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Abstract The Rio Grande do Norte coast extends 410 km, and consists of sandy
beaches (72 %), active sea cliffs carved into Cenozoic sediments of the Barreiras
and Tibau formations (26 %), and transgressive dune fields and beachrock. It com-
prises two different sectors: the northern (equatorial) coast trends east for 244 km,
while the eastern (oriental) coast trends south for 166 km. The eastern sector is
characterized by wave-dominated and some tide-modified beaches that are mainly
reflective to intermediate states. In contrast, the northern sector has resulted in tide-
modified and tide-dominated beaches that range from reflective (the dominant state)
to intermediate. In general the Refletive+Low tide terrace (R+LTT) is present
along the entire coast for most of the year, while wave-dominated Longshore bar
and trough (LBT), Rhythmic bar and beach (RBB), Transverse bar and rip (TBR),
Low tide terrace (LTT) and reflective (R) occur along the eastern sector, and tide-
dominated Beach +tidal sand flats (B + TSF) occurs along parts of the northern sec-
tor. R +rock flats and coral reef flats are present in both sectors, where bedrock and
beachrock reefs are prevalent. Beachrock reefs are very common along the Rio
Grande do Norte shore, occurring in both the offshore and onshore zones. Beach
morphodynamics is modified due the presence of the beachrocks. Sea level vari-
ability is dominated by tides (up 98 % of the energy spectra). The sea level subtidal
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component is well correlated with the winds, but demonstrate very low amplitudes.
Longshore currents are wind modulated, while cross-shore currents are primarily
modulated by tides and secondarily by winds. Erosional hotspots and, both natural
and anthropogenic hazards, are present along the Rio Grande do Norte coast.

8.1 Introduction

The Rio Grande do Norte coast lies between 04°49'53” and 06°29"18” S. It extends
for 410 km, and consists of sandy beaches (72 %), active sea cliffs carved into
Cenozoic sediments of the Barreiras and Tibau formations (26 %), and transgressive
dune fields and beachrock. Owing to its location on the northeast “corner” of Brazil,
Rio Grande do Norte comprises two different sectors: the northern (equatorial)
coast trends east for 244 km, while the eastern (oriental) coast trends south for
166 km (Fig. 8.1). Along the semi-arid northern coast, tide-modified to tide-
dominated beaches dominate, together with extensive ebb tidal deltas, active dune
fields, barrier islands, and spits. Along the humid tropical eastern coast, wave-
dominated to tide-modified beaches dominate, with active sea cliffs carved into
tablelands alternating with vegetated dune-barrier sections. Beaches with rock flats
and fringing reefs occur in both sectors. According to the Instituto Brasileiro de
Geografia e Estatistica IBGE 2013), there were an estimated 3,408,510 million
people residing in Rio Grande do Norte in 2014, with 1,456,065 (43 %) residing near
the coast, which represents a coastal population density of ~220 inhabitants km?.

8.1.1 Geology

Rio Grande do Norte is located in the eastern part of the northeastern South
American Platform (i.e. Borborema Province). This province was defined by
Almeida et al. (1977) as a complex mosaic-like folded region where major
Neoproterozoic tectonic, thermal, and magmatic events were associated with the
Brasiliano Cycle. The area contains three main groups of rocks (Fig. 8.2): (1)
Precambrian units (3.45 Ba to 542 Ma); (2) Cretaceous units of the
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Fig. 8.1 Location of Rio Grande do Norte, Brazil, including the northern and eastern coastal
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Fig. 8.2 Geological map of Rio Grande do Norte, Brazil (Modified from Medeiros et al. 2010).
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Pernambuco-Paraiba and Potiguar basins (145 to 65 Ma), and associated volcanic
deposits; (3) Cenozoic sedimentary cover (65 Ma to present).

The northern and eastern Rio Grande do Norte coastal sectors are located in the
Potiguar and Pernambuco-Paraiba basins, respectively. These basins, which are
separated by the Touros high (Fig. 8.2), developed during the Upper Cretaceous
post-rift phase of the Atlantic Ocean formation. The Potiguar Basin includes an
offshore segment with an area of ~27,000 km?, and an onshore segment covering
22,000 km?; the latter being related to failed rift basins (Milani and Thomaz Filho
2000). The basin underwent a complex evolution, merging elements from both the
Equatorial and the Southern Atlantic tectonic zones. The Pernambuco-Paraiba
Basin represents the northernmost segment of the Occidental, the extensional mar-
gin of the South American continent. It lies mainly offshore and has a total area
of ~35,000 km?, of which just ~9000 km? are located on land. This region was the
last to experience rifting owing to the nature and high rigidity of the Precambrian
basement cratonic rocks (Matos 1998).

Milani and Thomaz Filho (2000) reported that tectonic events have occurred in
the Potiguar Basin since the Oligocene. East-west compression along pre-existing
northeast—southwest trending faults makes this one the most seismically actives
regions of Brazil. Instrument and historical data also support the theory that both the
Pernambuco-Paraiba and Potiguar basins are located in one of the most seismically
active intraplate areas of South America (e.g. Ferreira et al. 1998, 2008).

Both basins contain well-exposed Cenozoic sandy-clayey sediments of the
Barreiras Formation, which were deposited by fluvial and marine systems. The age
of the Barreiras Formation has long been a source of debate, with proposed dates
extending from the Miocene to the Pliocene (Salim et al. 1975; Suguio et al. 1986).
Lima (2008) dated weathering profiles and found ages of 12—7 Ma. Rossetti et al.
(2013) related the deposition of the Barreiras Formation to a transgressive episode
during the early/middle Miocene. The Barreiras Formation is overlain by Quaternary
deposits related to Pleistocene and Holocene. The most important Quaternary
coastal deposits along the Rio Grande do Norte coast include dune fields, barrier
island-spits, tidal channels with small tidal deltas, beachrock, and lagoonal /tidal
sediments (Vital 2009).

The adjacent continental shelf represents a modern, highly dynamic mixed
carbonate-siliciclastic system characterized by reduced width and shallow depths,
as compared with other parts of the Brazilian shelf. It has an average width of 40 km,
and the shelf-break lying at a depth of 60—70 m (Vital et al. 2010; Gomes et al.
2014; Vital 2014). The shelf is subject to the full strength of the westerly South
Equatorial current, along with high winds and moderate—high tides and waves.

8.1.2 Climate

The Rio Grande do Norte climate varies from tropical dry—semi-arid (KSppen type
Bs) on the northern coast, to tropical humid (Koppen type Af) on the eastern coast
(Nimmer 1989), and is subjected to the movement and location of the Inter Tropical
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Fig. 8.3 Pluviometry in the sub-regions of Rio Grande do Norte, Brazil: (a) mean rainfall (mm)
and the main rainfall seasons in the West, Central, Agreste, and East regions; (b) annual precipita-
tion (mm) across Rio Grande do Norte (Figure after Pinheiro et al. 2010). Feb=February

Convergence Zone (ITCZ). Isohyets are generally parallel to the coast, with annual
precipitation decreasing rapidly toward the interior and to the west (Fig. 8.3).

The Rio Grande do Norte coast has three precipitation zones: the West and
Central regions of the northern coast, and the East region of the eastern coast
(Fig. 8.3). On the northern coast, precipitation is between 600 and 800 mm year™
(or lower), while the eastern coast experiences up to 1600 mm year~! (Pinheiro et al.
2010). Maximum precipitation occurs during the austral spring and is strongly
linked to the maximum zonal intensity of the trade winds. Higher precipitations and
reduced wind speeds are associated with the ITCZ.

The dry period extends from June to January, while the rainy period extends from
February to May. The mean annual air temperature is ~27 °C, with minimum tem-
peratures (~25 °C) occurring at the end of winter (July) and maximum temperatures
(~29 °C) experienced in February.

Though El Nino events are popularly believed to be associated with droughts in
northeast Brazil (Kane 2001), approximately 40 % are likely to be ineffective. This
is because conditions in the Atlantic may be favorable for droughts in northeast
Brazil in some years, while excess rain occurs in other years. In the latter case, the
effects of excess rain are due to Atlantic conditions that may reduce or even obliter-
ate the drought effects of El Nino.

8.1.3 Drainage

The two most important hydrographic basins in the Rio Grande do Norte, the
Piranhas-Acu and Apodi-Mossord, have their mouths located on the northern coast,
where they are subject to anthropogenic impacts from the oil and salt industries,
shrimp farms, and tourism (Fig. 8.4). Similar to other rivers in semi-arid northeast-
ern Brazil, they have an intermittent flow. The Piranhas-Ac¢u River is the largest
source of freshwater in this region, and has the largest hydrographic basin. It is
dammed by the Armando Ribeiro Gongalves Dam, and has a total maximum dis-
charge of 1750 m? s~! during ebb tides and 324 m® s~! during flood tides (Rocha and
Vital 2009). The east coast has a greater number of basins, although they are smaller
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Fig. 8.4 Hydrographic network of Rio Grande do Norte, Brazil. S4 and S4A current meter are
also located adjacent to Ponta Negra and Minhoto beaches

in size (e.g. the basins of the Ceard-Mirim, Potengi, Trairi, Jacu, and Curimatad
rivers), which contribute to the reduced fluvial discharge and sediment deposition in
the region (Fig. 8.4).

8.1.4 Tides, Currents, and Waves

The Rio Grande do Norte coast has a semi-diurnal meso-tidal regime with low
amplitude subtidal variability. Sea level records for the northern shelf (Minhoto
Beach, Guamaré) in June 2003, and for the eastern shelf (Ponta Negra Beach, Natal)
in March of 2014, illustrate the dominant semidiurnal character of sea level vari-
ability (Fig. 8.5), with spring tide range varying from 2.5 to 3.0 m and neap-tides
from 1.5 to 2.0 m. Wind forcing is relatively strong, but the associated sea level
variability is very low amplitude. Tides constitute ~98 % of the sea level energy
spectra (Ribeiro 2014). Currents along Minhoto Beach have a dominant semi-
diurnal signal with low velocities (~10 cm s7!) and a residual component towards
the northwest (i.e., Vnorth>0, Veast<0). For Ponta Negra Beach, tidal current
amplitudes are larger (~20 cm s™!), but the influence of wind in the along-shelf cir-
culation dominates and residual currents flow north.

Relatively little is known about the Rio Grande do Norte wave climate, as com-
pared with southern Brazil, and the knowledge we do have is based on modeling and
occasional short-term observations. Pianca et al. (2010) provided the first assessment
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Fig. 8.5 Time series (days) of sea level (m) and coastal currents (cm s™') along Minhoto Beach,
Guamaré, and along Ponta Negra Beach, Natal. Minhoto Beach records represent the northern
shelf and cover the period 1 June to 17 July 2004. Ponta Negra Beach measurements represent the
eastern shelf and cover the period 14 March to 15 April 2014. Mean sea level was computed from
pressure gauge measurements. The eastern and northern current components are denoted as Veast
(red line) and Vnorth (blue line), respectively (Modified from Araujo et al. 2004 and Ribeiro 2014)

of the wave climate for Brazilian waters using an 11-year time series (Jan 1997-Dec
2007) of the National Oceanic and Atmospheric Administration (NOAA) Wave
Watch 3 (NWW3) model reanalysis. We used their results for two grid locations on
the eastern (9°S 33.75°W) and northeastern (3 °S 37.5°W) regions to represent the
Rio Grande do Norte wave climate and to allow correlation with in situ measure-
ments of the Rio Grande do Norte inner shelf.
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Table 8.1 Rio Grande do Norte northern sector wave statistics

Variable” | Spring (SON) Summer (DJF) Fall MAM) Winter (JJA)
D, E (57.5%) N (36.5 %) NE (52.7 %) SE (72.6 %)

H; 1-2m (37.9 %) 1-2m (21.3%) 1-2 m (43.4 %) 2-3m (51.6%)
T, 6-8 s (46.1 %) 8-10s (11.7 %) 6-8 5 (36.9 %) 6-8 5 (59.3 %)
H, max 3.2 m from SE 3.1 m from N 2.8 m NE 3.4 m from SE
T,mx 21 s from N 18 s from N 16 s from N 16 s from N

Modified from Pianca et al. (2010)

*D,, spectral peak direction of the most energetic components of the wave spectra, H, mean signifi-
cant wave height (trough to crest), 7, peak period of the most energetic components of the wave
spectra; max superscript=maximum observed values in 11-year time series, N, S, E, W north,
south, east, and west, respectively. Percentages indicate the level of occurrence

Northern Sector Pianca et al. (2010) reported that the dominant wave directions
(D,) in the northern Rio Grande do Norte are from the east and north during the
spring and summer, and from northeast and southeast during the fall and winter,
with heights (H;) that vary from 1 to 2 m between spring and fall, and 2-3 m during
the winter (Table 8.1). The peak periods for the most energetic components of the
wave spectra (T,) are 6-8 s for all seasons, except during the summer when values
are between 8 and 10 s. The highest waves (H,™*) are typically between 3.1 and 3.4
m, and the longest peak periods vary between 16 and 21 s (T,™*).

In situ measurements along the northern coast, close to Guamaré (Araujo et al.
2004), indicate mean H; of 2.0 m and periods of 7.0 s for November 2003 (repre-
senting the summer dry period), and a less intense wave-field (mean height of
~1.8 m and a period of 8.3 s) from May to June 2004 (winter or rainy period). These
seasonal differences in currents and waves were attributed to remote forcing and the
position of the ITCZ. Stronger southeast trade winds induce more intense coastal
currents and waves fields, while weaker currents and smaller and less frequent
waves are observed during the winter (rainy period), when the southeast trade winds
are weaker.

Eastern Sector Pianca et al. (2010) reported that for the eastern Rio Grande do
Norte coast, dominant wave directions are from the east during the spring, summer,
and fall, with height ranging between 1 and 2 m with periods of 6-8 s (Table 8.2).
During the winter, the dominant direction is southeast. The highest waves are
observed from the southeast and generally have heights of 2—-3 m, with a maximum
wave height of 4.3 m. The longest periods vary from 16 s in the fall to 21 s in spring.

More recently, Almeida et al. (2015) evaluated the Ponta Negra Beach wave cli-
mate by investigating propagation of deep-water spectral wave scenarios under low
and high tides. The eastern sector exhibited small variability in wave direction, with
the predominant direction east-southeast (75 %) in all seasons, followed by waves
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Table 8.2 Rio Grande do Norte eastern sector wave statistics

Variable” | Spring (SON) Summer (DJF) Fall MAM) Winter (JJA)
D, E (60.1 %) E (50.2 %) E (42.1 %) SE (52.2 %)
H; 1-2 m (47.6 %) 1-2 m (44.6 %) 1-2 m (25.4 %) 2-3 m (35.5%)
T, 6-8 s (53.8%) 6-8 s (43 %) 6-8 s (33.2%) 8-10's (25 %)
Hmax 3.8 m from SE 2.6 m from N 4 m from SE 4.3 m from SE
T,mx 21 s from N 19 s from N 16 s from S 17 s from S

Modified from Pianca et al. (2010)

*D,, spectral peak direction of the most energetic components of the wave spectra, H, mean signifi-
cant wave height (trough to crest), 7, peak period of the most energetic components of the wave
spectra; max superscript=maximum observed values in 11-year time series, N, S, E, W north,
south, east, and west, respectively. Percentages indicate the level of occurrence

from the east (20 %), southeast (3 %), and east-northeast (2 %). Significant mean
wave heights varied between 0.5 and 2.8 m, and waves were below 1.6 m in 75 % of
sea states. Waves higher than 2.6 m had a return period of approximately 10 years.
Peak period values ranged from 4 to 20 s, and were below 8 s in 75 % of sea states.
Waves with periods of greater than 18 s showed a return period of more than 10
years. The analysis of the joint distribution of mean wave height to peak wave
period, and mean wave height to direction, showed that the most frequent waves are
those between 1.3 and 1.7 m in height, have a period of ~8 s, and are from a 110°
(east-southeast) direction.

8.1.5 Coastal Sediments

The Rio Grande do Norte coast is located along the sediment-starved coast of north-
eastern Brazil (Dominguez 2009). The rivers of the study area are small and do not
contribute a significant amount of bedload sediment to the coast. Moreover, rivers
with the highest discharge (e.g. the Piranhas-Acu and Apodi-Mossor¢ rivers) are
dammed, and reservoirs prevent sediments from reaching the ocean. As a result, the
river waters that discharge into the ocean do not form large sediment plumes. Loss
of sediments towards the land by dune field and spit-barrier island formation, tec-
tonic setting, and longshore sediment removal and transport also contribute toward
this negative sediment budget (Vital 2006; Vital et al. 2006).

The beaches are dominated by siliciclastic sands, with muddy sediments (mainly
coarse silt) restricted to river mouths. Beach sediments are mainly moderately
sorted fine—medium grained quartz. Carbonate sediments are observed only when
biodetrical gravel is present (e.g. Lima et al. 2006; Chaves et al. 2006; Vital 2009).
Heavy minerals, which are normally associated with high-energy periods, are found
in the form of ilmenite, zircon and rutile, and are derived from rivers mouths and
Barreiras Formation outcrops (Vital and Guedes 2000).
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8.1.6 Coastal Provinces and Geomorphology

Most of the present-day relief along the Rio Grande do Norte coast resulted from
the deformation and erosion of preexisting topography and it is characterized by
coastal plains, coastal tableland, fault-controlled valleys, beachrock, and coastal
dune fields (mainly barchans and barchanoids). The Touros platform, representing a
structural high from the Potiguar Basin, separates the eastern and northern sectors.

Along the northern coast, dunes are mostly barchans and barchanoids. Barrier
islands and sandy spit systems are restricted to the northern sector, between Ponta
do Mel and Ponta dos Tres Irmaos, where cliffs from the Barreiras Formation are
not found. Of the 244 km of the northern coastline, which represents 59 % of the Rio
Grande do Norte coast, 194 km (80 %) is sandy beaches, 10 km (4 %) is muddy
beaches, and 40 km (16 %) is active cliffs.

The eastern coast has a length of 166 km, representing 41 % of the Rio Grande
do Norte coast, of which 101 km (61 %) is composed of sandy beaches, and 65 km
(39 %) is composed of active cliffs of the Barreiras Formation, together with exten-
sive parabolic or blowout dune fields controlled by vegetation. The dominant mor-
phological signature in the eastern sector is a horst-graben structure along the
margin, which has driven the erosion associated with waves refraction patterns, and
explains the differential erosion on Barreiras Formation rocks. The horst-graben
structure controls the morphology of the coastal tablelands (e.g. Bezerra et al.
2001), with these beaches variably referred to as zeta curved bays (e.g. Carter 1988),
headland embayed beaches, structurally controlled beaches (Short and Masselink
1999), or headland bay beaches (Klein 2004).

8.2 Rio Grande do Norte Beach Systems

The Rio Grande do Norte coast is exposed to easterly and southeasterly waves and
meso-tides, which has resulted in a predominantly tide-modified coast and beaches
on the open shore (Fig. 8.6). Rio Grande do Norte hosts 100 beach systems along its
open coast, which are tide-modified to tide-dominated along the northern sector,
and tide-modified to wave-dominated along the eastern sector. Reflective and rock
or coral reef flats are present in both sectors.
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Fig. 8.6 Tide-modified beaches along the coast of Rio Grande do Norte, Brazil: (a) Diogo Lopes
Beach, northern Sector; (b) Ponta Negra Beach, eastern Sector (Photos courtesy of H.Vital)

8.2.1 Coastal Processes and Parameters

The Rio Grande do Norte region experiences high-energy, coastal and shelf parallel
currents driven by combined flows related to oceanic, tidal, and wave processes.
Since strong winds are almost constant, water masses are well mixed with no
stratification.

The breaker wave height during spring high tides, acquired monthly from differ-
ent beaches along the Rio Grande do Norte coast, indicate that wave heights are
greater along the eastern sector. Along the northern sector, waves have a maximum
height of 0.8 m during the summer, and 0.7 m during the rainy (winter) season
(Tabosa et al. 2001; Silveira et al. 2006; Lima et al. 2006; Chaves et al. 2006), with
a medium wave period of 7.5 s. In the eastern sector, waves have a maximum height
of 1.85 m during the summer, and a maximum height of 0.85 m during the rainy
(winter) season (Chaves 2000; Souza 2004; Frazao 2003).

8.2.2 Beach Types and States

Rio Grande do Norte beaches range from wave-dominated to tide-modified and
tide-dominated, with beach type controlled by the relative tidal range (RTR):

RTR=TR/H,

where TR is the spring tide range (m) and H, is the breaker wave height (m). Rio
Grande do Norte beaches have RTR values ranging from 1 to 35 (Fig. 8.7). Those
with RTR <3 are wave-dominated, those with RTR of 3—10 are tide-modified, and
those with RTR > 10 are tide-dominated. The dimensionless fall velocity €2, can be
expressed as:

Q=H, /W.T

where Wys is the sediment fall velocity (cm s7!) and T is the wave period (s).
Reflective beaches tend to occur when Q< 1, intermediate rip-dominated beaches
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beaches along the eastern (or oriental) sector (red squares) and northern (or equatorial) sector (blue
diamonds) of the Rio Grande do Norte coastline, Brazil

occur when € ~2-5, and dissipative beaches occur when Q>6. The Rio Grande do
Norte coast contains the full range of beach states (Fig. 8.7), with the higher energy
eastern sector characterized by wave-dominated and some tide-modified beaches
(predominately in reflective and intermediate states), while the lower energy and
higher tidal range northern sector is characterized by tide-modified and tide-
dominated beach states, with beaches ranging from reflective to intermediate (with
reflective state beaches dominant).

Tide-modified beaches are by far the dominant type along the Rio Grande do
Norte coast. The Reflective + low tide terrace (+ rips) (R+LTT) and Reflective + low
tide bars & rips (R+LTR) rips are the most frequent along the northern and eastern
coastlines, respectively. Wave-dominated beaches (RTR <3) occur only along the
eastern coast, where each of the six wave-dominated state types have been observed,
although they are very few in number. Despite Q>6, most waves are lower than 1 m
and the dissipative beaches state is the most scarce, while the Longshore bar &
trough (LBT) state is the most frequent among the wave-dominated beaches. The
beaches on the eastern sector have fine—-medium sand, which coarsens where cliffs
are present.

The northern sector contains both tide-modified and the only tide-dominated
beaches, which occur where waves are very low and the tide is higher than 3 m (e.g.
Galinhos, Pontal do Anjo). Sediments range from fine to coarse sand, and are mod-
erately to poorly sorted.
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8.2.3 Spatial Variations in Beach State

Spatial variations in beach state (Fig. 8.7) are primarily driven by changes in the
breaker wave height, which is controlled by regional orientation (e.g. northern and
eastern sectors) and bedrock, which influences wave attenuation and breaker wave
height. Although the mean wave height on the inner shelf is 2.0 m, breaker waves
are considerably lower owing to attenuation across the shelf and around headlands.
Furthermore, TR is between 2.3 and 2.7 m on the eastern sector, but increases to 3 m
on the northern sector. Along both coasts, sediments are predominately fine-medium
sand, coarsening due to carbonate shells on the northern sector, and near cliffs of the
Barreiras Formation along the eastern sector.

The higher waves and lower tides of the eastern sector combine with sediments
to maintain both wave-dominated (in most exposed locations) and tide-modified
beaches. Dissipative beaches are favored in exposed areas of finer sand, while
reflective beaches are favored in areas of coarser sand. Along the northern sector,
the lower waves and higher tides have favored the formation of tide-modified
beaches and, in the areas with the lowest waves, tide-dominated beaches.

In general the R+LTT is present along the whole coast for most of the year,
while wave-dominated LBT, Rhythmic bar & beach (RBB), Transverse bar & rip
(TBR), LTT, and R occur along the eastern sector, and tide-dominated Beach + tidal
sand flats (B + TSF) occurs along parts of the northern sector. Reflective +rock flats
(R+RF) or Reflective+coral reef flats (R+CF) are also present in both sectors,
where bedrock and beachrock reefs are prevalent.

8.2.4 Temporal Variations in Beach State

Temporal variations in the states of the Rio Grande do Norte beaches occur as a
result of the lower summer and higher winter waves (Fig. 8.8a). On the eastern sec-
tor the Q is highest during winter when waves are higher (Table 8.2), with lowest
values accompanying the lower summer waves. Likewise along the northern sector
the lower summer waves lead to higher RTR (more tide-dominated) compared to
winter (Table 8.1). This results in some beaches shifting to higher energy states,
and possibly from tide-modified to wave-dominated states between summer and
winter.

Figure 8.8b plots the response of three beaches during the lunar tidal cycle.
The beaches range from wave-dominated (Campo Macau in winter) to tide-modified
(Pontal do Anjo-Macau in summer; Fig. 8.9), to tide-dominated (Galinhos in
summer). Beach profiles were measured during the four phases of the moon.
Moreover, the Galinhos Beach topographical profile was measured five times during
the full moon phase, at intervals of 1 h between each profile, beginning 2 h before
the low tide (for details see Lima et al. 2006 and Chaves et al. 2006). The data set



214 H. Vital et al.

A Q B Q

0 2 4 6 8 10 12 0 2 4 6

»* o
E.; x ’i ﬂ% X OCampo Macau - NEAP TIDE -
5 | Paty ‘o? = = 5

winter

u]
® OCampo Macau - SPRING TIDE
o ® - - winter
s B Campo Macau - NEAP TIDE -
D. summer
& - - -
15 15 M Campo Macau - SPRING TIDE
m 08 by L - summer
i o0 OPontal do Anjo - NEAP TIDE -
mzn 20 winter
OPontal do Anjo - SPRING TIDE
= Winter-Eastern Sector 35 Aa - winter"
o @®Pontal do Anjo - NEAP TIDE -
Winter-Northern Sector 2= summer
30 10 ®Pontal do Anjo - SPRING TIDE
3 x Summer-Eastern Sector - summer
AGalinhos - NEAP TIDE -
o Summer-Northern Sector 35 summer
AGalinhos - SPRING TIDE -
summer

35
40 40

Fig. 8.8 Temporal relationship between Q (dimensionless fall velocity) and relative tidal range
(RTR) of beaches along the Rio Grande do Norte coastline, Brazil: (a) seasonal variations, with
data sorted by winter and summer for the eastern (blue squares and blue x, respectively) and north-
ern (yellow triangles and brown diamonds, respectively) sectors; (b) variations with the lunar
cycle, with data sorted by neap tides (green colors) and spring tides (red colors), winter and sum-
mer seasons at Campo Macau Beach (squares), Pontal do Anjo Beach (circles), and Galinhos
Beach (summer only; triangles)

Fig. 8.9 Pontal do Anjo Beach (Northern sector, Rio Grande do Norte coastline, Brazil) during a
spring low-tide: (a) summer of 2001; (b) winter (rainy season) of 2002

collected across a lunar cycle showed that deposition is highest during spring tides
accompanying the full moon. The changes observed during the tidal cycle also
showed that modification of the beach profile begins soon after the slack tide, when
the tide begins to flood.
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8.2.5 Beach-Dune Interactions

Along almost the entire Rio Grande do Norte coast, regardless of the presence of
cliffs, significant acolian sedimentation records show that past climatic and geologi-
cal conditions were more favorable than at present to the accumulation of aeolian
deposits.

Extensive coastal dune deposits are present along the Natal coast (eastern sec-
tor), just landward of the beach, and are termed the Barrier Dune System (Melo
1995). This barrier dune system is very important to Natal City because it hosts part
of the aquifer supplying water to the city, as well as regulating groundwater distri-
bution and the supply of water to coastal lakes (Medeiros et al. 2001). The predomi-
nant aeolian transport direction is from southeast to northwest. Where active dunes
occur they are usually the reworking older inactive dunes, generally in the form of
blowout. Most inactive dunes are vegetated parabolics that no longer have an active
sediment source.

The northern sector has few cliffs, some with elevations of less than 5 m, which
were generated by the erosion of aeolianite rocks, beachrock, and the Tibau and
Barreiras formations. There are occasional dune blowouts, and more frequent active
dune fields (e.g. the Zumbi and Rosado dune fields). Where there are active cliffs
along the eastern sector, and in the region of Pipa, the cliff top dunes which cover
coastal tablelands probably predate the erosion of the cliffs.

Coastal sediment supply and aeolian transport from beaches to the mainland are
not yet fully understood along the Rio Grande do Norte coast. Both could be associ-
ated with lower relative sea level that may have exposed the shelf to wind action,
although this is unlikely. It is more likely that they are related to transgressive and
higher relative sea level, which allowed for the erosion of the cliffs and deposition
of more sediments on the beaches; thus, generating a surplus sediment budget.
Conclusively identifying the correct process requires systematic dating of the
various dune fields, using a well-designed chronostratigraphic framework for
correlation with the changing sea level curve.

The dunes of the Rio Grande do Norte coast are classified as recent (Holocene)
dunes and paleodunes (Pleistocene), according their stability, the age of stabiliza-
tion, and to morphological, sedimentological and biological criteria (Barreto et al.
2004; Angelim et al. 2006). Regardless of classification or age, the dune fields have
a maximum thickness of 50 m, with the sand color white or yellow/red. In some
dunes the yellowish/reddish color be attributed to pedogenetic processes, and these
are considered “paleodunes”; however, these colors are also found in active dunes,
resulting from the erosion of red rocks of Barreiras Formation that are rich in iron
oxide cement (e.g. the Rosado dune field). Therefore, color cannot be used as a reli-
able criterion for characterizing “paleodunes”.

One of the most important differences between the eastern and northern sectors
relates to the wind transport pattern. Along the eastern sector, the direction of migra-
tion is consistently southeast-northwest, ranging from N31 °W near Paraiba Border
to N64°W at Touros. In the northern sector, at least two dominant wind transport
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directions are evident: southeast-northwest and northeast-southwest. In both sec-
tors, wind transport from southeast to northwest is associated with the southeasterly
trade winds, which are most active during the winter (rainy) season. Along the
northeastern coast during the summer, the Atlantic Equatorial Mass provides the
dominant northeast winds.

Costa Neto (2009) monitored the direction and speed of winds along the northern
sector and found that between October and April, the velocities of winds from the
northeast and east-northeast range between 20 and 30 km h™', but exceed 30 km h™'
in 5-15 % of the observations. February has the highest percentage (~15 %) of high
wind speeds, while in December only 10 % of the observed wine speeds are greater
than 30 km h~'. The differences in the dune migration direction between the eastern
and northern sectors can be attributed to the orientation of the shoreline, and to the
action of the Atlantic Equatorial Mass, which has a dominant wind direction of
northeast and east-northeast in the eastern sector; although, southeast winds also
present significant speed values for at least 2 months a year (during the drought
period). Therefore, the eastern sector has a more effective capacity for wind trans-
port. The migration of dunes (active or inactive) is limited to ~20 km inland.
However, some dunes are contained close to the shoreline owing to interception by
water bodies, in particular perennial rivers of different sizes.

An integrated view of the geological framework of the Rio Grande do Norte
coastal region can be seen in Ground Penetrating Radar (GPR) records (Fig. 8.10).
In GPR radargrams we can interpret saline wedges and stratigraphic stacking of
sedimentary packages, which emphasizes recent beach deposits (indistinct fore-
shore and backshore) of ~2.5 m in maximum thickness. The sandy rocks of Tertiary
Barreiras Formation are interpreted as fluvial (Araujo et al. 2006) and serve as a
substrate for younger sedimentary deposits, including the Potengi Formation of
unknown age, which is up to 10 m thick, and Quaternary sediments of active dunes,
where two generations of dunes can be identified (Fig. 8.10a). A radargram showing
a northwest—southeast profile ~60 m in length and 6 m depth (Fig. 8.10b), shows
foredune and sand sheets deposits. In the frontal dunes, two 2nd order surfaces are
observed, recording three main stages of dune migration at Malemba Beach. Figure
8.10c shows wind-driven sedimentary packages along an 820 m section of Buzios
Beach (collected with a GPR antenna of 50 MHz) that are limited by 2nd and 3rd
order surfaces and by a complex arrangement of layers. To ensure that ages have
geological significance, dating of these deposits will rely on the development of a
chronostratigraphic framework to accurately define sampling sites.

8.2.6 Beach-Beachrock Interactions

Beachrock reefs are common along the Rio Grande do Norte shore, occurring in
both the offshore and onshore zones (Fig. 8.11). Owing to high ocean temperatures,
beachrock can form in a few decades, cementing the intertidal beach sands. This
cementation may lead to substantial modification of Holocene coastal processes and
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Fig. 8.11 Beachrock along the Rio Grande do Norte coastline, Brazil: (a) Gracandu Beach at low-
tide; (b) Barreta Beach at high-tide; (¢) Galos Beach; (d) submerged beachrock at 25 m depth,
Urca do Minhoto; (e) sedimentary structures observed in the beachrock of Praia do Forte Beach;
(Photos courtesy of H. Vital (a, c, e), L.H.O. Caldas (b), and A. Schimanski (d)

subsequent Holocene beach and barrier formation (Vousdoukas et al. 2007; Cabral
Neto et al. 2014). Reefs are better developed on the eastern coast because of their
continuity (e.g. the Barreta, Forte, and Gragandu beaches), but are also present on
the northern coast (e.g. the Galinhos and Ponta do Mel beaches). Submerged
beachrock reefs are also reported along the littoral region at different depths (Vianna
et al. 1991; Testa and Bosence 1998, 1999; Vital 2006, 2009; Vital et al. 2008a;
Santos et al. 2007; Cabral Neto et al. 2014). The most continuous structure is situ-
ated along the 20-25 m depth isobaths, but small structures are also found along the
10 and 40 m isobaths. Elevations reach 2.5-5 m above the sea floor, and the widths
vary between 500 and 1000 m.

Beachrock laminations are oriented sub-horizontally and dip gently seaward
(<10°). They are composed of siliciclastic (70-75 %) and bioclastic components
(30-25 %), with quartz the main mineral (up to 68 %), followed by feldspar and
heavy minerals. Bioclastic components can reach up to 30 % and are mainly red
algae and bivalves. Beachrock composition is usually similar to modern sands of
the adjacent beaches (Branner 1904; Oliveira et al. 1990; Vieira et al. 2007; Cabral
Neto et al. 2014), and are characterized by swash-cross stratification in the fore-
shore zone (top) and trough-cross stratification in the shoreface zone (base).
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Fig. 8.12 Wave height vs. submerged beachrock along the northern sector of the Rio Grande do
Norte coastline, Brazil: (a) Landsat 7 Enhanced Thematic Mapper plus (ETM+) image of the
Brazilian tropical northeast shelf (Northern sector), running adjacent to Rio Grande do Norte and
showing the almost continuous submerged beachrock (yellow dashed line) and different seabed
features. Land is shown in yellow—white colors, and the shallow subaqueous shelf is shown in blue
colors (Image modified from Gomes and Vital 2010); (b) offshore waves (Image courtesy of
C. Bandeira); (c) break zone waves

Relict submerged beachrock reefs on the Rio Grande do Norte shelf (Figs. 8.11d
and 8.12) are aligned parallel to the present-day coast at 20-25 m depth, and can be
tracked from at least Natal to Areia Branca. The submerged beachrock lines modify
beach morphodynamics by reducing and redistributing the wave energy impacting
on the coastline. As a result, offshore waves on the border of the medium and outer
shelf (25 m depth) are higher (2—5 m) than on the inner shelf (2 m) and breaker zone
(Fig. 8.12 b, ¢).

8.2.7 Beach-Barrier Islands

Spit-barrier island systems on the Rio Grande do Norte northern coast range from
barrier spits (e.g. Galinhos, Diogo Lopes) to barrier islands (e.g. Ponta do Tubarao,
Amaro). They are composed of sandy sediments and often capped by dunes. The
evolution of these barrier systems has been cyclic (Xavier Neto et al. 2001; Lima
etal. 2001, 2002; Silveira et al. 2006; Silva et al. 2011) indicating an ancient system
of barrier islands that has developed into the current spits, and spits that have
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recently detached to form barrier islands (Vital et al. 2008b, 2011; Rocha et al.
2009). Studies of modern coastal environments and sediments in this area (e.g. Vital
et al. 2003a) show that barrier spits and barrier islands occur only along the east-
west northern coast, confined between two important fault systems: the Carnaubais
and Afonso Bezerra systems (Fig. 8.13). However, in the past, barrier islands were
abundant along the entire northern coast (e.g. Caldas et al. 2006; Vital 2009; Vital
et al. 2013).

The prograding nature of this coastal plain was first presented in the Silva (1991)
model, in which lagoons, tidal flats, and fluvial sediments were deposited behind a
barrier spit, while tidal inlet, tidal flat, and small secondary spit sediments were
deposited seaward of the barrier spit. A restricted microfaunal assemblage occurred
behind the barrier spit, while an open marine fauna occurred in front of the spit. The
environments seaward of the barrier spit represented a tidal inlet sub-facies of the
ebb-tidal delta facies preserved in the subsurface, with the ebb-tidal delta complexes
attached to the mainland and promoting shoreline progradation.

8.2.8 Longshore Transport and Beach Stability/Erosion

Coastal current observations are scarce for the Rio Grande do Norte coast. The lon-
gest measurements were obtained for the eastern sector (Ponta Negra Beach, Natal),
between October 2013 and April 2014. A S4A current meter was moored at 10 m
depth and positioned 1.5 m from the bottom, returning more than 212 days of sea
level and current observations (Ribeiro 2014). For the northeastern sector, measure-
ments have been collected offshore of Guamaré City by the Quadro de Boias sta-
tion, an S4A current meter moored at 20 m depth and positioned 10 m from the
bottom, during November 2003; and nearshore, off Minhoto Beach, using an S4
current meter moored at 4 m and positioned 2 m from the bottom, during November
2003 and May—June 2004 (Vital et al. 2008a).

The Ponta Negra observations demonstrate that inner shelf currents mainly flow
north, with low directional variability during the observed seasons (Fig. 8.14a).
Stronger currents (>0.20 m s') occur during summer and fall. Longshore currents
mainly flow north, but ocassionally reverse to the south. Trajectories computed for
virtual drifters illustrate northward residual currents, parallel to the coastline and
with trajectories that range from 150 to 320 km in different seasons' (Fig. 8.14b).
Coastal currents change direction owing to tides in the cross-shelf direction, which
steer the flow towards and against the coast. The sea level subtidal component is
well correlated to winds, but demonstrate very low amplitudes. Spectral analyses
indicate that alongshore currents have more energy in the meteorological (~15 %)
and low frequency (>50 %) bands, while cross-shore currents are dominated by
semi-diurnal (>28 %) tides (Fig. 8.14c).

!'Virtual trajectories are found by integrating the velocity field in time and further assuming a hori-
zontally uniform flow.
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while trajectories are shown in kilometers. (¢) Spectral density estimates (SPD) for Ponta Negra
cross- and alongshelf currents during the fall. Note that the semi-diurnal band (SD) is dominant for
the across-shelf flow, while meteorological (M) and lower frequency (LF) bands dominate the
alongshelf flow. Other symbols represent the diurnal (D) and shallow water (SW) components

Along the northern sector, longshore currents flow towards the west-northwest
(oblique to the coast) with a maximum of 97 cm s~! during rising tides, and towards
the north (perpendicular to oblique to the coast) with a maximum of 50 cm s~! dur-
ing falling tides. These are by far the dominant contributors to net sediment trans-
port along the coast of Rio Grande do Norte. Owing to the obliquity of the strongest
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winds, alongshore wind-driven currents increase sediment transport rates, while the
relatively small tidal currents (~5-60 cm s™!) have only a small transport capacity.

On the northern coast, the impact of the currents on sedimentation processes is
clear. Extensive west-trending spits generated by nearshore currents occur parallel
to the coast (e.g. Silveira et al. 2006; Lima et al. 2006), while smaller perpendicular
spits (Silva et al. 2011; Vital 2009) are generated by tidal currents. Nearshore cur-
rent measurements show tidal currents up to 130 cm s~!, flowing southwest, west,
and northwest during flood tides, and north-northeast during ebb tides (Vital et al.
2011). The predominance of the ebb-tide is indicated by the higher values of the
average currents (3070 cm s™) when compared with the flood-tide (20-60 cm s™).
The calculated longshore sediment transport is between 100 and 110 m® d! (Chaves
et al. 2006; Vital et al. 2006).

The seven most common indicators of coastal erosional along the Rio Grande do
Norte coast are (e.g. Vital et al. 2003b, 2006; Vital 2006): (1) general and progres-
sive landward shoreline displacement (retrogradation) during the last six decades;
(2) severe erosion of the Tertiary Barreiras Formation, as well as erosion of
Quaternary aeolian and/or marine deposits along the coastline; (3) destruction and
burial of mangroves adjacent to the beach; (4) subaerial exposure of peat bogs from
ancient lagoonal or mangrove deposits on foreshore and upper shoreface surfaces;
(5) persistent destruction of engineering works; (6) concentrated heavy minerals in
foreshore zones; and (7) the development of beach embayments.

Furthermore, the most important factors and causes of coastal erosion along the
Rio Grande do Norte coast are related to (e.g. Vital et al. 2003b, 2006; Vital 2006):
(1) coastal circulation dynamics: beachrock along both the northern and eastern sec-
tors, which are aligned parallel and intermittent to the beach, change wave energy
and cause accentuated erosion and beach embayments. Where beachrock reefs are
continuous, they protect extensive stretches of coast; in contrast, accentuated ero-
sion take place where in lee of gaps in the beachrock (Fig. 8.11b). When beaches are
eroded, the beachrock remain as natural breakwaters to modify wave energy, and
thereby control the shape of the retreating shoreline; (2) Holocene evolution of the
coastal plain: sedimentation during the Holocene has mainly been controlled by
variations in sea level, longshore currents, and the advance of active dunes along the
coast (Caldas et al. 2006). Intensive erosion along some stretches of the coast can be
related to intense longshore drift (northerly along the eastern sector, and westerly
along the northern sector) associated with a negative sediment budget and sediment
loss towards the land during dune field and spit-barrier island formation; (3) natu-
rally insufficient sediment supply: long-term trends of coastal erosion in northeast-
ern Brazil relate to an insufficient sediment supply (Dominguez and Bittencourt
1996). The rivers in the study area are small and do not contribute significant sedi-
ments. Moreover, the largest rivers (e.g. the A¢u and Mossoro-Apodi rivers) are
dammed, which prevents sediments from reaching the ocean. The relationships
between the small size of drainage basins, low intra-basinal relief, and low precipi-
tation values in Rio Grande do Norte have resulted in the small sediment volume
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from the hinterland to the shelf (the so-called sediment-starved coast: Dominguez
2009); (4) construction of hard interface structures: hard structures prevent the
further erosion of beaches or impede the motion of sand along beaches. Inappropriate
structures can exacerbate the situation and harm adjacent beaches. Along the Rio
Grande do Norte coast, groin fields were constructed on different beaches (e.g.
Caigara do Norte, Macau, Touros), likely because they are traditionally used to pre-
vent erosion on shorelines with significant alongshore transport. However, these
structures were built without sufficient background-knowledge of the most impor-
tant aspects and mechanism impacting on coastal erosion; and (5) tectonic factors:
along the northern sector, erosional areas are likely linked to large-scale bottom
morphology, while along on the eastern sector, large-scale coastal morphology is
the driving force. These differences are mainly due to divergent longshore drift and
the negative sediment budget.

8.3 Beach Hazards and Safety

The Rio Grande do Norte beaches contain both natural and anthropogenic hazards.
Natural hazards include strong rip and longshore currents, breaking waves, and
variable topography associated with beachrock reefs and headlands. Anthropogenic
hazards are mainly related to intense exploitation of beaches by tourism, shrimps
farms, and the energy industry (wind, oil, and gas exploration). We currently pos-
sess a relatively poor understanding of how geological hazards (e.g., storms, active
tectonics) impact on the coast and coastal shelf.

Most hazards reported from the eastern coast relate to rip currents (e.g. Buzios
Beach), with the majority of accidents occurring when the number of people swim-
ming increases (particularly summer tourists) and when places are not well signed.
This is highlighted by preventive work guidance and education, including the place-
ment of road signs at urban beaches with a higher incidence of drowning, which was
intensified following the 2014 Fédération Internationale de Football Association
(FIFA) World Cup. Because of this, since the beginning of 2015, beaches where
flags or plates were placed, or where lifeguards are present, have not registered any
fatal drownings.

Along the northern coast, hazards are mainly related to the higher tidal range and
to the presence of tidal inlets (especially between the Galinhos and Porto do Mangue
beaches) with their strong tidal, nearshore, and oceanic currents. Anthropogenic
hazards relate to shrimps farms, the oil industry, and wind-energy projects in
extremely fragile and dynamic environments where seabed erosion, strong currents,
and sediment transport dominate.
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8.4 Summary and Conclusions

The Rio Grande do Norte coast is dominated by sandy beaches backed by cliffs of
the Tertiary Barreiras Formation, dune fields, barrier island-spits, and tidal chan-
nels. It is exposed to easterly and southeasterly waves and meso-tides that have
resulted in a predominantly tide-modified coast and beaches on the open shore. The
coast comprises two sectors: the northern, (equatorial) coast trends eastward for 244
km, and the eastern (oriental) coast trends southward for 166 km. The higher energy
eastern sector is characterized by wave-dominated and some tide-modified beaches
that are mainly reflective to intermediate states. In contrast, the lower energy and
higher tidal range of the northern sector has resulted in tide-modified and tide-dom-
inated beaches that range from reflective (the dominant state) to intermediate. In
general the R+LTT is present along the entire coast for most of the year, while
wave-dominated LBT, RBB, TBR, LTT and R occur along the eastern sector, and
tide-dominated B + TSF occurs along parts of the northern sector. R +rock flats and
coral reef flats are present in both sectors, where bedrock and beachrock reefs are
prevalent.

Beachrock reefs are very common along the Rio Grande do Norte shore, occur-
ring in both the offshore and onshore zones. The reefs modify beach morphodynam-
ics by reducing and redistributing the wave energy impacting the coastline.
Longshore currents are mainly towards the north along the eastern sector, and to the
west along the northern sector. Sea level variability is dominated by tides (up 98 %
of the energy spectra). The sea level subtidal component is well correlated with the
winds, but demonstrate very low amplitudes. Spectral analyses indicate that long-
shore currents have more energy in the meteorological and low frequency bands,
while cross-shore currents are dominated by semi-diurnal tides. Longshore currents
are wind modulated, while cross-shore currents are primarily modulated by tides
and secondarily by winds.

Different indicators of coastal erosion are observed along the Rio Grande do
Norte coast. Areas of erosion along the northern sector are likely linked to large-
scale bottom morphology, but along the eastern sector erosion is related to large-
scale coastal morphology. Natural hazards along the coast are associated with strong
rip and longshore currents, breaking waves, and variable topography associated
with beachrock reefs and headlands. Anthropogenic hazards mainly relate to intense
exploitation of Rio Grande do Norte beaches by tourism, shrimps farms, and the
energy industry (wind, oil, and gas exploration).

This chapter has presented a brief overview of our existing knowledge regarding
the beaches of Rio Grande do Norte. Systematic morphodynamic studies along all
beaches in the region are necessary for a more accurate and complete picture of this
remote corner of Brazil.
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