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Holocene sea-level changes are ubiquitous worldwide. The relative sea levels (RSL) of the Northeast and
Southeast littoral zones of Brazil were higher than the current level during the middle Holocene. It has been
assumed that the RSL was stable since 7 ka BP in the North Brazilian littoral, particularly in the Amazonian coast.
Based on a multiproxy approach (pollen content, §!3C, 14C-dating, and sedimentary and geomorphological
features) applied to a sediment core obtained from the Amazonian supralittoral zone (>50 km away from the
modern coastline), our study investigated the signatures of the RSL highstand in this region. The results show
that the marine influence was more intense from 8410 to 1490 cal yr BP than that of the present. During this
period, a mangrove community represented by Rhizophora and Avicennia established and thrived on the Itacuruca
tidal flat, probably due to post-glacial sea-level rise, which surpassed the present level during the middle Ho-
locene. The mangrove population declined after 1490 cal yr BP, while freshwater vegetation developed, with the
dominance of various associations of taxa. The sudden deposition of organic debris in the sedimentary record is
consistent with the decrease in mangrove communities. This pronounced environmental change is possibly
related to the reduction of the RSL, which reached the present-day position before the last millennium. Climate
influence has not been recognized as significant in this process. Irrespective of the curve model showing the
position or values from the RSL and related causes, this investigation addresses the indicators of this phenom-
enon. The results presented here suggest that understanding the variable trends of the Late Holocene RSL and
their influence on paleoecological dynamics and paleogeographical evolution requires further advancement.

1. Introduction

Sea-level changes occur worldwide over a broad range of spatio-
temporal scales. As a ubiquitous phenomenon in coastal regions, these
changes have been recognized through geomorphology (Kelletat, 2019),
strata stacking patterns of the sedimentary rocks (Allen and Pos-
amentier, 1993; Dalrymple et al., 1994; Ghandour et al., 2021), systems
of coastal valley drowning and river connectivity (Evans and Prego,
2003; Galili et al., 2005), and littoral spatial dynamics of ecosystems
(Cameron and Palmer, 1995; Yao and Liu, 2017). The growing interest
in sea-level changes has fostered technical (e.g., satellite-based radar
altimeter and tidal gauge of high-precision) and methodological

advances in the study and interpretation of paleo-sea levels. Gathering
evidence of these events helps to understand the structure of shore
landscapes under distinct characteristics (geological, geomorphological,
biological, and hydrological), which allows for the development of a
more realistic paleogeographic framework. This provides support for the
accuracy of modeling predictions of relative sea level (RSL) rise from a
future perspective (Dayan et al., 2021; Sampath et al., 2015).
Systematic investigations focusing on reconstructing the paleo-sea
level along the Brazilian coast have been conducted based on organic
content, topographical indicators, and 14C chronology of the seashore
sediments (Angulo et al., 2006; Bezerra et al., 2003; Boski et al., 2015;
Castro et al., 2014; Martin et al., 2003; Suguio et al., 2013; Tomazelli,
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1990). For example, in the eastern and southeastern littoral zones, these
investigations revealed that the sea level was previously higher than that
of the present because of the influence of the interglacial period (middle
Holocene), with a late-Holocene trend of RSL decline until the current
level (Angulo et al., 2006; Angulo and Lessa, 1997; Bezerra et al., 2003;
Boski et al., 2015; Dominguez et al., 1990; Suguio et al., 2013). The
paleo-sea level of the Amazon has been studied in terms of pollen
analysis and sedimentary facies, as well as with 5'3c, 8'°N, C/N, and
Holocene radiocarbon chronology. These multi-proxy investigations
have identified that RSL reached its current level between 7000 and
5000 yr BP and has remained stable since (e.g., Behling et al., 2001;
Behling and da Costa, 2000; Cohen et al., 2005; Rossetti et al., 2008;
Vedel et al., 2006).

The interglacial sea level of the Amazon could have exceeded the
present level during the middle Holocene, which is supported by the
peat deposits cropping out at the Maratauira riverbank, 180 km from the
coastline. The development of peat deposits could be attributed to paleo-
mangrove demise after the RSL declined to the current level. In addition,
a present-day mangrove fringe represented mainly by Rhizophora on the
estuarine landscape, otherwise dominated by freshwater vegetation, can
be evidence of the post-glacial sea-level rise that affected this region
(Ribeiro and Valadao, 2021, 2020). If mangroves previously occupied
this region, then it is plausible that the relative sea level could have been
higher than that of the present-day in northern Brazil.

Mangrove forests are unique ecosystems because of their physio-
logical adaptations to harsh saline environments (Mukherjee et al.,
2015; Spalding et al., 2010). Mangroves grow on mudflats between
mean sea level and high spring tide in tropical and sub-tropical shore-
lines worldwide (Polidoro et al., 2010). Their growth depends on tem-
perature, tidal inundation frequency, and mud sediment supply (Lugo
and Snedaker, 1974). Kodikara et al. (2018) demonstrated that optimal
growth and productivity rates in this forest can occur at concentrations
ranging from 15 to 17 PSU due to the regulation of leaf water, osmotic
potentials, and stomatal conductance, which present better physiolog-
ical performances under moderate salinity.

Mangrove community dynamics are also related to changes in sea
level, as they migrate landward with a rise in sea level, and seaward
when the level declines (Blasco et al., 1996; Gilman et al., 2008). Some
investigations have demonstrated the complex relationship among the
growth, spatial, and temporal fluctuations and demise of mangroves on
coastal interfaces conditioned by freshwater (Aziz and Khan, 2001;
Naidoo, 1985). Considering the mangrove responses to sea-level
changes, the marine influence can be traced based on the spatiotem-
poral dynamics, in this case, using a field away from the shoreline.

In northern Brazil, outside the Amazonian coast, there is little evi-
dence of the effects of Holocene marine incursion on the supralittoral
sector (>50 km from the modern shoreline). The most expressive is
based on the geomorphological features of the drowned valleys on the
sheltered coast of Marajé Island, approximately 250 km west of our
study area (e.g., Barbosa et al., 1974). However, despite some geomor-
phological relevance, such evidence has been criticized because of the
absence of physical significance, lack of analogous proximal indicators
for correlation, and mainly the scarcity of chronological and
bio-stratigraphical data. Therefore, these issues contributed to assigning
the possible Holocene transgression to a hypothetical scenario.

To date, no comprehensive study has examined the micropaleonto-
logical content of the Amazonian supralittoral to detect possible Holo-
cene marine influences (or constrain the sea-level rise), although this
area is a sensitive and potentially untapped region that could explain the
RSL trends based on ecological history. Its distant location enables the
tracing of marine incursion influences outside the modern coastline,
which is typically well-researched. Therefore, we studied a core
retrieved from a supratidal environment of southeast Abaetetuba city,
Para River Upper Estuary, northern Brazil, to detect marine trans-
gressive events. The pollen content and sedimentary features of the
MLT2 core were combined with §'3C, 1°N, organic matter C/N, and
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chronological data to propose a paleoenvironmental overview of the
Amazonian supralittoral evolution occurring between the middle and
late Holocene.

2. Study area

The Itacuruca estuarine plain river is located in the south-southwest
part of Abaetetuba, 180 km from the modern coastline. This sector
comprises the Para River Upper Estuary (ESP), classified as semidiurnal
micro-to mesotidal (Ribeiro and Valadao, 2021). The Tocantins River is
the main fluvial body of the ESP (Fig. 1a), which has an approximate
discharge of 10,900 m? s™! (ANA, 2019; Prestes et al., 2020). This high
fluvial discharge prevents the ESP from experiencing saline influence
(<0.5); thus, Itacurucd and other water bodies from the ESP have been
defined as tidal rivers, that is, their hydrodynamics are controlled by the
tide. However, the large freshwater input results in virtually
non-existent salinity levels (Ribeiro and Valadao, 2021).

The geomorphology of the area consists mainly of lowlands that
shelter wide valleys and numerous estuaries, resulting in a jagged
inshore setting (Fig. 1a). Extensive islands occur alongside the littoral
zone, mainly between the Amazon, Pard, and Tocantins river mouths,
which are part of a geologically young system, often assigned to the Late
Pleistocene-Holocene (Barbosa et al., 1974). These fluviomarine plains
constitute the main local morphological units, with elevations of up to 5
m above the local reduction level (Fig. 1c). The region is subdivided into
three zones: subtidal (<1 m), intertidal (1-3 m), and supratidal (3-5 m).
However, because of the spatial scale adopted in this study, only the
central unit, that is, the fluviomarine plain, can be represented by
mapping. The fluviomarine plain is partially prone to regular flooding
by the mesotidal regime, with spring tides reaching up to 3.78 m
(Ribeiro and Valadao, 2021).

The vegetal cover includes pioneer formations in the subtidal zone,
composed mainly of Montrichardia linifera, Mauritia flexuosa, Machae-
rium lunatum, and varzea vegetation, dominated by terrestrial trees that
are tolerant to flooding, such as Euterpe oleracea and Pterocarpus ama-
zonicus, which occupy the intertidal zone. In contrast, the supratidal
zone is mainly covered by Virola surinamensis, Swartzia polyphylla, Hevea
brasiliensis, and Calycophyllum spruceanum. The Terra Firme, a
morphological unit not subjected to tidal influence, occurs upstream of
the study area. This unit varies between 5 and 15 m, but in the insular
complex (Fig. 1b and c), the Terra Firme does not exceed 8 m. Its
vegetation cover consists mainly of Vouacapoua americana, Dipteryx
odorata, and Manilkara huberi (Ribeiro and Valadao, 2021, 2020). These
vegetation groups are related to dense alluvial ombrophilous forests
(Fig. 1b). The climate is classified as typical warm and humid tropical.
The influence of seasonality of the Intertropical Convergence Zone
(ITCZ) results in a characteristic climate with two seasons (Souza-Filho
et al., 2009), a rainy season that occurs between January and July and a
drier season prevailing for the rest of the year (July to December). The
total precipitation averages 2700 mm per year, and the mean annual
temperature is 27 °C (FAPESPA, 2016).

Miocene rocks and quaternary sedimentary deposits characterize the
geology of the area. The Pirabas/Barreiras formations consist of Miocene
limestones, laminated mudstones, and calciferous sandstones (Ferreira,
1977). The Barreiras Formation (Miocene/Middle Miocene) consists of
conglomerates, sandstones, and claystones (siliciclastic
non-fossiliferous) (Goes et al., 1990; Rossetti et al., 1989). Eolian and
fluvial-estuarine sandy and muddy sediments of the Late Pleistocene and
Early Holocene overlie the Barreiras Formation. These sediments are
termed post-Barreiras deposits (Tatumi et al., 2008). Post-Barreiras de-
posits are often capped by debris-lateritic deposits (?Pleistocene),
distributed in riverbank outcrops in the study area, related to the fluvial
environment, and further overlain mainly by estuarine Holocene de-
posits (Ribeiro, 2022). A large part of this region is governed by neo-
tectonic forces, whose major structures control the river’s course,
creating accommodation space and displacing Holocene deposits,
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Fig. 1. Study area on the northern coast of the state of Para detached from Brazilian territory (a). Regional distribution of vegetation (b) followed by main
morphological features, with tectonic structures and sampling site at the Itacurucd estuarine plain (c). Note the integrated profile sketch (sedimentary setting,
topography, and reduction level), illustrating the MLT2 core position beneath the present-day surface (d).

affecting even the last millennium-deposited strata (Ribeiro, 2022)
(Fig. 1c and d).

3. Materials and methods
3.1. Remote sensing

The cartographic database was obtained from the Brazilian Institute
of Geography and Statistics (IBGE) (http://www.ibge.gov.br/geocienc
ias/downloads-geociencias). The integrated approach of this study
consisted of combined morphostructural and topographic data, which
were analyzed using remote sensing products, including images from
ALOS-PALSAR radar data (http://search.asf.alaska.edu). The dataset
obtained consisted of radiometric terrain corrected (RTC) images with

HH polarization mode (RT1) and 12.5 m resolution, to produce a high-
resolution digital elevation model (DEM). The DEM was geometrically
corrected, filtered, and patterned using SIRGAS 2000 as the reference,
and used to generate the local topographical profile. The DEM was used
to extract lineaments based on the visual analysis and correlated with
the features previously reported by the Geological Survey of Brazil
(CPRM) (http://geobank.sa.cprm.gov.br). After fieldwork, other minor
lineaments were manually fixed and vectorized on the DEMs. In addition
to radar data, cartographic datasets consisting of shapefiles from the
natural environment (hydrography, geology, geomorphology, and
vegetation) were obtained from the same IBGE repository. After field-
work, the remote sensing products were manually interpreted and vec-
torized in detail. All processing and analyses were performed in a GIS
environment (ESRI ArcGIS software v. 10.2®).
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3.2. Fieldwork and sample processing

One sediment core was retrieved during fieldwork in January 2019.
The sampling site consisted of a supratidal flat near the entrance of the
Itacuruga River. The MLT2 core (1°48'11.47"S, 48°56'39.66"W) was
approximately 463 m from this river (Fig. 1c). The drilling reached a
depth of 550 cm, and the retrieved core corresponded to the deepest part
of the sample. The MLT2 had a depth of 280 cm and was collected using
Russian corer equipment. The top of the MLT2 core (0 cm depth) was
2.70 cm beneath the surface (see sketch illustrating the MLT2 sampling
position in the sedimentary context, Fig. 1d). The core topography was
defined based on the local reduction level measured in the Nazaré Pier,
localized on the Insular Complex of West Abaetetubense (CIOA),
following the procedures of Ribeiro and Valadao (2021) (Fig. 1c and d).
The Global Position System (GPS) determined the core geographical
coordinates using SIRGAS 2000 as the reference. In addition to MLT2
core, at different locations along the study area, visual analysis of out-
crops was performed, including morphological and geobotanical unit
descriptive surveys.

3.3. Facies description core

Facies analysis was performed, including a description of color
(Munsell Soil Color Charts, 2009), texture, and structure, following the
methods of Walker (1992). Macroscopic analysis of sediments was also
conducted by recording sandy sediment size, sorting, and rounding. The
sedimentary facies were codified according to Miall (1978). Finally, the
MLT2 core profile was integrated into pollen data and divided into facies
associations that were genetically related and had identical environ-
mental significance; therefore, they were indicative of a particular
sedimentary environment (Reading, 1996). This is critical for achieving
paleoenvironmental evolution models (Dalrymple and Choi, 2007).

3.4. Pollen and spore analysis

Fifty-six 1 cm® samples were retrieved at 5 cm intervals throughout
the MLT2 core for pollen analysis. All samples were prepared using
standard pollen analytical techniques, including KOH-10% and acetol-
ysis (Erdtman, 1960). The sample residues were mounted on slides in a
glycerin gelatin medium. Pollen and spores were identified by com-
parison with reference collections of approximately 4000 Brazilian
forest taxa and various pollen keys (Colinvaux et al., 1999; Absy, 1975;
Roubik and Moreno, 1991), based on the reference collection of the
Paleontology and Macroevolution Laboratory, Federal University of
Minas Gerais. Pollen and spore data were presented as percentages of the
total terrestrial pollen sum in pollen diagrams. The taxa were grouped
according to the source: mangroves, trees, shrubs, palms, herbs, and
ferns. The software TILIA and TILIAGRAF were used to calculate and
plot the pollen diagram (Grimm, 1987). CONISS was used for cluster
analysis of pollen taxa, permitting the zonation of the pollen diagram.

3.5. Isotopic and elemental analysis

Isotopic analysis (5'3C, 5'°N) has the potential to identify changes in
the sources of Organic Matter (OM) for each depositional environment,
including the relationship between C/N (vvv). For instance, the C3
terrestrial plants show 5!°C values between —32%o and —21%o and C/N
ratio >12, while C4 plants have 5'3C values ranging from —17%o to —9%o
and C/N ratio >20. In C3-dominated environments, freshwater algae
and marine algae have 5'3C values between —25%o and —30%. and
—24%s to —16%o, respectively, while algae present 5'°C values < 16%o on
the C4-dominated environments (Haines, 1976; Deines, 1980; Meyers,
1994). On the other hand, §!°N is used as an indicator of organic matter
sources and paleoproductivity; 8!°N > 10.0%. indicate aquatic OM as
the source (phytoplankton), while terrestrial vascular plants present an
average of 0%o (Meyers, 1994; Thornton and McManus, 1994). Hence,
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the preserved elemental and isotopic compositions from sediments used
in tandem (613C, 615N, and C/N) allow tracing of the sources of MO in
coastal deposits.

A total of 18 samples (2-20 mg) were collected from the core at in-
tervals of approximately 15 cm. To measure TOC and TN, the sediment
samples were treated with 4% hydrochloric acid to remove carbonate,
washed with distilled water until the pH reached 6, dried in an oven at
50 °C, and finally homogenized. Each sample (0.50 mg) was added to a
tin capsule and packed. The samples were analyzed for total organic
carbon (TOC) and total nitrogen (TN) by isotope ratio mass spectrom-
etry (IRMS Hydra 20-20), interfaced with an automatic N and C analyzer
(ANCA GLS) coupled to an automatic sampler (222 XL Liquid Handler,
Gilson) at the Stable Isotope Laboratory of the Center for Nuclear Energy
in Agriculture (CENA/USP). The results are expressed as a percentage of
dry weight, with analytical precisions of 0.09% (TOC) and 0.07% (TN).
The 6'3C and 5'°N results were expressed in per mille (%o) with respect
to the VPDB and N2 standards, respectively, with a precision of 0.2%o.
The elemental results were used to calculate the C/N ratio (weight/
weight) of all samples. The determination of organic matter sources,
such as C3 and C4 terrestrial plants and marine and freshwater algae,
will be environmental-dependent with a specific 613C, 615N, and C/N
composition (Lamb et al., 2006; Meyers, 1997; Thornton and McManus,
1994).

3.6. Radiocarbon dating

Four bulk samples (approximately 10 g each) along the MLT2 core
were selected for dating. This selection was based mainly on the deposit
discontinuity, sediment nature, texture, and color. The samples were
examined and subjected to DirectAMS. A chronological framework for
the sedimentary samples was provided by accelerator mass spectrometry
(AMS) dating at DirectAMS Laboratory (Bothell). Radiocarbon ages
were normalized to a §'3C value of 25%. VPDB and reported as cali-
brated years (cal yr BP, 20) using CALIB 8.2 and the SHCal20 curve
(Hogg et al., 2020). The dates are reported in the text as the median of
the range of calibrated ages (Table 1).

4. Results
4.1. Radiocarbon dates and sedimentation rates

The radiocarbon ages calibrated are shown in Table 1 and Figs. 2 and
3. The sample from the core bottom (280 cm) registered 8389-8419 cal
yr BP, followed by 6693-6732 cal yr BP at a depth of 162 cm,
3402-3430 cal yr BP at a depth of 85 cm, and 1475-1526 cal yr BP near
the MTL2 top, at the peat basal (35-37 cm). The rates of sedimentation
were estimated from the thickness of the deposits and their numerical
ages, presenting 0.67 (280-162 cm), 0.25 (162-085 c¢m), and 0.23 mm/
yr (85-37 cm) (Fig. 2). No age inversions were observed.

4.2. Core facies description

The sediment MLT2 core consisted primarily of mud with internal
structures that include a heterolithic lenticular, and peat deposits. The
peat deposits were mainly well-decomposed fibers rather than younger
vegetable roots. Facies were identified based on internal sedimentary
structures, organic content, sediment texture and color, and contact
relationships. Pollen and spore records, and 513, 8'°N, and C/N values
were added to the facies structures, allowing for two facies associations:
tidal flat (A) and swamp mixed estuarine flat (B). The characteristics of
each of these associations are summarized in Table 2.

4.3. Facies Association A (tidal flat)

This unit was almost fully cored into the MLT2. It occurs along the
interval 280-38 cm in the core studied and comprises deposits of



S.R. Ribeiro et al. Journal of South American Earth Sciences 128 (2023) 104422

Table 1
Sediment samples selected for radiocarbon dating with laboratory number, code core/depth,'*C yr BP and calibrated (cal) ages.
Laboratory number (D- Sample Depth beneath the surface Depth Core Age BP Ages (Cal yr BP, Ages (Cal yr BP, Median
AMS) (cm) (cm) 10) 206) Probabilily
044,419 MLT2-peat 287-290 35-37 1633 + 1475-1526 1448-1530 1490
basal 30
050,411 MLT2 340 85 3260 + 3402-3430 3387-3453 3422
23
046,399 MLT2 447 177 5902 + 6693-6732 6630-6747 6690
28
038,504 MLT2 550 280 7661 + 8389-8419 8374-8452 8410
38
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organic-rich mud with fine sands well sorted. Radiocarbon dates indi- present planar and parallel laminated mud. Locally, this deposit exhibits
cate that accumulation occurred between 8410 cal yr BP and 1490 cal yr gray scattered pigmented mottles and bioturbation features such as
BP (Fig. 2). Their facies element structures consist of massive mud (Mm) woody roots and root marks (Fig. 5b). The heterolithic lenticular-
and lenticular heterolithic bedding (HI). The latter has a subordinate bedding facies, in turn, is characterized by oscillation ripples of
(31%) without continuous occurrence, representing 75 cm of 242 cm in millimeter-thickness fine sand lenses, which may gradually enlarge to
this succession (Figs. 2 and 3). The Mm (structureless), may occasionally form sand waves. Altogether, these bedforms are linked with a low
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Table 2
Facies associations identified along the MLT2 core according to sedimentary
characteristics, pollen and geochemical data.

Facies Pollen Geochemical Paleoenvironment
Facies description dominance  data
Association
A Massive mud Mangrove  6'°C=-25.5  Tidal Flat

(Mm), olive- to —26.8%o

brown, gray to 51N =-1to

very dark gray 4%o

and black; C/N = 15-45

parallel TOC =

lamination 0.9-3.4%
mud can be TN =
present. 0.07-0.27%

Heterolithic %

lenticular

deposits (HI)

olive-brown,

greenish to

gray to dark

gray and

black.

Lenticular

structures

rhythmic

interbedded

in variable

proportions of

sand; these

deposits

contain

woody roots

and root

marks.

B Peat deposits Trees and 51%C=-25,5 Swamp mixed
(Pt), black, palms to —27.2%o estuarine flat
brown- 515N = —0.9
reddish, and to 2.7%o
black to dark- C/N = 30-62
gray, well- TOC =
decomposed, 0.4-2.3%
with mud TN =
drapes. 0.02-0.05%
Locally, they
present
abundant
bioturbations

and dwelling
structures
produced by
the benthic
fauna, which
are easily
recognized.

energy flow environment to deposition from suspension (Mm), with
alternating traction force to sand lens deposition (HI) (Fig. 2).

Pollen assemblages of Association A allowed the identification of 21
pollen taxa. This zone was dominated by mangrove pollen (62-88%)
and was composed of Rhizophora (42-86%) and Avicennia (4-16%). The
pollen spectra also included ecological groups of trees (6-22%) and
shrubs (4-9%), mainly Euphorbiaceae (3-7%), Fabaceae (2-6%), Mal-
pighiaceae (1-5%), Mimosa (3-11%), Rubiaceae (0-9%), Bignoniaceae
(0-4%), and Burseraceae (0-4%). The palm ecological group appeared
with percentages <18%, and herb pollen comprised <11%. Palms are
represented by Euterpe oleraceae (0-15%) and Mauritia flexuosa (0-8%),
while Poaceae (3-8%), Cyperaceae (2-6%), and Borreria (0-3%)
represent the herbs. Trilete and monolete ferns formed between 1 and
11%, and foraminifera between 3 and 10% in this zone (Figs. 2 and 3).
Organic matter 8'3C ranged from —26.8 and to —25.5% (mean
—26.2%0), whereas 515N varied between —1 and 4%o (mean 2.5%o). The
TOC results ranged between 0.9 and 3.4% (mean = 2.1%), the TN values
varied from 0.07 to 0.27% (mean = 1.8%), and the minimum and
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maximum C/N values were 15 and 45, respectively (Fig. 2, Table 2).
4.4. Facies Association B (swamp mixed estuarine flat)

Association B occurred between 38 and 0 cm in the uppermost part of
the core, representing 13.6% of the MTL2 (Fig. 2). It was formed of well-
decomposed peat deposits with internal organic muddy drapes. This unit
was deposited after 1490 cal yr BP. Besides the sample at the core
(Supplementary P1), this peat presented good quality outcrops on the
river bank, yielding almost continuous exposure through the Maratauira
and Maiauata rivers (Supplementary P2). In addition, the presence of
rivers that enter estuarine tidal flats allow for the analysis and inference
of their spatial distribution, such as the records at the Furo Grande and
Maracapucu-Miri localities of the CIOA. Accordingly, the upper contact
of the peat with muddy deposits (not retrieved) has been recognized as
abrupt to gradual, mainly based on the outcrop scale (Supplementary
P2).

The lowest contact relation was inferred from cores drilled previ-
ously (Supplementary P1). The drilled cores revealed a predominantly
abrupt contact between the peat and the underlying unit. The latter is
often muddy but encompasses heterolithic deposits consisting of fine
sand. The advancement of the survey in this region suggests a correla-
tion between peat layers, indicating a widespread geographical distri-
bution throughout the supralittoral sector. Such elements lead us to
assume that peat formation is related to common depositional processes,
with a paleoenvironmental significance assigned to swamp mixed
estuarine flats.

Pollen analysis revealed the predominance of trees (22-45%), palms
(18-38%), and mangroves (19-55%). Trees mainly consisted of
Euphorbiaceae (4-14%), Pachira aquatica (4-11%), Machaerium lunatum
(2-9%), Spondias mombin (1-7%), Malpighiaceae (0-7%), and Calyco-
phyllum spruceanum (0-5%), whereas the palm group as mainly char-
acterized by Euterpe oleraceae (15-20%), Mauritia flexuosa (8-19%), and
Arecaceae (4-8%). Mangrove pollen was represented by Rhizophora
(9-35%) and Avicennia (4-8%). Herb groups had low percentages
(<9%). Ferns (1-10%) were represented by monolete and psilate tri-
letes, and foraminifera ranged from 3 to 6% (Figs. 2 and 3). The 5'3Cand
5'°N values are between —27.2 and approximately —25.5%0 (mean
—26.4%0) and —0.9 and 2.7%o (mean 1.8%o), respectively. The C/N
values occur between 30 and 62, and the C/N values were between 30
and 62, and the TOC values varied between 0.4 and 2.3% (mean =
1.4%), and TN values were stable at approximately 0.03% (Fig. 2,
Table 2).

5. Discussion
5.1. The history of mangrove establishment in the supralittoral region

Pollen preserved in the lower part of the MLT2 core indicated an
intertidal environment occupied by mangroves. This ecosystem has a
growth performance in brackish water, tolerating high salinity (Ball,
1998; Spalding et al., 2010). For example, Avicennia demonstrates
extreme salt tolerance, and Rhizophora exhibits relatively high salt
tolerance (Jayatissa et al., 2008; Kodikara et al., 2018). The trigger for
the initial conditions for mangrove development in this sector was likely
the post-glacial sea level rise through saline input. The dominance of
Rhizophora, with the genus Avicennia subordinate along the 268 cm
(280-40 cm), suggests a brackish estuary with a biologically consoli-
dated halophyte community (Figs. 2, 3, 4-1 and 5a).

According to Panapitukkul et al. (1998), Avicennia represents a
pioneer species; it develops first on mudflats that provide resistance to
waves and currents. Consequently, successional colonization by other
species, especially Rhizophora and Brugeria, which occupy available
space, results in a mangrove zonation pattern (Thampanya, 2006). Thus,
this mangrove is represented mainly by Rhizophora, while Avicennia
suggests a climax stage of mangrove forest in the estuarine landscape. In
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addition, the frequent presence of the foraminifera genus Ammonia,
which is typically related to shallow nearshore areas, estuaries, and tidal
swamps (e.g., Murray and Alve, 1999; Long et al., 2006), indicates that
these conditions existed and followed alongside the mangrove commu-
nity. The radiocarbon dates show that mangrove has been established in
the supralittoral region for the last 8410 cal yr BP (Figs. 2 and 4-1).
The mechanism for the shoreside landscape setting was mainly sea-
level changes. Estuarine bodies along global coastlands altered in rela-
tion to Holocene sea-level rise (Wolanski and Elliott, 2015). The marine
incursion affected these morphologies and produced embayments
within pronounced valleys inherent to the Pleistocene sea-level fall
(Evans and Prego, 2003). This region shares an analogous palaeogeo-
graphical history, in which the Maratauira River is an unfilled incised
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valley that opened during the Late Pleistocene-Early Holocene, driven
by tectonic mechanisms coupled with glacial sea-level decline (Ribeiro,
2022). Consequently, the marine incursion reached the supralittoral
region, producing rias and forming a variety of estuarine
sub-environments with more expansive tidal flats. The transgressive
event marks the gradual drowning of numerous fluvial features land-
ward, extending the marine realm 180 km beyond the modern coastline
(Fig. 4-1-1I).

Deposits are dominantly muddy and frequently interbedded with
layers and lenses of well-sorted, very fine-grained sands constituting
MLT2 core Zone 1 (Fig. 2). Sedimentary structures with alternating
beds/laminae of sand and mud are primarily formed in tidal settings
(Daidu et al., 2013) because slack tides favor mud deposition in very
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Fig. 4. Conceptual evolution of the landscape from the Itacuruca plain, at the Amazonian supralittoral, between the early and middle Holocene. The first significant
change occurred during post-glacial sea-level rise. The emergence of brackish conditions in a previously fluvial environment (Phase I) led to the establishment of the
mangrove swamp, which began to dominate the estuarine landscape since ~8.4 ka yr BP (Phase II).
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fine-grained sands (Dalrymple et al., 2012; Reineck and Wunderlich,
1968). This vertical pattern of facies on the base of the core suggests an
estuarine environmental setting established 8410 cal yr BP when the sea
level had already reached this sector (Facies Association A). Although
this succession coincides with the intertidal zone, recent studies have
shown that its position resulted from Late Holocene tectonic activity.

According to Ribeiro (2022), oblique transcurrent structures that
control the regional geomorphology led to successive subsidence pulses
that affected the sedimentary stacking configuration (Fig. 1c and d).
Consequently, the vertical displacement of this succession, which
reached >2.1 m compared to the those of upward analogs positioned
inland on the mainland, is consistent with subsidence. The overlapping
peat-layer offset is a reliable indicator of the downward movement of
the muddy deposits. Thus, it is reasonable to postulate that the muddy
mangrove deposits (Figs. 2 and 3) formed at least 2 m above this posi-
tion, an equivalent level to the top of the contemporary supratidal zone,
and hence were out of tidal influence (Fig. 1d).

Isotopic data are consistent with the ecological conditions developed
in an estuarine setting, with paleoproductivity influenced by terrestrial
plants (Fig. 6). For example, the 5'3C value indicates productivity
associated with the arrival of C3-plants within the watershed (Meyers,
1994; Qiu et al., 1993), such as mangrove. The binary 513¢ (>-25.5)
and C/N (>12) suggest OM enrichment by this plant group (Cloern et al.,
2002; Meyers, 1997). In addition, the low 55N value reinforces the OM
of terrestrial plants influencing the Zone 1 infill (Lamb et al., 2006;
Meyers, 1994) (Figs. 3 and 6).

As Rhizophora grew and colonized the intertidal flats, their complex
roots generated strong turbulence, resulting in more sediment traps to
expand mudflats horizontally (Bird, 1971; Friess et al., 2012). Mangrove
development reshaped the ecological landscape from the dominant
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Fig. 6. Binary diagram of 5'3C and C/N for the different facies associations of
Tidal flat and Swamp mixed estuarine flat, with interpretation according to data
presented by Lamb et al. (2006) Meyers (1997, 1994), Thornton and McManus
(1994). The trendline (orange arrow) indicates the increasing paleoproductivity
enriched by terrestrial organic matter from the C3 plants from the Zone 1 to
Zone 2.

fluvial-ecosystem inherited from the Late Pleistocene (Fig. 4-1) to the
brackish forest (Fig. 4-1I). Thus, this RSL rise has played a crucial role in
the dynamics of the Late Quaternary on the Amazonian coast. Despite its
poorly understood effects on inner sub-estuarine systems in the supra-
littoral region due to the lack of sufficient data to create a model, it can
be speculated that the RSL was at least 1.2 & 0.3 m higher than the
current level.
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The emerging change from brackish estuary to estuary with the
greatest fluvial control on chemistry parameters, that is, the freshwater
environment, occurred near the late Holocene (Fig. 7-I1I). The pollen
spectra showed an increase in both trees, Pachira aquatica and
Machaerium lunatum, and freshwater palms, represented mainly by
Euterpe oleracea and Mauritia flexuosa species. Simultaneously, the
mangrove began to decrease at 57 cm in the MLT2 core (Figs. 3 and 5a).
From 30 cm upward (Zone 2), the pollen percentages suggested both the
decline of mangroves and expansion of forests typical of freshwater
conditions (Fig. 3).

The RSL likely started to fall, and the saline gradient decreased at
approximately ~2000 cal yr BP because freshwater vegetation raised its
pollen frequency from the various associations of taxa. This vegetation,
which had refugia in the upstream sector since the middle Holocene,
began the migration process downstream, growing on former tidal flats
previously occupied by mangroves. The freshwater ecosystems became
prevalent after 1490 cal yr BP (Fig. 7-1V). Coupled with pollen, the
sedimentary system also provides reliable records of this pronounced
environmental change and suggests an RSL fall.

The abrupt contact between the lower mangrove (Zone 1) and peat
deposits (Zone 2) on the uppermost portion of MLT2 without erosion
provides evidence of paleoenvironmental transition (Fig. 5b), indicating
that the depositional system did not undergo significant physical
changes, such as subaerial exposition. This interpretation is supported
by other previously drilled cores (Supplementary F1), which clearly
show the contact relation between these two units. Although the age is
lacking for these, the analysis of the components, such as the
geographical occurrence, thickness, and co-depth, suggests that these
peatlands correspond to the same unit, which allows for their correla-
tion. The abrupt basal transition, linked to a lack of erosive contact,
indicates that the RSL decline did not force geomorphologic confine-
ment, but instead induced maintenance under tidal inundation fre-
quency (varzea), resulting in the present estuarine hydrodynamics.

The organic debris deposition and peat formation along Zone 1 is
consistent with both mangrove decline and inundation frequency
because peat demands saturated conditions, such as low oxygen con-
tents, to inhibit decomposition, in-depth burial, and preservation in the
stratigraphic record (Facies Association B) (Long et al., 2006; Shennan
et al., 1996). Presumably, peat is autochthonous and directly related to
the paleo-mangrove demise (Fig. 2). The organic-terrestrial character of
the C3 plants is supported by geochemistry data, whose 8'3C values
presented a mean of —26.4%o (Meyers, 1997).

The 6!°N average value of 1.8%o is related to land vascular plants and
C/N values increasing from 30 to 62 are also consistent with terrestrial
plants as primary organic sources (Meyers, 1997; Thornton and
McManus, 1994) (Figs. 2 and 6). The spectral behavior between fora-
minifera and ferns in the pollen diagrams also helps demonstrate the
ecological evolution from brackish to freshwater environments. The fern
frequency increased upward in Zone 2, whereas foraminifera decreased
(Fig. 3). The behavior of the ferns suggests a mostly freshwater influence
(ferns typically occupy streams or lowland regions near the continental
swamp) (Berreda et al., 2009), and the foraminifera can be assigned to
the diminished brackish water effect, as they are predominantly shallow
marine organisms (Long et al., 2006).

5.2. Mangroves on Itacuruga tidal flat: new signals regarding the sea-level
rise in the Amazon

Palynological studies on littoral areas worldwide have been critical
for assessing paleoecological setting relations at the land-sea interface in
tropical and subtropical regions. Many of these have demonstrated that
mangrove dynamics are driven by sea-level fluctuations (Ellison, 2005;
Engelhart et al., 2007; Hait and Behling, 2009; Punwong et al., 2018;
Sloss et al., 2007; Tossou et al., 2008; Woodroffe and Grindrod, 1991).
Previous studies on the Amazonian littoral zone reported that the RSL
reached its current position near 7000 cal yr BP (Behling and da Costa,
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2000; Cohen et al., 2005), with no significant change during the Holo-
cene (Behling et al., 2001; Cohen et al., 2005; Rossetti et al., 2008; Vedel
et al., 2006). The mangrove establishment in Itacuruca is consistent with
sea-level rise affecting the supralittoral zone. The age obtained from the
MLT core base of approximately 7.6 ka BP was similar to that observed
in previous studies (Table 1). Nevertheless, the decline of this mangrove
is not consistent with the environmental conditions indicated for the last
8.4 ka BP years of a relatively steady RSL (Fig. 8A).

Mangroves are resilient and tolerate environmental stress, which
means that they can survive even high-magnitude changes. In addition
to climate change, mangroves are inhibited by nutrient-poor (sandy) soil
or higher freshwater inflow (Alongi, 2009). The reduction of muddy
sediment input may have a more significant impact if the mangroves
span areas subject to sea-level rise (Furukawa and Wolanski, 1996).
These conditions can cause asphyxiation from the increase in mean tide
level because the lack of sediment supply may limit the vertical accre-
tion of the occupied substrate (Bird, 1971). Moreover, a high input of
sand to mangrove substrates can lead to stagnancy or demise of the
vegetation, which depends on muddy sediments for root fixation, trunk
stability, and ecological growth (1996; Toorman et al., 2018).

The analysis of the MLT2 indicated that the input of muddy sedi-
ments was steady over time, including upward gradations by organic
debris that developed peat. Peatland is an excellent substrate for this
vegetation (cf. Mckee et al., 2007), typically formed due to the root
system that traps the own organic matter produced (Cameron and
Palmer, 1995). Considering these ecological relationships, peat bogs
likely did not restrain mangrove maintenance. However, contrary to
mangrove expansion in relation to organic debris deposition, Itacuruga
peats coincide with mangrove pollen reduction frequency. Thus, these
are probably the “fingerprint” of mangrove demise (Figs. 2, 7-III and
V).

The pollen spectrum of the peat bed revealed botanical types related
to new environmental conditions (Figs. 2 and 3). For example, Euterpe
oleracea, Mauritia flexuosa, Machaerium lunatum, Spondias mombin, and
Pachira aquatica were the most representative species (Fig. 5a). This set
is typical of freshwater ecosystems, described in several environments
with hydrological regimes controlled by freshwater availability (Gomes
etal., 2017; Hofmann, 2002). This floodplain vegetation began to thrive
over the estuarine plain from 1490 cal yr BP onwards, while the
mangrove forest contracted (Fig. 7-III and IV).

In the Amazon, mangroves occurred from the western to eastern
littoral sector during the middle Holocene and underwent dynamics that
involved spatial disruption. Western mangrove communities were
established in tidal flats associated with the Amazon River mouth as a
direct consequence of marine incursion after 5560-5470 cal yr BP
(Guimaraes et al., 2012). In the late Holocene, freshwater input caused
the mangrove area to shrink (Cohen et al., 2012). In the central sector of
Marajé Island, ~140 km downstream from the study area, a more sub-
stantial marine influence caused the mangroves to occupy the intertidal
zone between 7328-7168 and 2306-2234 cal yr BP. Subsequently, the
mangrove was replaced by freshwater herbs due to increased fluvial
discharge (Smith et al., 2011). The eastward mangrove communities at
Braganca, in turn, underwent reduction and migration to lowland areas
during the mid-Holocene; however, the authors suggest an accentuated
RSL decline as the main driving force (Cohen et al., 2021; Vedel et al.,
2006).

Except for the eastward mangrove, the dynamics of these wetlands
have been assigned to Holocene climate changes. The wet phase and
high rainfall conditions increased the Amazon River discharge after 4.2
ka BP, influencing the zone occupied by halophyte vegetation, reducing
the saline gradient within the context of sea-level stability, and
providing conditions for freshwater forest vegetation (varzea) to replace
the mangrove (Cohen et al., 2012). Despite this pattern, the estuarine
flat from Itacurucd provides some indicators suggesting that the
brackish-to-fluvial environmental shift could have been driven by a
natural/forced “cut” of the most high-magnitude mechanism, that is, the
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decline in the RSL.

The data still do not indicate that the RSL suffered small oscillations
during the middle Holocene after exceeding the current level (Fig. 8A).
Nonetheless, based on pollen frequency, geochemistry, and ages, it is
possible to infer that the RSL was sufficiently higher than the present
level from the middle to late Holocene, providing conditions for this
paleo-mangrove to thrive for more than 6.5 ka. Furthermore, the RSL as
an outward control for the ecological landscape would be indicated by
its “mirrored” characteristic: it influenced mangrove development while
restraining the growth of freshwater vegetation (Fig. 3).

Without competition, mangroves prosper in Itacuru¢a because of
favorable environmental variants, such as seawater influence, and the
protection from high-frequency erosive processes such as storms, waves,
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and tidal currents. Based on the results, it can be concluded that
Itacuruga offers an enhanced opportunity for determining the paleo-sea
level rise on the Amazonian inner coast, and this knowledge can help in
understanding the flooded embayment setting on the south side of the
island of Marajé that was previously attributed to tectonic causes (cf.
Barbosa et al., 1974). The RSL decline would also help reinforce the
mangrove dynamics/contraction during the late Holocene along
north-northwest littoral Amazonian, which is assigned mainly to climate
change and freshwater outflow, causing an environmental imbalance in
these wetlands.
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Fig. 7. The mangrove community endured significant spatial loss, while freshwater ecosystems, represented mainly by trees and palms, occupied these areas during
the late Holocene (Phase III). In the last phase, freshwater forests nearly completely replaced the mangroves. This environmental change likely resulted from the RSL
decline and its stabilization at the current position, which reduced the saline influence and favored the freshwater vegetation domain along the Itacuruga flat
(Phase IV).
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5.3. Mangrove dynamic trends in the context of climate change and RSL

Pollen data shows a mangrove occurrence at the supralittoral from
~8410 to 1490 cal yr BP. Since then, the halophyte community nearly
disappeared, and was replaced by the freshwater forest in the late Ho-
locene (Figs. 2, 4 and 7). The understanding of the mechanisms behind
the mangrove versus freshwater vegetation dynamics in the region has
indicated precipitation regime changes driven by climate change as an
important force. Considering that mangroves develop over mudflats
along large river mouths that are sensitive to fluvial discharge varia-
tions, the role of climate change cannot be disregarded. Assessment is
required to isolate the climatic influence from the non-climatic factors
controlling mangroves.

Drier climate trends mark the advance of the saline influence into
estuaries due to less fluvial discharge (cf. Potter et al., 2010), which
favors the mangrove migration to mudflats landward. This scenario
would help understand the Itacurucd mangroves; however, a drier
climate is not consistent with the recent paleoclimatic history of the
Amazon. For example, in the Carajas region, upstream of the study area,
the pollen spectrum was evaluated by Absy et al. (1991), who gauged
the impact of drier conditions in the early and mid-Holocene on the
expansion of the open savannah. However, this savannah gave way to a
forest complex due to increasing precipitation after 4.4 ka BP. Subse-
quently, based on geochemical organic and petrographic analyses of
sediments from lakes in the same region, Sifeddine et al. (2001) iden-
tified that the hydrological regime prevailed from approximately 4.5 ka
BP, indicating wetter conditions associated with the development of
tropical rainforests (Fig. 8B).

Recently, Guimaraes et al. (2021) recognized evidence of a wet
climate in this region, in which shallow lakes developed into swamps
with herbs and shrubs. Subsequently, at approximately 3 ka BP, the
vegetation of the plateaus acquired a structure that marked the estab-
lishment of wetter environmental conditions after the drier phase. In
general, studies have demonstrated wet climate establishment from the
Serra Sul dos Carajas (cf. Absy et al., 1991; Guimaraes et al., 2012; Reis
et al., 2017; Sifeddine et al., 2001) and other sectors across the conti-
nental Amazon (cf. Behling and da Costa, 2000; da Silva et al., 2020;
Pessenda et al., 2004, 2001, 1997) to its coastal region (Guimaraes et al.,
2012; Toledo and Bush, 2008), which have formed a “wetter arch”
around this study area since the early-late Holocene (Fig. 8B).

These studies provide a synthesis of past climates on a regional scale
and compose a reliable body of evidence that indicates that a wet
climate, with a higher rainfall regime similar to current conditions, was
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present in the region, sharing space and time with mangrove expansion.
Thus, the beginning of these climates followed by increased discharge,
which is suggested as the trigger to replace mangroves with freshwater
vegetation in the Amazon River mouth during the early mid-Holocene,
does not explain the paleo-mangrove decline in the Itacuruga tidal
flat. In the Itacuruca mudflats, the mangroves thrived until the Late
Holocene, even under the direct influence of the Tocantins River, with
higher freshwater inflow caused by increased rainfall.

The palynological approach provides high-resolution local detection
of changes in vegetation (Ellison, 2005) either by external (e.g., Decker
et al., 2021) or internal forces (e.g., Ribeiro et al., 2018). If opposing
climatic phases affected those wetlands, with freshwater advancing over
the halophyte environment, its record should have been well preserved
in the pollen, with an increased frequency of the freshwater genera,
rather than mangroves. However, the present study did not recognize
these signals imprinted at the MLT2 core through pollen content, and
thus isolated climate noise. In contrast, the pollen representativeness
from the mangrove indicate their forest dominance in this estuary. Thus,
the hypothetical scenario of a long-lasting dry climate is inconsistent
with the data presented here as well as those of other studies performed
along the wetter arch (Fig. 8B). The eventual wet conditions were not
sufficient to affect the paleo-mangrove, probably because the magnitude
of the brackish influence caused by the RSL rise exceeded the site of
occupation.

These findings link the paleo-mangrove and its dynamics to a
trending RSL change. The RSL highstand since 8410 cal yr BP probably
helped develop and expand the paleo-mangroves. In contrast, its decline
over the last two millennia represents the main force behind its reduc-
tion and area loss, and the subsequent appearance of freshwater vege-
tation on tidal flats at approximately 1490 cal yr BP (Fig. 8A). We are not
suggesting that there was no high input or increase in the drainage
network’s fluvial discharge due to wetter climates. Based on the analysis
of our data, we argue that the influence of increased freshwater
discharge, which could impact mangrove dynamics, may have been
weakened by a more intense marine effect from the mid-late Holocene in
this estuary.

The RSL highstand signals from the supralittoral allow for reevalu-
ation of the marine incursion in the region, in this case, characterized by
a probable rapid rise during the middle Holocene, followed by stabili-
zation and an equally rapid fall in the late Holocene (Fig. 8A). Such data
will help to gather evidence to improve the curve model for the north
Brazilian coast in different time-space scales. Similarly, considering the
paleo-incursion peak at 1.2 + 0.3 above the present-day level, the curve
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of the RSL for the Amazonian coast would probably become more
analogous to that of the northeastern and south-southeastern Brazil
littoral zones, reflecting a general trend instead of the contrast previ-
ously suggested (Fig. 8A). Several authors agree that the sea-level rise
attained a peak 2-5 m above the present level over the Holocene, before
decreasing during the late Holocene to the present level (Angulo et al.,
2006; Bezerra et al., 2003; Boski et al., 2015; Castro et al., 2014; Martin
etal., 2003; Suguio et al., 2013; Tomazelli, 1990). The mangroves nearly
disappeared as they migrated seaward during the Late Holocene in the
Espirito Santo littoral zone in the southeastern region (Franca et al.,
2015) and at Bahia on the northeastern coast in response to relative
sea-level decline (Fontes et al., 2017; Moraes et al., 2017) (Fig. 8A).

6. Conclusions

This study evaluated the pollen content of a sediment core retrieved
from the Itacuruca flat in the Amazonian supralittoral region. Pollen
data integrated with sedimentary features, chronological ages, and
elementary data (613C, 615N, and C/N) showed that the marine influence
in this sector was more intense than that presently. A mangrove com-
munity occupied the muddy flats 180 km from the shoreline for over 6
ka BP, between 8410 and 1490 cal yr BP. It is likely that this halophyte
community was established because of post-glacial sea-level rise, which
exceeded the current level. After 1490 cal yr BP, the landscape witnessed
mangrove contraction, and freshwater vegetation became the dominant
forest. Organic debris deposition in the sedimentary record was
consistent with mangrove decline, and such environmental changes may
be related to the RSL decline instead of the influence of climate change.

Our results suggest that the RSL rapidly increased during the middle
Holocene, followed by stabilization and an equally rapid decrease to its
present-day position near the two last millennia; this finding is incon-
sistent with previous investigations addressing the Amazonian coast.
Accordingly, advances are necessary to understand the causes and
trends of RSL variables in the late Holocene and gather evidence to
improve the RSL curve model for the north Brazilian coast. Here, the
paleo-mangrove is the leading benchmark of marine incursion, pri-
marily because of its establishment in a field far from the coastline.
These distant fields provide reliable archives for understanding RSL
oscillations, allowing for the unraveling of ecological dynamics and,
consequently, the development of the most robust paleogeographic
models.
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