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High-resolution sedimentological, geochemical and pollen analysis on sediment core from the coastal plain of
the Doce River, southeastern Brazil, revealed changes in the depositional system and vegetation caused by
combined action of oscillations in relative sea-level (RSL) and sedimentary supply during the Holocene.
Two main phases were discerned using sedimentary features, 813¢, 8'°N, total organic carbon (TOC), total ni-
trogen (N), C/N and cluster analysis of pollen data, temporally synchronized with radiocarbon age dating. The
data indicates the presence of a lagoon system surrounded by a tidal plain colonized by mangroves and its

Ip(:z;g: Zﬁ;lyses sedimentary organic matter sourced from C, plants between ~8050 and ~7115 cal yr BP. However, during
Holocene the mid- and late-Holocene the mangroves shrank and freshwater vegetation expanded (Cs plants), proba-
Mangrove bly, due to a marine regression. During this phase, the development of a lacustrine environment was followed
Palynology by the colonization of herbs, trees and shrubs. The continuous sediment infilling into the lake allowed the ex-
Sea-level pansion of a herbaceous plain as seen today. This geomorphologic and vegetation evolution is in agreement

Stable isotopes

with the mid-Holocene RSL maximum above present RSL and subsequent fall to the present time.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Several studies have presented coastal environmental shifts in re-
sponse to Holocene sea-level changes (Behling et al., 2001, 2004;
Blasco et al., 1996; Cohen et al, 2005a,b, 2012; Ellison, 2005;
Engelhart et al., 2007; Fujimoto et al., 1996; Guimaraes et al., 2012,
2013; Horton et al., 2005; Monacci et al., 2009, 2011; Parkinson et
al., 1994; Smith et al., 2012; Woodroffe, 1981; Yulianto et al., 2004,
2005). The effect of relative sea-level (RSL) changes is apparent in
coastal environments, where significant geomorphological changes
(Giannini et al., 2007) extend to the mangrove dynamics (Behling et
al., 2001, 2004; Cohen and Lara, 2003; Cohen et al., 2004, 2005a,b;
Franga et al., 2012; Guimardes et al.,, 2012; Lara et al.,, 2002; Smith et
al., 2012; Vedel et al., 2006). The expansion or contraction of mangrove
areas is dependent on temperature, soil type, salinity, inundation
frequency, sediment accretion, tidal and wave energy (Lugo and
Snedaker, 1974). Specifically the mangrove has special physiological
and morphological adaptations that allow it to grow in intertidal en-
vironments (Alongi, 2008; Blasco et al., 1996; Cahoon and Lynch,
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1997; Sanders et al., 2012). Thus this ecosystem may be used as an
indicator of coastal change and RSL fluctuations (Blasco et al., 1996).
Along the Brazilian coast, mangroves are found from the extreme
northern Brazilian coast in the Oiapoque River (04°20’N) to Laguna
(28°30’S) in the southern coast (Schaeffer-Novelli et al., 2000). In
northern Brazil the mangroves are extremely irregular and jagged, oc-
curring throughout bays and estuaries (Souza-Filho et al., 2006), with
meso- and macrotidal ranges (tidal range of 2 to 4 m and 4 to 6 m, re-
spectively). On the southeastern and southern coast, mangroves are re-
stricted to microtidal (tidal range below 2 m) bays, lagoons or estuarine
inlets (Schaeffer-Novelli et al., 1990), which are strongly controlled by
climate and oceanographic characteristics (Soares et al., 2012).

Some studies have shown post-glacial sea-level rise at the Brazilian
littoral (Angulo and Lessa, 1997; Angulo and Suguio, 1995; Angulo et
al., 1999, 2006; Bezerra et al., 2003; Bittencourt et al., 1979; Martin et
al., 1996, 2003; Suguio et al., 1985), which inundated inland valleys
(Cohen et al., 2005a,b; Martin et al., 1996; Scheel-Ybert, 2000;
Souza-Filho et al., 2006), causing changes in depositional systems
and also in mangrove area (Amaral et al, 2006, 2012; Cohen et al.,
2005a,b; Guimaraes et al., 2012; Scheel-Ybert, 2000; Smith et al., 2012).

Investigations in northern Brazil utilizing sedimentological, paly-
nological and geochemical data revealed displacement of the
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mangrove ecosystem during the Holocene. This shift is attributed to
climate, river discharge and RSL changes (Behling et al., 2004; Cohen
et al., 20054, 2008, 2009; Franga et al., 2012; Guimardes at al., 2012;
Lara and Cohen, 2009; Smith et al., 2011, 2012). However, in south-
eastern Brazil, the mangrove dynamics are mainly related to RSL
changes (Buso Junior, 2010; Buso Junior et al., in press) and sediment
transport (Amaral et al., 2006).

For the southeastern Brazilian coast environmental reconstructions
based on inter-proxy analysis are still scarce, and the response of man-
grove ecosystems to Holocene sea-level changes remains poorly under-
stood. In this work we present a study about mangrove development on
the coastal plain of the Doce river, State of Espirito Santo, southeastern
Brazil, during the Holocene, recorded by multiple proxies such as sedi-
mentary features, 63C and '°N, C/N, pollen data and radiocarbon
dating.

2. Modern settings
2.1. Study area and geological setting

The study site is located in the coastal plain between two large rivers
(Fig. 1), Doce and Sdo Mateus, northern Espirito Santo—Brazil, running
along a nearly N-S section between Concei¢cdo da Barra and Barra do
Riacho (Bittencourt et al., 2007; Suguio et al., 1982). The Holocene sed-
imentary history in this sector is strongly controlled by RSL changes, flu-
vial supply and longshore transport. The formation of a barrier island/
lagoonal system began about 7000 yr BP (Martin et al., 1996, 2003;
Suguio et al.,, 1982).

The study area is composed of a Miocene age plateau of Barreiras
Formation continental deposits, whose surface is slightly sloping to
the ocean. The site is characterized by the presence of many wide
valleys with flat bottoms, resulting from Quaternary deposition of
silty sediments (Martin et al., 1996). The study area is part of a larger
area of tectonically stable Precambrian crystalline rocks. Four geo-
morphological units are recognized in the area: (1) a mountainous
province, made up of Precambrian rocks, with a multidirectional
rectangular dendritic drainage net; (2) a tableland area composed
of Barreiras Formation constituted by sandstones, conglomerates
and mudstones attributed mainly to Neogene fluvial and alluvial
fan deposits, but possibly including deposits originating from a
coastal overlap associated with Neogene marine transgressions
(Arai, 2006; Dominguez et al., 2009). The drainage catchment slopes
gently down towards the sea; and (3) a coastal plain area, with fluvi-
al, transitional and shallow marine sediments, which were deposited
during RSL changes (Martin and Suguio, 1992) and (4) an inner con-
tinental shelf area (Asmus et al., 1971).

2.2. Climate

The region is characterized by a warm and humid tropical climate
with annual precipitation averaging 1400 mm (Peixoto and Gentry,
1990). Precipitation generally occurs in the summer with a dry fall-
winter season, controlled by the position of the Intertropical Conver-
gence Zone (ITCZ) and the position of the South Atlantic Convergence
Zone (SACZ) (Carvalho et al,, 2004). The area is entirely located within
the South Atlantic trade winds belt (NE-E-SE) that is related to a local
high-pressure cell and the periodic advance of the Atlantic Polar Front
during the autumn and winter, generating SSE winds (Dominguez et
al., 1992; Martin et al., 1998). The rainy season occurs between the
months of November and January with a drier period between May
and September. The average temperature ranges between 20 and 26 °C.

2.3. Vegetation

The region is composed mainly of tropical rainforest, where the
most representative plant families are Annonaceae, Fabaceae, Myrtaceae,

Sapotaceae, Bignoniaceae, Lauraceae, Hippocrateaceae, Euphorbiaceae,
and Apocynaceae (Peixoto and Gentry, 1990). In the sandy coastal plain,
vegetation is characterized by palm trees as well as orchids and brome-
liads that grow on the trunks and branches of larger trees. Ipomoea
pes-caprae, Hancornia speciosa, Chrysobalanus icaco, Hirtella Americana
and Cereus fernambucensis are also found. The coastal plain of the Doce
River is characterized by forest pioneering freshwater species such as
Hypolytrum sp., Panicum sp. and also brackish/marine water species
such as Polygala cyparissias, Remiria maritima, Typha sp., Cyperus sp.,
Montrichardia sp., Tapirira guianensis and Symphonia globulifera. A man-
grove dominated ecosystem is also present, characterized by Rhizophora
mangle, Laguncularia racemosa and Avicennia germinans, which are cur-
rently restricted to the northern littoral part of the coastal plain (Bernini
et al,, 2006). Herbaceous vegetation dominates the sampling site, repre-
sented by Araceae, Cyperaceae and Poaceae with some trees and shrubs
on edge of the plain (Fig. 2).

3. Materials and methods
3.1. Field work and sampling processing

A LANDSAT image acquired on July 2011 was obtained from INPE
(National Institute of Space Research, Brazil). A three-color band com-
position (RGB 543) image was created and processed using the
SPRING 3.6.03 image processing system to discriminate geological fea-
tures. Topographic data were derived from SRTM-90 data, downloaded
from USGS Seamless Data Distribution System (http://srtm.usgs.gov/
data/obtainingdata.html). Imagem interpretation of elevation data
was carried out using software Global Mapper 12.

The fieldwork was carried out in July 2011. The sediment core
LI-32 (5.75 m) (S19° 11/ 56.1"/W 39° 48’ 1.8") was taken between
Holocene sandy ridges (Fig. 1) from a herbaceous plain using a Russian
Sampler (Cohen, 2003). It is located approximately 30 km from Doce
River and 10 km from the current southeastern wave-dominated
coast (Dominguez et al., 2009). The geographical position of the core
was determined by GPS (Reference Datum: SADG9).

3.2. Facies description

The core was X-rayed in order to identify internal sedimentary
structures. As recorded in Fig. 3, without the radiography of the core,
it would not be possible to evidence such structures. Grain size was de-
termined by laser diffraction using a Laser Particle Size SHIMADZU SALD
2101 in the Laboratory of Chemical Oceanography/UFPA. Prior to iden-
tification of the grain size, approximately 0.5 g of each sample was im-
mersed in H,O, to remove organic matter and residual sediments were
disaggregated by ultrasound (Franca, 2010). The grain-size scale of
Wentworth (1922) was used in this work with sand (2-0.0625 mm),
silt (62.5-3.9 um) and clay fraction (3.9-0.12 pum). Although the equip-
ment presents reading range between 1000 and 0.03 pm, in the studied
core sediment fraction higher than 1 mm or lower than 0.12 um was
not recorded. Following the methods of Harper (1984) and Walker
(1992), facies analysis included description of color (Munsell Color,
2009), lithology, texture and structure. The sedimentary facies were
codified following Miall (1978).

3.3. Palynological analysis

Considering the interpretative significance of pollen data, there
often exists two pollen components in sediment—pollen from “local”
vegetation (the crown of the hat), and background pollen from “region-
al” vegetation (the brim of the hat) (Andersen, 1967; Janssen, 1966,
1973; Sugita, 1994). The terms are useful, even though the distinction
cannot be drawn sharply: the transition between the crown and brim
is gradual, and the sizes of the crown and brim will differ for each pollen
taxon (Davis, 2000).
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Fig. 1. Location of the study area: a) Miocene Barreiras Formation and coastal plain of the Doce River; b) SRTM-DEM topography of the study site illustrating a large area slightly
more depressed on the coastal plain of the Doce River. Note a morphometric profile along the main geological features and morphological units (a-a’); c) paleodrainage networks
preserved, with lagoons and lake system originated at the Holocene. Note the presence of Pleistocene deposits. The beach ridges which are related to coastal progradation are also

observed.

The pollen records of sediment cores in lakes assume that pollen
accumulating in a lake represents the vegetation on all sides of the
lake, on the assumption that breezes blow from various directions
and the drainage basin area of the lake receive the pollen produc-
tion. Thus, the strength of the pollen signal from each vegetation
is distance-weighted (e.g. Davis, 2000). According to Cohen et al.
(2008), pollen profiles from tidal plains present a smaller spatial
representativeness of the vegetation than pollen records from
lakes. Considering the paleo-lagoon described in this work as a

shallow body of water separated from the ocean by barrier islands,
the pollen signal in its bottom sediment should reflect the regional
paleovegetation, while the pollen preserved in foreshore sediment
may represent the pollen transported by rivers and tidal channels
to the littoral.

For pollen analysis 1.0 cm® samples were taken at 5.0 cm intervals
downcore, for a total of 116 samples. All samples were prepared using
standard pollen analytical techniques including acetolysis (Faegri and
Iversen, 1989). Sample residues were mounted on slides in a glycerin
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Trees and shrubs

Palaeolake margin

Fig. 2. The sharp contact between arboreal vegetation and herbaceous vegetation indi-
cates the transition zone between paleolake and the edge at the coastal plain of the
Doce River. The herbs are the current vegetation which has been developed during
the past 3043 cal yr BP on the paleolake.

gelatin medium. Pollen and spores were identified by comparison with
reference collections of about 4000 Brazilian forest taxa and various pol-
len keys (Absy, 1975; Colinvaux et al, 1999; Markgraf and D'Antoni,
1978; Roubik and Moreno, 1991; Salgado-Laboriau, 1973) jointly with
the reference collection of the Laboratory of Coastal Dynamics-Federal
University of Para and '“C Laboratory of the Center for Nuclear Energy
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in Agriculture (CENA/USP) to identify pollen grains and spores. A mini-
mum of 300 pollen grains were counted for each sample. The total pol-
len sum excludes fern spores, algae, and foraminiferal tests. Pollen and
spore data are presented in pollen diagrams as percentages of the
total pollen sum. The taxa were grouped according to source: man-
grove, tree and shrub, palm, herb and aquatic pollen. The software
TILIA and TILIAGRAF were used for calculation and to plot the pollen di-
agram (Grimm, 1990). CONISS was used for cluster analysis of pollen
taxa, permitting the zonation of the pollen diagram (Grimm, 1987).

3.4. Isotopic and chemical analysis

A total of 232 samples (6-50 mg) were collected at 5 cm intervals
from the sediment core. Sediments were treated with 4% HCl to elim-
inate carbonate, washed with distilled water until the pH reached 6,
dried at 50 °C, and finally homogenized. These samples were ana-
lyzed for total organic carbon and nitrogen, carried out 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 precision of 0.09% (TOC) and 0.07% (TN), respectively.
The '3C and '°N results are expressed as 6'C and 6'°N with respect to
VPDB standard and atmospheric air, using the following notation:

6]3C(%°) = [(Rlsample/RZStandard> _1] 1000

S]SN(%") = [(R3sample/R4standard) _1] ~1000

Convelute
lamination

Mm - Massive mud Mp - Parallel laminated mud Hm - Heterolithic mud/sand deposit
Sp - Parallel-laminated sand HI - Lenticular heterolithic muddy silt Hf - Flaser or wavy heterolithic deposit

Fig. 3. The X-ray of the core with examples of sedimentary facies of the tidal plain deposits, illustrating: a) massive mud (facies Mm); b) parallel laminated mud (facies Mp), with
rootlets and root marks; c) parallel-laminated sand (facies Sp); d) heterolithic mud/sand deposit with plant remains (facies Hm); e) lenticular heterolithic muddy silt with cross
lamination (facies HI); and f) sandy layer, heterolithic mud/sand deposit with convolute lamination and shells (facies Hf).
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where Risampie and Raseandara are the '3C/'2C ratio of the sample and
standard, and Rzsampie and Rystandara are the ">N/'N, respectively. An-
alytical precision is +0.2%. (Pessenda et al., 2004).

3.5. Radiocarbon dating

Based on stratigraphic discontinuities that suggest changes in the
tidal inundation regime, four bulk samples (10 g each) were selected
for radiocarbon analysis. In order to avoid natural contamination by
shell fragments, roots, seeds, etc., (e.g. Goh, 2006), the sediment
samples were checked and physically cleaned under the stereomi-
croscope. The organic matter was chemically treated to remove the
presence of a younger organic fraction (fulvic and/or humic acids)
and to eliminate adsorbed carbonates by placing the samples in 2%
HCI at 60 °C for 4 h, followed by a rinse with distilled water to neu-
tralize the pH. The samples were dried at 50 °C. A detailed descrip-
tion of the chemical treatment for sediment samples can be found
in Pessenda et al. (2010, 2012). A chronologic framework for the sed-
imentary sequence was provided by conventional and accelerator
mass spectrometer (AMS) radiocarbon dating. Samples were analyzed
at the 'C Laboratory of CENA/USP, LACUFF (Fluminense Federal Univer-
sity) and at UGAMS (University of Georgia-Center for Applied Isotope
Studies). Radiocarbon ages were normalized to a §'3C of —25%. VPDB
and reported as calibrated years (cal yr BP) (20) using CALIB 6.0
(Reimer et al.,, 2009). The dates are reported in the text as the median
of the range of calibrated ages (Table 1).

4. Results
4.1. Radiocarbon date and sedimentation rates

The radiocarbon dates are shown in Table 1 (range since
~8050 cal yr BP) and no age inversions were observed. The sedi-
mentation rates were based on the ratio between the depth intervals
(mm) and the time range. The calculated sedimentation rates are
1.5 mm/yr (5.50-4.35 m), 16 mm/yr (4.35-3.45 m), 15 mm/yr
(3.45-1.45 m), 0.2 mm/yr (1.45-0.72 m) and 0.2 mm/yr (0.72-
0 m). Although the rates are nonlinear between the dated points,
they are same magnitude order with the vertical accretion range of
0.1 to 10 mm/yr of mangrove forests reported by other authors
(e.g. Behling et al.,, 2004; Bird, 1980; Cahoon and Lynch, 1997;
Cohen et al., 2005a, 2008, 2009; Guimaraes et al., 2010; Spenceley,
1982; Vedel et al., 2006).

4.2. Facies, pollen description and isotope values from sediment core

The sediment is composed mostly of greenish gray or dark brown
sandy silt with grain size fining upward. The sediment facies are char-
acterized by massive mud, parallel laminated mud, cross stratified
sand, parallel-laminated sand, lenticular and heterolithic mud/sand,
with peat present near the surface (Figs. 3 and 4). The texture, grain
size, sedimentary structures and pollen content, complemented
with isotopic and geochemical data (6'3C, 8°N, TOC, N and C/N), de-
fine four facies associations representative of foreshore, lagoon, lake,
and herbaceous plain environments (Table 2).

Table 1

4.2.1. Facies association A (foreshore)

Facies association A occurs in the base of the sediment core until
~8050 cal yr BP (Fig. 4). It consists mainly of fine to medium-grained
sands which are poorly selected, sand cross-stratified (facies Sc) and
parallel-laminated sand (facies Sp), with locally rippled sand and
cross-lamination. Shell fragments are present.

The pollen and spore analysis revealed three ecological groups;
herbs, mangroves, and trees and shrubs (Fig. 4). The first pollen zone
(A) is characterized mainly by a herbaceous pollen represented by
Poaceae (~80%), Asteraceae (~18%) and Amaranthaceae (~2%). The
mangrove pollen presents a small fraction represented by Rhizophora
(~8%). Trees and shrubs are generally represented by Euphorbiaceae
(~6%) and Rubiaceae (~3%) (Fig. 5).

4.2.2. Facies association B (lagoon)

This facies association corresponds to the depth interval from 5.5 m
(~8050 cal yr BP) to 1.5 m (~7115 cal yr BP). These deposits consist of
massive mud (facies Mm), which are interbedded with heterolithic
mud and sand deposits (facies Hm), lenticular heterolithic muddy silt
(facies HI), parallel-laminated sand (facies Sp) and flaser or wavy
heterolithic deposit (facies Hf). Cross lamination is present at 2.1 m
and convoluted laminations are present between ~3.5 and 3.75 m.
Shell fragments and dwelling structures produced by the benthic
fauna are also visible (Fig. 4).

The pollen assembly is characterized by five ecological groups (Figs. 4
and 5), defined by the presence of herbs such as Poaceae (30-80%),
Cyperaceae (3-30%), Asteraceae (2-5%), Borreria (1-5%), Malvaceae
(1-4%), Smilax (1-3%), Amaranthaceae (1-3%) and Polygonum (~1%).
Within this facies association mangrove pollen represented by Rhizophora
(4-30%) and Avicennia (1-3%) is also observed. Tree and shrub species are
present as Euphorbiaceae (2-8%), Fabaceae (2-7%), Mimosa (1-6%),
Rubiaceae (1-5%) and Myrtaceae, Malpighiaceae, Sapindaceae, Meliaceae,
and Podocarpus with less than 4%, respectively. The Arecaceae occurs be-
tween 1-5%, while aquatic species are represented by Typha (~2%).

The 6'3C values exhibit a depleted trend from —15 to —27%o
(mean = —20%.) between 5.5 and 1.35 m. The 6'°N record shows sta-
ble values between 3.6 and 7.0%. (mean = 5.3%.). The TOC and N re-
sults were also relatively stable between 1.77 to 5.20% (mean =
3.48%) and 0.03 to 0.11% (mean = 0.07%), respectively. The C/N values
showed considerable variation between 30 and 60 (mean = 40).

4.2.3. Facies association C (lake)

Facies association C was identified from 1.5 (~7115 cal yr BP) to
0.8 m (~3274 cal yr BP). The grain size of this facies ranges between
sandy silt and silty sand, and is poorly sorted, with heterolithic mud/
sand (facies Hm) and parallel laminated mud (facies Mp) along with
roots, root marks and dwelling structures produced by benthic fauna
(Fig. 4).

The pollen record is marked by the shrinkage and eventual disappear-
ance of mangroves, which was mainly constituted by Rhizophora (3-15%)
and Avicennia (1-2%). The other four ecological groups were stable, such
as herbs represented by Cyperaceae (25-55%), Poaceae (15-40%),
Araceae (5-8%), Amaranthaceae (2-7%), Malvaceae (2-6%), Borreria (2—
5%) and Smilax (1-3%). The tree and shrub section of this facies is repre-
sented by Alchornea (2-6%), Anacardiaceae (2-5%), Fabaceae (2-4%),
Euphorbiaceae (1-4%), Mimosa (1-4%), Moraceae (2-3%), Rubiaceae

Sediment samples selected for radiocarbon dating and results from LI-32 core (coastal plain of the Doce River) with material, depth, 6'C, '“C conventional and calibrated ages

(using CALIB 6.0; Reimer et al., 2009).

Cody site and laboratory number  Depth (m) Material ~ Ages (*C yr BP, 10)  Ages (cal yr BP, 20 deviation) ~ Median of age range (cal yr BP)  Sedimentation rates
LACUFF13019 0.67-0.72  Bulksed. 2877 4+ 79 3246-2840 3043 0.2 mm/yr
LACUFF12039 1.40-1.45 Bulksed. 6237 + 66 7278-6955 7116 0.2 mm/yr
UGAMS11695 3.40-345  Bulksed. 6330 + 30 7318-7172 7245 15.0 mm/yr
UGAMS11694 430-435 Bulksed. 6380 + 30 7339-7259 7300 16.0 mm/yr
LACUFF12040 5.45-550  Bulksed. 7186 + 54 8161-7933 8047 1.50 mm/yr
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Fig. 4. Summary results for sediment core (LI-32): variation as a function of core depth showing chronological and lithological profile with sedimentary features and facies, pollen
analysis with ecological groups, organic geochemical variables and characteristics of organic matter influence. Pollen data are presented in pollen diagrams as percentages of the

total pollen sum.

(2-3%), Myrtaceae (~2%), Sapotaceae (~2%), Meliaceae (2%) and
Melastomataceae/Combretaceae (1%). The Palm (2-5%) and aquatic
pollen groups are represented by Potamogeton (1-3%) and Typha
(~2%) (Fig. 5).

The isotope and elemental data showed different results relative to
facies association B, where the §'3C values exhibit relatively depleted
values between —28 and —23%. (mean = —26%.). The 5'°N values
range between 4.5 and 7.2%. (mean = 5.9%.). The C/N values decrease
from 32 to 15 (mean = 23).

4.2.4. Facies association D (herbaceous plain)

The herbaceous plain facies begins at a depth of 0.7 m and continues
to the surface. Probably, it was developed during the late-Holocene.
These deposits are represented by peat and sandy silt sediments (facies
Ms), poorly sorted, with plant debris and evidence of bioturbation
(Fig. 4).

The pollen assemblages of this association correspond to zone D,
which is composed of four ecological groups (Figs. 4 and 5), and the
mangrove group was not present. This zone is characterized by pollen
from herbs, trees and shrubs, palms and some aquatics. The herbaceous
pollen is represented by Cyperaceae (10-35%), Poaceae (20-30%),
Araceae (15-25%), Smilax (2-10%), Malvaceae (3-7%) and Borreria
(2-4%), followed by Amaranthaceae, Apium, Asteraceae, Begonia,
Coccocypselum/Declieuxia, Convovulaceae, Polygonum, Sauvagesia
and Xyris in percentages below 3%. The tree and shrub pollen is represent-
ed mainly by Mimosa (2-6%), Anacardiaceae (2-6%), Rubiaceae (2-5%),
Malpighiaceae (2-4%), Alchornea (2-3%) and Fabaceae (1-2%), followed
by Anadenanthera, Melastomataceae/Combretaceae, Meliaceae and
Mytaceae at around 1-2%, respectively. The palm and aquatic pollen
were below 2%, colonized by Arecaceae, Hydrocleis, Typha and Utricularia.

The sediment 6'>C values ranged between — 28 and — 26%. (mean =
— 27%). The range for 6'°N values was between — 0.1 and 7%.. The C/N
ratio varies between 47 and 16 (mean = 29).

5. Interpretation and discussion

The data suggest two phases of wetland development: (i) tidal flat
colonized by mangroves in the margin of the lagoon, where flow energy
oscillated. In addition, the geochemical data showed organic matter was
influenced by C,4 plants between ~8050 and ~7115 cal yr BP. The phase
(ii) was characterized by mangrove extinctions, with an increased influ-
ence of C3 plants and freshwater/estuarine dissolved organic matter,
which occurred in the lake and, then the development of a herbaceous
plain, probably, during the late-Holocene (Fig. 7).

5.1. Early Holocene: foreshore to lagoon

The foreshore to lagoon phase was initially marked by a foreshore
facies association which exhibits shell fragments in cross-stratified
sand and parallel-laminated sand (Fig. 4), which record the action of
relatively weak currents shaping the bedform. These currents induced
the migration of small sand ripples (Reineck and Singh, 1980) be-
tween 6 and 5.60 m depth. The ecological record for this region is
characterized by mangrove development associated with herbs trees
and shrubs (Figs. 5 and 7). The lagoon facies is represented by mas-
sive mud, heterolithic mud/sand, lenticular heterolithic muddy silt,
parallel-laminated sand, and flaser or wavy heterolithic deposits
and cross-laminations. This assemblage of structures may indicate
tidal influence. During this period, the tidal flat in the margin of the
lagoon was occupied by mangroves, herbs, palms, trees and shrubs
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Table 2

Summary of facies association with sedimentary characteristics, pollen groups and geochemical data.

Facies association Facies description

Pollen predominance Geochemical data Interpretation

A Fine to medium-grained, parallel-laminated sand (facies Sp) and
cross-stratified (facies Sc). Greenish gray sand with shells and
poorly sorted.

B Massive mud (facies Mm) greenish gray, with many roots and root
marks. Lenticular to streaky (facies Hl), heterolithic mud with sand
deposit (facies Hm). Silty sand and sandy silt, fine to medium-grained

poorly sorted and locally flaser (facies Hf) with parallel-laminated
sand (facies Sp) and with also massive sand, shells and convolute
lamination.

C Parallel-laminated mud (facies Mp), yellowish brown, with many
roots and root marks and dwelling structures and sandy silt.

D Plastic, massive mud and some sandy silt, gray to dark gray and green, Herbs, trees and shrubs

with many roots and root marks (facies Ms) and peat deposit (P).

Herbs, mangrove, trees and shrubs Foreshore
Herbs, mangrove, trees and shrubs 6'>C = —27 to —15% Lagoon
5'°N = +3.6 to + 7%
TOC = 1.7 to 5.2%
C/N = 30 to 60
Herbs, trees, shrubs and mangrove §'>C = —28 to —23%. Lake

8N = +4.5to +7%

TOC = 3.4 to 8.7%

C/N = 15 to 32

5'3C = —28 to —26%.
8N = —0.14 to + 7%
TOC = 7.4 to 53%

C/N = 16 to 47

Herbaceous plain

(Fig. 7). Also during this time, the development of the mangrove was
largely represented by Rhizophora (4-30%), which is associated with
trees and shrubs (2-25%), and may have contributed to the upward de-
crease of 5'3C values from — 15%. to — 23%.. It may represent a mixture
of C3, C4 plants and aquatic organic matter, as indicated by the binary di-
agram between the §'3C and C/N rate (Fig. 6). The C4 plants may be
sourced from marine herbs, which have lower 6'>C values (between
—17%o and — 9%, Boutton, 1996). The '°N values (mean = 5.2%o)
suggest a mixture of terrestrial plants and aquatic organic matter
(~5.0%., Sukigara and Saino, 2005).

5.2. Middle-late Holocene: lagoon/lake transition to herbaceous flat

The transition from a lagoon system to lake/herbaceous flat oc-
curred after 7115 cal yr BP. This environment is marked by in-
creased influence of Cs plants. The sediment is composed of sandy
silt, parallel-laminated mud and some benthic tubes, roots, and
root marks, which indicate stagnant conditions. In this phase the
mangrove ecosystem became extinct at the study site. The disrup-
tion of the mangrove ecosystem during this period indicates unfa-
vorable conditions for mangrove development, which may have
been due to decreased pore water salinity. This salinity decrease
would have allowed the colonization of herbs, trees, shrubs,
palms, and aquatic vegetation in the study site. The '3C values
from —23%. to — 28%., indicate an increased influence of C3 plants
(—32%. to —21%.; Deines, 1980). The relationship between &'3C
and C/N values indicate a mixture of continental and aquatic

organic matter, which was dominantly composed of C3 plants.
The presence of aquatic material (Fig. 5) indicates a lacustrine en-
vironment. The accumulation of mud and organic matter into the
lake led to the filling of lake depressions and expansion of a herba-
ceous plain during the late-Holocene. During this time the vegeta-
tion was characterized mainly by herbs, trees, and shrubs with
distinctive isotopic signals and C/N values from Cs plants (Fig. 6).
The 6'°N values exhibit a decreasing trend from 4.3%. to — 0.1%. in sed-
iments close to the surface (0.7-0 m), suggesting an increased amount
of terrestrial organic matter (6'°N ~ 1%o, Peterson and Howarth, 1987;
Fellerhoff et al., 2003). Normally aquatic plants take up dissolved inor-
ganic nitrogen, which is isotopically enriched in >N by 7%. to 10%. rel-
ative to atmospheric N (0%.), and thus terrestrial plants that use N,
derived from the atmosphere have 5'°N values ranging from 0%. to
2%. (Meyers, 2003). The C/N ratio (mean = 29) also indicates organic
matter from vascular plants (>12 vascular plants, Meyers, 1994;
Tyson, 1995). The binary diagram of 6'>C vs. C/N ratio reveals the con-
tribution of Cs terrestrial plants (Fig. 6).

5.3. Holocene sea-level changes, climate and vegetation dynamics

The data suggest mangrove vegetation and C4 plants on a tidal flat
surrounding a lagoon between ~8050 and ~7115 cal yr BP. This phase
was followed by a decrease in mangrove habitat and an expansion of
Cs terrestrial plants represented by herbs, trees and shrubs. These re-
sults suggest a transition from marine to freshwater influence, likely

-3,

N

50,

1300,

Fig. 5. Pollen diagram record with percentages of the most frequent pollen taxa, sample age, zones and cluster analysis.
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due to the combined action of RSL fall and sedimentary supply during
the mid- and late-Holocene.

During the lagoon phase (~8050 and ~7115 cal yr BP) the sedimen-
tation rates (16.4-15.5 mm/yr) were higher than the lacustrine and her-
baceous plain phase (0.2 mm/yr) over the past ~7115 cal yr BP (Fig. 4).
It may be related to the post-glacial sea-level rise in the early-Holocene,
when more space was created to accommodate new sediments (Fig. 8),
while during the mid- and late-Holocene occurred RSL fall with the de-
crease in accommodation space.

Changes in the RSL, sedimentary supply and river discharge during
the Holocene are important processes that influenced not only the
relative position of the shoreline, but also the characteristics of coast-
al stratigraphic systems and vegetation dynamics (Buso Jr., 2010;
Cohen et al, 2005a,b, 2012; Franga et al, 2012; Guimardes et al.,
2012; Scheel-Ybert, 2000; Smith et al., 2012) (Fig. 8). Probably, the
RSL changes along the Brazilian littoral must be the main driving
force controlling the mangrove dynamics, while the sedimentary sup-
ply, mainly in the southern Brazil, and tidal water salinity, mainly in
the northern Brazil, may be considered as secondary causes (Cohen
et al,, 2012).

Considering the RSL changes, references to the highstand along east-
ern coast of Brazil can be found in several publications, including Suguio
et al. (1985), Dominguez et al. (1990), Angulo and Suguio (1995),
Angulo and Lessa (1997), Angulo et al. (1999), Souza et al. (2001),
Bezerra et al. (2003), Martin et al. (2003) and Angulo et al. (2006).

The RSL curve during the mid- to late-Holocene, along northeastern
Brazil, was reconstructed by Martin et al. (2003 ), who showed that RSL
exceeded the present level around 7700 cal yr BP and 5600 cal yr BP,
followed by fast regression between 5300 and 4200 cal yr BP when
the RSL may have been below the current level (Fig. 8). A fast rise oc-
curred again approximately 3700 cal yr BP with a maximum of 3.5 +
0.5 m above the present RSL, followed by a steady and slow decrease
between 3500 and 2800 cal yr BP. At 2800 cal yr BP, sea level fell
quickly, falling below the current level by 2600 cal yr BP. About
2300 cal yr BP, RSL began to rise, reaching 2.3 4 0.5 m above the pres-
ent level by 2100 cal yr BP. After 2100 cal yr BP RSL fell steadily to its
current position (Fig. 8). Other studies performed along the eastern
and southeastern Brazilian coast also showed the existence of three
paleo-sea-levels higher than the present (Martin et al., 1987, 1996;
Suguio et al., 1982, 1985). However, Angulo et al. (2006) proposed a
mid-Holocene RSL maximum above present RSL and subsequent fall
to the present time, without subsequent oscillation (Fig. 8).

Along the coast of southeastern Brazil, higher RSL led to the forma-
tion of numerous lagoons (Sallun et al., 2012), and estuaries as observed
in a recent study developed in the region (Buso Jr., 2010). This informa-
tion is relevant to our study because between >8050 and
~7115 cal yr BP the sedimentary features reveal a facies association
typically of foreshore and lagoon systems with mangrove, likely a con-
sequence of high RSL during this time (Fig. 8). During the mid- and
late-Holocene there was a retraction of mangrove and expansion of
herbaceous vegetation, trees and shrubs followed by an increase in
the contribution of freshwater organic matter. During this phase, a lake
was developed following a regressive phase. During this period Cs plants
became the dominant vegetation in the study region. The flow of
sediments led to siltation and infilling of the lacustrine setting, causing
the expansion of the herbaceous plain ecosystem seen today (Fig. 7).

6. Conclusion

This study indicates the presence of a lagoon system surrounded by
a tidal plain colonized by mangroves, and its sedimentary organic
matter sourced from C4 plants, between ~8050 and ~7115 cal yr BP.
However, during the mid- and late-Holocene the mangroves shrank
and freshwater vegetation expanded (Cs plants), probably, due to the
combined action of RSL fall and sedimentary supply. During this time,
the development of a lacustrine environment was followed by the
colonization of herbs, trees and shrubs. The continuous infilling of
sediment into the lake allowed the expansion of a herbaceous plain,
as seen today. The geomorphologic and vegetation evolution is in agree-
ment with the mid-Holocene RSL maximum above present RSL and
subsequent fall to the present time, as proposed by Angulo et al. (2006).
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