyers
(1994), the C/N ratio indicates that values lower than seven
indicate organic matter of marine origin, values > 8 and <20
would indicate a mixture between marine and continental
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organic matter, and above 20 indicate organic matter of terri-
genous origin. Thus, considering the recorded C/N values in
core SP11 (3.80-21.00; x =9.95 +4.06) we can deduce that
the organic matter deposited in the study area resulted from
a mixture of continental and marine contributions. The 8'°N
values show a range similar to that found in other Brazil-
ian coastal systems, where there is a mixture of marine and
continental materials, such as the Guanabara Bay (Senez-
Mello et al. 2024), Babitonga Bay (Barros et al. 2010) and
Abrolhos region (Souza et al. 2013). However, there were
sharp reductions in the 8N values, for example, at 95 cm
(Fig. 6), where the percentage of fine fractions was reduced
(Fig. 5). The lower 8'°N values at the aforementioned levels
may be related to the liquefaction of saturated sediment into
a fluid induced by waves resulting mainly from large storms
(Fig. 10; Yu et al. 2022). On the other hand, the higher 8'°N
values may have resulted from isotopic fractionation during
denitrification and the release of nitrogen gas (N,) (Heaton
1986).

The 125-120 cm interval is marked by a decrease in
foraminiferal density (Fig. 3), an increase in TOC and C/N
values, and a rise in fine fractions percentage (Figs. 5, 6).
These TOC and C/N increases are linked with higher val-
ues of Ti/Ca and Fe/Ca (Figs. 9, 11), indicating a more sig-
nificant contribution of continental organic matter probably
linked to landslides (as observed by Piciullo et al. 2018) or
the entry into the bay of a greater quantity of sedimentary
particles of continental origin during rainy periods. These
events hurt benthic foraminifera (perceived by the reduction
in density and diversity). Based on these inferences, it is
possible to observe records of cyclical inputs from conti-
nental sediment sources with more or less marked impacts
on benthic foraminifera along the core SP11.

OM613C values were generally low in the core's lower
Section (120-55 cm; Fig. 6), indicating that organic mat-
ter from continental sources was mainly preserved in the
sediments. However, the foraminifera assemblages in this
Section (125-55 cm) are essentially composed of epifaunal
organisms and species common in open marine settings,
such as R. williamsoni, Cassidulina/Globocassidulina (G.
crassa, G. subglobosa, C. braziliensis), A. differens, S. pul-
chella and B. aculeata (Figs. 3 and 4), indicating a broader
intercommunication with the open ocean. As these organ-
isms prefer to consume organic matter resulting from oce-
anic productivity with higher food quality than recalcitrant
and degraded materials (with low nutritional quality) from
terrestrial sources, one would expect the preserved organic
matter to have resulted essentially from marine produc-
tivity. However, the greater exposure of the study area to
oceanic processes did not generally favor a large accumula-
tion of organic matter in the sediment. On the other hand,
the organic matter resulting from marine productivity was
probably quickly consumed by the benthic fauna, oxidized,

and has not been preserved in the sediment. In addition,
the significant relative abundance of bolivinids and bulimi-
nids and Cassidulina/Globocassidulina throughout the core
(except in section 50—40 cm; Fig. 3) might suggest that the
flux of organic matter from marine sources to the bottom
was significant.

The V/V + Ni ratio indicates that the bottom water was
generally dysoxic between 95-65 cm and 45-0 cm intervals
(Fig. 9). It can, therefore, be concluded that the TOC con-
tents preserved in the sediment do not reflect all the carbon
flux that reached the bottom; instead, the TOC was probably
high but was also rapidly consumed and oxidized, leading
to its low preservation in the sedimentary record; so just
recalcitrant organic materials from the mainland have been
preserved in the sediments as indicated by the ,5'°C values
(Fig. 6).

However, from 50 cm towards the core top, the progres-
sively rising of OM613C values suggest an increase in marine
contributions associated with the deposition of fine sedi-
ments and a rise in the density and diversity of foraminif-
era (Figs. 3, 5, 6, 11). These data indicate that sedimentary
stability (more favorable hydrodynamic conditions) and an
adequate supply of high-quality organic matter, at least in
the section between 40-17.5 cm, favored the development
of foraminifera communities.

Indeed, the progressively rising of 4,8'*C values in the
upper 50 cm is associated with an increase in TOC, P, N,
and S (Fig. 6). The relationship between ,;6'°C and TOC,
P, and N in this section suggests an increase in productivity
in the region following the introduction of nutrients (Fig. 6).
This nutrient increase may be a consequence of anthropo-
genic activities in the region. The association of TOC with S
and the persistently high values of the V/V + Ni ratio (Figs. 6
and 9) indicate a marked decrease in oxygen levels and the
production of sulfides through the degradation of organic
matter in anoxic environments or microenvironments. Thus,
the top of the core SP11 registers a progressive eutrophica-
tion process.

5.2 Before the industrialization

The interval between 125 and 40 cm would correspond to
a record before the 1950s that marks the onset of signifi-
cant expansion of urbanization in the region surrounding
Sepetiba Bay. This interval was intersected with the discon-
tinuity at~50 cm. The 125-40 cm interval does not show
any significant enrichment of PTEs.

The main species of benthic foraminifera between
125-40 cm (excluding the 55 — 40 cm sedimentary layer)
were R. williamsoni, E. oceanense, B. peruviana, and G
crassa, among others. This foraminiferal assemblage com-
position indicates that the environmental conditions were
similar to those prevailing in the inner continental shelf

@ Springer



3740

Journal of Soils and Sediments (2024) 24:3722-3749

(Reiss and Hottinger 1984). Thus, as mentioned, this inter-
val registers a greater connection with oceanic processes.
A similar observation was done in core SP8 (Castelo et al.
2021b), collected in the Marambaia Cove, near the study
area (Fig. 1). This can be ascribed to two main reasons:
according to Reis et al. (2020) and Dadalto et al. (2022), at
2000 years ago, sea level was still above the current level and
Marambaia Barrier Island was not fully formed, conditions
that favored a greater oceanic influence in the outer sec-
tor of Sepetiba Bay. During this interval (~ 125-55 cm), in
which the sediments exhibited relatively low concentrations
of PTEs, such as Cd and Zn, the study area was exposed to
the ocean processes.

5.3 Anthropized environment

From~40/35 cm up to 5 cm from the top, there is an increase
in: fine fractions of the sediment (fine fraction, very fine and
fine sand fractions; Fig. 5); concentrations of metals (i.e.,
Zn, Cd, Pb, and Ag); values of TOC, N, S, 0M613C, PLI,
PERI, EF-Cd and EF-Zn (Figs. 6, 7, 11). These results are
confirmed by the ColA, where samples from this interval
were related to pollution (PLI, PERI, TOC and EF-Zn).

Aratjo et al. (2017b) and Silva et al. (2022a) also
observed a notable increase in Zn, Cd, and Pb during this
period, associated with the rapid acceleration of urbaniza-
tion in the region from the mid-twentieth century onwards.
The rising concentrations of PTEs are also associated with
decreasing sediment mean grain size (due to the increment
of coarse silt and fine and very fine sand fractions) and TOC,
S, N, P, and OMSBC contents. These results suggest that the
increase in contamination in the study area is associated with
increased eutrophication and greater oxygen scarcity due to a
higher supply of organic matter (a similar remark was made
by Shawar et al. (2018).

The recent evolution of Sepetiba Bay has been reasonably
well studied, with several publications providing evidence
of an overall increase in eutrophication and pollution in
the region since the 1950s (Barcellos et al. 1997; Marques
et al. 2006; Gomes et al. 2009; Castelo et al. 2021a; Silva
et al. 2022a). Since then, the higher levels of environmental
stress have been further increased due to engineering works
in the surrounding region, such as the construction of ports
(Terminal Ilha da Guaiba — 1973; Porto de Itaguai — 1982),
steelworks (Cia Siderurgica do Atlantico — 2010) and met-
allurgy (Cia Ing4 Mercantil—1962 to 1998), as well as the
development of urban, industrial and rural landscapes.

The EF values show that sediments have been sig-
nificantly enriched in Cd and Zn from the 1980s onwards
(Fig. 7). According to the Sutherland (2000) classification,
both elements reached significant enrichment. The EF values
obtained for these chemical elements increased in the upper
30 cm of the core given the accident of the Companhia Inga
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Mercantil, located on Madeira Island, which dumped about
20 10° tons of zinc smelting ore tailings in Sepetiba Bay
(Barcellos et al. 1991).

The PERI and PLI indices exponentially grew
since ~ 1970 (Figs. 7, 11). The PERI values in this period
indicate moderate ecological risk. According to Tomlinson
et al. (1980), PLI values > 1 indicate a process of envi-
ronmental degradation. Higher PERI and PLI indices and
more pronounced environmental degradation processes
have been recorded in other areas of Sepetiba Bay (e.g.,
Aratjo et al. 2017a, b; Castelo et al. 2021a; Silva et al.
2022a, b; Damasceno et al. 2024a, b). No contamination
could be expected in the study area, given the distance
of core SP11 from the primary sources of contamination,
i.e., Madeira Island and the Guandi River mouth (Souza
et al. 2021).

The ColA results show, for instance, that there is a clear
separation on samples from 7.5 to 40 cm (Fig. 8A) due
to pollution as we can see from environmental canonical
weight in Fig. 8C. At the time, some species are abundant
in those samples because more related to pollution (such
as A. tepida, B. striatula and B. elegantissima) as we can
observe from faunal canonical weight in Fig. 8B. Remark-
able changes in the upper core interval are also observed in
the composition of the foraminiferal assemblages, such as
reducing marine species (common in the nearby continental
shelf). In this interval, there is a high abundance and domi-
nance of opportunistic taxa, often related to polluted condi-
tions, as shown by the ColA (Fig. 8B). Ammonia becomes
the dominant genus in the assemblages, mainly represented
by A. tepida, A. parkinsoniana, and A. buzasi (Fig. 4).
Ammonia tepida, which accounts for more than 40% of the
assemblage in this sedimentary record, is a shallow-water
infaunal species (Coccioni 2000) that proliferates mainly
in coastal environments enriched with organic matter due
to its high tolerance to oxygen depletion (Boltovskoy 1965;
Castelo et al. 2021b).

The high relative abundance of the Ammonia genus,
namely of A. tepida, indicates a change towards a more
confined condition (Gonzélez-Regalado et al. 2019). This
inference is corroborated by other proxies, such as the expo-
nential increase in the Ammonia/Elphidium ratio (Fig. 4) and
the general reduction of foraminiferal density and diversity,
mainly in the upper 20 cm (Fig. 3).

Ammonia buzasi an allochthonous species, was
recorded in core SP11. This species, from the Caribbean
Sea (Hayward et al. 2021), was found in the first half of
the twentieth century in core SP11, but mainly after 1970,
when it reached a relative abundance higher than 3%. The
introduction of this invasive species in Sepetiba Bay can
probably be ascribed to the discharge of ballast water from
ships entering the region for trading (a type of activity that
took place a long time ago). This is the most common way
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to introduce alien foraminifera species in marine settings
(Pawlowski and Holzmann 2008; Langer et al. 2012; Kat-
sanevakis et al. 2013; Caruso and Cosentino 2014; Pavard
et al. 2023).

The upper 40 cm of core SP11 (Fig. 11) should be the
most distinctive period, given its relatively high concen-
tration of PTEs, organic matter, and a unique foraminif-
eral assemblage. All these changes suggest a progressive
alteration in the sedimentary environment, interpreted as
enhanced environmental stress induced by increased con-
finement and pollution in the study area. On the other hand,
the ColA results also show that the healthiest, least eutrophic
settings and polluted environments are punctuated by the
abundance of species such as E. excavatum, R. williamsoni,
E. oceanensis, B. peruviana, S. pulchella, A. differens, B.
aculeata and R. auberii (Fig. 8B-C).

There is generally a significant distance between the
beginning of the arrow, the position of the core layer
described by the environmental data set, and the end of the
arrow, the position of the same core layer related to the rela-
tive abundance of foraminifera species (Fig. 8A). This effect
results from the instability of the environment caused for
example by the introduction of continental detrital materi-
als (represented for example by the increase in Ti/Ca val-
ues; Fig. 9), by post-depositional processes induced for
example by wave-induced liquefied sediment gravity flow,
by the deposition of foraminiferal tests from other areas of
the ocean, diagenetic and taphonomic processes capable of
degrading the foraminiferal tests present in the sediments,
the differential destruction of foraminiferal tests. Phenom-
ena of this kind can induce differences in the composition
of the sub-recent faunas and reduce the agreement between
the foraminifera assemblages present in the sediment and
the characteristics of the environmental data set. However,
despite these natural divergences, the results of the ColA
diagram in Fig. 8A clearly characterize the major environ-
mental and faunal changes recorded in the core SP11.

The results presented in Fig. 11 summarize some of the
leading environmental changes experienced in Sepetiba Bay.
The upper 40 cm (~ 1950 to the present) records a significant
increase in pollution levels caused by human activities dur-
ing the last decades.

5.4 Factors driving the Paleo-EcoQS.st in the last
2000 years in the outer region of the Sepetiba
Bay

Based on the Exp(H',.) values from core SP11 and applying
the categorization of Bouchet et al. (2018), the Paleo-EcoQS
exhibited good to high Paleo-EcoQS in the last~2000 years
(Fig. 12). This core has much better Paleo-EcoQS than core
SP8, which shows a Paleo-EcoQS varying from bad to good.
The worse conditions recorded in core SP8 can be ascribed

to its position inside Marambaia Cove, a more confined
region (Figs. 1, 12).

Environmental change can modify species dynamics and
interactions, causing rapid changes in biodiversity at vari-
ous spatial scales (Blowes et al. 2019; IPBES 2019). It is
usually considered that the highest diversity of a biological
community corresponds, in general, to lower environmen-
tal stress or better environmental conditions (Cleland 2011;
Hong et al. 2022).

It can be expected that a coastal area impacted by anthro-
pogenic activities had better environmental conditions in the
past (Castelo et al. 2021b). So, it is predictable that the con-
ditions of maximum environmental quality of that ecosystem
have been reached before industrialization or the greatest
human impact on the region. However, foraminifers are
affected by factors other than pollution and eutrophication
processes, such as variations in salinity, substrate stabil-
ity, and hydrodynamics. So, highly dynamic and complex
coastal systems may have had unfavorable conditions caused
by climatic and sea level variations and the formation, con-
solidation or break-up of barrier islands, as noted, for exam-
ple, in core SP8 (Castelo et al. 2021b).

For this reason, in core SP11, instead of taking as a refer-
ence the diversity (represented by Exp(H'bc)) from a pre-
industrializing period, such as from~215 AD (122.5 cm)
and 1500 AD (~55 cm), the highest value of Exp(H'bc) (i.e.,
34.4), found at 22.5 cm deep (~ 1986 AD) was considered
as the period with the best environmental conditions. There-
fore, when standardizing (st) the Exp(H'y,) values in both
cores with the maximum value of this index in core SP11
(i.e., 34.4 through the EQR), it can be observed that the
Paleo-EcoQS.st along the core SP11 was generally higher
than those found along the core SP8 (i.e., Marambaia Cove).
The environmental conditions in the core SP8 ranged from
bad to poor during the Holocene, i.e., they were much worse
than those estimated by Castelo et al. (2021b).

The reconstruction of the Paleo-EcoQS.st in core SP11
suggests moderate to good values before ~ 1500 AD and
good to high between 1996 and 2003, and moderate tend-
ing towards bad since 2003. The decrease in Paleo-EcoQS.
st from good to moderate was cyclical before ~ 1500 AD;
the episodic reduction in environmental quality during this
period (~215 AD to~ 1500 AD) was unrelated to environ-
mental contamination or high anthropogenic impact. In
fact, textural, geochemical and foraminiferal data points to
an unstable sedimentary environment that was affected by
climate change (more or less rainfall, heavy storms), ero-
sive events or introduction of terrigenous sediment during
the rainiest periods, disturbances caused by the megaripple
migration and wave-induced gravitational mass flows. In
this context, the sedimentological instability can be seen as
the leading cause of the reduction in foraminiferal diversity
during this period.

@ Springer



3742

Journal of Soils and Sediments (2024) 24:3722-3749

Fig. 12 Comparison of

Exp(H’,,.) and EQR or 40.0
Exp(H’y.)st (standardized

Exp(H’,.)) in cores SP8 and 35.
SP11 (Fig. 1) and the inferred

Paleo-EcoQS and Paleo-Eco- 30.
QSst. The Exp(H’,,) values for

core SP8 are from Castelo et al. 25.

2021b; Fig. 1) and for the core
SP11 (data from this work)

Exp(H'sc)
3

0 20

Paleo-EcoQS.st

1.20 scale:

0.60

EQR - Exp(H'’,)st

0.40

0.20

In addition, changes in the geomorphology of Marambaia
Barrier Island may have also contributed to a reduction in
the influence of marine processes in the region from~ 1925
AD onwards. This confinement progressively favored the
deposition of finer sediments. It increased the stability of
the sedimentary environment, possibly favoring the devel-
opment of foraminiferal populations and their biodiversity
(Castelo et al. 2021b).

The decrease of the Paleo-EcoQS.st after 1985 (upper
core layers, 15-0 cm) followed the sharp increase in the
PERI (i.e., 20—-15 cm), probably related to the spillage of
pollutants and their release into Sepetiba Bay following
the working process of Companhia Mercantil e Industrial
Ingé (CIA Ingé) set in the Madeira Island, in 1962. This
company processed calamine ore to produce zinc with high
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purity (Magalhdes et al. 2001). The company's tailings
accumulated in piles on Madeira Island, rich in elements
such as cadmium, zinc, mercury and lead, began to pollute
the soil and water, threatening the biota and health of the
region's inhabitants and degrading the natural ecosystem
of the Sepetiba Bay and surrounding mangroves (Lacerda
and Molisani 2006). The increase in EF-Zn and EF-Cd val-
ues from ~ 1965 onwards is evident in this region (Fig. 7).
The CIA Ingé was Brazil's largest toxic waste contami-
nation area (Gongalves et al. 2020). With the company's
bankruptcy in 1998, the facilities were abandoned, and
the control systems were neglected, leading to the con-
tinuous contamination and risk of environmental accidents
(Molisani et al. 2004; Lacerda and Molisani 2006). There
have been several episodes of contamination in Sepetiba
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Bay as a result of leaking dykes containing metal-contam-
inated tailings (Gongalves et al. 2020). In February 1996,
due to heavy rains, the company's containment dyke broke,
polluting the bay with heavy metals and causing one of the
largest environmental disasters in Rio de Janeiro (Lacerda
and Molisani 2006). In 2002, heavy rains caused chemical
waste to overflow from the company's dyke into Sepetiba
Bay; in 2003, the dyke broke again, and the toxic water
and mud flowed into the bay's mangroves, repeating the
ecological disaster of 1996 (Lacerda and Molisani 2006).

However, the contamination in the area by metals, such
as Cd, Zn and Pb, is much lower than that experienced
close to the source, in the inner zone of Sepetiba Bay, near
Madeira Island (Aratgjo et al. 2017a, b; Silva et al. 2022a).
The remaining question is how the metals were transported
to the region where core SP11 was retrieved.

Access to the ports is dredged in Sepetiba Bay, and sev-
eral areas have been used to dispose of dredged materials
(according to Rodrigues et al. 2020). Some of these areas
are close to the study area (sites 1, 2 signed in Fig. 1) and
in the Atlantic Ocean, located about 6.1 nautical miles from
the coast (site 3; Fig. 1): Datum WGS-84 (nautical chart n°
1607), Latitude 23° 11'00”” S and Longitude 43° 54’ 30" W
(Companhia Docas do Rio de Janeiro, 2007). Site 1 seems
to have been one of the most used. Probably the disposal of
contaminated dredged sediments closer to the study area
after the chemical waste from the company's dyke over-
flowed into Sepetiba Bay in 2003 should have been the main
cause of the reduction of the Paleo-EcoQS.st (by contamina-
tion by metals and silting) in the upper part of the core SP11,
as was also observed in the core SP9 (Saibro et al. 2023).
Dredged spoil disposal activities may have contributed to
the greater enrichment of nutrients and increased coastal
productivity in the outer region of the SB.

6 Conclusion

Core SP11 provided relevant information for understand-
ing the evolution of the paleoenvironmental conditions in
the outer area of Sepetiba Bay over ~2,000 years. The geo-
morphological configuration of Marambaia Barrier Island
enabled greater exposure to oceanic processes between = 50
AD and 1500 AD (127.5-50 cm). During this period, Paleo-
EcoQS.st varied from moderate to good. Between ~ 50 AD
and 1500 AD (~127.5-50 cm), the decreasing environmen-
tal quality may have been caused by sedimentary instability,
caused by the introduction of terrigenous sediment during
the rainiest periods and disturbances caused by the megarip-
ple migration and wave-induced gravitational mass flows
and foraminiferal decline. This flow of sediments caused a
significant reduction in foraminifera density and diversity.

The Paleo-EcoQS.st tended to improve in the study area
from the 1950s to the 1990s. Greater stability at the study
site, the good connection with the ocean and the distance
from sources of pollution may have contributed to these
good conditions; however, this more favorable period was
brief, as it occurred when PTE levels were already increas-
ing in the study area. The uppermost interval from the 1950s
AD records an exponential growth in PTEs concentrations,
mainly Cd and Zn. This PTE enrichment is probably related
to the disposal of dredged material from the polluted areas
of SB into the disposal sites near the study area.

Thus, from the ~ 1990s, the Paleo-EcoQS.st decreased
from high to moderate in this outer area of the SB, not only
due to natural factors but probably also due to the disposal of
contaminated dredged material. Core SP11 also records the
occurrence of an alien species. Ammonia buzasi, typical of
the Caribbean region, must have been introduced by ballast
water from ships docked in Sepetiba Bay.
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