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Abstract

The Paranaguaoastal plain is a 600 kfrbarrier system located in south Brazil {280 S) and is largely made up of
Pleistocene and Holocene beach ridges. Sea level history in the area is characterized by a gradual, 3.5 m sea level fall in the last
5000 years. Several reverse-circulation drill logs from the Pleistocene and Holocene sectors allowed for the definition of a
general morphostratigraphic model of the coastal plain, which proposes the staking of at least two generations of marine
deposits upon continental and paleo-estuarine sediments. Analysis of shallow vibro-cores and exposures along back-barrier
creeks indicates the existence of four transgressive (estuarine, estuarine channel, overwash and flood-tidal delta) and three
regressive (beachface, nearshore and upper shoreface) sedimentary facies in the Holocene section of the coastal plain. The
morphostratigraphy suggests that barrier emplacement took place at the last stages of the post-glacial marine transgression,
when the back-barrier estuary was squeezed in between the Pleistocene and Holocene barriers. Holocene barrier progradatior
was significant in both the shore-normal and longshore direction, and was apparently very swift in the last thousand years
corresponding to a period when sea level fell by 1.5 m, and when about half of the present barrier volume was accumulated.
Higher progradation rates are ascribed to the arrival of sediment yielded by an active littoral drift system, which appears to have
eroded large extents of several Holocene barriers along 100 km of coaSti2®80 Elsevier Science Ltd. All rights reserved.
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1. Introduction 1996). The translation can occur with stable or slowly

rising sea levels (“normal” regression) or be strictly
Coastal progradation and the establishment of due to a sea level fall (“forced” regression) (Posamen-

regressive sedimentary sequences occur when thetier et al., 1992). In both cases, given wave dominance

shoreline translates seaward under a condition of on coastal processes, a prograded coastal sand body is

excess sediment supply relative to the accommodation formed.

space on the shelf (Helland-Hansen and Martinsen, Prograded coasts in wave dominated settings are
commonly characterized by a series of beach and fore-

—_— dune ridges aligned with the shoreline (strandplain).
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Galveston Island barrier, in the USA (Davies et al., 1969; Bigarella et al., 1978; Martin et al., 1988;
1971; Kraft and Chrzastowski, 1985), the Tuncurry Angulo, 1992), very limited attention has been given
barrier, in SE Australia (Cowell et al., 1995; Roy et to the nature of the underlying sedimentary strata
al., 1995) and the Nayarit beach-ridge plain, in (Maack, 1949; Bigarella et al., 1978), and only a
Mexico (Curray et al., 1969). rough attempt has been made to define the three-
When progradation takes place under quasi-stable dimensional geometry of the surface deposits (Lessa
or falling sea level conditions, the coast can also be and Angulo, 1995). This study aims to provide a more
fed by the erosion of the offshore sea bed, as sand isdetailed stratigraphic documentation on this coastal
brought from lower-shoreface and inner-shelf areas plain, and to propose a framework for the evolution
(see Swift, 1976). The coastal plain of Caravelas of this coastal setting in the mid- to late-Holocene.
(Domingues et al., 1992), in eastern Brazil, is illustra-
tive. Larger coastal deposits of this kind are reported
in areas close to sizeable river mouths, which impose 2. Study area
a hydraulic barrier to the longshore sediment transport
and cause a strongly positive longshore sediment The Paranagubaranjeiras estuarine system
imbalance. Examples include the Doce, Paraiba do defines two main prograded barriers in the coast of
Sul, Jequitinhonha and™8&Francisco river mouths  ParanaState: the Paranagumarrier in the south and
in eastern Brazil (Dominguez and Wanless, 1991; Superagui-Pgas barrier islands in the north (Fig. 1).
Domingues et al., 1992). In both barriers, beach/foredune ridges with orienta-
Depositional sequences associated with “normally” tions similar to the present coastline, are the prevail-
prograded (surplus of sediment under a stationary or ing surface deposits. The ridges are subdivided
slowly rising sea level condition) and “forced” between late Pleistocene (ca. 120 000 years B.P.)
prograded (under falling sea level) are the most likely and Holocene (younger than 5100 years B.P.) ages,
coastal sedimentary sequences to be preserved in thébased on morphological, elevational and radiocarbon
stratigraphic record, since transgressive sequences arevidence (Martin et al., 1988; Angulo, 1992; Angulo
overridden and reworked by the wave ravinement and Suguio, 1995).
surface and, in a falling sea level scenario, subse- Pleistocene and Holocene deposits in the Paranagua
quently excavated by a wave diastem, or a regressivecoastal plain are separated by a topographical depres-
surface of erosion (Kraft et al., 1981; Kraft and sion associated with the GuaraguaRiver (Figs. la
Chrzastowski, 1985; Roy et al., 1995). There are, and 2), which attains an average-62 m above mean
however, still few examples in the literature reporting sea level (MSL). This depression is interpreted as a
the facies architecture of either normally or forced paleo-lagoonal zone associated with the last
prograded wave-dominated coastal deposits. The (5100 years B.P.) sea level maximum (Martin et al.,
documented stratigraphic investigations on the recent 1988; Angulo, 1992; Lessa and Angulo, 1995). The
barrier-strandplain deposits developed under a falling general barrier surface dips seaward both in the Pleis-
sea level appears to be restricted to those of Domin- tocene and Holocene sectors, indicating progradation
guez and Wanless (1991), on the facies architecture ofunder a falling sea level. Maximum and minimum
the Doce river strandplain (Brazil), by Gagan et al. elevations, observed in the west and east side, respec-
(1994) on the morphostratigraphy of Holocene barrier tively, are about-11 and+4 m in the Pleistocene and
sequences in northeastern Australia, and by Masselink+5.3 and+2.2 m (present back-shore) in the Holo-
and Lessa (1995), on the morphostratigraphy of a cene barrier. Barrier topography likely reflects the
macrotidal barrier in central Queensland (Australia). elevation of relict backshores, as few dunes, espe-
The Paranagueoastal plain, located in southeast- cially by the coastline, are recognized on the plains
ern Brazil (Fig. 1), holds another example of barrier (Angulo, 1992). Thermo-luminescent datings of the
progradation under a condition of slowly falling sea Pleistocene barrier provided ages varying from
level. Although this coastal plain has had its surface 105.510 to 85.785 years B.P. (Barreto et al. 1999),
geology extensively unveiled during the last 50 years whereas*“C datings of shells, tree trunks and vegetal
(Bigarella, 1946; Bigarella, 1965; Riverau et al., debris within the Holocene barrier provided ages
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Fig. 2. Topographical profile normal to the Paranagoastal plain (after Bigarella et al. 1978—see Fig. 1a for location), and basic geological
framework for the Quaternary sedimentary deposits as mapped at the surface (after Angulo, 1992).

varying from 6.520 to 3.960 years B.P. (Angulo et al. Several lines of morphological evidence indicate a
1999). northbound littoral drift. In plan view, the orientation

In the Superagui coastal plain (Fig. 1b) the inter- of the beach ridges suggest a south-to-north direction
barrier depression is non-existent, and the Holocene of progradation: the ebb tidal deltas are more
marine deposits direct onlap the Pleistocene. The headpronounced in the southern side, and river outlets
of several paleo-streams incised in the Pleistocene are steered to the north (Angulo, 1995b). Sawd
barrier are cut off, suggesting that the Holocene al. (1989) estimated that about3 10° m*/year of
barrier overstepped the Pleistocene barrier during sand moves northward close to the Paranagagp
the final phases of the post-glacial marine transgres- mouth. This net drift is observed through off-sets of
sion (PMT). Very few data exist for the Pleistocene estuary entrances along the coast (Tessler, 1988) and
barriers in Paranaguend Superagui, and a hypothesis significant sand accumulation at the southern side of
that they may in fact contain more than one generation ebb-tidal deltas. Based on the reports of regular dred-
of Pleistocene barrier cannot be overruled. ging operations executed by the harbor authority at the

The spring tide range is 1.8 m at the mouth of the bay mouth, a total of Bx 10° m® of sand has been
Paranaglaay estuary, but decreases slightly both taken from the navigation channel between 1987 and
south- and northwards along the coastline (Harari 1993, with a yearly average ofix 10° m® (APPA,
and de Camargo, 1994). The coast is classified as an1994). The majority of this volume came from the
open coast, exposed either to the E-NE or SE-S channel dredged across the ebb-tidal delta, that now
waves. Reliable wave statistics are restricted to a acts like a trap, and thus gives an approximate rate of
couple of short term measurements campaigns, thelongshore transport in that area. The trapped volume
longest comprising the deployment of a wave-rider of sand seems to be at least twice as large as calculated
buoy 13 km offshore & 20 m water depth) between through empirical formulas (Sagaet al., 1989).
August and December 1982 (PORTOBRAS, 1983). Soares et al. (1994) report a coastal progradation
The results (Table 1) show that wave approach is amounting to 559 000 fnin 50 years in Pontal do
mainly from ESE to SE, with a mean significant Sul, at the southern side of the bay mouth. The progra-
wave height of 1.8 m and a mean wave period of 11 s. dation might have been caused by the construction of

Table 1
Monthly characteristics of the waves offshore of the study area between 21/08/1982 and 21/01/1983 (intermittent measurements)

August September October November December
Maximum height (m) 2.35 3.95 3.20 2.65 3.50
Significant height—Hs (m) 1.58 2.54 2.04 1.49 2.13
Mean period (s) 16.53 10.73 12.00 9.80 12.00

Direction () - 112 133 140 123
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Fig. 3. Proposed sea level curves for the study area: (a) Suguio et al. (1985); (b) Angulo and Suguio (1995); and (c) a sea level envelope (after
Angulo and Lessa, 1997). Elevations are in relation do mean-sea level.

a jetty inside the main channel, and therefore might be curves that have been proposed for different sites on
associated with a longshore sediment transport the Brazilian coast (Suguio et al., 1985). A general fall

towards the estuary. This gives a transport rate of of sea level would have occurred after a maximum of

11 200 ni/years, which is much lower than those about+2.5m at around 5100 years B.P., interrupted

above. Such lower rates could be explained by the by two intervals of pronounced negative oscillations

fact that the prograded area is inside the domain of when sea level would have been at, or below, the
an ebb tidal delta, and that the volume of sediment present elevation (4100—3800 and 3000—-2700 years
involved in the progradation is underestimated since B.P.). With new*C datings for the coastal plain and

sedimentation below MSL was not considered. re-evaluation of some archaeological data, Angulo
and Suguio (1995) showed that the transgression
2.1. Late Holocene sea level trend maximum was higher than previously suggested

(Fig. 3b). More recently, a re-evaluation of the
The first sea level curve proposed for the study area paleo-sea level data utilized to define the first curve
(Fig. 3a) (Suguio et al., 1985) followed the same and a new set of vermetid worm tube datings allowed
general contour of the other seven regional sea level Angulo and Lessa (1997) to propose that the Holocene
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Fig. 5. General interpretation of the reverse circulation cores. Elevation in relation to mean sea level.

sea level maximum was aboti3.5 m. Moreover, the  area. Rc#1 to #21 came from the Holocene barrier,
evidence for higher frequency, large amplitude sea Rc#22 and #23 from an eroded barrier platform (about
level oscillations in the late Holocene are disputable 1 m below MSL) in Mel Island and Rc#24 to #28 from
(see also Lessa and Angulo, 1998). Therefore, a the Pleistocene barrier. Fig. 5 presents the lithology of
smoother decline of sea level since the end of the all drill holes, based on the driller’s technical logs. It
PMT appears to characterize the sea level trend must be emphasized that these logs were written at
(Fig. 3c). different times by different technicians, so that consis-
tency is jeopardized. Besides, their aim was to differ
the bulk qualities of the sub-surface deposits, and
3. Data sources accuracy becomes limited. Therefore, attention is
only given to the most general characteristics of the
Fig. 4 shows the location of 28 reverse-circulation sedimentary deposits.
drill holes (Rc) on the coastal plain. Rc#7 was  Ten cores from the Holocene and one from the
published by Maack (1949), and Rc#4, #5, #6, #10, Pleistocene sector of the coastal plain were taken
#16 and #24 were published by Bigarella et al. (1978). with a vibro-corer, utilising 6 m long, 0.75 mm wide
The remaining cores derived from the geotechnical aluminum barrels. Their locations are shown in Fig. 4.
work performed by engineering companies in the Vibro-cores #5—#17 were aligned normal to the
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Fig. 6. Grain size variation, sedimentary structures and interpreted sedimentary facies (between arrows at the left side of each column) along the

vibro-cores (see location in Fig. 4).=aundifferentiated; b= beach face; e= nearshore; & upper-shore face; & estuary channel; £
overwash; g=tidal flat; h= flood-tidal delta (codes also applied to Fig. 7). Sedimentary structures are always plane-parallel, horizontal or
inclined.

coastline in the center of the coastal plain, between the elevation was assessed relative to the local high-tide
shoreline and the outer limit of the Pleistocene barrier. mark (datum given by the tide gauge in Paranagua
Vibro-cores #5—-#8 were taken from the vicinity of a harbor—see Fig. 1). Due to difficulties in extruding,
topographic depression probably related to a paleo- vibro-core #6 had to be vibrated out, which caused the
tidal inlet (see also Fig. 2). Vibro-core #9 was taken loss of the sedimentary structures.

at the very base of a scarp at the rear of the Holocene In the laboratory the cores were split length-wise,
barrier and vibro-cores #10 to #13 were collected on photographed and logged (Fig. 6). Grain size was
the Guaraguacriver plain. Vibro-core #18 was taken  visually estimated. Sixty-two samples taken from
from the base of another logged channel bank expo- different sections of vibro-cores #7, #8, #10, #11,
sure at the rear of the Holocene barrier. All these cores #12 and #17 (Holocene barrier, inter-barrier depres-
were leveled in relation to established bench-marks, sion and Pleistocene barrier) had their heavy mineral
with the exception of vibro-cores #9 and #18, where assemblages determined. The very fine sand fraction
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Fig. 7. Grain size variation, sedimentary structures and interpreted sedimentary facies (letters at the left side of each column) along the creek-
bank exposures (see location inFig. 4). Codes for the sedimentary facies are given in Eigl&né-parallel stratification; K= tabular cross-
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VIl = organic detritus; VIll= Callichirus sp burrows; IX= coarser sediment lens; X small channel fill; XI= mud laminae in the forests.

(3—4¢) of each sample was chosen for densimetric 4. Results
separation with bromoform (CHB): This fraction is
the hydraulic equivalent of the modal class (fine sand 4.1. Reverse circulation cores
in all samples), and contains the mode of the heavy
minerals size distribution. The transparent, non-  The lithologic interpretation of the Rc drill holes
micaceous heavy minerals were quantified to at least by Maack (1949) suggested that the upper 70 m of
100 grains, utilizing the “ribbon method” (Galehouse sediments beneath the coastal plain (Rc#7) are
1971). The minerals were separated in ultra-stable Holocene marine deposits, which overlie 31 m of
(zircon, turmaline and rutile), meta-stable (staurolite, Pleistocene marine sedimentation (Fig. 5). Bigarella
apatite, epidote, kyanite, sillimanite, garnet) and et al. (1978) interpreted the sand layers of the
unstable (hornblende, hypersthene, augite, andaluzite)Rc#10, #11, #12 and #24 as transgressive and
minerals, and their relative abundance in each sampleregressive marine sequences, and Rc#3 and #4 as
calculated. a regressive marine sequence. Invariably, underlying
Additional information on the upper sedimentary the top sandy unit, there is a deposit represented by
sequence of the Holocene barrier, as well as on thea dark-colored, organic- and mud-rich sediment,
direction of paleo-flows (following the measurement interpreted by Bigarella et al. (1978) as paleo-lagoo-
of the primary sedimentary structures), were gathered nal. In Rc#4 and #7 (Fig. 5), the top mud unit was
at several other bank exposures along the erosiveinterpreted by Bigarella et al. (1978) and Maack
margins of tidal channels at the rear of the Holocene (1949), respectively, as transgressive marine. Only
barrier (Fig. 4). The true elevation of these outcrops a few samples were taken from Rc#6, and Bigarella
was also estimated by the high-tide mark. The inter- et al. (1978) have suggested that only the top 25 m
preted sections are shown in Fig. 7. corresponds to marine deposition. Overall, Bigarella
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etal. (1978) did not differentiate chronological bound- finer and better sorted sands of the Pleistocene and
aries in their interpretation. Holocene barriers.

With the exception of Rc#6 (which is fragmented),
and Rc#11, #14 and #15 (that come from the northern 4 > vipro-cores and creek-bank exposures
end of the Holocene barrier), all drill holes present a
superficial layer of fine sand, with thickness varying Figs. 6 and 7 show the grain size variation and
from 8 to 21 m, overlying dark-colored, organic- and sedimentary structures observed in the vibro-cores
mud-rich sediments. An exception is Rc#5, where and exposures along the creek margins. Sediments
beneath the top layer of sand there is a layer of are mainly quartzose sand. Observed sedimentary
white, plastic mud. A second layer of fine-to-coarse structures varied amongst plane-parallel laminations,
sand appears in Rc#4, #7, #8, #12 and #17 to #21. cross laminations, large scale sets of cross stratifica-
Overall, it is observed that there are two recurrent tion (in the exposures) and bioturbation (including
sedimentary units amongst the profiles: a yellowish tubes and burrows ofallichirus sp.). On the basis
upper sand layer and an organic- and mud-rich dark of the sedimentary structures and bounding surfaces,
unit underneath. The top unit is interpreted here as textural and mineralogical composition, color and
Holocene barrier sand, based on the nature of the distance from the shoreline, seven sedimentary facies
surface sedimentation (marine) in the whole coastal were distinguished.
plain (more than 25 km wide) and due to the factthata (1) Beachface (facies b)is comprised of well-
Holocene/Pleistocene boundary within marine depos- sorted very fine to medium sand, brown, light brown
its has been identified inland from the drilling sites and light gray in color. Sedimentary structures consist
(Angulo 1992; Angulo and Suguio 1995). The under- mostly of plane-parallel, thin to medium laminae (not
lying mud layer is interpreted here as a Holocene thicker than 2 cm) (Fig. 8a). Occasionally, a thin to
transgressive estuarine/lagoonal deposit, based onmedium set (no thicker than 30 cm) of inclined plane-
the assumption that the inter-barrier estuarine envir- parallel laminae (as in vibro-core #7 and exposures G,
onment presently observed was a persistent featurel, M, A, E and E2) is observed, which is ascribed to
behind a rolling barrier adapting to the post-glacial the fills of shallow longshore channels that occur on
sea level rise. It is difficult to define a sedimentation the beach face behind swash bars. Bioturbation, which
pattern below this mud layer, although another sand becomes more frequent with depth, is restricted to the
unit is often observed as a third layer. In Rc#24—#28 presence of burrows and tubes (Ophiomorpha) attrib-
the sand and organic muddy units can also be inter- uted to Callichirus sp, a crustacean that preferably
preted as barrier and transgressive estuarine depositslives between MSL and low tide level (Suguio and
but of the Pleistocene age. Martin, 1976). Disturbed laminae, related to the

The basement was reached in Rc#3, #5, #7, #26, collapsing of narrow sections overlying the burrows,
#27 and #28 (Fig. 5). Minimum (farther inland) and are also observed. This facies was observed in all of
maximum (close to the shoreline) depths are about the vibro-cores and exposures, with the exception of
—50 and—100 m, respectively. Talus, alluvial fans vibro-cores #9 and #10, which are marginal to the
and debris flow deposits, varying in age from Miocene river. Maximum and minimum elevations of this
to Quaternary (Lima and e Angulo, 1990; Angulo, facies were+5.0 m (exposure E in the back-barrier)
1995a), have been mapped on the surface betweenand —1.2 m (vibro-core #11, in the middle of the
the rear of the marine deposits and the coastal moun-inter-barrier depression), respectively.
tain range. Therefore, it is expected that Cenozoic (2) Nearshore (facies c)is comprised of well-
continental/alluvial sediments exist between the sorted fine to coarse sand, mostly gray and light
marine sedimentation and the bedrock underneath,gray in color (Fig. 8a). The facies was identified
especially in the landward reaches of the coastal both in the vibro-cores (#5, #7, #8, #11, #12, #13,
plain. The logs for Rc-cores #26, #27 and #28 actually #17 and #18), and in the exposures (E, E1, E2, D, A
mention the existence of feldspar as well as poorly and B). Cross-stratification (planar and trough) is the
sorted, very coarse sand at a certain point along the prevalent sedimentary structure in the exposures,
cores, which is rather different from the more mature, dipping between 13 and 2%owards NE and SE
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Fig. 8. (a) Photograph of core #5, taken in the middle of the Holo-

97

well-sorted fine to very fine gray to light gray sand.
Very thin to thin (less than 1 cm thick) mud laminae
are occasionally found. Bioturbation is the most typi-
cal sedimentary structure of this facies, which also
harbors molds of bivalve shells, burrows (Ghlli-
chirus sp.) and eventually horizontal sets of plane-
parallel laminations (associated with mud laminae)
(Fig. 8a). This facies was only observed in the
vibro-cores, as its upper boundary is below low
water level. Maximum logged elevation wasl.2 m
(in vibro-core #17, the innermost position in the cross-
section profile—Fig. 4) and minimum elevation is
unknown since no core completely crossed the unit.
(4) Estuarine channel (facies e}his unit was
restricted to vibro-cores #9, #10 and #18 (at the rear
edge of the barrier). In cores #9 and #10 it is
comprised of poorly sorted, fine to very coarse sand,
showing varying degrees of reworking of the sand
grains (from rounded to angular) (Fig. 8b). The
color varies from light gray to gray and brown to
dark-brown. Very thin to thin, texturally different
laminae are inclined (£Qo 30 dip), and are normally
associated with mud clasts. Layers of bivalve shell
molds and shell fragments were observed in vibro-
cores #10 and #13.

cene barrier (see Fig. 4), showing a regressive barrier sequence with This facies in vibro-core #18 is characterized by
beach, nearshore and upper shoreface sediments (see Fig. 6 fo

r . . -

interpretation). The tubes are 0.5 m long (metric scale at left), and better sorted marine sands, with a Qe”era' fmmg
depth increases from left to right. Stained (darker) sandy sediments Upward trend. The upper meter of this core shows
between 0.5 and 1.5 m is due to the development of a podzol soil Signs of ripple cross-stratification probably associated
and rounded, darker scars between 1.5 and 3.5 m are ascribed toyyith shoaling waves, which would precede the forma-
Callichiurus sp. tubes. (b) Photograph of core #10, taken from the tion of a nearshore zone as identified in exposure A

floodplain at the rear of the Holocene barrier, showing the interfin- Fig. 7). Bel this | | atidal ch Isi ¢ .
gering of estuarine (highly stained, coarser, poorly sorted channel ( g. ) elow this level, a idal channel signature 1S

sediment) and overwash (finer, light gray and well-sorted sand) Suggested by a cyclic change in the thickness
deposits. The tubes are 0.5 m long (metric scale at left), and depth (bundles?) of sub-horizontal laminae in the upper

increases from left to right.

(alongshore) and forming sets up to 1.5 m thick (expo-
sure E). In the vibro-cores the unit shows inclined sets
of plane-parallel laminations dipping in opposite
directions. Burrows and tubes (Ophiomorpha) also
attributed toCallichirus sp. abound (Fig. 8a), and
molds of bivalve shells (dissolved by humic acids)
are also noticed. Maximum and minimum elevation
of this facies was+0.1 m (vibro-core #5, in the
middle of the barrier) and-3.0 m (vibro-core #11,
in the middle of the inter-barrier depression), respec-
tively.

(3) Upper shoreface (facies d)s comprised of

meter of this unit. Dip angles varying between 20
and 30 toward the continent characterizes the lower
2 m of the unit.

Maximum and minimum elevation of this facies
were +1.6 m (vibro-core #13) and-7.7 m (vibro-
core #18).

(5) Overwash (facies f)comprised of well-sorted,
very fine to medium light gray and light brown sand.
The unit is restricted to vibro-cores #9 and #10 (at the
rear edge of the barrier—Fig. 8b). Sedimentary struc-
tures are sub-horizontal sets (5=ip towards the
continent) of plane-parallel lamination. Maximum
and minimum elevation of this facies were0.1 and
—3.9 m, respectively, both in vibro-core #10.
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(6) Tidal flat (facies g)comprised of laminations of
fine sand and mud, mostly bioturbated. The unit is
restricted to vibro-cores #11, #12 and #13, in the
inter-barrier depression. It is more extensive in
vibro-core #13, where it attains 2.3 m in thickness,
and fines downwards. The lowest section in this
core is very clayey with some lenses of medium
sand. Maximum and minimum elevation of this facies
were +1.7 m (in vibro-core #12) and-0.2m (in
vibro-core #13), respectively.

(7) Flood-tidal delta (facies h):Mostly tabular
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sediments underlie the Holocene barrier, which is

subdivided into transgressive and regressive deposits.
The former is distinguished by the existence of marine
sands (overwash deposits) intercalated with tidal-
channel sands (in vibro-cores #9 and #10) and the
surface morphology (a smooth landward dipping

profile fronted by a beach ridge). The Pleistocene

age for the sand deposit beneath the inter-barrier
depression is suggested by the elevation of the sedi-
mentary facies and low relative quantities of unstable
heavy minerals. An analysis of the samples taken

cross-stratified sets varying in thickness between 0.5 from the inter-barrier depression (vibra-cores #11,

and 1.5m, dipping 5-30predominantly to NW

#12 and #17) and Holocene barrier (vibro-cores #7,

(towards the estuary). Alternating laminae of fine, #8) show that unstable minerals account for an aver-
medium and coarse sand, which coarsen gradually age of 13% of the heavy mineral content in the inter-
towards the base, characterize the structures. Laminaebarrier depression whereas they account for an aver-
of mud and organic detritus are also observed betweenage of 43% in the Holocene barrier. This contrast
the sand laminae, especially closer to the base. A indicates that the marine deposits observed in vibro-
piece of a tree, collected at the base of exposure Jcores#11, #12, #13 and #17 are much older than those
(Fig. 7) was dated at 4318 70 years BP. in the Holocene batrrier, i.e., they have undergone a
(6%%C = —29.7) (CENA 120). longer period of mineral dissolution. Differences in
the unstable heavy mineral relative amounts between
Holocene and Pleistocene barriers have been reported
in other coastal plains in south Brazil (Mio and
Giannini, 1997).

Barrier progradation concomitant with a sea level
fall is indicated by the elevation difference between

Fig. 9a shows a cross-section normal to the shore-the beach and nearshore facies contact in three
line along the middle of the coastal plain. The base- sections of the Holocene barrier (Fig. 9b). An average
ment depth below the Pleistocene barrier was basedelevation of+1.4 m at exposures D, E1 and E2, at the
on Rc#26, and the thickness of the sedimentary facies, rear of the barrier, falls to approximately 0.5m in
schematically drawn, based on Rc#24—#28 (see Fig. vibro-cores #5, #7 and #8 in the middle of the barrier,
5). It is observed that two generations of regressive and finally to about-0.5 m at the coast (Afgoi and
barriers are identified. The Pleistocene barrier seemsLessa, 1996). Based on the sedimentary structures
to be much larger than the Holocene, both in respect to only, a sea level fall of approximately 2.9 m would
depth and width, and it is even possible that more than have occurred in the time span of barrier progradation,
one generation of Pleistocene barrier deposits exists.a value which is close to 3.5 m proposed by Angulo
In fact, three generations of Pleistocene barrier and Lessa (1997) based on several radiocarbon
systems are reported in the southernmost coastaldatings of paleo-sea level indicators.
plains in Brazil (State of Rio Grande do Sul—Vill- This same contact elevation between beach and
wock et al., 1986). The thickness of the Pleistocene nearshore facies in the exposures A, B, E, E1, E2
barrier in Rc#24—#28 varies from 2 m to over 20 m, and D (Fig. 7) is about 2.5 m higher than that observed
which is more than twice the thickness of the Holo- in the Pleistocene barrier (vibro-cores #11 and #12,
cene barrier in Rc#7. Fig. 6). The elevation difference in the facies contact

A detailed cross-section of the stratigraphy of the could imply one of the following: (i) that sea level
Holocene barrier is shown in Fig. 9b. The figure associated with the seaward end of the Pleistocene
shows the Pleistocene barrier forming the substrate barrier at 120 000 years B.P was lower than the
for the Holocene sedimentation. Paleo-estuarine Holocene sea level maximum, which would be in

5. Interpretation and discussion

5.1. Shorenormal morphostratigraphy



G.C. Lessa et al. / Marine Geology 165 (2000) 87-108 99

Rc#24 - #25
—_
£
c
o
=
©
>
()
w
L N B B B I K B B T S
B c¢ B
6 - Guaraguacu River
_{ v#17
£
N
c
o
=
[ ]
>
L
1T
-10
12

r ] Holocene transgressive barrier Cenozoic continental NS - nearshore
p— BF - beach face
| * * | Holocene regressive barrier - Pleistocene estuarine UP - upper shoreface
L. . )

V#9 - vibro-core

Holocene estuary .".".| Pleistocene barrier Rc#7 - drill-hole

p—
|

= %5 Holocene estuarine channel + bedrock

Fig. 9. (a) general stratigraphic cross-section normal to Paramagiséal plain; (b) detailed stratigraphic cross-section normal to the Holocene
barrier (see Fig. 4 for location). Lines separating the sedimentary facies were traced based on elevations indicated in Figs. 6 and 7. The contact
between the beach and nearshore facies at the coastline is-aBduin (Arajo and Lessa, 1996).
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accordance with the difference in the surface elevation 1992). Instead, cross-stratification associated with
between the barriers (Fig. 2); or (ii) that the Pleisto- longshore flows in the nearshore abound (Fig. 7).
cene barrier deposit under the inter-barrier depression The erosion of the transgressive barrier by the river
is a remnant of a younger Pleistocene barrier, with an appears to be the most convincing explanation for the
age of approximately 85 000 years B.P. (isotope stage observation of foreshore and nearshore sedimentary
5c, see Roy et al., 1995), and associated with a seastructures at the rear of the Holocene barrier.
level maximum lower than the present one, which is  Fig. 10 illustrates a sequence of events that lead to
yet to be identified in the Brazilian coast. the erosional situation mentioned above at the north-
The presence of paleo-estuarine/lagoonal depositsern half of the inter-barrier depression (with no inten-
underneath the barrier indicates that the barrier hastion to reproduce the detailed morphostratigraphy).
transgressed over an estuarine environment as theThe transgressive barrier was moving over paleo-
sea level rose. The first stratigraphic model of the estuarine sediments (Fig. 10a) as sea level rose. The
coastal plain (Lessa and Angulo, 1995), based on transgression was still operative in Fig. 10b, but due to
the drill-holes only, suggested that the organic-mud a higher substrate gradient the moving barrier starts
deposits beneath the barrier were a sub-surface extencompressing the estuary against the Pleistocene shore-
sion of the paleo-estuarine deposits mapped in the line. The succession of events in Fig. 10c and d might
inter-barrier depression. Vibro-cores #11—-#13 show, have been simultaneous. The transgressing barrier
however, that the paleo-estuarine deposits in the inter- encroaches on the Pleistocene barrier and the estuary
barrier depression are restricted to the top 2 m of the channel clears its way between them. The seaward
profile, and that a connection to similar deposits under side of the Pleistocene barrier, as well as part of, or
the Holocene barrier may not exist. The Holocene perhaps the entire, transgressive barrier, is eroded by
barrier appears to have encroached onto the Pleistocenghe estuarine flow. The following sea level fall (Fig.
barrier (an encroached Holocene barrier is observed in 10d) caused coastal progradation, exposed the erosive
Superagui Island—Fig. 1b). However, owing to the margin at the rear of the Holocene barrier and left a
presence of the GuaraguaRiver flowing along the  drape of estuarine sediments over the scrapped Pleis-
inter-barrier depression, both the Holocene and Pleis- tocene barrier platform.
tocene barriers were eroded as the river was restricted Vibro-core #6, taken from the inter-barrier depres-
near the end of the Holocene transgression. sion in the middle of the Holocene barrier (Fig. 4),
The presence of more than 5 m of estuarine mud which has always been mapped as a muddy, inter-
beneath the present shoreline (Fig. 5) suggests that abarrier paleo-estuarine feature, revealed only sandy
much larger estuary was present when sea level wasdeposition. This morphological feature is reinter-
some 10 m below present, and the paleo-coastline waspreted as a previous outlet of the Guaragu&iver
several kilometers offshore. As sea level rose, the estuary during the highstand. At this time, with MSL
estuary shrunk, possibly due to a steepening of the at approximately+3.5 m, an estuary tidal prism of
substrate slope. More energetic, confined flows about 60x 10° m® could have allowed for the exis-
would have given rise to the coarse estuarine sandtence of a second inlet, in addition to an exiting point
deposits observed in vibro-cores #9 and #10, and to the north. As sea level fell, the tidal prism was
may also have been responsible for the erosion in reduced and the tidal currents became less efficient.
the contact between the barriers. While erosion of The channel became shallower, less tidal and its
the Pleistocene barrier is well indicated by the sharp orientation was then changed by the S—N longshore
contact between the estuarine and beach deposits indrift, causing its northward orientation. The continu-
vibro-cores #11-#13 (Fig. 6), evidence of a wider ously lowering sea level eventually closed the inlet.
Holocene barrier is found in the exposures along the This hypothesis is presently under examination.
estuarine channel (exposures E, E1, E2 and D). Sedi-
mentary structures observed in the northern half of the 5 2 comparative barrier morphostratigraphy and
barrier are not related to a transgressive deposit, suchgctive shoreface profile
as landward inclined, parallel or wavy laminated sets
and convolute laminae (Murakoshi and Masuda, Four stratigraphic cross-sections normal to the
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Fig. 10. Schematic evolution of the encroachment process proposed for the Holocene barrier onto the Pleistocene barrier, and the resulting
erosion ascribed to the squeezed Guaraguaer estuary.

coastline associated with different barriers are shown shorefaces, terminating beforel0 m, are observed
in Fig. 11: two associated with forced regression inthe low energy, wind-wave dominated coasts of NE
(Paranagliaand Bucasia) and two associated with Australia H = 0.75m andT = 6 5 Masselink and
normal regression (Tuncurry and Galveston). The Lessa 1995) and the US Gulf Coast. A deeper shore-
toe of the modern shoreface can be indicated by the face, with depths around 20 m, is indicated in the
contact between the regressive sand facies and thehigh energy, swell dominated coast of SE Australia
underlying substrate (paleo-estuarine mud, transgres-(H = 1.5 m andT = 10 s Short 1984). The coast of
sive sands and lower shoreface muds). Shallower Paranaguacan be classified as a moderate energy
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Fig. 11. Stratigraphic profile of regressive barriers (Bucasia modified after Masselink and Lessa, 1995; Tuncurry after Roy et al., 1995;
Galveston Island after McCubbin, 1981).
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Table 2

103

Table 2 also lists the variables related to the other

Average mean wave height and its standard deviation based on Onethree sites and. with the exception of Bucasia. the

year observation (Young and Olland, 1996), wave period, mean
sediment diameter and approximate maximum depth of the wave
surface of erosion (Hallermeier, 1981) for each barrier. Second line
in Tuncurry refers to measured offshore wave data at Crowdy Head
between 1895 and 1997 (source: Manly Hydraulics Laboratory,
New South Wales Department of Public Works and Services)

Barrier Hayg (M)  Hesta () (M) Tayg(s) D (mm) di (m)
Paranagua 1.35 0.19 10 0.25 36
Tuncurry  2.23 0.28 1 029 60
1.63 0.60 7.9 0.25 32
Bucasia 1.33 0.28 7 0.25 8
Galvestone 1.23 0.18 g 0.18 31

2 Short (1984).

® Roy et al. (1995).

BPA (1986).

Masselink and Lessa, 1995.

National Data Buoy Center (http://scaboard.ndbc.noaa.gov).
McCubbin (1981).

c
d
e
f

coast(H = 1.0 m andT = 10 9, and as such the toe

estimatedd; values are also deeper than the depth of
wave erosion suggested by the stratigraphy, implying
that profile calculations based on this equation can be
overestimated.

5.3. Longshore sediment budget/flux

In a longshore (S—N) direction the contact between
barrier and paleo-estuarine deposits beneath the Holo-
cene barrier deepens northwards, from an average
elevation of —8 m in the center and south of the
barrier to an average elevation ef13 m close to
the estuary (including Rc#11-#22) (Fig. 5). The
transgressive paleo-estuarine deposit is actually
completely absent in the 30 m of Rc#1land #15, indi-
cating that at these sites the deposit might have been
completely removed, or have never formed. It appears
that erosion of the transgressive paleo-estuarine
sequence at the northern end of the barrier may have

of the shoreface would be positioned between these been caused by a tidal diastem, as the ParanBgya

two extremes. However, no offshore data is available
to determine the depth. One way to circumvent the

lack of data is to estimate the depth of a paleo-shore-

entrance appears to have migrated northwards simul-
taneously with coastal progradation.
A longshore, north-bound barrier growth since the

face, and assume that the wave climate and sedimentiast highstand (as implied by tHéC dating at expo-
budget have not changed considerably in the last few sure J, Fig. 7) is suggested by the presence of sedi-
thousand years. The depth of a paleo-shoreface, givenmentary deposits associated with a NW-SE

by the contact between the barrier and estuarine
deposits in Rc#7 (Fig. 9b), appears to be 10m
below the present MSL, or about 12—-13 m below
the paleo MSL.

Hallermeier (1981) suggested that the limiting
depth of an active beach profile under a changing
sea level (ravinement surface or regressive wave
surface of erosion) is similar to the maximum depth
of sediment entrainmentl{, which is a function of
the mean significant wave heigliid) and its standard
deviation ¢), as well as the mean significant wave
period Ty and mean sediment diametdd)((d; =
(Hs — 0.30)T{(g/500(D) %°). Based on the existing
wave measurements for the study area (Tabledl),

orientated tidal channel 7 km south of the present
ParanagliaBay entrance location. The evidence is:
(i) current megaripples in the exposures A, J and |
(Fig. 7) indicating strong tidal flows and net sediment
transport direction to the NW (see section 4.2); (ii) the
apparent facies succession (tidal channel, upper
shoreface, nearshore and beach) in vibro-core #18
(Fig. 6) and exposure A (Fig. 7); and (iii) the existence
of open marine shell species within coarse estuarine
deposits beneath Rasa da Cotinga Island (Fig. 1, Lessa
et al., 1998), a location far from the area possibly
influenced by present strong tidal flows. Therefore,
deeper transgressive paleo-estuarine  deposits
observed in the Rc-cores #12, #13 and #16—#23

is estimated as 70 m, which is much deeper than the (Fig. 4) might have been eroded by a tidal diastem
stratigraphic evidence suggests. Radar wave measureas the coastline prograded east- and northwards.

ments (Young and Olland, 1996) (Table 2) for the area
point to a shallower maximum depth of wave entrain-
ment, which is still deeper than that implied by the

stratigraphy.

The likely occurrence of longshore barrier growth
since the last highstand means that there has been a
somewhat continuous, and possibly varying longshore
supply of sand for at least 5000 years. Based on the
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elevation of the sedimentary structures in vibro-cores headlands, in an area protected from the S—SW
#5, #7 and #8, and assuming that the beach-to-nearshorevaves, and therefore is not very likely to contribute
transition occurs around mean low water level (Short with a significant sediment volume to the littoral drift
1984), it appears that the seaward half (2500 m) of the system. Hence, the only source of sand to the study
Holocene barrier (Fig.9b) prograded with only 0.5 m of area appears to be the erosion of the immediate coast-
sea level fall, or within the last 1000 years as suggestedline. The distribution of Holocene and Pleistocene
by paleo-sea level indicators (Angulo et al., 1996; barriers south of Paranaguaith the —5, —10 and
Angulo and Lessa, 1997). If this is correct, shoreline —20 m isobaths, is shown in Fig. 12 (ltajaver is
progradation was a result of sediment drift imbalances about 10 km south of Ponta do Vigia headland). It is
in the order of+ 7.5 nt/m per length of the beach/year. observed that Holocene barriers are practically absent
This volume would not correspond to anything larger in the south of the area, where the Pleistocene barrier
than 0.002% of the estimated net annual sediment flux abuts the shore. The Holocene barriers become increas-
(see description of the study area), and would be in ingly more prominent northwards, especially at the
agreement with values of positive drift imbalances southern side of estuarine mouths, as would be expected
given by Cowell et al. (1995) when simulating shore- considering a south—north littoral drift system.
line progradation in southeastern Australia. Fig. 12 (inset) shows the variation in area of the
This apparently swift coastal progradation suggests Holocene barrier for every 5 km of the coast, pointing
that a major influx of sediment occurred recently. The to an excessive larger area (and volume) of Holocene
last 3 km at the northern end of the barrier, with an sediment accumulation in the Paranagegtor. An
area of 15km, is at least 1 m lower than places inspection of the isobaths also show a clear trend of
further south (Fig. 4, inset). This lower elevation more voluminous sediment accretion to the north,
may be ascribed to shoreline progradation under the especially if one observes the5 and—10 m isobath.
influence of an ebb tidal delta, which dampens the The evidence points to the existence of a littoral cell
wave height, or be associated with a more recent of sediment circulation, from the northern end of the
progradation, under conditions of relatively lower State of Santa Catarina to the State of Pardre
sea level. It is not possible to say whether an ebb northward sediment transport does not seem to be
tidal delta already existed when this part of the coast interrupted along this coastline, since the estuaries
was accreting, but assuming it was not (flood domi- exhibit well developed ebb tidal deltas, prone to sedi-
nance is suggested for the estuary around the high-ment bypassing, and the few existing headlands are
stand—see Lessa et al., 1999) a volume of about fronted by sea beds less than 10 m deep, thus within
585x 10° m® of sand would have been deposited in the zone of wave sediment reworking.
the very late Holocene (given an average barrier
thickness of 13 m in this area—Fig. 5). This volume
is about one quarter of the total Holocene barrier 6. Conclusions
volume, calculated at.87x 10° m*® (assuming an
overall average barrier thickness of 10 m). The morphostratigraphy of the Paranagr@astal
There are two major estuaries to the south of the plain reveals the existence of extensive regressive
Paranagudaarrier, namely the Guaratuba Bay ariddSa  deposits built at least after the last two interglacials
Francisco Bay estuaries (Fig. 12). Although informa- (120 000 and 5100 years B.P.). Reverse-circulation
tion on these estuaries is scarce, they are largely still cores from the innermost sectors of the plain suggest
unfilled and, like the estuary of Paranadiey, do not that barrier deposits are around 20 m thick, overlying
appear to yield sand size sediments to the coastaltransgressive estuary deposits that sit upon some 40 m
zone. The only fluvial sediment source south of Para- of continental (fluvial and alluvial-fan) sediments. The
naguawould be the ItajaRiver, 160 km away. The  Pleistocene barrier appears to form the substrate for the
river is highly stratified (Schettini and Carvalho, Holocene marine sedimentation close to shore, where its
1996), and may only release sand size sedimentsthickness would be twice that of the Holocene barrier.
into the coastal zone during floods (Panc and Estuarine sedimentation shows contrasting textural
Gimenez, 1987). It discharges between two rocky characteristics underneath the present shoreline and
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behind the barrier. Muddy sediments beneath the Solotenica for providing copies of the core logs
present shoreline indicate a much calmer environment performed on the coastal plain. Many thanks also go
than that associated with the coarse estuarine channeto Carlos Soares, ‘G@a Riesemberg, Alberto Neto,
deposits that interfinger with the overwash facies at Claudio Silva, Fernando Pilatti, Marcelo Lamur and
the rear of the barrier. This change in the back-barrier Abrazo for helping with the vibro-cores and cleaning
environment is possibly related to reduced accommo- of the many exposures along the creek banks. We are
dation space associated with a steepening substratealso thankful to Mark Kulmar (Manly Hydraulics
profile, which ended up squeezing the estuary at a Lab.) for kindly providing wave data from Crowdy
certain point during the transgression. The estuary, Head. The quality of the manuscript was greatly
however, appears to have been able to clear its wayimproved with comments made by Dii§@® Dillem-
through both barriers, eroding all the transgressive burg, Dr Peter Roy and an anonymous referee.
sequence at the northern side of the Holocene barrier.
Complete barrier encroachment occurred in Supera-
gui Island, the second-next barrier to the north, prob-
ably due to the absence of sizeable stream flows. ) ) )

The elevation of the Pleistocene barrier, as well ag A"940: R-J. 1992. Geologia da Plaie Costeira do Estado do

. ) . . Parana Unpublished PhD Dissertation, Geoscience Institute,

the elevation of the open marine sedimentary facies in  yniversity of S@ Paulo, Brasil, p. 334.
the Pleistocene and Holocene barriers, suggests thatangulo, R.J., 1995. CaracteriZix e reavalia@o da Formaio
the sea level associated with the later stages of the Alexandra (Tercido) e de sedimentos continentais associados
Pleistocene barrier progradation was lower than the @ vertentes no litoral do Estado do Par@rasil. An. Acad.

. s . Bras. Cie. Rio de Janeiro 67 (4), 443-463.
Holocene sea level maximum. The facies” elevation Angulo, R.J., 1995. Felies deposicionais associadasdesembo-

also suggest a later phase Of.more rapid progradatlon, caduras dos complexos estuarinos da costa paranaense. Proc. 5th
when half of the present barrier prograded with about  cong. Braz. Ass. of Quat. Studies (ABEQUA), NiterBrazil,

0.5 m of sea level fall, or in the last one thousand pp. 58-64.

years or so. Coastal progradation and Iongshore Angulo, R.J., Lessa, G.C., 1997. The Brazilian sea level curves: a

: - critical review with emphasis on the curves from Parafnameé
barrier growth might have occurred all along the Canarié regions. Mar. Geol. 140, 141-166.

regressive barrier phase. The location of the estuary anguio, R.J., Suguio, K., 1995. Re-evaluation of the Holocene sea-
mouth 10 km to the south at around the highstand, as  level maxima for the state of PararBrazil. Paleogeol. Paleo-
indicated by flood tidal delta deposits dated at 4300 climol. Paleontol. 113, 385-393.

70 years BP., point to a continuous S—N process of Angulo, R.J., Giannini, P.C.F., Suguio, K., Pessedna, L.C.F.,

. . . 1996. Varig@es relativas do ‘wel meadio do mar nos’limos
longhshore  sediment feeding. Sediment sources 5500 anos na regiede Laguna-Imbituba (Santa Catarina), com

appear to be associated with the erosion of barrier  ase em datdes radiocarbuicas de tubos de verriieos. Proc.
deposits to the south of the area. 39th Braz. Geol. Cong., Salvador, Brazil, pp. 281-284.

The transition between barrier and paleo-estuarine Angulo, R.J., Souza, M.C., Af@m A.D., Pessenda, L.C.R,
sediments indicates the depth of the shoreface profile ~ ©Odreski, LL.R., Lamour, M.R., Carrilho, J.C., Nadal, C.A.,

1 ; : . 1 . Fai i i i I
which actually translated with barrier progradation. 999. Faies sedimentares de uma barreira regressiva holoce
nica na plafuie costeira de Praia de Leste. Estado do Parana

A'thOUG.h carried out with a Ver)_’ limited data set, Proc. Seventh Cong. Braz. Ass. of Quat. Studies (ABEQUA),
comparison of the contact elevation between regres-  Porto Seguro, Brazil (in press).

sive and transgressive facies in four barriers suggestsAraujo, A.D., Lessa, G.C., 1996." %l madio do mar e estruturas
that the depth of effective wave erosion during the  Praias: uma contribyf ao estudo paleogeogie da plancie

translation of the shoreface profile could be shallower ~ COStéira Paranaense. Proc. 39th Braz. Geol. Cong., Salvador,
Brazil, pp. 237-240.
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