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5.1 Introduction 

The southeast Brazilian coast rests against crystalline massifs that forms 
the Serra do Mar coastal range, stretching from the southern State of 
Espírito Santo (~20ºS) to the southern State of Santa Catarina (~28ºS). 
Dominguez (Chap. 2, this volume), classify this coastal sector as the high-
grade rocky coast of southeastern Brazil (Fig. 5.1). Its most prominent 
geomorphologic characteristic is the scarped coastal range that, when in-
tersecting the coastline, creates coastal embayments where strandplains, 
and less frequently estuarine systems, are observed. 

This chapter deals with the Late Pleistocene and mainly with the Holo-
cene geology of an area that extends from Barra Velha in the south to Ilha 
do Cardoso in the north, encompassing the State of Paraná and the north-
ern sector of the State of Santa Catarina (Fig. 5.1). It is a coastal segment 
of about 200 km that harbors the largest estuarine systems and the widest 
strandplains of southeastern Brazil. 

Four coastal plains and three estuarine systems exist in the area (Fig. 5.2). 
From south to north the coastal plains are São Francisco do Sul, Itapoá-
Guaratuba, Paranaguá (including Ilha do Mel) and Superagüi (including 
Ilha das Peças). All have been mapped in detail (1:50,000 except for São 
Francisco do Sul), but stratigraphic investigations were performed only on 
the Paranaguá and Itapoá-Guaratuba barriers. By far, the Paranaguá coastal 
plain is the most studied site, with pioneer geological investigations dating 
back 60 years (Bigarella 1946). The estuaries that establish the boundaries 
between the coastal plains are Baía de São Francisco do Sul (also named 
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Baía da Babitonga), Baía de Guaratuba and the estuarine complex of Baía 
de Paranaguá and Laranjeiras. The development of the Holocene barriers 
and the paleogeographic evolution of the coastal plains are intimately re-
lated with the morphodynamics of these estuarine systems. 

This chapter aims to make an overall characterization of the geology of 
the coastal plain and to present a summary of what has been achieved in 
the understanding of the sedimentary facies, architecture and evolution of 
the Holocene plains, with special mention of the two most investigated 
sectors of the study region, the Paranaguá and Itapoá-Guaratuba coastal 
plains. 

 

 

Fig. 5.1 Southeastern Brazilian coast and location of the study area (dark gray). 
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Fig. 5.2 Quaternary geology of the study area (inset (a) Paranaguá coastal plain; 
inset (b) Itapoá coastal plain). (1) Pleistocene barrier, (2) Holocene barrier, (3) pa-
leoestuarine plains, (4) tidal flat, (5) other units, (6) topographic profiles, (7) sand 
pit, (8) vibracore location, (9) GPR profiles, (10) ebb tidal deltas. The cross indi-
cates location of foredunes shown in Fig. 5.8 
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5.2 Regional Setting 

5.2.1 Geological Background 

The broad structural setting of the Brazilian coast was determined by the 
opening of the Atlantic Ocean during the Mesozoic. The coasts of the State 
of Paraná and the northern coast of the State of Santa Catarina are located 

(28°S). 

lis, between which the Santos sedimentary basin (up to 8 km sediment 
thick) was established (Fig. 5.3). Santos Basin, as well as other large 
neighboring marine sedimentary basins, was fed by the uplift of Serra do 
Mar range, a large plateau created between 89 and 65 Ma ago (Zalán and 
Oliveira 2005). The existence of a mega plateau by the side of subsiding 
sedimentary basin created an isostatically unstable situation, and gravita-
tional collapse began at around 58 Ma (Zalán and Oliveira 2005). For the 
next 30 Ma the continental crust broke up and collapsed into a series of 
grabens and horsts parallel to the current coastline, giving rise to the rocky 
scarps that characteristically back up the southeastern coastal plains 
(Fig. 5.3). 

A few grabens, well correlated with the estuaries location, have been 
mapped in the study region. Their limits coincide with segments of the 
coastal range that run transversal to the coastline (Serra do Rio Branco, 
Serra da Prata, Morro do Cantagalo-Serra da Tiririca), and define small 
hydrographic basins and coastal segments (Fig. 5.3). 

5.2.2 Holocene Paleo-Sea Level Trend 

According to a review of the Holocene paleo sea-level trend for the eastern 
Brazilian coast (Angulo and Lessa 1997, Angulo et al. 2006a), a smooth or 
gently oscillating decline of sea level occurred after a Holocene sea-level 
maximum of 2 to 3.5 m between 7,000 and 5,000 cal yrs BP (Fig. 5.4a). In 
the study region 6 samples of reworked shell and wood fragments, 11 
samples of in-situ shells of Anomalocardia brasiliana and 9 samples of 
vermetids indicate a paleo sea level trend that closely follows the trend 
suggested for the Eastern Brazilian coast (Fig. 5.4b). Sea level maximum 
occurred between 7,000 and 5,000 yrs BP (more likely between 5,000 and 
5,800 yrs BP), with an elevation of 3.5 ± 1.0 m (Angulo et al. 2006a). A 
relatively high elevation was apparently sustained until about 3,500 yrs 
BP, when falling rates increased. 

in a broad structural arc between Cabo Frio (23°S) and Florianopolis 

This arc is defined by the structural highs of Cabo Frio and Florianópo-
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5.2.3 Climate and Oceanography 

The regional climate is humid subtropical, with wet summers and dry win-
ters (Cfa according to the Köeppen classification). On the coastal plain the 
annual mean temperature is 21.5° and rainfall reaches 2,500 mm/yr  
 

 
Fig. 5.3 Map of the SE Brazilian border with the structural framework and loca-
tion of the rifts (after Zalán and Oliveira 2005). (1) Cenozoic sediments, (2) rifts, 
(3) Cenozoic faults, (4) Cretaceous hinge line, (a) Serra do Rio Branco, (b) Serra 
da Prata, (c) Morro do Cantagalo-Serra da Tiririca 
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(Ipardes 1995). Sixty seven percent of the annual precipitation falls during 
the summer (37%) and autumn (30%). 

Despite the small extension of this coastal sector, the wind pattern 
changes considerably between its northern and southern sectors. Wind data 
are available for only two stations, Pontal do Sul (2002–2004) and São 
Francisco do Sul (2004). Figure 5.5 presents the direction distribution for 
the year 2004 in both stations. Predominant wind directions in Pontal do 
Sul were south and east (17% of the record), followed by west winds (15% 
of the record). The wind directions in São Francisco do Sul were less even-
ly distributed, with southwest winds accounting for 22% of the record. It 
was followed by winds from the northeast and south, representing 18 and 
13% of the record, respectively. 

 

 
Fig. 5.4 (a) Mid to late Holocene sea-level envelopes for the eastern Brazilian 
coast (after Angulo et al. 2006a); (b) paleo-sea level indicators and envelope to 
possible sea level position in the late Holocene in the study region. (1) vermetids, 
(2) in situ shells mainly Anomalocardia brasiliana, (3) reworked shell and wood 
fragments, (4) polynomial fit for vermetids data 
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Wind velocities were higher in Pontal do Sul, where the average speed 
for southern winds was occasionally above 10 m/s (Fig. 5.5). The highest 
average wind speed between 2002 and 2004 in Pontal do Sul was 15 m/s, 
whereas the highest gust velocity reached 30 m/s, both from the SSE. 
Threshold average wind speed for fine sand (~ 6 m/s) represents 17% of 
the 3 yrs wind record from Pontal do Sul. The majority of these records 
(65%) are associated with south and southeast winds. A dominance of 
south and southeast winds in Pontal do Sul has been reported for the years 
1982 and 1986 (Angulo 1993). Highest wind velocities occurred during the 
spring and summer, when average velocities above 6 m/s represented 37% 
and 32% of the records, respectively. Again, winds blowing from the south 
and southeast accounted for the largest part of the record. 

The tide in the region is microtidal and semi diurnal with diurnal in-
equalities. Equinoctial spring tides in front of Baía de Paranaguá reach 1.7 
m in range, the largest tide range south of Rio de Janeiro. Tidal amplifica-
tion on the continental shelf is ascribed to the interaction of two tidal 
waves, related to amphydromic points in the South Atlantic, traveling in 
the opposite direction (Mesquita and Harari 1999). Storm surges are fre-
quent, and can elevate mean sea level as much as 80 cm (Portobrás 1983, 
Marone and Camargo 1995). 

Two main wave directions are characteristic of the region, ENE and 
SSE/SE (Portobrás 1983). The wave period varies between 6 and 10 s and 
the significant wave height between 0.5 and 1.5 m (Portobrás 1983). ENE 
waves are generated by the tropical high-pressure system of the South At-
lantic, and characterized by regular waves. SE waves, on the other hand, 
are related to cyclonic activity, and characterized by a larger steepness 
(Portobrás 1983). Southeast waves drive a net northward littoral drift, as 
indicated by several lines of geological and geomorphological evidence, 
including the migration of estuarine inlets (Angulo 1999; Souza 2005).  

5.2.4 Fluvial Discharge and Sediment Yield 

Only two small, neighboring rivers meet the ocean within the study area. 
These rivers are Saí-Guaçu and Saí-Mirim that together drain an area of 
approximately 508 km2. The remaining fluvial network discharges into the 
estuaries of Baía de Paranaguá and Baía de Laranjeiras (~990 km2, Noern-
berg et al. 2006), Baía de Guaratuba (~50 km2) and São Francisco do Sul 
(240 km2), where the large majority of the river sediment yield is captured. 
These estuaries harbor extensive paleo-intertidal areas that indicate a much 
larger extension of inland waters in the last sea level maximum (Martin 
et al. 1988; Angulo 2004; Angulo and Souza 2004). Sea level fall and net 
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positive sedimentation resulted in the partial infilling of the large and in the 
complete infill of the smaller estuaries of Saí-Mirim and Saí-Guaçu rivers. 

One of the reasons for the persistence of large estuarine features (or am-
ple accommodation space) on a regressive coast are the small catchment 
areas of their tributaries, limited by the presence of the Serra do Mar 
 

 

Fig. 5.5 Distribution of the 2004 average wind speed (above 6.0 m/s) and direction 
in Pontal do Sul (a) and São Francisco do Sul (b) 

coastal range a few kilometers inland of the coastline. The catchment area 
of Baía de Paranaguá and Baía de Laranjeiras estuarine complex is 3,882 
km2, only about 7 times larger than the area of the two bays. Fluvial water 
discharge to Baía de Paranaguá has been estimated as 200 m3/s during the 
raining season (Lessa et al. 1998; Mantovanelli et al. 2004), whereas sus-
pended sediment discharge is about 355 ton/day (Mantovanelli et al. 
2004). 

Baía de São Francisco do Sul, the second largest bay, has a catchment 
area of 1,001 km2 and an estimated average annual fluvial discharge of 55 
m3/s (DNIT/IME 2004). Fluvial discharge into Baía Guaratuba, with a cat-
chment area of 1,886 km2, is higher than 80 m3/s (Marone et al. 2005). No 
sediment discharge estimate to these two sites has been made to date. 

Although suspended sediment has been shown to reach the coast after 
heavy rains (Noernberg 2001), the bedload is retained in bay-head deltas 
inside Baía de Paranaguá and Guaratuba (Lessa et al. 1998; Barbosa and 
Suguio 1999; Odreski et al. 2003). Geological mapping of Baía de São 
Francisco do Sul remains to be made, but similar deltaic features are very 
likely to be found in its headwaters. Despite the retention of the fluvial 
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bedload, large ebb-tide deltas (up to 8 km long) are observed in front of the 
estuaries. Estimated volumes for the southern ebb-tide delta of Baía de 
Paranaguá and Baía de São Francisco do Sul are in the order of 108 m3 
(Lessa et al. 2000; Lamour 2000; Lamour et al. 2006; Angulo et al. 
2006b). These deltas are associated with ebb-dominated estuarine circu-
lation (Lessa et al. 1998; Mantovanelli et al. 2004), and are fed by a 
northbound littoral drift system (Bigarella et al. 1966; Angulo 1999; Lessa 
et al. 2000). Estimates of the alongshore sediment transport vary from 
104 m3/yr to 105 m3/year (Sayão 1989; Lessa et al. 2000; Lamour 2000; 
Lamour et al. 2006). 

5.3 The Coastal Plains 

The coastal plains are composed of three major geomorphological units, 
namely estuaries (including mangroves, salt-marshes, supratidal areas and 
shoals), paleo-estuarine plains (of Pleistocene and Holocene age), and bar-
riers (of Pleistocene and Holocene age). 

5.3.1 The Estuaries 

The estuaries are represented by the large bays described above, Baía de 
Paranaguá and Baía de Laranjeiras, Baía de Guaratuba and Baía de São 
Francisco do Sul (Fig. 5.6). An analysis of the surface sediment distribu-
tion and sedimentary facies has been presented for Baía de Paranaguá 
(Lessa et al. 1998) and Baía de Guaratuba (Barbosa and Suguio; 1999). 
A tri-partite facies distribution, typical of wave-dominated estuaries 
(Dalrymple et al. 1992) is well defined in both estuaries. Riverine 
sandy sediments, forming bay-head deltas, accumulate around the river 
outlets. In the low energy, central estuarine section, sandy-mud and mud-
dy-sand deposits prevail. In Baía de Paranaguá, these two facies form a re-
gressive sedimentary wedge about 10 m thick that overlaps, on its seaward 
side, a transgressive marine-sand facies (Lessa et al. 1998). A similar stra-
tigraphic arrangement is proposed for Baía de Guaratuba where, alike Baía 
de Paranaguá, marine sands predominate in the lower half of the estuary. It 
is notable that the central basin mud facies departs somewhat from the tri-
partite estuarine facies model of Dalrymple et al. (1992). Whereas in the 
model this facies has a transgressive nature, and is deposited in the central 
depression of the estuary, in the estuaries under consideration it has been es-
tablished during the highstand and does not infill a topographic depression. 
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Remnants of flood-tidal deltas have been reported both at Baía de Para-
naguá (Lessa et al. 2000; Araújo 2001) and Baía de Guaratuba (Barbosa 
and Suguio 1999). In the former it forms the islands of Cotinga and Rasa 
da Cotinga and is underlying beach deposits of Ilha do Guaraguaçu and Il-
ha do Mel (Fig. 5.6). In the latter, it apparently underlies the islands of Ca-
pinzal and Veiga on the northern side of the bay. It is likely that the extent 
of the flood-tidal delta deposits is even larger than what is indicated in 
Fig. 5.6. It may be an important component of the barrier deposits at Baía 
de Guaratuba, may well form the substrate for the beach ridges in Ilha do 
Mel (Baía de Paranaguá) and may also be underlying the beach ridges of 
Ilha das Peças (Baía de Paranaguá). 

The existence of paleo flood-tidal deltas in estuaries presently under an 
ebb-dominated regime indicates that changes in the bedload net-transport 
direction must have occurred sometime within the last 3,000 yrs (Lessa 
et al. 2000). This is an important aspect to take into consideration when 
analyzing coastal sediment budgets and coastal evolution, especially in 
areas characterized by high rates of littoral drift such as the study area. 

5.3.2 The Paleo-Estuarine Plains 

Paleo-estuarine plains are of Late Pleistocene and Mid- to Late Holocene 
age. Pleistocene plains, with an elevation of about +5 m, have been 
mapped only around Ilha do Superagüi, in the northern sector of the study 
area. It is composed of fine to very fine sand with abundant vegetal debris, 
including leaves and trunks. Two sedimentary facies were identified in the 
deposits, namely tidal flat and tidal channel facies (Angulo and Absher 
1992). 

The Holocene paleo-estuarine plains are less than 4 m in elevation, and 
are composed mainly of fine and very fine sand matrix with mud and or-
ganic matter. Sedimentary structures are rarely seen because of intense 
bioturbation. Estuarine shells, mainly of Anomalocardia brasiliana, are 
frequently observed (Angulo and Absher 1992). Dated shell samples pro-
vided an age between 6,701–5,725 cal yrs BP and 2,937–1,786 cal yrs BP 
for the paleoestuarine sediments (Angulo et al. 2006a). 

The paleo-estuarine plains show the maximum extension of the post-
glacial marine transgression. The subsequent fall of sea level, along with 
bed aggradation, exposed the paleo-estuarine plains. An example of such 
emersion is the Ilha Rasa da Cotinga at Baía de Paranaguá, part of a rem-
nant flood-tidal delta, where shells deposited on the surface indicate a sea 
level above +0.9 m at 3,520–3,169 cal yrs BP. This date points out to a 
possible time for the interruption of marine sediment influx that fed the 
flood-tidal delta system. 
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Fig. 5.6 Surface sedimentary facies of Baía de Paranaguá (a) and Baía de Guara-
tuba (b). (1) Sandy sediments, (2) sandy-mud and muddy-sand sediments, (3) pa-
leo flood-tidal deltas 

5.3.3 The Barriers 

The barriers in the study area are prograded barriers of Pleistocene and 
Holocene age (Fig. 5.2). The barrier area is 321 km2 in São Francisco do 
Sul, 170 km2 in Itapoá-Guaratuba, 344 km2 in Paranaguá and 228 km2 in 
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Superagüi coastal plain, totaling 1,063 km2 in the study area. Holocene 
barriers represent 41.5% of this total. 

Barrier elevation appears to be lower than 10 m, which is the elevation 
of the landward most part of the Pleistocene barrier at Paranaguá coastal 
plain. The elevation falls gradually to about 3 m at the present backshore 
(Fig. 5.7). Elevation of the backshore varies along the study area as a func-
tion of the local wave height and sediment size. 

The Pleistocene barriers are wider than the Holocene ones, reaching 22 
km in Paranaguá and 35 km in the São Francisco do Sul coastal plains 
(Fig. 5.2). The Pleistocene barriers are rather dissected in comparison with 
their Holocene counterparts, as it is evident in Fig. 5.2 at the Itapoá-
Guaratuba coastal plain. 

Beach-ridges and foredune ridges are common features, and their orien-
tation has aided the interpretation of stratigraphic profiles and the under-
standing of the geologic evolution of the coastal plain. The orientation of 
the beach-ridges indicates that Holocene shorelines were aligned with 
those from the Pleistocene. Exceptions are the beach ridges on Ilha do Mel 
and Ilha das Peças, as well as the northern side of Paranaguá coastal plain, 
affected by the dynamics and location of the estuary mouth. Changes in the 
orientation of the beach ridges in the northern section of Paranaguá plain 
indicates a gradual rotation of the coastline with the apparent narrowing of 
the inlet and the onset of ebb-dominant estuarine conditions. This process 
will be addressed below. 
 

Fig. 5.7 Topographic profiles of the Paranaguá coastal plain (after Bigarella et al. 
1978 and Lessa et al. 2000). (1) Bedrock, (2) continental sediments, (3) Pleisto-
cene barrier, (4) Holocene barrier, (5) paleoestuarine sediments (for the location of 
profiles a–c and d–e see Fig. 5.2a)  
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The barriers are underlain by continental deposits as old as Lower Mi-
ocene (Lima and Angulo 1990), and can be tens of meters thick close to 
shoreline. The crystalline basement outcrops at the landward side of the 
barriers, but deepens to about 100 m at the shoreline in Paranaguá coastal 
plain (Bigarella et al. 1978). 

The barriers incorporate at least five depositional environments (Lessa 
et al. 2000, Araújo 2001, Souza 2005), being aeolian dunes, flood-tidal 
deltas, foreshore, shoreface and innershelf. Dunes, in the form of relict pa-
rabolic dunes and foredune ridges of Holocene age, occur all along the 
coastline within 500 m of the shoreline. Parabolic dunes, oriented to the 
NW, are restricted to the São Francisco dos Sul coastal plain, whereas 
foredunes are more conspicuous in the Paranaguá and Superagüi coastal 
plains, where they reach up to 6 m in height (Angulo 1993, Figs. 5.8 
and 5.9). 

The foredunes of the Paranaguá coastal plain have been studied by Bi-
garella et al. (1969a, b). They are composed by well-sorted, fine, quartzose 
sand. Paleo-blowouts suggest that the prevailing wind was from the south-
southeast direction, in agreement with the direction of the actual strongest 
winds (Fig. 5.5). Bigarella et al. (1969a, b) recognized several paleo-soils 
in the dune field, which are possibly related to blowout activity or intermit-
tent dune growth. 

Sediments in the foreshore and upper shoreface are composed of well-
sorted, medium and fine quartzose sand with subordinate proportions of 
carbonate bioclasts and heavy minerals (Angulo 1992, 2004). Most of the 
beaches are intermediate with slopes between 1° and 5° and one or two 
surf zone bars (Figs. 5.10 and 5.11). Typical fair weather and storm pro-
files for the center and northern sector of Paranaguá coastal plain are 
shown in Fig. 5.11 (Quadros 2002). Erosion of the beach face in the cen-
tral sector can lower the profile as much as 2 m, forming a 1 m high longi-
tudinal bar 70 m seaward of the mean low tide line. Topographic changes 
of the beach profile in the northern sector are subdued due to the sheltering 
effect provided by the ebb-tidal delta in front of Baía de Paranaguá. 

The innershelf, from Ilha de Santa Catarina in the south, to Ilha de São 
Sebastião in the north, is characterized by a low-gradient slope (~0.01%) 
with the –50 m contour 45–75 km away from the shore (Fig. 5.12). 

The shelf in front of the study area, down to the –50 m contour, has an 
average slope of 0.065% (Martins and Corrêa 1996). It increases sharply 
close to shore, at around –11 m, to 0.175%. This slope break is coincident 
with a change of the surface sediment texture (Fig. 5.13), and seems to in-
dicate the toe of the shoreface. 
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Fig. 5.8 Paleoforedune ridges within the younger part of the Paranaguá Holocene 
regressive barrier (sea location in Fig. 5.2; after Angulo 1993) 

Sand size sediments prevail on the shelf (Martins and Corrêa 1996). 
Between –15 and –10 m coarse, palimpsest quartzose sand alternates 
with fine quartzose shelf sand (Veiga et al. 2006). In the lower shoreface, 
between –10 and –5 m, the sediment becomes finer (very fine sand), poor-
ly sorted, positively skewed with a high concentration of mud (10–40%),  
 

 



5 The Holocene Barrier Systems of Paranaguá      149 

 

Fig. 5.9 Incipient (a) and established foredune ridges (b present and c paleo) at 
Superagüi coastal plain 

 

Fig. 5.10 Intermediate beach with two surf zone bars (arrows) 



150      R.J. Angulo et al. 

 

Fig. 5.11 Open sea coast (a) and near to inlet (b) beach profiles before (solid line) 
and after (dashed line) a storm event in May 2000 (after Quadros 2002) 

organic matter (6–14%) and calcium carbonate (8–14%) (Veiga et al. 
2006). This fine sediment zone forms an almost contiguous belt, longitu-
dinal to the shoreline, in front of the Paranaguá coastal plain. 

On the lower shoreface and upper innershelf (–8 to –16 m) sinuous 
symmetrical ripples, 1–10 cm high and 6–53 cm long, are oriented to the 
northeast (030o–045o). Sediment textures associated with these ripples vary 
between very fine to medium sand (Veiga et al. 2004; Veiga 2005). An 
asymmetrical, sinuous megaripple (0.45 m high and 1.6 m long) on coarse 
sand, oriented to 075o, was observed at –19 m also in front of Paranaguá 
coastal plain. Bedform orientation on the innershelf indicates that sediment 
transport driven by waves is towards the coast. 

5.4 The Holocene Barriers 

The Holocene barriers make up the present shoreline in the entire area ex-
cept in the southern extremity close to Barra Velha, where coastal erosion 
and shoreline recession sculpted cliffs on the Pleistocene barrier (Fig. 5.2). 
The area of Holocene barrier in the four coastal plain segments are 32 km2 
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in São Francisco do Sul, 70 km2 in Itapoá-Guaratuba, 198 km2 in Parana-
guá and 141 km2 in Superagüi. The width of these barriers varies from 
0.15 to 15 km, with the narrowest sections found in the southern sector 
 

 
Fig. 5.12 Shelf bathymetry between Ilha de Santa Catarina and São Sebastião (af-
ter Martins and Corrêa 1996) 

(Itapoá-Guaratuba and São Francisco do Sul coastal plains – Fig. 5.2). 
Lessa et al. (2000) suggested that widening of the Holocene barriers to-
wards the north is a result of a net northward sediment drift associated with 
a cell of sediment circulation that starts south of Barra Velha. The north-
ward sediment transport would bypass the ebb-tidal deltas and the few 
existing headlands fronted by sea floors less than 10 m deep. 
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Fig. 5.13 (a) Bathymetric contour lines on the shoreface and innershelf in front of 
the Paranaguá coastal plain and (b) mean grain size (after Veiga et al. 2004). (1) 
Breaking wave bars fine to very fine sand, (2) ebb tidal delta fine to very fine 
sand, (3) shoreface muddy sand, (4) shoreface and innershelf fine sand, (5) inner-
shelf medium to coarse sand 

5.4.1 Sedimentary Composition 

The Holocene barriers are composed of fine and very fine quartzose sand, 
with a subordinate content of coarser sand and gravel. In the Paranaguá 
coastal plain, sandy-mud and muddy-sand sediments are characteristics of 
the lowest part of the barrier, where in situ articulated shells and shell 
fragments, as well as plant debris are frequently observed (Souza 2005). 

In the upper part of the barriers (both Holocene and Pleistocene), diage-
netic processes, associated with concentration of iron hydroxides and or-
ganic matter (spodozol horizon), lend a brown color to the sediments at a 
level apparently associated with the water table (Fig. 5.14). This diagenetic 
process is observed in sediment younger than 3,000 cal yrs BP. The belief 
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that this process could not occur in such a short time has led several au-
thors to interpret sectors of Holocene barriers as Pleistocene in age (Martin 
et al. 1988). 

Heavy minerals are common, with zircon, pistachite and hornblende be-
ing the most abundant minerals amongst the ultra stable, meta-stable and 
unstable minerals (Giannini et al. 2004). The oxi-hornblende is only found 
in the southern section of the study area, up to Rio Saí-Guaçu outlet (Sou-
za 1999). To the north of the river, monazite and cassiterite start to occur. 
The amount of zircon, tourmaline and rutile increase to the north, along 
with a decreasing amount of the unstable minerals. Similar to geomorpho-
logical evidence, these trends in heavy mineral concentration suggest a 
net-northward littoral drift transport. The northward trend can be locally 
reversed due to small-scale circulation cells or the presence of inlets. 

Pleistocene and Holocene barriers differ in relation to their heavy min-
eral content. Unstable minerals account for an average of 43% of the heavy 
mineral content in the Holocene whereas they make up for an average of 
13% in the Pleistocene barriers, indicating a larger degree of mineral dis-
solution (Giannini 1993; Lessa et al. 2000). 

5.4.2 Sedimentary Facies 

Sedimentary facies analyses were undertaken at Itapoá-Guaratuba and, in 
much larger detail, in Paranaguá coastal plain, where morphostratigraphic 
investigations also took place. Whereas only the top five meters of the bar-
rier at Itapoá-Guaratuba coastal plain has been examined, more than 15 m 
of sedimentary deposits have been investigated in the Paranaguá coastal 
plain. Apart from vibracore and ground penetrating radar (GPR), 15 m 
deep pits opened by sand mining aided geological investigations in Para-
naguá. These pits, located in the middle of the Holocene barrier (Fig. 5.2), 
allowed for the inspection of the whole barrier sequence. 

Two-dozen sedimentary facies were identified above an erosive surface 
imprinted upon Pleistocene sediments. These facies are associated with the 
following environments of deposition: innershelf, shoreface, foreshore, 
flood-tidal delta and tidal channel (Angulo 1992; Lessa et al. 2000; Araújo 
2001; Souza 1999; 2005). 

The innershelf facies within the barrier occur at an elevation interval be-
tween –7 and –10 m (inside the pits), and are composed by mud with or-
ganic matter and fine and very fine sand, frequently bioturbated. Characte-
ristic sedimentary structures are linsen, wavy and mud drapes (Figs. 5.15 
and 5.16). Lag deposits of coarse sand and granules (with normal grada-
tion), shells and shell fragments, are frequently associated with wavy se-
dimentary structures. Similar sedimentary sequences are observed on the  
 



154      R.J. Angulo et al. 

 

 

Fig. 5.14 Holocene barrier sand cliff at Ilha do Mel with concentration of iron hy-
droxides and organic matter in the lower part and laminas with heavy mineral 
concentrations in the upper part 

present innershelf (depths between 12 and 15 m), where a series of erosive 
surfaces and shelly, lag deposits occur between 20 to 40 cm below the sea 
floor (Veiga 2005). These erosive surfaces separate bioturbated muds 
(with some concentration of organic matter) below, from gradational gra-
nules to coarse sand layers, characteristic of tempestite deposits, above. 

Shoreface facies occur at an elevation interval between +1 and –7 m. 
The lower shoreface is dominated by fine to very fine sand and bioturbated 
mud intercalated with swaley cross stratification 15–25 cm high and 1–4 m 
long. Swaley cross stratification becomes the predominant sedimentary 
structure in the middle shoreface (Figs. 5.17, 5.18, 5.19 and 5.20). Sedi-
mentary processes on the lower end middle shoreface are influenced by 
upper regime traction fluxes during storms and sediment decantation dur-
ing calm periods. Swaley stratification is related to the wave-shoaling 
zone. Muddy sediments are presently observed in the lower shoreface be-
tween 6 and 9 m of depth, in agreement with the elevation of the biotur-
bated muds in the pits. 
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Fig. 5.15 Highly bioturbated innershelf muddy sand with a bivalve specimen 
(Tivela foresti) in living position in the center (after Souza 2005) 

The upper shoreface is dominated by several types of cross stratifica-
tion: planar, tangential, trough and sigmoidal, 4–50 cm thick (Figs. 5.21, 
5.22 and 5.23). Sedimentary processes in this environment are influenced 
by wave, longshore flows and sediment drift under the oscillatory and un-
idirectional flows. The foreshore occurs at an elevation interval between 
+1 and –4 m, and is dominated by low-angle cross stratification (Fig. 
5.24). 

Flood-tidal delta facies occur between 0 and 2 m of elevation. Its upper 
part is characterized by large scale tangential cross stratification 0.4–1.1 m 
thick (Fig. 5.25) (Lessa et al. 2000; Araújo 2001). The foresets dip to the 
NW and indicate landward sediment flux. The flood-tidal delta facies is 
overlain by foreshore facies 1–2.5 m thick (Fig. 5.26) that indicates re-
working of the delta surface by waves during sea level fall. 
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Fig. 5.16 Core section showing innershelf muddy sand (s), mud drape and linsen 
and wavy bedding (d) with lag deposits of shells, shell fragments and quartz gra-
nules and coarse sand with normal gradation (g) (after Souza 2005) 
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Fig. 5.18 Section of the pit showing the paleo lower shoreface facies with fine to 
medium sand and vegetal debris with swaley cross stratification and mud drape 
(m) (after Souza 2005) 

 
Fig. 5.19 Section of the pit showing the paleo lower shoreface facies with medium 
sand with vegetal debris with swaley cross stratification and Ophiomorpha (o) and 
escape structure (s) (after Souza 2005) 

 

Fig. 5.17 Section of the pit showing the paleo lower shoreface facies with very 
fine and coarse sand, mud (m) and vegetal debris (v). The picture shows swaley 
cross stratification, Ophiomorpha (o) and other tubes (t) as well as escape struc-
ture (s) (after Souza 2005) 
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Fig. 5.20 Section of the pit showing the paleo lower shoreface facies with fine 
sand and vegetal debris with swaley cross stratification and tubes (t) (after Souza 
2005) 

 

Fig. 5.21 Section of the pit showing the paleo upper shoreface sandy facies with 
trough cross stratification with foresets deformed by fluidification and a peace of 
wood (after Souza 2005) 

 

Fig. 5.22 Section of the pit showing the paleo upper shoreface sandy facies with 
sigmoidal (s) and tangential (t) cross stratification (after Souza 2005) 
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Fig. 5.23 Section of the pit showing the paleo upper shoreface sandy facies with 
planar cross stratification with Ophiomorpha (o), tubes (t) and escape structures 
(s) (after Souza 2005) 

 
Fig. 5.24 Section of the pit showing the paleo foreshore sandy facies with low-
angle cross stratification dipping seaward (s) and landward (l) and small planar 
cross stratification (c) (after Souza 2005) 

5.4.3 Barrier Thickness and Limiting Surfaces 

The distinction between Pleistocene and Holocene barriers in the study area 
has been based on morphology, mineralogical composition and radiocarbon 
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dates of the coastal plains (Angulo 1992; Souza 1999; Lessa et al. 2000; 
Angulo et al. 2002). The Holocene barrier in Paranaguá coastal plain lies 
upon Pleistocene sands and muds not yet studied in detail. The contact be-
tween the Holocene and the Pleistocene was determined on the basis of ra-
diocarbon dates and GPR profiles (Souza 2005). 

At the sand pits, textural changes and radiocarbon dating of organic mud 
and shells indicate an erosive contact at –8 m (Fig. 5.27), resulting in a 
thickness of 12 m at the center of the Paranaguá barrier. The contact is ero-
sive, and is well marked by strong reflectors in the GPR profiles obtained 
further inland. As indicated in Fig. 5.28 these reflectors rise landwards to 
an elevation of –1 m at the contact between the Holocene and Pleistocene 
barriers. It implies that Holocene barrier thickness varies from about 13 to 
14 m close to the shoreline to 5 to 6 m on the landward side. 

The erosive contact underlying the Holocene barrier may define three 
sorts of stratigraphic surfaces: a wave ravinement surface, a tide ravine-
ment surface, and a regressive surface of erosion. Both wave-related surfa-
ces mark the toe of the shoreface that today lies at 11 m of depth (Veiga 
2005). 

 

Fig. 5.25 Large planar cross stratification corresponding to the flood tidal delta 
facies at Ilha do Mel (after Araújo 2001) 

The erosive surface observed at the sand pit corresponds to a regressive 
surface of erosion established about 1,000 yrs after the sea level maximum 
(Fig. 5.4). Eighteen radiocarbon dates indicate that Holocene sediments in 
the central part o the barrier were deposited between 4,400 cal yrs BP (at 
the base) and 2,750 cal yrs BP (close to the surface). Given the sea level 
envelope shown in Fig. 5.4, water depth at the toe of the shoreface was 
then between 10 and 11 m, in agreement with the present shoreface. 
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Fig. 5.26 Horizontal laminations of the foreshore facies overlying large tangential 
cross stratification corresponding to flood tidal delta facies at Rio Maciel (see a 1 
m long shovel at the right side for scale; after Lessa et al. 2000) 

The strong reflector in Fig. 5.28 is rather steep to correspond to a shore-
face profile. A vibracore obtained at the rear of the barrier (Fig. 5.29) indi-
cates that the seismic reflector is associated with the top of an eroded layer 
of coarse to very coarse, heavily iron-stained sands with mud balls inter-
preted as estuarine sediments (Lessa et al. 2000). Hence, the erosive sur-
face at this point is more likely a tidal ravinement surface associated with 
migrating tidal inlets, as it will be discussed below. 

5.4.4 Barrier Evolutionary Model 

Evolutionary models for the Holocene barriers of Paranaguá and Itapoá 
were proposed by Lessa et al. (2000) and Souza et al. (2001), respectively. 
These models assumed that barrier roll-over was the prevalent process dur-
ing the Postglacial Marine Transgression (PMT), and that an estuary ex-
isted behind the barrier. Gradual narrowing of the back-barrier depression, 
associated with the increasingly proximity of the Pleistocene barrier sub-
strate, squeezed the estuaries of Guaraguaçu, Saí-Guaçu and Saí-Mirim 
rivers. Estuarine flows thus eroded the rear of the barrier, leaving just a 
thin transgressive barrier strip. 
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 Fig. 5.27 Section of a core showing the association of Holocene and Pleistocene 
facies at Paranaguá (after Souza 2005): (a) innershelf Holocene facies, (b) Pleisto-
cene mud and (c) Pleistocene sandy-mud Tubes are 1 m long and 7 cm wide. The 
core begins at the upper left corner 

These models were based on the existence of presumed lagoonal muds 
beneath the barrier (described in geotechnical core logs), and on the exis-
tence of marine sand deposits (interpreted as overwash) interfingering with 
estuarine sediments at the rear of the barrier. Some of the interpreted estua-
rine sediments have now been reassessed as Holocene innershelf facies 
and Pleistocene paleolagoonal facies (Fig. 5.27), whereas the overwash 
sands are now reinterpreted as spit deposits. Therefore, there is no solid 
evidence, such as landward dipping reflectors or true overwash facies, that 
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a standard transgressive barrier is preserved within the Holocene coastal 
plain. 
 

 
Fig. 5.28 Interpretation of a GPR profile on the Holocene regressive barrier at Pa-
ranaguá (after Angulo et al. 2005, see location at Fig. 5.2a) showing clinoforms 
dipping seaward (thin lines) and an erosional surface (thick line) that defines the 
limit between the Pleistocene substrate and the Holocene barrier 

 

 
Fig. 5.29 Vibracore obtained at the rear of the Holocene barrier. The white line 
shows the top of the eroded layer of coarse to very coarse, heavily iron-stained 
sands with mud balls (see core location at Fig. 5.2a). Tubes are 0.5 m long and 7 
cm wide. The core begins at the upper left corner 
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Curved ridges visible in aerial photographs (Fig. 5.30) and channel 
scouring and inlet fill sequences in the GPR profiles (Fig. 5.31) in the most 
internal part of the barriers of Itapoá-Guaratuba and Paranaguá suggest 
that spits might have been common features at the initial stages of the 
Holocene barrier formation. Spit growth aided the formation of small estu-
aries close to the PMT maximum both in Paranaguá and Itapoá coastal 
plains. Radiocarbon dating of estuarine deposits provided an age of 6,489–
5,629 cal yrs BP, which coincides with the time of sea level maximum 
suggested by Angulo et al. (2006a). Spit growth must have been associated 
with intense littoral drift, as suggested by Roy et al. (1994) for open coasts 
under stable or slowly-varying sea level. 

The Pleistocene substrate in Paranaguá, and bedrock outcrops in Itapoá, 

tablishment of an estuarine area and meandering channels behind the spits 
promoted the erosion of both Pleistocene and Holocene barriers, similar 
to what has been suggested for Ilha Comprida (see Giannini et al., this 
volume). 

Curved beach ridges suggest that spits grew both from the northeast and 
southwest (Fig. 5.30). Opposing directions of spit progradation suggest re-
versals of the net-longshore sediment drift during coastal progradation, a 
phenomena that has been studied in detail in the strandplains adjacent to 
large river mouths along the Eastern Brazilian Coast (Dominguez, this vo-
lume). A northward drift has been, however, dominant during coastal pro-
gradation, as indicated by changes in the orientation of the beach-ridges. 
At least in the northern part of Paranaguá coastal plain, rotation of the pro-
grading shoreline under the influence of northward littoral drift is clearly 
observed on aerial photographs (Fig. 5.30). 

Few paleo-shoreline positions with chronological control are identified 
in the Paranaguá barrier: the shoreline associated with the transgression 
maximum and the shorelines associated with the paleoshorefaces dated at 
the sand pit in the middle of the Holocene barrier. If the transgressive bar-
rier ever existed, the meandering estuarine channels must have eroded 
most of them in Paranaguá and Itapoá-Guaratuba coastal plains. In Supe-
ragüi coastal plain, where the Holocene barrier is apparently fully en-
croached against its Pleistocene counterpart, the contact between the Pleis-
tocene and Holocene barriers illustrates (Fig. 5.32) what the contact 
between the two barriers could have been like in Paranaguá and Itapoá in 
the case the estuarine channels did not exist. The first foredune ridges on 
Superagüi truncate small infilled drainage channels incised upon the Pleis-
tocene barrier (Fig. 5.32). A survey on this area could elucidate if a trans-
gressive barrier existed or not on the Paraná coastal plain. 

were probable anchoring points for spit development. In both cases, the es-
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At the sand pit in Paranaguá barrier, the 4,200 cal yrs BP paleo shoreface 
can suggest a position for the paleo shoreline on the basis of the present 
shoreface profile. Textural and depth similarities between the sedimentary 
sequences in the sand pit and on the present shoreface point to the main-
tenance of the profile during barrier progradation. The isochrones plotted 
in Fig. 5.33 point to very little coastal progradation in the first 1,000 yrs 
after sea level maximum, when sea level might have fallen between 0.5 
and 1 m. 

Limited or no coastal progradation of Paranaguá, and possibly Itapoá-
Guaratuba barrier, within this time period could be related to the morpho-
dynamic character of the estuaries at the Holocene sea-level maximum. 
Extensive marine sand deposition inside Paranaguá estuary is indicated by 
a transgressive sand sheet (Lessa et al. 1998) and extensive flood tidal del-
ta deposits that encompass the core of the islands of Guaraguaçu, Cotinga, 
Rasa da Cotinga and do Mel (Lessa et al. 2000; Araújo 2001) (Fig. 5.6). 
The inclusion of Ilha das Peças and Ilha Rasa, inside Baía de Laranjeiras, 
in the same flood tidal delta complex is also possible, but depends of fur-
ther investigation. Barbosa and Suguio (1999) also indicate a paleo flood 
tidal delta inside Baía de Guaratuba (Fig. 5.6). The initial estuary sand 
trapping is ascribed to a flood-dominant tidal-current regime at a time the 
estuary had not yet developed intertidal areas extensive enough to promote 
the present ebb-dominant condition. 

Coastal progradation in Paranaguá apparently started at about 4,000 cal 
yrs BP and shifted the shoreline 2,000 m seawards during the next 1,500 
yrs (Fig. 5.33). Normal coastal progradation is well documented in the 
GPR profile in Fig. 5.31, which shows seaward dipping reflectors with 
gradients between 5o and 8o, reaching 2 m of depth. These gradients are 
equivalent to those of the present beach face under stormy conditions (Fig. 
5.11). Coastal progradation occurred with a northward barrier extension 
and an initial rotation of the shoreline possibly ascribed to a shadow zone 
of rocky islands fronting Ilha do Mel. Active sedimentation on the flood-
tidal deltas was apparently halted at about 3,500 cal yrs BP, as indicated by 
radiocarbon dating of the shell deposit on Ilha Rasa da Cotinga. Lessening 
the sediment volume removed from the coastal system would have allowed 
coastal progradation. This initial morphodynamic change, which eventual-
ly led to a complete reversal of the estuarine net-sediment transport direc-
tion, was associated with an increase of the intertidal areas, caused by se-
dimentation and sea-level fall. This fall of sea level allowed for wave 
sediment reworking of the flood-tidal deltas, generating thin foreshore 
deposits and beach ridges on the aforementioned islands (Figs. 5.25 and 
5.26). 
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Fig. 5.30 Orientation of the main sand ridges observed though aerial photography 
at Paranaguá coastal plain. (1) Pleistocene barrier, (2) Holocene barrier, (3) pa-
leoestuarine plains, (4) tidal flat, (5) other units, (6) ridge trends 
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Fig. 5.31 GPR profile longitudinal to the barrier of Itapoá (after Angulo et al. 
2005, see location at Fig. 5.2b) showing clinoforms dipping parallel to the coast 

 

Fig. 5.32 Pleistocene and Holocene barrier contact at Superagüi (after Angulo 
1992). (1) Pleistocene barrier, (2) Holocene barrier, (3) infilled drainage channels, 
(4) ridge trends 

Figure 5.33 also suggests that 3.5 km of barrier progradation in Parana-
guá occurred in the last 2,800 yrs, with a sea level fall of about 2.0 m as 
indicated by the paleo-sea level envelope (Fig. 5.4). Within this time the 
northern extremity of the barrier continued to extend northwards, generat-
ing the offset that presently exists between the orientation of the estuary 
mouth and the flood-tidal deltas at the islands of Guaraguaçu, Cotinga and 
Rasa da Cotinga. Reverse circulation drill holes performed along the pre 
sent shoreline do not identify the muddy shoreface deposits in the northern 
section of the barrier. It suggests that the core of the barrier sediments are 
related to channel fill, as the barrier migrated over an estuary entrance that 
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Fig. 5.33 Schematic profile of Holocene regressive barrier at Paranaguá. Topogra-
phy is based on surveyed cross section along the highway (see location at Fig. 
5.2a, profile a–c). (1) Pleistocene substrate, (2) Holocene barrier, (3) Holocene 
paleolagoon, (4) alluvial sediments, (5) ravinement surface, (6) isochrones 

 
might have become increasingly narrower and deeper, with the onset of 
ebb-dominant conditions. A tidal diastem is likely to occur at the base of 
the Holocene barrier deposits at this location. 

A fully ebb-dominant condition in Baía de Paranaguá might have been 
established in the last few thousand years, with the onset of a hydraulic 
groin that helped to steer the shoreline further to the northeast. The growth 
of an ebb-tidal delta dampened wave height close to the entrance of the 
Baía de Paranaguá, lowering the elevation of the barrier in the last 3 km at 
the northern end of the barrier by at least 1 m in relation to sections further 
south (Fig. 5.7, profiles b–c and d–e). 

Dune systems have developed very recently on the coastal plains, per-
haps only in the last few hundred years. A gastropod-shell radiocarbon 
date from the contact between beach and aeolian sediments at the inner-
most foredune ridge at Ararapira spit (Fig. 5.2) provided an age of 336–0 
cal yrs BP (Angulo et al. 2006a). Reasons for such late dune growth are 
not yet known, but might be related to sea level stabilization or climatic 
oscillations such as dryer or stormier periods. 

5.4.5 The Paranaguá Barrier in Perspective 

The evolution of prograded coastal barriers exposed to intense longshore 
drift appears to undergo equally important normal and lateral movements 
at the end of the marine transgression, when the barrier is relatively nar-
row. Transgressive barrier islands of the eastern US can contain significant 
volumes of inlet fill sequences, such as those in North Carolina, USA 
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(Pierce and Colquhoun 1970; Moslow and Heron 1978). Small estuaries at 
the rear of these barriers possess tidal prisms large enough to keep these 
inlets (not incised in hard substrate) open while they shift positions. The 
transgressive or initially prograded sections of prograded/regressive bar-
riers may thus record this stage of evolution, such as the case of the bar-
riers in the States of Paraná, Santa Catarina and southern São Paulo (Chap. 
6, this volume). Channels associated with the inlets appear to have been no 
deeper than 10 m, and were eventually shut off when the prograded barrier 
and sea level fall extended the inlet channel and reduced the tidal prism. 
Similar process is reported for the prograded Dutch coast (Beets et al. 
1992), where 3 inlets were shut off within less than 2,000 yrs after trans-
gression maximum. 

The main estuary channels, nevertheless, have apparently undergone 
migration until more recently, at least in the bays of Guaratuba and Para-
naguá. In Paranaguá, the 5 km northward migration of the tidal inlet in the 
last 3,000 yrs might have left a tidal inlet fill (>20 m deep) sequence below 
a wave surface of erosion (~12 m) associated with the coastal prograda-
tion. Similar situation has been reported in a 30 m thick Pleistocene barrier 
sequence in Tokyo, Japan (Nishikawaa and Ito 2000), where 10 m tidal in-
lets fill is overlaid by another 10 m of shoreface deposits. In the mouth of 
Lagoa dos Patos (Chap. 3, this volume), Corrêa et al. (2004) indicate that 
the lagoon inlet has migrated almost 15 km to the north in the last 5,000 
yrs, and a comparable stratigraphic architecture might exist. 

Longshore drift may have had an important role in barrier evolution 
along the Paraná-Santa Catarina coast. The present extent of the drift sys-
tem suggested by Lessa et al. (2000), from Barra Velha to Paranaguá, may 
have evolved relatively recently, since it depends on the ebb-tidal deltas to 
by-pass the estuary entrances. As suggested by the data from Baía de Para-
naguá, flood-tidal deltas were trapping coastal sediments until about 3,000 
yrs ago. Thus, longshore transport would be restricted to the compartments 
between the estuaries and the more pronounced headlands at a time nar-
rower barriers exist. Multicellular coastal drift systems gave rise to a un-
icellular drift system with barrier progradation and infilling of coastal 
reentrances, similarly to what has been proposed by Anthony and Blivi 
(1999) and Blivi et al. (2002) for the Benin Bight. An equilibrium coastal 
geometry, where coastal progradation ceases as a result of equal rates of 
incoming and outgoing sand volumes, might have been firstly achieved in 
the southern coastal compartments and lastly in Paranaguá. Definition of 
isochrones across different barriers is however necessary to confirm this 
hypothesis. 
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Fluvial sediments captured by the estuaries have left the continental 
shelf fronting Paranaguá barrier, and possibly most of the remaining shelf, 
relatively starved of sediments. Sediments in the inner shelf are palimpsest 
(Veiga et al. 2004), a wave ravinement surface/wave surface of erosion is 
well established under the prograded barrier and no transgressive deposit 
has been identified above the wave erosive surfaces. This situation might 
be characteristic of most of the southeast and south Brazilian barriers 
fronting an authocthonous continental shelf (as defined by Swift 1976) 
mostly deprived of fluvial sediment yield, and contrasts with regions cha-
racterized by positive sediment balance. Examples of the latter are the pro-
graded coasts of Sendai, Japan (Tamura and Masuda 2005) and Romagna, 
Italy (Amorosi et al. 1999), where transgressive sand sheets are observed 
overlying ravinement surfaces. 

Amongst the barrier facies models in the literature, the one from Galves-
ton Island (Bernard et al. 1962 in McCubbin 1992) is the best analogue for 
the Paraná and northern Santa Catarina barriers. Barrier thickness, sedi-
mentary facies distribution and association and the underlying substrate are 
similar in both regions (Fig. 5.34). When Galveston model was first pro-
posed, barrier progradation was believed to have occurred along with a 
slowly rising sea level. More recently Morton et al. (2000), Blum et al. 
(2002) and Rodriguez et al. (2004) have suggested that Galveston barrier 
prograded during a 2.0 m fall of sea level, after a maximum around 6,800 
yrs BP (Rodriguez et al. 2004). Paleo-sea level behavior has thus been 
very similar to that in southeastern Brazil. 

The GPR profiles and the isochrones distribution suggest that the slope 
and depth of the shoreface associated with the Paranaguá barrier has been 
maintained during the last 4,000 yrs of coastal progradation (Figs. 5.28 and 
5.34). If that is the case, the wave climate, the sediment size and the sedi-
ment balance have not undergone significant variation within this time. A 
steeper (gentler) shoreface would indicate coarsening (fining) of the sedi-
ment grains or a larger surplus (deficit) of sediment. Stive et al. (1990) 
shows that sections of the prograded shoreface along the Dutch coast un-
dergoing negative sediment balance are flatter than those experiencing 
positive budgets. It suggests that the more positive the sediment budget the 
steeper the shoreface profile will be. Tamura and Masuda (2005) report a 
rather rapid steepening of the shoreface in a prograding coast in Japan, 
where the gradients increased five fold (from ~115:1 to ~30:1) with a 2.5 
km progradation. A steeper shoreface has apparently developed due to in-
put of sediments from a neighboring river. 
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Fig. 5.34 Schematic profiles of (a) Galveston (after McCubbin 1992) and (b) 
Paranaguá (after Souza 2005). (1) Pleistocene substrate, (2) Holocene barrier, (3) 
Holocene paleolagoon, (4) innershelf sediments, (5) alluvial sediments, (6) ra-
vinement surface, (7) isochrones, (8) facies association limits, (es) aeolian sands, 
(bf) beach face, (usf) upper shoreface, (msf) middle shoreface, (isf) inner shore-
face 

5.5 Summary 

This chapter deals with the late Pleistocene and mainly with the Holocene 
geology of a 200 km coastal stretch between 25.3°S and 26.7°S, that har-
bors the largest estuarine systems (up to 600 km2) and the widest 
strandplains (~50 km) of southeastern Brazil. It is a regressive (3.5 m sea-
level fall), tropical (21.5°C annual mean temperature and 2500 mm/yr of 
rainfall) microtidal (1.7 m spring tide range) coast, exposed to significant 
wave height and period of about 1.0 m and 8 s, respectively. No significant 
fluvial discharge reaches the ocean, as small drainage basins (< 4,000 km2) 
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discharge less than 200 m3/s (annual mean) into the estuaries. Fluvial bed-
load yield to the nearshore is therefore small and large ebb-tidal deltas 
(~108 m3) fronting the estuaries are mostly fed by littoral drift. The barriers 
in the area incorporate at least five depositional environments being aeo-
lian dunes, flood-tidal deltas, foreshore, shoreface and innershelf. Sand 
size sediments prevail on the shelf and the shoreface, where palimpsest 
quartzose sand alternates with fine quartzose shelf sand. The Holocene 
barrier deposits rest on a Pleistocene barrier substrate with an erosive con-
tact identified as strong reflectors in GPR profiles. The thickness of the 
Holocene barrier varies from about 13 to 14 m close to the shoreline to 5 to 
6 m on the landward side. The two-dozen sedimentary facies identified in 
the Holocene barriers (mainly in a 12 m deep sand pit exposure) are asso-
ciated with innershelf, shoreface, foreshore, flood-tidal delta and tidal 
channel environments. Transgressive deposits are not clearly identified, 
mostly due to erosion of the back-barrier by fluvial and estuarine flows. 
Curved ridges, channel scouring and inlet fill sequences in the most inter-
nal part of the barriers suggest that spits might have been common features 
at the initial stages of the Holocene barrier formation. Limited coastal pro-
gradation occurred in the first 1,000 yrs after sea level maximum, when the 
estuaries were flood-dominant and sequestered sand from the coastal sys-
tem. Coastal progradation was accelerated first with the halt of flood do-
minance in the estuaries (that eventually became ebb-dominant) and then 
with the infilling of coastal compartments by barrier progradation, that 
turned a multicellular into a unicellular coastal drift system. 
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