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Brazil's coast displays many wave-influenced deltas that are still incompletely understood, despite their signifi-
cance for reconstructing the history of Late Pleistocene-Holocene sea-level changes in this region and the poten-
tial to advance in the knowledge of wave-influenced deltas. Among them, the Doce River delta is the most
expressive, given its larger geographic extension. The present work shows that this is a wave-influenced delta
that evolved within the context of Late Pleistocene-Holocene sea-level fluctuations, rather than a mid-Holocene
lagoonal delta as proposed elsewhere. The delta had an initial progradation at an OSLage of 132.7 (£9.1) ka after

Keywords:
W-Z“;‘;_inﬂuenced delta the Marine Isotope Stage (MIS) 5e, which was followed by major progradation between 45,775-49,391 and
Delta facies 29,678-29,226 cal yr BP. Beach ridges/spits formed during these phases were in part destroyed during an ensuing

transgression between 8161-7933 and 4974-4850 cal yr BP. The central delta remained dominated by fluvial
processes, which kept pace with the rising sea level due to relatively high rainfall in the Doce River drainage
basin. The Doce River delta started to grow again after the late-Holocene transgression, a process still on-going
at the present time. During this evolution, the Doce River was deflected northward and then southward, a process
that did not result in any significant facies change when the updrift and downdrift sides of the river's mouth are
compared. Such a pattern is in disagreement with previously proposed asymmetry index models for wave-influ-
enced deltas, which predict an uneven distribution of sandy- or muddy-rich deposits in the updrift and downdrift
sides of the river's mouth, respectively. Several other deltas along the Brazilian coast also display facies configu-
ration similar to the Doce River delta or have patterns opposed to those proposed by the asymmetry index
models. Based on these analogs, it can be stated that the geometries and facies patterns of wave-dominated deltas
are not determined simply by the interplay of fluvial and marine processes. Instead, they can be strongly influ-
enced by the fluvial influx, sea-level changes and/or tectonic reactivations, as it appears to be the case of
Brazilian wave-influenced deltas, including the Doce River delta. Such a conclusion calls for a word of caution
when applying processes-based facies models to reconstruct wave-influenced deltas in the sedimentary record.
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1. Introduction systems and establish facies models that can be useful for their recogni-

tion in the sedimentary record. Despite these efforts, the perception re-

Deltas constitute complex coastal features with highly variable sed-
imentary records in space and time. This depositional system has been
extensively studied, which is due to economic interests, as deltaic suc-
cessions can bear important hydrocarbon source rocks, and also because
they allow the reconstruction of sea-level fluctuations owing to their lo-
cation between the continental and marine realms (Goudie, 2004).
Great progress has been made in the last decades to describe deltaic
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mains that deltas cannot be summarized into a single facies model, as
numerous parameters (e.g., grain size, river-mouth processes, climate,
tectonics, water depth) affect their development (see a more detailed
discussion in Elliot, 2014). Among these, river-mouth processes based
on a ternary diagram with fluvial-, wave- and tide-influenced end-
members (Galloway, 1975) have been adopted to assess numerous
modern and ancient deltas. This scheme has been useful in advancing
our understanding of delta systems. However, many deltas have
mixed influences (Galloway and Hobday, 1996), developing complex
depositional systems in terms of morphology and facies distribution.
Hence, further studies are still needed to document various modern
and ancient delta styles. In particular, wave-influenced deltas are
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complex depositional systems with sets of prograding beach ridges hav-
ing cuspate morphologies, and which are formed by sands reworked of
usually river-sourced areas under wave action (e.g., Coleman and
Wright, 1975; Weise, 1980; Anthony, 2015). Because of the role of
waves shaping them, wave-influenced deltas share many coastal fea-
tures that can be found on non-deltaic coasts, such as lagoons, bays,
spits, barrier islands and strandplains (e.g., Bhattacharya and Giosan,
2003). These complications justify the need for comparing a larger num-
ber of modern and ancient deltas aiming to improve facies models and
stratigraphic analyses.

Eastern Brazil has many prograding areas categorized as wave-influ-
enced deltas, such as the deltas of Sdo Francisco, Paraiba do Sul, Jequiti-
nhonha and Doce rivers (Dominguez et al., 1983, 1987, Martin et al.,
1987, Dominguez 1996) (Fig. 1A). Several previous publications pro-
posed that these deltas developed by Holocene sea-level variations
that probably follow global trends (Martin et al., 1993, 1996;
Bittencourt et al., 2007), but a general curve which would apply to the
entire Brazilian coast has long been under debate (e.g., Bittencourt et
al., 1979; Suguio et al., 1985; Martin et al., 1996; Martin et al.,, 2003).

The Doce River delta is the largest wave-dominated delta of the
Brazilian coast. The evolution of this delta has been discussed by
Suguio et al. (1980), Dominguez et al. (1981) and Martin et al. (1996).
In general, it was agreed that delta progradation occurred in the last
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5 ka following the Holocene transgression, with its initiation in a wide
lagoon. The delta would have grown through beach ridge progradation,
with the latest phase occurring after 2.5 ka (Suguio et al., 1980;
Dominguez et al., 1981). However, further surveys are needed to under-
stand in more detail the evolution of the Doce River's depositional envi-
ronments in space and time. Despite the overall acceptance of the
lagoonal model, a previous publication (i.e., Bacoccoli, 1971) had pre-
liminarily suggested that the Doce River could be representative of a
classical model of cuspate, wave-influenced delta formed by accretion
of beach ridges since its earliest stages of development, which is a pro-
posal also worth of investigation.

The present work will focus on the Doce River delta in southeastern
Brazil. In addition to contributing to the establishing of the Late Quater-
nary-Holocene sea-level curve along the Brazilian coast, scrutinizing
the sedimentary evolution of this delta system can provide new infor-
mation with potential applications to improve available facies-based
models of wave-influenced deltas. Such an approach can help recon-
struct the late Quaternary sea-level history along the Brazilian coast
and analyze it in the context of global fluctuations. In addition, the
Brazilian deltas seem to have had a complex development, consisting
of beach ridges alternating with several other coastal depositional envi-
ronments, such as lagoons, barrier islands, spits, and mid-ground bars
and aeolian dunes (e.g., Bhattacharya and Giosan, 2003). Therefore,
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Fig. 1. A) Location of main deltas along the Brazilian coast, including the Doce River delta. B) Location map of the Doce River delta in the State of Espirito Santo, southeastern Brazil. C) View

of the Doce River delta (dotted line) in a Google image.
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Fig. 2. Distribution of geomorphological units representative of depositional environments
described in this work. Also included in this map are the locations of lithostratigraphic pro-
files, some with ages available from previous publications (Table 1) or acquired during this
work (Table 2).

the examination of these deltas can provide additional data to advance
our understanding about wave-influenced deltas.

2. Study area and geological context

The Doce River delta consists of a cuspate morphology circa 40 km
wide in the E-W direction and 150 km long in the N-S direction devel-
oped in the littoral of the State of Espirito Santo, southeastern Brazil
(Fig. 1). Climate in this area is tropical, classified as Aw (Képpen,
1948), with temperatures between 15 °C and 30 °C (annual mean of
22 °C). The summer is humid between November and March and the
winter is dry between April and October. Prevailing waves are from
the northeast, which promotes the formation of energetic waves with
heights up to 2 m (Bandeira et al., 1975). The tide varies between 0.09
and 1.25 m within a semi-diurnal microtidal regime. The Doce River
has a mean annual discharge of 918 m>-s~ ' at its mouth (Coelho,
2007). Most of the sediments are deposited along the first 2 km from
the river's mouth, but deposition occurs over a distance of up to
30 km offshore and at a maximum depth of 20-25 km (Summerhayes
et al, 1976).

Geologically, the Doce River delta is located in the Espirito Santo-
Mucuri Basin (Fig. 1), one of the Brazilian marginal rifts formed during
the South Atlantic Ocean opening in the Late Jurassic and Early Creta-
ceous (Franca et al, 2007). The basin, with an onshore area of
20,000 km? and offshore area of 200,000 km?, consists of Berriasian to
Neoaptian synrift deposits (Millani et al., 2001; Franga et al., 2007).
The main marine phase occurred during the Albian to Cenomanian,
with transgression continuing in the late Cretaceous and Paleogene. De-
position persisted in the Neogene and Quaternary, the latter forming at
the mouth of the Doce River (IBGE—Instituto Brasileiro de Geografia e
Estatistica, 1987), a wave-influenced delta with a series of beach ridges
(Bandeira et al., 1975). Sand accumulation occurred in a valley incised
into Neogene deposits (Barreiras Formation) likely developed during
the Last Interglacial transgression episode circa 120 ka (Dominguez
et al., 1981). The transgressive estuary thus formed was filled during
delta progradation, a process that also resulted in elongated lakes or
rias in replacement of several smaller estuaries along the paleocoastline
(Castro et al., 2013).

3. Materials and methods

This work draws on the integration of previously published, as well
as unpublished, geomorphological, chronological and sedimentological
data. The geomorphological data was based on a modified version of
the map previously documented in Polizel and Rossetti (2014). The
mapping techniques, presented in detail in that publication, were
based on remote sensing data including: (i) unprojected 90 m resolu-
tion digital elevation model (DEM) of the Shuttle Radar Topography
Mission (SRTM) (free access in http://dds.cr.usgs.gov/srtm), resampled
to 30 m pixel DEM (Valeriano et al., 2006); (ii) Phased Array type L band
Synthetic Aperture Radar (PALSAR) images of the Advanced Land Ob-
serving Satellite (ALOS) from the Japan Aerospace Exploration Agency
(JAXA), which consist of fine beam dual-pol HH + HV images with
pixel size of 12.5 x 12.5 m, 16 bits per pixel, fixed incidence angle of
34.3° in ascending orbit, and processed in a R (red) HH G (green) HV
and B (blue) HH composition; (iii) multispectral Landsat 5 Thematic
Mapper (TM) optical images from the Brazilian National Institute of
Space Research (INPE—Instituto Nacional de Pesquisas Espaciais,
2013) and the United State Geological Survey (USGS, 2013), with con-
centration of the desired information into R (red) G (green) and B
(blue) color image compositions; and (iv) high resolution GeoEye,
RapidEye, Quickbird and SPOT optical images obtained from Google
Earth= .

The remote sensing data were combined with 50 radiocarbon ages
from previous publications, added to 12 C and 14 optically stimulated
luminescence ages (OSL) obtained during this work. Samples were from
cores acquired with a manual auger and a percussion device coupled
with a Cobra TT model engine and cylindrical samplers 2 m long and
6 cmin diameter. These cores also provided the basis for sedimentolog-
ical descriptions including mainly lithology, texture, sedimentary struc-
ture and type of contact. The '*C dating was achieved using an
accelerator mass spectrometer (AMS) at the Beta Analytic Radiocarbon
Dating Laboratory, Florida, U.S.A. A pre-treatment with acid-alkali-acid
wash removed recent or ancient organic matter undergoing slow de-
composition and adsorbed in the sediments. Conventional 1C ages
were calibrated to calendar years BP (cal yr BP) using CALIB 6.0
(Reimer et al., 2009). OSL analyses of quartz grains, carried out at the
Laboratory of Luminescence Dating of the Sao Paulo State University,
were performed using a blue light (470 nm) and detection through an
~5 mm Hoya U-340 filter. Thermal treatments follow the single aliquot
regeneration (SAR) protocol (Murray and Wintle, 2003; Wintle and
Murray, 2006). Samples were pre-heated at 200 °C during 10 s, with
measurements at 125 °C during 40 s. Annual doses were calculated
using U, Th, and K concentrations determined with gamma spectrosco-
py using an inspector portable spectroscopy workstation. The cosmic
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Fig. 3. A) Morphology of the beach ridges/spits (arrows) in the field. B) Lithostratigraphic profiles from core data on beach ridges/spits, with illustration of their sedimentary facies and
related depositional environments. (Br = beach ridge/spit deposits; Ch = channel deposits; Tr = transgressive deposits). See Fig. 2 for location of the stratigraphic profiles.

radiation was calculated using the LOE-SAR age model of Prescott and
Stephan (1982).

4. Description of geomorphological units and corresponding ages

Five geomorphological units characterize the Doce River delta plain,
which correspond to surface expressions of deposits attributed to the
following depositional environments (Fig. 2): 1) beach ridges/spits;
2) fluvial and distributary channels; 3) interdistributary bays; 4) trans-
gressive (estuarine, lagoonal and embayment) environments; and
5) fluvial terraces.

4.1. Beach ridges/spits
Beach ridges form elongated, narrow and convex-upward morphol-

ogies characterized by sets of parallel, either straight or gently curved
lines defined by discontinuity surfaces. They are discontinuous and

asymmetrically distributed along the Doce River margins, with a better
development northward. In the field, beach ridges have undulating
reliefs, with laterally continuous mounds (Fig. 3A) parallel to nearly par-
allel to the shoreline. Core data through these morphologies revealed
blocky or, most often, fining- and coarsening-upward successions of
massive, cross laminated/stratified or parallel-laminated or bioturbated
fine to coarse-grained quartzose sands (Fig. 3B). These successions
grade downward into massive or laminated mud, as well as lenticular,
wavy or flaser heterolithic deposits, which are attributed to small
ponds and lakes between ridges, or lagoons associated with spits. The
latter are characterized in plain view by a series of parallel, curved
lines perpendicular to nearly perpendicular to the coastline (Fig. 4).
Three beach ridge/spit phases were recognized in the study area. The
first phase consists of an ~30 km-long and only 3 km-wide cuspate mor-
phology with beach ridges/spits that are straight to gently convex to the
east, in direct contact with the paleocoastline (see red color in Fig. 2).
They are found in the central-west part of the study area, i.e., near the
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Fig. 4. Spit deposits associated with beach ridge deposits in the northern (A) and central areas (B) of the delta plain. Note that the spits can be recognized by a series of parallel, curved lines
perpendicular to nearly perpendicular to beach ridges. (Sp = spit deposits; Br-2 = beach ridge deposits). Quickbird-Google Earth image with R3 G2 B1 composition. See location in Fig. 2.

mouth of the Barra Seca River (see location of this river in Fig. 2) approx-
imately 50 km north of the Doce River. The chronology of these features,
not as well preserved as the ones that form the rest of the delta, remains
to be better established, although an OSL age of 132.7 (£9.1) ka was ob-
tained at 2.65 m of depth (Table 1). The beach ridges/spits of phase 2 is
the most representative considering both the larger extension and
width, and they form a series of discontinuous belts concave to the
east (yellow color in Fig. 2). The main beach ridges/spits of this phase
occur northward ~40 km away from the Doce River, where they consist
of three wedge-shaped sets separated by discontinuity surfaces related
to successive episodes of progradation. Other beach ridges/spits of
phase 2 consist of three isolated occurrences, one southeastward in
the delta plain (Fig. 5A-B), and two others in the delta's center to the
south and (Fig. 5C-D) north of the Doce River. All these landforms dis-
play irregular, erosional boundaries. AMS 'C dating of organic sedi-
ments interbedded with beach ridges/spits of phase 2 recorded ages
from 29,678-29,226 to 45,775-49,391 cal BP between 3.7 and 11.7 m,
as previously reported by Cohen et al. (2014) (see locations 4 and 5 in
Table 2). One LOE analysis (see location 31 in Fig. 3) provided the age
of 31,681 years for these deposits. Beach ridges/spits of phase 3 fringe
continuously the delta, forming a cuspate sand body ~160 km long
and 10 km wide (beige color in Fig. 2). These features are the best

Table 1
OSL ages of some channel and beach ridge/spit deposits of the Doce River delta area.

preserved in the delta landscape. At 70 km northward of the Doce
River mouth, the youngest beach ridge, already vegetated, and those
under development stand at 6 to 7 m above the high tidal level, respec-
tively (Fig. 6). The latter attests that delta progradation is currently
active.

4.2. Fluvial and distributary channels

Three paleochannel morphologies intercept mainly interdistributary
bay deposits (see descriptions later in this section) in the central delta
(Fig. 2), where they form sinuous and elongated belts with dimensions
generally similar to the modern river. The existence of these
paleochannels, which converge upstream and attest previous courses
of the Doce River (Fig. 7), was confirmed by core data (Fig. 8) recording
highly micaceous, poorly sorted, coarse- to fine-grained sands arranged
into fining-upward cycles that are sharp-based and erosional, and man-
tled by conglomeratic sands with abundant quartz or sandstone pebbles.

The southernmost paleochannel (phase 1), 27 km in length and
1.8 km in width, trends mainly to the southeast and ends abruptly east-
ward, being interrupted by beach ridges/spits of phase 3. Core data re-
vealed a 9 m-thick fining-upward channel succession (profile 28 in
Fig. 8) with OSL ages of 5.4 (£0.4) and 10.8 (£0.5) ka at depths of

Site Paleoenvironment Coordinate (lat S/longW)  Depth (m) U (ppm) Th (ppm) K (%) Accumulated dose (Gy) Annualdose rate (Gy/ka) Age (years)

16 Fluvial terrace 19°27'48.56"/40°08'59.21" 2.10 1.567 6.364 0.476 7.67 (£0.45) 1.42 (+0.04) 5415 (£522)
16 Fluvial terrace 19°27'48.56"/40°08'59.21" 8.60 0.605 1.771 0.45 5.89 (+£0.25) 0.68 (+£0.05) 8631 (+£731)
16 Fluvial terrace 19°27'48.56"/40°08'59.21” 14.12 0.585 2421 0.431 4,96 (+0.28) 0.66 (+£0.05) 7522 (+£697)
28 Channel 19°32'00.56"/39°58'12.22" 0.80 0.872 4.628 0.625 6.71 (£0.04) 1.25 (+0.09) 5395 (+401)
28 Channel 19°32'00.56"/39°58'12.22" 2.30 0.927 4.005 0.685 8.09 (+£0.04) 0.75 (+£0.03) 10,771 (4460)
29 Fluvial terrace 19°23'10.79"/40°06'03.74" 0.55 2.378 11.296 0.763 9.77 (£0.32) 2.04 (+0.14) 4800 (+368)
29 Fluvial terrace 19°23'10.79"/40°06/03.74"  2.70 0.789 2555 0516  5.97 (+0.16) 0.94 (+£0.07) 6322 (£495)
29 Fluvial terrace 19°23'10.79"/40°06'03.74" 7.35 0.604 2510 0.644 7.84 (+£0.18) 0.89 (+0.07) 8765 (£677)
30 Channel 19°21'48.51"/39°55'52.43" 0.57 0.652 2.766 0.479 5.76 (+£0.20) 1.00 (4+0.08) 5753 (+£489)
30 Channel 19°21'48.51"/39°55/52.43" 2,70 0.592 1911 0489  4.83(40.25) 0.76 (£0.05) 6330 (£541)
30 Channel 19°21'48.51"/39°55'52.43" 490 0.581 2.097 0437 446 (4+0.28) 0.78 (£0.06) 5703 (£566)
31 Beach ridge/spit 19°27'48.56"/40°08'59.21" 3.85 1.948 11.840 0.622 59.34 (+4.11) 1.87 (+0.14) 31,681 (+£3203)
33 Beach ridge/spit? 19°10'19.16”/39°53'10.72" 0.80 0473 1.093 0.040  4.30 (+0.04) 0.36 (+£0.02) 11,913 (£775)
33 Beach ridge/spit 19°10'19.16"/39°53'10.72" 2.65 0.195 1.720 0.157 56.63 (+0.36) 0.43 (£0.03) 132,705 (£9152)

¢ Reworked.
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Fig. 5.Isolated bodies of a beach ridge/spit of phase 2 (Br-2) within interdistributary bay deposits (Ib), which demonstrate the continuity of delta progradation during phase 2 in the south-
ern (A-B) and central (C-D) areas of the delta plain. A = PALSAR image with RHH GHV BHH composition; B, D = TM Landsat images with R4 G7 B2 compositions; C = Quickbird-Google

Earth image with R3 G2 B1 composition. See location in Fig. 2.

0.80 and 2.30 m, respectively (see Table 1 and profile 28 in Fig. 8). A
more extensive (i.e.,, ~40 km long) and sinuous, although narrower
(1 km wide in average), paleochannel occurs to the north of the Doce
River (phase 2). This feature bifurcates downstream in its middle
course, configuring a distributary network. Downstream, it turns or-
thogonally from northeast to southeast, cutting down into transgressive
deposits of phase 1 (see later descriptions), as well as through beach
ridges/spits of phase 3, although it intercepts a few of these features at
the delta’s fringe. This northernmost paleochannel is superimposed by
a network of active narrow channels. A third paleochannel is represent-
ed by a belt nearly 45 km long and 1.5 km wide that occurs nearly
parallelling the east to southeast course of the modern Doce River. The
latter intercepts the paleochannel in its medium course. Downstream,
this paleochannel cuts through beach ridges/spits of phase 3, ending
just westward of a few beach ridges/spits, while the modern river de-
flects southward to follow a course nearly parallel to the coastline be-
fore discharge into the Atlantic Ocean (Fig. 2).

The central delta is also intercepted by a myriad of small
paleochannels of a distributary network. Some of these paleochannels
intercept the westernmost beach ridges/spits of phase 3. A few of
them deviate around an island of beach ridges/spits of phase 2. In the
field, areas corresponding to paleochannels are sandy, while adjacent
areas, mainly composed of interdistributary bay deposits, essentially
consist of mud and organic matter. Morphologically, the paleochannels
can be either slightly convex-up or concave-up, depending on the stage

of abandonment. The former are likely older and result from differential
compaction of sands, which are less compactable than surrounding
muds related to interdistributary bay areas.

4.3. Interdistributary bay

Areas related to interdistributary bays dominate the central delta
plain, where they correspond to extensive fan-shaped deposits nearly
60 km in radius (Fig. 2). An important characteristic is their close
association with the paleochannel morphologies (Figs. 2 and 9A).
Interdistributary bay deposits are intercepted by fluvial terraces to the
west, while they intercept beach ridges/spits of phase 2 to the north
and south (Fig. 2). In the latter instance, the contact of these deposits
is typically sharp and erosional, with interdistributary bay deposits ad-
vancing toward beach ridge/spit deposits. To the east, bay deposits are
either bounded or cut through transgressive deposits of phase 1 (see de-
scriptions below). They can also be in direct contact with beach ridges/
spits of phase 3, locally developing over them.

In addition to their spatial distribution and relationship with the
other geomorphological units, areas corresponding to interdistributary
bays were characterized in the field by extensive flat-lying areas of either
massive or laminated muds (Fig. 9B). These are generally highly organic
and grade laterally into muddy peats. Circular areas of mud and peat
deposits at the surface were related to lakes within interdistributary
bays. Cores attest to the continuity of mud and peat deposits in the
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Table 2
Radiocarbon ages for deposits in the Doce River delta compiled from previous publications.

Paleoenvironment®

<!
=
I

Coordinate (lat-S/long-W)

Depth (m) Cal yr BP 2-sigma calibration (AMS) Reference

Lake-marsh

Lake-marsh

Lake-marsh

Transgressive phase 2 (fluvio-estuarine)

Transgressive phase 2 (fluvio-estuarine)
( )
( )

19°02'58.40"/39°56'69.50"
19°02'58.40"/39°56'69.50"
19°02'58.40"/39°56'69.50”
19°02'58.40"/39°56/69.50”
19°02'58.40"/39°56'69.50"
19°02'58.40"/39°56'69.50"
19°02'58.40"/39°56"69.50"
19°02'58.40"/39°56'69.50”
19°02'58.40"/39°56'69.50"
19°02'58.40"/39°5669.50”
19°02'58.40"/39°56'69.50"
19°02'58.40"/39°56'69.50"
19°02'58.40"/39°56'69.50"
19°02'58.40"/39°56"69.50"
19°11/36.67"/39°48'16.56"
19°11'36.67"/39°48'16.56"
19°11'36.67"/39°48'16.56"
19°11'36.67"/39°48'16.56”
19°11'36.67"/39°48/16.56"

Transgressive phase 2 (fluvio-estuarine
Transgressive phase 2 (fluvio-estuarine
Transgressive phase 1 (estuarine)
Transgressive phase 1 (estuarine)
Transgressive phase 1 (estuarine)
Transgressive phase 1 (estuarine)
Transgressive phase 1 (estuarine)
Transgressive phase 1 (estuarine)
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0.48-0.50 253-0.00 Buso et al. (2013)
0.64-0.66 440-154

0.68-0.70 1171-767

0.72-0.74 1348-1190

0.76-0.78 2717-2208

0.80-0.82 3479-3361

0.92-0.94 4238-3992

1.08-1.10 5431-4888

1.22-1.24 5571-4858

1.26-1.28 6293-6024

1.34-1.36 6634-6414

1.38-1.40 7159-6694

1.70-1.72 7458-7172

1.98-2.00 7667-7430

0.67-0.72 3246-2840 Franga et al. (2013)
1.40-1.45 7278-6955

3.40-3.45 7318-7172

4.30-4.35 7339-7259

5.45-5.50 8161-7933

1.00 Modern Castro et al. (2013)
3.00 1405-1313

5.00 5201-5047

6.70 7317-7171

9.50 7509-7425

1.05-1.10 4845-3933 Cohen et al. (2014)
6.55-6.65 30,465-31,022

1.65-1.75 7556-7622 Cohen et al. (2014)
3.70-3.75 29,226-29,678

6.20-6.30 36,105-40,014

8.80-8.86 35,162-36,321

11.52-11.70 45,775-49,391

- 6802-5934 Suguio et al. (1982)
- 7158-6268

- 7265-6273

- 7423-6394

- 7505-6462

- 7509-6675

- 7565-6731

- 7592-6781

- 5324-4242 Suguio et al. (1982)
- 6790-5909 Suguio et al. (1982)
- 7314-6413

- 3581-2860 Suguio et al. (1982)
- 4238-3455

- 4000-3004 Suguio et al. (1982)
- 4877-3829 Suguio et al. (1982)
- 5332-4778 Suguio et al. (1982)
- 3514-2754 Suguio et al. (1982)
- 5092-4420

- 4090-3360 Suguio et al. (1982)

(-) data not available in the corresponding reference.
¢ Interpretation provided by this work.
b Sambaqui on beach ridge/spit.

shallow subsurface (Fig. 9C), which overlie distributary channel and
beach ridge/spit deposits. AMS dating of organic matter from bay
muds recorded ages ranging from 6894-6737 to 4090-3360 cal yr BP
(Tables 2 and 3).

4.4. Transgressive deposits

Transgressive deposits form a belt that is continuous over a great
part of the delta plain, being discontinuous in the central delta
(Fig. 2). They are located between beach ridges/spits of phase 2
(Fig. 10A, B), between these and beach ridges/spits of phase 3 or, in
the case of the central delta, between the latter and interdistributary
bay deposits. In the field, areas related to transgressive deposits are in-
dicated either by partly flooded and elongated depressions consisting
mainly of marshes, or dry areas with mud and muddy peats
(Fig. 10C). Although similar to interdistributary bay deposits, the trans-
gressive lithologies display locally abundant shell fragments (Fig. 10D).

In addition, they grade downward into wavy and lenticular heterolithic
deposits and either massive or parallel-laminated sands arranged into
sharp-based fining upward cycles. These sands, which have quartz peb-
bles at their bases, are generally better sorted and not as micaceous as
sands associated with channel deposits, and they contain locally abun-
dant shell fragments. In addition, transgressive deposits are surrounded
by beach ridge/spit morphologies.

Two transgressive phases were distinguished (Fig. 2). The main one is
represented by deposits that start ~35 km northward of the Doce River
and extend up to the delta’s northernmost margin. These deposits ad-
vance into beach ridges/spits of phase 2 (Fig. 10A) to form ragged con-
tacts or even elongated tongues more than 10 km in length that extend
parallel to the ridge and swale morphology. In some locations, they ad-
vanced westward and cut through the entire belt of beach ridges/spits.
At certain places, this process resulted in islands of beach ridges/spits
within the transgressive deposits. The transgression advanced or crossed
over the paleoshoreline to influence a series of estuarine systems that cut
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Fig. 6. View of the newest beach ridges formed in the Doce River delta plain. Note a higher and more vegetated beach ridge to the right (red arrows) and the lower and almost non-
vegetated beach ridge (yellow arrows) that stands parallel to the coastline. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

down into the Miocene Barreiras Formation. Transgressive deposits of
phase 1 also form isolated bodies in front of interdistributary bay deposits
to the north of the Doce River in the central delta, some with funnel-
shaped morphologies partly occupied by modern lakes (see these fea-
tures near locations 39a and 40 in Fig. 2). The southernmost end of the
delta also records transgressive deposits of phase 1 as a wedge-shaped
morphology nested between the paleoshoreline and the beach ridges/
spits of phase 2 or 3. AMS dating of plant debris from muds and peats
of transgressive deposits of phase 1 recorded ages between 8161-7933
and 4974-4850 cal yr BP (Tables 2 and 3).

Avyounger transgressive phase was recognized by a series of elongat-
ed and narrow belts that range from straight to sinuous or even
meandering. These features, which cut down through transgressive de-
posits of phase 1 to the north of the Doce River, encompasses a narrow
(i.e., usually b2 km in width) but extensive (i.e., 70 km long), N-S

40°2'0"W

19°23'0"S

trending belt that parallels the coastline along most of its extension. It
continues northward up to the limit of the delta system, where it inter-
cepts beach ridges/spits of phase 2. Southward, this belt enlarges to a
width of up to 5 km as it turns orthogonally to E-W to cut transversally
through beach ridges/spits of phases 2 (Fig. 10B). It also cuts through
beach ridges/spits of phase 3, extending to the north and south. Trans-
gressive deposits of phase 2 are also composed of several narrow, either
sinuous or essentially straight and elongated bodies parallel to sub-
parallel to the beach ridges/spits of phase 3. A few of these features
also intercept transgressive deposits of phase 1 in the southernmost
end of the delta plain. These channelized deposits, mainly estuarine in
nature, are transitional to modern/sub-modern marsh and fluvial sys-
tems. AMS dating of plant debris from muds and peats of transgressive
deposits of phase 2 recorded ages between 4238-3992 and 537-
484 cal yr BP (Tables 2 and 3).

39°52'30"W 39°43'0"W

Fig. 7. PALSAR image with a RHH GHV BHH composition, illustrating paleochannels (1 to 3) attributed to previous locations of the Doce River delta. In addition to these major
paleochannels, a myriad of smaller-size paleochannels related to a distributary network (Dc) were mapped in the delta plain. (Red hatched line = paleocoastline). See location in Fig. 2.
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Fig. 8. Lithostratigraphic profiles derived from core data representative of the vertical distribution of sedimentary facies in channel deposits, which correspond to previous courses of the

Doce River along the central delta plain. See location in Fig. 2.

4.5. Fluvial terraces

Fluvial terraces were recorded along the innermost delta plain on
both sides of the Doce River. These features form elongated belts up
to 60 km long and less than 5 km wide. The fluvial terrace located at
the left (northern) margin of the river is in direct contact with
the Barreiras Formation. It presents several elongated lakes or fluvial
rias (i.e., ancient fluvial systems that were barred by the deposition
of fluvial terraces). The fluvial terrace at the right (southern) margin
of the Doce River is in sharp contact with areas related to
interdistributary bays. It also truncates the three paleochannels re-
lated to previous courses of the Doce River. LOE ages obtained from
these fluvial terrace deposits recorded several ages between 8.8
(£0.7) and 4.8 (£0.4) ka (Table 1).

5. Discussion

The data presented here allow questioning the lagoonal delta model
and the Holocene age of the Doce River delta proposed in previous pub-
lications. These data are also used to discuss the delta's evolution within
the context of relative sea-level and climatic changes. In addition, obser-
vations derived from this delta and comparisons with other deltas from
the Brazilian coast call for a revisit of facies patterns predicted by avail-
able wave-influenced delta models.

5.1. Analysis of delta type

The data presented here suggest a depositional model for the Doce
River delta that differs from the previously proposed lagoonal type
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Fig. 9. Interdistributary bay deposits. A) PALSAR image with a RHH GHV BHH composition, illustrating the areas related to interdistributary bays (Ib). Note the surface of these deposits,
which is dominated by channeling (arrows). Beach ridges of phases 2 (Br-2) and 3 (Br-3) are also shown in this figure. See location in Fig. 7. B) Field view of interdistributary bay deposits,
which correspond to depressed areas dominated by organic muds and pits. C) Lithostratigraphic profiles derived from core data representative of the vertical distribution of sedimentary
facies. See Fig. 2 for location.
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Table 3
Radiocarbon ages for deposits in the Doce River delta obtained during this work.

Locality Paleoenvironment Coordinate (lat S/long W) Depth (m) 14C yr BP measured Cal yr BP 2-sigma calibration (AMS)
34 Interdistributary bay 19°2010.82"/39°49'52.68" 2.20 4870 (£30) 5623-5578
35 Interdistributary bay 19°25'07.217/39°51'00.61" 2.18 5810 (+30) 6732-6554
40 Transgressive phase 1 19°25749.58"/39°47'27.31" 4.10 6680 (+30) 7574-7460
43 Transgressive phase 1 19°14/36.92"/39°44'55.07" 2.10 4350 (430) 4850-4974
44 Transgressive phase 2 19°08/20.72"/39°43'43.39"” 1.70 2950 (£30) 3001-3183
44 Transgressive phase 2 19°00"17.71"/39°50"34.08" 3.55 3080 (+30) 3350-3174
50 Transgressive phase 2 19°00"17.71"/39°50"34.08" 4.00 470 (£30) 537-484
51 Transgressive phase 2 19°02/34.26"/39°48'09.47" 1.15 910 (£30) 733-834
51 Transgressive phase 2 19°02'34.26"/39°48'09.47" 495 2430 (£30) 2491-2346
52 Interdistributary bay 19°20'07.51"/39°55'07.03" 0.90 3060 (4-30) 3206-3359
52 Interdistributary bay 19°20'07.51"/39°55'07.03" 310 6040 (£30) 6894-6737
53 Interdistributary bay 19°15'41.44"/39°50'47.87" 2.65 5660 (£ 30) 6454-6313

(e.g., Suguio and Martin, 1981; Dominguez et al., 1987). Sediment
progradation in an open marine setting since the earliest stage of the
delta evolution is supported by the beach ridges/spits over the entire
delta plain, even in the central area where previous interpretations re-
ported lagoon deposits. Beach ridges/spits in a deltaic system originate
from longshore drift of mainly fluvial-sourced sediment due to wave ac-
tion. Therefore, the occurrence of such deposits in the central delta is in-
consistent with a wide lagoon where the delta would have prograded,
as no beach ridges are expected to form in backbarrier lagoonal areas,
generally protected from wave action. The close association of bay de-
posits with paleochannels of the Doce River or distributary channels in-
dicates that the muddy and peat deposits of the central delta are related
to interdistributary bays, rather than to a lagoon. The isolated occur-
rences of beach ridges/spits of phase 2 within interdistributary bay de-
posits are consistent with the continuous formation of the former on
both sides of the feeding river. Only later were beach ridges/spits eroded
from the central delta area due to channel development and migration.
In addition, part of the beach ridges/spits was buried due to deposition
of interdistributary bay deposits.

Further evidence against the lagoonal model includes the lack of any
corresponding barrier that could have confined the proposed semi-
enclosed water body in the central delta. Such a barrier would have to
be recorded to the east of the supposed lagoon deposits. Instead,
beach ridges/spits of phase 3 are identified at that location. These are
the best preserved beach ridges/spits of the entire delta, with well-
preserved morphologies that allow them to be promptly recognized in
remote sensing products. Thus, they are related to the latest stage of
delta progradation, as discussed below, an interpretation not compati-
ble with an earlier barrier growth associated with the hypothesized
lagoon.

5.2. Delta evolution

The geomorphological data, analyzed within a chronological context
based on the ages provided here and in previous publications, support
the idea that the Doce River delta was built by alternating episodes of
progradation and transgression in overall agreement with the sea-
level history from several other areas worldwide (Fig. 11). Hence, the
first stage of delta development occurred at approximately 50 km to
the north of the modern Doce River (Fig. 12A), being recorded by the
beach ridges/spits of phase 1 (Fig. 12B). Whether such deposits were
fed by sediments sourced from the Doce River or a nearby drainage sys-
tem, for instance the Barra Seca River, is unknown. Although the time
when these deposits began to accumulate is also unknown, it is note-
worthy that they indicate the active formation of beach ridges/spits in
this region starting at 132 ka. During this time, there was no delta
progradation linked directly to the Doce River mouth, where an estuary
was under development (cf. Dominguez et al.,, 1981).

The beach ridges/spits of phase 2 are most likely related to a much
more widespread delta progradation (Fig. 12C). It was proposed that
the onset of this event occurred at ~6 ka (e.g., Bandeira et al., 1975;

Suguio et al., 1980; Dominguez et al., 1987; Martin et al., 1996), but
the ages between 45,775-49,391 and 29,678-29,226 cal yr BP
(Table 2) of muddy deposits interbedded with these beach ridges/
spits, and the OSL age of ~31.4 ka derived from beach ridge sands at lo-
cality 31 (Table 1), suggest progradation still in the Late Pleistocene.
This interpretation is compatible with two OSL ages of 5395 and
10,771 yr BP at the respective depths of 0.80 and 2.30 m (Table 1) ob-
tained for the southward paleochannel of the Doce River, which yield
an estimated age of nearly 40,000 yr BP for the basal deposits of this
channel succession (assuming constant sedimentation rates). It follows
that the beach ridges/spits of phase 2 were probably formed by
sediment transported to the coast through this channel, since the age
of these deposits are comparable. Therefore, the Doce River likely occu-
pied a southern position (Fig. 12C) during the main phase of delta
progradation in the Late Pleistocene, transporting a large volume of sed-
iments that were deposited at its mouth and subsequently redistributed
alongshore to form beach ridges/spits on the entire extension of the
delta plain.

Subsequent to the main phase of progradation in the Late Pleisto-
cene, the existing older beach ridges and other deltaic deposits were
partly reworked between 8161-7933 and 4974-4850 cal yr BP
(e.g., Buso et al., 2013; Castro et al., 2013; Franca et al., 2013; Cohen
et al,, 2014) (Fig. 12D), as indicated by transgressive deposits related
to embayments, estuaries and lagoons that overlie a large portion of
the beach ridges/spits of phase 2. This event reached far westward
and even crossed the paleoshoreline, ultimately flooding underfilled es-
tuaries previously abandoned over the Barreiras Formation in the conti-
nental area (Fig. 12C, D). These estuaries displayed sedimentary records
indicating brackish conditions up to the mid-Holocene, when these
water bodies gradually became completely continental-influenced as
documented earlier (i.e., Castro et al., 2013; Buso et al., 2013; Franga
etal, 2013; Cohen et al,, 2014).

A second transgressive episode is suggested by estuarine and lagoon
deposits formed between 4238-3992 and 537-484 cal yr BP (Tables 2
and 3). The occurrence of transgressive deposits of phase 2 parallel to
subparallel to beach ridges/spits of phase 3 may suggest alternating pe-
riods of transgression and progradation.

The fact that the transgressive deposits are less expressive and more
discontinuous in the central delta is probably due to the strong influence
of fluvial influx. The ages obtained for the top of the southernmost
paleochannel succession (i.e., 5.4 ka), as well as for the northernmost
paleochannel, indicate that they are in part coeval with the transgressive
deposits. This, together with the fact that the paleochannels cut through
the latter deposits, indicates that the channel remained active during
and after the transgression.

While the Doce River occupied a northernmost position, it appears
that the delta either did not grow or underwent limited development.
Although not distinguished in the map of Fig. 2, the innermost beach
ridges/spits of phase 3 at this location could have been formed by sedi-
ment brought into the coast while the river occupied this position. The
position of the Doce River changed again to occupy a more central
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Fig. 11. Summary of the deltaic prograding events 1 to 3 in the study area within the context of sea-level changes proposed by previous publications for the study area and worldwide
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location closer to its modern course, but with the mouth circa 15 km
northward of the present one (Fig. 12E). This process was accompanied
by the development of a network of distributary channels along the
delta plain.

The frequent changes in river dynamics over time produced sig-
nificant channel scouring and mud deposition in interdistributary
bays, which contributed to changing the nature of the delta in its
central part. This process was responsible for the nearly complete
destruction of beach ridges/spits of phase 2 in this central area
(Figs. 2 and 12E), with the consequent preservation of only three dis-
continuous occurrences on these deposits on both sides of the mod-
ern Doce River. Concomitant to this process, the delta experienced
renewed progradation, as recorded by beach ridges/spits of phase
3. This phase of delta progradation served to further define its cus-
pate geometry. The transportation of sand over great distances re-
mains an ongoing process, as indicated by the occurrence of beach
ridges under development 70 km northward of the modern river's
mouth.

5.3. Sea-level history

The evolution of the Doce River's delta presented here provides new
insights into the history of relative sea-level changes on this coast since
the Late Pleistocene. A recent study on this delta has evoked this issue
(i.e., Cohen et al., 2014), but interpretations documented in that article
were based on a restricted number of profiles along a single, 40 km-
long, NNW-ESE trending transect located more than 50 km from the
modern river's mouth. Our integration of geomorphological, sedimento-
logical and chronological data provides a more comprehensive view of
the various depositional environments, as well as of their spatial and

temporal relationships. Consequently, the relative sea-level dynamics
on this coast and their association with the Late Pleistocene-Holocene
global sea-level history can be investigated in greater detail (Fig. 13).

The constraint of beach ridges/spits of phase 1 to the Barra Seca
River, while the mouth of the Doce River underwent transgression, is
compatible with local progradation along a coast with prevailing high
sea level at 132,705 (£9152) ka, i.e., during the Last Interglacial
(Fig. 13A, B). This period, also known as marine isotope stage (MIS) 5e
or Eemian stage in Western Europe, started with a rapid warming at
130-140 ka (Stirling et al., 1995), which was followed by a global cli-
mate generally warmer and more humid than at present between 130
and 110 ka (see Adams et al., 1999 for a review). As a consequence,
the global sea level was presumably 4 to 6 m (Veeh, 2012) or even 5.5
to 9 m (Dutton and Lambeck, 2012) higher than the present. A sea
level as high as 8 to 10 m above the present level has been proposed
for areas along the eastern and southern Brazilian coasts (Dominguez
et al.,, 1981; Bittencourt et al., 1979; Martin et al., 1996).

The extensive delta progradation between 45,775-49,391 and
29,678-29,226 cal BP, recorded by beach ridges/spits of phase 2, oc-
curred during the early stage of the Last Glaciation episode (Fig. 14C),
which began ~60 ka ago. It has been suggested that temperatures
dropped by up to 8 °C during this time (e.g., Ruddiman, 2008). This
was accompanied by a progressive decrease in sea level (e.g., Crowley
and North, 1991; Shackleton, 2000; Cutler et al., 2003; Rabineau et al.,
2006), with estimates of nearly 120 m (Fairbanks, 1989; Clark et al.,
2009), or at least 80 m (e.g., Cutler et al., 2003), below the modern sea
level during the isotope stage 2 (MIS2) or LGM (23 and 18 ka)
(e.g., Crowley and North, 1991). Thus, progradation of beach ridges/
spits of phase 2 in the Doce River delta took place during a period of de-
creasing sea level that preceded the LGM.

Fig. 10. Transgressive deposits. A, B) PALSAR images with a RHH GHV BHH composition, illustrating the transgressive deposits of phases 1 (Tr-1) and 2 (Tr-2) and their spatial relationship
with beach ridges/spits of phases 1 (Br-1) and 2 (Br-2). C) Field view of transgressive deposits of phase 1 (Tr-1) cut down by transgressive deposits of phase 2 (Tr-2). D) Lithostratigraphic
profiles derived from core data representative of the vertical distribution of sedimentary facies. See Fig. 2 for location.
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If the distance between the present and palaeo-shoreline at the delta
frontis of only 16 m (e.g., Polizel, 2014), and considering a change from
the 8 m-highstand position in the previous interglaciation stage, then
the beach ridges/spits of phase 2 would record a drop in relative sea
level of less than 25 m. This is much lower than the global fall proposed
for this period. In fact, a drop of several tens of meters as proposed
would have caused coastal erosion instead of sediment deposition.
Therefore, either the sea level was higher than proposed before the
MIS 2 or the LGM, or the sea-level drop in the Doce River area was com-
bined with other factors (e.g., tectonics) that would have compensated
the sea level-fall. Alternatively, it is also possible to have a shelf delta
formed by sediments that would have bypassed through the entire
coastal system during this fall. In this case, the beach ridges/spits of
phase 2 would represent a coastal delta progradation formed during
the latest stage of progradation. These hypotheses are still open to de-
bate, as it is the time when this phase of progradation ended. The
young ages obtained from deposits located at the top of beach ridge/
spits of phases 1 and 2 were interpreted as representative of reworked
sands, probably as aeolian dunes.

The transgressive deposits of phase 1 indicate a relative sea-level
high starting in the early Holocene (i.e., 8161-7933 cal yr BP) and con-
tinuing until the mid-Holocene (4974-4850 cal BP) (Fig. 13D). There
has been no agreement about the global sea level in the Holocene. A
rise by nearly 60 m has generally been accepted for most of the Earth be-
tween 11,650 and 7000 yr BP due to increased oceanic water volume
following the LGM (see Smith et al., 2011 for a review). Despite this
rise, a claim has been made that sea level was not higher than the pres-
ent in the last 10 ka, as shown in some locations (e.g., Morhange et al.,
2001). On the other hand, a worldwide rise of circa 5 m above the pres-
ent has been proposed near the mid-Holocene (e.g., Crowley and North,
1991; Lambeck et al., 2002; Bard et al., 2010) (Fig. 13D). In many areas
of the Brazilian coast (Martin and Suguio, 1992; Angulo et al., 2006;
Rossetti et al., 2008; Reis et al., 2013) and of the South American coast
(Milne et al., 2005), the sea level surpassed the present at 7000 yr BP
(Suguio et al., 1985) by 4 to 6 m. The transgressive deposits of phase 1
could be taken as a further evidence of sea levels above the present
level along the Brazilian coast near the early to mid-Holocene.

Although of limited extent, the delta formed when the Doce River
occupied a northward position, as indicated by paleochannel 3, could
suggest a relative sea-level drop of an uncertain age subsequent to the
early to mid-Holocene transgression. High frequency relative sea-level
oscillations during the late Holocene could have formed the transgres-
sive deposits of phase 2, initiated at 4238-3455 yr BP (see Tables 2
and 3). Existing relative late Holocene sea-level curves during the last
5 ka for southeastern Brazil indicate either a continuous fall (Angulo
et al., 2006) or a fall with punctuated rises between 4100-3800 and
3000-2700 yr BP (Suguio et al., 1985). The transgressive deposits of
phase 2 could be a response to these sea-level changes or they could re-
sult from local oscillations in base level due to delta dynamics (Fig. 13E).

The beach ridges/spits of phase 3 record a renewed progradation as
the Doce River shifted southward to occupy a position near to its mod-
ern course (Fig. 13E). The age of these deposits remains to be deter-
mined, but the presence of these prograding beach ridges/spits in the
late Holocene is in agreement with the overall drop in sea level recorded
in the southeastern and northeastern Brazilian littoral (Angulo et al.,
2006). Hence, such an event may have accompanied the global trend
of falling sea level after the early to mid-Holocene transgression.

54. Influence of climate

The early to mid-Holocene transgression has not significantly affect-
ed the central delta area, which continued being dominated by fluvial

Fig. 12. A-E) Stages of morphological and sedimentary evolution proposed for the Doce
River delta since the Miocene to the present time (see text for further explanations).
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processes. It follows that it is difficult to relate delta dynamics merely to
relative sea-level changes. The ongoing development of the Doce River
delta during the post-glacial sea-level rise may be explained by the bal-
ance between sediment supplied to the coastal system and relative sea
level. When sufficient sediment enters into a coastal system to equalize
the amount of space available, the previous coastal system is kept stable
independently of sea level rises (Posamentier et al., 1992).

Studies have inferred a relatively dry period in southeastern Brazil
for the early and mid-Holocene (e.g., Behling et al., 2004; Pessenda
et al., 2004; Cruz et al., 2007). However, publications based on palynol-
ogy have inferred a humid climate in the Atlantic forest during the
entire Holocene (e.g., Behling and Negrelle, 2001). Additionally, recent
pollen and isotope works carried out on the northern coast of the
State of Espirito Santo near the study area suggested a relatively
humid climate from ~17,000 cal yr BP, with increased humidity
between ~7000 and 4000 cal yr BP (Buso et al.,2013) (Fig. 11). Thus, de-
spite the post-glacial sea-level rise, the higher rainfall associated with
the humid climate recorded over the drainage basin of the Doce River
during the Holocene probably allowed the studied deltaic system to
keep pace with the relative sea-level rise, at least in the central delta ex-
posed to stronger influence of the Doce River.

5.5. The wave-infiuenced delta model

The existing investigation supporting that numerous factors may
affect the evolution of deltaic depositional systems has precluded the
establishment of a single facies model, and even has us led to conclude
that each delta system may be in reality unique (Elliot, 2014). Despite
this complexity, a tripartite model that takes into account the interplay

of wave, tide and fluvial flows has been widely used, as these processes
are of primary relevance to define deltaic morphologies and facies
stratal patterns (e.g., Galloway, 1975). Among the delta types defined
by this model, wave-influenced deltas are highly complex because
they can contain numerous depositional environments, such as lagoons,
estuaries and marshes, which are also common to other coastal settings.
This fact may represent a problem for interpreting past deltaic sedimen-
tary successions.

Bhattacharya and Giosan (2003) predicted facies distribution apply-
ing the asymmetry index to express the degree of dominance of marine
versus fluvial processes for a series of wave-influenced deltas. In gener-
al, increasing facies asymmetry occurs with stronger longshore drift
caused by consistent wave dislocation in one direction. Hence, symmet-
rical deltas generally have straight and gently curved beach ridges
equally distributed on both sides of river mouths, while asymmetrical
and deflected deltas, which have increasingly stronger net sediment
distribution, would present thicker beach ridge sandy bodies and mud-
dier deposits in the updrift and downdrift sides of the river mouths,
respectively.

As previously discussed in this work, the Doce River delta displays a
cuspate geometry that is typical of wave-influenced deltas. The wave-
dominated model based on the asymmetrical index, however, may be
not applicable. Indeed, the most extensive beach ridge/spit deposits of
phase 2 were formed on both sides of the river mouths. The southern
paleochannel responsible for sediment influx during this time was,
however, deflected southward and then northward (see Fig. 2), pre-
sumably due to changes in longshore current. In addition, most of the
beach ridge/spit deposits of phase 3 were formed while the Doce River
occupied a northward position with respect to its modern course
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(Figs. 2 and 14). Despite the terminal segment of this paleochannel hav-
ing a deflection suggestive of a northward longshore drift, the beach
ridge/spit sand bodies have equivalent proportions of environments
prone to mud deposition, such as lagoons, and they are equally distrib-
uted on the updrift and downdrift sides of its mouth (Fig. 14A, B). In ad-
dition, the modern channel, which is currently located southward of this
paleochannel, was strongly deflected southward. However, as opposed
to prediction by the asymmetrical index model of wave-influenced
deltas, a continuous sandy body was deposited in the downdrift side
of the modern river mouth, while a barrier island with an associated la-
goon where mud deposition takes place is currently present updrift of
this mouth. A previous publication has also indicated inconsistencies
of the asymmetry index of wave-influenced deltas (Anthony, 2015).
An analysis of other wave-influenced deltas of the Brazilian coast
leads us to conclude that the Doce River delta is not the only excep-
tion not conforming to the asymmetrical wave-dominated delta
model of Bhattacharya and Giosan (2003). For instance, the Peixoto
River delta in Caravelas, State of Bahia (e.g., Martin et al., 1980;
Martin and Dominguez, 1994) was strongly deflected northward by
a northward longshore current (Fig. 15A-B). Despite this fact, the
sandy beach ridges are all concentrated in the downdrift side of
this river's mouth, while its updrift side is dominated by low energy,
muddy-prone environments. Northward, the Sdo Francisco delta at

the border of the States of Alagoas and Sergipe, which is used as
the classical example of wave-dominated deltas (e.g., Galloway,
1975), had a stable course through the delta evolution resulting
from a strong northward, and then southward deflection of its
mouth through time (Fig. 15C-D). Despite this pattern, there is a
fairly equal proportion of sandy beach ridges when both margins of
this river are compared. The apparent amalgamated beach ridges lo-
cated in the delta's northward side in fact alternate with numerous
narrow lagoon environments (Fig. 15E-F) similar to the beach ridges
of the delta's southward margin. Furthermore, despite the fact that
the mouth of this river has been deflected southward more recently,
its downdrift side developed a lagoon-barrier island system. In con-
trast, windblown sand sheets, probably representative of reworked
beach ridges, prevail in the updrift side of this river's mouth, a pro-
cess also active southward of the lagoon-barrier island system
formed southward (Fig. 15D). Likewise, the Jequitinhonha delta in
southern Bahia (e.g., Bittencourt et al., 2011) appears to have been
strongly deflected southward in the past, although beach ridge de-
posits are present on both margins of the main river, even with a
higher proportion in the downdrift side of this river's mouth. Only
more recently has the northward deflection of the river's mouth fa-
vored the development of a barrier island system in its downdrift
side, while beach ridges were formed updrift of the river's mouth.
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The Paraiba do Sul delta, located in the northern part of the State of
Rio de Janeiro (Fig. 151, J), displays a fairly symmetrical facies distri-
bution, with sides of the river's mouth been dominated by beach
ridge deposits subordinately alternated with a few narrow and elon-
gated muddy lagoon deposits, despite the progressive overall north-
ward deflection of the river course through time.

The lack of agreement in terms of facies distribution observed
between the asymmetry index deltaic model and several wave-
dominated deltas from the Brazilian coast, as discussed here and also
previously presented by Anthony (2015), conforms to the proposal
that other factors than only the simple interplay of riverine versus ma-
rine processes influence the evolution of a delta and the changes in its
morphology over time. Sea-level fluctuation has been suggested as an
important factor to have influenced the evolution of the Brazilian deltas
(e.g., Dominguez, 1996). However, a recent publication (i.e., Lima et al.,
2014) showed that the morphology and sedimentary deposition of the
Sdo Francisco delta were controlled by N-S to NE-SW trending normal
faults reactivated in the Quaternary, which might have also been the in-
stance of many other areas of the Brazilian margin (see also Nogueira
et al., 2010; Bezerra et al., 2014; Rossetti et al., 2011, 2013). Previous
publications (e.g., Hatushika et al., 2007; Bricalli and Mello, 2013)
have also suggested that the evolution of the Doce River delta was con-
trolled by tectonic activity contemporaneous to sediment deposition.
However, as shown in the present work, sea-level change constituted
an important element in determining facies distribution in the Doce
River delta. Therefore, additional investigations are still required in
order to further demonstrate the factor of primordial influence in the
distribution of facies patterns in this and in other wave-influenced
deltas of the Brazil's coast.

6. Conclusions

This survey led to conclude that the Doce River delta was formed
by sand progradation directly into an open marine environment
since its earliest development in the Late Pleistocene, instead of hav-
ing an initial lagoonal phase only in the mid-Holocene as previously
proposed. Despite the wave-influenced nature, this delta had an im-
portant contribution of fluvial sediments, which were reworked by
wave-generated longshore transport to form a series of beach
ridges/spits on both sides of the main river. The several positions oc-
cupied by the Doce River along the delta plain during its evolution
and the transgressive episodes mainly between 8161-7933 and
4974-4850 cal yr BP resulted in significant erosion of deltaic deposits
formed during two phases of main progradation, i.e., at 132,705
(£9152) ka and between 29,678-29,226 and 45,775-49,391 cal yr
BP, the latter corresponding to the Last Glaciation sea-level drop.
The Doce River delta started to grow again with the global trend of
falling sea-level after the late-Holocene transgression, a process
which is ongoing at the present time. Analysis of this delta and its
comparison with several other wave-influenced deltas of the
Brazil's coast reveals that they do not present facies distributions
compatible to the pattern predicted by current wave-influenced
delta models. The expected increased proportion of sandy- and
muddy-prone deposits in the updrift and downdrift sides of a
deflected river's mouth, respectively, is not applicable. The evolution
of the wave-influenced Brazilian deltas seems to be much more com-
plex due to other controlling factors than simply the interplay of flu-
vial and marine processes predicted by asymmetry index models.
Hence, sea-level fluctuations and tectonic reactivations, and possibly
also changes in sediment discharge due to climatic influences, must
be better investigated as important determinants of the morphology
and facies stratal patterns in these deltas. More detailed studies of
these deltas can contribute to improve available wave-influenced
delta models, and particularly to apply process-based facies models
to reconstruct these systems in the sedimentary record.
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