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Abstract

Multiproxy approach based on textural, mineralogical, geochemical, and microfaunal analyses on a 176-cm-long core (SP8) has
been applied to reconstruct the Holocene paleoenvironmental changes and disentangling natural vs. anthropogenic variability in
Marambaia Cove of the Sepetiba Bay (SE Brazil). Sepetiba Bay became a lagoonal system due to the evolution and development
of the Marambaia barrier island during the Holocene and the presence of an extensive river basin. Elemental concentrations from
pre-anthropogenic layers from the nearby SP7 core have been used to estimate the baseline elemental concentrations for this
region and to determine metals enrichment factors (EF), pollution load index (PLI), and sediment pollution index (SPI). Record
of the core SP8 provides compelling evidence of the lagoon evolution differentiating the effects of potentially toxic elements
(PTEs) under natural vs. anthropic forcing in the last ~ 9.5 ka BP. The study area was probably part of coastal sand ridges between
~9.5 and 7.8 ka BP (radiocarbon date). Events of wash over deposited allochthonous material and organic matter between ~ 8.6
and 7.8 ka. Climatic event 8.2 ka BP, in which the South American Summer Monsoon was intensified in Brazil causing higher
rainfall and moisture was scored by an anoxic event. Accumulation of organic matter resulted in oxygen depletion and even
anoxia in the sediment activating biogeochemical processes that resulted in the retention of potentially toxic elements (PTEs).
After =~ 7.8 ka BP at the onset of the Holocene sea-level rise, a marine incursion flooded the Marambaia Cove area (previously
exposed to subaerial conditions). Environmental conditions became favorable for the colonization of benthic foraminifera. The
Foram Stress Index (FSI) and Exp(H’bc) indicate that the environmental conditions turned from bad to more favorable since =
7.8 ka BP, with maximum health reached at = 5 ka BP, during the mid-Holocene relative sea-level highstand. Since then, the
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sedimentological and ecological proxies suggest that the system evolved to an increasing degree of confinement. Since = 1975
AD, a sharp increase of silting, Cd, Zn, and organic matter also induced by anthropic activities caused major changes in
foraminiferal assemblages with a significant increase of Ammonia/Elphidium Index (AEI), EF, and SPI values and decreasing
of FSI and Exp(H’bc) (ecological indicators) demonstrating an evolution from “moderately polluted” to “heavily polluted”
environment (bad ecological conditions), under variable suboxic conditions. Thus, core SP8 illustrates the most remarkable
event of anthropogenic forcing on the geochemistry of the sediments and associated pollution loads and its negative effect on

benthic organisms.

Keywords Multiproxies - Foraminifera - Metals - Ammonia/Elphidium Index - Foram Stress Index - Ecological Quality Status

Introduction

The accurate knowledge of coastal areas is a key point for
understanding their evolution and change in response to nat-
ural factors and anthropic pressure. Today, the protection and
management of coastal environments are important issues
when considering that about 13% of the world’s population
lives in these areas and use their resources (Mc Granaham
et al. 2007; Neumann et al. 2015). Recent studies have re-
vealed a substantial worldwide decline in the estuarine eco-
system service and functioning (e.g., Kuniansky and
Rodriguez 2010) because of their excessive socio-economic
exploitation. Numerous efforts worldwide have therefore been
made to understand estuarine resilience to anthropogenically
induced stressors such as sewage discharge (e.g., Alegria et al.
2016) and the input of potentially toxic elements (PTEs) as
defined by Martinez-Colon et al. (2009). Understanding the
current environmental health of coastal areas is a major con-
cern for resource managers, policy-makers, and stakeholders.
The management and assessment of point and non-point
sources of pollution are of great importance; however, the lack
of pre-management or pre-impact conditions (i.e., reference or
baseline) limits the understanding and the evaluation of cur-
rent conditions, particularly in estuarine environments that are
typically naturally stressed (i.e., Elliott and Quintino 2007,
Bouchet et al. 2018).

Benthic foraminifera (protozoa, meiofaunal organisms)
have been widely applied as effective bioindicators be-
cause of their high sensitivity, abundance, and specific
ecological requirement in spatial and temporal studies in
estuarine environments (e.g., Prazeres et al. 2020; Hess
et al. 2020). Similarly, other coastal benthic organisms like
microbes, nematodes, and microgastropods among others
are also sensitive to environmental stressors such as chang-
es in sediment supply, dissolved oxygen (DO), PTEs, or-
ganic matter, and pH (e.g., Hippensteel and Martin 1999;
Olabarria 2002; Lai et al. 2005; Chakravarty and Banerjee
2008; Taheri et al. 2015; Hermans et al. 2017; Aylagas
et al. 2016; Franzo et al. 2019). Differently from other
meiofaunal groups, foraminifera can be preserved in the
sediments because of their shell (test). This makes them
very useful in recording the evolution of coastal
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environmental changes (e.g., sea-level variation, ocean
productivity, paleoenvironmental reconstructions) (e.g.,
Smith et al. 2013; Waskowska and Kaminski 2019) but,
most importantly, in providing a proxy for historical recon-
structions and the definition of reference conditions or the
deviation from them (e.g., Alve 1991; Dolven et al. 2013;
Martinez-Colén et al. 2017; Hess et al. 2020).

Estuaries are highly dynamic environments where water
column stratification, organic matter flocculation, oxygena-
tion, and salinity changes among others are just a few of the
processes that alter the physiochemical characteristics of these
ecosystems (Wolanski et al. 2009; Silva et al. 2015).
Mechanical alterations like dredging may create permanent
haloclines and oxiclines in the water column that might neg-
atively impact the bottom sediments, influence the fate and
transport of PTEs, and the biota living therein (e.g.,
Martinez-Coldn et al. 2018). On the other hand, spit and bay
barrier development/migration also alter the overall character-
istics of an estuary by promoting changes in the sediment
texture and water chemistry (e.g., Lessa et al. 1998; Miselis
et al. 2016). Disentangling natural and anthropogenic induced
alterations in surface estuarine sediments is a very important
task though quite challenging. Sediment core provides a win-
dow, in time, to assess the natural variability of an ecosystem,
and offers the opportunity to define baseline conditions.
Several ecological and paleoecological studies have applied
benthic foraminifera in paleoenvironmental reconstruction in
the Sepetiba Bay (e.g., Tinoco 1967; Zaninetti et al. 1976,
1977; Suguio et al. 1979; Bronnimann et al. 1981a, 1981b;
Dias-Brito et al. 1988; Laut et al. 2012; Pinto et al. 2016,
2017; Alves Martins et al. 2019a, 2020). These works have
documented the main benthic foraminiferal species and fac-
tors that contribute the most to their distribution. Indeed, they
have also revealed Holocene paleoenvironmental changes that
have been associated with sea-level oscillations or recent en-
vironmental changes related to anthropic pressures in this
ecosystem.

The present work aims to identify natural and anthropic
factors that influenced the Holocene environmental evolution
of the external sector of Sepetiba Bay (SE Brazil) by using
benthic foraminifera as bioindicators and sedimentological
data.
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Study area

The Sepetiba Bay is located on the main economic axis of
Brazil (Rio de Janeiro, Sdo Paulo) between latitudes 22°
53" S and 23° 05’ S and longitudes 44° 01’ W and 43° 33"
W, about 50 km west of the city of Rio de Janeiro (Fig. 1a).
The bay basin mostly comprises Precambrian rocks, such
as migmatites, gneisses, and gneisses-granitoid from the
Occidental, Oriental, and Paraiba do Sul Terrains
(Tupinamba et al. 2007). It also contains some felsic alka-
line intrusive rock bodies such as the Tingua and
Mendanha massifs (Geraldes et al. 2013, 2017) and coastal
massifs, such as Ilha Grande, Marambaia, Jaguanum,
Itacuruca Islands, and Pedra Branca (Nascimento et al.
2019); quaternary fluvial deposits; and fluvio-marine sed-
iments that are drained by rivers (Misumi et al. 2014;
Rodrigues et al. 2018).

The Sepetiba Bay covers an area of 520 km? and spans
170.5 km in perimeter (SEMADS 2001). The bay is bordered
by the Serra do Mar massif on the northern and eastern sides,
and the Marambaia barrier island at the south (Fig. 1). The
Marambaia barrier island, mostly represented by quaternary
sediments, gives a semi-elliptical shape to the bay and protects
it from high-energy waves (Lacerda et al. 2001) making the
bay a semi-confined lagoon. The contact with the ocean most-
ly occurs towards the western sector, between the islands of
Itacuru¢d and Jaguanum.

The bay’s watershed has an area of 2654 km? and is divid-
ed into three sub-basins (Guandu River, Guarda River, and
Guandu-Mirim River) representing about 70% of the total area
of the basin that drains into the Sepetiba Bay (SEMADS 2001;
Misumi et al. 2014). The Guandu River basin includes 123
rivers having an average flow of about 22 m*/s and strongly
contributes to the input of fresh water into the bay (PARH
Guandu 2010). The highest average flow is registered from
November to January when it reaches its maximum peak at
42.1m’s”' (PARH Guandu 2010).

The region is characterized by a hot-humid climate with
average rainfall ranging between 1200 and 2500 mm year '
(Lacerdaetal. 2001, SEMADS 2001). In the external sector of
the Sepetiba Bay, surface water salinities between 33.8 and
35.7 can be recorded, but they decrease eastwards towards the
innermost region of the bay due to the contribution of fresh-
water from rivers (Miranda et al. 1977). Water temperatures
have been recorded ranging between 20 and 27.5 °C
(Gutierrez et al. 2011).

The water circulation in Sepetiba Bay is mainly controlled
by tidal and wind actions (Cunha et al. 2001, 2006; Copeland
et al. 2003). The predominant wind regime is from south and
west—southwest and secondarily from the north—northeast and
east—northeast, depending on the season, with estimated aver-
age velocities ranging from 1.5t0 5.0 ms ' (SEMADS 2001).
The flood and ebb tidal currents strongly control the mixing of

oceanic water masses and the inner lagoonal low salinity wa-
ters (Duque et al. 2008).

The bottom sediments of the Sepetiba Bay have been
studied by several authors who have reported sandy sedi-
ments at the entrance and in the main channels of the bay
where the bottom currents are more hydrodynamic (e.g.,
Barcellos et al. 1997; Carelli et al. 2011; Roncarati and
Carelli 2012; Nascimento et al. 2013; Borges and
Nittrouer 2016). In this region, the sedimentary budget is
strongly controlled by the entry of allochthonous materials
coming from surface runoff. The stratigraphic packages of
the Sepetiba Bay area represent interbedding between
fluvio-terrestrial and coastal-marine sediments
(Friederichs et al. 2013; Reis et al. 2020). The sea-level
variations throughout the Quaternary and, particularly in
the late Holocene, played a major role in the fate and trans-
port of sediments and on the coastal evolution of the bay
(e.g., Borges and Nittrouer 2016; Pinto et al. 2017; Alves
Martins et al. 2020; Reis et al. 2020).

Materials and methods

This work is based on the study of the core SP8 (176 cm long;
23°02' 45" S and 43° 54’ 15" W - UTM 2549032.1418914 /
387750.75373566 - WGS84) collected at a depth of 2.2 m,
about 1.8 km from the west bank of Ponta da Pombeba, in the
Marambaia Cove that is in the eastern region of Sepetiba Bay
(SE Brazil; Fig. 1a). This work also considers additional ele-
mental concentrations (used as baseline values) from the SP7
core (108 cm long; 23° 02 36.373"” S and 43° 44’ 02.015" W -
UTM 2548871.2920853/370330.80324905 - WGS84) col-
lected at a depth of 3 m, near the eastern margin of the
Marambaia barrier island close to Guaratiba area. Both cores
were collected by SCUBA divers using piston percussion
methods and PVC pipes (160 cm in diameter) in June 2015.
In the laboratory, the cores were opened, described, and sam-
pled at 2 cm resolution. Samples were dried (= 50 °C) for
subsequent textural, mineralogical, geochemical, and micro-
faunal analyses.

Radiocarbon dating

For radiocarbon (14C) analyses, mollusk shells and fragments
were sampled in the layers 36-38 cm, 100-102 cm, and 132—
134 cm and a fragment of wood at horizon 148—150 cm for the
core SP8 and mollusk shells were also sampled at 41 cm
downcore for the SP7 core. All analyses were carried out
within the scope of the work developed by Dadalto (2017),
at the National Ocean Sciences Accelerator Mass
Spectrometry laboratory (NOSAMS/WHOI; Woods Hole
Oceanographic Institution, USA). The *C dating results are
presented in ages (years) before the present (BP). The ages
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Fig. 1 a Location of cores SP8 and SP7 in the Sepetiba Bay (SE Brazil). b Map of the main geomorphological units of Rio de Janeiro State (adapted from
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were calibrated against the SHCAL database of Hogg et al.
(2013) that is designed for the Southern Hemisphere using
CALIB '*C, an online program (http://calib.org/calib/)
(Stuvier and Reimer 1993; Stuiver et al. 2020).

The impact of coastal dynamics on the radiocarbon (**C) ma-
rine reservoir effect (MRE) in the State of Rio de Janeiro was
recently analyzed by Macario et al. (2018). These authors reported
that, in the region, the AR values present temporal or spatial
variations due to ocean dynamics, continental input, and the
choice of marine organisms used for AR determination. Macario
et al. (2018) found a negative value of AR at about 3 ka of Ilha
Grande island, for a shell mound. Therefore, it was decided to not
introduce any value of AR to the calibrated values of '*C.

Textural and mineralogical analyses

For the granulometric analysis, about 15 g per sample were used.
Wet sieving was done to separate the fine (< 63 um) from the
coarse (> 63 pm) fractions. After subsequent drying and
reweighing, the > 63-um fraction was dry sieved (125 pum, 250
pum, 500 um). All sediment sizes are represented as a percentage
of each size fraction. The textural parameters and categorization
were based on the classification by Folk and Ward (1957). The
mineralogical analyses were performed in the fine fraction (< 63
um) by X-ray diffraction, according to the methodology de-
scribed by Martins et al. (2007). Textural and mineralogical data
were acquired aiming to identify energetic changes in the sedi-
mentary environment and variations in the composition of the
sediment. Silt and clay fraction mineralogy and geochemistry
have been used for sedimentological and paleoenvironmental
analysis since the 1960s (e.g., Biscaye 1965) until present. This
fine fraction, since it has greater mineralogical and geochemical
variability than coarser fractions or bulk sediments, provides a
higher sensitive proxy for paleoenvironmental and provenance
studies (Fagel 2007; Trindade et al. 2010; Hofer et al. 2013).

Organic matter and carbonate analyses

The total organic matter (TOM) content was determined by
weight loss for each dry sediment sample, after being subject-
ed to a chemical digestion treatment using hydrogen peroxide
(H,0, at 20%) at 60 °C for 24h, followed by sequential wash-
ing, drying, and reweighing of the sediment. The residual
digested sediments from the TOM analysis were then leached
in 10% hydrochloric acid for one hour to determine the car-
bonate content (COs). Intermediate washes with distilled wa-
ter and reweighing were done to reach a stable weight indic-
ative of total CO; dissolution (Krumbein and Pettijohn 1938).
Both TOM and COj; values are presented as percentages.
Although the reaction of organic matter with H,O, can par-
tially destroy the carbonates its presence was also estimated by
X-ray diffraction (XRD) techniques. It was found that the
content of calcite (by XRD), carbonates, and Ca is coherent,

as seen in the “Results” section. All these variables have sim-
ilar trends and can therefore indicate the same conditions.

Elemental analyses

The elemental analyses from the core SP7 and SP8 were per-
formed by inductively coupled plasma-mass spectrometry (ICP-
MS) at the Acme Analytical Laboratories (Bureau Veritas
LTDA, Vancouver, Canada). The preparation of each sample
consisted of macerating 5 g of bulk sediment using an agate
mortar/pestle and subsequently dry sieving (< 63 pum). To ensure
no cross-contamination, the mortar/pestle and sieve were cleaned
with distilled water and dried between each sample. All sediment
samples were leached using a modified aqua regia solution (1:1:1
HNO;/HCI/H,0) (http://acmelab.conv/). Some elements (i.c., As,
Cd, Co, Cr, Cu, Hg, Ni, Pb, Zn) were used to determine
anthropogenic impacts while others (i.e., Al, Ca, Mg, Mn, Mo,
Sc, Sr, Ti, and U) were considered to assess the
paleoenvironmental evolution of the bay.

The enrichment factor for each analyzed chemical element
was calculated following Buat-Menard and Chesselet (1979):

Cx .
Cn Environment
EF =

C
(c%) Baseline

where Cx is the element concentration for which it is intended
to determine the enrichment; Cn is the concentration of the nor-
malizing (baseline) element. Scandium (Sc) was used as a normal-
izing element (see explanation in the “Results” section). The local
elemental baseline values were derived for the mean elemental
concentrations in 6 layers (between 50 and 106 cm of the SP7
core) that were deposited before 8100 + 480 BP (conventional
radiocarbon age of a mollusk shell obtained in the 41 cm core
layer) (Appendix 1). The mean elemental concentrations of SP7
core (in non-anthropized sediments, as indicated the 14C data
obtained, in a shell, at the level of 41 c¢cm, with a conventional
radiocarbon age of 8100 + 480 years BP; see 3.1 item) were
selected as baseline values since they were analyzed in the same
laboratory and with the same methodology (Appendix 1; Table 1).
The EF classification (Table 2) was based on Sutherland (2000).
For Mo and U, the EF values also were calculated by normalizing
with Sc. However, the average shale concentration as reported by
Turekian and Wedepohl (1961) was used for these elements (in-
cluding Sc) for comparison with published data.

The sediment pollution index was calculated according to
Singh et al. (2002) by the equation:

Y (EFm X W)

SPI =
2Wn

where EFm is the PTE enrichment factor in the sample; W,
is the PTE toxicity weight. The W,,, values are as follows: 1 for

@ Springer
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Table 1 Baseline concentrations used to determine de EF values of
chemical elements analyzed in core SP§

Element concentrations Element concentrations

Al % 3.8 Mn mg kg 112.3
As mg kg™’ 5.7 Mo? mg kg™ 5.9/2.6*
Ca % 0.1 Ni mg kg 6.4

cd mg kg 0.1 Pb mg kg 43.8
Co mg kg™’ 2.5 Sc mg kg™ 5.2/13*
Cr mgkg ! 45.0 Sr mg kg 27.7
Cu mg kg’ 7.1 Ti % 0.012
Hg mg kg’ 0.3 U? mg kg ! 6.3/3.7
Mg % 0.4 7n mg kg™ 38.4

Baseline values from shales as reported by Turekian and Wedepohl
(1961)

Cr and Zn; 2 for Ni and Cu; 5 for Pb and; 300 for Cd (Singh
et al. 2002). The SPI values were categorized by Singh et al.
(2002) (Table 2).

The pollution load index was calculated using the equation
of Tomlinson et al. (1980):

PLI = /CF1-CF2-CF3 - ........ :

where CF is the contamination factor for each PTE (As, Cd,
Co, Cr, Cu, Hg, Ni, Pb, and Zn) and was calculated as Cs/Cb
(PTE concentration in the stratum/PTE concentration of the
baseline value; Table 1). The PLI values were characterized
according to Tomlinson et al. (1980) (Table 2).

Foraminiferal analysis

Approximately 10 ml of sediment were prepared according to
the protocol described by Murray (2006), which consists of
separating the wet sediment fraction of interest, using a 63-pum
sieve, to remove the excess of fine materials. Once the coarse

fraction of each sample is separated, it is oven-dried at a tem-
perature < 50°C. Samples are then dry sieved (125 and 500
um) to optimize the foraminiferal size-sorting, and the frac-
tions are stored in properly identified containers, according to
the horizon and sampled fraction. The sample was quartered
and up to 300 specimens were obtained whenever possible.
The specimens found in the sediment were screened and
placed in foraminiferal holders. Specimens were identified
whenever possible at species level following the taxonomic
works not only of Loeblich Jr and Tappan (1964); Loeblich
and Tappan (1988) but also of Debenay et al. (1998, 2001a),
Semensatto-Jr and Dias-Brito (2004), Raposo et al. (2016),
and Alves Martins et al. (2019b).

To assess foraminiferal change in the core, several indices
were calculated:

A. Species richness provides information on biodiversity:
SR = number of individual species/sample.

B. Shannon index estimates species diversity: H'= — ) pi-

x [npi (Shannon 1948). The higher the value, the greater
the species diversity.

C. Equitability assesses the evenness of the distribution (H'):
J' =H'/In S Magurran 1988). Values range from 0 (un-
even distribution) to 1 (even distribution).

D. Foraminiferal density provides information on the abun-
dance of foraminiferal specimens: FD = number of
specimens/g of bulk sediment.

E. The Ammonia/Elphidium Index provides information on
sediment oxygenation levels: AEI = [NA / (NA + NE)] x
100 (Sen Gupta et al. 1996). Cribroelphidium species
(e.g., C. poeyanum) have been classified as stress tolerant
(Jorissen et al. 2018) and included in the calculations. The
AEI values range from 0% (well oxygenated) to 100%
(dysoxic—anoxic).

F. The Foram Stress Index assesses the tolerance of species
with respect to organic matter: FSI = (10 x Sen) + (Str)
(Dimiza et al. 2016), where “Sen = sensitive” and “Str =

Table 2 Enrichment factor (EF) classification according to Sutherland (2000). sediment pollution index (SPI) classification according to Singh et al.

(2002), and PLI values classified according to Tomlinson et al. (1980)

EF ranges  EF classification SPI SPI classification PLI PLI classification
ranges values
EF <2 Minimal enrichment. 02 Natural sediments 0 Indicates natural conditions
Suggests null or minimal
contamination.
2<EF <5 Moderate enrichment 2-5 Low polluted sediments 1 Indicates presence of PTE baseline
levels
5 <EF <20 Significant enrichment 5-10 Moderately polluted >1 Progressive deterioration
sediments
20 <EF < Very high enrichment, 1020 Highly polluted sediments ~ — -
40 indicating high level of contamination
EF > 40 Extremely high enrichment, >20 Dangerous sediments - -
indicating extreme contamination
@ Springer
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stress tolerant.” The categories are as follows: 1.0-2.0
(heavily polluted), 2.0-5.5 (moderately polluted), 5.5—
9.0 (slightly polluted), and 9.0-10.0 (normal/pristine). If
values are zero, it represents azoic conditions.

G. Unbiased entropy of diversity: EcoQS = exp(H'bc)
(Bouchet et al. 2012). Range of values for transitional
environments are based on Bouchet et al. (2018): > 15
(“excellent”), 11-15 (“good”), 7-11 (“moderate”), 3—7
(“bad”), and < 3 (“poor™).

Multivariate statistical analysis

Selected abiotic and biotic variables were used for statistical
analysis to better understand their relationship and facilitate
the interpretation of the results. Before being submitted to
statistical analysis, the data were log (x + 1) transformed.
Principal component analysis (PCA) was performed using
the Software Statistica® 12 resources. Spearman rank-order
correlations were also determined with correlations consid-
ered significant at p < 0.050.

Results

14C dating and compositional and granulometric
characteristics of the core SP8

The results of '*C dating performed on fragments of shells and
wood collected in the sediment layers 36-38 cm, 100—102 cm,
132—-134 cm, and 148-150 cm are shown in Table 3. All
sedimentological data are reported in Appendix 2. The mini-
mum, maximum, average, and standard deviation values of
sedimentary fractions and other textural parameters of the core
SP8 can be found in Table 4.

The sediment mean grain size (SMGS) varies between
22 um (mud) and 290 pum (medium sand). The overall sedi-
ment grain size distribution varies from coarser sand in the
lower section of the core (176-98 cm) to muddy very fine
sand towards core top (1060 cm) (Figs. 2 and 3).

In general, the sediments are poorly to very poorly sorted
(Fig. 3). Between 176 and 98 cm sorting values (mean: 4.1 +
0.6 um) tend to be relatively higher, while in the muddy sed-
iments between 64 and 0 cm, the sorting values decreased
slightly (mean: 3.5 + 0.4 um) indicative of better-sorted sed-
iments (Fig. 3 and 4a). The sediments are bimodal which
indicates different particle sizes as evidenced by the first (76
pm, very fine sand) from 95 to 0 cm and a second mode (605
pum, coarse sand) from 95 to 176 cm. In this upper section,
very angular or angular particles predominate in the very fine
sand fraction, whereas in the lower core section, the coarser
sand fractions consisting of frosted patina sand grains of eo-
lian provenance with shapes varying between very angular
and rounded (Fig. 4). It is important to highlight that between
8 and 0 cm, the composition of the sediment particles in the
fraction > 500 pm corresponds to plastic fragments (Fig. 4b).

Geochemical and mineralogical composition of the
core SP8 sediments

The TOM values range from 0.1 to 7.6% (2.4 = 1.5%) with
two peaks between 152 and 116 cm and from 44 to 0 cm
(Table 4, Fig. 2). The CO5 values vary from 1 to 11% (3.9 +
2.7%) (Table 4). The depth plot distributions of 18 elemental
concentrations are shown in Fig. 2 and their ranges are pre-
sented in Table 4. The highest concentrations of Al (3.8 +
0.8% mg kg ') and Cu (13.9 + 7.1 mg kg ') are found be-
tween 176 and 70/80 cm depth and decrease at the core top,
while Ca, Sr, Co, and Mn concentrations show a marked in-
creasing trend from core base to top. Magnesium, Ni, Sc, Cr,
and Ti have lower concentrations between 174 and 156 cm
and higher and slightly variable between 156 and 0 cm.
Arsenic has a similar pattern but shows a marked decrease in
values between 50 and 40 cm depth. Zinc shows no changes in
concentration from core base up to 40 cm followed by a rapid
and marked concentration increase up to 433.7 mg kg ' at 24
cm, then subsequently slightly decreases towards the core top.
A similar trend is observed for Cd, which also reaches the
highest concentrations (2.1 mg kg ') at 24 cm. The concen-
trations of Pb and Hg are higher from the core base to about

Table 3  Radiocarbon ages for the analyzed levels in the SP8 core
Core Layer (cm) Sample Conventional radiocarbon age Calibrated Age (2 SIGMA)
years BP years BP
SP8 38-36 Shell (bivalve) 1020 £ 170 1267 to 1207
(1237 £ 30)
102-100 Shell (bivalve) 4890 +270 6182 to 6138
(6160 +22)
134-132 Shell Fragments 7280 + 410 9013 to 7310
(8162 + 852)
150-148 Wood 7530 + 30 8330 to 8180
(8255 £75)
@ Springer
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Table 4  Variation of granulometric parameters and chemical elements, total organic matter, and carbonate contents. Mean and standard deviation of

each variable are also shown

Variables Unity Maximum Minimum Mean
Sediment mean grain size pm 290 22 119 +77
Sorting pm 5.09 2.79 3.85+0.61
Skewness pm 0.07 —0.88 -0.35+£0.27
Kurtosis pm 2.16 0.69 1.10£0.37
Fine fraction (< 63 pm) % 79.0 8.9 31.0+14.8
Coarse sand (> 500 pm) % 61.2 1.2 22.7+183
Medium sand (500-250 pm) % 25.4 0.3 11.1+74
Fine sand (125-250 pm) % 226 1.1 103+59
Very fine sand (63—125 pum) % 45.9 6.0 250+ 11.6
Total organic matter % 4.44 0.12 1.69 +£1.13
CO; % 3.71 1.02 1.92+0.79
Al % 4.7 32 3.8+08

As mg kg ! 9.9 1.8 7.0+£27

Ca % 1.8 0.0 09+0.6

cd mg kg ! 2.1 0.1 0.5+0.7

Co mg kg ! 10.5 22 78+2.8

Cr mg kg ! 71.2 40.8 592+ 139
Cu mg kg™ 27.6 7.0 139+7.1
Hg mgkg ' 0.90 0.02 0.12+0.21
Mg mg kg™’ 1.46 0.24 1.11£035
Mn mg kg™ 1036.0 63.0 521242929
Mo mgkg ! 10.1 0.3 25+24

Ni mgkg ' 22.8 7.7 18.1+5.0
Pb mgkg ' 60.6 17.7 30.6 + 142
Sc mgkg ! 8.8 4.1 74419

Sr mgkg ! 125.8 21.2 73.8 +26.7
Ti % 0.06 0.02 0.05+0.01
Zn mgkg ! 4337 27.6 149.2 + 131.0
U mg kg ! 6.2 1.8 35+13

134 cm and 158 cm, respectively, followed by a decrease and
subsequently increasing between 40 and 0 cm. Uranium and
Mo show an increase in values from the core base up to
150 cm where they reach maximum concentrations (6.2 mg
kg " and 10.1 mg kg ', respectively), followed by a decreas-
ing trend towards the core top. However, Mo reached a min-
imum at 40 cm followed by a slightly increasing trend be-
tween 40 and 0 cm, whereas U maintained relatively decreas-
ing concentrations Appendix 2.

The mineralogical composition of the fine fraction is pre-
sented in Appendix 2. The most abundant minerals are
phyllosilicates (59.5 + 12.6%), quartz (24.1 + 9.2%), plagio-
clase (5.3 £ 5.8%), K-feldspar (2.1 + 3.7%) followed by cal-
cite (2.2 £2.3%), siderite (1.4 +2.2), pyrite (1.0 = 1.2%), and
anhydrite (0.6 + 1.9%) (Fig. 5). At some levels, the presence
of opal C/CT, aragonite, hematite, anatase, magnetite/
maghemite, and bassanite has also been identified. The

@ Springer

percentages of phyllosilicates, quartz, plagioclase, and K-
feldspar are variable in the core but the depth plots do not
show any clear changing pattern, except for plagioclase that
is not found in the 176-160 cm interval (Appendix 3). The
presence of pyrite is only identified between 140 and 10 cm
(Fig. 5). Low percentages of hematite are also found at the
base and core top. Calcite and feldspar/quartz values are min-
imal in the lower core section but tend to increase towards the
core top. Anhydrite peaks are observed at the core base and
also between 85 and 80 cm of depth.

PCA based on sedimentological data

The PCA based on elemental, mineralogical, TOM, and CO;
data and particle size parameters show that the first two factors
explain most of the data variability (total: ~ 70%; factor 1: ~
50%; factor 2: ~20%). The biplot of factor 1 against factor 2
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Fig. 2 Depth plots of sediment mean grain size and fine fraction, total
organic matter, carbonate, and elemental contents. The regression line
(dotted) and the respective R* were represented in some graphs. The

(Fig. 6) reveals, for example, that As, Ni, Sc, Mg, Co, Ti, Mn,
Sr, Ca, Zn, Cd, calcite, CO3;, TOM, and feldspar/quartz are
related to finer-grained sediment (fine fraction, very fine sand

lower and the upper core sections were shaded to point out significant
changes in several variables

fraction, and fine sand fraction), whereas U, Mo, Al, Pb, Cu,
Hg, anhydrite, and hematite contents are more associated with
coarse-grained sediments (as indicated by SMGS, medium
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Fig. 3 Phi-scale graph of the

values of the sediment mean grain Sand
size (SMGS) against the sorting 24
values. A trend line (dashed line)
is represented (the values of
68 cm and 94 cm were excluded 22
as outliers)
’;S 2.0 pr——meeet
[
£
b=
o)
P 18
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sand fraction, and coarse sand fraction). These results also show
that Sc is more related to fine-grained sediments than Al. This
supports the idea of using Sc as a normalizer in this core for the
calculation of EF values. Although Al is widely used as a nor-
malizer, in this case, the element/Sc ratio best minimizes the
possible trend effects caused by the granulometry and allow
identifying differences in the sediment composition not related
to the sediment grain size (Loring 1988; Loring and Rantala
1992; Bueno et al. 2019). Scandium makes part of the structure
of clay minerals and micas and so is a good indicator of the
presence of these minerals particularly in sediments enriched in
aluminosilicates (Dias and Prudéncio 2008), as evidenced by
the analyzed mineralogical data of the study area. Most impor-
tantly, Sc is a very immobile trace element that makes it very
resistant to weathering processes (e.g., diagenesis) (Zhao and
Zheng 2015).

Enrichment factors

The EF values are presented in Table 5. The maximum EF
values (> 2) are, in decreasing order, reached for Cd (23), Ca
(14), Zn (8), Mn (7), Cu (5), Hg (4), Ti, Sr, Ni, Co, Mg (3), and
Pb (2) (Fig. 7). The EF values of Al, As, Cr, Mo, and U do not
increase above 1. The PLI and SPI values reach 3 and 23,
respectively (Fig. 7). The EF-Cd, EF-Zn, EF-Mn, PLI, and
SPI mostly increase in the upper 40 cm. The PLI values ex-
hibit two increasing phases, one around 160 cm and the other
from 40 cm depth. The SPI values have a similar pattern but
have a reduced increase between 160 and 140 cm. The EF-Ca,
EF-Sr, EF-Mn, and EF-Co have lower values at the core base
and tend to increase towards the top. The EF-Cu reached the
highest values at 158 cm and then subsequently decreasing up
to 80 cm; from this layer, the values remain slightly variable
up to the core top. The pattern of EF-Ni is similar to that of
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EF-Cu. The EF-Hg and Sr/Ca values have a peak below
150 cm depth and present reduced and slightly variable values
between 150 and 0 cm. The biplots and trend lines (and re-
spective R” values) presented in Fig. 8 show positive correla-
tions between the EF of several PTE pairs such as EF-Zn/EF-
Cd, EF-Mn/EF-Cd, EF-Mn/EF-Zn, EF-Mn/EF-Co, EF-Mn/
EF-Ca, and EF-Sr/EF-Ca.

Depth plots comparing the EF-Mo/EF-U ratio values
(using Sc in shale as a normalizer) with Mn and Cd concen-
trations (Fig. 9a) and the biplot of EF-Mo versus EF-U values
(Fig. 9b) show that samples between 174 and 150 cm experi-
enced a noticeable enrichment in Mo concerning U followed
by a depletion between 150 and 40 cm. All samples between
40 and 0 cm experienced a slight enrichment in Mo coupled
with a significant increase in Mn and Cd.

Benthic foraminifera

No foraminifera are found in the interval between 176 cm and
136 cm (Fig. 10; Appendix 4). Less than 100 foraminiferal
specimens occur at levels 130 cm and 110 cm (Appendix 4).
Poorly preserved specimens (i.e., broken, dissolved) are doc-
umented in some layers and reduced in size (< 125 um) in the
first 22 cm.

In total, 8813 specimens were collected in the studied
layers, corresponding to 78 species/taxa of foraminifera
(Appendix 4). The FD was < 5791, SR was < 28, J was <
0.8, and H' was < 2.4 (Appendix 4). The depth plots presented
in Fig. 10 show the barren samples between 177 and 140 cm
depth. From 140 to 0 cm, the presence of foraminiferal tests
becomes significant. Species richness, J' and H' values show a
similar increasing/decreasing pattern (Fig. 10). The dominant
foraminiferal genera between 136 and 0 cm are Elphidium,
Cribroelphidium, and Ammonia genera (Appendix 4).
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Fig. 4 a The predominant
presence of very angular or
angular particles in the
composition of the very fine sand
fraction. b The occurrence of
microplastics in the fraction >
500 um of the first 6 cm of the
SP8 core. ¢ Details of the fraction
125 to 500 pm, from the horizon
52 to 54 cm. d Details of the
sandy fraction of the mesh 150 to
250 um from the horizon 162 to
164. e, f Details of the fraction >
500 pum, from the horizon 150 to
152 cm and 162 to 164 cm

The dominant genera are Elphidium/Cribroelphidium
and Ammonia genera (Appendix 4). The species with rela-
tive abundance > 5% are Cribroelphidium poeyanum (<
88.2%; 41.1 £ 25.9%), Ammonia tepida (< 75.9%; 16.0 =
22.7%), Buliminella elegantissima (< 28.9%; 5.4 £ 7.7%),
Ammonia rolshauseni (< 27.5%; 3.5 £ 5.8%), Pararotalia
cananeiaensis (< 21.5%; 4.1 = 5.9%), Cribroelphidium
excavatum (< 19.6%; 6.6 = 4.5%), Bolivina fragilis (<
16.9%; mean 0.6 + 2.9%; with a peak at 48 cm; absent or
rare in the other core layers), Elphidium oceanense (<
15.9%; 2.7 + 4.0%), Elphidium incertum (< 15.8%; 3.5 +
4.3%), Elphidium advenum (< 11.1%; 2.2 + 3.0%), and
Porosononion granosum (< 10.8%; 1.7 + 2.9%),
Ammonia parkinsoniana (< 6.7%; 3.2 + 1.8%), Bolivina

striatula (< 6.5%; 1.4 £+ 1.9%), Bulimina aculeata (<
4.8%; 1.1 = 1.3%), and Elphidium discoidale (< 4.7%;
0.8 = 1.2%) (Figs. 11 and 12; Appendix 4).

Figure 11 illustrates some species found in core SP8 and
Fig. 12 shows the depth plots of the relative abundances of the
most abundant and frequent species. The graphs show, for
instance, that A. fepida and A. rolshauseni are less abundant
in the lower core interval, where foraminiferal assemblages
are mainly composed of Cribroelphidium and Elphidium spe-
cies (e.g., C. poeyanum, C. excavatum, E. oceanense,
E. incertum, and E. advenum) but also include P. granosum,
B. aculeata, and Buccella peruviana. Pararotalia
cananeiaensis is rare in the lower core section, has a peak
between 44 and 36 cm, and declines towards the core top.
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Fig.5 Depth plots of calcite, anhydrite, pyrite, hematite percentages, and feldspars/quartz values. The regression line (dotted) and the respective R? were
represented for calcite. The lower and upper core sections were shaded to point out significant changes in several variables

Buliminella elegantissima and B. striatula are mostly present
in the upper 80 cm but the former declines in percentage
between 32 and 0 cm.

In the section between 40 and 0 cm, there is a significant
increase in the Ammonia/Elphidium Index ratio, towards the
core top (Fig. 10). Trends in FSI, Exp(H’bc), and J' are quite
similar. The FSI values range from 1 to 5.1 (Fig. 10; Appendix
4). Based on the FSI, “moderately polluted” conditions can be
inferred from the core base to 56 cm that turn upwards to

Fig. 6 PCA graph based on
selected grain size and
geochemical and mineralogical
variables. Legend: SMGS,

“heavily polluted.” The Exp(H’bc) values show an overall
increasing trend from 134 to 40 cm, then decline in the upper
part of the core. The highest values (12.3) of Exp(H’bc) have
been found at 72 cm (Fig. 10).

PCA based on sedimentological and biotic data

The relative abundance of the main benthic foraminiferal spe-
cies has been compared with selected sedimentological data

Factor Loadings, Factor 1 vs. Factor 2
Rotation: Unrotated
Extraction: Principal components

sediment mean grain size; sand,
total sand fraction; MSF, medium
sand fraction; CSF, coarse sand
fraction; FF, fine fraction; FSF,
fine sand fraction; VFSF, very
fine sand fraction; TOM, total
organic matter; Carb, carbonates;
Hem, hematite, Anhy, anhydrite;
Fds/Qz, feldspar/quartz ratio;
Calc, calcite

Factor 2

L
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Table 5 Values of EF for the analyzed chemical elements (using Sc as normalizer) throughout the SP8 core. Values > 2 are marked. (*) - Mo and U
only, the Sc background values used were from shale as described by Turekian and Wedepohl (1961)
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(granulometric, mineralogical, and geochemical parameters)
by PCA. The first two factors explain ~ 69% of the data
variability (factor 1: ~ 45%; factor 2: ~ 23%). Based on the
PCA results (Fig. 13) coupled to factor loadings (Appendix 5),
it has been possible to infer: (1) SMGS, EF-Cu, EF-Hg, and
anhydrite are positively related to factor 1; (2) EF-Ca, EF-Co,
EF-Mn, EF-Sr, EF-Zn, COs;, fines, feldspars/quartz, TOM,
SR, J', H', FD, and the species A. tepida, A. parkinsoniana,
A. rolshauseni, B. elegantissima, B. striatula, C. excavatum,
C. gunteri, P. cananeiaensis, and P. japonica are negatively
related to factor 1; (3) B. aculeata, E. incertum, E. advenum,
E. oceanense, E. discoidale, A. parkinsoniana, C. excavatum,
C. poeyanum, P. granosum, B. peruviana, SR, J', H', and FD
are associated with positive values of factor 2; and (4) EF-Cd,
EF-Zn, B. striatula, and TOM are negatively related to factor
2 (Fig. 13). The two first score factors of the PCA were plotted
and compared with foraminiferal density, H', Ammonia/
Elphidium, FSI, SPI, and EF-Mo/EF-U values in Fig. 14.
This figure allows us to integrate the most significant data of
the core SP8 and to provide a general pattern of the temporal
evolution of the study area (discussed in the next section).

Discussion
Age model and calibration

The pattern of Zn and Cd concentrations and the enrichment
factors of these PTEs (Figs. 2 and 7) in the upper part of core
SP8 is similar to other records studied for instance by Gomes
et al. (2009) in three sediment cores sampled in Sepetiba Bay
near the Guandu River mouth; Marques Jr. et al. (2006) in a

Pb

4 2 N2 02T 000000000000O0 00 2o

Zn Al Ca Mg Mn Mo Sr Ti U
5 1 14 2 6 0 3 3 0
5 1 14 2 7 0 3 3 0
6 1 13 2 6 0 3 3 0
7 1 13 2 6 0 3 3 0
8 1 1 2 5 0 2 3 0
6 1 10 2 5 0 2 3 0
2 1 7 2 3 0 2 3 0
1 1 1M1 2 2 0 2 3 0
2 1 9 3 3 0 2 3 0
2 1 9 3 3 0 2 3 0
1 1 8 2 3 0 2 3 0
2 1 8 2 2 0 2 3 0
2 1 6 3 2 0 2 3 0
1 1 4 2 2 0 1 3 0
2 1 5 2 2 0 2 3 0
1 1 3 2 3 0 1 3 0
1 1 4 2 3 0 1 3 0
2 1 5 2 3 1 2 3 1
2 1 3 2 3 1 1 3 1
2 1 2 2 2 1 1 2 1
1 1 1 1 1 1 2 2 1
1 1 0 1 1 0 1 2 1
1 1 0 1 1 0 1 2 0

core collected in the Coroa Grande mangrove, located in the
vicinity of Ilha da Madeira plant (Fig. 1); and Aratjo et al.
(2017a,2017b) in cores T1-T5 collected in different locations
of Sepetiba Bay. Based on these studies, we can estimate that
the first 35 cm of core SP8 records the period after ~ 1975
(Anno Domini; Figs. 2, 7, and 14), taking into account the
beginning of cadmium production by the zinc smelter
(Companhia Siderurgica Inga Mercantil) in 1974 (Rodrigues
et al. 2020) and the maximum metal concentration in sedi-
ments at the 1980s (Patchineelam et al. 2011).

Considering the available radiocarbon data of = 1.2 ka BP
obtained for the layer 38-36 cm, it can be deduced that there
was a significant loss of the sedimentary record, probably >
1000 years in the core SP8. This sedimentary discontinuity
(SD) is marked in Fig. 14. The age model shown in Fig. 15
for the sedimentary column below 38 cm depth allows infer-
ring a sediment accumulation rate of 1.3-2.4 cm for 100 years
and to date with =~ 9.5 ka BP the core base. As no evidence of
bioturbation was observed in this core (most of it was depos-
ited under suboxic conditions), it can be deduced that the
estimated age model is coherent. Thus, the core SPS§ is a
siliciclastic upward-fining sequence that records most of the
Holocene evolution of the study area.

Sedimentary environment between ~ 9.5 and 7.8 ka
BP

The lower section (170-140 cm) of core SP8 has coarser-
grained sediments deposited between ~ 9.5 and 7.8 ka BP.
Sediments of this lower section, have low COs, calcite, and
hematite contents as well as feldspar/quartz and EF values of
several elements (i.e., Ca, Co, Mg, As, Mn, and Ti). Pyrite is
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Fig. 7 Depth plots of enrichment factors (EFs) of elements that reach minimum values >2. The depth plots of the PLI, SPI and St/Ca values are also
shown. The lower and upper core sections were shaded to point out significant changes in several variables

not found in these layers, since the low amount of TOM did
not favor the formation of this mineral (Aberner 1984). This
dataset denotes the presence of a mineralogical component
different from that found in the upper layers and also the
presence of a dissimilar sedimentary environment. The ab-
sence of foraminiferal and mollusk remains, also, to high Sr/
Ca values towards the bottom of the core, the low values of
Ca-Mg, COs, feldspar/quartz, and Ti/Al values (proxy of eo-
lian processes; Chen et al. 2013) coupled with higher values of
Al (proxy of terrestrial input; Larson et al. 2015) and hematite
suggest the occurrence of subaerial environments. The rela-
tively high abundance of coarse sand particles wind-shaped
(rounded frosted patina grains of quartz) allow supposing that
wind was an important transport agent in this region. Indeed, it
can be inferred that these sediments were likely deposited
under subaerial and dryness conditions associated with eolian
processes and strong winds.

A study by Borges and Nittrouer (2015) described subaer-
ial environments and identified river paleoenvironments
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during a sea-level lowstand in the late Pleistocene. A sinuous
paleo-channel located towards the southern margin of the bay,
ran parallel close to today’s Marambaia barrier island and
exiting towards the west of the bay corresponding to
Marambaia Island (topographic high) and where core SP8
was collected. High-resolution seismic stratigraphy also sup-
ports the presence of fluvial channels and sedimentary de-
posits (Reis et al. 2020). Thus, the sedimentary units between
178 and 140 cm are interpreted as being deposited in a fluvio-
terrestrial environment close to a high-energy sandy coast
during a period of lower sea level (Angulo and Lessa 1997,
Castro et al. 2014; Jesus et al. 2017). Also, it is speculated that
short-lived marine incursions or wash over deposit events
(Hayes 1967; Coates 1973) potentially creating brine-ponds
could have allowed for the precipitation of non-biogenic cal-
cite and anhydrite evaporitic minerals (Sinha and
Raymahashay 2004).

These marine incursions were detected in the Juréia region,
situated in the southeast coastal area of Brazil. A detailed
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Fig. 8 Biplots of the EF of some elements. The trend lines and the respective R is presented

paleoclimatic record of Juréia Paleolagoon indicates that in
about 9400 cal year BP, a lagoon environment was
established, with mixed continental and marine contribution,
favoring benthic foraminifera (Sallun et al. 2012; Silva et al.
2014). According to Silva et al. (2014), there were four phases
of conspicuous marine incursions (i.e., 9400-9338 cal year
BP, 9075-8894 cal year BP, and 8541-8500 cal year BP)
intercalated with two phases of prominent continental contri-
bution (93389072 cal year BP and 8500-8385 cal year BP).
The change in dominance from continental sources was indi-
cated by lead isotopes, which indicated stability in sea level
and also increase in rainfall and sediment inflow in Juréia
(Sallun et al. 2012).

During the interval, = 9.5-7.8 ka BP, the records of core
SP8 indicate that the sediment source consisted of reworked
mature lithics from nearby drainage basins (at that time,
several river mouths were located near the study area,
according to Reis et al. 2020) and from nearby rock outcrops
probably of the Marambaia Massif (Fig. 1c¢). The elemental

composition and concentration of the sediments depend on the
source rock (Arunakumara et al. 2013; Ali etal. 2019) as these
geological materials may have high concentrations of such
elements (e.g., Cr, Co, Ni, Cu, Zn, Cd) (Turekian and
Wedepohl 1961; Wedepohl 1995). For instance, igneous
rocks composed of olivine, hornblende, and augite provide
the sediment background values for Co, Ni, and Zn among
others (e.g., Martinez-Colén et al. 2009; Ramakrishna and
Gill 2019). Excessive weathering (e.g., leaching) could ex-
plain the ephemeral natural background enrichment spikes
of Cd, Cu, Co, and Ni as evidenced by high SPI values
(Figs. 7 and 14).

A conspicuous enrichment of Mo with respect to U is ob-
served around 8.25 ka BP (150 cm; Fig. 9a, b), a change that
has been interpreted as an indicator of an environmental tran-
sition to anoxic conditions (e.g., Algeo and Tribovillard 2009;
Lu et al. 2011; Rico et al. 2019). Under such conditions,
redox-sensitive PTEs would be scavenged from the water col-
umn, resulting in increased concentrations of Pb, Hg, Mo, U
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Fig. 9 a Depth plots comparing
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(Fig. 2), and higher EF values (for instance Cd, Cu, Hg, Ni,
Mo, U; Fig. 7). This period is also marked by increased con-
centrations of TOM, possibly driven by the same conditions
recorded in the Juréia coastal region between 8300 and
8210 cal year BP (Sallun et al. 2012). During this time, the
rapid acceleration of ice melting in North America slowed the
Atlantic Meridional Overturning Circulation, causing an
abrupt cooling of 1-3 °C in large parts of the Northern
Hemisphere (Thomas et al. 2007; Schmidt and LeGrande
2005; Morrill et al. 2013; Matero et al. 2017). In the
Southern Hemisphere, the South American Summer
Monsoon was intensified in Brazil (Cheng et al. 2009),
resulting in increased rainfall and moisture (Sallun et al.
2012). Unfortunately, our data do not allow further investiga-
tions about the source of the organic matter. Nonetheless,
considering that the sedimentation of this period was mostly
continental, in a transitional fluvio-marine environment, it can
be hypothesized that terrestrial plants were the source of the
organic matter, probably mangrove forests similar to those
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currently found in the Guaratiba coastal plain (Fig. 1a, b).
SPI values attest to the increased sediment toxicity that
reached levels of “moderately polluted sediments” (Singh
et al. 2002; Table 2, Fig. 14), solely related to natural process-
es. According to Sallun et al. (2012), a second anomalous
period occurred between 8200 and 8000 cal year BP, charac-
terized by rapidly decreasing sediment accumulation rates in
the Juréia coastal plain. In the study area, this second anomaly
is marked by a significant change in the sediment composition
(Figs. 2, 4, and 14), signed by the decreased values in the
variables that marked the previous event.

Regarding yet drivers of metals retention in the sediments,
in the case of As, its natural background concentrations as
revealed by the EF (up to 1) are low (Fig. 2) between 9.3
and 8.7 ka BP (174-160 cm) and around 1.4 ka BP (40 cm),
and its variability is tied to the ever-changing reducing condi-
tions of the bay throughout its history. As mentioned by
Magalhaes and Pfeiffer (1995) and Martinez-Coloén et al.
(2009), As™ and As** will be bound to oxide—hydroxides
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Fig. 10 Depth plots of the values of foraminiferal density, species
richness, equitability, the Ammonia/Elphidium ratio, FSI, and
Exp(H’bc) values along the SP8 core. The logarithmic regression line
and the respective R* was represented in AmmonialElphidium graph.

(oxic) or sulfides (anoxic), respectively, and this is evidenced
by the noticeable changes of As concentrations in the sedi-
ments deposited between = 8.7 and1.4 ka BP (section 16040
cm). Several studies from cores and surface sediment samples
from Sepetiba Bay have reported As, as being anthropogenic
in origin due to metallurgic effluents (Araujo et al. 2017a,
2017b; Diaz Morales et al. 2019). The observed concentra-
tions at least in the study area support the idea that the As
contributions are mostly related to natural sources associated
with the weathering of source rocks from the region.

Marine-estuarine sedimentary environment (~ 7.8-
1.2 ka BP)

The sediments between 140 and 40 cm are characterized by a
noticeable increase in relatively poorly sorted muddy fine
sands. At the lower part of this section (140 cm) ~ 7.8 ka
BP, it is inferred that the Marambaia Cove was flooded during
a marine transgression as observed by a transition from fluvio-
terrestrial to marine conditions. At the beginning of the
Holocene, the mouths of the rivers were located close to the
study area (Reis et al. 2020). With the sea-level rise, they were
progressively more distant (migrating to N for the current
position); this process triggered a decrease in the
phyllosilicates supply to the study area, as indicated by the
progressive reduction of Al towards the core top (Fig. 2).
Friederichs et al. (2013) and Borges and Nittrouer (2015) es-
timated the age of the maximum flooding surface (MFS)
mapped inside Sepetiba Bay to be ~ 6.0-5.8 ka BP. Our

60

80 1

100

120

140 1

160 1

180 —~

R?=0.85

160 T 160 1

The upper core section where the values of the Ammonia/Elphidium
ratio increase significantly was shaded, as well as the lower one without
foraminifera

results support this environmental transition based on the sig-
nificantly lower Sr/Ca ratios, coupled with increased carbon-
ates and biogenic calcite found in the sediments, and also by
the first appearance of the benthic foraminifera Pararotalia
cananeiaensis (Debenay et al. 2001a) among other calcareous
organisms, such as other foraminifera species and mollusks.
However, the newly established conditions were not open
marine. The amount of TOM within this section increased
significantly indicative of variable redox conditions which
coincide with a persistent degree of environmental confine-
ment and limited circulation (Fig. 14). The supply of organic
matter favored the establishment of sedimentary suboxic con-
ditions as indicated by the Mn values and the EF-Mo/EF-U
ratio (Figs. 2, 9). Although the overall conditions of the lagoon
evolved from anoxic to a suboxic environment (depletion of
Mo with respect to U), it is hypothesized that the presence and
variable abundance of pyrite (0-2.8%) found in the sediment
fine fraction formed under anoxic microenvironments (e.g.,
pore spaces, sediment—water interface). Such chemical transi-
tion has further implications on the fate and transport of PTEs.
Under suboxic conditions, PTEs will be re-released into the
water column and potentially sequestered or adsorbed into
other phases (e.g., bound to clays).

The sediments in this section are not polluted by PTEs
based on the low PLI and SPI values and by the overall low
EF (< 2) of Cd, Zn, Hg, Ni, and Cd, and although Diaz
Morales et al. (2019) reported the highest concentrations (ex-
ceeding Brazilian legislation) of these PTEs in a sampling
station (S30) near core SP8, our study found that only Pb
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Fig. 11 Scanning electron microscopy images of selected foraminiferal
species identified along the SP8 core. (1) C. poyanum. (2) A. tepida. (3)
A. tepida. (4) A. parkinsoniana. (5) A. rolshauseni. (6) C. excavatum. (7)
B. peruviana. (8) B. aculeata. (9) B. elegantissina. (10) B. striatula. (11)

has consistently exceeded naturally those values (> 20 mg
kg ') (Fig. 2). The background moderate enrichment of Co
is related to the conditions of the lagoon. The positive corre-
lation between EF-Co and EF-Mn (Fig. 8) suggests that Co is
intimately related to the processes of Mn retention in sedi-
ments, that is, with the formation of Mn oxy-hydroxides given
that Co geochemically resembles Fe and is found
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B. compacta. (12) B. fragilis. (13) H. pacifica. (14) Q. laevigata. (15)
P. japonicum. (16) A. gallowayi. (17) R. auberii. (18) C. exilis. (19)
R. squamiformis

coprecipitated and adsorbed into manganese oxides (Hem
1985).

The values of the feldspar/quartz ratio are quite variable in
this section but tend to be higher than in the previous one,
indicative of accumulation of sediments from several sources
and less reworked by coastal processes. For example, the
PCA - factor score 1 (Fig. 14) indicates that the Marambaia
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Fig. 12 Depth plots of the percentage of the most abundant benthic
foraminiferal species in the SP8 core. The regression line and respective
R? for A. tepida was represented. The upper core section where the

Cove became progressively confined after = 7.8 ka BP, re-
lated to the formation and evolution of the Marambaia barrier
island (Friederichs et al. 2013). This confinement or environ-
mental encroachment helps in the retention of sediments
(e.g., organic matter) from proximal (coastal drift) and distal
(river supply) sources. These data summarized in the depth
plot of the PCA - factor score 1 (Fig. 14) indicate that the
Marambaia Cove became progressively confined after =
7.8 ka BP, as the Marambaia barrier island developed
(Friederichs et al. 2013).

Given the newly established marine conditions, the forami-
niferal assemblage in this section is dominated by the oxygen-
sensitive elphidiids, mostly C. poeyanum associated with not
only C. excavatum, E. oceanense, E. incertum, E. advenum,

relative abundance of this species increases was shaded, as well as the
lower one without foraminifera

and E. discoidale but also P. granosum. They also included
other species such as B. aculeata, B. peruviana, and A. tepida
in very low abundances (Fig. 12). This assemblage, which is
quite common in Brazilian transitional environments (e.g.,
Laut et al. 2016; Pinto et al. 2016; Duleba et al. 2018), typi-
cally controls the dominance and distribution of foraminifera
as supported by their positive correlation with FD, SR, A" and
J' (PCA group III; Fig. 13). Also, the mean H’ values (1.7) are
typical of a shallow marine transitional environment as report-
ed by numerous authors in other estuarine environments from
Puerto Rico (Martinez-Colon and Hallock 2010; Martinez-
Coloén et al. 2017, 2018), Brazil (e.g., Pregnolato et al.
2018), and Italy (e.g., Armynot du Chatelet et al. 2016) among
others. The values of PCA factor 2, positively correlated with
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Fig. 13 Graph of factor 1 against factor 2 of the principal component
analysis (PCA) based on selected data (granulometric, geochemical and
biotic). Sets of variables that are more positive and negatively related to
each of these factors are highlighted. Caption: C.poey, Cribroelphidium
poeyanum;, A.tep, Ammonia tepida; B.eleg, Buliminella elegantissima;
A.rolsh, Ammonia rolshauseni; P.can, Pararotalia cananeiaensis;
C.excav, Cribroelphidium excavatum; E.ocean, Elphidium oceanense;
E.incer, Elphidium incertum; E.adve, Elphidium advenum; P.gran.,

higher FD, H', and J' (namely with the presence of
B. aculeata, E. incertum, E. advenum, E. oceanense,
Elphidium discoidale, A. parkinsoniana, C. excavatum,
C. poeyanum, P. granosum, and B. peruviana) are indicative
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Factor 1
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P. granosum; A.park, Ammonia parkinsoniana; B.stria, Bolivina
striatula; E.disc, Elphidium discoidale; B.acul, Bulimina aculeata;
P.japo, Pseudononion japonicum;, B.peruv, Buccella peruviana; C.gunt,
Cribroelphidium gunteri; SR, species richness; H’, Shannon index; J,
equitability; FD, foraminifera density; Fines, fine fraction; TOM, total
organic matter; CO;, carbonates; SMGS, sediment mean grain size;
Anhy, anhydrite

of relatively favorable conditions. The Exp(H’bc) values (Fig.
10) show an overall progressive improvement during this time
interval from “poor” to “good” environmental conditions as
well as with the FSI (Fig. 10) showing a change from “heavily
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Fig. 14 Comparison of the two first score factors of the PCA of Fig. 13
with foraminifera density (n.°/g), Shannon index, Ammonia/Elphidium,
FSI, SPI, and EF-Mo/EF-U values. Dated levels by 14C are identified
associated with a sedimentary discontinuity around ~ 38 cm depth with
the estimated age (*) from Castelo et al. (submitted). The regression lines
and the respective R* are represented for the PCA score factor 1 are
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Fig. 15 SP8 core age model,
established by interpolating the
radiocarbon ages and other
sedimentary records (see the 160
discussion in the text). Legend:
AD, Anno Domini
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polluted” to “moderately polluted.” This environmental health
change occurred during a lowstand—highstand sea-level tran-
sition during the mid-Holocene.

It is important to remember that these overall changes in the
environmental health of the lagoon are interpreted to be a
response of benthic foraminifera to “improvements” in the
evolutionary change of oxygenation from anoxic to less
suboxic conditions (Fig. 9a) since the sediments in this inter-
val are not anthropogenically polluted with PTEs (low PLI
and SPI; Fig. 7). Also, we can deduce that the stressing con-
ditions were a consequence of accumulation and degradation
of organic matter. It is speculated that the organic matter sup-
plied to the study area should have been of good quality since
the elphidiids are known to feed on various food sources, e.g.,
diatoms, dinoflagellates, green algae in addition to
husbanding their chloroplasts (Correia and Lee 2000; Pillet
et al. 2011). Based on Jorissen (1999) model on food and
oxygen availability, the conditions in this interval are
interpreted to be between mesotrophic-to-eutrophic under a
hypoxic zone. This is supported by the predominant epifaunal
life mode of elphidiids and due to the increment and availabil-
ity of nutrients and organic matter allowing the colonization of
infaunal organisms such as B. aculeata (Jorissen et al. 2018)
and A. parkinsoniana as stress-tolerant species (Dimiza et al.
2016) that can be found buried deeper within the sediment
layers tolerating oxygen depletion and dysoxia.

Between 114 and 106 c¢cm, the PCA factor 1 and factor 2
show a short-lived episode in which the degree of confine-
ment was lessened ~ 6.5-6.3 ka BP suggesting changes in the
configuration of the barrier island development as evidenced
by a drastic decrease in the feldspar/quartz ratio. It has been
reported that between 6.5 and 6.4 ka BP, Sepetiba Bay expe-
rienced a marine incursion event in which paleoriver channels
were flooded and filled with sediments and delta environ-
ments were developed along the eastern portion of the bay
(Borges and Nittrouer, 2015). This sudden occurrence of more
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open marine conditions should imply better environmental
health; however, during this short time interval, /', J', FSI,
and Exp(H’bc) values declined abruptly (Fig. 10). Several of
the environmental sensitive elphidiids coupled with
B. aculeata and B. peruviana reached 0% in their relative
abundances. However, C. poeyanum reached its maximum
abundance at 110 cm depth, as is commonly found in relative-
ly deeper water settings (e.g., Debenay et al. 2001b) when
compared to the shallower water elphidiids (e.g., Culver
1990). The ecological response of foraminifera is a result of
salinity changes being theorized that this is the last episode of
“normal” marine conditions since from this interval towards
the core tope, the degree of confinement increased (PCA
factor 1; Fig. 14). In the case of B. aculeata, a possible sub-
strate changes toward coarser sediments (e.g., lower feldspar/
quartz ratio) is responsible for their short-lived disappearance
since this species thrive on fine-grained (mud) sediments
(Dimiza et al. 2016). In the case of B. peruviana, it has been
reported in sandy substrates from proximal to the marine
source in modern estuaries in Brazil (e.g., Stevenson et al.
1998; Vilela et al. 2011) but has rarely been recovered from
intertidal settings (Cusminsky et al. 2006; Calvo-Marcilese
and Pratolongo 2009). The increase in the relative abundance
of this species may correspond to phases of better communi-
cation with the ocean and is associated with cold water of
South Atlantic Central Water (SACW) which can penetrate
in coastal areas (Boltovskoy et al. 1980; Lancone et al. 2005).

According to the Exp(H’bc) values, FSI, FD, SR, H', and J'
values, the best environmental health conditions recorded in
the whole core occurred around = 5-2.5 ka BP (between 86
and 56 cm). It is concluded that these optimal conditions are
related to the transition to the final stages of Sepetiba Bay
before becoming an estuary. Sloss et al. (2005) reported that
during sea-level stabilization and bay barrier development, the
influence of marine currents is minimized and restricted to
areas proximal to sandy bay barriers. This could be the case
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of Sepetiba Bay where the overall degree of environmental
confinement has been increasing except during this time in-
terval where it seemed to reach a natural “equilibrium” (PCA
factor 1; Fig. 14) probably due to a developed sand barrier
complex that further isolated the bay as explained by
Friederichs et al. (2013). This also could explain the rapid
decrease in SMGS coupled with an increase in fine sediments
(mud) and TOM preservation as a response to a reduction in
estuarine water turnover or flushing mechanism which has
been described as a change from wave (high-energy) to tidal
(low-energy) processes (Fletcher et al. 1990). The estuarine
conditions during this period are supported by the first appear-
ance and rapid increase in abundance of B. elegantissima and
B. striatula which are well-known taxa to be tolerant to eutro-
phic settings (Dimiza et al. 2016), whereas C. poeyanum is
constantly declining indicative of lower salinity and oxygen-
ation coupled with a rapid substrate change towards organic-
rich and muddy sediments (Fig. 2).

Anthropized estuarine sedimentary environment (~
1975-2015 AD)

The upper 40 cm of the core SP8, which represents the period
since =~ 1975 AD (35-34 cm) after a 1000-year hiatus, was
marked by a sharp increase of siltation, anthropogenic PTE
pollution, mainly Zn, Cd, As (Fig. 2), and high TOM. During
this period, the water column became frequently stratified and,
in the sediments, variable suboxic conditions prevailed, as
indicated by the Mn values and the EF-Mo/EF-U (Figs. 2,
9a). The exponential increase of the AEI also corroborates
the increasing prevalence of suboxic to anoxic conditions in
the sediments as the confinement conditions of the Marambaia
Cove became relatively stable, whereas in the sediment, it is
speculated that oxygen porewater contents tended to be re-
duced, the Mn profile suggests a trend of increased “oxygen-
ation” as observed in other restricted estuaries (e.g., Martinez-
Colon et al. 2017) since Mn precipitates in oxic frontiers.

It is known that U enrichment in sediments, under
suboxic—anoxic conditions, occurred when hydrogen sul-
fides are not present, whereas Mo is associated with hydro-
gen sulfides or oxidized sediments linked to Mn oxide—
hydroxides (e.g., Pattan et al. 2019). The slight increase in
the Mo/U profile is due to the lower enrichment of Mo over a
narrow range of U values (Fig. 9a, b) which can be
interpreted as recurring presence—absence of dissolved oxy-
gen or a transient redox boundary. This could be a potential
effect of siltation (e.g., variable oxygenation; Pattan et al.
2019) due to 20 million m> of bay sediments being dredged
(Costa Santos et al. 2019), thus altering water circulation,
sedimentation, oxygenation, remobilization of sequestered
and buried PTEs, and increased preservation of TOM and
mud-sized sediments (Molisani et al. 2004; Bastos and
Bassani 2012; Diaz Morales et al. 2019). This relationship
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is not observed between 174 and 150 cm where the environ-
ment was fully anoxic and relatively borderline with sulfide-
rich euxinic conditions at 150 cm (Fig. 9b).

Dredging activities have been reported in other estuaries
as having been the cause of sedimentary anoxic conditions as
well as the permanent stratification of the water column (e.g.,
Martinez-Colon et al. 2017, 2018) and to alter the chemistry
of the estuary by the mixing of anoxic—suboxic porewaters
with oxygenated water creating transient or oscillating
oxidizing/reducing conditions (e.g., Audry et al. 2007,
Schifer et al. 2010). These chemical changes indeed affect
the fate and transport of PTEs. For example, the respective
“significant”-to-“very high” and “significant” enrichments
of Cd and Zn during this period is a quite impressive issue.
Both PTEs are strongly correlated to their affinity with
TOM, COs;, and mud-sized sediments and when compared
to their variability downcore, it is uncanny that the high EF
values are due to anthropogenic forcing as this is supported
by numerous authors that have reported higher values for Cd
and Zn from the surface and core sediments from around the
bay (Marques Jr. et al. 2006; Ferreira and Moreira 2015;
Araujo et al. 2017a, 2017b; Diaz Morales et al. 2019).
Given the current redox conditions of Marambaia Cove be-
tween 40 and O cm, it is expected that Zn and Cd are
coprecipitated with oxide—hydroxides as well as remaining
complexed with TOM, adsorbed to clay surfaces and in
deeper sediment layers coprecipitated with sulfides, because
the system is never fully and well oxygenated. It is important
to highlight that the main source of Zn and Cd is of anthro-
pogenic in origin as evidenced by the disposal of industrial
waste (Lacerda et al. 1987) and copious amounts of indus-
trial smelting (Gomes et al. 2009; Aratjo et al. 2017a,
2017b) as well for As which is used during Zn metallurgy
(Magalhaes and Pfeiffer 1995), although between 174 and 40
cm, it is inferred that the high concentrations of As is based
on natural sources (Baeyens et al. 2019). These anthropic
actions resulted in drastic enrichments of Zn and Cd in the
order of 26% and 6x higher than pre-industrial respective
values (Marques Jr. et al. 2006), or 23x to 8x times, respec-
tively, according to our study. Although a 2.5% enrichment is
observed for As, its maximum concentrations are below the
8.2-10-mg/kg" background levels (Magalhdes and Pfeiffer
1995; CONAMA 2004). In addition to metals, the surface
sediments of Marambaia Cove are contaminated by a large
amount of microplastic particles. These particles constitute
the sedimentary fraction > 500 pum in the core top. The ac-
cumulation of microplastic particles is also one of the most
recent insights of the anthropogenic influence in the external
region of Sepetiba Bay. Research on the occurrence of
microplastics in marine settings and organisms through food
chains has increased considerably in recent years (for review,
see Ivar do Sul and Costa 2014). In Brazil, there has been a
growing concern about this type of pollution and the number
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of works on the subject has also been increasing recently (ex:
Costa et al. 2010; Castro et al. 2018; Neto et al. 2019;
Barletta et al. 2019; Garcia et al. 2020) given the great impact
caused by this type of pollution on the environment and
living organisms. The abundance of microplastics may also
be a problem in Sepetiba Bay; however, their influence on
the organisms that are part of the initial links in the chains is
not yet known, particularly on the foraminifera. From a PTE
pollution perspective, the environmental conditions of the
lagoon reached its worst at 25 cm (= 1986 AD) especially
since Zn exceeds level 2 (> 410 mg kg '; adverse effects)
values established by the CONAMA (2004), Brazilian leg-
islation. The sediments and the whole system were consid-
ered respectively as “dangerous” and “deteriorated” based
on the PSI and PLI values. Conditions improved towards
“highly polluted” between 25 and 0 cm as a potential conse-
quence after the end of metallurgical activities in 1998 (e.g.,
Magalhaes and Pfeiffer 1995; Araujo et al. 2017b).
However, the lasting effects of these PTEs are still recorded
in the sediments. For example, the environmental health of
the study area has deteriorated reaching marginal “poor” to
“bad” (ExpH’bc; Fig. 10) conditions while remaining
“heavily polluted” (FSI; Fig. 14). This is reflected in the
ecology of the foraminifers as exemplified by a size reduc-
tion in foraminifera (which were found mostly in the sedi-
ment fraction 63—125 pum) denoting the occurrence of short
life cycles or potential dormancy. Also, the foraminiferal
assemblage experienced a monospecific faunal turnover
from the dominant C. poeyanum to A. tepida. The latter is
an infaunal shallow-water species (Coccioni 2000) that pro-
liferate in euryhaline areas with reduced competition from
other species (Murray 1991, 2006) and is known to tolerate
reduced oxygenation caused by the high accumulation of
organic matter among other stressors (e.g., Boltovskoy
1965). As mentioned earlier, the rapid increase in the
Ammonia/Elphidium ratio coincided with a decline in H’
and J' and with an increase in mud-sized sediments and
TOM which strongly suggests that the degree of confine-
ment in Marambaia Cove has reached “normal” estuarine
conditions since then.

Conclusion

The core SP8 constitutes an early Holocene record of the
evolution of the Marambaia Cove, in the external sector of
Sepetiba Bay, since =~ 9.5 ka BP. The main phases of this
evolution can be summarized as follow:

1. The study area represents a fuvio-terrestrial
paleoenvironment =~ 9.5-7.8 ka BP that experienced
events of dryness (= 9.5-8.6 ka BP) and wash over
(= 8.6-7.8 ka BP). The accumulation of large amounts

of organic matter induced oxygen depletion and even
anoxia in the sediments giving place to biogeochemi-
cal processes that resulted in the retention of PTEs,
supplied by the weathering of rocks and minerals, in-
creasing the natural sediment toxicity from =~ 8.3 ka
BP. The climatic event 8.2 ka BP in which the South
American Summer Monsoon was intensified in Brazil
and gave place to higher rainfall and moisture was
signed by an anoxic event and increased toxicity of
the sediment.

2. The study area became a shallow marine environment in
the last ~ 7.8 ka BP: FSI and Exp(H’bc), based on the
composition and species ecology of benthic foraminifera
assemblages, which suggest that the environmental con-
ditions evolved from bad to more favorable (low PTE
enrichment, good connection with oceanic waters); its
maximum quality was reached at = 5 ka BP, during the
mid-Holocene relative sea-level highstand; since then,
the confinement increased progressively, inducing
changes in the composition of benthic foraminifera
assemblages.

3. The environment has been undergoing strong
anthropization since = 1975 AD. This recent period
was marked by the increase of silting and Cd, Zn,
and organic matter contents. The rise of PLI and SPI
values, the decreasing of FSI and Exp(H’bc) values
(ecological indicators), and the exponential increase
of the Ammonia/Elphidium values suggest that the en-
vironment evolved from “moderately polluted” to
“heavily polluted”, between =~ 1975 and 2015 AD.
Such bad ecological conditions induced major changes
in foraminifera assemblages with a significant reduc-
tion of diversity and dominance by A. fepida, a stress-
tolerant species.

The core SP§ also records changes in biotic and abiotic
variables probably related to the development of the
Marambaia barrier island. The most significant was recorded
after 1.2 ka BP when a hydrodynamic event caused the remo-
bilization of a significant portion of the sedimentary record.
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