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Holocene coastal barriers from southern Brazil present great geomorphological changes during their late
stages of development. In this study, we investigate the Holocene evolution of the São Francisco do Sul
(SFS) barrier through geomorphological, heavy minerals and grain size analyses constrained by Optically
Stimulated Luminescence (OSL) dating. The SFS barrier stands out among the southern Brazilian barriers
due to its well preserved morphology with a parabolic dune belt in the seaward portion. The progradation
of the SFS barrier started at least 4914±478 years ago and had a pronounced morphodynamic shift around
1891±155 years ago. This shift is characterized by episodic development of parabolic dunes migrating
to NNW associated with sand coarsening and a marked variation in sediment provenance represented
by the input of sands derived from local coastal watersheds southward from the SFS barrier. This
morphodynamic-provenance shift resulted from the strengthening of SSE winds and associated wave sys-
tems responsible for the northward alongshore drift, implying intensification of cold fronts coupled with
higher precipitation since 1891±155 years ago. OSL dating combined with grain size, heavy minerals and
geomorphological analyses allowed assessing the response of coastal barriers to the impacts of centennial
to millenial climate events occurred during the Late Holocene. Reconstruction of the Late Holocene climate
variability and associated impacts on coastal sedimentation is a key issue to evaluate the sensitivity of coastal
barriers to future climate changes.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Beach ridges with superimposed aeolian dunes are common fea-
tures of coastal sandy barriers formed by progradation of wave-
dominated depositional systems following the Holocene relative sea
level rise throughout the world (Clemmensen et al., 1996; Lancaster
et al., 2002; Orford et al., 2003; Cooper and Navas, 2004). A great num-
ber of coastal barriers on southern Brazil prograded since the Mid-
Holocenewith superimposed dunes forming at later stage of barrier de-
velopment (Giannini and Santos, 1994; Martinho et al., 2006; Giannini
et al., 2007; Sawakuchi et al., 2008; Giannini et al., 2009; Guedes et al.,
2011a, 2011b). However, the factors controlling the generation of
these superimposed dunes during the later evolution stages of southern
Brazilian barriers and eventual decoupling of sediments from their
beach ridges and dunes have not been completely understood. The
niversidade de São Paulo, Rua
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dynamics of barrier depositional systems is under the influence of cli-
mate and sea-level forcings (Cowell and Thom, 1994). Late Holocene
climate changes in South America have been documented by several
authors under different proxies (Rodbell et al., 1999; Haug et al.,
2001; Lamy et al., 2001; Markgraf et al., 2003; Gilli et al., 2005;
Wanner et al., 2008; Cruz et al., 2009; Vimeux et al., 2009; Lamy et al.,
2010; Fletcher and Moreno, 2012). Despite relative sea-level playing
an important role for the evolution of coastal barriers, the great geomor-
phological diversity of southern Brazilian barriers (Angulo et al., 2009
suggests that coastal physiography and climate are the most important
forcings for their Holocene sedimentary dynamics (Sawakuchi et al.,
2008; Guedes et al., 2011a); In this context, the northward migration
of frontal systems (cold fronts) are particularly important for the sedi-
mentary dynamics of coastal depositional systems in southern Brazil
because it shifts and intensifies wind and wave activity (Siqueira and
Machado, 2004; Rodrigues et al., 2004; Pezza and Simmonds, 2005).
The activity of cold fronts in southern Brazil is sensitive to regional
South American climate systems such as the westerlies wind belt
(Siqueira and Machado, 2004) and the El Niño Southern Oscillation
(Grimm and Doyle, 2000). Changes in the intensity and displacement
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of the westerlies and the onset of the El Niño Southern Oscillation
(ENSO) at about 5 ka ago triggered shifts in atmospheric circulation
that persist to the present day (Markgraf, 1998; Moreno, 2004; Gilli et
al., 2005). The westerlies activity favors the development of frontal sys-
tems in southern South America (Stutt and Lamy, 2004; Gilli et al.,
2005; Lamy et al., 2010). The northward advance of cold fronts stimu-
lates S to SE winds as well as wave systems responsible for the north-
ward alongshore sediment transport on the southern Brazilian coast.
In this context, the São Francisco do Sul (SFS) barrier stands out as a
wave-dominated prograded barrier in the southern Brazilian coast
presenting well developed parabolic dunes generated by S to SE
winds related to the activity of cold fronts.

The aim of this study was to evaluate the relation between aeolian
dunes generation during the late stages of development of the SFS bar-
rier and climate changes able to affect winds and waves acting on the
southern Brazilian coast. Changes in sediment sources between beach
ridges and superimposed dunes sands are also investigated in the SFS
barrier. Variation in sediment provenance between beach ridges and
adjoining coastal dunes have been reported by several authors (Bauer,
1991; Shulmeister and Kirk, 1993; Orford et al., 2003; Anthony et al.,
2010) and have been associated to processes related to sea level or
climate changes. Hitherto one hindrance in solving themechanisms re-
sponsible for shifts in barrier geomorphology and sediment provenance
was the lack of absolute ages. First absolute ages obtained by Optically
Stimulated Luminescence (OSL) with the application of the single-
aliquot regenerative-dose (SAR) protocol for beach ridges and dunes
in the SFS barrier were attained. Thus, OSL ages provided a detailed
chronological for sediment deposition that coupled with grain size,
heavy minerals and geomorphological analyses helped to evaluate the
climate significance of changes in barrier morphology and sediments
provenance through time.

2. Study setting

2.1. Geological aspects

The major portion of the southern Brazilian coast rests against crys-
talline massifs that forms the Serra do Mar coastal range, stretching
from the southern State of Espírito Santo (~20° S) to the southern por-
tion of Santa Catarina State (~28° S, Angulo et al., 2009). Its most prom-
inent geomorphological characteristic is the scarped coastal range that,
when intersecting the coastline, creates coastal embayments where
strandplains, and less frequently estuarine systems, are found (Angulo
et al., 2009). The SFS barrier is located on the northern coast of the
Santa Catarina State in Babitonga bay estuary vicinity (Fig. 1). It covers
an area of about 280 km2 with an approximate length of oceanic coast-
line of 40 km. The facing inner shelf is identified by a low-gradient slope
(~0.01%) with the−50 m contour at around 45–75 km away from the
shore (Angulo et al., 2009). The Precambrian substrate is composed of
granitic-gneissic rocks of the Coastal Granitoid Belt (Basei et al., 1992;
Siga et al., 1993). On the northernmost part of the barrier, these rocks
reach the shore forming headlands and small islands. Also, they outcrop
in thewestern part and in scattered hills throughout the barrier. Despite
the occurrence of granites, low to high grade metamorphic rocks repre-
sented by schists, gneisses and migmatites (CPRM, 2004; Fig. 2B) pre-
vail over the landward regions.

In southern Brazil, limited coastal progradation occurred in the first
1000 years after the Mid-Holocene relative sea level maximum from
7000 to 5000 years BP (Angulo et al., 2006), when the estuaries were
tidal flood-dominant and sequestered sand from the coastal system
(Angulo et al., 2009). Coastal progradation was accelerated first with
the halt of flood dominance in the estuaries, that eventually became
ebb-dominant (Angulo et al., 2009), and later by the input of abundant
sediment supply that coupled with the effects of swell waves from the
south and sea-level fall allowed the conditions for the progradational
of a wave-dominated system and formation of the SFS barrier.
The SFS barrier is segmented by the Icaraí lagoon (Fig. 1) in western
and eastern sectors, which could represent two different barriers. The
western sector is up to 10 kmwide and is considered by many authors
(Martin and Suguio, 1975; Lessa et al., 2000; Horn Filho and Simó, 2008;
Angulo et al., 2009; Possamai et al., 2010) to be a Pleistocene age barrier
due to sedimentological, paleontological and geomorphological fea-
tures although no chronological analysis has been undertaken yet. Its
formation would be associated with the last Pleistocene relative
sea-level highstand at about 120 ka, when relative sea level stood 8±
2 m above the present level (Martin et al., 1988). The eastern barrier
is supposed to beHolocene in age and is the focus of this study. It covers
an area of approximately 65 km2 and comprises a succession of beach
ridges, parabolic dunes, blowouts and established foredunes forming
sand ridges with same orientation as the present coastline. All geomor-
phological units are composed predominantly of quartz dominatedwell
sorted sands.

The passive Brazilian continental margin likely experienced rela-
tive tectonic stability throughout the Quaternary (Riccomini and
Assumpção, 1999). Thus, it appears unlikely that tectonics have con-
tributed to the development of Brazilian Holocene barriers. Rather,
changes in the rate of sea-level variations bringing forth cycles of coastal
accretion and erosion (Brunn, 1962), periods of abundant sediment
supply related to episodic climatic events that affected the balance
between accommodation space and sediment input have contributed
to the progradation of the coastal systems and the formation of aeolian
dunes in southern Brazilian barriers (Martinho et al., 2008; Sawakuchi
et al., 2008; Guedes et al., 2011b). Reliable Holocene relative sea-level
analyses in southern Brazil have been established through in situ car-
bonate vermetid shells (Angulo and Lessa, 1997; Angulo et al., 2005,
2006). Relative sea-level investigations in the Santa Catarina State
show a Mid-Holocene maximum highstand of around 2.1±1.0 m
above present mean relative sea-level at approximately 5400–
5800 cal yr BP (Angulo et al., 2006). Relative sea-level fall combined
with high sediment input contribute to coastal progradation and forma-
tion of sandy barriers (Carter and Woodroffe, 1997). An overview of
sea-level changes on the Brazilian coast is given by Angulo et al. (2006).

2.2. Climate

The SFS barrier climate is subtropical (Cfa, according to Koppen's
classification) with wet summers and moderately dry winters. The an-
nual rainfall varies between 1000 and 1500 mm and the mean average
temperature is 18 °C. The interactions between tropical and extra-
tropical atmospheric systems control the climate in southern Brazil
(Nobre et al., 1986). The northward incursions of extratropical Polar
air masses and their related cold fronts are of particular importance
for the climate in southern Brazil (Seluchi and Marengo, 2000). Cold
fronts migrating northward along the southern Brazilian coast occur
throughout the year within 1–2 weeks intervals but they are more in-
tense and faster during the winter (Garreaud, 1999). These cold surges
provoke sudden weather changes, influencing winds and waves acting
on the SFS barrier. Data collected from 1980 to 1985 indicate an average
duration of a cold front from 2 to 3 days in the South Brazil Bight
(Fig. 2A) with a mean time interval between successive fronts of
6.5 days (Stech and Lorenzzetti, 1992). An approaching cold front
brings initially 5 m/s NE winds which may turn up to 8 m/s SSE winds
during the following day. The westerlies wind belt influences the activ-
ity of the polar air mass. The position and intensity of the westerlies
vary seasonally as a consequence of changes in sea surface temperature
in eastern South Pacific Ocean. The westerlies belt expands northward
during austral winter favoring more intense cold fronts (Heil, 2006;
Lamy et al., 2010). Cold fronts can bring wet conditions to subtropical
Brazil. In contrast, the warm-season precipitation (South Atlantic anti-
cyclone) from late September to April is associated with the activity of
the South American Summer Monsoon (SASM; Cruz et al., 2006;
Fig. 2A). An important feature of the SASM is the South American



Fig. 1. Location and physiography of the São Francisco do Sul barrier (Landsat ETM +7 image, 2002).
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Convergence Zone (SACZ; Fig. 2A), a NW–SE elongated band of en-
hanced convective activity emanating from the Amazon River basin
and extending into subtropical latitudes and over the South Atlantic
Coast (Cruz et al., 2006).
Usually, cold fronts associated with the northward migration of
Polar anticyclones may be preceded by disturbed weather and rapid
changes in wind direction. In addition, the Santa Catarina coast
shows distinct interannual variations in precipitation with either



Fig. 2. A) Present-day South America climate system. ITCZ— Inter Tropical Convergence Zone; SASM— South America Summer Monsoon; SACZ — South Atlantic Convergence Zone. Climate elements based on Sylvestre (2009). B) Geological
map of the eastern portion of the Santa Catarina State in southern Brazil, showing the SFS barrier. The granitic rocks south of the Itajaí-Açu River are part of the Florianópolis batholith. Major rivers and their tributaries are shown on the map.
Modified from CPRM (2004).
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Fig. 3. Geomorphology of the São Francisco do Sul barrier showing beach ridges, parabolic dunes, blowouts, foredunes and foreshore. Dots indicate sample collection sites on the
central and northern portion of the SFS barrier. OSL sampling sites are shown in white labels. OSL ages were obtained. (Google Earth image by GeoEye, 2009).
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high rainfall or dry periods. This seems to be a consequence of the ef-
fect of the ENSO cycle as well as of the La Niña Southern Oscillation
(LNSO) on the southern Brazil climate (Nobre et al., 1986).

The direction of more intense and predominant incident swells in
the SFS barrier region is from SSE with a period of 7 to 16 s (Truccolo,
1998). Significant wave heights varying between 1 and 2 m are
connected to local winds (Alves, 1996). The local tide is microtidal,
mainly semidiurnal with small inequalities, with a mean range of
around 0.8 m and a maximum tide level of 1.2 m (Truccolo, 1998).
The meteorological influence on sea level is conspicuous. Storm

image of Fig.�3
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surges can raise relative sea level up to 1 m above the astronomical
tide, though the relative sea level elevation may be higher when
superimposed on a spring tide (Truccolo, 1998). The coastal deposi-
tional system is wave-dominated. The shore may be classified as in-
termediate with an exposed beach (Klein and Menezes, 2001).

Climatic variations that have occurred throughout the Mid-to
Late-Holocene illustrate the frequency and magnitude of natural
change within a climatic system that is similar to the present one
(Milne et al., 2005). According to Cruz et al. (2006), the subtropical
Atlantic coast in southern Brazil is an excellent location for investigat-
ing past changes in the atmospheric circulation because it is a region
where tropical and extratropical air masses have interacted intensely
during the Quaternary. Displacement of the SACZ occurred frequently
during the Quaternary, usually associated with Northern Hemisphere
glacial boundary conditions during Heinrich events in the Pleistocene
(Cruz et al., 2007), sea surface temperature (SST) changes or Inter-
tropical Convergence Zone (ITCZ) displacements associated with
ENSO or LNSO. These changes affected the area of the SFS barrier.
Fig. 2A shows the major air masses and winds currently acting in
South America.

3. Methods

3.1. Geomorphology and sediment sampling

A topographic map (1:50,000), Landsat 7 and Google Earth images
were used geomorphological analyses of the studied area with the
help of GIS software. This enabled the identification of different depo-
sitional features and allowed planning and guidance for field surveys.
Dune distribution was outlined through the analyses of satellite im-
ages and aerial photographs.

Forty five sediment samples were taken from the foreshore,
foredunes, blowouts, parabolic dunes and beach ridges mostly from
the eastern part of the barrier. Sample locations are shown in Fig. 3.
These locations were chosen as they were expected to represent the
geomorphological and sedimentological variability of the SFS barrier.
Fourteen samples were collected in foreshore–foredune transects.
These samples were taken along transects perpendicular to the shore-
line surveying around 30 km of the coast. Sand samples were taken
from the foreshore at approximately 0.5 m depth and foredune samples
were taken in pits with at least 0.5 m depth on the dunes crests. Eleven
sand samples from blowouts, parabolic dunes and beach ridges were
taken for OSL dating. These samples were singled out to investigate
the chronology of development of aeolian features and beach ridge
progradation in the study area. OSL-prone samples were collected in
opaque plastic tubes hammered into the sediment after cleaning the
wall in outcrops or pits at a minimum of 0.5 m depth. These tubes
were sealed to protect the samples from light exposure. Additional sed-
iment sampleswith approximately 0.5 kg eachwere taken formeasure-
ment of radionuclides concentration through gamma spectrometry. The
other twenty samples were collected in beach ridges and dunes of the
inner portions of the barrier, aiming to assess the grain size and heavy
mineral characteristics of these units.

All forty five samples were analyzed for grain-size and heavy min-
erals. Samples were grouped according to geomorphological units.

3.2. Grain-size analysis

Grain-size analysis was carried out in the Sedimentology Laboratory
at the Universidade de São Paulo (São Paulo, Brazil). Measurements of
particle-size distributionwere achieved by laser diffractionmethod uti-
lizing a Malvern Mastersizer granulometer with the Hydro 2000MU
module. Datawas tabulated in 0.125 ϕ intervals and grain-size statistics
such as themean, sorting and skewnesswere calculated for comparison
among geomorphological units. The sediment samples were classified
regarding the sorting classes proposed by Folk and Ward (1957).
3.3. Heavy-minerals analysis

Analysis of heavyminerals was performed in the very fine sand frac-
tion. Sample preparation included elimination of the pelitic fraction
through elutriation and sieving of the sand fraction to acquire the very
fine sand fraction (3.75–3.25 ϕ). Heavy minerals were separated from
light minerals by gravity-settling in bromoform (CHBr3, density of
2.83 to 2.89 g/cm3). Magnetic minerals were separated using a Frantz
magnetic separator. The non-magnetic heavy minerals residues were
mounted onto glass slides using Canada balsam for optical study
under the polarizing microscope. Two hundred non-micaceous trans-
parent heavy mineral grains plus opaque grains were computed using
the ribbon counting method (Galehouse, 1971), with the content of
each mineral type presented as percentage of grains within the
heavy-mineral assemblage. The RZi (rutile-to-zircon ratio) provenance
index as proposed by Morton and Hallsworth (1994) was measured
through a dedicated count of at least 200 grains per mineral pair. The
TZi (tourmaline-to-zircon ratio) was also measured using the same
counting method. According to Guedes et al. (2011a), the TZi index is
suitable to identify changes in patterns of sediment transport and
reworking.

3.4. OSL dating

OSL dating was carried out in quartz aliquots. The samples were
prepared under red light and the 3.00–2.75 ϕ or 2.75–2.50 ϕ grain
size fraction was obtained by wet sieving, followed by chemical treat-
ment with H2O2 27%, HCl 3.75%, HF 48–51% for 40 min, in order to re-
move organic carbon, CaCO3, feldspars and outer rinds of quartz
grains damaged by alpha particles, respectively (Aitken, 1998).
Heavy minerals and remaining feldspar grains were removed through
a gravity settling in lithium polytungstate solution at densities of
2.75 g/cm3 and 2.62 g/cm3, respectively. OSL measurements were
conducted on a Risø DA-15 TL/OSL systems, in the Radiation Dosime-
try Laboratory at Oklahoma State University (8 samples) and on a
Risø DA-20 TL/OSL systems at the Dosimetry Laboratory of the Insti-
tute of Physics of the Universidade de São Paulo (3 samples). Both
OSL readers are equipped with a Sr90/Y90 source for beta irradiation
and blue LEDs (470 nm) for OSL stimulation. The OSL was detected
using Hoya U-340 filters (290–370 nm). Equivalent dose estimation
was performed using the SAR protocol in quartz aliquots (Murray
and Wintle, 2000; Wintle and Murray, 2006). The equivalent dose
was determined by linear fitting of the dose–response data. The
equivalent dose estimation of each sample corresponded to the
weight mean of at least 20 quartz aliquots.

A high-purity germanium gamma-ray detector was utilized for 40K,
uranium and thorium estimation and determination of radiation dose
rates from sediments. The samples weremeasured after 28 days sealed
in plastic containers for radon requilibration. Beta and gamma dose
rates were calculated using conversion factors outlined by Adamiec
and Aitken (1998). Evaluation of cosmic rays dose rate was appraised
as a function of latitude, longitude, altitude and depth below surface
of the sampling point as described by Prescott and Stephan (1982).
Water content for each sample was obtained as a result of differences
between the total weight and dry weight after drying the sample in
an oven (48 h at 110 °C). Error treatment for age calculations follows
Aitken (1998).

4. Results

4.1. Geomorphology

The SFS barrier coastline orientation is around NNE. The shore ex-
hibits occasionally berms, beach cusps and a swash zone composed of
medium sand and gentle nearshore slope. It encompasses a 30–70 m
wide subaerial beach. The foreshore width increases towards north,



Fig. 4. Grain size distribution for each geomorphological unit (mean values). N indicates
the number of samples. VC=Very coarse sand; C=Coarse sand; M=Medium sand;
F=Fine sand; VF=Very fine sand; CS=Coarse silt; MS=Medium silt; FS=Fine silt;
VFS=Very fine silt.
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indicating that a northward longshore sediment transport has
prevailed during its development. In addition, increased beach
width towards the north may also be related to a change in the
beach profile from slightly convex to slightly concave in the southern
portion of the barrier (Fig. 1). This can indicate a change in the sedi-
ment flow produced by waves and currents on the coast and near-
shore areas, provoking more dissipative conditions northward. A
narrow 5 to 10 m width belt of foredune ridges and swales occurs
along the coastline. Landward, the foredunes are gradually replaced
by a series of complex-shaped vegetated dunes disrupted by blow-
outs (Fig. 3).

Stabilized parabolic dunes superimposed to beach ridges are assem-
bled in the central and northern part of the SFS barrier, encompassing
an area of approximately 7 km2. Many of the parabolic dunes can be
classified as elongated, with length to width ratio greater than 3 (Pye,
1982). Although covered by extensive vegetation, the trailing arms are
discernible and encase a central deflation corridor. Parabolic dunes in
SFS barrier can reach a height of up to 17 m and up to 1 km in length.
They migrate to NNW in response to the action of SSE winds. Flat
lying beach ridge terrains are exposed landward from the parabolic
dunes and are characterized by fine sand with low angle seaward dip-
ping plan-parallel stratified beds. The top of parabolic dunes, blowouts
and foredunes, observed in pits and trenches comprisewell sortedmas-
sive medium sands.

4.2. Grain size

Grain size data was assembled by groups related to geomorpholog-
ical units (Table 1; Fig. 4). Medium sand predominates in all categories,
except on the beach ridges where fine sand prevails. Very fine sand is
almost absent (b0.1%) on the foreshore, foredunes and blowouts not-
withstanding it represents almost 8% of the beach ridges sands. Con-
versely, coarse sand is absent from beach ridges but it appears in
considerable amounts on the other units. Very coarse sand is meaning-
ful only on the foreshore. There is a conspicuous sand coarsening from
the inner units to the outer seaward units (Fig. 4). Within the aeolian
samples, parabolic dunes samples show on average approximately
Table 1
Descriptive statistics of the grain size for samples grouped by geomorphological units.
Q1=first quartile, Q3=third quartile.

Foreshore Foredunes Blowouts Parabolic
dunes

Beach
ridges

Mean diam (ϕ)
Number 7 7 6 6 19
Mean 1.10 1.36 1.32 1.71 2.32
St dev 0.39 0.23 0.15 0.15 0.27
Minimum 0.61 1.12 1.04 1.51 1.87
Q1 0.83 1.15 1.33 1.60 2.18
Median 1.10 1.27 1.35 1.73 2.30
Q3 1.37 1.58 1.40 1.79 2.48
Maximum 1.62 1.63 1.46 1.92 2.86

Standard deviation (ϕ)
Number 7 7 6 6 19
Mean 0.53 0.54 0.48 0.51 0.45
St dev 0.08 0.05 0.05 0.03 0.06
Minimum 0.45 0.48 0.40 0.47 0.37
Q1 0.48 0.51 0.48 0.48 0.40
Median 0.52 0.53 0.49 0.51 0.45
Q3 0.54 0.59 0.50 0.54 0.47
Maximum 0.68 0.60 0.54 0.55 0.57

Skewness (ϕ)
Number 7 7 6 6 19
Mean 0.02 0.13 0.05 0.01 0.02
St dev 0.07 0.15 0.07 0.04 0.05
Minimum −0.09 0.04 0.00 −0.06 −0.12
Q1 −0.02 0.04 0.01 0.00 0.01
Median 0.04 0.05 0.03 0.02 0.02
Q3 0.06 0.14 0.04 0.04 0.04
Maximum 0.09 0.45 0.20 0.07 0.17
0.35 ϕ finer mean diameter than foredune sands. Beach ridge sands
mean diameter is around 0.60–1.20 ϕ finer than all other geomorpho-
logical units.

Sands from the foreshore, foredunes and parabolic dunes are more
poorly sorted than those from the beach ridges and blowouts
(Table 1). Sorting classes varied from well sorted (blowouts and beach
ridges) to moderately well sorted (foreshore, foredunes and parabolic
dunes). Overall, foreshore sands are coarser than foredune sands,
though both follow the same sorting class. The grain-size distributions
of all geomorphologic units are almost symmetrical as shown by skew-
ness values near zero (Table 1). Foredune sands are on average more
positively skewed than foreshore sands varying from slightly positive
to negatively skewed. This trend is also observed in other barriers
from southern Brazil (Amin and Dillenburgb, 2010; Guedes et al.,
2011a). Pelitic material is found only on the beach ridges (Fig. 4) and
could be related to more intense soil development on this sedimentary
facies, since clay and silt deposition is not expected in the wave-
dominated foreshore zone.

4.3. Heavy minerals

The heavy minerals concentration on the very fine sand fraction
present huge variation within and among the studied geomorphologi-
cal units (Table 2). A decrease in heavy mineral content is observed
from SW to NE within the foreshore, foredunes and blowout units and
from younger to older units, albeit some outliers were present in all
geomorphological units. Table 3 shows the percentage of heavy min-
erals types identified in the different geomorphological units. Higher
Table 2
Heavy minerals concentration in the very fine sand fraction from different geomorpho-
logical units. N=number of samples, Q1=first quartile, Q3=third quartile.

% Heavy minerals Foreshore Foredunes Blowouts Parabolic
dunes

Beach
ridges

Number 7 7 6 6 19
Mean 63.6 43.8 57.6 34.7 6.4
St dev 26.4 15.8 8.9 9.0 8.1
Minimum 28.2 23.7 46.1 23.8 0.4
Q1 41.0 32.5 53.9 27.1 1.2
Median 71.7 45.5 57.3 36.1 4.5
Q3 83.9 54.9 58.6 40.6 7.8
Maximum 95.4 62.6 73.2 45.8 30.4

image of Fig.�4


Table 3
Percentage of heavy minerals (mean values) identified in the geomorphological units from the SFS barrier. N=number of samples, Zi=Zircon, Tu=Tourmaline, Ru=Rutile, Hn=
Hornblende, Ep=Epidote, Sl=Sillimanite, Ky=Kyanite, St=Staurolite, Mz=Monazite, Hy=Hypersthene, Di=Diopside, Gr=Garnet, Ap=Apatite, Cl=Clinozoisite, Ac=Actin-
olite, Tr=Tremolite, An=Andaluzite, En=Enstatite.

Unit Stats Zi Tu Ru Hn Ep Sl Ky St Mz Hy Di Gt Traces

Foreshore Mean (%) 77.8 Tr 1.2 4.4 8.4 Tr Tr 1.1 Tr 1.3 0.0 1.5 Ap, Cl,
N=7 Std dev 13.5 0.8 1.0 3.0 6.0 1.3 0.9 1.3 1.5 1.3 0.0 3.4 Ac
Foredunes Mean (%) 73.4 1.3 1.4 7.9 9.3 1.3 Tr 1.0 1.0 1.8 Tr Tr Cl, Ac
N=7 Std dev 10.1 1.2 0.6 4.7 5.3 1.0 0.9 0.9 1.1 0.9 0.2 0.4
Blowouts Mean (%) 75.3 1.8 1.7 7.5 7.4 Tr Tr 1.1 Tr 2.5 0.0 Tr Cl, Tr,
N=7 Std dev 8.3 1.0 0.8 4.5 3.6 0.4 0.6 0.9 1.1 1.7 0.0 0.2 An, Ac
Parabolic dunes Mean (%) 72.0 3.1 2.3 8.0 7.3 1.0 Tr 1.8 Tr 2.3 0.0 Tr An, Ac,
N=6 Std dev 13.6 2.8 1.5 6.0 4.0 0.9 0.3 1.5 0.6 2.1 0.0 0.5 En
Beach ridges Mean (%) 58.4 9.4 11.7 2.8 4.9 3.2 6.1 1.9 Tr Tr 0.0 0.0 Cl, An,
N=19 Std dev 22.9 9.1 7.6 7.8 8.7 3.3 5.1 2.0 0.1 0.5 0.0 0.0 Ac, En
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concentrations of rutile, kyanite, sillimanite and staurolite point to a
metamorphic-dominated provenance of the beach ridge sediments. In
turn, all other units show higher contents of zircon and hornblende,
suggesting a greater contribution of sediments derived from igneous
rocks. However, intermixing occurs in both assemblages. Zircon is
present in all samples although older deposits showed a relatively low
content of zircon (Table 4). Sediments from the beach ridges compared
to all other geomorphological units stand out due to the great difference
between the shapes of their zircon grains. Zircon grains from the beach
ridges are rounded to sub-rounded in contrast to more euhedrical to
subeuhedrical forms found in the other units (Fig. 5).

Table 5 shows the statistics of RZi and TZi on the studied barrier. A
conspicuous association between geomorphological units and the RZi
can be observed. The beach ridges present higher RZi values. The
same E–W increase trend observed in the RZi is displayed in the TZi.
This indicates that provenance is the major control on the variation
of TZi within the SFS barrier.

4.4. OSL ages

The equivalent dose, dose rate and OSL ages are shown on Table 6.
The dose response curves for all aliquots follow a linear trend
(Fig. 6A). The equivalent dose distributions of all dated samples
presented low dispersion, suggesting well bleaching and absence of
sedimentmixing throughout the profile (Fig. 6C andD). Recycling ratios
vary from 0.9 to 1.1 in 99% of themeasured aliquots with amean of 0.99
(N=252), connoting that sensitive changes had been corrected ade-
quately (Fig. 6B). These characteristics attest to a reliable OSL age deter-
mination. TheOSL ages range from87±8 to 4914±478 years (Table 6)
with errors from 8% to 11%, covering the Mid- to Late Holocene.

The OSL dates follow an expected temporal progression based on
their geomorphological positions, indicating a prograding coast. This
chronology supports a depositional model of wave-dominated beach
ridges progradation followed by the development of superimposed ae-
olian dunes in some locations. Beach ridges without or with limited
dune cover are older than 3321±287 years whereas parabolic dunes
show ages younger than 1891±155 years (Table 6; Fig. 7). Recently
reactivated blowouts are located close to foredunes (Fig. 8) or parabolic
Table 4
Percentage of zircon grains in the different SFS barrier geomorphological units. Q1=
first quartile, Q3=third quartile.

Zircon Foreshore Foredune Blowouts Parabolic dunes Beach ridges

Number 7 7 6 6 19
Mean 77.8 73.4 75.3 72.0 58.4
St dev 13.5 10.1 8.3 13.6 22.9
Minimum 57.4 59.2 66.0 56.9 11.1
Q1 71.2 67.5 68.9 62.5 46.7
Median 82.1 72.5 75.6 72.2 61.7
Q3 84.5 78.4 79.0 75.1 76.0
Maximum 93.8 90.1 88.0 95.1 88.0
dunes lying less than 200 m from the foreshore. All beach ridges ages
are consistent with a sediment accumulation in a progradational
coast, with ages decreasing from base to top in vertical profiles and sea-
ward in horizontal transects. The only age inversion was observed in
sample SFS-8-L2, when compared to sample SFS-8-L1. These two sam-
ples were taken from the same unit apparently representing equal de-
positional facies. OSL ages for SFS-8-L1 (bottom layer) and SFS-8-L2
(top layer) were 3104±305 and 4541±454 years, respectively. This
apparent age inversion possibly indicates dose rate changes caused by
sediment leaching after burial (Madsen andMurray, 2009). Incomplete
bleaching and sedimentmixing are unreliable due to narrow equivalent
dose distributions. In this case, the dose rate of the top layer would be
underestimated due to leaching of minerals enriched in radionuclides.
On the other hand, the bottom layer would have an overestimated
dose rate due to the concentration of radionuclides derived from the
upper layer. This is also supported by the higher equivalent dose
presented by the bottom layer (sample SFS-8-L1).

5. Discussion

5.1. Barrier progradation and aeolian dune building

The oldest beach ridge age obtained for the SFS barrier was
4914±475 years, suggesting that barrier progradation began during
the Mid-Holocene, around the relative sea-level maximum between
7000 and 5000 years cal BP in the Brazilian coast (Angulo et al.,
2006). The beginning of progradation of the SFS barrier is approxi-
mately synchronous to the progradation of the Ilha Comprida barrier,
which started at around 6041±504 years ago (Guedes et al., 2011b).
The Ilha Comprida barrier is located 145 km to the north of the SFS
barrier, suggesting that relative sea level stabilization was a trigger
for barrier progradation in southern Brazil. The progradation of the
SFS barrier occurred under two modes of deposition. The first mode
that comprised the period from 4914±475 to at least 3321±
287 years ago encompasses beach ridges formation without signifi-
cant dune building. This period marks the onset of significant sedi-
ment accumulation in the wave-dominated coastal system, with
barrier progradation and coastline regression. The progradation dur-
ing this phase occurred under a sea level fall of 1.5 m, with
progradation rates varying from 0.1 to 0.6 m/year on the shore-
normal direction. The highest progradation rates were found on the
north-central part of SFS barrier. The range of progradation rates
obtained for the SFS barrier is similar to those obtained for the Ilha
Comprida barrier (Guedes et al., 2011b) and other Holocene barriers
worldwide, as Guichen Bay, South Australia (Murray-Wallace et al.,
2002; Bristow and Pucillo, 2006). The development of impressive par-
abolic dunes covering wave-dominated beach ridges marks the shift
in the mode of progradation of the SFS barrier. The oldest OSL ages
determined for these parabolic dunes were 1891±155 years (sample
SFS-9-L) and 1881±182 years (sample SFS-12-L). Sample site
SFS-12-L is located only 130 m from the beach ridges–parabolic



Fig. 5. A) Zircon grains from parabolic dunes, blowouts, foredunes and foreshore sands. B) Zircon grains from beach ridge sands.
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dunes boundary (Fig. 3). It should then be expected that the age of
1891±155 years represents the beginning of parabolic dunes emplace-
ment on the SFS barrier. The parabolic dunes of the SFS barrier are elon-
gated, with lobes pointing to NNW, long arms and narrow deflation
basin. This parabolic dune morphology attests to higher wind speeds
as suggested by Gaylord and Dawson (1987) in studies of airflow–

terrain interactions., Blowout formation may be linked to periods of in-
creased storminess, high speedwind erosion and climate change (Hesp,
2002). Blowouts may evolve in various ways, depending on wind
speeds, dominantwind direction, vegetation types, sand supply,magni-
tude and occurrence of beach/dune erosion and storm events, barrier/
beach status and vegetation damage due to human activities (Hesp,
Table 5
Values of RZi and TZi from different geomorphological units from the SFS barrier. Q1=firs

Rzi Foreshore Foredune Blowouts Parabolic dunes Beach ridges T

Number 7 7 6 6 19 N
Mean 1.5 1.6 2.1 2.9 18.1 M
St dev 1.2 0.8 0.9 1.4 9.9 S
Minimum 0.5 0.9 1.0 1.0 5.0 M
Q1 0.6 1.0 1.4 2.0 7.8 Q
Median 1.0 1.4 2.2 2.8 21.1 M
Q3 2.3 2.0 2.8 4.1 26.2 Q
Maximum 3.3 3.0 3.3 4.7 35.7 M
2002). In the course of time, many blowouts may become sizable and
evolve into parabolic dunes (Carter andWoodroffe, 1997). The dunede-
velopment in the SFS barrier since 1891±155 years ago represents an
abrupt increase in the activity of SSE winds. In contrast, blowouts and
foredunes developed in the last 87 years±8 years mark a change to a
period of relatively lower wind activity, albeit stronger than during
the phase dominated by beach ridges progradation.

The SFS barrier sands become coarser at the onset of formation of
aeolian dunes (Fig. 4). Beach ridges are dominated by very fine sand
while parabolic dunes, blowouts, foredunes and the foreshore com-
prise mainly medium to coarse sand. The foreshore stands out to in-
clude the highest proportion of coarse sand (Fig. 4). This huge shift
t quartile, Q3=third quartile.

zi Foreshore Foredune Blowouts Parabolic dunes Beach ridges

umber 7 7 6 6 19
ean 0.8 1.9 2.1 4.9 15.7
t dev 0.9 1.6 0.9 4.1 18.1
inimum 0.0 0.0 1.2 0.0 0.0
1 0.0 0.9 1.4 2.6 3.2
edian 0.7 1.9 1.7 4.5 6.4
3 1.2 2.4 2.7 6.0 24.9
aximum 2.4 4.9 3.4 11.8 57.1

image of Fig.�5


Table 6
OSL dating results from beach ridges, parabolic dunes and blowouts from the SFS barrier.

Sample X
(UTM)

Y
(UTM)

Unit Aliquots Dose
(mGy)

K
(%)

Th
(ppm)

U
(ppm)

Total dose rate
(mGy/year)

Gama dose rate
(mGy/year)

Beta dose rate
(mGy/year)

Cosmic dose rate
(mGy/year)

Age
(years)

SFS-18-L 748801 7095029 Blowout 24 76±4 0.341 4.025 0.328 0.880±0.066 0.301±0.0037 0.378±0.054 0.2015±0.0101 87±8
SFS-8-L3 748034 7094844 Parabolic

dune
24 1366±58 0.328 3.623 0.156 0.787±0.063 0.257±0.038 0.333±0.049 0.1971±0.0099 1735±158

SFS-9-L 748352 7094860 Parabolic
dune

24 1949±83 0.233 7.008 0.59 1.030±0.072 0.437±0.049 0.392±0.052 0.2017±0.0101 1891±155

SFS-12-L 746217 7090565 Parabolic
dune

24 1214±52 0.347 1.45 0.115 0.646±0.056 0.158±0.032 0.294±0.045 0.1934±0.097 1881±182

SFS-15-L 747367 7093504 Parabolic
dune

20 1063±46 0.379 3.881 0.388 0.875±0.065 0.304±0.035 0.402±0.055 0.1689±0.0084 1215±105

SFS-16-L 747649 7093410 Parabolic
dune

24 1505±68 0.287 6.227 0.48 1.001±0.100 0.400±0.078 0.400±0.062 0.2014±0.0101 1503±165

SFS-11-L 745770 7090759 Beach
Ridge

24 3583±153 0.24 6.8 0.858 1.079±0.081 0.453±0.056 0.421±0.058 0.2048±0.0102 3321±287

SFS-14-L 744968 7088705 Beach
Ridge

24 2024±87 0.213 1.976 0.243 0.589±0.055 0.162±0.222 0.222±0.04 0.2046±0.0102 3439±354

SFS-13-L 746392 7092520 Beach
Ridge

20 7472±337 0.2 12.199 1.476 1.521±0.130 0.743±0.104 0.574±0.078 0.2038±0.0102 4914±475

SFS-8-L1 748014 7094824 Beach
Ridge

24 2893±124 0.656 1.598 0.401 0.932±0.082 0.267±0.037 0.557±0.074 0.1079±0.0054 3104±305

SFS-8-L2 748024 7094834 Beach
Ridge

20 2140±96 0.271 0.762 0.207 0.471±0.042 0.118±0.018 0.235±0.038 0.118±0.0059 4541±454
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in grain size since aeolian dune building is abrupt and surpasses grain
size variations related to alongshore drift as observed in other southern
Brazilian barriers (Guedes et al., 2011a). This suggests lower wind and
wave energy during the phase dominated by beach ridges progradation
in relation to the phase with dune building. Thus, the formation of
aeolian dunes in the SFS barrier would be coupled to a rapid energy
increase of waves and associated currents responsible for the sand
input to the barrier. Also, parabolic dunes migration and stabilization
Fig. 6. A) Dose response curve for a quartz aliquot from sample SFS-8-L3. B) Histogram of re
samples SFS-9-L and SFS-12-L, respectively. N indicates number of aliquots. Right Y axis ind
between 1891±155 and 1215±105 years ago imply relativelywet cli-
mate, but under a SSE wind regime able to provide episodes of dune
movement.

5.2. Changes in sediment provenance

The heavy minerals of the SFS barrier sands comprise two different
assemblages. Beach ridges sands are enriched in heavy minerals from
cycling ratio of 252 aliquots. C and D) Equivalent dose distributions for quartz aliquots
icate the aliquot number.

image of Fig.�6


Fig. 7. Beach ridges, parabolic dunes and blowout OSL ages and their relation to cold
fronts activity. Unstable and stable periods indicate climatic conditions.
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medium to high-grade metamorphic rocks such as kyanite, sillimanite,
staurolite and rutile pointing to a primary provenance from source
rocks northward of the Itajaí-Açu watershed (Fig. 2B). These sands
could be transported directly from the primary source rocks to the SFS
barrier through small fluvial systems and alongshore drift or corre-
spond to reworked Pleistocene coastal sediments. The sands deposited
under conditions suitable to dune development exhibit a higher con-
centration of zircon and hornblende, suggesting an elevated input of
sediments derived from acid plutonic rocks (Table 3). Acid plutonic
rocks dominate the source areas southward of the Itajaí-Açuwatershed
(Fig. 2B). Heavy minerals assemblages in beach ridges and aeolian
dunes show some degree of intermixing between each other.

Rutile, zircon and tourmaline are among themost stable heavymin-
erals under Earth surface and diagenetic conditions (Hubert, 1962;
Morton and Hallsworth, 1999). Although granitic or mafic igneous
rocks may be source rocks of rutile, high-grade metamorphic rocks are
themost important source of rutile for sediments (Force, 1980), concur-
rently with recycled sediments. Most igneous rocks lack rutile except
where they are hydrothermally altered. Granites, which outcrop in in-
land areas southward the SFS barrier, present low contents of rutile.
Acid igeneous rocks are the main primary sources of zircon. Whereas
zircon generally survives the rock cycle from weathering to high
grademetamorphism and often evenmagmatic processes, rutile break-
down occurs at the beginning of the greenschist metamorphic facies
and is newly formed at upper amphibolite metamorphic facies condi-
tions (Zack et al., 2004). Zircon and rutile have similar habit (equant
or prismatic) and density. The similar hydraulic properties and high
stability under the sedimentary cycle make the rutile to zircon ratio
Fig. 8. Foreshore, foredunes and blowouts in the northeast
(RZi) a robust provenance indicator (Morton and Hallsworth, 1994).
For the SFS barrier, the RZi is particularly useful to discriminate sedi-
ments derived from the metamorphic and granitic rocks that dominate
inland areas of the SFS barrier. The tourmaline to zircon ratio (TZi)
would be related to changes in sedimentary reworking due to differ-
ences in density between zircon and tourmaline. Sedimentswith higher
degree of reworking would present increased content of zircon grains
due to residual concentration by winnowing. Consequently, the TZi
would differentiate sedimentary units with variations in the hydraulic
conditions responsible for the sediment transport (Guedes et al.,
2011a).

In the SFS barrier, heavy minerals content on beach ridges is signif-
icantly lower than that showed by aeolian dunes and foreshore
(Table 2). Some studies have suggested that heavy minerals concentra-
tion in coastal sands is more effective during storm periods (Roy, 1999;
Buynevich et al., 2004; Dougherty et al., 2004) and that high velocity ae-
olian winnowing during low tide periods is an important additional ef-
fect (Woolsey et al., 1975). The beach ridges from the SFS barrier are
also differentiated by their higher RZi and TZi values (Table 5). The
higher RZi values for the beach ridge sands indicate a greater contribu-
tion of sediments derived from metamorphic rocks, which is in agree-
ment with a heavy mineral assemblage with elevated contents of
staurolite, sillimanite and kyanite. The TZi trend in the SFS barrier is
similar to that observed for the RZi, suggesting that it is mainly con-
trolled by provenance. The low values of RZi observed in the parabolic
dunes, blowouts, foredunes and present foreshore indicate higher con-
tribution of sediments sourced by the acid plutonic rocks from the
Florianopolis batholith located less than 170 km south from the SFS
barrier. The Florianópolis batholith (Fig. 2B) is a major component of
the northern portion of theNeoproterozoic DomFeliciano Belt in south-
ern Brazil. The Florianópolis batholith is exposed over an area of about
12,000 km2 along the coast (Silva et al., 2003) and their sediments
reach the coastal systems through coastal watersheds. According to
Silva et al. (2003), zircon grains from the Florianópolis batholith are
morphologically simple, composed of euhedral long-prismatic crystals
with typical magmatic length to width ratio of 3:1. Euhedral zircon
grains from the parabolic dunes present a similar length to width ratio
(Fig. 5), indicating the input of sediments directly derived from the
Florianópolis batholith. Also, this suggests that the sand coarsening
from beach ridges to parabolic dunes at around 1891±155 years ago
is related to the intensification of the northward litoral drift. Studies
by Lessa et al. (2000) at the Paranaguá barrier system (~90 km north
of SFS barrier), by Angulo et al. (2009) at the Pontal do Sul barrier
(~70 km north of SFS barrier) and by Guedes et al. (2011b) at the Ilha
Comprida barrier (˜145 km north of SFS barrier), all regions with a
ern segment of the SFS barrier (sample site SFS-19-L).
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similar geomorphological setting to the SFS barrier, also show changes
in progradation during the last two thousand years. In southern Brazil,
the northward littoral drift increases during storm conditions. Sand
coarsening related to the input of local sediments directly derived
from source rocks due to seasonal weather changes was also observed
in beach and dune sediments from Kenya (Abuodha, 2003).

5.3. Morphodynamics and provenance changes due to intensification of
cold fronts and precipitation in southern Brazil

The Holocene progradation of the SFS barrier had a pronounced
morphodynamic shift around 1891±155 years ago, which is the mini-
mum age for triggering dune building. This shift is characterized by
changes in barrier morphology due to dune development through
stronger SSE winds and alternative sediment provenance combined
with sand coarsening. Dune development favored barrier aggradation
and decreasing rate of progradation. The relative sea level has fallen at
a constant low rate (Angulo et al., 2006) since the progradation of the
SFS barrier. At this low rate of relative sea-level change, the influence
of sea-level variation in progradation is weakened and the sediment
supply to the Holocene barriers from southern Brazil becomes highly
sensitive to changes in the wind and wave climate (Sawakuchi et al.,
2008). Grain size and heavy minerals indicate that dune development
occurred under higher wave energy and increased sediment supply
from southern coastal sectors. Fine sand deposition which dominates
the SFS barrier evolution until 1891±155 years ago is usually associat-
ed with a dissipative morphodynamic beach system (Short and Hesp,
1982) butwith insufficient prevailing onshorewinds to develop aeolian
depositional landforms. No concurrent deposition of beach ridges and
aeolian dunes are found on SFS barrier prior to 1891±155 years ago,
indicating lack of regular strong winds at the beach ridge progradation
stage. Conversely,medium to coarse sand are usually associatedwith an
intermediate or reflective morphodynamic beach system, which would
in most cases hinder dune building (Short and Hesp, 1982). However,
dune formation in the SFS barrier marks a shift from dissipative to
intermediate-reflective beach system. Despite the increase in wave en-
ergy favoring a dissipative beach system, the input of medium to coarse
sand forced an intermediate-reflective high energy beach system. Also,
the increase in heavy minerals concentration from the beach ridges to
the dune ridges and present foreshore supports the intensification of
storminess since around 1891±155 years ago. The stabilization of par-
abolic dunes at about 1215±105 years ago and the formation of blow-
outs and foredunes attest to a relative reduction in regularwind activity.
However, wind activity after 1215±105 years ago still persisted
more intense than during the beach ridges stage. Therefore, the
morphodynamic shift observed in the SFS barrier is a product of Late
Holocene climate changes in southern Brazil, which forced intensifica-
tion of SSE winds and their associated swell wave systems.

In southern Brazilian coast, SSE winds intensify during the north-
ward migration of cold fronts. This is accompanied by increasing in
wave height and strengthening of northward littoral drift. Thus, the de-
velopment of aeolian dunes and augmentation and coarsening of the
sediment supply from southern coastal sectors since around 1891±
155 years ago mark a change for a phase withmore intense cold fronts.
This period persisted until at least 1215±105 years ago, when cold
fronts activity was reduced, though persisted more intense than before
1891±155 years ago. In southern South America, the period between
1800 and 1200 years ago corresponds to an increase in the amplitude
of ENSO events and the seasonal shift of the westerlies storm tracks,
poleward in summer and equatorward in winter (Markgraf et al.,
2003; Wanner et al., 2008). Sedimentological evidence from Lago
Cardiel (Argentina) reveals a higher westerlies wind activity between
1800 and 1200 cal yrs BP (Gilli et al., 2005). This change in the west-
erlies wind belt is also recorded in marine sediments from Chile
(Lamy et al., 2001). Through stable isotopic measurements in biogenic
carbonate and bulk organic matter from Lake Guanaco sediments in
Chile, Moy et al. (2008) interpreted reduction in amplitude of the west-
erlies belt starting at the Medieval Climate Anomaly (around AD 950 or
1062 years ago) and terminating at the onset to the Little Ice Age
(around AD 1250 or 762 years ago).

The period of parabolic dune formation and stabilization in the SFS
barrier coincides with the increasing in precipitation in southern Brazil
(Behling, 1995, 1997, 1998; Chiessi et al., 2010). The influence of precip-
itation on dunefield stabilization during the Mid- to Late-Holocene was
found at the Rio Grande do Sul State coastal barriers. According to
Martinho et al. (2008), dunefield stabilization in this site occurred
from 4820 to 3970 cal yr BP, from 2760 to 2460 cal yr BP and from
1570 to 710 cal yr BP, which are correlated to periods of higher precip-
itation. Increased storm activity associated with more intense cold
fronts is also observed in the Ilha Comprida barrier located 145 km
north of the SFS barrier, but dune development induced by SSE winds
is observed only during the Little Ice Age (Sawakuchi et al., 2008).
Thus, the intensification of cold fronts recorded in the SFS barrier
since 1891±155 years ago is also observed in other sectors of southern
South America, suggesting that it is a product of changes in the regional
climate systems.

The sediment supply for the southern Brazilian barriers originates
from minor coastal rivers and from the La Plata River, whose mouth
reaches the coast at more than 1000 km south of the SFS barrier. The
terrigenous sediments from the La Plata River can be transported north-
ward until the SFS barrier region and even further north (Dominguez,
2006; Mahiques et al., 2008, 2009). However, the bedload from the La
Plata River is transported northward through multiple steps of trans-
port and can be stored in southern Brazilian barriers (Sawakuchi et al.,
2009). This way of transport dilutes the sediment supply derived from
the La Plata River and hinders their contribution to events of abrupt
and high inputs of sediments to distal coastal barriers. Contrastingly,
nearby local coastal rivers have a fast response to extreme precipitation
events, allowing high and sudden inputs of sediments to nearby coastal
barriers. The provenance variation observed between the beach ridges
and aeolian dunes stages of the SFS barrier record a change from a
phase dominated by highly reworked sediments to a phase controlled
by the input of sediments derived from southern coastal sectors in the
Florianópolis batholith. Themain coastal rivers of the SFS barrier region
are the Itapacú, Itajaí-Açu, Itajaí-Mirim, Tijucas, Biguaçu and Cubatão
Rivers (Fig. 2B). The Itajaí-Açu River basin is the main watershed
draining the Florianópolis batholith region. Climatic events like ENSO
induce higher discharges of watersheds reaching the southern Brazilian
coast, including the Itajaí-Açu River basin (15,500 km2). Schettini
(2002) reports water discharge peak of 5390 m3/s during the 1984
ENSO event in the Itajaí-Açu River, which greatly surpasses the
1934–1998 average daily discharge of 228 m3/s. Although ENSO condi-
tions started after 6–5 ka (Rodbell et al., 1999), their intensification is
more pronounced during the Late Holocene (van Breukelen et al.,
2008) possibly linkedwith a northbounddisplacement of thewesterlies
wind belt (Lamy et al., 2010).

Therefore, the rising of the sediment supply derived from the
Florianópolis batholith since 1891±155 years ago could result from
increasing precipitation in coastal watersheds south of the SFS barrier
due to ENSO intensification combined with stronger northward litto-
ral drift related to the strengthening of cold fronts provoked by a
northward migration of the westerlies wind belt (Fig. 7).

6. Conclusions

A pronounced morphodynamic shift occurred in the SFS barrier at
around 1891±155 years ago. This shift is characterized by parabolic
dunes development and change in sand provenance that indicate
conditions of stronger northward littoral drift and SSE winds con-
trolled primarily by enhancement of cold fronts and precipitation in
local coastal watersheds. These Late Holocene climate changes in
southern Brazilian coast could result from a northbound shift of the
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westerlies wind belt coupled with the intensification of ENSO events.
These climate forcings on the coastal depositional system generated
great changes in barrier morphology, sediment texture and composi-
tion and beach morphodynamics. Geomorphological surveys com-
bined with provenance indicators, grain size analysis and OSL dating
allowed to assess the impacts of centennial to millennial climate
changes on coastal settings. Understanding the link between climate
events and coastal processes during the Late Holocene may help eval-
uating the response of coastal zones to future climate changes.
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