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a b s t r a c t

We analyzed the Late Quaternary coastal evolution of the easternmost tip of South America in Brazil in
light of fluvial-eolian interactions controlled by relative sea-level, climate, and coastal physiography
changes. The chronology obtained by OSL-SAR of 36 samples coupled with sedimentological analysis
from stabilized dunes suggest that eolian activity was primarily controlled by episodes of sediment
availability because prevailing SE trade winds have been steadily strong throughout the Holocene.
Contrary to the most conventional view linking dune activity to aridity, dune buildup occurred in a
period of increased humidity in NE Brazil between 11 ka and 6 ka when a rising relative sea level and
higher rainfall enhanced sediment delivery benefiting the construction of transgressive dunefields. The
interplay of these advancing dunes with the existing drainage pathways is here investigated using a
modern regional analog and through the evolution of Boqueir~ao Lake formed by dune blockage. Analysis
of a sediment core from this lake dated between 8.4 and 0.9 ka indicated changes over time in microfossil
assemblages, organic geochemistry, and grain size data conforming to fluvial or lacustrine depositional
conditions. Between 7.2 and 4.4 ka, during the predominantly regional humid climate, the high abun-
dance of fluvial sponge species correlated with a framework of competent-flow drainage systems
diverting from advancing dunes. An abrupt transition from a wetter to a drier climate at 4.4e4.0 ka
stimulated episodes of fluvial damming as indicated by sharp changes from sandy to muddy sediments
and anomalous concentration of sponge spicules concurrent with significant mortality rates of fluvial
adapted species. From 3.9 ka to the present, the disappearance of sponge spicules and peaking diatom
concentration attested to a predominant lacustrine environment. Thus, the formation of Boqueir~ao Lake
is mainly a result of the regionally drier climate and not a consequence of increased humidity in coastal
NE Brazil.

© 2018 Elsevier Ltd. All rights reserved.
a Spectrometry Laboratory,
Rua do Lago 562, 05508-080,

lar@usp.br (A. Zular).
1. Introduction

Advancement or diversion of sand dunes on lakes and rivers
has been previously reported in many Late Quaternary studies
(e.g., Langford, 1989; Langford and Chan, 1989; Bullard and
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McTainsh, 2003; Kadlec et al., 2015; Liu and Coulthard, 2015, 2017;
Roskin et al., 2017). When facing advancing dunes, rivers and lakes
are subject to competing eolian, fluvial, and lacustrine processes
that result in diverse types of interactions (Al-Masrahy and
Mountney, 2015 and references therein). Notably, a common
type of fluvio-eolian interaction is associated with dune ad-
vancements over drainages resulting in the formation of natural
dams. Most studies on the formation and evolution of this type of
lake have been conducted on continental environments such as
the Nebraska Sand Hills in the United States (e.g., Loope et al.,
1995, 2004; Mason et al., 1997; Loope and Swinehart, 2000;
Schmieder et al., 2012), and in dryland environments (e.g., Teller
and Lancaster, 1986; Bullard and Livingstone, 2002; Hollands
et al., 2006). In contrast, the interplay of fluvio-eolian processes
on marine coastal environments has remained poorly docu-
mented, albeit lakes formed by dune-blockage in the littoral and
nearby zones have been acknowledged in biological, geomor-
phological, and paleoclimatic studies (e.g., Arthington et al., 1986;
Illenberger, 1996; and Sifeddine et al., 2003; respectively). Some of
the very few studies on fluvio-eolian interplay in coastal envi-
ronments have been conducted in coastal Namibia (e.g., Krapf
et al., 2003; Svendsen et al., 2003; Garzanti et al., 2014; Al-
Masrahy and Mountney, 2015; Krapf, 2018). These authors
report on fluvial systems that hinder eolian sand encroachments,
and on fluvio-eolian interactions in the Skeleton Coast controlled
by the size of river catchments where dunes block ephemeral river
systems on their path to the Atlantic Ocean. However, there is a
paucity of knowledge about the chronology and fluvio-eolian in-
teractions on coastal dune-dammed lakes associated with two of
the main forcings that regulate the evolution of coastal plains:
relative sea level and climate.

Coastal dunes adjacent to fluvial systems and lakes are wide-
spread on the coast of Rio Grande do Norte State, NE Brazil (RN;
Fig. 1a and b). This coast is dominated by active and stabilized
dunefields, intermittent and ephemeral small coastal rivers,
marshes, and a large number of shallow lakes (water
depth < 10m). However, the chronology of the development of
this landscape and its response to relative sea-level and climate
changes are poorly constrained. Also, there has been an emphasis
on investigating the regional lacustrine or eolian archives sepa-
rately (e.g., Sifeddine et al., 2003; Tsoar et al., 2009; respectively).
For example, studies from lacustrine records of Boqueir~ao Lake,
situated on the western boundary of the study area (Fig. 1b)
suggest that current and past water levels were a function of
rainfall alone (Zocatelli et al., 2012; Gomes et al., 2014; Viana et al.,
2014). However, because this lake lies in the lee of stabilized
dunes formed by strong winds, hydrological alterations to the lake
and associated river pathways were likely to occur during epi-
sodes of dune activity.

In this study, we investigated fluvio-eolian interactions on the
RN coast in the late Quaternary resulting from sea-level and climate
changes. Because this region experienced substantial fluctuations
in precipitation throughout the Holocene (Cruz et al., 2009;
Montade et al., 2014; Mulitza et al., 2017) concurrent with a relative
sea-level rise and highstand (Milne et al., 2005), we had a unique
opportunity to assess the response from eolian and lacustrine
systems to these changes. By investigating the Boqueir~ao Lake
Holocene evolution in light of past and current fluvio-eolian in-
teractions and sediment supply, we questioned the hypothesis that
precipitation alone controls the water level of this lake. To tackle
this task, we studied the coastal sediment pathways and cycles
using a modern analog, and associated data obtained from the
chronology and sedimentology of stabilized sand dunes to micro-
fossil and sedimentological analysis of a Boqueir~ao Lake sediment
core and seismic reflection profile.
2. Study area

2.1. Geomorphic setting

The investigated coastal area is located at the easternmost tip of
South America (Fig. 1a inset). This area encompasses 50-km of
coastal stretch followed by 590 km2 of extensive NW-trending
active and stabilized dunefields along with fluvial and lacustrine
systems (Fig. 1b). This coastal section presents a negative sediment
budget in a wave-dominated system where sediments are trans-
ported northward by alongshore currents and onshore by waves.
These conditions promote beach erosion and support the local
development of coastal dunes (e.g., Vital et al., 2004; Bittencourt
et al., 2005). Eroding cliffs or dissipative sandy beaches are
frequently cut by small ephemeral river mouths that are diverted
(Fig. 2a) or blocked by coastal dunes forming ephemeral and per-
manent shallow lakes fed by small drainages (Fig. 2b). Also, low-
lying marshes are bounded by dune fronts (Fig. 2c). A conspicu-
ous feature of the study area is the clear morphology of active and
stabilized dunefields. Even when physically degraded, these dunes
show an SE-NW elongation direction. NW-oriented dune
advancement trails or streaks are not discernible farther than
20 km from the coast where they are in part bounded by the SW- to
NE-oriented sigmoidally-shaped Boqueir~ao Lake that lies in the
Boqueir~ao River pathway (Fig. 2c). Boqueir~ao Lake is situated
13.5 km from the eastern RN coast and presents a maximum length,
width, depth, and volume of 7 km, 0.6 km, 10m, and 11,075m3,
respectively (Gomes et al., 2014). Also, this lake lacks contribution
from the 30-m depth groundwater (Diniz Filho et al., 2005). Its
western edge is bounded by laterites crusts, sands, and finer sedi-
ments from the Barreiras and Post-Barreiras Neogene Formations
(e.g., Angelim et al., 2006), and presents various zones with
concave-shaped encroachments pointing to the NW. These features
are not detected on the eastern lake margin that is bounded solely
by paleodunes.

Regionally, the shallow nearshore and continental shelf envi-
ronments are delineated by beach rock ridges (Fig. 1a; e.g., Vital
et al., 2010, 2016). The identification of offshore beach rock lines
was first established by remote sensing coupled with petrographic
analyses of an elevated inner shelf ridge off the RN northern coast
(Cabral Neto et al., 2010). We used a similar remote sensing
approach to identify offshore beach rock ridges on the western
coast (Supplementary Fig. A.1).

2.2. Climatic setting

The average yearly speed of the prevailing SE winds recorded at
50-m height is 8.5e9.0m s�1 on the foreshore and 8.0m s�1 on
Boqueir~ao Lake (Fig. 1b; Amarante et al., 2003). The climate is
tropical and humid with a mean annual temperature of 27 �C.
Precipitation annually averages about 1200mm and is mainly
distributed from January to July resulting from the southerly shift of
the Intertropical Convergence Zone (ITCZ) that peaks fromMarch to
May (Kousky, 1979).

3. Methods

3.1. Eolian sand dune analyses

3.1.1. Sampling
To assess the timing of dune activity and stabilization, samples

for optically stimulated luminescence (OSL) dating were collected
using light-protected hammered tubes. Samples for dose rate
estimation were collected in plastic bags in the amount of
250e300 g. Eleven sediment samples were obtained at the frontal



Fig. 1. The easternmost tip of the state of Rio Grande do Norte (RN). (a) Main locations mentioned in the text: regional rivers, caves, beach rock ridges, and the Touros High. The inset
shows the location of RN and the northeastern region coastal stretch. Maps modified from GEBCO (2003). (b) The study area. Blue dots indicate OSL and sedimentological sample sites
whereas blue lines and associated flags indicate current annual mean wind speeds in m s�1 at 50-m height (shapefile wind data: http://www.cresesb.cepel.br/index.php?
section¼publicacoes&task¼livro&cid¼1). The green diamonds mark control points that, together with the sampling locations are shown with site pictures on the Supplementary
KMZ file. Also, the KMZ file shows the position of Fig. 2b. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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lobe of stabilized parabolic dunes at depths of 1e3m below the
surface to avoid bioturbation and any remaining active dune crests
(Fig. 1b and Supplementary KMZ file). To identify previous cycles of
dune encroachment, we obtained eleven sediment samples at
various depths in four profiles. Also, fourteen samples from a 7.8-m
dune succession profile were obtained every 0.5e1.0m. Preparation
and cleaning-up for sampling this profile consisted of manually
removing the talus slope and hollowing continuous adjacent ver-
tical 0.7e1.0m steps from top to bottom followed by outlining the
fresh surfaces with 5-cm parallel divisions for the additional
collection of samples for sedimentological analysis.
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3.1.2. OSL dating
The OSL dating method using the single-aliquot regenerative

(SAR) dose protocol (Murray and Wintle, 2003) was applied to
multigrain quartz aliquots to determine sediment burial ages.
Samples were prepared in the laboratory under subdued red/amber
light, according to procedures described by Aitken (1998). The
180e250 mm grain size fraction was obtained by wet sieving, fol-
lowed by chemical treatment with 27% H2O2 and 10% HCl to remove
organic compounds and carbonates, respectively. Quartz grains
(2.65 g cm�3) were isolated from heavy minerals and feldspar
grains through gravity settling in lithium metatungstate solutions
at a density of 2.75 g cm�3 and 2.62 g cm�3, respectively. Subse-
quently, the quartz concentrates (2.75e2.62 g cm�3) were treated
with 48e51% HF for 40min to remove remnant feldspar (especially
plagioclase) and outer rinds of quartz grains dosed by alpha
particles.

Aliquots of ~1000 grains were mounted with Sikospray silicone
oil on monolayer aluminum discs using a 5mm diameter mask for
equivalent dose determination. Because of a large number of grains
in the disk, we expected an underestimation of the values of
overdispersion in the equivalent dose distribution (OEDD); large
aliquots are prone to contain more dim or low sensitivity grains,
though the remaining bright grains may produce results that pass
the criteria for aliquot acceptance (Cunningham et al., 2011).

Luminescence measurements were carried out on Risø DA-20
TL/OSL readers with built-in beta source dose rate of 0.134 Gy s�1

and 0.088 Gy s�1 from the Illinois State Geological Survey (ISGS)
and the Institute of Geosciences at the University of S~ao Paulo (IGc-
USP), respectively. Dose recovery tests were performed on bleached
aliquots; bleachingwas achieved by 3 h of sun exposure. These tests
were done with a pre-heat temperature of 200 �C and given doses
of 140, 52, and 4 Gy on samples RF 1A, RF 1B, and RF 1C, respec-
tively. The equivalent dose for each sample was determined by
measuring 24 quartz aliquots subjected to a four- or five-point SAR-
OSL sequence (Supplementary Table B.1). The equivalent dose was
calculated by exponential fitting of the dose-response data only
when the recycling ratio was in the 0.9e1.1 range, and recuperation
lower than 5%. Feldspar contamination was examined by repeating
the first regeneration dose and using infrared stimulation at 60 �C
before the blue stimulation. Aliquots were rejected when an
infrared stimulated luminescence signal was detected, or when the
OSL signal was depleted following infrared stimulation. The
equivalent dose was determined through the central age model
(Galbraith et al., 1999) using at least 16 accepted quartz aliquots per
sample.

To calculate dose rates, mean specific activities (Bq kg�1) of 238U,
232Th, and 40K radionuclides were assessed using an HPGe detector
(energy resolution of 2.1 KeV and relative efficiency of 55%) in an
ultra-low background shield at the IGc-USP after keeping the
samples sealed in plastic containers for at least 28 days for radon
equilibration. Conversion factors of Gu�erin et al. (2011) were used
for beta and gamma dose rates calculation. The cosmic dose rate
was evaluated using sample depth below surface, altitude, longi-
tude, and latitude (Prescott and Stephan, 1982). Moisture content
was obtained from the water weight relative to dry sample weight
after drying the samples in an oven for 48 h at 110 �C. The final ages
were produced by dividing the equivalent dose value by the dose
rate value.
Fig. 2. Geomorphological features of the study area. (a) An active dune diverting a river path
and possible past Boqueir~ao River pathways shown in dashed lines. The dotted line shows t
marsh. Blue dots and green diamonds indicate sample sites and control points, respectively.
to the Web version of this article.)
3.1.3. Grain size and heavy mineral analyses
Bulk samples were examined on the optical microscope and

subjected to grain-size analysis using a Malvern Mastersizer 2000
laser diffraction granulometer with a Hydro 2000MU attachment
and a built-in ultrasound device. Grain size data were presented
through descriptive statistics such as mean diameter and standard
deviation and tabulated in 1-phi interval classes and classified ac-
cording to Wentworth (1922). Samples for OSL-dating from the
dune succession profile, foreshore, and foredunes, were analyzed
for heavy minerals. For this analysis, the very fine sand fraction
(62e125 mm) was separated by gravity-settling in bromoform
(CHBr3, density 2.83e2.89 g cm�3) and placed on glass slides using
Canada balsam for optical study under the polarizing microscope.
Three hundred non-micaceous transparent heavy mineral grains
plus opaque grains were counted through the ribbon method
(Galehouse, 1971). Minerals were represented as a percentage of
grains within the heavy minerals assemblage.
3.2. The Boqueir~ao Lake sediment core analysis

The 2.85-m long BOQ/07/02 sediment core was collected from
Boqueir~ao Lake (5�14052.500 S, 35�32048.200 W, 17m asl) at the IP21
seismic profile path using a vibracore pipe (Zocatelli et al., 2012,
Fig. 3a and b). In the laboratory, the corewas cut into 1 cm and 5 cm
increments, between 5-160 cm and 161e285 cm depth ranges,
respectively, for the following analysis: (a) microfossil identifica-
tion and quantification of taxa assemblages; (b) organic
geochemistry; (c) radiocarbon dating; (d) grain size distribution
analysis; and (e) assessment of sediment color based on the
Munsell Soil Color Chart (1992). All samples were stored at ~5 �C to
avoid decomposition and degradation of microfossils. Subse-
quently, organic matter and carbonate were extracted from 1 cm3;
of each sample using 30e35% H2O2, and 37% HCl, respectively
(Battarbee, 1986). Residual samples were cleaned and diluted in
50ml of distilled water. Coverslips of 24� 32mm received 20 ml of
this residue that was dried and glued to slides with Entellan®. Re-
sults were expressed in microfossils cm�3 of sediment (Stevenson
and Rollins, 2006). Ten grams of each bulk sample were treated
overnight with 10% HCl to eliminate carbonates for total inorganic
carbon appraisal. Total organic carbon (TOC), total nitrogen (TN),
carbon and nitrogen isotopes were then assessed using a Finnigan
Delta V Plus Mass spectrometer coupled with a Costech Elemental
Analyzer. TOC, carbon, and nitrogen isotopes were calibrated
against laboratory standards, and against total inorganic carbon for
TOC and carbon isotopes. Calibrated TOC and TN percentages were
used to calculate the C/N ratio. Carbon and nitrogen isotopes were
calculated in percentages per mil deviation, from the Vienna Pee
Dee Belemnites (VPDB) and AIR standards, and represented by d13C
and d15N, respectively. Samples for radiocarbon dating were
analyzed using the accelerator mass spectrometry (AMS) technique
at the Laboratoire de Mesure du Carbone 14 (SacA, four samples)
and the AMS Arizona Laboratory (AA, four samples). Radiocarbon
ages were calibrated with CALIB 7.1 software using the SHcal13
model curve (Hogg et al., 2013), and reported as cal BP (2s). An age
model was determined by linear regression analysis using the
average of the minimum and the maximum calibrated age from
each sample. Ages derived from the age model were denoted as ka
(thousand years ago) for a straightforward comparisonwith optical
way, and (b) blocking a fluvial pathway forming a small shallow lake. (c) Boqueir~ao Lake
he position of a paleolake formed by dune blockage, though currently, this location is a
(For interpretation of the references to color in this figure legend, the reader is referred



Fig. 3. (a) Boqueir~ao Lake bathymetric map showing the location of sediment core BOQ/07/02 on seismic profile IP 21. (b) The 10 kHz high-resolution IP21 seismic profile obtained
at a sound velocity of 1500m s-1 with depth-correction showing evidence of a paleochannel.
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ages. Bulk samples for particle size distribution analysis followed
the same method described in 2.1.3.
4. Results

4.1. The eolian dunefield record

All sampling locations presented unconsolidated sediments
with at least 98% of quartz and absence of feldspar grains. Sand
grains were mostly subrounded and showed surface textures with
coatings. Zircon dominated the heavy mineral suite of the dune
succession sands whereas rutile, tourmaline, kyanite, sillimanite,
and staurolite were detected in minor frequency followed by traces
of other minerals (Table 1a). In turn, sands from the foreshore and
foredunes differed by their higher concentration of unstable heavy
minerals represented by grains of pyroxene and amphibole
(Table 1b).

The dose recovery test showed an average measured-to-given
Table 1
Percentage of counted mineral grains in the heavy mineral suite. (a) Samples from the st
dose ratio between 0.94± 0.01 and 0.97± 0.01, indicating that our
dating protocol worked well for the quartz aliquots extracted from
the studied sediments. Luminescence measurements revealed
bright quartz grains with an OSL signal dominated by the fast
component (Fig. 4a), and dose-response curves that followed a
linear (low doses) or exponential growth (Fig. 4b). Aliquots showed
a recycling ratio between 0.93 and 1.08, indicating that changes in
luminescence sensitivity were corrected properly. The median
OEDD value was 24% (average¼ 22%; range of 5e42%; Table 2,
Fig. 4c, d and f). This calculation excluded the uppermost massive
layer of the dune succession (sample RF 180) that showed a 71%
value. Even when considering an underestimation of the OEDD by
values as high as 10%, our sediments would still mostly fall into the
category of well-bleached sands (<35% OEDD; Arnold and Roberts,
2009). The equivalent dose results varied between 0.025± 0.004 Gy
and 99.964 ± 4.222 Gy (Table 2).

Dose rate values derived from K, Th, and U (Table 2) showed a
median value of 0.614 Gy ka�1 (average¼ 0.699 Gy ka�1; range of
abilized dune succession profile. (b) Samples from the present beach and foredunes.



Fig. 4. Luminescence characteristics of quartz grains from the studied eolian deposits. (a and b) OSL decay curve from natural luminescence signal, and dose-response curve,
respectively. (c and d) Abanico plots (Dietze et al., 2016) for equivalent dose (De)distribution. (e) and (f) Box plot graphs of K/Th/U dose rate and overdispersion of equivalent dose
distribution, respectively. (g) Depth of accumulated sediment from the dune succession deposit over the last ~100 ka. To calculate the average sediment accumulation rate (SR) of
overlapping ages (Holocene samples), the oldest and youngest age were associated with the bottommost and topmost sample depth, respectively. OSL ages from local deposits are
shown on the top of the figure. (h) Magnified age-depth profile of the Holocene.
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0.111e1.656 Gy ka�1) whereas the K content median value was
0.021% (average¼ 0.081%; range of 0.004e0.612%). The low con-
centration of K, Th, and U led to a situation of a significant contri-
bution (over 30%) of the cosmic dose rate to the total dose rate in
many samples. For example, values as high as 37%, 48%, and 65%
were estimated for samples RF 16B, RF 14C, and RF 6, respectively.
OSL ages varied between 94.75± 7.16 ka and 0.06 ± 0.01 ka (Table 2;
Fig. 4g; Supplementary Fig. A.2).

Although the OSL behavior of the studied quartz grains supports
the calculation of reliable equivalent doses, the high contribution of
the cosmic dose rate to the total dose rate requires additional evi-
dence from our data to corroborate the soundness of our ages. A
possible concern would be the occurrence of microdosimetric
heterogeneities in the dose rate. We argue that all our sediment
samples showed low potassium content (Table 2) that is consistent
with the lack of feldspar in our mineral assemblage. Therefore, the
bulk of the dose rate comes from U and Th radionuclides that
originated from the prevalent zircon and rutile grains in the heavy
mineral assemblage (Table 1a). These minerals incorporate U and
Th radionuclides in their crystalline structure (Holland and
Gottfried, 1955, and references therein). If these minerals were
irregularly distributed in the sediments they could generate beta-
dose heterogeneities affecting the dose rate. However, we believe
that this was not a significant concern because of the relatively low
OEDD, particularly for sands deposited between 11.2± 0.9 ka and
0.7± 0.1 ka (Fig. 4f). Also, sediments from this age range showed
high textural and compositional maturity, as evidenced by the
prevalence of moderately sorted unimodal fine quartz sands
(Fig. 5a, b, and c). Thus, the use of 250e300 g of bulk sediment
sample for gamma spectrometry measurements well represented
radionuclide distribution surrounding the samples. Furthermore,
our sediments lacked carbonates. Carbonates usually attenuate the
effect of beta and gamma rays in the millimeter scale (e.g., Nathan
and Mauz, 2008). These factors indicated that our homogeneous
sediments would not be significantly affected by dose rate het-
erogeneity variations over time.

4.2. The Boqueir~ao Lake record

The uppermost 5 cm of the BOQ/07/02 core were not preserved
probably because of the sampling method which induced
compaction extending to the subsequent 20 cm. However, the
remaining 265 cm of the core were not disturbed as we found no
evidence of reworking, concavity, or bioturbation (Fig. 6a and
Supplementary Fig. A.3). Between 5 and 45 cm, black silt grains
lacking sedimentary structures were predominant (>60%; Fig. 6I).
The interval between 45 and 125 cm was composed of 1-cm
interbedded black and black-olive-gray silt layers (Fig 6II) where
we detected Biomphalaria sp. shells. Between 125 and 139 cm, we
found mainly black sediments that transitioned between silt and
sand. In turn, gray-black-dark gray sands (>65%; Fig 6III) prevailed
in the subsequent interval between 140 and 160 cm. Between 161
and 230 cm, we found a predominance of gray sands (>75%; Fig
6IV). The basal portion of the core, between 230 and 284 cm, was
characterized by gray sediments composed of 40% sand, 50% silt,
and 10% clay (Fig 6V).

Archived seismic reflection data of Boqueir~ao Lake show a flat
bottom in its central area and continuous undeformed strata



Table 2
OSL dating data. Moisture content for all samples was between 3± 2% and 7± 4%, except for sample RF 6 that showed 17± 10%.

Fig. 5. (a and b) Mean diameter and sortness, respectively, of the dune succession samples distributed by depth and age. Classification of sands into sorting classes was based on
standard deviation (Friedman et al., 1992). (c) Grain size-frequency distribution including lake deposit samples.
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superimposed by a strong reflection thin layer (up to 1m; Fig. 3b;
Zocatelli et al., 2012). We observed a clear boundary between these
layers throughout the lake. Also, diffuse and high amplitude re-
flections pointed to acoustic blanking characteristic of free gas.
Sediments thickened towards the lake center, and shoulders
showed erosional or depositional features. We detected terraced
gently and more gently sloping surfaces in the western and eastern
lake edges, respectively. Also, we observed an infilled paleochannel
~100m from the eastern Boqueir~ao Lake edge.
The core BOQ/07/02 recorded sedimentation processes from

~8.4 to 0.9 ka (Table 3, Fig. 6a). Sponge spicules and diatoms were
the most common siliceous microfossils. Spicules, mostly frag-
mented, were identified as megascleres (Demospongiae Class)
because of straight or slightly curved oxeas, smooth or eventually
expanded central areas, and gradual tapering extremities (Fig. 6c).
Megascleres were registered from ~7.2 ka at a concentration of



Fig. 6. (a) Stratigraphy of sediment core BOQ/07/02 from Boqueir~ao Lake with 14C ages and associated data: (b) SR (sediment accumulation rate); (c) Sponge spicule density; (d)
Diatom density; (e) Graphical representation of sand content in the core; and (f and g) Individual diatom species density and their correlation.

Table 3
Radiocarbon dating results.

Lab ID Depth (cm) d13C Age 14C (BP) Error Minimum age (cal BP) Maximum age (cal BP) prob. 0,95 (2s) Average age (cal BP)

AA93417 10-.11 -25.7 1019 37 796 937 97.8 867
SacA35497 13-14 -26.64 960 30 760 918 100 839
SacA35498 15-16 -25.25 1845 30 1697 1825 87.3 1761
AA93424 20-21 -23.8 2325 36 2295 2356 57.1 2326
SacA35499 23-24 -23.3 2430 30 2340 2497 88.8 2419
AA93420 30-31 -26.9 3622 39 3811 3985 85.1 3898
AA93416 40-41 -27.6 3598 41 3708 3872 100 3790
AA93422 45-46 -27.3 4022 45 4285 4573 98.9 4429
AA93421 80-81 -25.4 3703 40 3862 4084 97.4 3973
AA93425 90-91 -26.9 4075 49 4407 4654 89.2 4531
AA93415 110-111 -23.8 3730 49 3871 4155 99.2 4013
AA93423 120-121 -23.1 3738 38 3905 4150 100 4028
AA93426 130-131 -23.7 3720 38 3890 4100 93.8 3995
AA93418 148-149 -22.1 3929 42 4217 4424 90.2 4321
SacA35500 154-155 -13.59 4025 30 4383 4530 94.2 4457
AA93419 230-231 -26.08 6262 63 6951 7267 100 7109
SacA35500 255-256 -19.79 5885 40 6527 6749 97.7 6638
SacA35502 280-281 -19.88 7520 70 8166 8414 100 8290
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103 cm�3 and peaked at ~4.4 ka to 33.6 104 cm�3, at times of pre-
dominantly sand deposition (Fig. 7g and h) under a sediment
accumulation rate of 0.0293 cmyr�1 (Fig. 6b). The d13C, d15N, and C/
N records were missing on the sandy bottom layers in the ~6.5e4.8
ka interval, thus indicating little organic fractions (Fig. 7c, d, and e,
respectively).
About 40% of the lake sediment sequence was deposited in a
short time between ~4.4 ka and 3.9 ka. The high sediment accu-
mulation rate of 0.2700 cmyr�1 originated a series of super-
imposed radiocarbon dates as observed between the depth of
154e155 and 30e31 cm (Table 3). These overlapping ages were at
least in part affected by sediment reworking as evidenced by the



Fig. 7. (a) Oxygen isotope data of speleothems from Northeastern Brazil (Cruz et al., 2009). (b) February insolation at 10�S. Boqueir~ao lake core data: (c) Carbon isotope; (d) Nitrogen
isotope; (e) C/N ratio; (f) Diatom density; (g) Sponge spicule density; (h) Sand content; and (i) Dune chronology data. The highlighted band corresponds to the transgressive
dunefield formation from the mid-to late Holocene.
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sand fraction decreasing in a zig-zag fashion between 75% and 7%
(Fig. 7h). Indeed, changes from fluvial to lacustrine environments
during this period were evidenced by (a) megascleres
concentration gradually decreasing, although lacking at times; (b)
decreasing d13C values; and (c) increasing d15N and C/N values
(Fig. 7g, c, d, and e, respectively). During this period, diatoms of the
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species Mastogloia smithii var. lacustris and Fragilaria sp. were first
detected (Fig. 6f). These species are characteristically lacustrine
(Denys et al., 1991; Gaiser et al., 2010) and contributed to ~70% of
the total diatom abundance (Fig. 6d). Also, we found a negative
linear correlation between the concentration of these two diatom
species (r¼�0.57; Fig. 6g). The highest total diatom density of 55.7
106 cm�3 was synchronous with the disappearance of sponge
spicules at ~3.9 ka under the sediment accumulation rate of
0.0066 cmyr�1 (Fig. 6d and b, respectively). Between 3.9 ka and 3.1
ka, diatom abundance remained relatively high. Subsequently, it
decreased abruptly reaching the lowest value of 0.5106 cm�3 at ~1.0
ka (Fig. 7f). The d13C, d15N, and C/N record remained relatively
stable during the ~3.9e0.2 ka period under lacustrine conditions
(Fig. 7c, d, and e, respectively).

5. Discussion

5.1. Dune activity

The determined OSL ages provide a reliable chronology for the
dunes, which demonstrate that the RN coast was subjected to
multiple episodes of sand deposition at least since ~95 ka
(Table 2 and Supplementary Fig. A.3). Sediments deposited be-
tween 94.8 ± 7.1 ka and 22.3 ± 1.7 ka showed a low average
sediment accumulation rate of 0.0055 cmyr�1 (Fig. 4g). Also,
they presented very poorly sorted grains of a medium-silt mode
coupled with a higher-magnitude sand mode (Fig. 5b and c) and
granules (quantitative data not shown). This characteristic points
to a contribution of eolian, alluvial, colluvial, or a combination of
any of these processes to the sediment overburden during this
period, making paleoenvironmental interpretations based only
on OSL ages not straightforward. A plausible framework would
entail an alluvial or colluvial contribution from the Barreiras and
Post-Barreiras sediments to these deposits. Also, these sediments
showed different luminescence characteristics when compared
to the younger sediments such as higher average dose rate and
OEDD (Fig. 4f and e, respectively). The higher OEDD of the sed-
iments deposited between 94.8 ± 7.1 ka and 22.3 ± 1.7 ka were in
the range or slightly higher than the limit attributed to well-
bleached sediments (Arnold and Roberts, 2009). We hypothe-
size that these higher values may be related to partial bleaching,
post-depositional sediment mixing (e.g., Lomax et al., 2007),
microdosimetry effects resulting from heterogeneities in radio-
nuclides distribution, or a combination of all these factors. In
contrast, sediments deposited between 11.2 ± 0.9 ka and 0.7 ± 0.1
ka under the higher average sediment accumulation rate of
0.0515 cmyr�1 (Fig. 4g and h) consisted of unimodal moderately
sorted fine sands (Fig. 5a, b, and c) pointing to an imprint of
eolian deposition during this period. These sediments showed:
(a) lower average OEDD values (<17%; Fig. 4f), excluding the
exceptional 71% detected at the 0.5m depth in the sediment
section (Table 2). This value may be attributed to bio- or pedo-
turbation affecting grain mixing, as shown in other studies
(e.g., Bateman et al., 2007; Rawling et al., 2008; Arnold and
Roberts, 2009; Mason et al., 2011); (b) a lower average dose
rate compared to the older sediments (Fig. 4e). Differences in the
dose rate may be applied to discriminate sediments derived from
diverse sources (e.g., Macdonald et al., 1997; Mohanty et al.,
2004).

Eolian dune construction usually reflects optimal conditions of
sediment supply, transport, and preservation, which may be
interspersed with periods of erosion or sand bypass (e.g., Kocurek,
1999; Singhvi and Porat, 2008). However, we interpret the OSL ages
between 11.2± 0.9 ka and 6.3± 0.5 ka as indicators of intense or
pulsed dune activity. This is justified by a combination of regional
landforms such as NW-oriented barchans, gegenwalle ridges
(counter ridges formed opposite to the dominant wind; Hesp et al.,
2011), and parabolic dunes showing on the near-surface the last
recorded OSL ages in this period, between 6.9± 0.6 ka and 6.3± 0.5
ka (Refs. RF 2 and RF 3, respectively; Table 2). These ages are most
likely related to the last stabilization event after a significant phase
of dune construction. In the study area, the above-mentioned dune
morphologies combine new sand advancements moving over older
surfaces stabilized by vegetation. This framework is common in
tropical coastal areas in Brazil (e.g., Buynevich et al., 2010) which
are usually associated with the formation of transgressive dune-
fields (Guedes et al., 2017). There is much debate about the for-
mation of these deposits and initiation mechanisms may include,
for example, relative sea-level variations, climate change, or a
contribution from both (Hesp, 2013 and references therein). We
discuss the controls over the development and stabilization of
eolian dunes in the study area in the following subsections.

5.1.1. The contribution of relative sea-level changes to sediment
supply in coastal RN

In Brazil, the early Holocene is characterized by a relative sea-
level rise that lasted until the mid-Holocene, when it peaked
regionally between 1 and 4m higher than present sea level (Angulo
et al., 2006). Rising relative sea level induces coastal erosion that
may supply abundant foreshore sediments to initiate transgressive
dunefield development under high eolian energy conditions (e.g.,
Cooper, 1958; Pye and Bowman, 1984). In Australia, for example,
transgressive dunes were formed between 10 and 6 ka (Pye and
Bowman, 1984; Lees et al., 1993; Sloss et al., 2007). Modeling of
relative sea-level data from the Caribbean and northeastern Brazil,
which includes a site 300 km south of the study area, indicates
relative sea-level rise rates of 7e8mmyr�1 in the early Holocene
(Milne et al., 2005). Also, analysis of samples from the Potengi River
estuary (Fig. 1a) shows a relative sea-level rise rate of 6.1mmyr�1

between 8.3 and 7.0 ka (Boski et al., 2015). It seems reasonable to
suggest that relative sea-level rise may have contributed to supply
sediments for the formation of a transgressive dunefield in the
study area. This contribution may have lasted until the mid-
Holocene when relative sea level began to fall and subsequently
stabilized. This hypothesis is consistent with the present coastal
environment in northeastern Brazil, formed after the Last Glacial
Maximum when dissipative beaches were constructed. Processes
that lead to the formation of dissipative beaches are varied andmay
include a combination of factors such as wave energy (e.g., Carter,
1990; Padilla and Alsina, 2017), or the occurrence of storms (e.g.,
Christiansen et al., 1990; Angnuureng et al., 2017), rather than a
process that involves sediment supply only. Notwithstanding, this
type of beach configuration often stores large quantities of sand in
the shoreface (Roy and Thom, 1981; Pye and Bowman, 1984) that
can ultimately fuel dune activity as shown by the rise in the sedi-
ment accumulation rate during the early Holocene in the study area
(Fig. 4g and h).

The Holocene relative sea-level highstand of þ1.3 m in the
northern RN state was radiocarbon dated at ~6.3 ka using beach
rock (Caldas et al., 2006). Although the meaning of beach rock
dating is controversial (Murray-Wallace and Woodroffe, 2014), this
age fits well with the subsiding dune activity at 6.28± 0.50 ka, thus
indicating dune stabilization at times of diminishing sand supply
after the maximum Holocene relative sea level.

5.1.2. The role of holocene climate variations in coastal RN dune
activity

Marked changes in rainfall on millennial time scales affected NE
Brazil during the Holocene (e.g., Novello et al., 2012; Bertrand et al.,
2017). The Icatú River Valley (please refer to the Supplementary
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KMZ file for location) provided the first evidence of changing
climate during this period. In this area, the dominant semi-humid
pollen taxa such as Mauritia vinifera attested to a bioma of cer-
rado vegetation during the early tomid-Holocene (De Oliveira et al.,
1999). In turn, during the late Holocene these authors found pollen
from semi-arid plants taxa typical of caatinga vegetation. Also,
high-resolution stable oxygen isotope speleothem records from
Rainha and Furna Nova Caves (Cruz et al., 2009) located nearby this
study site (Fig. 1a) showed periods of enhanced precipitation dur-
ing the early to mid-Holocene. These authors found more negative
values of d18O between 10.5 and 5 ka, coeval with low summer
insolation in the Southern Hemisphere (Fig. 7a and b).

Proxy records obtained recently from sediments of a marine
core situated in front of the Parnaíba River catchment (GeoB16202-
2; Supplementary KMZ file) support the Icatú River Valley and the
Rainha and Furna Nova Cave climatic archive. Higher values of plant
wax lipids from the GeoB16202-2 core indicated a drying climate
from east to west on the NE Brazil coast during the last 5 ky
(Mulitza et al., 2017). These authors showed a tendency towards a
semi-arid climate during late Holocene reinforced by a weaker
riverine input of sediments as suggested by a significant decrease in
the Fe/Ca ratio. Additional evidence of climate change in NE Brazil
during the Holocene comes from Serra de Maranguape
(Supplementary KMZ file). At this location, significant composi-
tional changes in forest types took place between ~5 ka and ~1 ka,
attesting to regionally drier conditions (Montade et al., 2014). These
changes in climate frommid-to late Holocene may reflect primarily
a decrease in the equatorial rainfall induced by changes in the
location of the Intertropical Convergence Zone on the northern
coast of NE Brazil (Cruz et al., 2009; Mulitza et al., 2017).

Regional wind conditions in the early Holocene are not well
established on the RN coast, though currently strong winds occur
all year round. Thewet and dry seasons register average speeds that
are sustained farther inland than Boqueir~ao Lake, of 6m s�1 and
9m s�1, respectively (Amarante et al., 2003, Fig. 1b). It is plausible
that such wind speeds were maintained during the early Holocene
because sediments from the foreshore were transported in signif-
icant amounts over even longer distances from the early Holocene
coastline to Boqueir~ao Lake.

Varying rain and wind conditions affect eolian sediment supply
and mobility (e.g., Hugenholtz and Wolfe, 2005). For example, on
the low gradient 40-km narrow RN state continental shelf
enhanced storminess brings more wave erosion and sediment
availability (Vital et al., 2004). Also, increased precipitation stimu-
lates fluvial erosion of stabilized dunes or soils covering bedrocks in
association with enhanced sediment transport by rivers. These
sediments may ultimately end up in the foreshore as shown else-
where (e.g., Suanez et al., 2013; Harley et al., 2017). In the Cur-
umataú River estuary, RN state (Supplementary KMZ file), river
discharge increases substantially during periods of heavy rains (De
Miranda et al., 2005). There are no regional studies on how this
affects the sediment load transported by rivers or by longshore drift
currents in our study area. In comparison, a coastal area of seasonal
rains showing similar average annual precipitation in southern
Brazil (the Itajaí-Açu River; Supplementary KMZ file) produced an
enhanced sediment load during continuous rains (Schettini and
Toldo, 2004).

Considering that the primary period of dune buildup in the
study area during the Holocene (~11.2e6.3 ka) is synchronous with
the wetter regional climate (~10.5e5 ka), we rule out aridity-driven
changes in vegetation cover as one of the primary controls on dune
dynamics. Accordingly, in addition to the sediment contribution
provided by the relative sea-level rise, a climate-driven forcing
contributing to the formation of the RN transgressive dunefield
cannot be ruled out.
5.1.3. From mid-Holocene to the present day
The end of the relative sea-level rise and coastline transgression

in the mid-Holocene, and the onset of a drier climate at ~5 ka
(Angulo et al., 2006 and Cruz et al., 2009, respectively) mark the
reduction of the leading sources of sediment supply that promoted
dune activity reaching the vicinity of Boqueir~ao Lake between ~11.5
ka and ~6.3 ka. This supply-dependent stabilization framework
agrees with a study by Hugenholtz (2010) showing that parabolic
dunes stabilize even under strong and steady winds, provided
sediment supply diminish. After ~6 ka, relative sea-level variations
in NE Brazil were negligible (Angulo et al., 2006) making coastal
physiography and climate the essential forcings on dune formation
in northeastern Brazil. SE trade winds in the mid-to late Holocene
remained strong (Kim and Schneider, 2003; Kim et al., 2003), thus
making precipitation the dominant factor controlling sediment
availability from ~6 ka to the present day. However, the effect of
changes in precipitation on sedimentation processes in the study
area goes beyond the control of sand supply for dune activity. In an
area also dominated by ephemeral rivers and lakes, it regulates
fluvio-eolian interactions by controlling river flow competence
affecting dune migration.

5.2. The Rio Grande do Norte coast under fluvio-eolian interplay

An understanding of the present-day geomorphic framework
under the effects of fluvio-eolian interactions in the study area is
discussed below. This discussion helps elucidate processes in the
past that are explored in more detail using the Boqueir~ao Lake
formation as a case study.

5.2.1. Modern deposits
Environmental forcings such as coastal orientation and physi-

ography, wave and wind patterns, sediment availability, and accu-
mulation space are essential controls on coastal eolian deposition
(e.g., Lees, 2006; Giannini et al., 2007; Sawakuchi et al., 2008; Miot
da Silva and Shulmeister, 2016). These factors are highly variable on
the ~2900 km stretch of the NE coast of Brazil (Fig. 1 inset), thus
explaining the irregular distribution of active and stabilized
dunefields. Few or minor dunefields occur for approximately
1500 km on the eastern NE coast up to the Pernambuco State
(Supplementary KMZ file). In turn, they become ubiquitous be-
tween the RN and the Maranh~ao States. The reasons for the con-
centration of dunefields in this northeastern coastal area can be
varied and may involve a combination of the forcings mentioned
above. However, we suggest two additional mechanisms that may
also contribute to sand availability in the inner shelf that subse-
quently would be transported by wave action to the foreshore in
the study area. The first is the decrease of the northbound long-
shore current from a maximum velocity of 105 cm s�1 to 25 cm s�1

(average speed of 6 cm s�1) close to the Touros High (Fig. 1a; Hazin
et al., 2008; Vital et al., 2010). The second involves the possible
trapping of sediments by beach rock. Beach rock ridges may affect
coastal dynamics by trapping sediments transported by the long-
shore drift and local circulation cells (Cooper, 1991). They are
ubiquitous on the RN coast, which is considered one of the “hot
spots” of beach rock in the world (Vousdoukas et al., 2007). In the
RN state, beach rock formations are located parallel to the coast
between the foreshore and 30 km offshore (Cabral Neto et al., 2010;
Supplementary Fig. A.1). In the shoreline of the RN State, they can
range in thickness and width from a few centimeters to almost 3m,
and from 2 to 50m, respectively (Vieira et al., 2017). Conversely,
beach rock ridges found offshoremay reach up to 25m in thickness,
originating sub-aerial exposure in some locations (Cabral Neto
et al., 2013). The contribution of the regional offshore beach rock
ridges in confining sediments has not been regionally documented.



Fig. 8. Stages of the Boqueir~ao Lake landscape evolution revealed by fluvio-eolian
interactions. (a) Increasingly wetter climate from ~11.2-7.2 ka benefits competent
drainage flows and dune erosion. (b), (c), and (d) Peak of the wetter climate between
~7.2 ka and 4.4 ka promotes dune advancements and subsequent erosion. (e) and (f)
Between ~4.4 ka and 4.0 k shifts from wetter to drier climate foster alternations be-
tween damming and dune-circumventing of Boqueir~ao River. (g) The increasingly drier
climate conditions hinder dune advancements reaching Boqueir~ao Lake while
decreasing the river competence flow to circumvent the existing dunes.
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However, their effect on restricting fish dispersal suggests that
sediment mobility may also be hindered by their walls, especially
when the ridges are sub-aerially exposed or close to the water
surface. In the RN State, fishermen go out to sea as far as 25-km
distance from the coastline to catch seafood, confined by beach
rock ridges, locally known as sand banks.

The source of sediments that accumulate in the inner shelf and
ultimately feed the dunes can be related to at least two different
processes. The first one is evidenced by the relatively unstable
heavy minerals found only at the foreshore and active dunefield
sands (Table 1b). These minerals most likely derived from southern
coastal catchments such as the Potengi and Jundiaí rivers (Fig. 1a)
that circumvent metamorphic and igneous rocks and were trans-
ported by the northward longshore drift. The second process in-
volves recycling of sediments from the stabilized and active
dunefields. During the wet season, sands eroded from stabilized or
active deposits would be transported by the local rivers. Concur-
rently, active dune migration would be interrupted by flooding
interdunes or by competent-flow drainages where saltating sands
would fall into and then flushed to the Atlantic Ocean. Subse-
quently, sands brought to the foreshore would feed dune ad-
vancements that block or divert drainage pathways, thus
promoting the formation of lakes, or shifts in the position of river
mouths (Fig. 2b and a, respectively). These continuous fluvio-eolian
cycles of sediment reworking highlight the link between climate
and the geomorphic configuration in the study area.

5.2.2. Evidence of past fluvio-eolian interplay
In the study area, evidence of past fluvio-eolian interplay pro-

moting geomorphic changes can be found in stabilized dunes and
dammed lakes. They can be detected, for example, in marshes that
are bounded by degraded parabolic ridges and depositional lobes
(Fig. 2c), or in a paleochannel and a sandy layer detected in the
dune-dammed Boqueir~ao Lake (Fig. 3b).

5.3. The Boqueir~ao Lake evolution

5.3.1. Fluvial deposition between ~11.2 ka and ~4.4 ka
The last recorded dune activity period in the vicinity of

Boqueir~ao Lake was between 11.2± 0.9 ka and 6.3± 0.5 ka under
the effect of the transgressive dunefield system. This interval is
synchronous with the Holocene marine transgression and the
regionally wetter climate period (Fig. 7a). Data from core BOQ/07/
02 show that sand deposition became increasingly dominant over
silt and clay between ~7.2 ka and ~4.4 ka (Fig. 7h). This suggests that
an increase in sand content recorded in the core is related to a
significant contribution of eolian processes before Boqueir~ao Lake
was established. It is possible to establish a common eolian source
of the dune succession profile sands with lake sediments during the
~7.2e4.4 ka period because the data show: (a) the same order of
magnitude of the sand accumulation rate of 0.0515 cmyr�1 and
0.0426 cmyr�1, respectively (Figs. 4g and 6b); and (b) similar grain
size distribution (Fig. 5c). Also, it is unlikely that wind action
distributed sand evenly in the 375m-cross section of Boqueir~ao
Lake (Fig. 3b) after the lake formation; the trapping effect of the
lake waters would hinder the motion of eolian sands by creeping,
saltation, or reptation. A study of eolian activity adjacent to Gen-
ggahai Lake in the Tibetan Plateau shows that eolian sands were
transported and deposited into the lake for limited distances from
the margins (Qiang et al., 2014). A numerical model of a saltating
sand flow indicates that sand transport from dunes to lakes rarely
exceeds 13m farther than the lee of a dune, except for periods of
high turbulence (Keen and Shane, 1990). Thus, during the wetter
period, progressive dune weathering and erosion most likely left
patches of relatively flat exposed sand terrain interspersed with
stabilized dunes (Fig. 8a and b), similar to what is currently
observed NE of Boqueir~ao Lake (Fig. 2c). Under this framework, the
competent-flow Boqueir~ao River would change pathway positions
diverting from any advancing dunes until eolian sand transport
diminished substantially at ~6.3 ka (Fig. 8 c and d).

However, the best evidence of past fluvial systems in the
Boqueir~ao Lake area is revealed by sponge spicules of Class
Demospongiae that appeared at ~7.2 ka peaking at ~4.4 ka (Fig. 7g).
Class Demospongiae is associated with environments dominated
by hard or sandy substrates that help its fixation (Frost, 2001; Frost
et al., 2001). Also, these authors suggest that these sponges are
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good indicators of well oxygenated riverine waters because this is a
limiting factor for their survival. Our data show that the sandy
deposition between ~7.2 ka and ~4.4 ka (Fig. 7h) is synchronous
with low organic carbon content, and consequently, we could not
analyze d13C, d15N, and C/N (Fig. 7c, d, and e, respectively) during
this period. Hence, the fossil evidence confirms the prevalence of
fluvial environments ~7.2e4.4 ka, consistent with the regional
wetter climate.

5.3.2. Alternating fluvial and lacustrine deposition between ~4.4
and ~4.0 ka

Between ~4.4 ka and~ 4.0 ka shifts from fluvial to lacustrine
environments were inferred from the interspersed peaks of sponge
spicules and diatoms (Fig. 7g and f, respectively). This fluvial to
lacustrine alternation is also consistent with the abrupt zig-zag
fashion substitution of the sandy substrate to lake sediments, and
with the geochemical data (Fig. 7h, c, d, and e). Additionally, this
period is synchronous with changes from awetter to a drier climate
(Fig. 7a) and importantly, agrees with a transition from semi-humid
to semi-arid forest biomes in NE Brazil because of declining mois-
ture levels at ~4.2 ka (De Oliveira et al., 1999). These authors report
a decrease in gallery forest taxa followed by an increase in caatinga
and cerrado species in the Icatú River Valley.

We interpret this alternating fluvial and lacustrine deposition as
a result of an oscillating Boqueir~ao River flow competence at times
of limited dune activity. It seems likely that during the ~4.4e4.0 ka
period Boqueir~ao River was still circumventing stabilized dunes,
though episodic diminishing flow competence could benefit dune
blockage by back-flooding the Boqueir~ao River valley (Fig. 8e). A
subsequent wetter period could promote spillovers and river path
diversion (Fig. 8f), reinstating a new cycle of competing fluvial and
eolian processes. Damming would initially promote terrestrial
organic matter accumulation derived from C4 vegetation from the
lake margins as shown by d13C data (Fig. 7c). Subsequently, Bio-
mphalaria sp. shells and possibly macrophytes would colonize the
lake, enhancing the concentration of organic matter. An increasing
C/N (Fig. 7e) and a lowering of d13C values attest to this premise.
Also, the transition of depositional environments at ~4.4e4.0 ka
shows increasing d15N values that are consistent with an increase in
diatom abundance (Fig. 7d and f, respectively). Thus, our stable
isotopes and geochemical data are consistent with the replacement
of sponges by diatoms during the transition from fluvial to lacus-
trine systems. The interbedded layers of silt and sand (Fig. 6a and
Supplementary Fig. A.3) corroborate this transition, suggesting
events of higher and lower lake levels associated with alternating
lacustrine and fluvial deposition.

5.3.3. Lacustrine deposition between ~3.9 ka and the present day
Starting at ~3.9 ka sponge spicules were substituted by lacus-

trine diatoms represented mainly by M. smithii var. lacustris and
Fragilaria sp. These diatoms show contrasting habitats: periphytic,
usually associated with macrophytes (Gaiser et al., 2010); and
benthonic (Denys et al., 1991), respectively. Thus, the prevalence of
one species over another in Boqueir~ao Lake indicates environ-
mental conditions that influence physical limnological variables
such as water flow, lake levels, or both. Also, from ~3.9 ka the fossil
data are consistent with the geochemical record that show lower
d13C and C/N values (Fig. 7c and e, respectively), indicating lotic
water conditions caused by a predominance of algal organic matter
associated with organic-rich sediments and low contribution of
sand (Figs. 7h and 8g). Studies in paleolimnology have shown that
these geochemical patterns are characteristic of lacustrine systems
(Behling et al., 2001; Meyers, 2003). Subsequently, diatom density
was drastically reduced after 3.1 ka and stabilized at 2.3 ka (Fig. 7f),
when lake water presented more stable conditions of organic
matter accumulation, as demonstrated by d13C, d15N, and C/N
values (Fig. 7 c, d, and e, respectively). The absence of Biomphalaria
sp. may suggest deeper waters in the area of the core sampling after
3.9 ka because this species thrives in shallow environments
(Utzinger et al., 1997; Utzinger and Tanner, 2000). At ~2.3 ka, our
data from organic additions coupled with low sand content
(Fig. 7h) support the formation of an impervious Boqueir~ao Lake
bottom that would hinder loss of volume to groundwater. In
contrast, the unconsolidated and porous dune terrains of the
eastern and northern shores present higher permeability and are
thus prone to spillovers and water infiltration that affect lake water
levels. In this respect, studies by Swinehart and Loope (1992)
suggest that in lakes formed by dune blockage water levels
remain stable because input usually equals output.

5.3.4. The Boqueir~ao Lake water level archive
This research complements previous studies using sediment

cores from Boqueir~ao Lake correlating past lake levels with pre-
cipitation. Our analysis of a 2.85-m core enhances the study by
Gomes et al. (2014) using diatom distribution from the upper 1.45-
m depth core to assess lake levels, though there is a lack of chro-
nological framework in their study. In turn, the lake level records of
the last 3.0 ka and ~1.6 ka presented in Zocatelli et al. (2012) and
Viana et al. (2014), respectively, are expanded to the early Holocene
in our investigation. These authors used organic petrography and
geochemistry, and grain size and diatom distribution, respectively,
for their studies. Different from these previous contributions, our
new study of the Boqueir~ao Lake evolution takes, for the first time,
the changes in the eolian variable into consideration to assess
paleoclimate and paleoenvironmental reconstructions. Also, in
contrast with previous interpretations, our results indicate a rise in
lake water levels concomitant with prevalent drier climate condi-
tions. A corollary of these findings is that attempts to associate
increasing lake water levels to periods of enhanced precipitation
alone have to be considered with caution. The fluvio-eolian inter-
play mechanism presented in our study suggests a holistic
perspective when investigating paleoenvironmental archives and
geomorphic evolution rather than examining fluvial or eolian
processes alone.

6. Conclusion

Our findings show that eolian dune development in the Rio
Grande do Norte coast is associated with wetter, rather than the
commonly associated drier periods for dune formation. Indeed,
dune activity peaked between 11 ka and 6 ka with the formation of
a transgressive dunefield under strong SE winds. During this
period, a combination of a predominantly wetter climate and a
rising relative sea level enhanced sediment availability. The inter-
action of advancing and stabilized dunes with the existing drainage
depended on the intensity of dune activity and riverine flow
competence, thus promoting river-dammed lakes or diversion of
river pathways. This fluvio-eolian interplay is illustrated by the
Boqueir~ao Lake evolution using sedimentological, geochemical and
microfossil data. Our study reveals that the correlation of lake levels
of Boqueir~ao Lake with a wetter climate is not straightforward.
Contrary to previously reported findings, this new study evidences
that the formation of this lake is a result of the Boqueir~ao River
damming by dunes at times of diminishing rains in the mid-
Holocene. Additionally, the high abundance of lake-diatoms in
Boqueir~ao Lake is consistent with a predominantly drier period
from 4 ka to 1 ka. The interaction of fluvial and eolian systems
responsible for the formation of this lake continued in the late
Holocene shaping the regional landscape, under the sediment
supply forcing constrained by climate and coastal physiography.
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Paleoclimate studies based on lake water levels in this region can
only be understood in light of continual interplay of fluvial, eolian,
and lacustrine processes. The findings in this paper may guide
future research in the area to shed light on sedimentary processes
during the Holocene. New studies may include, for example, the
dating of the offshore beach rock to determine the paleo-coastline
chronology that could help elucidate the reasons for the onset of
the predominantly eolian deposition after the LGM.
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