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ABSTRACT

The Cananéia-Iguape lagoon-estuarine system, where the llha Comprida barrier (IC) is located, is one of the most dynamic
coastal areas on the southeastern Brazilian coast. IC island is a 63 km-long barrier and it is limited by the Icapara inlet
to the north, and the Cananéia inlet to the south. This system has been affected by intense changes in its morphology
since the opening of the Valo Grande artificial channel in 1852 A.D., connecting the nearby Ribeira de Iguape river to the
Mar Pequeno lagoon. In this context of anthropogenic disturbance on the coastal systems, the objective of this study is
to understand the active mechanisms, both natural and anthropogenic, controlling the morphological changes of the
northeastern portion of the IC, from monthly as well as centenary timescales. We analyzed successional addition and
erosion of beach ridges using a multi-temporal dataset obtained by Optically Stimulated Luminescence, aerial photos
(1962 and 2000), satellite images (1980-2016) and GNSS surveys (2015-2017). The results were compared to climatic
(rainfall and waves) data. Northeastward migration rates of the IC ranged from 15.5 m/y, on the GNSS surveys, to 154 m/y,
calculated based on OSL rates. Changes on rates on the northeastward inlet migration barrier are related to anthropogenic
interference, mainly the Valo Grande opening and climate changes. Sediment accumulation occurred mainly during the
summer on the baymouth spits. This depositional scheme is consistent with the highest values of Ribeira de Iguape river
flow and the low synergy of waves coming from the South. By contrast, the retrogradation of the coastline occurs in
the winter, when the wave power is stronger than in the summer. This seasonal configuration is controlled both by the
bidirectional longshore drift and by the fluvial discharge.

Descriptors: Optically Stimulated Luminescence, beach ridges, El Nifio, anthropogenic influence.

INTRODUCTION

Coastal barriers can be defined as a range of emer-
gent depositional landforms separated from the main-
land by a lagoon, bay, or marsh (Davidson-Arnott,
2010). Barriers are also common landforms associated
to wave-dominated coasts (Roy et al. 1994). Coastal

lagoons and barriers are highly dynamic and vulner-
able systems, modulated by the complex interaction
between the hydrosphere, lithosphere, atmosphere,
and biosphere (Masselink et al., 2014). Natural and
anthropogenic forces induce changes in these envi-
ronments, thus affecting the coastal systems (Dias,
2005; Woodroffe, 2003). Barrier dynamics are directly
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influenced by the availability of sediments, relative sea
level, and processes related to the ocean-atmosphere
interaction, such as anomalies related to El Nifio/La
Nifa (Davidson-Arnott, 2010; Masselink et al., 2014).
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Natural mechanisms acting on coastal dynamic
can be measured and analyzed as complex systems
(Roy et al., 1994; Woodroffe, 2003) and, in wave-dom-
inated coasts, the wave climate plays a major control-
ling factor. Herrero et al. (2020) demonstrated that
longshore wave power, storminess, and the occur-
rence of storm groups could be related to prograda-
tion rates of beach ridges at Barreta Island (Southern
Portugal), where high-energy wave events dominate
the temporal control on sediment exchange between
beach and inlet deltas. However, Zhang et al. (2014),
studying the past 6 ka formation of the Zingst bar-
rier and Darss spit (Northeast Germany), concluded
that the evolution of the area is dominated by long-
term wind-wave effects rather than short-term storm
effects. So, barrier evolution is driven differently re-
garding regional and local factors (Roy et al., 1994;
Woodroffe, 2003), with anthropogenic disturbance
growing on recent times and leading to more com-
plex dynamics (Russ and Palinkas, 2020; Zhang et al.,
2019).

In this context of anthropogenic disturbance on
coastal systems, the Cananéia-lguape lagoon-estua-
rine system, on southeastern Brazil, harbors the bar-
rier island of Ilha Comprida (IC). IC island is a 63-km-
long barrier, with up to 5 km width, limited by the
Icapara inlet, to the north, and the Cananéia inlet, to
the south (Geobras, 1966). (Figure 1).This geomorphic
configuration was disrupted in 1852 by the open-
ing of the Valo Grande artificial channel, connect-
ing the Ribeira de Iguape river to the Mar Pequeno
lagoon, leading to many environmental (Mahiques
et al, 2012) and coastline changes (Geobras, 1966;
Nascimento et al., 2008). A faster northeastward dis-
placement of the Icapara channel, compared with
previous conditions, is reported at an approximate
rate of 30 m/year, associated with a faster erosion of
the Praia do Leste (Geobras, 1966; Nascimento et al.,
2008). However, llha Comprida’s natural northward
(pre-anthropogenic) growing pattern is similar to the
current one, as evident from the beach ridge configu-
ration (Guedes et al., 2011a), raising doubts related
to the magnitude of anthropogenic influence, as ex-
pected with the increased flow at the Icapara inlet.
Therefore, the northeastern end of the IC is a great
opportunity to study a highly dynamic coast with
anthropogenically-influenced changes over time.

Mechanisms controlling llha Comprida barrier, Brazil

The objective of this study is to understand the
active mechanisms, both natural, such as climate
and wave regime, and anthropogenic interventions
on sediment pathways, controlling the morphologi-
cal changes of the northeast portion of the IC from
a seasonal to secular timescale. Also, it aims at deter-
mining variations of intensity of these active mecha-
nisms over time, regarding natural and anthropogen-
ic events, and how coastal forces interact on coastal
systems. In this paper, a multi-temporal dataset of
coastline positions using Global Navigation Satellite
System (GNSS) surveys and remote sensing images
associated with optically stimulated luminescence
(OSL) were compared to atmospheric, oceanograph-
ic and hydrological variables. This analysis helped us
better understand the active mechanisms controlling
the morphodynamics of the northeastern end of the
IC over seasonal and secular timescales, with focus on
the anthropogenic contribution.

STUDY AREA

The regional coastal area, where IC is located, is
dominated by wide and long coastal plains and estu-
aries due to the more inland position of the Serra do
Mar (Giannini et al., 2009) with coastal deposits and
geomorphology controlled, mainly, by the relative
sea-level changesduring the Late Quaternary (Muehe,
2012; Suguio and Martin, 1978). The Cananéia-Iguape
estuarine system is the largest coastal complex of the
Sao Paulo Bight (Alcantara-Carrio et al., 2017) formed
in 5 stages during late Pleistocene and Holocene
(Suguio and Martin, 1978).The last stage is associated
to the Holocene regressive phase which generated a
strandplain (Suguio and Martin, 1994).

Classified as a regressive barrier, the IC shows a
northeastward growth pattern registered by a suc-
cession of beach ridges (Geobras, 1966; Tessler, 1988;
Guedes et al,, 2011a). It is composed of Quaternary
sandy sediments deposited northeast from a 42-m
high hill of Mesozoic intrusive alkaline rocks located
at the southwestern end of the barrier (Nascimento
et al., 2008; Giannini et al., 2009; Guedes et al., 2011b).
Quaternary deposits are composed of a strandplain of
fine and very fine sands, as well as sandy-clay fluvio-
lagoon deposits and eolian deposits in the southern
portion of the island (Suguio and Martin, 1994). The
northeastern end of the island is constituted of sand
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Figure 1. a) Shaded relief of digital elevation model of the Cananéia-Iguape lagoon-estuarine system, with studied area delimitation (black
rectangle); b) OSL sampling points represented by the red circles. Source: National Institute of Spatial Research (INPE/Brazil).

partially covered by recent dunes with the presence amplitudes ranging from 1.2 meters, on spring tide, to
of vegetation (Geobras, 1966, Sawakuchi et al., 2008). 0.25 meters, on neap (Mesquita and Harari, 1983). The
The t|da| regime Of the region Comprising region Climate iS inﬂuenced by atmOSpheriC SyStemS

the Cananéia-lguape system is microtidal, with from tropical, subtropical and extratropical genesis.
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The rainy season occurs during the area’s summer
and is influenced by the South American Monsoon
System (Vera et al., 2006b; Zhou and Lau, 1998). The
rain volume is modulated by the moisture trans-
port from the Atlantic Ocean and the Amazon Basin
toward the southeastern region of South America
(Marengo et al. 2004). The mean low-level conver-
gence is also reinforced by the transient frontal sys-
tems that modulate the South Atlantic Convergence
Zone (Carvalho et al., 2004), a diagonal band of maxi-
mum precipitation positioned from the northwest to
the southeast over the South American continent.
Lower precipitation on austral winter, compared with
summer, is associated with the weakness of the low-
level northwestern monsoon flow, which reduces the
moisture transport over subtropical South America.
ElNifio and La Nifa are the major phenomena to play
roles and determining the inter-annual climate vari-
ability in many regions of South America (Silva and
Ambrizzi, 2006; Silva et al., 2009). El Nifio/La Nifa are
also associated to a slight reduction/increase in sig-
nificant-wave-height (from S and SW) related to the
frequency of cold fronts in Rio de Janeiro (Pereira and
Klumb-Oliveira, 2015).

The wave climate in the South Atlantic Ocean
displays little variability (Hemer et al., 2010). On the
Southeastern Brazilian coast, the wave regime is mod-
ulated by the passage of frontal systems, mainly by
South Atlantic Subtropical High (SASH). In the sum-
mer, SASH is better configured and moves slightly to
the southwest Atlantic Ocean (Bastos and Ferreira,
2010). During the fall and winter seasons, the pas-
sage of cold fronts, associated to a higher frequency
of cyclogenesis, intensifies winds, which is reflected
in the higher frequency of high wave energy events
(Nimer, 1989; Pianca et al., 2010). In the Southeastern
sector, waves from the South and the East were domi-
nant in all seasons (Ambrosio et al., 2020; Pianca et
al., 2010) with different contributions, due to the syn-
ergy of waves (Pianca et al., 2010). This configuration
generates a seasonal pattern of longshore transport
(Silva et al. 2016). Wave energy gradients affected the
evolutionary processes of the inlets, mainly of those
related to spit erosion or accretion and to inlet migra-
tion (Ambrosio 2020).

The Valo Grande opening, in 1852, aimed at es-
tablishing a shortcut between the Iguape harbor
and the nearby Ribeira do Iguape river meander,

Mechanisms controlling llha Comprida barrier, Brazil

to enable the transport of the regional agricultural
and mineral production (Young, 1903). This short-
cut shortened the production route by almost 50
km and helped to avoid a stretch of open sea. With
initial dimensions of 4 meters wide and 2 meters
deep, Valo Grande soon suffered severe erosion and
reached 100 m wide and 10 m deep in a few decades
(Geobras, 1966). As a consequence, the Iguape har-
bor was silted up (Young, 1903) and the Mar Pequeno
lagoon suffered environmental changes, such as to
salinity and sediment supply (Mahiques et al.,, 2019.
2012 and 2014). Environmental changes led to
changes in fishing and the Ribeira do Iguape river,
between Valo Grande and the river mouth, silted up
due to decreased flow. As a result, there were two at-
tempts to close it: the first one with the construction
of adam in 1978, which kept the channel closed until
1983; and the second one with spillways in 1990, last-
ing until 1995 (Schaeffer-Novelli et al., 1990; Simao Jr.
et al., 1998). Both structures were disrupted due to
flooding events (Simao Jr. et al., 1998).

METHODS

IMAGE ANALYSIS

Coastline and barrier area changes, from 1980-
2017, were analyzed via Landsat images obtained
from Global Visualization Viewer (GloVis) [https://glo-
vis.usgs.gov/] and aerial photos from 1962 (1:25.000
from S.A. Cruzeiro do Sul) and 2000 (1:35.000 from
Aerofoto S. A.). Landsat images were selected with a
nearly-annual periodicity, depending on the availabil-
ity of satellite images with low cloud cover (Table 1).

The coastline position, defined as the seaward
vegetation line, was measured and determined, man-
ually, using QGIS software. The coastline variation was
determined comparatively to a baseline, the 1962
coastline, for five representative sections. Sections |, Il
and lll are located on beaches facing the Icapara inlet
and the inflection to open sea; while sections IV and V
are located on beaches facing the open sea (Figure 2),
perpendicular to the shoreline. The aerial photos and
satellite image resolution values were added as the
uncertainty values for coastline position.

The barrier area calculation was determined by
a coastline polygon on the IC northeastern stretch.
Each polygon was limited to the west by a fixed line
(Figure 2). Annual area variation rates were estimated
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Table 1. Date of the field surveys with GNSS.

Mechanisms controlling Ilha Comprida barrier, Brazil

Landsat series dates Sensors Resolution (meters)
1980 - 1984 Multispectral Scanner System 57
1985 - 1998 Thematic Mapper 30
1999-2013 Enhanced Thematic Mapper 15
2013-2017 Operational Land Imager/Thermal Infrared Sensor 15

Figure 2. Coastline limits and polygons (colored lines) used in the multi-temporal image analyses for coastline and barrier area.

based on the difference of two polygonal areas di-
vided by the time (years) between the two images.

GNSS SuRVEYs

Seven double frequency GNSS surveys were ob-
tained to delimit both the vegetation boundary, de-
fined as the coastling, and changes on the barrier area
between surveys, which occurred from May/2015 to
March/2017 (Table 2). The Global Navigation Satellite
System (GNSS) receptors we used were the GPS
Garmin Map 60Cx and GNSS Altus APS-3. Surveys fol-
lowed orientations from Pinheiro et al. (2008) with a
receptor height of 2 meters and storage rate of 1 sec-
ond. Isolated positioning and cinematic modes were
used on the GNSS Altus APS-3 receptor to ensure
the geometric accuracy on georeferencing and ter-
rain features recognition (Ribeiro et al., 2004; 2005).
All the information obtained in the surveys was
processed using the Precise Point Positioning ser-
vice provided by Geographic and Statistics Brazilian

Institute (PPP-IBGE), with expected precision of 0.05
meters for the planimetric coordinates and 0.10 me-
ters for the altimetric component. The data obtained
in the field with the GNSS Altus APS-3 receiver were
processed based on the proprietary software where
geodetic coordinate data (geodesic longitude, lati-
tude and altitude) were generated for each point
in the kinematic survey, with a 1s storage interval.
The data were arranged in tables with the possibil-
ity of importing, reading, interpreting and plotting
through the QGIS computational system, generating
vector lines in SHP format. They were validated from
the less than 3 value by PDOP.

Coastline positions from GNSS surveys were
analyzed over six time intervals, between the seven
GNSS surveys. From each time interval, accretion
and erosion areas were defined by the difference be-
tween two surveys polygons and their intersections.
Average coastline change was calculated through
the sum of the areas (polygons) divided by the coast
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Table 2. Date of surveys for each interval and the number of days between each of them.

Surveys Name Days between surveys
23/05/2015 to 21/08/2015 Interval | 88
21/08/2015to 11/11/2015 Interval Il 82
11/11/2015 to 13/02/2016 Interval Il 94
13/02/2016 to 06/05/2016 Interval IV 83
06/05/2016 to 19/11/2016 Interval V 197
19/11/2016 to 29/03/2017 Interval VI 130

length. Minimum and maximum linear coastline
change was measured manually, perpendicular to
the shoreline, and informed to show the variability.

LUMINESCENCE DATING

Luminescence dating was performed on three
samples from beach ridges, previously identified
by aerial photos, denominated 1C62, ICOT and 1C03
(Figure 1b). The samplings were made in trenches us-
ing aluminum tubes, avoiding the pedogenic horizon
and heterogeneities. One superficial sample was col-
lected on the beach (ICM08) for residual OSL signal
analysis. All samples were prepared in the Laboratory
of Gamma Spectrometry and Luminescence (LEGal)
of the University of Sao Paulo in Brazil. All laboratorial
preparation was performed under red light. Quartz
grains were isolated according to the following pro-
cesses: separation of 120-150 pm sand grains through
wet sieving; treatment with H202 27%, HCI 3.75%, HF
48-51% for 40 min, to remove organic carbon, CaCO3
and feldspars, respectively; density separation was
done with sodium metatungstate to isolate quartz
from heavy minerals and feldspars.

The Single Aliquot Regenerative-dose (SAR) pro-
tocol (Table 3) (Murray and Wintle, 2000; Wintle and
Murray, 2006) was used to determine the equivalent
doses on quartz aliquots. Time intervals for quartz
OSL decay curves were selected whilst trying to iso-
late the fast OSL component, applying the early back-
ground approach (Cunningham and Wallinga, 2010).
The OSL signal was defined as 0to 0.5 seconds and the
background was defined as 0.08 seconds. The choice
of time intervals defines the proportion of each com-
ponent in the net signal, varying in each aliquot due
to variations in the intensity and decay rate of each
OSL component between grains (Cunningham and
Wallinga, 2010).

The dose recovery test was realized to validate
OSL dating protocol. A small known dose (45.27 mGy)
was applied to simulate the expected small natural
dose in four aliquots of sample IC62. Due to the small
probable doses, two pre-heat temperatures were
tested (180 and 200°C) to examine the best protocol
parameters to charge thermal transfer.

ATMOSPHERIC, OCEANOGRAPHIC AND HYDROLOGICAL
DATASET

Precipitation data from the Global Precipitation
Climatology Centre (GPCC) provided by the NOAA/
OAR/ESRL PSD, with a resolution of 0.5°, were used to
calculate the accumulated annual and seasonal mean
precipitation over Vale do Ribeira (49.3°- 47.2°W;
25.1° - 23.9°S) from 1950 to 2013. El Nifo events
were selected using the classification of the Climate
Prediction Center (CPC)/NOAA, which is based on the
Southern Oscillation Index (SOI); events with strong
magnitudes were characterized according to Kiladis
and Van Loon (1988). El Nifio events were analyzed,
using the coefficient of determination (R?), regard-
ing the possible linkages between the annual occur-
rence of these events when compared to other vari-
ables, such as precipitation, river flow and changes to
the IC barrier area. Ribeira de Iguape’s mean annual
river flow, from 1940 to 2016, was obtained from the
Departamento de Aguas e Energia Elétrica (DAEE) at
three different stations: Registro (24° 29' 27"; 47° 50’
12" 35 km from Valo Grande), Eldorado (24° 31’ 00";
48° 06’ 45" 57 km from Valo Grande) and Sete Barras
(24° 23'34"; 47° 55’ 43", 49 km from Valo Grande).

Offshore wave data was extracted from the global
wave generation model WaveWatch I11° (WW3®), ob-
tained from the National Oceanic and Atmospheric
Administration/National Centers for Environmental
Prediction (NOAA/NCEP), ranging from 1979 to 2017.
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Table 3. SAR procedure used for equivalent-dose determination.

1. Dose (Di)

2. Pre-heat at 200°C for 10's

3.LM-OSL at 125°C for 45 s (Ri)

4. Test dose (TDi)

5. Pre-heat at 200°C for 10's

6. LM-OSL at 125°C for 45s (Ti)

7. Calculate sensitivity-corrected OSL Li=Ri/Ti

To determine the frequency of each wave direction,
directional wave histogram data were summarized,
on annual and seasonal scales, as significant wave
heights and main directions. The wave data also was
separated into intervals, from | to VI (Table 2), to cor-
relate the wave regime with accretion and erosion ar-
eas calculated by GNSS surveys. The amount of wave
power (P, in W/m) was estimated according Salter’s
(1974) approach. Then, the synergy of wave height
(H, in meters) and period (T, in seconds) was used to
calculate P in the equation:

P = pg*H?T/32m 1M

where p is water density (1.027 kg/m?), g the ac-
celeration due to gravity (9.8 m/s?)

RESULTS

GNSS SURVEY RATES

Overall, coastline retrogradation prevails dur-
ing intervals I, IV and V, while coastline progradation
prevails during intervals Il and Ill. Furthermore, the
sedimentary balance presents seasonal behavior. The
region’s nearly inflection between ocean and inlet
coasts is marked by alternation between erosion and
progradation (Figure 3).

In Interval | (winter), erosion areas were ten times
greater than accretion ones, resulting in 17.4x10°> m?
of eroded area. On the open sea coastline, an aver-
age of 2.5 meters retrogradation occurred. Also, near
the inlet, a spot up to 14 meters of progradation and
a neighboring zone with up to 15 meters of erosion
are observable. Near the Icapara inlet, there is erosion
predominance, up to 50 meters, with retrogradation
increasing toward the channel (Figure 3a).

Interval Il (spring) had a total balance of 774 m? of
area loss. Even though Interval Il presents the smallest

gross balance, the intensity of the coastline dynam-
ics was not lower than the other periods. The total
eroded area was 13.4x10° m? slightly higher than
progradation (12.7x10° m?) (Figure 3b). With the op-
posite behavior to Interval |, the ocean shore shows a
trend of generalized progradation, with an average of
15 m, and maximum of 45 m. In contrast, the Icapara
inlet coast has predominance of retrogradation, with
an average of 4 m. Between these distinct areas, at
the coastline inflection, there was a marked erosion
with up to 80 m of retrogradation.

Progradation was predominant in Interval IlI
(summer, Figure 3c), with a gross area increase of
77x10° m”. Erosion only occurred at the coastline,
north of the inflexion, at the Icapara inlet coast. This
inflexion, which had been eroded on the last interval,
prograded up to 90 m, regaining part of the previ-
ously eroded area. On the shore facing the open sea,
there was progradation ranging from 40 m in the
southwest to 85 m in the northeast.

The period corresponding to interval IV (autumn)
was marked by the beginning of an extensive retro-
gradation phase (Figure 3d). In this interval, no accre-
tion was perceived, with an average retrogradation
of 15 m, and maximum of 75 m in the inflection. The
sum of the eroded area was 38x10°> m?.

This erosive phase proceeds until Interval V (win-
ter and spring, Figure 3e). The total balance was a def-
icit of 73x10® m?, with just a small progradation spot
located in the inflection zone. Both shores, oceanic
and facing the channel, presented severe erosion
with a mean of 33 m and maximum of 85 m.

The last interval (summer) is represented by a
progradational phase (Figure 3f), with a gross accre-
tion of 57x10°> m? Progradation occurs on oceanic
beaches with an average of 31 m and maximum of
80 m. In the inflection area, the erosive processes
are predominant and up to 18 m of retrogradation
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Figure 3. Coastline variations observed with GNSS surveys and area variation (AV). Histograms show wave power (W/m) and preferential wave
direction between surveys. (A) Interval I; (B) Interval II; (C) Interval Ill; (D) Interval IV; (E) Interval V; (F) Interval VI. Image source: Landstat ETM+
from 2017.
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observable. Facing the channel, there is an alternation
between progradation and retrogradation.

ReEMOTE SENSING

Sections from Icapara inlet coastline (I and Il) show
progradation with rates up to 170 m/y (Figure 4).
Sections IV and V show, in general, retrogradation or
stable coastlines. Section Ill showed the highest vari-
ability in dynamics, compared to other sections. It is
characterized by an initial progradation phase, start-
ing a retrogradation phase after 2005 (Figure 4), prob-
ably because of its position between the baymouth
and the open sea beaches (Figure 2).

During the analyzed period (1962 to 2017), there was
a prevalence of area increase, with a total of 557x10> m*
However, two different long-term trends were noticed:
from 1980 to 2005, the area incrementally increases at a
rate of 32x10°> m*/y, whereas from 2006 to 2016, area is
lost at a rate of 63x10> m?/y. Another important morpho-
dynamic feature is that the evolution of the northeastern
portion is not linear, showing inter-annual variability due

Mechanisms controlling Ilha Comprida barrier, Brazil

to new beach/dune ridges (incipient foredunes) depos-
ited in the vicinity of the Icapara inlet. These beach/dune
ridges are observable in satellite images and in the field
with incipient vegetation. They are generally eroded later
(Figure 5).

OSL AGEs

Luminescence signals show very high sensitivity,
as previously reported in the region (Sawakuchi et al.,
2008). As a consequence, equivalent estimated doses
present low errors and low overdispersion (Table 4).
Dose rate varied from 0.41 to 0.50 mGy/y, similar to
dose rates already described in other studies when re-
ferring to the same region (Suguio et al., 1999; Suguio
etal., 2003; Sawakuchi et al., 2008; Giannini et al., 2009;
Guedes et al. 2011). Rejected aliquots were mostly re-
jected through a recuperation test (up to 5% limit)
and recycling ratio (0.9-1.1), with an acceptance rate
of 80% for samples 1C62 and 1C01, and 58% for sample
IC03. Following the same criteria, on the dose recovery
test, 80% of sample ICMO08 aliquots were approved.

Figure 4. Accumulated coastline variations between 1962 and 2017 years, obtained using aerial photographs and satellite images. Shaded area

represents the error associated to image resolution.

Ocean and Coastal Research 2021, v69:e21004 9
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Figure 5. Time-series satellite images of the northeastern stretch of Ilha Comprida, Sdo Paulo, spanning from 1980 to 2016. Source: Satellite

image ETM+7 from 2017 obtained from USGS.

Table 4. OSL dating results; x represents aliquots accepted and y the total aliquots analyzed. O.D.: Overdispersion.

Number

Cosmic Dose

h .D. Th Al

Sample D::; of aliquots (::.:e ) 2’ /OD) K (%) (ppm) U (ppm) ::2“;:; (“?ét7 ) doserate rate (g)e

(xty) Y Y YV mGyly)  (mayry) Y

45+ 0.174+ 043 % 0.34 £ 0.102+ 0.189+ 0.1558+ 0411+ 1
ICMo8 0 4/ 1.5 0 0.02 0.14 0.05 0.01 0.01 0.0078 0.03 +4
49.5 22 0.174+ 043 % 0.34 £ 0.102+ 0.189+ 0.1558+ 0411+ 120
Ic62 0.75 12/15 +3 +5 0.02 0.14 0.05 0.01 0.01 0.0078 0.03 +11
1CO1 065 9/12 64.5 + 19 0.199+ 0.89% 0.28 £ 0.124+ 0211+ 0.1558+ 0436 148
4.5 +5 0.02 0.15 0.05 0.01 0.02 0.0078 0.03 +14
79.5 12 0304+ 0.61=% 0.26 + 0.134+ 0.284% 0.1558+ 0.502+ 159
IC03 0.85 N2 +45 +4 0.02 0.14 0.05 0.01 0.02 0.0078 0.03 +16

Dose recovery tests, performed using 180°C and
200°C preheat temperatures, show satisfactory re-
sults in both scenarios (Figure 6), indicative that us-
age of the SAR protocol is appropriate to estimate the
low natural doses expected. However, aliquots with

200°C preheat performed better, having less disper-
sion of dose recovery results and respecting the lim-
its on the recycling ratio (from 0.92 + 0.06 to 1.03
0.08) and recuperation tests (1.44 + 1.54 % to 2.84 +
0.83 %). A small OSL residual signal was identified on
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Figure 6. Dose recovery test results for (a): preheat of 180°C and (b) preheat of 200°C. The dotted red line represents the known dose applied.

sample ICM08, from the current beach, resulting in a
background age of 11+ 4 years. This value is similar to
the uncertainty of the OSL ages of the beach ridges.

The OSL age distribution between the beach
ridges is geographically coherent; nevertheless, the
samples 1C01 and 1C03 overlap within the error lim-
its. The calculated progradation rates on older beach
ridges, considering the age uncertainty and the re-
sidual signal, range from 17 to 134 m/y (Figure 7b).
As for the most recent beach ridges, the progradation
rates range from 9to 17 m/y.

CLIMATIC DATASET

The variability of annual accumulated precipita-
tion, over the studied area, varied from 1100 mm to
2400 mm per year, with a mean of 1716 mm, from
1950 to 2013 (Figure 8). Jun-Jul-Aug were the dri-
est months, whereas Jan-Feb-Mar were the rainiest
months, although there has been natural inter-annu-
al variability in the time series (Figure 8). Precipitation
above the annual accumulated mean occurs in agree-
ment with some El Nifio episodes, from 1980 to 2013,
such as in 1982-1983, 1995-1998, 2004-2005 and

2008-2011. During these years, the El Nifio (negative
SOI values) occurred for several months along the
time-series, ranging from weak and strong intensi-
ties. Even so, some values below the mean are found
in the presence of El Nifio episodes (Figure 8).

Average river discharge (from 1940-2016), in the
Registro station, is 453 m*/s (Figure 9), ranging from
282m*/y (1978) to 889m>/s (1983). In the Sete Barras
station, the mean river flow is 286 m®/s, with a mini-
mum flow of 162 m*/s (1985) and maximum of 587
m?®/s, in 1983. Eldorado station records varied from
149 m®/s (1978) to 530 m*/s (1983). In agreement
with the rainfall regime, lower river flow occurred in
the months of Jun-Jul-Aug; and higher flow occurred
in Jan-Feb-Mar. Also, like precipitation variability
(Figure 8), the highest river flow occurred during El
Nifio events with strong magnitudes, such as in 1972,
1983, 1992, 1997 and 2015.

Offshore wave distribution indicates some variations
in wave regime depending on the season (Figure 10). In
all analyzed data, there is a predominance of wave direc-
tion from the south (27%) and from the east (24%), with
an average peak period of 9.0 seconds and an average
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Figure 7. Progradation rates by OSL ages. a) Aerial photography from 1962 with boundary of the coastline in 2016 and sampling points in red.
b) Progradation rates between beach ridges. The red line represents the coastline in 1962, while the eroded beaches are in yellow.
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Figure 8. Accumulated and seasonal precipitation over the studied area. The seasons corresponds to the Southern Hemisphere (Sum: DJF; Aut:

MAM; Win: JJA; Spr: SON).

height of 1.53 m. The summer and spring seasons have
a similar wave regime, with the predominant wave direc-
tion from the east (30%) and the south (21%), a climate
pattern in the studied region. During the winter, the wave
regime is dominated by waves from the south (34%) and
from the east (22%), whereas in the autumn the wave
predominance is of south (30%) and south-southeast
(22%) waves. The highest mean wave heights occurin the
winter (4.89 m) and in the autumn (4.73 m); likewise, the
same seasons had the highest mean wave power, show-
ing 263 W/m and 248 W/m, respectively. As for the wave
peak period, the highest values occurred in the autumn
(20.1 seconds) and in the winter (19.3 seconds).

During the intervals of GNSS surveys, the wave
regime reflects the seasonal mean. Wave power
ranged from 1 to 200 W/m, with a mean of 20.63
W/m and standard deviation of 17.61 W/m (Figure
11). The highest wave power occurred mainly in
August; whereas lowest happened in the first tri-
mester. For instance, the summer intervals (lll and
VI) show the lowest mean height and peak period
and, consequently, the lowest wave power (Figure
3). Furthermore, although the frequency of east
waves is higher in some intervals (I, lll and VI), the
wave power from south waves was always stron-
ger than east ones (Figure 10).
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Figure 9. Mean annual river flow (m®/s) at Registro, Sete Barras and Eldorado stations.

DISCUSSION

THE NATURAL DYNAMICS PRIOR TO THE CHANNEL OPENING

Most other studies on Ilha Comprida’s growth
pattern correlate it to Valo Grande, but usually ana-
lyze the dynamics after the channel opening event
(Table 5). Studies such as Guedes et al. (2011a) and
Pimentel (1762) detected similar growth rates in
periods before anthropogenic interference. For the
most recein nt beach ridges, the rates are very similar
to the growth pattern of the island in the last 6000
years, as described by Guedes et al. (2011a). From
6000 to 5000 years ago, the area increased at rates
of 55x10® m?/y; then, rates decreased to 10x10%> m?/y,
until about 2000 years ago. During this period, the
morphodynamic had no influence from Icapara Hill
or Valo Grande. Furthermore, it comprises a longer
interval of time, compared to others time intervals,
probably being influenced by long-term variations.
Also, this time interval is reported to be less favor-
able to channel migration, with less storm activity
(Sawakuchi et al. 2008, 2012).

In this study, the same dynamic of formation of
curved beach ridges at the northeastern end of the
island, maintaining the hook shape over the last 6000
years, was observable (Guedes et al., 2011a). Curved
beach ridges are formed through the addition of
sediments into northeastern end beaches, while ero-
sion occurs on the other side of the channel. The Valo
Grande channel opening favored the trapping of
coastal sediments in the barrier system due to the in-
tensification of the hydraulic jetty of the Icapara Inlet
(Guedes et al., 2011a).

Silva et al., (2016) indicates the variation of poten-
tial longshore drift, direction and intensity, regarding
a seasonal distribution of the 30-year wave dataset
from WW3°, corroborating the results obtained by
Nascimento et al. (2008), Giannini et al. (2009) and
Guedes et al. (2011b) showing a bidirectional po-
tential longshore drift. Guedes et al. (2011b), using
grain-size and heavy minerals analysis, suggested
the northward predominance of coastal drift at the
NE end of the IC barrier throughout the evolutionary
history of the island.
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Figure 10. Seasonal wave regime from 1979 to 2017. Direction, peak period and significant wave height. The seasons correspond to Southern

Hemisphere (Sum: DJF; Aut: MAM; Win: JJA; Spr: SON).

The comparison between the northeastward
growth rates from millennial to annual time scales
indicated acceleration in the growth of beach ridges.
There is a growth rate between 36 and 154 m/y just
before the Valo Grande opening, from 222+23 (sam-
ple ICL-9C from Guedes et al., 2011a) and 159+16
(IC03). This period coincides with the last years of
the Little Ice Age (LIA). The higher frequency and/
or intensity of cold fronts caused erosional condi-
tions on the coast (Sawakuchi et al., 2008). Thus, the

acceleration of dynamics in the IC is also influenced
by climate, besides anthropogenic influences, alter-
ing the interaction between these agents.

THE ANTHROPOGENIC INFLUENCE ON NATURAL SYSTEMS:
THE CASE OF THE VALO GRANDE OPENING
Double-frequency GNSS surveys allow more de-
tailed analysis of the dynamics of the coastline. The
relationship of the dynamics of the Icapara inlet is
commonly related to local factors, such as the river
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Figure 11. Ratio between wave power and its monthly occurrence from 2015 to 2017. Dotted red line is the mean wave power for the period.

Table 5. [lha Comprida island northeastward growth rates obtained from previous studies and the present study.

r'\::g:a(rtri\?;) Period Method (s) Source

15.5 May/15 to Mar/17 AD GNSS surveying This study

32 1980 to 2016 AD Satellite images and aerial photos This study

27.7 1976 to 2013 AD Satellite images Alcantara-Carrié et al. (2017)

15.5 1976 to 2000 AD Satellite images Kawabuko (2009)

27.5 1962 to 2000 AD Aerial photos Nascimento et al. (2008)
25-30 1810t0 2010 AD OSL ages Guedes etal. (2011)

35 1882 to 1964 AD Old maps and aerial photos Geobras (1966)
5-134 1840 to 1906 AD OSL ages This study

19.3 1721 to 1882 AD Old maps Pimentel (1762) and Alcantara-Carrié et al. (2017)

5-7 4800 to 2000 years ago OSL ages Guedes etal. (2011)
10-23 6000 to 4800 years ago OSL ages Guedes etal. (2011)

8 6000 to 2000 years ago OSL ages Guedes etal. (2011)

flow of the Ribeira de Iguape and Valo Grande, the
potential longshore drift, and the wave and wind
regime (Geobrds, 1966; Nascimento et al, 2008;
Kawakubo, 2009; Silva et al., 2016; Alcantara-Carrio et
al., 2017). Northeastward migration rates from the IC
obtained in this study ranged from 15.5 m/y, in the
GNSS surveys, to 134 m/y, calculated from OSL rates.
The range of the migration rates is in accordance
with many progradation rates calculated by others
authors over different time scales and with different
methods (Table 5).

Ages obtained from samples IC03 and ICO1 are
associated with the period of construction and open-
ing of the artificial channel of Valo Grande (between
1841 and 1882). This period is related to the moment
of greatest erosion in the channel, between 1875 and
1890 (Young, 1903; Geobras 1966; Furtado et al., 1981;
Nascimento et al. 2008), which elevated the volume
of sediments carried to the lagoon and the beach,
and may be determinant for the high rates of island
migration. This fact corroborates with Nascimento et
al. (2008) and Alcantara-Carri6 et al. (2017), regarding
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the acceleration in migration rates during the chan-
nel’s enlargement. Indeed, the island’s accretion rate
has increased from 35x10° m” per year (from 2.0 to
0.2 ka B.P, Guedes et al., 2011a) to 90x10*> m” per year,
after the end of the blockade by the hills near Iguape
and the opening of the Valo Grande (Guedes et al.,
2011a). These high rates, however, have occurred
over the last few decades. From 1980 to 2008, there
was a rate of 43x10° m? per year, followed by a rate
of -37x10* m?, resulting in an erosional period that
lasted until 2017.Thus, despite the anthropogenic in-
terference made by the Valo Grande opening on the
inlet, dynamics have been almost continuous; these
interferences seem to have more of an effect on the
system disturbance during its beginning.

The climate anomalies causing the intensifica-
tion or reduction of rainfall modify the patterns of
the controlling mechanisms of coastal systems (Viles
and Goudie, 2003; Barnard et al., 2017; Carvalho et al.,
2020). The beach ridges developed during the El Nifio
of 1983 resulted in a net growth in area until 1986.
Furthermore, there was an emergence of sand banks
eroding from Praia do Leste related to higher river
flows. A new spit formed in 1989 and migrated to
Icapara Inlet in 1999-2000 (Figure 5) due to the domi-
nant northeastward longshore drift. This short period
(1989 to 1999) has the influence of three intense El
Niflo events that propitiated the formation and deg-
radation of the first baymouth spits (Figure 5 and 12).

River flow has a moderate to strong correlation
with precipitation (0.4 < R? < 0.7) at three stations
(Figure 13). The precipitation explains 69% of the
variability of the river flow over the Registro station,
which is the most representative of Valo Grande’s
flow due to its location. Also, it is observed that some
precipitation and river flow anomalies are coincident
with El Nifio events (Figures 8 and 9). This implies that
the monitoring of the Valo Grande flow according the
climate variability is an important management tool
for the many activities that depend on this channel.

During the first closing episode of Valo Grande,
the occurrence of El Nifio was associated with above
mean precipitation on the region, which induced the
dam to rupture in 1983 (Figure 12, Souza et al., 2016).
After this climatic anomaly, the driest period in series
occurred in 1985. Between 1985 and 1992, the river
flow was less intense in comparison to previous peri-
ods. However, the barrier has grown 790x10* m?. This

Mechanisms controlling Ilha Comprida barrier, Brazil

period is marked by major morphological changes
due to the intense erosion on Jureia beach spit (until
1988), contributing with the reorganization of erod-
ed sediments at the northeastern end of the island.
Coastline prograded mainly in sections Il and lll, clos-
est to the spit. The increase and decrease of area in
this period were probably controlled by variations in
wave power.

After 1988, eroded sediments from Praia do
Leste formed sand banks, which are associated
with the trend of increased river flow since 1992
(Figure 14). Its northeastward migration caused
by longshore drift resulted in the progradation of
the Jureia beach spit, forming a baymouth spit.
Between 1991-1998, the area variation becomes
more stable even with an increase of precipitation
and river flow until 1998. This stability is probably
due to the construction and closure of the channel
dam (1990 - 1995), that reduced the flow of sedi-
ments in the Mar Pequeno lagoon and the inlet dy-
namics. With the opening of the channel, the high
river flow through the inlet eroded the sediment
from the beaches (on sections Il and Ill), resulting
in a negative balance in 1998 (Figure 5 and 12).

The Praia do Leste beach was almost entirely
eroded in 2005. Is possible to observe, in satellite im-
ages, intratidal sand banks merging during this year
(Figure 5); this may have contributed to the increase
of area on the northeastern end of the island. The
coastline prograded more than 100 m in all sections
located at the baymouth beaches (Figure 4) and, from
that period to present, there is a tendency of decreas-
ing in the area as a whole (Figure 12a).

In 2009, the Praia do Leste beach eroded com-
pletely and resulted in a flanking baymouth spit be-
tween the river mouth and the Icapara inlet (Figure
5), as verified by Alcantara-Carrié et al. (2017). Even
with the El Nifio favoring above mean precipitation
and above mean flow rates, the area exhibits a de-
creasing trend (Figure 12). In this period, there were
changes in coastline directions following the river
flow, which exhibits similarities with the actual mor-
phology. River discharge acts as hydraulic blockage
causing changes in the wave pattern that influence
the coast. With the preferential drift heading north-
east along with a hydraulic blockage, the coastline
at the open sea beaches (Sections IV and V) became
exposed, throughout the year, to waves with erosive
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Figure 12. Annual variation of a) accumulated area; b) accumulated precipitation and c) mean river flow in each one of the stations. Gray bars
represent time-intervals of El Nifio with strong magnitude events. Arrows indicate time-interval of events and disturbances in the system. Red
points mark flood events at Valo Grande.

Ocean and Coastal Research 2021, v69:e21004 18



Silva et al. Mechanisms controlling Ilha Comprida barrier, Brazil

Figure 13. Scatter plot showing the relationship between between mean annual precipitation and mean annual river flow in Registro, Sete
Barras and Eldorado stations.

Figure 14. Baymouth spit formation and evolution. The first event (1988 to 1998) is marked for migration and emergence of a sand bank at the
Juréia beach spit and high progradation at the baymouth beach of Iha Comprida, with punctual erosion in such a way that the southern waves
seem to affect the coastline. In the second event (2005 until present), erosive processes removed all sediments from the beach face in Praia do
Leste. Also, there was retrogradation on the coastline and the open sea beaches in the island. Green arrows represent river flow; black arrows
represent incidence of the southern waves; and the gray arrow is the longshore drift.
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character, mainly southern waves, as indicated by
Alcantéra-Carri6 et al. (2017) and Silva et al. (2016).

Silva et al. (2016) indicated that during the winter
and the autumn, the resulting potential longshore
drift is northeastward, with the highest potential dur-
ing winter (Figure 15b and c), whereas in the spring
and in the summer, the resulting drift is southwest-
ward, with greater potential in the spring (Figure 15a
and d). Also, the resulting potential longshore north-
eastward drift, over the northeast coastal area of the
island, contributes with an intense erosive character,
as previously characterized by Souza and Suguio
(1996). This erosive phase is observable mainly in the
winter, due to lower river flow and higher wave pow-
er, from the south, with erosive behavior (Figure 9), as
also noted by Sawakuchi et al. (2008) in beach ridge
patterns during the Little Ice Age (LIA). Even over dif-
ferent time scales, the erosive processes have intensi-
fied, following the south waves.

The opposite configuration occurs during the
summer (Figure 15a). After that, the headland ero-
sion merged the river mouth and the Icapara inlet,
in 2009, acting as a hydraulic blockage for longshore
drift (Alcantara-Carrié et al., 2017). Previously, there

Mechanisms controlling llha Comprida barrier, Brazil

was a predominance of tidal currents in the flow con-
trol of the Icapara inlet (Bonetti-Filho et al., 1996) but
the sediments transported by the coastal drift were
blocked by the effect of hydraulic jetty caused by the
discharge of water from the Icapara mouth (Geobrds,
1966; Nascimento et al., 2008). During the GNSS sur-
veys, the Icapara mouth had already merged with the
river mouth, favoring the drift blockage in proportion
to the river flow and changing the wave incidence
pattern.

CONCLUSIONS

Although the region is remotely influenced by
anomalies, such as El Nifio events, the anthropogenic
influence on barrier evolution was the focus of the
study. The impact of anthropogenic influence can be
characterized by increasing rates of coastline progra-
dation near the spit during the enlargement of the
Valo Grande artificial channel.

The interaction between climatic agents is de-
terminant on sediments dispersion, influencing pro-
gradation and erosion rates. The Valo Grande chan-
nel has contributed to sediment retention by the
hydraulic jetty. The blockage occasioned by river

Figure 15. Conceptual model to seasonal morphodynamic. *Resulting potential longshore drift by Silva et al. (2016).
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discharge resulted in an increase of the barrier area,
mainly on baymouth beach - following the domi-
nant northeastward longshore drift. However, the
coastline is exposed to erosive events during most of
the year, since the blockade is effective only during
the summer. Erosive wave conditions are related to
a higher frequency of cold fronts that are associated
with intense winds from the southeast and changes
the configuration of the beaches. This configuration
represents the current morphodynamic state and ex-
plains the loss of area on the northeastern end of the
island since 2005. The closing of the artificial channel
of Valo Grande can cause greater changes in the mor-
phodynamics, interfering in the hydraulic blockade
and causing acceleration in the erosive processes of
the northeastern end of the barrier island. Coastal
instabilities must be alert due to urban growth and
expansion of coastal zone urbanization.

Further dynamics analyses are necessary to in-
vestigate the inter-annual to decadal mechanisms of
natural variability that influence the morphodynam-
ics of the Northeast of llha Comprida and some re-
lationships with anthropogenic forces. Ilha Comprida
is influenced by the moisture transport during the
mature phase of South America’s Monsoon System,
which, in turn, has its position modified by ENSO-
variability. This configuration interferes in rainfall
regime and, consequently, with the river flow of the
Ribeira de Iguape. It is also possible that the progra-
dation results obtained in this study are related to the
displacement of extratopical cyclones over the Ilha
Comprida region; further study is needed to focus on
a qualitative approach to this relationship.
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