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The sedimentary deposits of the deltaic plain of the Doce and Barra Seca rivers, Southeastern Brazil, were studied
by facies analysis, pollen records, δ13C, C/N analysis and AMS 14C-dating. Today, this deltaic plain is dominated by
beach ridges and sandy terraces occupied by arboreal and herbaceous vegetation. Between ~47,500 and
~29,400 cal yr B.P., a deltaic system was developed in response mainly to eustatic sea-level fall. Although the
studied stratigraphic succession is compatible with the trend of global sea-level fall, the earlier sea-level sug-
gested by the topographic position of these deltaic deposits was above the one expected during the MIS3
stage. A tectonic uplift likely occurred during the late Quaternary and raised these deposits. The post-glacial
sea-level rise caused a marine incursion with invasion of embayments and broad valleys, and it favored the
evolution of an estuary with wide tidal mud flats occupied by mangroves between ~7400 and ~5100 cal yr B.P.
The high river sand supply and/or the relative sea-level fall in the late Holocene led to seaward and downward
translation of the shoreline during normal/forced regression, producing progradational deposits with shrinkage
of mangrove stands and expansion of marshes colonized by herbaceous vegetation. Therefore, the stratigraphic
architecture and evolution of the Doce River deltaic plain suggest that fluvial sediment supply and relative sea-
level fluctuations related to Quaternary global climatic changes and local tectonism exerted major controls on
sedimentation through the variation of accommodation space and base-level changes.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Systematic studies of the Holocene sea-level in the eastern Brazilian
coastline show a post-glacial sea-level rise and a middle Holocene sea-
level highstand, with a subsequent fall to the present time (e.g., Angulo
et al., 2006). Sea-level change and local sedimentary inflow are main
factors controlling the evolution of sedimentary plains along the
Brazilian coast. Several coastal environments occur along this coast,
such as mangroves, beaches, lagoons, and deltas. These are environ-
ments that might compose an integrated system; thus they cannot be
analyzed in isolation (Woodroffe, 2002).

The equilibrium profile of a sandy coastal zone is determined by
local hydrodynamics and sediment grain sizes, which are controlled
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fax: +55 91 3274 3069.

ghts reserved.
by tides, waves and littoral currents. However, a standard equilibrium
profile will be established over a sufficiently long period of time.
Although this equilibrium may be disturbed by relative sea-level rise
(SLR), it would be re-established by a landward displacement of the
beach profile. This process results in an accelerated erosion of the
beach prism and transfer of eroded sands toward the inner shelf, pro-
ducing a rise of the inner shelf bottom by a height equal to that of SLR
(Bruun, 1962; Schwartz, 1965, 1968; Woodroffe, 2002).

The dominant depositional systems under rising sea-level on a gent-
ly sloping sandy coast are barrier islands or estuaries (Swift, 1975),
while strandplainswith beach-ridges are virtually absent. Regarding es-
tuaries, their response to sea-level changes is affected by tidal range,
nearshore wave climate and river inflow, as well as by the nature and
supply of sediments. All estuaries assumed their present form during
the rise of sea-level that followed the Last Glacial Maximum (LGM),
about 20 thousand years ago (Chappell and Woodroffe, 1994). In con-
trast, a sea-level fall creates highly unfavorable conditions for the gene-
sis and maintenance of estuaries, lagoons and bays, especially in wave
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dominated coasts. A continued river sediment supply results in shore-
line progradation, and it may generate a delta (Suter, 1994). Under
this condition, lagoons and bays become emergent and beach ridge
plains rapidly prograde, resulting in regressive sand sheets (Martin
and Suguio, 1992).

Whenpresent,mangroves along the littoral can be used as indicators
of coastal dynamics, as their positions within the intertidal zone are
strongly influenced by SLR (Woodroffe et al., 1989; Woodroffe, 1995).
Over a range of SLR scenarios, coastal wetlands adjust toward an equi-
librium with sea-level (e.g., D'Alpaos et al., 2007; Kirwan and Murray,
2007). Equilibriummodels predict that coastal wetlands have a number
of feedbacks that allow them to maintain their positions relative to the
mean tidal range (Cohen et al., 2005a,b). For example, surface accretion,
often through sediment inputs, increaseswith thedepth of tidal inunda-
tion (e.g., French and Stoddart, 1992; Furukawa and Wolanski, 1996),
leading to increments in surface elevation that allow the wetland to
keep pace with sea-level rise (Cahoon et al., 2006). Fringe mangroves
have kept up and could accommodate eustatic SLR rates of 4 mm/yr. If
eustatic rates exceed 5 mm/yr, then themangroves would not be likely
to persist (Mckee et al., 2007).

The northern littoral of the Espírito Santo State features a deltaic
plain associated with the Doce River. According to Martin and Suguio
(1992), during the middle Holocene, almost all sediments supplied by
the Doce River were retainedwithin large lagoons located behind a bar-
rier island. This was due to the Holocene relative sea-level highstand
about 5.5 ky B.P. About 2.5 ky B.P., the coastal lagoons became
completely filled. Today, this area is characterized by sand accumulation
in vast strandplains,withmangroves being restricted to lagoonmargins.

The aim of this study is to improve the reconstruction of landscape
evolution in the Doce River delta plain, approaching the interaction
among sedimentary processes, vegetation dynamics and sea-level
fluctuations during the late Pleistocene and Holocene based on facies
analysis, pollen records, δ13C, C/N analysis and AMS dating.

2. Study area

2.1. Location

The study site comprises the deltaic plain of the Doce River. Six sed-
iment cores were sampled following a landward transect. These, named
as Li in reference to the city of Linhares, which is located 30 km south-
west of the study area, include: Li31 (S 19° 11′ 16″/W 39° 49′ 33″);
Li01 (S 19° 10′ 53″/W 39° 51′ 55″); Li33 (S 19° 10′ 19.16″/W 39° 53′
10″); Li26 (S 19° 07′ 4″/W 39° 52′ 57″); Li23 (S 19° 08′ 58″/W 39° 53′
29″), and Li24 (S 19° 09′ 8″/W 39° 55′ 47″). Core Li24 was obtained at
themargin of a paleochannel in themost proximal sector of the studied
coastal plain (Fig. 1c), whereas core Li31was taken from a lake confined
between beach ridges. Cores Li23, 26 and 33were from the coastal plain
dominated by beach ridges, and core Li01 (located 10 km from Li24)
was collected at the margin of Lake Bonita, which is a freshwater lake
in the lower course of the Barra Seca River (Fig. 1c) in the Sooretama
Federal Biological Reserve. This lake is 30 km from the Doce River
and 15 km from the sea in this wave-dominated coast of Brazil
(Dominguez, 2009).

2.2. Geology and geomorphology

Four geomorphological units are recognized in the area: (1) amoun-
tainous area, represented by Precambrian crystalline rocks, with a
multidirectional rectangular dendritic drainage net; (2) a tableland
area composed of the Barreiras Formation,which consists of sandstones,
conglomerates, and mudstones attributed mainly to Neogene fluvial
and alluvial fan deposits, but possibly including marine deposits origi-
nated from a coastal onlap associated with Neogene transgressions
(Arai, 2006; Dominguez, 2009); (3) a coastal plain area, with fluvial,
transitional and shallow marine sediments deposited during changes
in sea-level in the Quaternary (Martin and Suguio, 1992); and (4) an
inner continental shelf area (Asmus et al., 1971). Several W–E, NW–SE
and NE–SW tectonic lineaments reveal the importance of regional
tectonics in the development of many of the modern drainage systems
(Fig. 1a).

Currently, the Doce River shows a mostly W–E trending “straight”
pattern, flowing on basement crystalline rocks and into the littoral
plain through a lowvalleywithHolocene terraces (Fig. 1a). The terraces,
with a 0.45% longitudinal gradient, consist of a mixture of sediments
from the Barreiras Formation that were transported by rivers that orig-
inated in mountainous areas and Neogene tablelands. The deposits are
composed mainly of moderately sorted, coarse- to very-coarse grained
sands of beach ridges distributed along the coastline. Downstream,
sandy silts of the Doce River spread over floodplains (Fig. 1a). Residual
and very poorly preserved mangrove vegetation close to marine influ-
ence occurs at themargin of coastal lagoon system. An elongated coastal
sand barrier occurs parallel to the shore and is separated from themain-
land by a lagoon. It is 37 and 3.6 km in length and width, respectively,
and has multiple beach ridges that likely represent successive shoreline
positions formed during coastline progradation associated with sea-
level fall (Otvos, 2000).

The studied delta plain covers an area of ~2700 km2. It displays flu-
vial channels and an extensive paleochannel network. The abandoned
channels are straight to meandering, and they maintain the shape and
typical concavity of the original channel, resulting in the formation of
lakes and lake belts (Fig. 1c). Avulsion may have been responsible for
the partial or complete abandonment of several channels due to rapid
sand accumulation.

The sandy ridges are extensive, straight to slightly curved sand
bodies colonized by herbaceous vegetation, and they exhibit N–S and
NW–SE orientations, elevations between 4 and 11 m, lengths of 2 to
20 km, and interridge spacings between 30 and 200 m (Fig. 1b). Addi-
tionally, the studied delta plain has three topographic groups of sandy
ridges, named inner (~9 m), intermediated (~5 m) and outer sandy
ridge (~10 m) with maximal widths of about 3.5, 75 and 3.6 km, re-
spectively. The inner and intermediate sandy ridges are interpreted as
beach ridges, whereas the outer sandy ridges occur as dune ridges.
Some interridge depressions contain standing water. These shallow
interridge lakes are subjected to overbank crevassing, resulting in a sed-
iment influx into the lakes. They are ~2 m in depth, ephemeral and have
water salinity of ~0‰, which are characteristics due to the seasonality of
climate and hydrology. The deposits consist of thick peat layers, lami-
nated mud and bioturbated mud, and are colonized by freshwater
marshes.

2.3. Climate

The region is characterized by a warm and humid tropical climate
with annual precipitation averaging 1400 mm (Peixoto and Gentry,
1990), which is concentrated in the summer, between November
and January. The dry fall–winter season occurs between May and Sep-
tember. It is regulated by the position of the Inter Tropical Convergence
Zone (ITCZ) and the South Atlantic Convergence Zone (SACZ) (Carvalho
et al., 2004). The study area is entirely located within the South Atlantic
trade wind 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
andwinter, which generates SSEwinds (Dominguez et al., 1992;Martin
et al., 1998). The average temperature ranges between 20 °C and 26 °C.

2.4. Vegetation

The modern vegetation is composed mainly of tropical rainforest.
The most representative plant families are Fabaceae, Myrtaceae,
Sapotaceae, Bignoniaceae, Lauraceae, Hippocrateaceae, Euphorbiaceae,
Annonaceae and Apocynaceae (Peixoto and Gentry, 1990). An herba-
ceous plain mainly represented by Cyperaceae and Poaceae with some



Fig. 1. a) Location of the study area and its geological context. b) SRTM-DEM topography of the study site and lithostratigraphic profiles. c) Location of studied sediment cores and the
spatial distribution of main geomorphological features.
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trees and shrubs occurs on the edges of the proximal portion of the delta
plain. A gradual transition occurs toward the distal portion of the delta
plain close to the shoreline, which is dominated by restinga vegetation
over sand plains and dunes. This consists of shrubs and herbs. Palm
trees, as well as orchids and bromeliads growing on trunks and
branches of larger trees, are also present along the shoreline. These as-
sociated with Ipomoea pes-caprae (Convolvulaceae), Hancornia speciosa
(Apocynaceae), Chrysobalanus icaco (Chrysobalanaceae), Hirtella
Americana (Chrysobalanaceae), Cereus fernambucensis (Cactaceae),
Anacardium occidentale (Anacardiaceae) and Byrsonima crassifolia
(Malpighiaceae). Mangroves represented by Rhizophora and Avicennia
are restricted to the margin of the lagoons. The vegetation inside the
Lake Bonita and at itsmargins comprises Tabebuia cassinoides, Alchornea
triplinervia and Cecropia sp., and emersed, submerged, floating-leaved
and floating plants like Typha sp., Cyperaceae, Poaceae, Salvinia sp.,
Cabomba sp., Utricularia sp. and Tonina sp. A freshwater marsh
composed by herbaceous vegetation colonizes the Barra Seca Valley.

3. Methods

3.1. Remote sensing

The morphological aspects of the study area were characterized
based on analysis of the Landsat 5-TM images that were obtained in
August 2008 by the Brazilian National Institute for Space Research
(INPE). The digital elevation model (DEM) derived from the Shuttle
Radar Topographic Mission (SRTM-90 m) and distributed by the Na-
tional Aeronautics and Space Administration (NASA) was additionally
used in this study. The SRTM-DEM data were processed using custom-
ized shading schemes and palettes to highlight the topographic and
morphological features. We interpreted elevation data using the soft-
ware Global Mapper (Global Mapper Software LLC, Olathe, KS, USA).

3.2. Sampling processing and facies description

A fieldwork campaign was undertaken during the dry season of
November 2009. Using a Percussion Drilling (Hammer Cobra TT), sedi-
ment cores were taken to a depth of as much as 12 m. Following the
proposal of Harper (1984) and Walker (1992), facies analysis included
descriptions of lithology, texture and structures. The sedimentary facies
were codified following Miall (1978). The sediment grain size distribu-
tion, followingWentworth (1922),was analyzed by laser diffraction in a
Laser Particle Size SHIMADZU SALD 3101.

3.3. Pollen and spore analysis

For pollen analyses, 1 cm3 samples were taken at 10 cm intervals
along cores Li01 and Li24. Preparation followed standard pollen analyt-
ical techniques including acetolysis (Faegri and Iversen, 1989). Pollen
and spores were identified by comparison with reference collections
of about 4000 Brazilian forest taxa and various pollen keys (Salgado-
Laboriau, 1973; Absy, 1975; Markgraf and D'Antoni, 1978; Roubik and
Moreno, 1991; Colinvaux et al., 1999), jointly with the reference collec-
tion of the Laboratory of Coastal Dynamics of the Federal University of
Pará, and of the 14C Laboratory of the Center for Nuclear Energy in Agri-
culture (CENA/USP). A minimum of 300 pollen grains were counted for
each sample, except at specific depths where only 100–200 grains were
counted due to low pollen concentration. Microfossils consisting of
spores, algae and fungi were also counted but not included in the sum.
Pollen data are presented in pollen diagrams as percentages of the
total pollen sum. Taxawere grouped into broad ecological categories in-
cluding mangrove, trees and shrubs, herbs, palms, fern spores, and
micro-foraminifer. The software TILIA was used for calculations, and
the CONISS and TILIAGRAPH softwares for both the cluster analysis of
pollen taxa and the plot of the pollen diagrams (Grimm, 1987).
3.4. Isotopic and chemical analysis

Ninety-four samples (1 cm3) were collected along cores Li01 and
Li24. Samples were separated and treated with 4% HCl to eliminate car-
bonates, washed with distilled water until at pH ~ 6, dried at 50 °C, and
homogenized. These samples were used for analyses of total organic
carbon (TOC) and total nitrogen (TN) concentrations and carbon stable
isotopic compositions that were carried out at the Stable Isotope Labo-
ratory of the Center for Nuclear Energy in Agriculture (CENA/USP).
The concentration results are expressed in percent of dry weight after
the removal of carbonate, with an analytical precision of 0.09 and
0.07%, respectively. The C/N values represent the molar ratio between
carbon and nitrogen. The 13C results are expressed as δ13C with respect
to the VPDB standard using the following conventional notations:

δ13C ‰ð Þ ¼ R1sample=R2standard

� �
−1

h i
� 1000

where RS1 and RS2 are, respectively, the 13C/12C ratios in the sample,
RPDB the 13C/12C ratio for the international standard (VPDB). The
results are expressed in delta per mil (δ ‰) notation, with analytical
precision better than 0.2‰ (Pessenda et al., 2004).

3.5. Radiocarbon dating and sedimentation rates

Thirteen samples of ~2 g each of sedimentary organic matter and
one shell were used for radiocarbon dating (Table 1). The sediment
samples were physically treated by removing roots and vegetation
fragments under themicroscope. The residualmaterialwas then treated
with 2% HCl at 60 °C for 4 h, and then washed with distilled water until
neutral pH and dried (50 °C) to remove probable younger organic frac-
tions (fulvic/humic acids) and carbonates. The chronologic framework
wasprovided by acceleratormass spectrometer (AMS) radiocarbondat-
ing. Samples were analyzed at the 14C Laboratory of Fluminense Federal
University (LACUFF) and at the University of Georgia – Center for Ap-
plied Isotope Studies (UGAMS). Radiocarbon ages were normalized to
a δ13C of −25‰ VPDB and reported as calibrated years (cal yr B.P.)
(2σ) using CALIB 6.0 (Reimer et al., 2009). The dates are reported in
the text as the median of the range of calibrated ages. Sedimentation
rates were based on the ratio between the mean depth intervals
(mm) and the mean time range.

4. Results

4.1. Radiocarbon dates and sedimentation rates

The dating results revealed ages ranging from 49,391–45,775 cal yr
B.P. to recent. The filling of the estuary, as represented in core Li24, is re-
corded by an upward decrease of sedimentation rates from 9.4 mm/yr
(9.5–6.7 m), 8.1 mm/yr (6.7–5 m), 0.5 mm/yr (5–3 m) to ~1.4 mm/yr
(3–1 m). A partial age overlapping was identified in core Li01 be-
tween 6.2 and 8.8 m. This overlap can probably be attributed to the
type of dated material, because a shell and sedimentary organic mat-
ter were dated at 6.20–6.30 and 8.8–8.86 m depths, respectively
(Fig. 3). Generally, the organic matter found in marine sediments is
suitable for radiocarbon dating, assuming a true temporal relation
between the material dated and the timing of sedimentation. How-
ever, it is possible that overgrowth of calcite in mollusc and gastro-
pods shells incorporated old carbon from limestone or calcareous
sediments, consequently yielding radiocarbon ages that are ~3000
14C years older (Rubin et al., 1963; Evin et al., 1980; Goodfriend
and Stipp, 1983; Goodfriend, 1987; Pigati et al., 2013). Core Li31
had an age inversion between 1.10 and 5 m (Figs. 2 and 3) that was
recorded at the base and top of the fluvial channel facies association.
This inversion may reflect a rapid filling of the channel and/or
reworking of older sedimentary organic matter (Fig. 2).



Table 1
Radiocarbon dates of studied sediment cores.

Lab. number Sample Depth
(m)

Dated material Ages Ages Mean

(14C yr BP, 1σ) (cal yr BP, 2σ) (cal yr BP, 2σ)

UGAMS 10565 LI 1 1.65–1.75 Sed. org. matter 6710 ± 30 7556–7622 ~7600
UGAMS 10566 LI 1 3.7–3.75 Sed. org. matter 24,610 ± 70 29,226–29,678 ~29,500
LACUFF13018 LI 1 6,20–6,30 Shell 33,358 ± 948 36,105–40,014 ~38,000
UGAMS11693 LI 1 8.80–8.86 Sed. org. matter 31,220 ± 100 35,162–36,321 ~35,700
LACUFF00038 LI 1 11.52–11.7 Sed. org. matter 44,232 ± 812 45,775–49,391 ~47,500
UGAMS 10567 LI 24 1 Sed. org. matter Modern Modern Modern
UGAMS 10568 LI24 3 Sed. org. matter 1480 ± 25 1313–1405 ~1350
UGAMS 10569 LI 24 5 Sed. org. matter 4500 ± 25 5047–5201 ~5100
UGAMS 10570 LI 24 6.7 Sed. org. matter 6330 ± 30 7171–7317 ~7200
UGAMS 10571 LI 24 9.5 Sed. org. matter 6560 ± 30 7425–7509 ~7500
UGAMS 10572 LI 31 1.05–1.1 Sed. org. matter 4320 ± 25 4840–4893 ~4860
UGAMS 10573 LI 31 4.95–5.0 Sed. org. matter 3600 ± 20 3845–3933 ~3890
UGAMS 10574 LI 31 6.55–6.65 Sed. org. matter 25,970 ± 80 30,465–31,022 ~30,700
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4.2. Facies description

The studied cores record sedimentary successions encompassing
massive sand and mud, parallel laminated/cross stratified sand and
wavy/lenticular heterolithic deposits (Fig. 2). Pollen, spore, shell records
and δ13C values were added to facies characteristics in order to define
nine facies associations.

4.2.1. Deltaic and central estuarine basin/lagoon (A)
The deltaic deposits consist of five facies associations related to high

and low energy proximal environments of the deltaic system. The
sedimentary deposits of the estuary central basin/lagoon occur only in
the base of core Li24.

4.2.1.1. Facies association A1—Beach ridge complex. This facies association
occurs in core Li01 between0 and 1.8 mdepth; core Li23 between0 and
Fig. 2. Topographic correlation among the facies
2.2 m; core Li26 between 0 and 5 m, and throughout core Li33. It is
characterized by silty to fine-grained sands and laminated muds with
plant remains that grade upward into coarse-grained sandy deposits
with cross-laminated or cross-stratified sand, characterizing coarsening
upward successions. In core Li33, it consists only of cross-laminated and
cross-stratified sands. Association A1 ranges in thickness from a few cm
up to 2 m thick (Fig. 2).

A pollen assemblage that was identified mainly in the finer-grained
layers of core Li01 is predominantly characterized by herbs (30–100%)
represented by Poaceae (30–60%), Cyperaceae (9–40%) and Asteraceae
(0–7%) and by trees and shrubs, evidencedmainly by Fabaceae (0–50%)
and Sapotaceae (0–17%).
4.2.1.2. Facies association A2—Lake. This facies association occurs only in
core Li31 between 0 and 1.2 m in the upper part of facies association A3.
associations identified in the studied cores.



Fig. 3. Stratigraphic description for core Li01 with lithological profile, pollen analysis and geochemical variables.
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It is characterized by massive mud with plant remains that become
interbedded with sand layers in its base.

4.2.1.3. Facies association A3—Fluvial channel. This association occurs in
cores Li24 (0–1.8 m) and Li31 (1.2–4.6 m). It consists of several thin fin-
ing upward successions of massive, cross-stratified or cross-laminated,
fine- to coarse-grained sands in core Li24 and massive medium to
coarse-grained sands in core Li31. These deposits are typically bounded
at the base by sharp erosional surfaces, which are sometimes mantled
by a lag of quartz granules or mud clasts. The pollen assemblage in the
finer-grained layers in core Li24 presents arboreal (70–86%) pollen as
being themost representative, followed by herbaceous (10–15%) pollen
Fig. 4. Stratigraphic description for core Li24 with lithologi
(Fig. 4). The δ13C values range between −28‰ and −26‰. The C/N
values are between 6 and 12 (Figs. 4 and 5).

4.2.1.4. Facies association A4—Tidal channel. This association is represent-
ed in core Li01 (1.6–2.6 m). It consists of several thin fining upward
successions of massive, cross-stratified or cross-laminated, fine- to
coarse-grained sands (Fig. 3). This facies association is characterized
by δ13C values between −28‰ and −24‰, and C/N values between 7
and 46 (Fig. 5).

4.2.1.5. Facies association A5—Marshes. This association occurs in core
Li24, between 1.8 and 5 m depth, and consists of organic mud (peat
cal profile, pollen analysis and geochemical variables.



Fig. 5. Diagram illustrating the relationship between δ13C and C/N (molar ratio) for the
different sedimentary facies, with interpretation according to data presented by Lamb
et al. (2006) and Meyers (2003).
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layer) interbedded with sand. These deposits contain arboreal pollen
(60–85%), mainly represented by Melastomataceae/Combretaceae
(0–30%), Alchornea (0–20%), Myrtaceae (0–25%), Euphorbiaceae
(0–15%), Ilex (0–20%) and Sapotaceae (0–20%), followed by herbs
pollen (20–60%) composed by Cyperaceae (1–30%), Poaceae (0–15%),
Borreria (0–15%), Aizoaceae (0–20%), Asteraceae (0–15%) and Mimosa
(0–5%) (Fig. 4). The δ13C values range between −26‰ and −30‰,
and the C/N values occur between 9 and 71 (Fig. 5).

4.2.1.6. Facies association A6—central estuarine basin/lagoon. This facies
association was recorded in core Li24 between 4.5 and 11 m, and it is
represented by massive mud with plant remains interbedded with
sand deposited during the early Holocene. This phase is characterized
by arboreal and herbaceous pollen (Fig. 4). These deposits are domi-
nantly muddy. The sedimentary facies grades upward into tidal flat
colonized by mangroves with thickening and coarsening upward suc-
cessions. Trees and shrubs (20–45%) and herbs (35–73%) pollen, follow-
ed by mangrove (15–43%) pollen represented by Rhizophora (10–30%)
and Avicennia (5–10%) are preserved, occurring between 4.5 and 7 m
in a massive mud with sand. Between 7 and 11 m occur trees and
shrubs (20–60%) and herbaceous (40–75) pollen (Fig. 4). This facies
association is characterized by δ13C values between −29 and −27‰.
The C/N values display a range of variation between 8 and 66 (Fig. 5).

4.2.2. Deltaic system (B)
This depositional system is recorded between 5 and 7 m in core Li31

(Fig. 2) and between 3.4 and 12 m depth in core Li01 (Fig. 3). It is rep-
resented by three facies associations: B1—Delta Plain, B2—Deltafront,
and B3—Prodelta.

4.2.2.1. Facies association B1—Delta Plain. This association is mainly char-
acterized by graymassive and laminatedmudwithmassive sandy levels
between 7 and 5 m in core Li31 (Fig. 2), and between 3.6 and 5.0 m in
core Li01 (Fig. 3). The pollen assemblages in this interval in core Li01
are characterized by the predominance of herb pollen (35–96%) repre-
sented by Poaceae (36–96%), Cyperaceae (0–8%), Asteraceae (0–5%),
Mimosa (0–5%), Borreria (0–5%) and Amaranthaceae (0–5%). The pol-
lens of trees and shrubs are represented mainly by Fabaceae (0–28%),
Anacardiaceae (0–14%), Malpighiaceae (0–12%), Byrsonima (0–5%),
Rubiaceae (0–18%) and Myrtaceae (0–5%). The mangrove is charac-
terized by Rhizophora (5–32%). Arecaceae, and ferns occurred also
during this phase (Fig. 3). This facies association has δ13C values
between −26 and −25‰. The C/N values display a range of variation
between 11 and 23 (Fig. 5).
4.2.2.2. Facies association B2—Delta Front. This facies association was re-
cord in the 5–8 m and 9.2–12 m intervals in core Li01 (Fig. 3). Between
5 and 7.5 m, it consists of a dark silt to medium-grained quartz sand,
and it contains shells (Olivella mutica, Glycymeris sp.,Halistylus columna,
Corbula cymellain, Mulinia cleryana, Tivela sp., Strigilla mirabilis and
Miltha childrenae) thatmay be scatteredwithin the sediment or concen-
trated in layers. These species are found in sandy–muddy sediments
from coastal areas near the mouths of rivers or oceanic islands
(Da Costa, 1778; Say, 1822; Dall, 1881, 1890). The Mulinia cleryana
may be found in coastal regions at depths between 0 and 30 m
(Orbigny, 1846). The Tivela sp. occurs in water between 0 and 20 m
(Link, 1807). Olivella mutica is found at depths to 113 m (Say, 1822).
The Halistylus columna occurs between 18 and 108 m (Dall, 1890),
while the Strigilla mirabilis andMiltha childrenaemay be found between
10 and 65 m depth (Gray, 1825; Orbigny, 1841; Philippi, 1841).

The 7.5–8 m and 9.2–12 m intervals present characteristics of
deltafront and prodelta settings with massive sand and dark clay levels.
These intervals contain shells (Anachis isabellei, Natica sp., Olivella
floralia, Anadara ovalis) scattered in the sediment. These species are
found in sandy–muddy sediments from coastal areas near the mouths
of rivers or oceanic islands (Bruguière, 1789; Duclos, 1840; Orbigny,
1841), whereas the Anadara ovalis may be found in coastal waters
associated with carbonate and coral reefs (Bruguière, 1789).

4.2.2.3. Facies association B3—Prodelta. This facies occurs between 8 and
9.2 m and is represented by massive dark clay. Shells are present along
this interval, but due to their poor preservation, we could not identify
them. This facies association is characterized by δ13C values between
−25 and−23‰. The C/N values display a fairly narrow range of varia-
tion between 13 and 19 (Fig. 5).

5. Palaeoenvironmental interpretation

The base of core Li01 (12–9.2 m) likely represents sediment from a
transition zone between delta front and prodelta that accumulated
between ~47,500 and ~35,000 cal yr B.P., whereas the upward succes-
sions deposited in 9.2–8 m and 8–7.5 m intervals accumulated in a
prodelta and prodelta/delta front environments, respectively (Fig. 6).
The prodelta is entirely subaqueous and presents the finest-grained
portion of a delta. Sediments here are depositedmostly from suspension
or from dilute turbidity current flows. The finest sediments are found at
the greatest depths, and usually a coarsening-upward signature is
present. Relatively slow or intermittent deposition can permit marine
organisms to colonize the sediments of the prodelta (Suter, 1994).

The sediments that accumulated between 7.5 and 5 m probably re-
cord a delta front that is the transition zone from the fluvial to the ma-
rine environment. The delta front includes distal bar silts, distributary
mouth bar sands, and redistributed marine deposits such as tidal ridges
and shoreface deposits. The process of river mouth sedimentation and
seawardfiningof sediments results in thedeposition of the coarsestma-
terial a short distance from the river mouth on the upper parts of the
delta front (Suter, 1994). The sedimentary deposits between 5 m and
3.6 m should represent a deltaic plain with its tidal flats, lagoons, man-
groves and creeks (Suter, 1994; Figs. 3 and 6). The deltaic sediments
that accumulated between ~47,500 and ~29,000 have δ13C values rang-
ing between −26‰ and −23‰, and C/N values between 11 and 23
(Fig. 5), indicating a mixed continental organic matter (C3 plants)
and freshwater/marine algae influence (−30‰ to −26‰ and −23‰
to −16‰, respectively, Schidlowski et al., 1983; Meyers, 1994).

Facies association A6 (Estuary central basin/lagoon–bay) that accu-
mulated during the early and middle Holocene (Fig. 4)represents low
flow energy, likely in a depositional environment characterized by
shallower water protected from direct wave action. However, this
paleosetting is subject to some currents, as indicated by the presence
of lenticular heterolithic mud deposits with sand levels and locally
cross laminated sand. The C/N values between 8 and 66 and δ13C values



Fig. 6. Schematic representation of successive phases of sediment accumulation and
vegetation change in the study area according to relative sea-level changes and sediment
supply. (⋆ core locations).
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ranging between−29‰ and−27‰ (Fig. 5) indicate varying continen-
tal organic matter (C3 plants) and freshwater algae influence (Fig. 5)
(Schidlowski et al., 1983; Meyers, 1994), revealing a proximal portion
that developed in an estuary, and in particular in the central portion of
the estuary where the low-energy situation occurs (Fig. 6). Within an
estuary, sediment is coarsest within the marine- and river-dominated
zones and finest in the central zone (Dalrymple et al., 1992). However,
the formation of barrier islands during the early Holocene may have
contributed to the deposition of this sedimentary deposit, as described
byMartin et al. (2003) and França et al. (2013). Therefore, the facies as-
sociation A6may have been deposited in an estuarine central basin or in
a lagoon influenced by a riverwith its edge colonized bymangroves and
herbaceous vegetation merging upward into marshes of the association
A4 (Figs. 3 and 6).

Today, somemangroves occur immediately behind the coastal sandy
barriers, which favors the lagoon development. As its tidal inlets experi-
ence longshore migration, the inlet channel is often obliterated as the
sands from the adjacent barriers migrate.

The facies associations A1, A2, A3 and A5 are compatible with a del-
taic plain setting, given that the study area today contains several sandy
ridge sequences and has fluvial channels, lake belts and an extensive
paleochannel network (Fig. 1).

The association A4 in core Li01 (Fig. 3) may correspond to a tidal
channel established during the early Holocene and therefore represents
a distal portion of the estuarine complex that was relatively more influ-
enced bymarine organicmatter, as evidenced by the relation of the δ13C
and C/N values (Figs. 5 and 6). The sandy deposits occur in tidal chan-
nels that run the length of the estuary (Woodroffe et al., 1989;
Dalrymple et al., 1990). Nevertheless, an energy minimum is recorded
in the location of the finest channel sands. Muddy sediments accumu-
late primarily in tidal flats and marshes along the sides of the estuary.
The appearance of these sediments in facies association A4 is related
to marshes (A5) and the estuarine central basin/lagoon (A6).

The succession A3–A2 in core Li31 likely evidences abandonment
phases of a channel by avulsion during the middle Holocene. The
concavity of the some abandoned channels, products of the avulsion
process, may result in formation of lakes (Figs. 1 and 2).

Facies association A1 is related to a beach ridge complex based on
the sandy coarsening upward nature and on the relation with the
other coastal associations. The wave-deposited sections run parallel to
a shoreline, and, generally, as relative sea-level falls, the interridge de-
pressions form shallow lakes subject to overbank crevassing, resulting
in an influx of sediment into the lake ending with its siltation as identi-
fied in facies association A1 (Fig. 2, Li23).

Facies association A has δ13C values predominantly around −28‰
(core Li24, Fig. 5) and−26‰ (core Li01, Fig. 5). The C/N values oscillate
between 6 and 72 in core Li24, whereas in core Li01 the values are
between 10 and 45. These values indicate contributions of C3 plants in
facies association A3 and A4, as evidenced also by the pollen analysis
(Fig. 5).
6. Climate and sea-level changes during the late Quaternary

Climate during Marine Isotope Stage 3 (MIS3), the phase that
preceded the LGM, was globally 2 °C warmer than in the LGM (van
Meerbeeck et al., 2009). Considering the South America, paleoecological
studies indicate that the climatewas 4–5 °C colder than themodern one
duringMIS3 (Stute et al., 1995; Behling, 1996, 2001; Behling et al., 1999;
Colinvaux et al., 2000; Ledru et al., 2001; Burbridge et al., 2004; Urrego
et al., 2005; Whitney et al., 2011). During the LGM in South America,
temperatures were between 5 and 9 °C colder than present (Stute
et al., 1995; Behling, 1996; Colinvaux et al., 1996; Haberle and Maslin,
1999; Mayle et al., 2000; Ledru et al., 2001; Bush et al., 2004). The
onset of the LGM is defined as the timewhen sea-levels first approached
their minimum levels at about 30 ky cal B.P. (Lambeck et al., 2002).
Based on this interpretation, sea-levels suggest a duration of 10,000 yr
for the LGM (between 30 and 19 ky cal B.P.). However, Peltier and
Fairbanks (2006) suggest that the LGMmust have started 26 ky cal B.P.,
having duration of about 5000–7000 years (between 26 and
19 ky cal B.P.).
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During that time, the North Atlantic temperature was cooled by 8 °C
or more and sea ice wasmore extensive than it is today (e.g. Ruddiman,
2008). Changes in sea-level are directly related to changes in global
ice volume, where with each 1-m rise of sea-level equivalent to
0.4 million km3 of ice (Ruddiman, 2008). According to global sea-
level data based on independent proxies and modeled reconstructions
(Imbrie et al., 1984; Chappell and Shackleton, 1986; Labeyrie et al.,
1989; Bassinot et al., 1994; Lambeck, 1997; Rohling et al., 1998; Skene
et al., 1998; Toscano and Lundberg, 1999; Shackleton, 2000; Lambeck
and Chappell, 2001; Waelbroeck et al., 2002; Cutler et al., 2003; Siddall
et al., 2003; Rubineau et al., 2006), global sea-level at 50 ky cal B.P.
was between 40 and 80 mbelow the present, and sea-level fell gradually
until 30–25 ky cal B.P., when it dropped abruptly (100–140 m below
the modern sea-level) until ~20 ky cal B.P. After the end of the LGM,
global sea-level rose dramatically (Fairbanks, 1989; Bard et al., 1990,
1996; Lambeck and Bard, 2000; Lambeck et al., 2002, 2004a,b; Berné
et al., 2007; Clark et al., 2009; Bard et al., 2010). Based on geomorphic in-
dicators, a similar trend was recorded along the continental shelf of the
State of Rio de Janeiro (Reis et al., 2013).

In the present work, the observed succession of facies associa-
tions B and A might be a product of driving forces regulated by cyclic
mechanism leading to a delta, estuary and leading to a deltaic plain
environment. The changes in this depositional environment were
probably driven by the equilibrium between relative sea-level
changes and fluvial sediment supply during the late Pleistocene
and Holocene. The depositional architecture of the Late Pleistocene
coastal system probably evolved from a prodelta to a delta front,
followed by the deltaic plain in response to relative sea-level fall
between ~47,500 and ~29,400 cal yr B.P. (Fig. 6).

Sediments that accumulated during the LGM and the Late
Pleistocene/Holocene transition were not identified. Probably from
~29,400 cal yr B.P. to ~7500 cal yr B.P in core Li01, and ~30,000 cal yr
B.P. to ~3900 cal yr B.P. in core Li31, a sedimentary hiatus occurred
that was related to erosion associated with the rapid post glacial sea-
level rise. A similar erosive event between ~19,000 cal yr B.P. and
~2200 cal yr B.P. has been recorded at Cardoso Island of the southern
coast of the State of São Paulo, southeastern Brazil (Pessenda at al.,
2012).

Although the stratigraphic sequence studied is compatible with the
trends of global sea-level changes, the position of the sedimentary de-
posits that represent the deltaic system are positioned at least 20 m
above the elevation expected for the MIS3 stage. A tectonic uplift in
the study area during the Quaternary can be invoked to explain the dif-
ference in the paleo sea-levels, inasmuch as the late Pleistocene marine
terrace deposits in northeastern Brazil suggests that the littoral zone
may have been uplifted by at least 10–12 m since 120 ky B.P. (Barreto
et al., 2002). In addition, regressive–transgressive events recorded
along the Brazilian coast likely responded to a combination of eustatic
sea-level fluctuations and local factors such as tectonic activity
(Rossetti et al., 2013). These changes may contribute to accumulation
of old marine deposits close to the modern coastline (Rossetti et al.,
2011), as recorded in core Li01 by marine/brackish organic matter,
marine shells and mangrove pollen in the deltaic system (Fig. 3).

The estuary containingmangroves recorded in core Li24was formed
during the high relative sea-level of the Holocene. These environments
were likely formed during the early and middle Holocene as a response
of a eustatic sea-level rise that resulted in significant changes in the
coastal geomorphology (Fig. 6). During the early Holocene, arboreal
and herbaceous vegetation dominated the coastal plain, and the equilib-
rium between the relative sea-level and fluvial sediment supply created
conditions suitable for the development of an estuarine systemwithflu-
vial and tidal channels and of tidal flats colonized bymangroves (Fig. 6).

The upward succession composed of the transition from the estua-
rine complex with mangroves into the coastal plain colonized by
marshes in core Li24 suggests a decrease in marine influence and
forms the regressive part of the cycle after post glacial sea-level rise.
Thus, the upper sequence of core Li24 (A5 andA3) should have accumu-
lated following a relative sea-level fall or a high fluvial sediment supply
during the middle and late Holocene. Considering the increase in sand
input evidenced by fluvial channels, the fluvial sediment was reworked
by wave and/or elevated water levels (e.g. storm surges) (Hesp et al.,
2005). This process created the sandy ridges with replacement of
mangroves by the groups of trees/shrubs and herbaceous vegetation
consistent with a marine regression.

7. Sea-level changes and fluvial sediment supply

According to Posamentier et al. (1992), the term “regression”
describes a retreat of the sea and a concomitant seaward expansion of
the land. Regression can occur in two specific ways: (1) if sediment
flux delivered to the shoreline exceeds the amount of space added for
sediment to fill; and (2) if there is a relative sea-level fall. In either
case, the shoreline migrates seaward. In situation 1, sufficient sediment
is entering into the coastal system so as to overwhelm the amount of
space available. This situation can occur during stillstands or rises of
relative sea-level (which is a function of sea surface movement, i.e.,
eustasy and sea floor movement, the latter due to tectonics, thermal
cooling, loading by sediments or by water, and sediment compaction)
and is referred to as a “normal” regression. However, in certain cases,
regression may not occur despite high volumes of sediment flux if the
dispersive energy of the littoral environmental (i.e., waves or tidal cur-
rents) is high. Under these circumstances, supplied sediment is distrib-
uted over a wide area commonly beyond the immediate area, thus
preventing progradation of the shoreline.

When no sediment is delivered to the shoreline during a relative
sea-level fall, the regression is said to be forced because a seaward
shift of the shoreline must occur, even if the volume of sediment sup-
plied is zero. This situation is inmarked contrast to “normal” regression,
which occurs in response to the balance between variations of sediment
flux and new space added (Posamentier et al., 1992).

In the first situation, regression can occur even under conditions of
eustatic sea-level rise, because the rate of sediment flux is greater
than the rate of increase of accommodation. Consequently, in areas of
relatively high sediment flux, such as deltas, regression will continue
longer following a sea-level rise, unlike in areas of relatively low sedi-
ment flux. Thus, despite the eustatic sea-level rise recorded on the
southeastern Brazilian littoral during the early and middle Holocene
that was followed by a relative sea-level fall (e.g., Suguio et al., 1985;
Angulo et al., 2006), the high sediment flux of the Doce and Barra Seca
River may have contributed to the regressive sequence evident since
the middle Holocene.

8. Conclusion

Between ~47,500 and ~29,400 cal yr B.P., a deltaic system was de-
veloped in response mainly to the eustatic sea-level fall of the MIS3
stage. Although the studied stratigraphic succession is compatible
with the trend of global sea-level fall, the previous sea-level stand, as
suggested by the topographic position of these deltaic deposits, is
above the one expected during the MIS3 stage. Tectonic uplift likely
occurred during the late Quaternary and raised these deposits. The
sedimentary sequence that accumulated during the LGM and the late
Pleistocene/Holocene transition was eroded as a consequence of the
rapid post glacial sea-level rise. The eustatic sea-level rise caused a ma-
rine incursion with invasion of coastal embayments and broad valleys,
and it favored the evolution of an estuary with wide tidal mud flats oc-
cupied by mangroves between ~7400 and ~5100 cal yr B.P. During the
late Holocene, abundant river sand supply and/or the relative sea-level
fall led to seaward and downward translation of the shoreline during
normal/forced regression, producing progradational deposits with
shrinkage of mangroves and expansion of marshes colonized by herba-
ceous vegetation.
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Our study of the deltaic plain of Doce River provides a case study that
illustrates a stratigraphic sequencewith development of deltaic systems
and estuaries produced by the interplay of eustatic sea-level fluctua-
tions and local factors such as sediment supply and tectonic activity.
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