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ZUSAMM ENFASSUNG

Die K stenentwicklung des géten Quatérs f r das Gebiet zwischen Ponta dos Trés
Irmdos und der Nehrung von Galinhos an der Nordk ste des Bundesgaaes Rio Grande do
Norte, Nordost Brasilien, wurde mit Hilfe sedimentologischer, geophysikalischer, Isotopen-
und geochrondogischer Untersuchungen rekonstruiert.

Der innere Kontinentalschelf Iasg sich in zwel morphdogische Zonen urtergliedern:
die ostliche Zone besteht aus sibmarinen D nen, de bel einem hohen Sedimentangebot von
einer starken Meegesdromung aus Sdo st as Transportkorper entstehen. Die westliche Zone
besteht aus sibmarinen Sandr cken, de aus einer Kombination von @eanischen Strémungen
aus Nordost und Ost hervorgehen. Ursadhe f r die Bildung dieser grofskaligen
Sedimentstrukturen ist der Nord-Brasili en Strom. Am Innenschelf gibt es zahlreiche submarine
Vorkommen von \erfestigen Sedimenten, de dwa parallel zu der derzeitigen K ste in einer
Entfernung von etwa 20 km liegen. Diese Sedimentr cken bestehen aus Beadwrock und
Aolianiten, de dtere Stadien der Uberflutung des inneren Schelfs anzeigen.

Die Sedimentation wahrend des Holozans ist von Meeaesgiegel schwankungen,
K stenstromungen und éém Wandern von K stend nen gesteuert. Sedimente aus der Paléo-
Lagune bel Sd0 Bento und Caicara sind auf dem Niveau von 3Metern urter dem heutigen
Meeaesgiegel 7000(Kaender) Jahre dt und zeigen, dassder Meaesgiegel kurz danach seine
heutige Position pasdsert hat. Der hoozéne Hochstand wurde mit 1,2 Metern ber dem
heutigen mittleren Meeaesgiegel vor 5900 Jahren erreicht. Danadh fiel der Meeesgiegel
kontinuierlich auf seine heutige Position. Die Veranderungen der Meaesgiegellage wird
durch das Niveau der transgressven und regressven Sedimente bel S8o Bento und dem
Reauado Beadirock angezeigt. Dar b er hinaus bestétigen de Isotopen-, chemischen und
diagenetischen Daten der Beadwrock-Zemente aus verschiedenen Vorkommen dese
Verénderungen wahrend des Holozén. Das héufige Vorkommen von Evaporit-Mineralen in
den Paleo-Lagunensedimenten von Sdo Bento weist darauf hin, dass die Lagune weitgehend
vom offenen Meea abgeschlosen war. Die fr h ere Verbindurg zum offenen Mea wurde
hauptsachlich duch das nach Westen gerichtete Vorwandern der D nen geschlossen. Die
letzte marine Ingresson in de Lagune von S&o Bento fand va 3580 Jahre statt. Die Lagune
von Galinhos-Galos besteht seit etwa 7000 Jahren, als der Meaesgiegel erstmals sine
heutige Positon erreicht hatte. Entlang der K ste bildeten sich transgressve D n eninseln,
welche die Entwicklung der landseitigen Lagune gesteuert haben. Die heutige Form der
Nehrung von Galinhas wurde wahrend des Meaesgiegelsr ckgangs angelegt, als die Kandle
zwischen Lagune und dfenem Meea im Bereich der D n eninseln geschlossen wurden und de
D nen auch her verstarkt nadh Westen wandern konrten. Das Schlief3en der Kandle hat kurz
vor 3330 Jahre vor heute begonren. Zu dieser Zeit entstanden de asten Beadrocks, die
paralel zur heutigen K stenlinie und damit senkredht zu den fr h eren Kandle liegen. Heute
steuert nur mehr ein Gezeitenkanal am Westende der Nehrung den Ein- und Ausdrom des
bereits dark reduzierten Lagunensystems.

Einige K stenkliffs, die edenfals aus Beadwrock und Aolianiten bestehen, enthalten
Karboretzemente, die sich von cn hdozénen Beadwrock Vorkommen deutlich urterscheiden.
AMS YC-Datierungen von Schalenresten ergaben Alter von annéhernd 45000Jahren, de
somit nahe an der methodschen Grenze liegen. U/Th-Datierungen f hrten hisher zu keinen
verlésdichen Altersangaben, de dtesten Datierungen liegen zwischen 120000 und 130000
Jahren. Dies entspricht dem vorletzten Meaesiegelhochstand wahrend des Eem (Isotopen-
Substadium 5e). Vertikale Unterschiede in der Position des Kontakts zwischen Beadwrock und
Aolianit wie auch urterschiedliche Diagenese der Zemente lassen auf tektonische Hebungen
und Senkurgen deser Ablagerungen schlieffen. Die Meaesgiegellage zur Zeit der
Ablagerung muss ahnlich der heutigen gewesen sein, da grofiere vertikale Abweichungen de
Strandsedimente mehrere Kilometer von der heutigen K stenlinie land- oder seawarts entfernt
abgelagert hétten.
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RESUMO

Estudos sdimentol 6gicos, geofisicos, isotopicos e geocrond égicos foram efetuados ao
longo da wsta norte do estado doRio Grande do Norte, entre aPonta dos Trés Irm os e 0
limite oeste do spit de Galinhos, para a determinag 0 da evolug o costeira durante o
Quaternario superior.

A plataformainterna édividida en duas grandes &reas a partir das fei¢gdes morfol6gicas
do aswaho acediico observadas em uma imagem de satélite Landsat. Na por¢ o leste da
plataforma interna ocorre principalmente dunas subaquéticas que indicam correntes ocednicas
fluindo para noroeste. Na por¢ o0 ceste ocorre principamente rddes arenosos subaguaticos
gue parecean ser controlados por uma cmbinag 0 de arrentes oriundaes de nordeste eleste. A
Corrente do Brasil Norte esuas comporentes parecem ser 0s principais agentes modeladores
dos sdimentos presentes da plataforma interna. Sedimentos liti ficados encontrados nesta
plataforma formam linhas aproximadamente paralelas a wsta auma distancia de 18 km e
representam provavelmente antigos beachrocks e eolianitos que foram depaositados e
cimentados durante & Ultimas transgresies e regresHes marinhas no Quaternario superior.

A sedimenta¢ o duante o Holoceno tem sido controlada principalmente pela variag o
do rivel do mar, correntes ao longo da @sta eo padr o do transporte de dures ao longo da
costa. Sedimentos lagunares encontrados na regi o de Caicara € S 0 Bento do Norte e
posicionados 3 metros abaixo do rivel do mar atual foram datados por volta de 7000Cal anos
AP. Estas idades indican que o nivel do mar durante aultima transgress o pasou pa sua
posi¢c 0 atual neste periodo. A dtura méxima que o nivel médio do mar atingiu duante a
transgress 0 hdocénica foi 1,2n adma do rivel atual por volta de 5900 Ca anos AP.
Posteriormente o nivel do mar desceu unformemente aé sua posi¢ o atual como demonstrado
pela dtura dos depdsitos regressvos proximos as cidade de Caicara bem como pelos padroes
isotopicos e diagenéticos obtidos nos cimentos dos beachrocks hdocénicos. Grande
guantidade de minerais evaporiticos nos sdimentos da paleolaguna de S o Bento e Caicaa
indica uma sedimentac¢ o ciclica @m incurs 0 esporddica do aceano resta laguna. Estas
incursdes eram controladas principalmente pelo avanco durar que fechava os canais deligag o
entre laguna emar. A Ultimaincurs o marinha na paleolaguna de S o Bento amntecau a 3580
Cad anos AP. O sistema lagunar de Galinhos e Galos tem permaneddo ativo desde de quando o
nivel do mar atingiu sua posi¢ o atua pela primeira vez no Holoceno pa volta de 7000 Cal
ancs AP. Durante aUltima transgress o, barreiras transgressvas ao longo da @sta formaram
sistema il ha-barreiras que propiciaram uma sedimentag o tipicalagunar na paleo costa. O Spt
de Gadlinhaos formou-se durante aqueda do rivel do mar quando otransporte de sedimentos ao
longo da sta fedhou s canais antigos que ligavam o mar a laguna eo transporte durar para
oeste esudoeste foi intensificado. Os fechamentos dos canais tiveram inicio um pouco antes de
3330 Ca anos AP quando & primeiros beachrocks paralelos a praia e perpendicular aos
antigos canais formaram-se. Atualmente existe goenas um canal de maré na por¢ o oeste do
spit ligandoalaguna a mar aberto.

Um conjunto de falésias costeiras formadas por Eolianitos e Beachrocks apresenta
caraderisticas quimicas e diagenéticas totalmente diferentes dos depdsitos holocénicos. |dades
AMS *C em conchas de bivalves forneceam idades por volta de 45.000anos AP perto do
limite do método. Data¢ o pa urénio-tério n o fornecau idades confidveis, parém as idades
mais velhas obtidas por este método (120000to 130000anos) s o correladonadas a penditima
transgress o (subestagio isotopico 5e). Diferengas verticas nas aturas dos contatos entre
beachrock e eplianitos, bem como dferentes padrfes diagenéticos encontrados nos cimentos
dos beachrocks pleistocénicos indicam que um ou mais evento tedonico soergueu e &aixou
tais depdsitos. O nivel do mar quando dadeposic o das beachrocks pleistocénicos foi i déntico
a0 atual, pds uma grande variag o verticd deste nivel em relag o ao nivel atual acaretaria en
deposic o de sedimentos de praia posicionados alguns quil dmetros em dire¢ 0 ao continente
ou ra dual plataformainterna.
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ABSTRACT

Sedimentologicd, geophysicd, isotopic and geochrondogica studies were undertaken
along the north coast of Rio Grande do Norte state (Brazil), between Ponta dos Tr s Irm os
and the western limit of the spit of Galinhos to determine the Late Quaternary coastal
evolution d thisarea

The inner platform presents two main morphdogicad zones: Found onthe eatern
portion are mainly subagueous dunes that indicate oceanic currents flowing northwestward. On
the western pation exist mainly subaqueous snd ridges that seem to be controlled by a
combination d currents coming from northeast and east diredions. The North Brazil Current
and its branches control the main bedforms on the inner shelf. Lithified sediments found onthe
inner platform form lines approximately parale to the aurrent coast at a distance of 18
kilometers and accur as former beadrocks and aeoli anites that were depaosited and cemented
during inner shelf floodng in the Late Quaternary.

The sedimentation duing the Holocene has been controlled mainly by the variation o
the sea level, longshore arrents and the alvance of adive dunes along the mast. Basd
lagooral sediments foundin a paleo-lagooncloseto S o Bento and Cai ara 3 meters below the
modern sealevel were dated at 7000Cal yr BP. Passng its current position shortly afterwards
it readed the Holocene highstand 1.2n abowve the aurrent mean level at 5900Cal yeas BP and
dropped afterwards to its present position. These sealevel changes are shown by the height of
transgressve and regressve deposits close to S o Bento and Reauado Beadwrock. This is
further substantiated by isotopic, chemicd and dagenetic signatures of the beadwrock cements
from various deposits. Grea amourts of evaporite minerals in the lagooral sediments close to
S o Bento indicae asemi-closed lagoon with sporadic ocean incursion controlled mainly by
the alvance of adive dures that closed such conredions between lagoon and open sea The
last seaincursion in the paeo-lagoon acurred 3580 Cal yr BP. The lagooral system of
Galinhos and Galos has remained adive sincethe sealevel readed the aurrent position for the
first time shortly after 7000Cal yr BP. During the Holocene transgressve phase, transgressve
barriers along the aast formed barrier-isands that induced typicad lagooral sedimentation
landward. The adual shape of the Galinhcs' spit was formed duing the sealevel drop when
the transport of sediments along the mast closed the old channels that linked the seato the
lagoon. The dosing of the dannels begun a littl e before 3330 Cal yeas BP when the first
beadrocks paralel to the bead and perpendicular to the old channels, were formed, and
westward aeolian transport by moving dunes was intensified. Today there is only one tida
channel at the western end d the spit linking the dready strongly reduced lagoon and the open
sea

Carborete cements of coastal cliffs, formed by aeolianites and beadrocks, present
chemicd and dagenetic charaderistics different to Holocene deposits. AMS **C ages of
bivalve shells suppied ages approximately 45000yeas BP, close to the limit of the method.
Dating using uranium-thorium did na supgy reliable ayes. The oldest are 120000to 130000
yeas and refer to the penultimate transgresson (isotope substage 5e). Verticd differences in
the heights of the mntads between beadrock and aeplianites, as well as different diagenetic
patterns foundin the cements of the Pleistocene beadrocks, indicate that one or more tedonic
events lifted and subsided such depasits. The former sealevel when the Pleistocene sediments
were deposited was identicd to the aurrent sealevel, becaise agrea verticd variation d
former level in relation to the aurrent level would depaosit bead sediments sme kil ometers
landward or onthe inner shelf.
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Chapter 1 - Introduction 1

1- Introduction
1.1- General introduction

In 1998, the program of post-graduation o Geodynamic and Geoplysic of the
University Federa do Rio Grande do Norte (UFRN) and German reseachers from the
Institute of Geosciences of the University Christian-Albredts zu Kiel began to reseach the
north coastal zone of the Rio Grande do Norte (RN). This reseach included in PROBRAL
Program (CAPES/DAAD — 98/072) with the projed name 2Fortaleamento de um grupo
multi disciplinar em dindmica exerna: dinamica sedimentar e ewlucéo costeira dolitoral do
Rio Grande do Norte (Area pil oto: Regido daFoz do Rio Agu)° and DFG-Projedt STA 401/7-
2 Holozane Kustenentwicklung und leutige Kistendynamik in Rio Grande do Norte (NE-
Brasili en).

The Quaternary coastal geology of the north costal zone of the RN is poaly
investigated and upto recently only few pulications abou it are avail able. Existing results of
previous authors are focused on purctual onshore interpretations and locdly limited to
offshore survey. Srivastava & Corsino 1984 Nogueira et al. 1990and Moreira 1994working
in the aast of Touros discussed the origin of some astal outcrops. These aithors concluded
that these outcrops are mrrelated to those of the Guamar Formation and that they were
deposited in a mastal environment. Silva (1991 working in the A u river delta proposed a
Holocene stratigraphy and evolution for this area Other authors by use of **C dating in
beadrocks dels (Bezerra et al. 1998 and Caldas 1996 and morphaedonic analyses
(Fonsecal996and Fonsecal997), attributed atedonic control for the north coastal geometry
as well as for the wastal Holocene sedimentation. Testa & Bonsence (1998 and Costa-Neto
(1997 focused their works on hydrodynamic processes and bedform structures at the inner
platform of Macai and Touros, respedively. Based onremote sensing Vianna & Solewicz
(1988 described plysiographic fedures of the Touros platform floor, while Testa &
Bonsence (1999 mapped carboreatic formations and sili ciclastic bedforms at the shelf areaof
Touros using remote sensing and dving operations. Barreto et al. (2001) pointed ou some
considerations abou sealevel curves for the aeabetween Ponta dos Tr s Irm os (PTI) and
S o Bento do Norte, while Suguio et al. (200]) and Barreto et al. (20000 propaosed
Pleistocene mastal deposits in this area Within the projed between Brazil-Germany some
authors have began to enlarge the discusson abou the wastal evolution d the aeafrom
integrated orshore and dfshore studies (Tabaosa 2000, Einig 2000, Paschelke 2000, Hustedt
2000,Riedel 2000,R b er 2001,Rotzoll 2001and Caldas et al. 2000).

The investigation d the north coast of the RN includes geophysicd, sedimentologicd,
geochrondogica and geochemicd studiesin arder to oltain quantitative and qualitative data.
This data will be used to decipher the late Quaternary coastal geology of this area The main
objedives of this dissrtation are:

. AMS *C and uranium series dating as well as vibro-core descriptions in order
to propcse astratigraphic framework for the study area
Reonstruction d the last post-gladal transgresson for the aea
Charaderization d the inner platform morphdogy and hydrography from
geophysicd surveys and remote sensing data
Paleogeographic charaderization d the ast
Holocene mastal evolution

Late Quaternary coastal evolution of the northern Rio Grande do Norte mast, NE Brazil
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1.2- Work area

The investigation areais located onthe north coast of the federal state of Rio Grande
do Norte, which is stuated in the northeast region d Brazil (Fig. 1.1). The aeais abou
140km northwest of the state caital Natal and 40 kn east of Macal. The aea stretches from
35°50W to 3620W and from 4°55'S to 5°10'S between Ponta dos Tr s Irm os and
Guamar city and covering aregion from the mast to the shelf edge.

The mastal zore of this areais an open, wave dominated, meso-tidal coast. It is
asociated with an inner zone of the @ntinental shelf that is $allow (maximum 25m depth)
and hes an average width of 18km. The mntinental shelf and coastal zones are strongly
influenced by oceanic and wind diven currents from N and E-NE diredions, which promote
locd erosion as well as depasition in the shore zone. A big lagooral channel system can be
recognized onthe badkside of the sand spit of Galinhas. Some dosed lagoors ocaur nea to
S o Bento doNorte and Cai ara. In the bead zone beadwrocks occur numerously along the
adual foreshore zone and in the badshore zone. Dune fields increase to the hinterland while
dures close to the shore ae quickly overgrown and subjeded to permanent reorganization.
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Figure 1.1- Locdization d the aeaof study.
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1.3 - Geological setting

The investigation areais locaed in the eatern part of the Potiguar basin (Fig. 1.2 that
covers one aea of 48000 km? of which 26000 kn® is offshore (limited by the 2000 m
isobath) and 21500 kn2 is onshore.

The Potiguar basin is locaed in the Borborema Province which was charaderized by
Jardim de S (1984 as being compaosed by various supraaustal belts. According to Neves
(1987, the Potiguar Basin represents a mntinental rift in the onshore portion and a pull -apart
basin in the offshore portion. The Potiguar basin is part of the NE Brazilian Rift System
together with the Recn cavo, Tucano, Jatob , Rio do Peixe and Sergipe-Alagoas basins
(Matos 1999.

1.3.1- Pre-Quaternary geology

Up to recent there is no consensus abou the origin o the Potiguar rift. The two most
acceted models are differentiated by the stress orientations and mecdhanisms that took dace
during the rift origin. According Fran olin & Szatmari (1987 a mmpressve phase occurred
during the Santonian-Campanian while Matos (1992 did na recognizeit.

Fran olin & Szatmari (1987 proposed that the first manifestations of the separation ketween
South-America and Africa occurred in the late Jurassc with E-W divergent movements.
These movements produced a mega fradure in the range of a few thousand kil ometers that
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started in the south of the cntinent and progressvely extended to the north. As a result of
this movement, took dace in the Borborema Province @mpresson in the south and a
distention in the north. During the Neocomian the entire Borborema Province was sibjeded
an E-W compresson and a N-S distention, which promoted numerous fault readivations
permitting the aedion d the adua onshore portion. Concomitant to this tedonic, the NE-
NW late-Proterozoic faults were readivated and the Potiguar Rift took dace
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Figure 1.2 - Geologicd map o the Potiguar Basin (Matos 1992).

According to Bertani et al. (1990 the sedimentation into the basin was controlled
mainly by threetedonic stages: rift, transitiond and drift (Fig. 1.3.

The rifting phese was charaderized by mainly fluvia, laaustrine and ddltaic fan
sedimentation that composes the Rift Sequence of (Asmus & Guazelli 1981). The Rift
Sequence was later designated by Souza (1982 as the Continental Sequence, which is
compaosed of Pend ncia Formation.

The transitionad phase occurred duing Aptian, when the Borborema Province
experienced a N-S distension and the onshore sedimentation ended. According to Bertani et
al. (1990, in this time horsts were readivated culminating with a large regional discordance
and the beginning of the offshore sedimentation. In this phase the proto-oceanic sequence
(Asmuz & Guazelli 1981) subsequently cdled transitional by Souza (1982 was deposited
(Fig 1.3). It is represented for Alagamar Formation, which is composed of deltaic sandstones
merged by lagooral shales and mudstones that indicate the beginning of marine influence in
the basin.

The drift phase took gace when the divergent E-W movements between South
American and African plates during the Albian permitted the ocean ingresson, producing
transgresson and later marine regresson into the Potiguar Basin.

Asmus & Guazelli (1981 described sediments within the transgressve marine
sequence and regressve marine sequence, while Souza (1982 grouped the transgressve and
regressve phases and remed them as the Drift Sequence The Albian-Turonian transgressve
sequence is composed o conglomerates, sandstones and mudstones (A u Formation)
deposited in the dluvia fan, kraided and meandering fluvia environment, and the estuarine-
deltaic environment. The A u Formation is intercaated in the subsurfaceof the basin with
limestones of the Ponta do Mel Formation and also with siltstones and sandstones of the
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Ubarana Formation. On the top d the sequence Turonian-Campanian carboretes of the
Janda ra Formation caceur. It is composed of cdcarenites deposited onthe tidal flat, lagoon,
shallow shelf and open marine eavironments.

Following the deposition d the fluvio-marine transgressve sequence, the regressve
sequence was deposited as a function d the continental shelf tilti ng towards the ocean (Ponte
et al. 1978 during the Campanian (Souza 1982. The regressve sequence is composed of
Ubarana, Tibau and Guamar Formations.
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Figure 1.3 - Potiguar Basin stratigraphic column (modified from Araripe & Feij 1994).

The Macal vdcanism (Mayer 1974 was placel in a submarine and subaeial
environment during Oligocene-Miocene times. From the Miocene the depaosition d the
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Barreiras Formation started, which is composed for fluvia and aluvia fan deposits.
Quaternary marine and fluvial deposits resume the basin sedimentation. The Quaternary
geology will be described in detail i n the next sedion.

1.3.2- Quaternary Geology

The wastal geology of the Quaternary period can be understood concisely as being a
product of the variations in the sealevel during this period. Unfortunately absolute ages of the
first sealevel variations occurring in the beginning of Pleistocene ae not avail able due to the
lack of markers.

Studies of the sealevel in Brazil show that immense part of the Brazilian coast had
been submerged duing the Holocene (Van Andel & Laborel 1964 Fairbridge 1976 Suguio
et al. 1980 Suguio et al. 1985,Angulo & Lessa 1997 Angulo et al. 1999 Barreto et al.
2000y, Lima-Filho et al. 200Q. However as these aithors dow, the sealevel amplitudes
were different for ead areastudied of the Brazilian coast. M rner et al. (1999 suggested that
for the wmast between Bel m (Par State) and S o Lus (Maranh o State) the sea level
between 51004400 BP was very close to the present, different to the propcsed sea level
curve of Salvador (Suguio et al. 1985.

Martin et al. (1993 propased a paleogeographic evolutionary model based oneustatic
and peleoclimatic medhanisms for the Brazilian coastal plains (Fig. 1.4) located between
Maca and Mace (seeFig. 1.7). They admitted that two o more stages of this model could
be omitted in the explanation d the evolutionary history of other Brazili an coastal plains

The deposition d the Barreiras Formation (Fig. 1.4a) probably took daceduring the
Pliocene, where the dimate was smi-arid with sporadic rains of considerably magnitude.
Following the Barreiras sdimentation, the maximum antepenultimate transgresson pasbly
aready began in Pleistocene. This transgresson partially eroded the sediments of the
Barreiras Formation (Fig. 1.4H prodwing a diff line. The semi-arid climate during the
subsequent regressve phase of the aitepenultimate transgresson maximum made the
sedimentation o new continental deposits composed by aluvia fans at the bottom of
Barreiras Formations cliffs possble (Figl.4c). The maximum of the penultimate transgresson
occurred approximately 12300 yeas before present, generating aimost total erosion d the
continental deposits of the previous gages. The drowning of the fluvia valleys produced
lagoors and estuaries. A seaond erosive phase of the Barreiras cliff lines occurred (Fig. 1.49.
The subsequent regresson made the depasition d Pleistocene terraces formed by prograding
bead ridge plains possble (Fig. 1.4e). The invasion d the Pleistocene terraces by the seg
during the last transgresson, started approximately 7000 yeas B.P., reading its maximum
around 5100yeas B.P. The drowning of the wastal plains made the development of the
barriers-isand system possble. Behind the barrier-island, lagoors formed (Fig. 1.4). The
lagoors formed duing the previous sages were buried by intralagooral deltas (Fig. 1.49).
Concomitant, the lagoon slowly becane afresh water lake with development of swamp and
peda. The faling relative sealevel over the last 5100 yeas has produced extensive beat
ridge plans from the origina barrier-island (Fig. 1.4h.

In the Rio Grande do Norte mast some of these stages can be recognized bu only few
works dedt with the Holocene stratigraphy and coastal evolution. Silva (1991) is one of the
few authors who proposed a wmplete Holocene mastal stratigraphy and sedimentary coastal
evolution for one aeain the wast of the RN. From vibro-cores and radiocarbon diting in the
A uriver delta deposits (nea to Macau — Fig. 1.2), the aithor suggested that the main fadors
controlling the Holocene sedimentation in this area ae the antecalent topagraphy, recent
tedonic movements and Holocene sea level fluctuations. The relative transgresson d the
Holocene sealevel for this area d@ove modern sealevel, acording to Silva (199)), started
before 7200 100yeas BP with its maximum occurring approximately 5020 120yeasB.P.
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Figure 1.4 - Evolutionary stages of the mastal sedimentation from eustatic and paleoclimatic
medanisms snce the end d the Tertiary period urtil present (Martin et al.

1993.

The Holocene highstand coincides with the findings of Martin et al. (1993 (Fig. 1.4).

Additiondlly Silva found radiocarbon age of 30190 370 yeas B.P. that was attributed to

Pleistocene paleo-spits and could be arrelated to the Pleistocene penultimate regresson (Fig.
1.4e) of Martin et al. (1993 sincethis ageis close to the methodlimit.
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1.4- Climate

The dimate of the aeais considered tropicd, ha and semi-arid (Nimer 1989, and it
is sibjeded to the condtions of the intertropicd convergence zone. The dry period o 7 to 8
months, lasts from June to January (Fig. 1.5, while the rainy period d 3 to 4 months, lasts
from February to May. The mean air temperature is approximately 26.8" C, with minimum
temperatures of 25°C occurring at the end o winter (July) and maximum of 28.6C in
February during the summer.
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Figure 1.5 - (a) Predpitation in the aeaof Galinhos and (b) mean predpitation in contrast
with mean wind welocity in Guamar city between 1963 and 1990 (After
Cestaro 1999.

The mean insolation is 7.1hday (NATROTEC 1995 and the annual mean humidity
approximately 71% reading its maximum in March (Cestaro 1994. The mean annual
predpitation is approximately 854mm in Guamar city but the variability is high: 2238nm in
1985and 164mm in 1979.

1.4.1- Wind

According Dominguez et al. (1992, the south Atlantic anticyclone produces trade
winds, which bow toward the equator. The seasonal migration d the Atlantic high-presaure
cdl together with the thermal heaing of the continent force the trade winds to tangent the
Brazili an coast. The wind dredion presents two petterns in the north coast of the Rio Grande
do Norte: from southeast between March-July and stronger from east-northeast between
August-January (Fig. 1.6). During the day the thermal heaing causes a mwnwvedion owr the
continent that leads to an increase of wind velocity around noorand defleds the wind in the
study areato more eaterly diredions. The mean wind welocity in March is 4.8m/s while in
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October is 7.7m/s (Cestaro 1999. The relation between dure migration and meteorol ogica
parameters can be obtained from these data. The dure migration on the north coast is
restricted to the dry period when the stronger NE winds occur. Therefore the dure
morphdogy shows a predominant NE-SW diredion (Fig. 1.6).
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Figure 1.6 - Dominant wind dredion as indicaed by the durne morphdogy and associated
wind wvelocity for Guamar city (Adapted from Fortes 1987and Cestaro 1999.

1.5- Hydrography
1.5.1- Rivers

Rivers of predominantly medium to small sizes with preferential orientation varying
from NW-N-NE, charaderize the hydrography of the aea The rivers are intermittent and
they drain into lakes (paleolagoors) or tidal flats. There ae some lakes in the aeg and
acording Oliveira et al. (1990 they are formed by the damming of rivers by coastal dures,
as well as the outcroppng of the water table. Fortes (1987 charaderized some of these lakes
astidal flat.

1.5.2- Waves and currents

The waves in the aea ae produwced basicdly by wind adion (see sedion 1.4.).
Unfortunately only few measurements for this coast are avallable. Measurements performed
during one yea in the wast of Macai show that mean waves heights for this areais
approximately 0.75m (DHN 1974). For the S o Bento coast Tabosa (2000 measured wave
height values of 1.35m (maximum) and 0.2@n (minimum) while Silveira (2002 describe
wave heights around 0.8n during winter and 0.5n during the summer for the st of
Guamar . The waves approac the mast with a NNE to ENE diredion (Tabosa 2000 and
Silveira2002).

The aurrent pattern at the inner shelf is controlled predominately by the North
Brazili an Current (NBC), which is a branch o the South Equatorial Current (SEC) (Fig. 1.7).
The submarine banks with an E-W diredion at the inner shelf floor are oriented in function o
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NBC. Longshore aurrents are produced by the ENE waves refradion in the EW coast (Gorini
et al. 1982. The migration d the sand spits to the west is ancther indicaor of the
predominant longshore aurrent that flows to the west.
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Figure 1.7 - Current system along the Brazili an coast. The South Equatorial Current (SEC)
splits into Brazil Current (BC) and North Brazil Current (NBC). The hydraulic

regime of north coast of the Rio Grande do Norte is influenced by NBC (after
Knopperset al. 1999.

1.5.3-Tides

The aeaof study presents a semidiurnal mesotidal regime with the maximum spring
tide reacing 3m and minimum of 0,8m during neg tides (Riedel 2000. The tidal
measurements performed in the harbor of Macail showed that the anplitudes of spring and
negp tide ae 2.55mn and 1.2, respedively (DHN 1974).

1.6- Organization of the this gudy

The structure of this work can be seen in the Figure 1.8. The work was divided in
three main stages: @) Cartography and kibliographic reseach, b colledion and handing of
thefield data and c) integration d the data.

This dissertation is divided into 7 chapters. The dapter 1 (Introduction) gives a
general overview abou the geology of the aea and its physiographic feaures. The objedives
of this gudy are dso presented in the chapter 1. Materials and methods are described in
chapter 2. Chapter 3, Inner shelf and coastal zone: morphdogical features and
Morphod/mamics, deds with the interpretation o the remote sensing data together
geophysicd surveying at the inner shelf. Chapter 4, Holocene sediments and stratigraphy
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Figure 1.8 - Flow chart of the work.
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discusses abou Holocene wastal sedimentation in the study area Chapter 5, Holocene sea
levd changes: evidences from beachrocks and Paleo-lagoors, is focused on Holocene sea
level changes at the study area Chapter 6, Late Pleistocene and Holocene aastal ewolution,
gives a vison onthe paleogeography of the aeaduring the last Pleistocene and Holocene
transgresson-regresson. Chapter 7 presents the cmnclusions and perspedives of this gudy.
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2 - Materialsand Methods
2.1- Materials
2.1.1- Satelliteimages

The remote sensing products were used to get an overview of medium-large scde
feaures of the study area The remote sensing database wnsists of two oHique aeia
phaographs from 1942 with 1:20.000 scde, seven agial phaographs from 1950 with
1:40.000scde, four agia phaographs from 1967with 1:70.000scde and ore satellit e image
Landsat 7ZETM+ a 10:00 AM from the 12" of June 2000 duing low water level. The satellite
image was processed wsing the ER-Mapper 6.2 and Arc View in the Remote Sensing
Laboratory (Geology Department) of the Federal University of the Rio Grande do Norte
(Brazil). One nauticd map (DHN 1974Marinha do Brasil — Fortaleza a PTI) and two
topographic maps (Minist rio do Ex rcito 1985- Folha SB.24-X-D-lll Jandara and Folha
SB.25V-C-IMI-900 Pureza) were also used.

2.1.2- Vibro-cores

In order to oltain a reliable stratigraphic framework for the region, ten vibro-cores
were taken in the study area All cores were obtained utili zing aluminum barrels with alength
of 6m and width of 0,70mm.

Seven cores were located in the tidal plan of Galinhos and Galos (VCGAL-1,
VCGAL-2, VCGAL-3, VCGAL-6, VCGAL-7, VCGAL-8 and VCGAL-9). The wres
VCGAL-1 and VCGAL-2 were positioned nea the isand between Galinhos and Galos,
diredly in a swamp and at the alge of a mangrove aea respedively. The wmre VCGAL-3
was locaed between the mangroves and Pisa Sal River's margin. The mre VCGAL -6 was
taken at the limit between the sand kead and the tidal channel close to the Galos city. The
cores VCGAL-7 and VCGAL-8 were placea in the tidal flat south of Galinhcs: oneto the eat
and ore to the west of the Catanduva river mouth. The core VCGAL-9 was taken in the tidal
flat at the western end d the island between Galos and Galinhcs. Two vibro-cores were
situated in the swamp landward of Cai ara and S o0 Bento doNorte (LCSBN-1 and LCSBN-
2). One vibro-core was locaed in the Cabelo River bed (VCLC-1) beside the road that
conreds S o Bento do Norte/Cai ara to Galinhas/Galos. A general sampling and analytica
procedureis shownin Figure 2.1.

Descriptions of five water-wells from RN state's water company (CAERN) locaed in
Cai arado Norte were dso used.

2.1.3- Beachrocks, coastal outcrops and surface samples

The aaysis of the wastal outcrops provide dements for the depositional
pal eoenvironment reconstruction for the aea ad they, together with the vibro-core, are the
principa data supgier for the temporal and spatia interpretation d the wmastal deposition. All
data were used to propcse astratigraphic framework for the aea In this way coastal outcrops
in form of coasta cliffs (e.g. Pontados Tr sIrm os) and keadwrocks locaed in the intertidal
and orshore zones were described in detail, aswell as sampled for later [aboratory analyses.

Bivalves were used to oltain the aye of coastal depaosits foundin the aea The stable
isotopic pattern of the shells could be rrelated to the paleoenvironment of the aea The
bivalves were obtained principally from beadirocks and vibracores of the study area In order
to oktain reliable data, appropriated hivalves were seleded in situ during their sampling in the
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coastal outcrops. Only the well-preserved hivalves with some origina shell-color (no visible
superficial alterations) were @lleded.

Surfacesediment sampling of both the tidal plan of Galinhcs and the inner shelf were
conduwcted to measure the sediment properties and grain size distribution in the working area

Vibro-core

|

Opening and core
description

I

Sampling
(~200g sediment)

| !

Selection of organic

Photography ‘ < — Radiography

and carbonatic Granulometry
components
AMS "C Grain size
Dating pattern

| |

Stratigraphic architecture
and
paleoenvironment

Figure 2.1 — Flow chart showing depicting stages for the vibro-core
2.2- Methods
2.2.1- Stableisotope — d**C and d*®0 analysis

Fossl bivalve shells and carboretes cements from beadwrocks and aher coasta
deposits were seleded for isotopic measurements.

Following the strategy from Erlenkeuser & Wefer (1981, to dedpher the shell
growth history that is intimately correlated to the short-term paleoenvironment changes
Hendry et al. (2001), carborates of well preserved hivalve shells were sampled to know their
stable isotope pattern. From two well -preserved shell s, carborate sub-samples were taken in a
transed normal to the growth rings of the shells.

Isotopic measurements were dso carried ou on aragonite shell s that presented some
signal of reaystalli zation. The isotope values all ow the mapping of the seandary mineralogy
(e.g. cdcite) of the original aragonite bivalve shell.

The isotopic pattern of the beadwrock cements was also oltained since the isotopic
trace of carborete sediments can be used to know the processes evolved duing their
formation and past-depositional stabili zation (Veizer 1983).

The isotopic measurements were performed at the Leibniz Laboratory, Kiel, with a
Finnigan mass pedrometer MAT 251. The system predsion reades 0.04%. for d**C and
0.08%ofor d*®0 relative to the PDB standard.
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Chapter 2 - Materials and Methods 14

2.2.2- X-ray radiography and X-ray diffraction

X-ray radiographs were performed in the vibro-core sediments to make the fine
internal structures of sedimentary origin in lagooral deposits more visible. A 2cm thick slice
of sediment was taken and fixed onthe x-ray table. The slice remained 10seconds under X-
ray adion (44KkV).

X-ray diffradion on bivalve shells was used to determine whether they contained
reaystallization a not. The dteration d aragonitic shells is realily deteded by X-ray
diffradion kecause the product is usualy cdcite (Stodart & Cann 196% Hopley 1986 and
Bezerraet al. 2000.

2.2.3- AMS'C dating

The radiocabon diting method is widely used in coastal studies where biogenic
materials are owmmonly available. Such materials like shells make the determination o
coastal deposit ages that could be crrelated to the former sealevels possble. In the last
decales the use of radiocarbon diting in coastal studies has al owed significant progressin
the understanding of thisregionin time and space

Predse AMS-radiocarbon diting of both terrestrial organics from severa vibro-cores
and mollusk shells of coastal deposits permitted to comprehend the environmental changes in
time and space

A caeful seledion and a detailed pretreament on the bivalve shells alowed us to
eliminate andto control the problems related to the contamination.

The AMS radiocarbon ages were determined with a 3MV HVEE Tandetron 4130
AMS system at the Leibniz Labor, Kiel. The standard procedures are described in Nadeau et
al. (1997 and Schleicher et al. (1998. The system presents an average zero badkground d
0.3%

All AMSYC carborate ayes were not correded for a standard mean ocean reservoir
effed. Radiocarbon ages of carborate and aganic samples were @mnverted to cdendar ages
using version 4.1.2 & CALIB radiocabon software (Stuiver & Reimer 1993 that has been
updated with recent cdibration dbta sets (Stuiver et al. 1998. All cdibrated ages were
rounced up o down to the nearest multi ple of ten.

2.2.4- U-Series disequili brium (**°Th-***J and #**Th-2*%U) dating

The U-series disequili brium dating methods have been most useful in the study of
sediments and cdcium caborete deposited in the oceans and lakes during the Pleistocene
epoch (Faure 1986. In this way some **C AMS dated coastal deposits, which provided
radiocarbon ages older than Holocene were dated with U-series disequilibrium dating
methods. Seledion and detailed pretreament of thin sedions of rock samples containing
fragments of the shell s was undertaken to identify the most appropriate shelly material for U-
Th dating. Pretreament included the investigation d the mineralogy and crystal structure via
an eledronic scanning microscope.

The U/Th was measured by a doule focusing sedor field ICP-MS (Micromass
Plasma Trace 2) in combination with a desolvating nebulizer (Cetac MCN6000, modified
with self-aspirating 1001/I-PFA nebulizer and PFA spraychamber). For the determination o
232Th 230Th, 239y and %38 by means of TIM, hivalve shells were spiked with 2™ and 2.
Samples were dislved in a mixture of HNOs/HCL/HF and then processed using standard
chemicd tedniques as described in Edwards et al. (1986. Chemicd procedures in the
laboratory of the Institute of Geosciences (Kiel) were performed in cleanrooms with doulble
distill ed reagents.
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2.2.5- Eledron microprobe (EMP)

The dchemicd compasition d the beadrocks cements can be used to reaognize the
coastal zone where they were predpitated. According to Alexanderson (1972, Couday &
Montaggioni (1986 the high-Mg content (12 to 18mol%%) in the beadrock cements suggests
an intertidal zone for predpitation whereas low-Mg contents (less than 2 mol%%) indicae
meteoricdly water-influenced predpitation zones.

The demicd compositions of some Pleistocene and Holocene beadirock cements
were determined using the dedron microprobe. Pre-described and d**C/d'®0 measured
beadrocks cements were seleded for chemica determinations.

The chemicd elements analyzed were: Mg and Sr.

The EMP a Mineralogy Division, University Kiel, is a Cameca Camebax-
Microbeam, with four wavel ength-dispersive spedrometers. Operating condtions were 15kV
acceerating voltage and 15rA bean current, which allows a bean diameter smaller than

P

2.2.6- Geophysical survey
2.2.6.1- Echo sounder and Side Scan Sonar

Bathymetry data of the aeaseavard of Galinhas were gained from 13 echo sounder
profiles. The profile lengths vary from 3 to 6 km from preferential SSV (210° Az) to NNE
(30° Az) diredions. The eto souncer consists of a regarding unit and an emitter/recever in
the water. The device operated with frequency of 200Khz and was powered by two ca
batteries (24V).

All data were printed on pper and the profile positions were obtained using GPS
(GARMIN GP$48).

The surfacestructures were surveyed by several trads of side scan sonar. The profiles
were taken dff shore of the vill age of Galinhcs and Galos parald to the diredion SSN (210F)
to NNE (30°) aswell asto ESE (12(°). The system consists of arecord device and aside scan
transducer. The transducer is smply towed behind the vessl. An amustic signa with a
frequency of 200kHz was emitted, badk scatered by the seafloor and receved by the same
device Positions (GPS), water depth, date andtime (UTC) were anndtated every 3 minutes.

The edo souncer and side scan sonar together make up the Hydrotec® which was
manufadured by the Odom Hydrographic Systems Inc (USA).

2.2.6.2- CTD and curre nts measurements

Data of condictivity, temperature, depth (CTD) and currents measurements of 9
stations locaed nath of the spit between Galinhcs and Galos were obtained. Furthermore
data from 13 current stations for the aea between Ponta dos Tr s Irm os and Cai ara ae
avail able (Tabosa 2000and Riedel 2000.

The data nea Gainhos were obtained by using a CTD/current instrument
manufadured by AANDERA INSTRUMENTS, Norway. Those obtained nea S o Bento
were obtained with aMini Current Meter (Model SD-30) from Sensordata, Norway.

Thefirst oneis compased by a Dopper current sensor 350 that measures the water
temperature, current velocity and current diredion. A aC/T/D Sensor 3232 that is linked to
the Dopder Current Sensor 3500 measured the conductivity and depth.

The Mini Current Meter is composed of a paddle whed rotor that measures the
average aurrent speed. A magnetic compassinside the dedronic unit measures the diredions,
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which in turnis caculated by a microprocessor as amean current diredion (0-360°). A sensor
ontop d the device measures temperature (°C).

Three measurements were caried ou in the water column nea Galinhos. The
sampling interval at ead depth was 10min and every 30s an average value was recrded.

The measured data were processed and dsplayed a board with the Datalogger 3660.

The data dose to Galinhos was colleded in November 2000 while those from S o
Bento were mlleded in November 1999.

2.2.6.3— Boomer

The sedimentary verticd structure of the channel system sediments of Galinhaos could
be visualized using seismic refledion. The boamer system, a towed eledromagnetic source
that transmits oundenergy towards the seachannel bottom, was used.

The system composes of power suppy, streamer, soundsource and areaorder.

The power supdy receves regular main vdtages (220V) from a generator and
converts this constant voltage to a higher voltage (up to 4000/) required to energize the
sound source The signal energy used duing the research was st up to 300Joule and later
150Joule.

The streamer is compaosed by 8 hydrophores that recave the refleded amustic signals
and transform them to eledricd signals.

The sound source ®@mes from a sudden separation d an aluminum plate from a flat
copper coil embedded in a hard epoxy resin (Jones 1999. When the cgaator in the power
supdy is discharged through the il, eddy currents are induced in the duminum plate
causing arapid repulsionthe aedion d a cavitation vdume in the water (Jones, 1999.

The signals recaved hy the hydrophores are anplified, filtered and stored using a
laptop with the NWC program. A high passfilter (4302Dual 24dbOctave filter) was used to
eliminate frequencies lower than 0.315 Kz to improves the quality and structure observed
whil e recording.

Abou 80 km of boamer transeds were performed.
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3 - Inner shelf and coastal zone: Morphological features and dynamics
3.1- Introduction

The morphdogicd feaures locaed in the northern coastal zone and its inner shelf of
Rio Grande do Norte state (NE Brazil) are described and correlated morphodynamics are
discussd.

The study areais an open, wave dominated, meso-tidal coast. The asciated inner
shelf is dhallow (maximum 20m depth) and hes an average width of 18 km (Fig. 3.1).

0m
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Figure 3.1 - Satellite image (Landsat 7ETM+, Band 1, from June 2000 of the mastal zone
and inner shelf of the central north coast of Rio Grande do Norte State, NE
Brazil. Sampling sites are marked by crosses (Tabosa 2000 and by dots (R b er
2001). Bathymetric datafrom DHN (1974).

Reseach work faaliti es concerning inner shelf flow dynamics and correlated larger-
medium bedforms and coastal zone have largely improved since remote-sensing products
(e.g., satellite images and agial phaographs) are avallable (see Vianna & Solewicz 1988
Vianna et al. 1993 Testa & Bosence 1998 Testa & Bosence 1999. Unfortunately, many
inner shelves present a high vdume of suspended sediments, which impede the penetration o
light through the water massin such a way that no sharp image of the inner shelf bedforms
can be obtained. In this case, geophysicd coastal surveys (e.g., Side Scan Sonar) must be
condwcted and the general image of the bottom of the inner shelf will depend onthe quality
and quantity of the aquired geophysicad data. Generally, side scan sonar is very useful to
deted medium to small-scde feaures while remote-sensing products gives a general
overview (images are spatial resolution dependent). The combined use of many tools
(geophysicd surveys, sampling and remote sensing products) will produce more reliable data
and subsequently better interpretations.

This chapter focuses on describing and interpreting the inner shelf sediments and their
asciated bedforms. The work is partially based ona large-scde Landsat 7ETM+ from June
2000that alow the recognition and pgre-delimitation d the main morphdogicd feaures of
the inner shelf bottom. Additionally bathymetry surveys, purctua current measurements,
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diving observations, side scan sonar recmrdings and samples of the bedforms enables the
correlation d these morphdogicd fedures to their sedimentologicd compositions and
morphodynamics.

Of the mastal zone, the principal morphdogicd elements are described and
individuali zed from a satellit e image, agia phaographs and field descriptions.

3.2- The inner shelf and coastal region: image interpretation and surface sediment
characteristics

In the last decales me aiuthors have started to study the Brazilian continental shelf.
Summerhayes et al. (1975 and Martins & Coutinho (1981 focused their works on shelf
physiography and sedimentologica cover charaderization d the mast between Salvador and
Fortaleza. On the eat-northeastern Brazilian shelf some works dressed regional ocean
currents and their materia transport (Stramma et al. 199Q Silveira et al. 1994 Knoppers et
al. 1999. Tintelnot (1996 and Arz et al. (1999 discussd late Quaternary stratigraphy and
climatic changes for the shelf between Jo o Pessoa and Fortaleza.

The regional charader of these studies has improved the large-scde knowledge and
charaderization d the 7300 kn (MMA 1996 long Brazilian shelf, bu more locd studies
important to understanding how the last post-gladal sealevel changes took dace ae till
scace Perhaps many answers abou it can be obtained in such shelf aress, where whae
Holocene sealevel changes are printed. The bedform patterns and their lateral relationships
visualized in the Landsat image sean to be unique. The understanding of their build upand
related morphodynamics will im prove to understand the Quaternary floodng history of the
shelf.

Recently some aithors began to study the inner shelf zones more locdly (Testa &
Bosence 1999, Testa & Bosence 1998,Costa-Neto 1997and Tabosa 2000.

In the studied inner shelf a variety of bedforms can be described. The aiteria used to
describe these larger scde bedforms are principally their shapes (images are spatial resolution
dependent), sedimentary texture and composition (Ashley 1990. Additionaly diving, current
measurements, side scan sonar survey and bethymetry profiles were undertaken in order to
improve the satellit e image interpretation.

The sampling sites were diosen in order to cover all morphdogicd fedures that are
represented by diff erent shades of gray onthe Landsat image (Fig. 3.1).

From Landsat image interpretation six morphdogicd zones can be identified (Fig.
3.2).

3.2.1- The Coastal Zone (CZ)

The wastal zone of the study areapresents a variety of morphdogicd feaures and
coastal deposits. Sili ciclastic beates and adjacent dure fields compoundthe main deposits
(Fig. 3.3). The beades are mainly composed of medium to very coarse sand with bioclastics
(<5%) associated. The length of the sili ciclastic coastal dunes varies from a few meters (5-
20m) to a few kilometers (1-10km), while the heights range between 4 to 50m. The dure
fields present an E-W oriented transport diredion onthe eatern coast, deviating to NE-SW
onthe western pation.

The beadrocks (Fig. 3.39 occur nealy adways along the adua bead in the
foreshore zone, and also in the badkshore zone. All beadwrocks consist of sili ciclastic sand
often containing bioclastics. The grain size varies from medium sand to medium gravel and
CaCOj; cements all clastic comporents.

Late Quaternary coastal evolution of the northern Rio Grande do Norte mast, NE Brazl
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Sandstones forming adive diffs (Fig. 3.%) are found mostly east of S 0 Bento. The
Ponta dos Tr s Irm os (PTI) is the best representative outcrop d this sandstone. This rock
most probably consists of aeoli anite resting on by upper foreshore deposits.

The elianite mnsists of fine to very fine sili ciclastic sand (<80%) containing often
more than 1%% of bioclastics (mostly green algag. At some points me trough-cross
bedding-stratification with a tangential base could be remgnized in the edlianite. The
sandstone & the diff base shows the same grain size pattern and composition d the ajacent
beadt. Swash-cross dratificaion was observed. The sandstone foundat PTI is gmilar to that
described by Srivastava & Corsino (1984 at the aast of Touros city.

Some flat areas (Fig. 3.3dand 3.3) located landward of the beades that are withou
conredion to the open sea and that experience floodng during the rainy season are found
closeto the S o Bento city. The sediments foundat these flat areas vary from silt/ clay to very
fine sand. Fossl shell s foundin living paosition and forming banks sveral meterslong (center
of Figure 3.30) are positioned onthe surfaceof the flat aress. It isthowght that these flat areas
represent former tidal flats. The flat areais sparated from the seaby a set of sand ridges,
which are covered by dures (Fig. 3.3).

Longshore drift has produced a long sand spit where the dties of Galinhos and Galos
arelocaed (Fig. 3.3). Consequentialy, alarger tidal flat has developed landward of the spit.

3.2.2-TheTurbidic Zone (TZ)

The turbidic zoneis 3to 6 km wide (Fig. 3.2 and represents the aeadiredly paralel
to the shoreline with depths reading 5m. The TZ is subjeded to intense sediment suspension
anditswater is nealy always turbid.

The surface sediments of this zone ae dharaderized daminantly by sili ciclastic sand
and mud (Fig. 3.4). The grain size varies from silt to medium sand appeaing in the Landsat
image & plumes of suspended sediment moving to west.

The caborete mntent in the sediments colleded in this zone reaties a maximum of
26% (Fig. 3.5, pant 154) but values lower than 1% are more mwmmon.

3.2.3- Subaqueous Dune Zone (SDZ)

In the eatern part of the inner shelf (Fig. 3.2 large subaqueous dures form a tongue-
shaped dure field approximately 30km long and 16kn wide. The dure field covers amost the
entirely inner shelf. The large subaqueous dunes in the Landsat image ae 500to 2000m long,
N-NE oriented linea crests and are limited in the north by a 34km long hookshaped
subaqueous bank (Fig. 3.2. The sampled sediments $iow that the dunes are composed
basicdly by sand with a grain size varying from fine sand to very coarse sand (Fig. 3.4.
Gravel content lessthan 7% and mud content lessthan 4% was also foundin the subagqueous
dure zone. The hookshaped sand bank sampled at position 102and SB3, shows the same
grain size pattern of the SDZ. Some suppased sand ribbors occur in the eat of the SDZ.
Unfortunately there ae no avail able samples of these bodes, athough they can be compared
to those sand ribbors described by Testa & Bosence (1999) in the Touros inner shelf. The
caborete @mntent foundin the sediments of the SDZ increases moving northwards. Values
closer to 50% of caborete ae foundat points 101and 102(Fig. 3.5.
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Figure 3.3 - Morphdogicd feaures present in the wastal zone. (A) Sili ciclastic sand kead at
the Gainhos it badked by adive a®lian dures; (B) Cemented sand beadh
[beadrock] paositioned in the intertidal zone nea to S o Bento; (C) Sandstone &
adive diffsat the Pontados Tr sirm os; (D) Paleo tidal flat SW from S o Bento
with shell bank; (E) Oblique aeia phaograph fadng the sand spit with the
vill age of Galinhcs and the channel system in the badground (SW). (F) Aeria
phaograph from 1950 showing the paeo tidal flat (PTF) SW from S o Bento
and sand ridges between S o Bento and Cai ara.

3.2.4- Subaqueous L ithified Sediment Zone (SL SZ)

The SLSZ occurs closer to the margin of the inner shelf at a distance of 19 kil ometers
of the wastline and it is oriented basicdly parald to the adua coastal zone (Fig. 3.2. The
SLSZ comprises underwater rocky outcrops elevating 0.5to 3.0m abowe the seafloor (Fig.
3.6) and hard grounds that probably do nd form underwater cliffs. Both form dark gray strips
in the Landsat image.
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Figure 3.4 - Pie dharts of the sampled sites showing the relative percentages of mud, sand and
gravel within dfferent morphdogicd zones.

The rocks are caborate-cemented sand similar to that beadrock and eoli anite relicts
of the last sealevel transgressons and regressons. Sedimentary structures like aossbedding
can be visuaized in some outcrops (see Fig. 3.6 onthe right hand side) athough often a
dense encrusting of biota on sandstone occurs. In the eatern part of the inner shelf the SLSZ
seansto be avered by the subaqueous sand dures while in the western pert of the inner shelf
it is more observable due to the ladk of sand. The caborate @ntent of the SLSZ is variable
and it can reatr 30%. In the Figure 3.5the pie darts show the caborete @mntent on the floor
of the SLSZ.

Figure 3.5 - Pie darts illustrating the carborete wntent in ead sample. Note that the
carborete-rich areas increase moving offshore.
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3.2.5- Subaqueousridge ne (SRZ)

The SRZ is present in the western part of the study
area (figs. 3.1 and 3.2. It consists of sub-parale ridges
oriented NE-SW in the eat of the zone. Further off shore and
westward these ridges have an E-NW orientation. The outer
ridges are aurved while the inner ridges are straight. The
ridges closer to the shore ae @ou 12km long while those
locaed further offshore ae @ou 18km long. The ridges
areameasured to be 300-500m wide and approximately 1 to
1,5km agpart from ancther. In the Landsat image the sand
ridges £an to consist of several short sigmoidal banks
attadhed to ead ather (Fig. 3.1). Sediments colleded at the
ridges $how that they consist basicdly of sand with the grain
size varying for medium to fine sand (Fig. 3.4). It can be
observed too, that the more fine grains tend to occur in
deeper water between the sand ridges. The caborate wntent

, in the SRZ (Fig. 3.9 israther low at approximately 2-4%. It
Figure 3.6 - Rocky OUCIop 5 noteworthy that to the eat, carborate cntent increases
a DIVL. dlightly, possbly due to the dose proximity of the

carborate-richer sediments of the SDZ.

3.2.6- SeaFloor Zone (SFZ)

The SFZ in the Landsat image caina be compared with the other zones. It shows a
relatively dark gray color with some light patches certainly representing sand bodes (Fig. 3.1
and 3.2. Diving operations and the samples at the points DIV1 and DIV2 show that the SFZ
consists basicdly of rhoddiths (coralline red algae (seethe foreground d Fig. 3.6, which
were dso found ly Costa-Neto (1997 in the extension d the SFZ to west and by Testa &
Bosence (1999 in the inner platform of Touros. This zone presents a higher content of
carborete in the sediments, reading more than 50%.

3.3- Bathymetry, Side Scan Sonar and curre nt measurements
3.3.1- Bathymetry

The bathymetry of the aeanorth of Galinhcs it was investigated with 25km of echo
sounder profiles (Fig. 3.7) in order to crossthe subagueous snd ridges in the off shore zone.
Side scan sonar tradks also in the aeanorth of Galinhas it (Fig. 3.7) were studied to oltain
data of surfacestructures. Current measurements were performed df the mast of S 0 Bento
(Tabosa 2000and Rieddl 2000 and nath o the Galinhos it (R b er 2001) (Fig. 3.2.

The bathymetric profiles 1 and 4 donat show any large ridge morphdogy becaise
they are too short. The other bathymetric profil es cover part of sand ridge 1 and the northerly
sand ridge 2 (Fig. 3.7). The high-frequency oscill ations on the missves do nd represent any
morphdogicad feaures but are resporses to the rolling of the vessl due to the wave adion.
Therefore small-scde feaures could nd be deteded. Apart from profile 11 al other
bathymetric profil es end close to the shore and the plots demonstrate adrop o the seafloor of
4m towards to the shoreline in arelatively short distance The ladk of neashore bars could be
apossble caise of this channel-li ke structure.

In the profiles of transeds 8, 9and 12 lar-shaped elevations of 1m were recognized
close to the shoreline but denser bathymetric data is necessary to propose amore reliable
interpretation.
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The transeds 2, 5, 6, 8, %nd 10crossthe sand ridge 1 at an angle of 75°. The water
depth at the aest of thisridge varies from 1.5m to 4m and in the Landsat image the ridges are
represented for the light strips. The letters A to | in the Figure 3.7 represent the stretches
where the bathymetric profil es crossed the sand ridges 1 and 2.

Figure 3.7 - Bathymetric profiles (solid lines) and the side-scan sonar tradk (dotted line)
overlaid with a Landsat 7TETM+ scene north of Galinhas and Galos. The bold
line stretches with letters correspondto the examined topographic sedors. The
arrows indicae the examined side scan sonar sedions. The dots indicae the
current measurements.

The geometry of sand ridge 1 could be investigated from 7 bathymetric profiles. As
can be see in the Landsat image, sand ridge 1 is composed of a group d smaller elongated
sigmoid-shaped sand bodes that together form a SW-NE oriented sand ridge. These feaures
could be deteded in the bathymetric profiles. Each feaure seems to broaden moving from
ENE to WSW, with widths varying between 400and 1000n.

The variability of the ridge slope inclination, geometry and length is sgnificant.
Misgves of transed 5, 7, 8, 9and 10show pronourced asymmetries with stegoer onshore-
direded slopes and lessinclined in the off shore diredions (Fig. 3.8).

Figure 3.8 - Geometry of sand ridge 1 in the transed 10 (sedor B). Note the flank
asymmetry: the landward side (SSN) is dmost twice & dee as the seavard
side (NNE).
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The transed 9, sedor G was taken further eastward (Fig. 3.7), bu from the profile one
can seethat the geometries of the flanks are similar to those located further westward. Sedor
G shows that the landward flank has an inclination d 6.5’ while the seavard flank has an
inclination o 3.4° (Fig. 3.9.

Figure 3.9 - Flank asymmetry of sand ridge 1 visudized by the edo sounder transed 9,
sedor G. Note that the inclination onthe SSN sideis lager than that of the NNE
side.

At the southwestern end d the sand ridge 1, sedor A was oriented in an east-west
diredion at this position sand ridge 1 has an abrupt end (Fig. 3.10Q. This sand ridge has a
maximum height of 5.7m.

Figure 3.10 - Stegp edge of sand ridge 1 at its uthwestern pation. The inclination at this
positionis 34°.

The geometry of the sigmoidal pattern observed in the Landsat image wuld also be
deteded in the edo sounder profile. Sedor D and sedor E show this fedure that is caused
when two small er sand bodes blend with ead ather (Fig. 3.11). Transed 7 shows this feaure
in the southwestern part of the small er sand bodes (Fig 3.7).

In the sedor D (Fig. 3.1]) the flank asymmetry shows the same pattern seen in the
other ridge 1 areas. The landward flank (fadng SSN) is depper than the flank seavard
(NNE). This sdor crosses the southwestern limit of two smaller sand bodes. It can be
observed that these two sand bodes are analgamated forming a M -shaped® aoss gdion. In
the sedor E once ayain ill ustrates this @Vl -shaped® topagraphy (Fig. 3.12.
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Figure 3.11 - Sedor D showing the ™M -shaped® form of sand ridge 1 in the southwestern
area This feaure is developed when two smaller sand bodes blend with eadh
other forming the sigmoidal pattern.

In the profile of sedor E (Fig. 3.12 it can be observed that the two sand bodes
amalgamated in the sedor D are in this case separated by a 220m long trough. It can be
observed too that the sand bod/ positioned landward (SSWV) is wider than that locaed
seavard (NNE). The geometry of the flanks show the same pattern seen in the other transeds.
Whil e the seaward side presents an inclination o 0.75, the landward sideisinclined at 1.4°.

Figure 3.12 - Sedor E showing two separated sand bodes. These two sand bodes are that
already amalgamated sand bodes siown in the sedor D.

Sedors H and | could ill ustrate the geometry of sand ridge 2. The sand ridge 2 seans
to have the same sigmoidal pattern as e in sand ridge 1, bu its diredion tends to E-W
diredion. At its highest point, the sand ridge aest is 3.5m below the water level where the
overal water-depthis8.5m (Fig. 3.13.

Figure 3.13- Geometry of sand ridge 2 (sedor H). The asymmetry is contrary to ridge 1, as
the seavard flank is geeper than the landward flank.

3.3.2- Side Scan Sonar
Side scan sonar recrdings gave alditional information onthe surfacemorphdogy of

sand ridge 1 (Fig. 3.7). The arow 2a®in the Figure 3.7 is represented as a sonagraph in the
Figure 3.14.
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In the Figure 3.14 it can be observed bedforms sub-paralle with the trad diredion,
i.e. they are direded in a WNW-ESE diredion. Tendency towards northeasterly and towards
a northwesterly diredion is also olserved. The distance between crests is between 20and 35
cm. The aests heights cannat be deduced from the printout. The geometry of these bedforms
is gmilar to the oscill ation ripples described in the general geologicd lit erature. It is plausible
that these smal ripples recorded by side scan sonar system belong to wave-induced
oscill ation ripples. Therefore wind-induced waves from a northeasterly diredion could
produce such bedforms, which are in accordance with the wind pettern of the north coast of
Rio Grande do Norte State (seeFigure 1.6).

Figure 3.14- Sonograph showing bedforms foundthrough tradk 2a® For locaion, seefig.3.7.

In the Figure 3.15 from the side scan sonar the surface of part of sand ridge 1 is
shown. Since wind speeds and waves were small during recording, the unddating depth line
onthe missveis due to the topography present onthe surfaceof sandridge 1 (Fig. 3.19.

Two bedform patterns can be observed in the sonagraph d sand ridge 1. Thefirst is
probably related to large aurrent ripples that are present as successve depressons and crests
with heights differing between 0.5and 1 m whil e the separating distance lies between 15and
25m. The second pattern is related to small ripples with crest distances reading between 20
and 3=&m.

The ripple index L/H (length/height) 3 15 shows that the first bedform belongs to the
caegory of current ripples (Reinedk & Singh 1973. These ripples are oriented perpendicular
to the tradk diredion and sub-parall €l to the sand ridge 1. This pattern would suggest a mean
current diredion from southeast or northwest.

The small ripples are oriented mostly perpendicular to the arrent ripples. The average
distance between the aests is abou 40 cm and they are oriented in a SSN diredion.
Unfortunately their heights canna be deduced from the printout, but these bedform structures
are very similar to the wave induced oscill ationripples en in the Figure 3.15.
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Figure 3.15 - Sonagraph showing bedforms present on sand ridge 1 (tradk @° in the Figure
3.7).

3.3.3- Current measurements

The arrrent measurements were performed in November 2000at threestations located
offshore (CTD13, 14and 15, and at three stations (CTD18, 19and 26 along the shore
between Galinhas and the free end d the spit (Fig. 3.7). Current data from Tabosa (2000 and
Riedel (2000 for the mast of S o Bento for November 1999were used as well. The offshore
measurements were taken during ebb tide & moderate wind condtions (8-10 m/s). The data
obtained along the shore was gained duing ebb tide & well as during floodtide. During this
ebb phase, strong winds of approximately 10 m/s and rough seas occurred. The flood period
was charaderized by wed&k winds of lessthan 5m/s and small waves.

All current measurements offshore indicae large variations of velocity and dredion.
These variations are probably due to the oscill ation movements of wind-induced waves.
Figure 3.16ill ustrates the aurrent measurements taken at station CTD15. At this dation the
upper water column seems to be dominated more by oscill ation movements than the water
nea to the bottom, which is more restricted. The aurrent diredions measured at CTD15 show
that at the bottom of the water column, a northwesterly diredion daminates whil e the surface
currents have northwesterly and southerly diredions. The flow orientation from N to S found
a the three stations offshore may lead to the asumption that these airrents are tidally
influenced. The arrent velocities measured at CTD15 a maximum of 17.5cm/s and a
minimum of 4 cm/s.

The aurrents at station CTD13 are oriented in a NNE diredion whereas gation CTD14
shows a mean dredion d SE. The mean velocities of the two stations vary sightly on the
surface between 7 and 9.3cm/s. Variance in the velocity closer to the bottom is lower and
measure between 7 cm/s and 8cm/s.

The arrents measured along the shore during flood plase display rather uniform
current diredions (CTD 19 and 26. The CTD 19 shows a mmporent to WNW which is
probably due to the wind- and wave-induced longshore aurrent. It does nat refled the N-S
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tidal-dependent flood plase. At the CTD26 a strong inflow of 25 cm/s from the NE into the
channel system is sgnificant. At CTD18 the aurrent diredions change between ENE-SSE and
seams to adopt a vortex system. Einig (2000 described this current pattern and suggested that
the westward flow might be forced to enter into Galinhcs cove and the development of an
eddy system would cause an easterly current.

Figure 3.16 - Variations of current velocity and dredions at station CTD15. Eac circle
represents an increase in current velocity of 5cm/s and the average velocity
over 30 seondk. It is noteworthy that the bottom currents are more restricted
in magnitude and dredion.

The aurrents measured at CTD26 duing ebb tide ae dealy dominated by the ébb
current occurring in the dnannel system. The northeasterly outflow of about 30 cm/s can aso
be observed in the Landsat image (See Fig. 3.7). At stations CTD 19 and 18 no dminant
current can be deteded.

The aurrents measured by Tabosa (2000 and Rieddl (2000 in the mast of S 0 Bento
demonstrate a ¢ea tendency towards northwesterly and towards southwesterly diredions
with a periodicd southerly diredion. According to Tabosa (2000 and Riedel (2000 31.8%
of al superficia currents converges whereas 34.%% of all bottom currents converge, and this
convergence takes place & the wast. These two authors found \alues up to 40 cm/s for
superficial currents and 10cm/s for bottom currents.

3.4- Discusdons and conclusions

The north coast of Rio Grande do Norte and its related inner shelf shows a large
variety of morphdogica fedures that demonstrate how this area has been subjeded to the
combined adion d wind, currents, tidal and sealevel oscill ations. Pre-existing topagraphy
probably related to Mesozoic-Cenozoic verticd tedonism (Vita et al. 2002) can also play
an important role in the mastal evolution.

The onshore portion hes different morphdogicd feaures. Sandstone-forming adive
cliffs, possbly compared to those described by Srivastava & Corsino (1984, together with
adive dures on the mast form the highest topographicd feaures. Up to now there is no
consensus as to how old and as to what the role was of this coasta sandstore in the late
Quaternary (?) evolution d the aea Holocene beadrocks (Bezerra et al. 1998and Caldas et
al. 2000 occur principaly in the intertidal zone, although they are dso present in cther
coastal sub-environments like badkshore and reashore zone. The process of formation and
geologicd time of formation d both aedlianite and keadwrock of this areais not yet fully
understood. Certainly these deposits can be used as a good a sealevel indicaor (Badyukov
1986,Hopley 1986,Cooper 1991,Kinder & Bain 1993 and in this way they could represent
different sealevel still stands during the late Quaternary. The knowledge of ancient tidal flats,
the arrent positions of existing flats combined with historic sealevel oscill ation, may show
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how the aeahas been subjeded to coastal dynamics. Stratigraphic studies of the tidal flats
depasits could elucidate this question as well as give data to construct a paleogeographic
overview of the aea

From a Landsat image, it can be observed that the inner shelf for this area
demonstrates a dea division. In the eatern region d the inner shelf there is more intense
sediment movement mostly by subaqueous snd dures whereas in the western region
movement is restricted by elongated sand ridges. The North Brazil Current (NBC) that was
first described by Metcdf & Stalcup (1967 seams to play an important role in Holocene
sedimentation and flow dynamics of the inner shelf currents (Fig. 3.17). This current
originates at 10°S at the NE-coast of Brazil and flows paralléel to the eatern coast eventually
turning west approximately 5° south and continues to follow the continental margin (Silveira
et al. 1994. In addition Silveira et al. (1994 foundthat the NBC continues northwards to
join the northern branch of the Centra South Equatorial Current (CSEC) at approximately
5°S (Fig. 3.17 resulting in a northwestward flow of abou 37 Sv (1 Sv = 10° m®sY), with a
velocity core cetred at 100-200m depth. Richardson & Walsh (1986 using ship drift
concluded that from the NBC strong shelf-parallel andlongshore aurrents are generated.

Figure 3.17- Map with schematic ill ustration o the surface érculation pettern off NE-Brazil .
Abbreviated terms. NBC = North Brazil Current, CSEC = Central South
Equatorial Current. Modified from Arz et al. (1999, Silveiraet al. (1994 and
Strammaet al. (1990.

Comparing the Landsat image (Fig. 3.1) and the schematic ill ustration (Fig. 3.17), it is
possble to conclude that the tongue-shaped subaqueous dure field in the SDZ is a dired
result of a branch of the NBC cornering the landmassaong the inner shelf (Fig. 3.1). If the
sediments on the eatern part would continue to be transported to NW as the dure crests
suggest, they would be deposited on the antinental slope. It is not the cae. A 34km long
sand bank limits the SDZ on the north-northwestern part of the inner shelf where the water is
deeper. Althowgh there ae no current measurements for this area, it is believed that the
stronger NBC defleds the inner shelf predominant current (ISRC) trough velocity diff erences,
induwcing the build up d the long sand bank. The ISRC may be abranch of the NBC ading on
the inner shelf.
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Certainly most of the bottom sediments present on the eatern part of the inner shelf
has been transported by the NBC and ISRC since the Holocene transgresson. These
sediments have been most probably transported from S-SE part of the northeastern coast
where the main sediment supgies occur (Summerhayes et al. 1975 Martins & Coutinho
1981 Testa & Boscence 1998 and Hustedt 2000. It is also believed that older sediments
during the last transgresson in this part of the shelf were reworked duing the floodng of the
shelf, which acoording Arz et al. (1999 began at 11000yeas ago.

The sand benk curvature to the SW marks the limit between the eatern SDZ, richer in
bottom sediments, and the western SRZ and SFZ with less gdiment quantity. It is possble
that this curvature is being maintained by a southwesterly branch of the NBC (Fig. 3.18. The
mechanisms that induce this current deviation are not yet clea. The wind pattern may play an
important role. If the dominant wind pettern for this area (Fig. 1.6 is compared with the
Landsat image, the aurvature of the sand bank foll ows the landward tendency of the wind.

Generally water depths are lessin the eatern region d the inner shelf than those of
the western region (Fig. 3.1). Two posshle explanations exist: a) the former shelf basement
or shelf bottom topography (a result of tedonics?) could drive this difference and/or (b) the
sedimentary rate in the eatern areais higher than in the western area There is a basement
horst structure cdled Touros high (Bertani et al. 199Q Cremonini et al. 1999 locaed
between Touros and Galinhas that could producetopaographic diff erences on the shelf surface
These bottom irregularities would fadlit ate or induce the entry of such currents toward the
continent. The surfaceof the western limit of the Touros' high aimost matches the airvature
of the sand bank towards the cntinent.

On the western part of the inner shelf the pattern and geometry of the sand bodes
differ to those located onthe eatern side. Sand ridges with lengths of up to 20km, width of a
few hunded meters, heights reacing 5m and dstances between ridges reading 1.5 km are
the main morphdogicd fedures. Such sand bodes have been found in many modern
continental shelves and dfferent theories concerning their genesis have been propcsed duing
the last 30 yeas (Swift 1975, Figueiredo 1980,Mcbride et al. 1991,Snedden & Dalrymple
1999,Snedden & Bergman 1999and Snedden et al. 1999.

The sigmoidal pattern for the sand ridges was aso described by Swift (1975 and
regards the combination d severa current componrents as being the main fador resporsible
for the development of such structures. Figueiredo (1980 working on the inner shelf of Rio
Grande do Sul (south Brazil) concluded that current velocities greaer than 2ms? is
sufficient to erode and to transport bottom sediments on the shelf, thus forming sand ridges.
The findings of this gudy show that at least two main batom currents ad to shape the sand
ridge 1 (Fig. 3.7). The main geometry of the sand ridge 1 shows that a dominant current
probably from the northeast builds the sand bodes, prodwcing a steg flank towards the
continent and gentle flank toward sea This dominant southwestward flowing current may be
identified as the NBC (Fig. 3.18 but current measurements off shore show velocities of 6 to
7cm/s from anortheasterly diredion.

Side scan sonar results show that the seafloor is covered by sand ridges which been
presumably formed by a branch o the NBC. Superimposed on these sand ridges are larger
current ripples driking almost perpendicular to the waves ripples and paralle to the main
sand body and W to E oriented oscill atory wave ripples (Fig. 3.180). These larger current
ripples could be formed by battom currents flowing from the eat-southeast (Coastal Parall €l
Current, Fig. 3.18). Such currents flow with velocities between 15to 17 cm/s. The wave
adion orly modifies those feaures found onthe sand bodes but, as Swift & Field (1981
suggested, it does nat lead to any large-scde dhanges.

Although such consideration may be mnsidered, the formation o bedforms is
cetainly not so simple. Oceanic, tidal and wind diven comporents may ad together on the
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build up d such structures. Only with the help of systematicd and long-term measurements
will be such question fully answered.

Figure 3.18- (A) 3D sketch of the northern shelf of the Rio Grande do Norte state and (B)
zoom out of the sand ridge 1 composed of smaller sigmoidal-shaped sand
bodes The arows in bah sketches indicate probably dominant current pattern
ading in this area Abbreviated terms: ISRC = Inner Shelf Predominant
Current, NBC = North Brazil Current, CPC = Coastal Parallel Current, NBCC

= North Brazil Comporent Current. Geographicd locdlities obtained from
DHN(1974).
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4 - Holocene sediments and stratigraphy
4.1- Introduction

The Holocene mastal stratigraphy of the study areawill be discussd in this chapter.
The analysis and interpretation d sedimentologic charaderistics of 10 vibro-cores and 5
water-wells (Fig. 4.1) permitted the identification d different faaes, which are crrelated to
the environment of depasition d the sediments.

The lithdogic information from the 5 water wells nea to Cai ara is based on the
drill er'stechnicd logs of CAERN (State water C ompany).

In order to pasition the @res relative to the present mean sea level, topographic
profiles were measured on the mast of Cai ara (Fig. 4.2. The devation d the wres
performed by CAERN and thase vibro-cores from Galinhos are related to the surface

The stratigraphy of beadwrocks and their patential as ®aleve indicaors is treaed
separately in chapter 5.

4.2 - Sediment cores

The vibro-core unit used is a self-constructed patable gea. A gasoline engine with a
metal pipe in motionis fixed by a damp to a 7,5 cm wide and 6m long aluminum tube. The
vibration d the metal is transferred over the bar to the duminum tube, which is forced into
the sediment. Recvery of the wre dter drilli ng invalves a chain puley mournted onatripod.

Eadh vibro-core was carefully labeled in the field recording the site locaion, as well
the paosition d the upper and lower extent of the wres. The tubes were transported to
University of Rio Grande do Norte (Natal) where further analyses were condicted. All the
cores were aut into segments of 33cm and pressed ou of the tube. Longitudinal dlices from
the central part of the wre were ait out for radiographic measurements. One half of the core
was phaographed in daylight and stored, and the other half was used for description and
sampling.

Descriptions of the cres were dore using a magnifying dass Grain size, sediment
texture, color and compasition were first estimated visually by comparison with charts
presented in Tucker (1996, Tucker (1988 and Rock-Color Chart of the Rock-Color Chart
Committee(1984).

The ores were further sampled in seleded pants for further standard grain-size
analysis (Sieve) and AMS *“C dating.

4.3- Radiocarbon dating

The radiocarbon ages are listed in Table Nr. 4.1. Four samples of the vibro-core
LCSBN-2 and ore sample of the vibro-core LCSBN-1 were seleded for AMS *C dating. In
the vibro- core LCSBN-1 oy one sample compaosed of wood was dated. In the vibro-core
LCSBN-2 two samples of bivalves dhells and two o organic rests (leaves and wood remains)
were dated. For thaose vibro-cores nea to Galinhaos, six samples of organic remnants were
chasen for dating.

Shell s and wood radiocarbon ages cannat be diredly compared because shell samples
generally require an 2environmenta corredior® for ocean reservoir effed (Woodoffe &
Grime 1999. A corredion d approximately -400 yeas is generaly applicable because the
marine caborete is +400 yeas too dd. However the shell isotopic signatures do nd show
typicd marine values (Table Nr. 4.1) therefore an ocean reservoir corredion would nd make
sense. The d*3C obtained for these shells show a tendency to negative values (Table Nr. 4.1),
which acording Mook & Van de Plasshe (1986, suggests the presence of freshwater
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(lagoon) in the environment where the shells lived. Shell from typicdly marine origin
presents d'C values close to 0% & pasitive. All radiocarbon ages presented here were first
corrected for isotopic fradionation kesed on the *C/*?C ratio measured by AMS-system
simultaneously with the **C/*2C ratio. The ayes were then cdibrated wsing Dataset 2, and
combination d dataset 1 and 3 d CALIB rev4.3 (Stuiver et al. 1999 (for more detail see
sedion 5.4 ¢ the Chapter 5).

It is also important to kegp in mind that the radiocarbon ages from the shell s represent
the time of deah of the organism and nd the time of its depaosition. Thus individual shells as
well as organic rests may have been reworked severa times before being depaosited in coastal
deposits. Therefore such dates smetimes may not agree with their position in a verticd
sequence

Table4.1 - AM Sradiocarbon data of the vibro-cores samples

Laboratory  Sampling  Material d*c Age 1s[yr]#  Calibrated aget 1s rangest
Number* sites (%MC) AMS (%)  (*'Cyr BP) +- [Cal yr BP] [Cal yr BP]
KIA14743 LCSBN-2  Shell (68%)  -3.08 0.15 3575 30 3580 36303550
KIA13957 LCSBN-2  Leaves -26.33 0.2 6125 40 6990 71506910
KIA13958 LCSBN-2  Wood remains -27.19 0.13 6035 35 6880 6880 6870 69106800
6820 6810
KIA16093 LCSBN-2  Shell (68%)  -3.09 0.41 6355 45 6950 70006890
KIA13956 LCSBN-1  Wood -2591 0.14 6522 44 7430 74807330
KIA13950 VCGAL-1 Wood remains -24.30 0.11 2554 31 2740 27502510
KIA13951 VCGAL-2 Wood remains -27.83 0.10 2513 32 2710 2630 2620 27302500
KIA13952 VCGAL-2  Charcoal -27.77 013 2707 27 2780 28502770
KIA13953 VCGAL-3 Wood remains -28.98 0.11 4070 31 4570 4560 4530 47804450
KIA13954 VCGAL-3 Wood remains -24.08 0.12 2176 26 2150 23002120
KIA13955 VCGAL-7 Wood remains -25.87 0.09 1323 25 1270 12901240

*Leibniz Laboratory — Kiel, Germany

%M C =Percentage of Marine Carbon

# Probability of conventional age

F1s enclosing 68,3% of area of probability distribution

T Calibrated applying CALIB rev4.3 (Dataset 2 and combination of datasets 1 and 3): Stuiver et al., Radiocarbon 4010411983 1998

4.4- Description of the coresand their facies asciation

The oores and water-wells locaed nea to S o Bento/Cai ara were grouped in ore set
and those locaed close to Galinhaos in ancther one (Fig. 4.1), as the large horizontal distance
between them do nd alow a good correlation d all cores and water-wells. The vibro-core
VCLC-1 was nat used for the same reasons.

4.4.1- SAo0Bento area

The analysis of the agia phaograph d the aeaof S o Bento and Cai ara (Figs. 4.1
and 4.2 shows that in this areathree main types of deposits can be individualized: dure
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deposits, bead ridges and paleo-tidal flat. The vibro-core and water-well s data shoud alow a
better understanding of the verticd relationship between these deposits. Therefore two vibro-
cores (LCSBN-1 and LCSBN-2) were taken in the swamp area aljacent to the bead ridge
deposit (Fig. 4.1and 4.2) and an integrated description with the water-well | ogs was dore.

The topographic profile (Fig. 4.28 shows the flat areaof the tidal flat, gentle seawvard
slope of the bead ridges and the highest points marked by adive dures.

It is interesting to comment that the topagraphic profile was obtained in November
2000and it fits well with the agia phaograph from 1950.0nly between pants aC° and @D°
in Figure 4.2a can some modificaions be observed. These differences may due to the dure
migration from northeast that in 1950 lad na yet readed this area(gray color between aC°
and ®D° aeia phaograph).

Figure 4.2 — (a) Aeriad phaograph from 1950 showing the vibro-core sites (bladk dats) and
water -wells (semi-crossed dds). (b) Topaographic profiles with sedimentary
environment.

4.4.1.1- Water-wells
The lithologic interpretation d the water-well cores (Fig. 4.3 suggests that the upper

part of the sediments is composed mainly of aeolian sediments. The sediment is composed of
medium to very fine white sand and athough noinformation abou the sedimentary structure
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is available, it can be assumed that this upper part of the res represents dure sand kecause
these cores were taken onthe dure.

Cores 4, 6and 7show gravel with very coarse sand and shell fragments underlying the
upper dure sand unt. This gravel-sand layer can be interpreted as a bead depasit of the sand
ridges e in Figure 4.1and 4.2b Basal mud sediments occur diredly beneah the upper
dune sand depasit in cores 10 and 12.Underlying all upper units, this deposit is consisting of
grayish mud sediment identified as paleolagooral (tidal flat).

Figure 4.3 - Interpretation d the water-well cores.
4.4.1.2- Vibro-cores

Figure 4.4 shows the grain size variation and sedimentary structures observed in
vibro-cores taken in the paleo-tidal flat, which surface orresponds approximately to the
present mean sealevel (Fig 4.2h. The sediments are mainly mud with some sand at the
bottom of the mres. The sedimentary structures vary from plane-parallel laminations at the
top to subhaizontal sets of plane-parall el lamination at the base. A higher amourt of organic
matter (roots and leaves) was foundin the mud sedions. Crystals of halite and gypsum were
foundmainly at the top d the mresbut also at the basein the core LCSBN-2.

The detalled description d the sedimentary structures, texture, compaosition and

distancefrom the shoreline dl ows for two main fadesto be distinguished.
1) Tidal flat depaosits (Fades A): Deposition in the intertidal flat is dominated by verticd
acaetion. In the ares, this depaosit is compaosed of greenish-bladk (5G2/1) mud with organic
layers, halite and gypsum crystals, root and shell fragments and leaves (probably from
mangrove trees). Some shells in living pasition (Fig. 4.5 form banks on the paleo-tidal
surface The facies A is more ectensive in vibro-core LCSBN-2, where it attains 2.9m in
thickness In the vibro-core LCSBN-1 the facies A has a 0.7m thickness and davnwards it
occurs as intercaations with sands that compases the facies B. The basal contad with
sediments of facies B is abrupt and cefined by an increase of grain size and change in color
from greenish-bladk to medium gray (N5).

2) Washover deposits (Fades B): Washover deposits are built up through overwashing
of the sand harrier. In the res, it comprises of moderately sorted medium to coarse gray
sand. The sedimentary structure is a plane parallel lamination dpping at 5°to 7° towards the
continent (150° to 180 Az). In the vibro-core LCSBN-1 its maximum thicknessreades 0.8m
at the base while in the vibro-core LCSBN-2 it reaties 0.17m at the base.
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Figure 4.4 - Sedimentary fades (represented hy letters between arrows found onthe right
hand side of the wlumn), grain size variation, sedimentary structures and AMS
radiocarbon ages for the vibro-cores taken in the paleo-tidal flat closeto S o
Bento and Cai ara (seelocaionin Fig. 4.1and 4.2). Fades: A = Tidal flat and
B = Washover. Zero elevation corresponds to the aurrent mean sealevel.

Figure 4.5 - Bivave shell in living pasition onthe paleo-tidal flat close to the vibro-core
LCSBN-2.
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4.4.2- Galinhos area

The upper sediments of the tidal flat and channel systems locaed southward of the
sandy spit of Galinhas and Galos were partialy investigated by seven vibro-cores (Fig. 4.1
and 4.9. The cores were taken duing low tide in November/December 2000.From the aeial
phaograph (Fig. 4.6 it can be seen that the tidal channel system and its associated tidal flat
with mangrove trees is proteded from open sea The picture shows that longshore aurrents
from the eat have built the Galinhas' spit and the build up of sediments in the channel
system is controlled mostly by point bar acaimulations. There ae no geomorphdogicd
evidences that the cdhannel system and its surrounds had been subjeded to open sea ation.

Figure 4.7 shows the vibro-cores with their sedimentary charaderistics, fades
asciations and radiocarbon ages. The sediments are mainly composed of mud interbedded
with fine sand bdh showing parallel lamination as the principal sedimentary structure. The
sedimentary structures vary from plane-parallel laminations in the finest sediments to cross
bedding in the marsest. Organic matter (rest of wood, leaves and pea) as well as mud clasts
and shells in living position accur mainly in the fine sedions. Three main fades could be
individualized from core description and sedimentary analysis: tidal flat deposits, tidal
channel paint bar deposit and tidal channel depaosit.

Figure 4.6 - Aerial phaograph o 1988 showing the vibro-core sites (white dats) in the tidal
flat and channel system between Galinhos and Galos.

4.4.2.1- Vibro-cores

1) Tidal flat deposits (Fades A): this fades is dominantly composed o dark greenish
gray (5GY 6/1) mud with dive bladk (5Y 2/1) organic layers. Greenish gray (5GY 6/1) very
fine sand cceaurs as intercdations in the mud. In this fades ome shells in living position as
well as mud clasts and shell fragments were found (vibro-core 3). Only in vibro-core
VCGAL-6 that contains massve dhannel deposit fades A is missng.

2) Tida chanrel point bar depaosits (Fades D): Tidal channel point bars produce
lateral acaetion deposits acompanying migration o the dannel toward the outer bank. In
the vibro-cores from Galinhas and Galos the fades D is represented as laminated mud and
sand dstinguished by a subtle mntrast in grain size. The base of thisunit is usually compased
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of greenish gray (5GY 6/1) medium to coarse sand that changes gradually to dark greenish
gray (5GY 4/1) or olive bladk (5Y 2/1) mud. It is also olserved that the mud-clasts occur
within sand and mud keds. Crossbedding is commonin the marsest units.

3) Tidal chanrel depaosits (Fades E): This unit is restricted to vibro-core VCGAL-6. It
is composed of poaly sorted, medium to coarse sand showing a dlight tendency to fining
upwards. The @lor varies from yellowish-gray (5Y 7/2) to moderate yellow (5Y 7/6). Cross
bedding dipping between 15 to 30 is marked by bioclasts. Mud clasts are observed in the
finest unit.

Figure 4.7 - Sedimentary fades (represented by letters between arrows found onthe right
hand side of the wlumn), grain size variation, sedimentary structures and AMS
radiocarbon ages for the vibro-cores taken in the dhannel system and tidal flat
close to Galinhos and Galos (seelocaionin Fig. 4.1and 4.9. Fades. A = Tidd
flat; D = Tidal channel point-bar; E = Tidal channel.
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4.5- Thesediments and their ages
4.5.1- SGoBento area

The radiocarbon ages obtained for paleo-tidal flat sediments of S o Bento and Cai ara
are Holocene. The oldest age was foundin the midde part of vibro-core LCSBN-1 reading
7430 44 Cd yr BP whereas the yourgest reaties 3580 30 Cal yr BP in the top d the vibro-
core LCSBN-2 (Fig. 4.4). In the latter vibro-core an age of 6950 45 Cal yr BP at 2.7m depth
was determined for a bivalve shell in good state of conservation (the bivalve shell was intad
showing original color and nosigna of reaystalli zation) which suggests that this bivalve
probably died and its dhell was depaosited shortly afterwards together with the base sediment.
The cdibration d the sample (passbly wood remain) located in the mud sequence d 2.4m (3
cm over the aye obtained at the base sand) provided five ages. The oldest is 6880 35 Cal yr
BP while the yourngest is 6810 35 Cal yr BP. If these ayes are compared with those
positioned higher up, an acawmulation rate of 3 cm during 68 yeas at least shoud be
proposed (if 1s error isnat taken into acourt).

The aye of leavesin the midd e of the core LCSBN-2 (-0.9m) readies 6990 40 Cal yr
BP, at least 110yeas older than that positioned at -2.4m, indicating that they are nat in situ.
Although this age does not represent the sediment age a the time of its depaosition, it may be
asumed that a typicd lagoonal environment existed in this period because the obtained age
probably belong to pants, more spedficdly mangrove leaves, of the former lagoon. On the
top d the tidal flat sequence abivalve shell in living position (Fig. 4.9 gives an age of
3580 30 Ca yr BP indicating a lagooral environment at this age. It is interesting to olserve
that the organic matter in the vibro-core LCSBN-2 dsappeas exadly at —0.9m and appeas
again at —0.3m to cortinue to the top. This could suggest pulses of lagooral influence with
limited connedion to the open sea The sediments are rich in evaporitic minerals (halite and
gypsum) from -0.9m to the top confirming the regime of a semi-closed lagoon. The last
marine ingresson accurred approximately 3580 30 Cal yr BP when the last typicd lagoonal
environment existed.

In the core LCSBN-1 orly one sample of wood was dated. It was positioned at -0.7m
and gives an age of 7430 44 Cal yr BP. This age is the oldest foundin the paleo-tidal flat of
S o Bento and Cai ara and confirms the presence of alagooral environment during thistime.

Identica ages were found ly Silva (199]) in the transgressve basal sequence of the
A u River Ddta (~100 km westward). It may be suppased that the sedimentation on the
former tidal-flat of S o Bento and Cai ara was intense during the Holocene transgresson,
which acarding Suguio et al. (1985 readed the eat Brazilian coast shortly before 7000yr
BP. Althouwgh there ae no ages for the bead ridges parallel to the present coastline, those
locaed seavard represent certainly regressve sequences that has been deposited concomitant
with the sealevel drop after its maximum at 5200yr BP (Suguio et al. 1985.

4 .5.2- Galinhos area

In general, all ages foundfor Galinhos' areawere yourger than those from S o Bento
and Cai ara. Although all ages were obtained from organic samples that naturally are less
resistant to reworking and redeposition, it seans that all ages are reliable with an exception o
one sample that was probably reworked and afterwards redeposited. The age of the pea
material at the base of the vibro-coreV CGAL-3 was 2150 26 Cal yr BP (Fig. 4.7). The next
organic sample further up, with a position d —2.7m, has cdibrated ages of 4570 31 Cal yr
BP, 4560 31 Cal yr BP and 453031 Ca yr BP. One of the two samples must have been
reworked and redeposited. To knonv which of the determined ages is reliable, a third dated
sample must be used for comparison. As this is not available, these ayes can be compared
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with those of the other neighbar vibro-cores. From Figure 4.7, it can be seen that aimost all
samples locaed at the base of the wres, present average ajes stuated between 2100to 2800
Ca yr BP, with the exception d the sample locaed at the base of the vibro-core VCGAL-7
that has an age of 1270 25 Ca yr BP. Therefore it can be concluded that the cdibrated ages
paositioned at +2.7m represent reworked arganic material probably from deeper sedions.

The yourger ages found in the upper 4m and the higher sedimentation rate in the
lagoon d Galinhos when compared with S o Bento show that the Galinhcs' lagooral system
has been adive sincethe last sealevel highstand.

4.6 - Discusdons and conclusions
4.6.1- SdoBento and Caicara area

Figure 4.8 shows a aosssedion namal to the shoreline dong the paleo-tidal flat and
bead ridges nea S o Bento and Cai ara. The adosssedion was constructed from vibro-
cores, water-wells and topographicd data. It can be seen that a Holocene transgressve
sequence was depaosited probably during the maximum of the last Holocene transgresson.
The presence of typicd transgressve deposits (marine sand + washover deposits) intercdated
with lagooral mud suggests such a transgresson, although radiocarbon ages are not avail able.
The regresgve sequence is clealy represented by the sand ridges, which started depasition
shortly after the maximum Holocene sea level highstand and continued deposition uril
present day. According to the topagraphic profile (Fig. 4.20 the Holocene sealevel highstand
that is represented by the uppermost part of the proposed transgressve sequence shoud have
not been higher than approximately 2.8m abowve present mean sealevel (PMSL) or 1.3m
above the present maximum spring tide. In fad, the paleo-tidal flat surfacelies aimost at the
same dtitude asthe PMSL (Fig. 4.8 and the top d the propased transgressve sequence does
nat read more than 3m above PMSL. The fad that such coastal evolution hes taken placein
a region withou large adive river mouths has attraded attention. This type of coasta
evolution has been described for other areas on the Brazili an coast where big rivers occur and
the sediment avail ability is enormous (Dominguez et al. 1987,Dominguez et al. 1992 Martin
et al. 1993and Lessa et al. 200Q. These authors have demonstrated that the main source of
sediment for the progradation was provided by wave-induced longshore drift of sediments
and the river-borne sediments only play a semndary role during progradation d the aastline.
The data presented here ayreewith those from the @owve aithors. The S o Bento and Cai ara
coast regressve barrier islocated in a semi-arid region associated only with small i ntermittent
rivers. The source of the sediment that builds up the regressve sequence is the inner shelf
uponwhich terrigenous sand accurs in large quantiti es (see Chapter 3).

Figure 4.8 - Stratigraphic aosssedion namal tothe S o Bento and Cai ara wastal plan.

It is interesting to nae that Dominguez et al. (1992 suggested that following the
Holocene sealevel drop wsualy the lagoors becane amergent and the bead-ridge plains
prograded creaing a regressve sand shed. In the cae of this gudy, the sealevel drop dd na
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promote the amergence of the lagoon. It was or is a amnsequence of both longshore drift of
neashore sediments and dure migration parallel to the bead that obstructed the mnredion
between the sea and the lagoon (see Fig 4.2). Morais (1999 cited a good example of such
dure migration, when a dure alvancing from the northeast buried Cai ara in 1912.The
paleo-tidal surfacelies at the same level as the PMSL and it is proteded by the marine
ingresson mainly by such adua adive dunes. The occurrence of evaporate minerals in
different levels in the vibro-cores demonstrates that such obstruction was cyclic producing
environment of semi-closed lagoon. The last marine ingresson accurred at 3580 30 Cal yr
BP and subsequently the lagoon hes become inadive.

4.6.2- Galinhos area

The evolution d the lagooral system of Galinhos sems to be quite different to the
S o Bento and Cai ara aea The ayes determined in the Galinhos' vibro-cores sow that the
sediments are much more yourger than those from S o Bento at approximately same
elevation relative to sea level. The sedimentation rate was aso higher in the lagoon d
Galinhes than in S o0 Bento. The vibro-core data show a typicd sedimentation in an adive
lagoonal system where lateral and verticd acaetion are ntrolled mainly by tide and tidal
channels, respedively. In fad, the fades assciations described for the upper 4m of sediment
confirms the induced tide and channel sedimentation.

The lagoordal system of Galinhos has been adive since the last Holocene highstand.
The large sand spit that proteds the lagoon system from the seaseems to play an important
role in the lagoordl evolution. In the aeia phaograph (Fig. 4.6) no geomorphdogicd feaure
can be identified in the lagoon that indicates an open marine influence Althowgh such
feaures could be obliterated by lagooral evolution itself, namally some relict deposits of
marine ingresson shoud be visible. This ladk of open marine condtions support the
hypothesis that the Galinhcs' spit was ealier a barrier-isand system proteding the
badkbarrier areatowards the shoreline. The landward transgresson d such a barrier-island
may be wntrolled by geologicd parameters sich as substrate slope, nearshore sediment
budget and acoommodation space & may have been the cae with the Galinhcs' spit. The
absence of geomorphdogicd feaures indicaing an ealier open marine ingresson in the
lagooral system and the dsence of regressve depaosits may explain the airrent position o
the Galinhas' spit, which is assumed to have remained at the position it had duing the last
Holocene highstand. As will be demonstrated in the following chapters, boamer profiles
paralel to the Galinhos it will demonstrate that at least threetidal inlets through this it
once onreded the open seato the lagoon. Although no absolute ayes are avail able for this
evolutionary stage, it can be assumed that it took dace oncomitant to the Holocene sealevel
transgresson. During the subsequent sealevel drop, sediments drifting via the loca longshore
currents closed such inlets and the adual spit took shape.
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5 - Holocene sea level changes. Evidences from beachrocks and Paleo-
lagoans

5.1- Introduction

The study of sea level is enormously improved when acarate paleo sea level
indicators are available. To date many coastal depasits and marine organisms are diredly or
indiredly used to infer former sealevels. Amongst some eisting sealevel indicaors formed
by coastal deposits one of the most reliable is beadwrock. Although some authors believe that
beadrrocks are more reliable sea level indicaors in microtidal coasts (e.g. Hopley 1986,
Cooper 1991, Kinder & Bain 1993,Ramsay 1995, Omoto 2001 and Ramsay & Cooper
2002, their use in sealevel studies in mesotidal coasts $oud na be underrated. A careful
sedimentologica description o beadwrocks in mesotidal coasts and further comparison with
modern beades has permitted the verticd paositioning of sea levels (see Bigarella 1975,
Oliveira et al. 1990,Bezerra et al. 1998. Furthermore, the recognition and description d the
diagenetic products foundin beadrocks can be useful to determine the sealevel history of a
coastal area(Longman 1980,Couday & Montaggioni 1986, Vollbrecht & Meischner 1993
and together with radiocarbon diting and chemicd analyses provide enough elements and
datato pasitionformer sealevelsin time and spacein a wastal area

In the aeaof study beadrock is one the most important coastal deposits occurring
mainly in the intertidal zone dong the entire mast. The description d sedimentary structures,
recognition d diagenetic products, chemicd analyses and radiocabon diting of the
beadrocks and aher coastal deposits allow some @nsiderations to be made &ou sealevel
changes for this areaduring Holocene time.

5.2- TheBrazilian coast and Holocene sea level changes

The sealevel studiesin Brazil started in the 60's when Van Anddl & Laborel (1964
and Delibrias & Laborel (1969 pulished the first attempts to establi sh the regional Holocene
sealevel changes based on radiocabon ditings of paleo sealevel indicaors. According to
Delibrias & Laborel (1969 the sealevel readed its present pasition 6000yeas BP and then
started to rise reading to 3m abowve the present mean sealevel at 4500yeas BP. From this
time the level fell gradually to its present level. Fairbridge (1976 by the use of shell middens
from the south and southeastern coasts, propased a similar sealevel variation to Delibras &
Laborel (1969, athough he reaognized five periods of transgresson with amplitudes varying
between 1 and 5m. The following sealevel studies have been undertaken in more restricted
areas and some Holocene sealevel curves have been propaosed for different sites along the
Brazilian coast (Fig. 5.1). Suguio et al. (1985 were the first to propose systematicd, well -
constructed Holocene sealevel curves for the Brazili an coast. The Salvador Curve (Fig. 5.18)
is their best example. The Salvador Curve (Fig. 5.18) shows that the sealevel starts the
transgressve phase dove the present sealevel shortly before 7000yeas BP and reatied 5m
above present approximately 5100 yeas BP. Furthermore two intervals of negative
oscill ation at 4000and 2700yeas BP were proposed.

After the work from Suguio et al. (1985 the discusson invalving Holocene sealevel
changes has mainly been focused on whether or not of secondary Holocene sea level
oscill ation accurred (see Angulo et al. 1999 and Angulo & Lessa 1997 as proposed by
Suguio et a. (1985. Figure 5.1b shows the sealevel curve proposed by Angulo & Lesa
(1997 for the Brazilian Coast. It was based on 93 dted vermetid samples (incrusting
aragonitic gastropod and acarding to Angulo & Lessa (1997 no secondary oscill ation was
deteded after the Holocene highstand. These findings agree with the Holocene sea level
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trends for other coastal regions of the southern hemisphere, where asmoath dedine of the sea
level may be observed sincethe Holocene highstand (Isla 1989and Pirazzoli 1997).

For the work area ad surrounds there eists no constructed Holocene sealevel curve
from paleo sealevel indicaors and orly some diagrams gained from glado-hydro-isostatic
models have been published. Peltier (1988 used a numericd model associated with some sea
level data and threediff erent melting chrondogies to predict emerged beades on continental
shorelines. Figure 5.1d shows the sealevel curves for Redfe aea(~370 kn southeast from
the work areg obtained from: (a) melting chrondogy of the ICE-2; (b) a 5000yea delay of
the Antarctic comporent of melting and (c) 7000 yea delay of the Antarctic comporent of
melting. Acoording to Peltier's model three Holocene sea level maxima occurred at 6800
yeas BP with 3m and 1.6n, at 5500yeas BP with lessthan 0.5m above the mean present sea
level. Bezerra et al. 1998cite a arve for the Touros sSte based on and constructed from
Peltier's modd (Fig. 5.1c). The Touros coast is located some 100km east of this dudy work
area The proposed curve predicts a Holocene highstand reading 2.3m abowe the airrent
mean sealevel 5100cd yr BP. No secondary sealevel-oscill ations were propased.

Figure 5.1 + Sealevel curves propased for the Brazilian coast: (A) Suguio et al. 1985 (B)
Angulo & Lessa 1997 (C) Peltier 1997 (Cited in Bezerra et al. 1999; (D)
Peltier 1988.

5.3- The beachrocks

Beadrock is carborate-cemented bead sediment dipping seavard, foundand formed
mainly in the intertidal zone of tropicd beades athouwgh it does occur in the sublittoral zone
and subtropicd coasts. In the study areathe beadrocks (Fig. 5.2 exhibit a grea range of
dimensions and shapes. The beadirocks here ae denominated informally acerding to their
geographic locdity and using further denomination from Bezerra et al. (1998. The S o Bento
Beadrock is the longest, stretching 2.3km aong the bead, while the Cabelo Beadrock is
the shortest with a length of 0.3km (Fig. 5.2). The beadrock bodes range in thicknessfrom
0.4m to 2m and in width from 3 to 17m and accur mainly parallel to the present shoreline
with exception d Reauado Beadwrock (Fig. 5.2. The beadrock bodes are subhaizontally
oriented dpping gently seavard (<8°). Their surfaces are irregular and dften organic
encrusting of algae ad marine organisms is present. All Holocene beadrocks from the study

Late Quaternary coastal evolution of the northern Rio Grande do Norte mast, NE Brazil



Chapter 5 - Holocene sea leve changes: Evidencefrom beachrocks and pdeo-lagoms 46

Late Quaternary coastal evolution of the northern Rio Grande do Norte mast, NE Brazil



Chapter 5 - Holocene sea levé changes. Evidencefrom beachrocks and pdeo-lagoans 47

area ae positioned in the intertidal zone with the exception d Reauado Beadrock that lies
entirely in the badcshore zone eat of S 0 Bento and Cai ara(Fig. 5.2.

The beadrocks have agray color and the grain sizes vary from very fine sand to
pebbles forming poaly sorted sediment. The grain morphdogy varies from subangular to
subrounded with grain contads being mostly purctual. The beadwrocks are composed
basicdly of terrigenous comporents with quartz being the main constituent (20-45%)
followed by feldspar, limonite and quartzite a rock fragments. Zircon, opques and
tourmaline occur as traceminerals. The bioclastic constituents can reat upto 3% and are
mainly red algae and bvalves. It is also olserved that gastropod,coral, foraminifer (Miliolid,
Texulariid and Nummulite), echinoderm spins, bryozoans and green algae (Halimeda) are
present. It is interesting to observe that the beadwrock compositions are dmost always
analogous to the modern sand d the aljacent beades.

Following the strategy of Bezerra et al. (1998 the sedimentary structures present in
the beadwrocks were cmpared with modern beades to identify their paleogeography.
Moreover elevation measurements of the beadirocks were caried ou in order to pasition
them in relation to the present mean sealevel (MSL) and maximum spring tide sealevel
(MSS.). All horizontal pasitions were gained by the global paositioning system (GPS), and
correded by using tide-tables, suppied by the Brazilian Navy, of the locd standard pats,
Natal and Macali. These procedures are recommended by Admiralty (1996. The zero level
used was the Brazili an @Corrego Alegre®National Datum.

The Figure 5.3 was based onfield olservations (Fig. 5.4 and it shows atypicd beah
profile mainly charaderized by swash-crossstratification in the foreshore zone and trough-
crossstratification in the shorefacezone. Observed in Figure 5.4 is that the foreshore deposits
dip seawvard (right side of the phao) while the washover deposits dip gently landward (left
side of the phao).

Figure 5.3- Typicd sedimentary structures foundin a mesotidal modern bead.

The diff erences between shoreface ad foreshore deposits are basicdly marked by the
grain sizes and sedimentary structures. The shorefacedeposits are dharaderized by coarse to
conglomeratic quartz sand dten with hioclastics. The most common sedimentary structure is
the trough-crossstratificaion that is a result of migration d sinuous crested bedforms during
transportation. Observations show that the palaeocurrents are direded in a westward diredion
although some trough-crossstratificaions are induced by an important N-S comporent.

The foreshore sands are dlightly finer than those of shoreface varying from coarse to
medium sand. Tabular beds and sheds with thickness of 0.1 to 0.4n compose the seavard
dipping swash-crossstratification that is the main sedimentary structure. According to
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Bezerra et al. (1998 the midde to lower foreshore deposit can be used as a sea level
indicator with apredsion d 1.0m while the upper shorefacedepasits that correspondto the
minimum low tide level (Fig. 5.3 can be used as a sealevel indicaor with a predsion o
0.5m.

Figure 5.4 - Upper foreshore and badkshore depaosits on the bead locaed between Ponta do
Emiss rio Beadwrock and S o Bento Beadwrock (For locaion seeFigure 5.3)

Figure 5.5 shows the two most common sedimentary structures found in the
beadrocks of the study area The description d crosssedions of ead beadrock help to
position them and their samples (bioclastics to later **C dating) in relation to the maximum
spring tide sealevel and mean sealevel.

Figure 5.5 - Beadrocks and sedimentary structures in the foreshore and shorefacezones. (A)
S o Bento Beadwrock showing swash-crossstratification (sw) in the foreshore
zone and (B) trough-crossstratificalion in Cabelo Beadwrock pasitioned in the
upper part of shorefacezone.

Although some estimations exist bou sea level paositions from beadwrock fades
(Bezerraet al. 1999, the exad mean sealevel pasition canna be determined due to the large
thickness of the foreshore and shoreface deposits in beadwrocks of meso and maaotidal
coasts. In this case where the maximum Holocene mean sealevel did nd read more than
1.5m abowe the present sealevel (see tapter 4), an exad sealevel indicéaor is required
because the locd spring tidal amplitude of 2.85m (DHN 1974 can disguise the indicaor.
Acoording to Hopley (1986 only the uppermost level of beadrock cementation can be used
as areliable and pedse sealevel indicator. In this case, it represents the mean spring tide
level. Thus it was attempted to define the uppermost cementation level of the beadrocks that

Late Quaternary coastal evolution of the northern Rio Grande do Norte mast, NE Brazil



Chapter 5 - Holocene sea leved changes: Evidencefrom beachrocks and pdeo-lagons 49

corresponds to the higher pasition o the foreshore deposit. Furthermore, the devation o this
uppermost level relative to the present maximum spring sealevel was measured. Nevertheless
the top d many beadrocks could na be defined as in many cases, bah modern foreshore
and badkshore sediments (dures) cover thistop (Fig. 5.9).

In Figure 5.7 the topographic profile acoss the Gugjiru Beadirock and Reauado
Beadrock is shown, of which the latter is positioned entirely on land (Fig.5.89). The profile
shows that the top d the Reauado Beadrock, interpreted as its uppermost cementation level,
is positioned a least 1m abowe the level of the top o the Gugiru beadwrock, which
corresponds to the present maximum spring sealevel. Therefore it may be concluded that the
Reauado Beadwrock might represent a depasit of the Holocene highstand

Figure 5.6 - Galinhas Beadrock 2 showing that the uppermost part (arrows in the figure)
canna be defined dwe to the cver by modern foreshore and hbadkshore
sediments.

Figure 5.7 - Topagraphic profile normal to the Reauado and Guajiru Beadirocks sowing that
the top d the Reauado Beadrock is positioned at lesst 1m abowve the present
maximum spring tide sealevel and 2.6n above the present mean sealevel. For
locaion seeFigure 5.2.

According Bezerra et al. (1998 the Reauado Beadwrock was dated to 545q+290/-
390 cd yr BP matching with the age of the Holocene highstand proposed by some Brazili an
sealevel curves. These aithors interpreted some shell acaumulations as a marine terracethat
were dated at 4070 +320-280 cd yr BP and pasitioned somewhat parale to the Reauado
Beadrock. They concluded that this marine terraceis elevated at least 5m above the sealevel
predicted by the Touros Curve and could represent vertica Holocene tedonism. According to
the field observations the shell acaimulations (Fig. 5.80 form separated small hills at an
elevation between 3 and 5 m above modern mean sealevel where rests of ceramics and
anthropogenicdly-broken gastropodshell s are mommonly found.
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Figure 5.8 - (A) Reauado Beadrock and (B) shell-midden deposits. The arows mark the
various bodes.

Fairbridge (1976 and Martin et al. (1986 described the same charaderistics for shell -
middens (named Sambaquis) locaed on the southeastern coast of Brazil, although these
deposits are much larger than those dose to the Reauado Beadrock. The general geometry of
marine terraces forms a regular wave-cut platform that does not match with such shell-
middens.

5.4- Radiocarbon dating

The AMS radiocabon ages of the beadrocks were obtained from bivalve shells
(Table Nr. 5.1). It is the first time that AMS radiocarbon diting on paleo sealevel indicaors
has been undertaken in coastal studies on the Brazilian coast. A group d 13 well-preserved
shells were seleded uponwhich pre-treament procedures were caried ou. Additional 5
radiocarbon chta gained from vibro-cores in the paleo-tidal flat of S o Bento and Cai ara
(Chapter 4) were used together with the data from the beadrocks.

The bivalve spedes found in were determined with reference to Maury (1934 and
Campos e Silva et al. (1964). According to these authors the most common spedes, in arder
of abundance present on the bead and in the beadrocks are Donax striata, Divaricdla
quadisulcata, Tivda mactroides, Anomalorcada brasiliana, Anadara ovalis and Ostrea sp.
In this gudy Lucina pedinata was also found onthe paleo- tidal flat of S o Bento and
Ca ara

All radiocarbon ages presented here were cdibrated using Dataset 2, 3 and 4 d
CALIB rev4.3 (Stuiver et al. 1999 and correded for isotopic fradionation based on the
13¢/*2C ratio measured simultaneously with the **C/*C ratio by the AMS-system. Thereis no
pubished information abou reservoir age of marine or brackish water in the study area
Therefore no corredion hes been made for reservoir effeds. The d**C values for the bivalve
shells (Table Nr. 5.1) ranging from + 3.31%% to £3.09%:show that the majority was typicaly
from atransitional environment. The percent of marine caborete in the shell s used during the
age cdibrations was obtained from d*3C values. The d'°C values in fossls of original
caborete of bivalve shell s vary mainly as afunction d the eavironment where the shell li ved
(Keith and Parker 1965,Martin et al. 1986,Muhs and Kyser 1987,Krantz et al 1987,Hendry
et al. 200) and thus a relation between percent of marine caborate and d™*C can be
proposed. Bivalve shells from freshwater yield d**C values varying from +9%to +14% (0%
of marine caborete), whereas those of marine origin show zero o positive values (100% of
marine caborete) (Keith and Parker 1964, Martin et al. 1986,Vita-Finzi 1992. Furthermore
the freshwater carboretes might show a greaer variability of d*3C values which may be
attributed to the presence of carbon doxide produced through the oxidation d plant debrisin
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soil and by plant respiration (Faure 1986 and therefore do nd necessarily indicate relation to
the marine caborete cntent.

Table5.1 - AM Sradiocarbon data o the beachrocksand vibro-cores samples

Laboratory Sample Elevation Material B¢ Conventional 1 [yr]# Calibratedagef 1 ranget

number* (m amsd) (%MC) AMS (%) age [14C yr BP] +- [Cal yr BP] [Cal yr BP]

KIA 12334 Guagjiru (Gua) -0.2 Biv. shell (98%) 1.77 0.08 3150 30 2930 29602880

KIA 14751 Recuado +1  Biv.shdl (83%) -0,62 0,07 5480 35 5910 59405900
Beadr. (RB)

KIA 14746  Recuado shell +1.2 Biv.shdl (71%) -2,50 0,08 5270 40 5730 57605680
midden (RS)

KIA 12336 S oBento -25 Biv.shdl (79%) -1.31 0.11 6265 40 6790 68506740
Beadr. (SB)

KIA 14748 Cabelo -1 Biv.shel (85%) -0,35 0,08 3990 30 4070 40903990
Beadr.-a(C-a)

KIA 14755 Cabelo -0.5 Biv.shdl (95%) 1,26 0,46 3795 35 3750 3730 38103690
Beadr.-b (C-b)

KIA 14744 Gados -2.8 Biv. shell (99%) 1,87 0,09 4370 30 4510 45304440
Beadr. 1 (Gl 1)

KIA 14749 Galos -0.7 Biv.shel (69%) -2,84 0,17 2595 40 2350 23902340
Beadr. 2 (Gl2)

KIA 12338 Galinhos -0.8 Biv.shel (80%) -1,04 0.20 3375 30 3330 33503300
Beadr. 1 (G1)

KIA 14742  Galinhos 0 Biv. Shell (100%) 3,31 0,11 4485 35 4680 4660 47704600
Beadr. 2a(G2a)

KIA 14747 Galinhos -0.2 Biv.shdl (100%) 2,64 0,09 2180 25 1780 18101730
Beadr. 2b (G2b)

KIA 14752  Galinhos -0.8 Biv.shdl (95%) 1,32 0,05 2715 30 2400 24602350
Beadr.2c (G2c)

KIA 14750 Galinhos -1.6 Biv.shdl (95%) 1,22 0,07 3315 35 3200 32403140
Beadr.2d (G2d)

Vibro-cores (Paleo-tidal flat closeto Sdo Bento — for location seeFigure 4.2)

KIA 13956 LCSBN (1a) 28 Wood (0%) -2591 014% 6520 45 7430 74607420

KIA 13957 LCSBN (2b) 28 Leaves (0%) -2633 020% 6125 40 6990 70906910

KIA 13958 LCSBN (20) -445 Bak  (0%)  -2719 013% 6035 35 688Q 687Q 6820 68406760
6810

KIA 14743 LCSBN (2a) -1.8 Biv.shell (68%) -308 0,15% 3575 30 3580 36303550

KIA 16093 LCSBN (2d) -4.78 Biv.shell (68%) -3,09 041% 6355 45 6950 70106890

* Leibniz Laboratory + Kiel, Germany

#1s probability of conventional age

¥ Calibrated applying CALIB rev4.3 (Dataset 2, 3 and combination of 1 and 3): Stuiver et al., Radiocarbon 40 10411083 1998
T1s enclosing 68,3% of area of probability distribution

AMSS_= above present maximum spring tide sea level

%M C = Percentage of Marine Carbon

The pre-tregment procedures were caried ou on the shells to avoid contamination,
which could lead to some unreliable radiocarbon ages. All shells were first mechanicdly
cleaned under a binocular magnifying gass using a dentist drill. Afterwards they were
examined by an eledron scanning microscope (Fig. 5.9 and 5.9H and X-ray diffradion.
Only the samples that did na: show signs of diagenetic dteration were chasen for *“C-dating.
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Figure 5.9 - Eledron scanning micrographs of the shells $iowing needles of original
aragonite forming crossed-lamellar structure: (a) Reauado Beadrock and (b)
Cabelo Beadrock.

Obtained radiocar bon ages and their significances

The dating of beadrock from biogenic materials such as dhell s can give reliable ages
when dated material is carefully chosen and cautious pre-treament procedures are caried ou.
It is important to remember that the radiocarbon shell age is that at the organism deéah,
theredter it had been transported, depasited ona bead and subsequently cemented into the
beadrock. The difference between the deah o the organism and the cementation d the
beadrock may be hundeds or even thousands yeas (Hopley 1986. Thus a caeful choice of
biogenic material is required. By choosing only well-preserved shells siowing no signa of
chemicd and physicd alteration, is it possble to reduce the difference between shell and
cementation age because shell transportation in a high-energy environment, such as beades,
tends to promote chemicd and plysicd alteration. Neverthelessthe age yielded by the dating
of a onstituent organism can only be regarded as the maximum possble aje for the
beadrock cementation.

Guajiru Beachrock: One sample of bivalve shell located 0.2n below the MS in the
upper foreshore depaosit was dated at 2930 30 Cal yr BP. There is a good agreanent between
this age and that presented by Bezerra et al. (1998 for the same beadrock if the 2s error
suggested hy these aithors is considered. These authors dated this beadwrock at 2759+230/-
110 Cal yr BP at 2s. It is probable that the beadrock formation cccurred approximately
2930 30Cal yr BP when the sealevel paosition was posgbly identicd to the present.

Reauado Beachrock and Reauado Shell Midden: One sample of bivalve shell | ocated
at the uppermost part of the foreshore depaosit and Im above MSS. was dated at 5910 35 Cal
yr BP. Two more radiocarbon ages for this beadrock are avail able. Caldas (1996 dated ore
bivalve shell from the uppermost part of Reauado Beadrock at 5455 200 Cal yr BP while
Bezerra et al. (1998 obtained an age of 5450+290-390 Cal yr BP for a bivalve shell
pasitioned 3.9m above mean sealevel. Silva (1991) obtained a conventional age of 5020 120
yr BP for cement of beadrock locaed onthe A u river delta and paitioned at least 1m
abowve the present high tide. The Reauado Beadwrock certainly was formed duing the
Holocene highstand that acwording to some Brazilian sea level curves took gdace
approximately 5200yr BP. Therefore the aye determined in this gudy is 450 yeas more than
ages determined by the mentioned authors, and this might refled several contributing fadors.
It may be possble that the shell's organism dated in this gdudy died 450yeas ealier than the
organisms of the shell s dated by previous authors, but all were deposited and cemented at the
same ge. Another reason for the age differences could be the different parameters used
during the aye cdibration.
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One sample of bivalve shell locaed at the base of the shell midden (1.2m abowe
MSS.) and close to Reauado Beadrock was dated at 5730 40 Ca yr BP. Caldas (1996 and
Bezerra et al. (1998 dated hivalve shells from the same deposit and olained ages of
4130 280 Cal yr BP and 4073-320-280 Cal yr BP, respedively. The ae differences can be
aresult of the mntamination o modern “C by secndary cdcite in the bivalve shell s that the
abowve authors used.

Sao Bento Beachrock: One sample of bivalve shell (S o Bento Beadwrock, Table Nr.
5.1) locaed at 2.5m below MS3. (1m below mean sealevel) in the upper shorefacedeposit
produced an age of 6790 40 Cal yr BP, which shows a good agreement at 2s age extension
for Bezerrds data for the same beadrock (Farol de Santo Alberto Beadrock of Bezerra et al.
1998. They dated this beadwrock at 6460 +430-390 Ca yr BP. It is probably that the S o
Bento Beadwrock was formed duing the last Holocene transgresson (approximately 6700
Ca yr BP), when at this time the sealevel was stuated, interestingly, at the same position as
the present.

Cabelo Beachrock: Two samples of bivalve shells from Cabelo Beadwrock were
dated. One sample (Cabelo beadrock-a, Table Nr. 5.1) pasitioned in the foreshore sedion at
1m below the MSS. gave an age of 4070 30 Ca yr BP, whereas the other Cabelo
Beadrock-b, locaed at 0.5m below MSS. and also in the foreshore sedion, povided an age
of 3750 35 Ca yr BP. This age difference suggests that the cementation process of the
beadrock continued upwvard for at least 320yeas.

Galos Beachrock 1. An age of 4510 30 Ca yr BP was obtained for a bivalve shell
positioned at 2.8m below MSS_ in the shorefacedeposit.

Galos Beachrock 2: One sample of bivalve shell located at 0.7m below MSS. and in
the foreshore deposit was dated at 2350 40 Cal yr BP. The difference between the Galos
Beadwrock 1 and 2 might demonstrate that each beadrock had been formed duing diff erent
time dthough under same sealevel conditions or the shell s were transported and recemented.

Galinhos Beachrock 1. One sample of bivalve shell positioned at 0.8m below MSS.
andin the foreshore depaosit gave an age of 3330 30 Cal yr BP.

Galinhos Beachrock 2: Four samples of bivalve shells were dated from Galinhos
Beadwrock2. The sample Galinhos Beadrock 2a dated at 4680 35 and 4660 35 Cal yr BP
was colleded at the top (upper foreshore deposit and at MSS.) and in the extreme eat of the
beadrock closer to the Galos city (Fig. 5.2). The other 3 hivalve shell s were sampled in front
of Gainhas city (Gainhos Beadwrock b, ¢ and d. The samples Galinhos Beadrock 2b and
2c were taken at 0.2m and 0.8n below MSS. in the foreshore deposits, respedively. The
ages obtained were 1780 25 Ca yr BP and 2400 30 Ca yr BP, respedively. The sample
Galinhos Beadwrock 2d was positioned at 1.6m below the MSS_ in the foreshore depaosit and
gave ge of 3200 35 Cal yr BP. This last sample suggests the maximum age & which the
beadrock had started forming. The discordant age crrelation ketween Galinhos Beadirock
2b,  and 2d may refled a varied provenance of the material or verticd sequence of
beadrock cementation; the latter being more probable. The sample Galinhos Beadrock 2a,
contrary to the others certainly represents a reworked and recanented hivalve shell. Bezerra
et al. (1998 obhtained an age of 3430+240-220 Ca yr BP for a bivalve shell colleded at
1.1m above mean sealevel.

It seems that Galinhas Beadwrock 1 and 2were formed duing the same period.

Paleo tidal flat (S0 Bento and Caicara): Threesamples of organic matter and 2 d
bivalve shell s from vibro-cores of the paleo-tidal flat of S o Bento and Cai ara were dated.
The sample LCSBN-2a (bivalve shell in living position £ Fig. 4.5 was colleded on the
surfaceof the paleo tidal flat which lies 1.8m below MSS_, and was dated at 3580 30 Cal yr
BP. The other samples, LCSBN1a and LCSBN 2b, Z and 2d (Table Nr. 5.1) present ages
between 6800to 7500Cal yr BP and represent transgressve deposits.
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5.5- Holocene sea leve history

Figure 5.10 shows the trend d the Holocene spring tide sealevel (solid line in the
Figure 5.10 based on lagoorel and beadrock ages. The use of the uppermost level of
beadrock cementation as a reliable sea level indicaor seems to be gpropriate for a
mesotidal coast where beadwrocks are the most important coasta deposit. However
difficulties exist in reamgnizing and defining the exaa position d the uppermost level, as this
level was almost always covered by current backshore and shorefacesand degposits. Despite
these difficulties, it was possble to construct a transgressve Holocene maximum spring tide
sealevel curve showing a @mnsistent trend. The regressve sequence of such a arve muld na
be determined due the difficulties mentioned above, bu some conclusions can be readed.

According to the aurve in Figure 5.10, the transgresson passd the present mean sea
level pasition 6500Cal yr BP, as was predicted by other Brazili an sealevel curves (Suguio et
al. 1985, Pdtier 1997 [Cited in Bezerra et al. 199§), and readied its maximum
approximately 59006000 Ca yr BP. The height of the maximum Holocene spring-tide sea
level cetainly did na extend 1.3n abowve the present one. Stated ctherwise if the same tidal
range is asaumed for the Holocene period, the Holocene highstand was not higher than 1.2m
above the modern as indicaed by the Reauado Beadirock and Reauado shell midden. The age
of this maximum is approximately 6000 Cal yr BP and it does not agree other Brazili an sea
level curves, which indicae an age dose to 5200yr BP. Neverthelessthere is no Holocene
Brazili an sealevel curve constructed with cdibrated ages from paleo sealevel indicaors and
perhaps this can explain the age differences, athouwh the cdibrated sealevel curve from
Peltier's model (1997 - cited in Bezerra et al. 1998 also predicts the Holocene highstand to
occur approximately at 5200 Ca yr BP. The more gpropriate explanation to this age
differences is provided by the different parameters used duing cdibration o radiocabon
ages that change the ages either pasitive or negative in the time scde.

Figure 5.10- Holocene sealevel curves for the studied area MS3.= present maximum spring
tide sealevel, MSL= present mean sealevel. Sample mdes: seeTable Nr. 5.1.
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The regressve sequence cana be dealy reconstructed from the ages. An expeded
trend for both Holocene MSS. and Holocene mean sealevel can be shown if no secondary
oscill ations have occurred and if the tidal regime during Holocene time was identicd to the
present. If the data from Figure 5.10is compared with the proposed curves, it may be dea
that the Holocene highstand was probably not higher than the present spring tide sealevel and
thus it may not necessarily be expeded that many Holocene sealevel coastal deposits will be
paositioned above the present MSL. In fad, orly one part of one beadrock is positioned
abowve the present MSL as well as the MSS.. Figure 5.7 shows that the presumed base of
Reauado Beadwrock coincides with the present mean sealevel and orly its upper foreshore
part (former MSS.) is locaed abowve the aurrent MSS_, which indicates that this beadirock
could have been cemented duing a Holocene sealevel highstand. The beadrocks yournger
than 5000Cal yr BP indicée that they were formed uncder sealevel condtions smilar to the
present and secondary oscill ations canna be onfirmed. Neverthelessthe maximum elevation
and the topagraphy of the uppermost part of these beadrocks could na be determined and
this perhaps explains the dsence of ages around 5000and 4000Cal yr BP positioned above
MSS.. Little verticd variation d Holocene sealevel was aso proposed by M rner et al.
(1999 for the mast between Bel m and S o Luis, where the sealevel from 5200to 4400yr
BP was very close to the present one. Our Holocene remrds suppat also the sea level
changes presented here (seeChapter 4).

5.6- Holocene sea level history: Diagenetic and chemical records

The dcemicd and dagenetic anayses of the beadwrock cements alow for the
modeling of their depositional environment and thus their correlation with the proposed
Holocene sea level curve. Seventeen thin sedions of the beadwrocks were used in
petrographycd studies and for further chemicd andisotopic analyses.

5.6.1- The beachrocks and their cements

All beadwrocks of the studied area present microcrystalli ne-pell eted cement (micrite)
(Figs. 5.11a and 5.11h of high-magnesian cdcite (HMC) and realles of aragonite forming a
fringe (Figs. 5.1t and 5.11d, as the two most important carborate canents. Figure 5.11
shows how these cements occur in the thin sedions.

These cements predpitated in the beadrocks of the studied areaindicae that they are
typicd of the marine phreaic zone (Longman 1980, Scoffin & Stoddart 1983, Coudy &
Montaggioni 1986,James & Choquette 1990 and nosigns of cements derived of freshwater
vadose and freshwater phreatic zone (Bathurst 1971, Longman 1980, Couday &
Montaggoni 1989 has been reagnized. Miketta (2001) had also demonstrated that the
cements of the beadwrocks locaed between S 0 Bento and Galinhos have strictly been
predpitated under marine influence with the exception d the cement of Galinhcs Beadirock
2, which presents a dlight tendency towards those predpitated through meteoric water.
Nevertheless this author concluded that it would nd necessarily suggest aaia expaosure of
this beadrock during sealevel oscill ations. According to Miketta the present meteoric water
flowing over the beadrock during low tide or its contad with ground water could induce
these kinds of cement predpitations. Therefore secondary sealevel oscill ations that would
result in along agia exposition d the beadwrock (meteoric influence) canna be cnsidered.

Figures 5.11a and 5.11 show the cements foundin the Galinhos Beadwrock 1 and
Reauado Beadrock. The threephases of typicd marine caments for the S o Bento beadrock
(Micrite-Aragonite-Micrite [Fig.5.11c] and Aragonite-Aragonite-Micrite [Fig. 5.114)
indicae three phases in which S o Bento Beadwrock had been subjeded to the marine
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phredic zore. In fad, from Figure 5.10 (sample SB) it may be mncluded that the first cement
was arealy preapitated duing the rise of the sealevel.

Figure 5.11 - The most common cements in the beadrocks of the studied area (A)
Microcrystalline mass of HMC (letter M) filling al spaces between the
sliciclastic grains in the Galinhas Beadwrock 1 (crosspodarized-light); (B)
Microcrystalline massof HMC (letter M) in the pores of Reauado Beadrock
(crosspadarized light); (C) Two cements types in the S o Bento Beadirock.
The letter 3VI° represents the microcrystalline mass of HMC while A°
represents isopachous fringe of aragonite (plane-pdarized light); (D) S o
Bento Beadwock (crosspaarized light) showing HMC filli ng the pore (letter
M) and isopachous fringe of aragonite aound grains. Observe that two
phases of fringe of aragonite occur. The arows indicae the limit between
these phases.

Subsequently the S o Bento Beadwrock had been entirely under water when the
seaond plase of the marine phreaic cement was predpitated. The third phase of predpitation
under marine influence (HMC filli ng the pores) is currently taking place since the beadrock
was first locaed in the intertidal zone. All other beadrocks show only one phase of cement
predpitation in the marine phreaic zone, which confirms the suppdasition that these
beadirocks have been cemented solely within the intertidal zone of a sealevel regime similar
to the present.

5.6.1.1- The cenentsand their chemistry

The dhemicd analyses of the cements (Table Nr. 5.2 indicate that all beadrocks have
been cemented in the intertidal zone of the marine phredic environment. The micrite cenents
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are magnesian-enriched calcite predpitates containing 13,16to 14,89moleY2 MgCO 3 (Table
Nr. 5.2 typicdly associated with the intertidal zone (Alexandersson 1973.

Table5.2—Mol% MgCOs St (ppm)*, d'®0, d**C values of the beachrock cements.

Thin Beadrock Deposit  Cement MgCO; Sr d“c d®o
Sedion (Mol%) (ppm) PDB PDB
SB5-A S o Bento us Micrite 1316 0 3.07 -0.07
SB5-B S oBento MF Aragonite fringe -- 12,600 2.93 0.21
BR-Rec Reauado UF Micrite 14.89 0 -0.04 -1.37
Gdi-Br2a  Galinhos-2 us Micrite 14.26 0 264 045
Gdli-Br2b  Galinhos-2 UF Micrite 1453 320 243 051
Gai-Br1 Galinhos-1 MS Aragonite fringe -- 13,400 353 0.84
Gual Guajiru us Aragonite fringe -- 10,500 344 0.33

* From eledron microprobe.
MF= midd e foreshore, US= upper shoreface UF= upper foreshore, MS= middle shoreface

The aagonite aystals commonly form isopadhous rims around the grains or HMC
(Fig. 5.1 and 5.11d thus implying cementation in water-fill ed pores of a marine phredic
zone (e.g. Purser 1969,Moore 1971, Tietz & M ller 1971,Schr d er 1973,Bathurst 1974and
Hanor 1978. Strontium is the major trace éement in aragonite usually reading from 7 to 10
parts per thousand (Kinsman 1969,Bathurst 1971, Friedman & Sanders 1978 and Tucker &
Wright 1990. Vaues of 13,150 pm have been reported by Strasser et al. (1989. The
strontium contents in the aagonite cements of some studied beadwrocks vary from 12,600
(S o Bento Beadrock) to 10,500pm (Guajiru Beadwrock). The presence of aragonite with
high strontium content indicates ealy diagenetic caments formed in shallow tropicd seas
(James & Ginsburg 1979, Veizer 1983, Couday & Montaggioni 1986 and Morse &
Madkenzie 1990 indicatiing that the Holocene beadwrock cements in the studied coast have
not experienced condtions of the meteoric environment.

5.6.1.2- The cenents: Carbon and oxygen isotopes

Milliman (1974, Margaritz et al. (1979, Veizer (1983 and Margaritz (1983 have
shown that the variances in the stable isotopic compaosition d carborete predpitates are a
dired result of the different environments (for example fresh o marine) in which the
predpitates were formed and atered. Particles and cements predpitated in marine
environment have amean d“*C and d*®0 value dose to zero, whereas those formed in a fresh-
water environment become systematicaly more negative (d-*C=-5 to -15 and d'%0=-5 to -10).
The negative values indicate post-depositional exchange of isotopes with meteoric waters.
The d**C values in the beadrock cements range from -0.04%4to 3.53Y% ppg, Whereas the d'%0
values vary from -1.37%2t0 0.84%ppg (Table Nr. 5.2. These vaues indicae cement
predpitation d the beadrocks in a shalow, predominant marine ewvironment with
insignificant freshwater influx (Fig. 5.129.

The sample Br-Recreferent to the Reauado Beadwock micrite canent is the only one
that does nat plot in the shallow-water field. It can be observed in the Table Nr 5.2 that bath
d"*C and d*®0 for Reauado Beadrock present values negative in comparison to the others.
The depletion o d*3C and d*®0 (sample BR-Rec) can be atributed to an influx of fresh-water,
the dfed of organic matter or secndary diagenetic dteration d marine cements in a
meteoric environment. This last suppasition can be rejeded becaise the existence of HMC,
eally transformed to low magnesian cdcite during subaaia exposure (Bathurst 1977),
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clealy demonstrates the presence of original intertidal cement. Furthermore the structure of
the caments composed of micrite envelopes and isopachous fringe of aragonite, indicaes
predpitation undgr marine phreaic zone. The most appropriate explanation is the occurrence
of both fresh-water influx and aganic adivity during the cementation d the Reauado
Beachrock for the period d Holocene sealevel highstand, when barrier-islands associated
with mangroves and tidal channel existed (see Chapter 6 for more detail ).

Figure 5.12 - Stable isotopic fields (PDBY%) for recent carborate sediments and componrent
particles (Milliman 1974. The bladk symbos represent the samples of
beadrock cements from this sudy. SeeTable Nr. 5.2for the analyses.

5.7 - Discusson, conclusions and perspedives

Sea level studies on the Brazilian coast have shown that during the last deglada
transgresson the sealevel passed the present position for the first time gproximately 7000/r
BP. Approximately 5200yr BP the sealevel readed a highstand at 3.5m abowve the arrent
sealevel and after which the level recaled to the present level. Some secondary sealevel
oscill ations have been suggested duing the regressve phase. For the study area ad
surrounds there is only one sealevel curve @nstructed from sealevel indicaors (Barreto et
al. 200) and ancther gained from glado-hydro-isostatic model, named the @ ouros Curve®
by Bezerra et al. (1998. The first curve is osmewhat similar to the Salvador curve with
semndary oscill ations whereas the seand, gained from hydro-isostatic model, does nat
predict secondary oscill ation.

In the study area the determination d the uppermost part of the beadwrock
cementation and its relation with present sea level have shown to be areliable sea level
indicator. The determination d paleo-mean-sealevel from beadrock depaosits in maao and
mesotidal coasts is complicated becaise beadrock depaosits can only hint at the former spring
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tide level and the tidal amplitude. Therefore only the uppermost part of the beadwrock can be
used as areliable sealevel indicaor.

In the study areathe uppermost parts of the some Beadirocks were identified and bdh
sampling and their elevation measurements in relation to the present sealevel were caried
out. Some '“C dating from paleo tidal flat sediments were undertaken as well. The
constructed sea level curve obtained from these data and its subsequent interpretations
improved from chemicd and dagenetic data has demonstrated that the mean sea level
readed the present position along the northern coast approximately 6600 Cal yr BP as
predicted by most sealevel curves for the Brazili an coast (e.g. Suguio et al. 1985,Angulo &
Lessa 1997). Acoording to the beadirock geochrondogy the cementation o the S o Bento
Beadrock first took daceduring the sealevel transgresson when typicd intertidal cements
like HMC and realles of aragonite were predpitated in the pores of the ancient beath
sediments. During the Holocene highstand that readied 1.2n above the present mean sea
level, the S o Bento Beadwrock was drowned under typicd marine phredic control. During
this gage the second cement (Aragonite fringe) onthe S o Bento Beadwrock was predpitated.

The Reauado Beadwrock was formed duing the Holocene highstand. Its uppermost
part of cementation represents at least the height of the maximum spring tide of the former
sealevel and thus can be used as a reliable sealevel indicaor. The devation measurements
show that this uppermost part is positioned 1.3n above the present spring tide level andif one
considers that the tidal regime during the Holocene time has remained more or lessidenticd,
the mean sealevel may be placel at approximately 1.5m below the uppermost part of the
Reauado Beadwrock. This suggests that Holocene highstand readied approximately 1.2m
above the present level at 5910 35 Cal yr BP while & the same time the Holocene spring tide
readied 1.3n abowve the modern ore. Immediately abowve the highest beadrock lies
lowermost part of the shell midden dated at 5730 40 Ca yr BP which is definitely abowve the
tidal zone (Fairbridge 1976and Martin et al. 1986.

These findings demonstrate that at least for the proposed Holocene highstand,
substantial differences to ather Brazilian records have been deteded: the Salvador curve
(Suguio et al. 1985 and Martin et al. 1989 suggests a highstand d approximately 5m
whereas the Touros Curve (Peltier 1997 cited in Bezerra et al. 199§ predicts a Holocene
highstand d approximately 2.2m abowve the present mean sealevel. At least for the Salvador
curve the highstand dfferences can be dtributed to bah regiondly different tecdonic uplift
and subsidence trends in addition to the eustatic comporent in that region. The differences
between the arve of this dudy and Peltier's glado-hydro-isostatic model-curve for the
Touros region (Bezerra et al. 1999 demonstrate that the sealevel probably has experienced
only eustatic changes. On the other hand, a Holocene highstand even correspondng to the
modern sealevel has been reported by M rner et al. (1999 for the mast between S o Luis
and Bel m (~600km NW).

The chemicd and dagenetic data from the Reauado Beadwrock demonstrate that it
was cemented uncer typicd marine antrol but with some fresh-water influx and aganic
adivity. Such condtions can easily take placeduring the propased evolution o the aeawhen
barrier-island systems asociated with mangroves and tidal channels occurred.

The suggested Holocene locd tedonics that, acording to Caldas (1996 Caldas et al.
(1997 and Bezerra et al (1998, produced locd uplift and subsidence was not detedable.
Most of the suggested Holocene tedonic events have been proposed indiredly from
morphdogicad and sedimentologica observations. The dating of outcrops affeded by tedonic
structures will determine the age of such events.

The regressve Holocene sealevel trend could be not determined from beadwrocks
yourger than 5000Ca yr BP becaise arrent foreshore and badkshore deposits cover the
uppermost level of cementation d the beadirocks. Nevertheless it is suggested here that the
elevation d the uppermost level of cementation can be recognized and measured through
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digging a trench onthe present upper foreshore zone. It has been suggested that the Cabelo
Beadirock is the most indicative to show uppermost level of cementation above the present
maximum spring tide level because it was cemented soon after the Holocene highstand (See
Fig. 5.10 when the maximum spring sealevel was yet higher than the present level. Thisis
true if the Holocene sealevel regresson hes been unform up to navadays and no seaondary
oscill ations have taken place as the diagenetic and chemicd data have shown.

In comparison with the other Brazilian sealevel curves for Holocene time, curve of
this gudy presents amost the same trend, although the transgressve sedion with dated
samples positioned below the arrent mean sealevel, is better represented than in the other
curves. To determine the exad position d the mean sea level from coastal sediments
deposited under mesotidal regime is quite difficult. The difficulty increases when variationin
sealevel has not been large enowgh to deposit undoulted mean sealevel indicaors above the
present spring tide level. Sincethe tidal range is greaer than the observed Holocene sealevel
highstand (+1.2m), any small-scde higher frequency oscill ation canna be reagnized. Only
the uppermost part of the beadrock cementation and its height in relation to the aurrent
spring tide level has indicaed that such deposit was cemented duing sealevel highstand.
However it shoud be kept in mind that the upper levels of cementation were difficult do
determine due to buial by current bead deposits. The continued observation d the bead-
profile and the determination d the upper level of cementation will im prove the regressve
sedion of the sealevel curve. The depositional model of the beadrock as a rozen bead?®
and its dired comparison with modern beades has permitted the paositioning of shoreface
foreshore-badkshore zonation with high preasion. The caeful distinction between baoth
current mean sea level and current spring tide level, and their verticd relation to predse
former sealevel indicaors in the aeaduring minor sealevel variations, may improve the
database necessary for the wnstruction d asealevel curve.
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6 - Late Pleistocene and Holocene mastal evolution
6.1- Introduction

The wasta evolution duing the Holocene goch for the studied area has here been
determined from geochrondogicd, geophysicd, stratigraphic, chemicd and petrographycd
data & well from field observations. The comparison and analyses of all data olleded in the
studied area dl ows the separation d Holocene and Pleistocene deposits.

In the dhapters 4 and 5,severa elements of the Holocene astal geology for the aea
have been already presented and dscussed but older sedimentary deposits have not yet been
introduced or discussed. Thefirst sedion d this chapter will present data of depasits from the
Pleistocene ages. The second part will ded with the integrated Holocene wastal evolution d
the aeabased onthe @nclusions made in the dapters4 and 5.

6.2- Pleistocene deposits

On the studied coast some sedimentary outcrops located at the Pontados Tr s Irm os
and Ponta do Emissrio, east of S o Bento, buld up coasta cliffs which are
geomorphdogicdly well distinct from those of Holocene ages. Correlated deposits have been
described for the aast of Touros (Srivastava & Corsino 1984and Testa & Bosence 1998.
For the mast between S o0 Bento doNorte and Pontados Tr slrm os (Fig. 6.1) Lima-Filho et
al. (1995, Cadas (1996 were the first to describe and propose Pleistocene ages for these
deposits based mainly on stratigraphicd and geomorphdogicd charaderistics. Caldas et al.
(2001 dated bivalve shells from Ponta do Emiss rio and close to Tibibau River (Fig. 6.1),
and found ages between 30000yr BP and 45000yr BP. According to these aithors guch
deposits could be older since these ajes are dose to the limit of the dating method wsed
(AMS *C). More recently some aithors have presented new geochrondogicd data for these
deposits (Barreto et al. 2002).

6.2.1- Ponta dos Trés Irméos, Ponta do Emissario and Tubibau River deposits:
Sedimentary characteristics

The sediments foundin Ponta dos Tr s Irm os (PTI1), Ponta do Emiss rio (PE), close
to Tubibau River and Santa Isabel Farm exhibit identicd morphdogicd, sedimentary and
petrographycd charaderistics. The PTI deposits (Fig. 6.1) are basicdly composed o
sandstone that was deposited esentialy in two coastal sub-environments: Foreshore and
badshore zones (Fig. 6.2and Fig. 6.3.

The foreshore deposits consist of grey sandstone with carborate cenents smilar to the
Holocene beadwrocks. The grain size varies from fine to very coarse sand often asciated
with granules and pebbles. The dominant sili ciclastic comporents are quartz with minor
portions of limonite, feldspar, tourmaline, zircon, rock fragments, titanite and opques. These
gliciclastic comporents can read up to 4®%6 of the volume of the rock. The caborate
comporents are represented by bioclastics (red algag green algae hivalves, bryozoans,
foraminifers and gastropods), which may reat up to 2346 of the volume and caborete
cements forming up to 23% of the rock volume. The main sedimentary structure present in
the foreshore depaosits is swvash-cross sratificaion indicating sedimentation in the intertidal
zonre. Therefore the foreshore deposits are interpreted as beadrocks.

The badkshore deposit is made up d well-sorted medium to very fine sandstone. The
dominant siliciclastic comporents are quartz and minor fradions of tourmaline, feldspar,
titanite, zircon and opaques. The most common kiodetrital comporents are red algae and
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Figure 6.2 - Ponta dos Tr s Irm 0s-4 sandstone. The bladk line limits the upper-foreshore
deposit (beadrock) at the base that is cgpped by bad<shore deposit (aeoli anite).

foraminifers reating up to 15 % of the rock volume. The main sedimentary structure is
trough-cross beddings tangential to the base (Fig. 6.2 and 6.3. Solution gpes could be
observed at the PTI and PE. Such pipes are ommmonly referred to the disolution d roots but
preserving their original structures (Miller & Manson 1994. These fedures alow for the
interpretation as aepli anite.

The beadrocks at PTI and PE forming the lower part of the deposits presents diff erent
thicknesses varying from 1.8m at the site PTI-4 to 5.5m at PE site. The a®lianite of the
upperpart shows smilar thickness variations (6m at the site PTI-4 to 2m at the PTI-2 site).
The mntad between beadirock and aedlianite is marked by abrupt grain size difference No
erosive surfacewas observed.

Figure 6.3 - Representative stratigraphic sedions dowing sedimentary structures and
interpreted limits between the main bead zones of PTI and PE sandstones.
Lithostratigraphic sedion d the Ponta do Emiss rio is acording Lima-Filho
(1995.
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The PE, Isabel and Tubibau deposits can be wrrelated to those from PTI on the basis
of sedimentary structures, petrography, stratigraphic relations and geomorphdogic feaures.
The PE deposit presents the same geometry and stratigraphic charaderistics as the PTI
sandstone dthouwgh the beadrock is thicker (5.5m) and contains more bioclastics, consisting
mostly of bivalve shells. The Isabel sandstone aops out as a smal hill that is positioned
approximately 10 meters abowve the present maximum spring-tide level. The petrographicd
and surfacefeaures of the quartz grains of the Isabel sandstone ae similar to thase from the
upper part of PTI, thereby suggesting aeolian deposition. However this outcrop is a poa
representative of this type of depasition as the various coastal deposits can not be separated.
The Isabel aeolianite is made up d well-sorted medium to very fine subrounded sili ciclastic
grains being cemented by carborete.

The Tubibau deposits are formed by cdcarenites with many bioclasts (bivalve shells).
Swash-cross gratification can be found in some part of the outcrops. Nevertheless these
deposits have been entirely removed from their original position for salt bed construction and
thus interpretation o sedimentary structures as well as the origina heights of outcrops
becomes difficult. Despite these problems, the petrographycd analyses have shown that such
deposits present the same dharaderistics observed for the beadrocks of PTI. The presence of
bioclasts, siliciclastic comporents and seandary carborete cements originating from those
typicd of intertidal origin reved a depasitional environment between foreshore and shoreface
zore.

Measurements of dip dredion d foresets in the a@lianite preserved in the diffs
parall el to the bead line indicate that they were deposited by winds blowing mainly from an
east-northeast diredion as suggested by the stegper slopes westward (paleo-dlip facg. The
present wind pettern, which has built up coastal dunes, shows smilar orientations at this point
of the mast.

The stratigraphicd correlations between beadwock that is covered by aeplian
sediments alow for the interpretation o an environmental change from highstand to
regressve deposits.

The scanning eledron microscope analyses of the surfacefeaures of the quartz grains
of both beadrock and aedlianite from PTI (Fig. 6.3 improved the evironmental
interpretations of these deposits substantially. The quartz surface feaures dll ustrate® the
medhanica and chemicd adion duing and after grain transportation through water and wind
Krindey & Doornkamp 1973,Al-Saleh & Khalaf 1982, Mycielska-Dowgialo & Woronko
1998, Newsome & Ladd 1999. Nine samples were mlleded from the a®lianite and
beadrocks of the study area These samples consist of threesand samples gemming from the
aelianite of the PTI and ore sample from the Isabel aeplianite. The final five samples were
taken from the beadrocks of PTI.

Figure 6.4 shows the main surfacefeaures observed onthe quartz grains. Eacd type of
sediment (aedlian o subaqueous) is charaderized by an abundance of certain surface
feaures.

The quartz grains from aeolianites are mainly well rounded (Fig. 6.4a and 6.4 and
present silica predpitation as an important feaure (Fig. 6.4h. Medanicd pits satered all
over the grain surfaceoccur (Fig. 6.48) when sili capredpitationis not predominant. Krinslay
& Doornkamp (1973, Higgs (1979 and Al-Saleh & Khalaf (1982 have demonstrated that
such surface taraderistics are éoundant on aeolian grain sediments.

The quartz grains from beadrock depasits ow triangular pits and aiented etch pits
as the most important surfacefeaures (Fig. 6.4 and 6.44. The triangular pits (etched V-
indentations from Krinsey & Doornkamp 1973 and aiented etch pts are assciated with
sglica predpitation o grain sediments of marine ewironment (Higgs 1979. Krinday &
Doornkamp (1973 also described such feaures of grains which have been immersed in
seavater.
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Figure 6.4 - Surfacefeaures of quartz grains from aeolianite and keadrock of PTI. (a) Very
well rounced aeolian grain from the midde part of the a®lianite & PTI-4 with
several depressons produced by mechanicd impads during grain transport, (b)
very well rounced quartz grain from top d the a®lianite & PT1-3 smoothed duwe
to the solution-predpitation prenomena. Note the hole aadks on the left side of
the grain that is the beginning of chemica weahering, (c) oriented V-shaped pits
produced by sili ca predpitation in subagueous environment on grain from upper
part of the beadwrock of PTI-3 and (d) a grain showing parale etch pits from
beadrock of PTI-4.

6.2.2- Ponta dos Trés Irmaos, Ponta do Emissario and Tubibau River deposits:
Diagenetic, chemical and isotopic characteristics of their cements

As many authors have shown, the compositional and morphdogicd charaderistics of
individual cements in such coastal deposits depend uponenvironmental condtions (Bathurst
1971, Bathurst 1974, Longman 1980, Couday & Montaggioni 1986. Thus the cabonrate
cements foundin the mastal deposits of the study area ca show how such depasits have been
positioned in relation to the sealevel (marine or continental influence) after their depaosition
and cementation. As e in the last sedion, the compositional and sedimentary feaures of
the deposits present at the PTI, PE, Tubibau and Isabel Farm have dlowed to interpret most
of them as typicd bead deposits. In such environment the caborete ceamentation presents
some particular charaderistics and compositions (see dapter 5) that indicae the rock
pasition in relation to the sealevel. Such cements, which are typicdly marine, are quite
unstable under the influence of meteoric waters where high magnesian cdcite (HMC) is
transformed to low magnesian cdcite (LMC) (Tucker & Wright 1990. According to
Friedman & Sanders (1978 HMC can change into LMC within atime span of 7000to 10000
yeas. The most cabonate cements found adualy in PTI, PE, Tubibau and Isabel depaosits
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can be related to those originating in freshwater phreaic environments (Longman 1980, as
will be discussed below.

Ponta dos Trés Irm o s Sandtones: The beadrocks are charaderized by open to semi-
closed interparticle pore spaces and semi-preserved skeletal grain mineralogy (Fig.6.5a and
6.5h. LMC forms elongated blades (EB in Fig. 6.59) and radiaxia fibrous cdcite (white
arrow in Fig. 6.51. These two types of cements are the most important usually forming thick
rims that cover al grains. Probably LMC forming microcrystalline cement (micrite) has been
found owrlaying the radiaxial fibrous cdcite (black arrow in Fig. 6.58. Such sample was
colleded from beadrock, 0.3m above present spring tide and its cement might demonstrate a
new generation d predpitation undx marine or meteoric influence Such cement texture is
common to those related to marine HMC and could represent a new predpitation duing the
Holocene highstand. Nevertheless chemicd and isotopic anayses shoud be undertaken to
know predsely if this cement redly has a marine origin.

LMC forming blocky cdcite occurs in bah beadirock and aeolian sediments although
it is more frequent in the a®lianites of the PTI (Fig 6.5c and 6.5 and Isabel aeolianite. The
blocky cacite tends to fill al pore spaces between the grains forming a mosaic texture (Fig.
6.50. Such cementation is also charaderistic of the adive zone of a freshwater phreaic
environment.

Ponta doEmissario Sandtone: The beadirock and aelianite of Ponta do Emiss rio
present amost the same cement charaderistics as those described for PTI, athough two
phases of marine predpitations and their ateration theredter in a freshwater phredic
environment has been identified for the beadrock sedion. The cements are LMC forming
stubby blades (black arrow in Fig. 6.5%) as the first generation and elongated blades (white
arrow in Fig. 6.%) as the second generation. Such kinds of cements san to be the product of
unstable origina marine caments such as aragonite neadles and HMC in the freshwater
environment (Scoffin 1987. Overgrowths of LMC blades have fill ed the sandstone pores
produwcing a blocky cdcite pattern (Fig. 6.5). Pendant or gravitational LMC cement typicd
of freshwater origin has been foundin the beadrock sedion d PE sandstone (Fig. 6.5). In
the same figure, the two cement generations can be observed. Stubby blades form the first
generation o freshwater cement but elongated bades the second ore. The forward
gravitational growing of the dongated blades to the pore center formed the pendant pattern
(Fig. 6.5).

The geometry and contad relations between the two cement types observed in PE
sandstone reved that they were predpitated during two events in which they had been uncer
marine @ndtions. Such events could be related to eustatic sealevel oscill ation and/or verticd
tedonic movements aff eding the Pleistocene mastal deposits and permitting their immersion
in seavater. Although it is quite difficult to answer only from cement patterns which process
if not bath, is more probably, some suppasitions can be made.

If al Pleistocene deposits have the same ae possbly correspondng to the
penultimate transgresson and if they had all been under the same marine influence the
cementation pattern onthe grains $oud be identicd at least in al the foreshore sedions of
the beadrocks. It is observed that the sedimentary charaderistics of the Pleistocene deposits
are identicd and that they together form one same regressve sequence If this is true, the
tedonic dternative seams to be more gpropriate to explain the second generation d marine
cement. Many authors have suggested that neotedonic events have dfeded the wastal
deposits of thisarea(Bezerra et al. 1998,Caldas 1996,Caldas et al. 1997,Silva1991,Vital et
al. 2002band Vital et al., in review). However the aye of the neotedonic event(s) remains
theme of discusson (seeRadiocarbon diting, sedion 6.2.3.

Tubibau deposits: The Tubibau beadrock show blocky cdcite & the most important
caborete cement (Figs. 6.5y and 6.5h. The primary porosity reades an average of 10% of
the rock volume while those beadirocks of PTI and PE present values varying from 17% to
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35%. Both Tubibau-1 and Tubibau-2 beadwrocks show large quantities of bioclastic fosdls.
The bioclastic fossls are mostly represented by bivalve shell s that are totally reaystalli zed to
LMC (white arow in Fig. 6.5H. Origina cdcite bivalve shells (Ostrea sp.) apparently occur
without any signs of reaystalli zation (bladk arrow in Fig. 6.5h.
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Figure 6.5- (On previous page): Carborate canents and their diagenetic fedures. (@) LMC
forming elongated blade rim (EB) on a bivalve shell and Hocky cdcite (BC) filli ng the pore
gpacein the beadwrock of PTI-4 (plane-pdarized light); (b) LMC forming radiaxia fibrous
cdcite rim (white arow) that is overlaid with probably HMC as indicaed by the bladk arrow
in beadrock of PTI-3 (plane-pdarized light); (¢) LMC as blocky cdcite (BC) filli ng amost
entirely the pore spacebetween quartz (Qz) grains in the beadrock of PTI-2 (crosspoarized
light); (d) LMC forming blocky cdcite filling former pore space of beadwrock of PTI-3
(crosspadarized light); (e) Two generations of LMC forming stubby blade rim (blad arrow)
and elongated blades (white arow) that grow forward to the pore forming blocky cdcite (BC)
from beadwrock sediments of PE . Microcrystalline canent probably of LMC (M) occurs as
well as the first generation (crosspoalarized light); (f) Two generation d LMC cements
forming stubby blade &s the first generation and the second as pendant cements (white arow)
of beadrock deposit of PE. The transparent arrows indicate the contad between the two
cement generations (plane-padarized light); (g) LMC forming blocky cement (BC) in aformer
pore spaceof the Tubibau-1 beadirock. Note that the BC has fill ed amost entirely the pore
space (crosspolarized light); (h) Tubibau-2 beadrock showing origina aragonite bivalve
shell totally transformed in LMC (white arow). The bladk arrow indicates an Ostrea cdcite
shell apparently preserved (crosspolarized light).

The high abundance of LMC filling aimost all poresin Tubibau beadwrock contrasts
with those LMC from PTI and PE where the primary porosity is gill well preserved.

The cdhemicd composition and stable isotopic values for the Pleistocene and Holocene
caborate cenentsarelisted in Table Nr. 6.1.

Table 6.1 - Chemical and isotopic values of the Holocene and Pleistocene deposit cements

Thin Outcrop Cement "MgCO; 'Sr d“c d" o
Sedion Type (Mol%) (ppm) PDB PDB
HOLOCENE

SB5-A S o Bento Beadrock Micrite 13.16 0 3.07 -0.07
SB5-B S o Bento Beadwrock Aragonitefringe NV 12600 2.93 0.21
BR-Rec Reauado Beadrock Micrite 14.89 0 -0.04 -1.37
Gali-Brza Galinhos-2 Beachrock Micrite 14.26 0 2.64 0.45
Gai-Br2b Galinhos-2 Beadrock Micrite 1453 320 243 0.51
Gali-Brl Galinhos-1 Beadrock Aragonitefringe NV 13400 353 0.84
Gua-l Guajiru Beadrock Aragonitefringe NV 10500 344 0.33
PLEISTOCENE

PE-1 Pontado Emiss rio BR Blade-1 2.56 830 -7.64 -391
PE-2 Pontado Emiss rio BR Blade-2 3.48 260 -6.16  -4.25
PTI-2a PontadosTr sirm os-2  Blocky 0.6 600 -6.49 -3.82
PTI-2b PontadosTr sirm os2  Blocky 0.49 900 -7.07 -3.36
PTI-3a Pontados Tr sirm 0s-3  Blade and Blocky 2.02 800 -7.3 -4.48
PTI-4a PontadosTr sirm os4 Blade 0.05 200 -6.28 -3.1
TUB-1a Tubibau-1 Blocky 0.7 400 -10.35 -3.95
TUB-1b Tubibau-1 Blocky 0.82 800 -1013 -4.34
TUB-2a Tubibau-2 Blocky 0.16 540 -9.63 -3.79
TUB-2b Tubibau-2 Blocky 0.32 0 -10.03 -4.59

NV= No value; BR= Beadrock
*From eledron microprobe.

The dhemicd and isotopic signatures for carboraete canents of Holocene age ae listed
as well as the cmparison with those of the Pleistocene age. From the chemicd and isotopic
signatures the depasits of different ages can be eaily separated. Whil e the Holocene canents
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present charaderistics typicd of marine origin, the Pleistocene cements demonstrate typicd
transformations under freshwater influence The Pleistocene caborete cements are
magnesium-poa cacite predpitates (LM C) containing 3.48to 0.05Mol % of MgCO; (Table
Nr. 6.1). The strontium contents of carborete is usualy high in aragonite originaly from a
marine environment, and low in a freshwater environment. The values of Sr content in this
study between 0 to 900 ppn would indicae the latter case, howvever the suppasition is
maintained that carborete cenent was originally marine.

The isotopic values for the Pleistocene cements aso indicae a post-depositional
exchange with meteoric waters (Table Nr. 6.1). The d*3C in the Pleistocene cements varies
between -6.28 and -10.03 (related to the universal PDB standard), whereas the d*?0 varies
between -3.1and -4.59.From Table Nr. 6.1it is evident that the *°0 and **C concentrationsin
the Pleistocene deposits are low, when compared to those of the Holocene deposits. The
depletion o **C implies dterationin arelatively open system in which soil-CO, derived from
oxidation o organic matter and depleted in *°C is prodwced in the vadase zone. The d'f0
signature of the sedimentary carboretes is controlled among other fadors, by the temperature
of the repasitioning of replacement carboretes, the *0/*°0 ratio of the water from which the
carboretes predpitate, the original d*®0 values of the skeletal grains, and the water/rock ratio
(Morse & Madkenzie 1990. The Figure 6.6 shows the d**C vs. d*®0 diagram of Milliman
(1974 together with the samples of this gudy.

Figure 6.6 - Oxygen-and-cabonisotope plot (PDBY2) for Holocene and Pleistocene deposit
cements. The diagram structure and carborete sediment fields were obtained
from Millim an (1974). SeeTable Nr. 6.1for isotopic values.

The diagram illustrates that the Holocene ceaments plot in the shalow water
limestones, with exception d sample 7, whereas those Pleistocene cements form two groups
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within o freshwater limestone field. The canents from PE and PTI deposits form the group
marked by bladk das whereas open circles represent the cements obtained from Tubibau
deposits. The separation ketween these two groups refleds the demicd changes of the
predpitated solution duing the cementation process Such chemicd changes certainly
reproduwce the different outcrop paitions after cementation relative to the sea ad
groundvater levels as well as proximity to dense vegetation. An explanation for the high
depletion of d**C in Tubibau beadrock could be the dense vegetation combined with a thin
soil layer that has buried such beadwrock. This would result in a high rate of organic matter
decompoasition causing the depletion o d'°C in the freshwaters within the pores. Another
explanation could be that the Pleistocene deposits located eastward are yourger than those
paositioned westward. Thus, the Tubibau beadwrock could have been subjeded for a longer
time period to dagenesis and chemicd alterations. Neverthelessthis last suppasition can orly
be answered with an age determination d these deposits.

6.2.3- Radiocarbon dating

Radiocarbon ditings were caried ou on shelly material from PE and Tubibau
deposits. The caeful pretreament was necessary due to the scarcity of caborete material,
which has nat been reaystalli zed. Figure 6.7 demonstrates that the reaystalli zation process
marked by the transformation from aragonite to cdcite, occurs preferentially as a front
migrating inward from the outer valve surface(Fig. 6.7a). An aragonite band seems to still be
preserved in the bivalve shell (Fig. 6.7a) Note the thicknessof the cdcite band onthe half of
the shell when contrasted with that located onthe inner half. This probably suggests that the
reaystalli zation process has taken pgacemainly due to the meteoric water percolation in the
outcrop since the bivalve shells were deposited, with the valve outer surface positioned
upwards.

X-ray diffradion d the two bands reveds that the white portion is uncontaminated
aragonite and the grey band is ®wmndary cdcite. In Figure 6.7b it can be seen that the
aragonite aystal preserves the aosslamellar structure typicd for aragonite bivalve shells
whereas the cdcite occurs as a block crystal. The isotopic composition o both carboretes
was measured. The sampled sites are marked by bladk das on the bivalve shell in Figure
6.7a The d™*C and d*®0 signatures of the aagonite minerals show undoultedly that they are
uncontaminated with secondary cdcite and they can be crrelated with those of mollusks and
foraminifers of shallow water (Fig. 6.8 whereas the cdcite minera can be asciated with
those of a freshwater environment (Milliman 1979. After the pretreament of the bivalve
shell s they were sampled for both aragonite and secondary cdcite, for dating using the AMS
14C system that requires at least 1 mg carbon to allow a predse measurement. The results are
shown in the Table Nr. 6.2.

For the Tubibau beadrocks only Ostrea, which is a bivalve shell composed
mineralogicdly of cacite was dated.

The obtained ages for aragonite, secondary and primary cdcite show values ranging
between 34540+ 510Q-480yr BP and 45560+1950-1570yr BP. For PE sandstone original
aragonite exhibited ages varying from 39530+1000-890 (Sample PE-8) to 44760+ 1810-
1480 (Sample PE-1) whereas ®ondary cdcite with greaer negative values for d'°C
produced ages varying from 37110+720Q-660 (Sample PE-3) to 45560+1950-1570(Sample
PE-6). Ostrea shells from Tubibau deposits were dated at 37940+860-780 yr BP (Sample
Tubibau-1), 40930+1260-1090yr BP (Tubibau-2a) and 42 060+1470-1240yr BP (Sample
Tubibau-2b). All data demonstrate that the red ages for both original and secondary
mineralogy are probably beyond the limit of radiocarbon diting. This conclusion is based on
the fad that for these ages the sealevel estimated from isotopic data was positioned 70-80m
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below the modern level (Hanebuth et al. 2002,Chappell et al. 1996and Rohling et al. 1998.
That is to say the wastline 40000 yeas ago in the study area was locaed some 20 km
seavard from the aurrent coastline. Thus one canna exped bead deposits with 40000yeas
age to be found onthe modern coastline. Therefore the deposits discussed above @uld be
correlated with those of the penultimate transgresson (Martin et al. 1993 or older.

Figure 6.7 - Micrographs of a partially reaystallized hivalve shell from PE sandstone. (a)
Micrograph namal to the maximum growth axis of the dam showing a thicker
band d sewmondary cdcite in the valve outer side and a thinner white band
compaosed o origina aragonite. The dots refer to the sampled sites for isotopic
anayses; (b) detail of the mntad between ariginal aragonite, showing crossed-
lamell ar structure, and secondary cdcite in the shell .

Figure 6.8 - Oxygen-and-carbortisotopic plot (PDBY%) for aragonite and cacite present in the
bivalve shell viewed in the Figure 6.7a. Diagram and carborete sediment fields
were obtained from Millim an (1974).
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Contamination with dd **C in semndary cdcite is not considered becaise the
readions involving carborate exchange ae restricted to the meteoric agueous phase (seefig.
6.74). Thus the caboretes are originated duing the aagonite-cdcite transformation in situ
(disolution d aragonite bioclasts and aiginal marine canents). One would exped older ages
for the original aragonite and younger ages for the secndary cacite due the contamination
with modern *“C (atmosphere), bu al ages are similar. Bowman (1990 has sown that a
contamination o 10% of modern **C in a sample & 40000yeas old carborete would result in
aradiocarbon age of 18010yeas (-21990younger than ariginal age). Althowgh it canna be
determined to which extent the sample of this sudy have been contaminated with modern
14C, it may be asumed that the ayes of secondary cdcite mntaminated with @modern® cabon
are still beyond the dating limit. The ages obtained for the samples PE-3 and PE-5 represent
much yourger depositional ages. However extreme mntamination by modern **C and
repeaed contamination by yourger **C (possbly more than 10%) may have dtered the aye to
such an extent that approximately 90000yeas are diminated since the passble depasition
during the penultimate transgresson.

Table 6.2 — AM Sradiocarbon data dof the Pleistocene deposits

Laboratory Sample Height X-ray B¢ Age [yr BP]
Number* (m asd) ES AM S (%o) [**C yr BP] +/-

KIA 11731 PE-1 -0.3 PA 0.14 0.1 44760 18101480
KIA11733 PE-2 -04 SC -4.96 0.34 43670 15801320
KIA11734 PE-3 -0.2 SC -7.0 0.6 37110 720660
KIA11735 PE-4 6.1 PA 1.48 0.08 43370 14901260
KIA11737 PE-5 0.3 SC -5.53 0.18 34540 510480
KIA12337 PE-6 -0.7 SC -5.16 0.08 45560 19501570
KIA14745 Tubibau-1  0.5(?) PC 0.39 0.07 37940 860/780
KIA14753 Tubibau-2a 0.7(?) PC -0.71 0.11 40930 12601090
KIA14754 Tubibau-2b 0.7(?) PC -0.12 0.1 42060 14701240
KIA16091 PE-7 6.0 PA 0.78 0.15 39530 1000890
KIA16092 PE-8 5.8 SC -5.23 0.18 40520 11701020

* Leibniz Laboratory + Kiel, Germany
m asd= meter above springtide sealevel
ES= eledron microscopy; PA= primary aragonite; SC= semndary cdcite; PA= primary cdcite

The ages for Tubibau beadrocks aso sean to be beyond the limit of radiocarbon
dating. The Ostrea shells are originally composed o primary cdcite and do no show any
signal of contamination with modern carbon. The d*3C values (Table Nr. 6.2) are typicd for
an arganism living in marine shall ow water. The aye diff erences between samples of the same
horizons (e.g. Tubibau 2a and 2B may reflea the use of inappropriate badkground material
during the dating (Nadeau et al. 2001 or even pastdepositional reworking.

As demonstrated, the depaositional age of the Pleistocene depaosits could na be
determined using the radiocarbon diting method. Therefore, U-Th techniques were employed
in the d@tempt to date the Pleistocene bioclasts.

6.2.4- U-Th dating

Six samples of Ostrea shells were chasen for U-Th dating. Through observations of
thin sedion d the bioclasts, detail ed inspedion with eledronic microscopy and investigations
of the magnesium content from microprobe analysis, the most suitable shelly material for U-
Th dating was identified. Since dl aragonite shells showed signs of reaystali zation, ony
Ostrea that are mmpaosed o cdcite, were seleded for U-Th dating. The magnesium (Mg) and
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strontium (Sr) content in the seleded Ostrea shells (Table Nr. 6.3 correspond to the
reference ranges cited by Milliman (1974, who compiled the dhemicd analyses of seleded
pelegypod shells. The Mg content measured in the Ostrea shell s of the aeavaries from 0.25
to 1.48% whereas the Sr content varies from 0.01to 0.0826. With the exception d Ostrea-2
al other elemental content varied within the reference value limits, suggesting the asence of
reaystalli zation. Analyses of the Ostrea under the dedron scanning microscopic do nd
show any signa of reaystdlization, athowh in cdcite shells this is quite difficult to
recognize. Moreover the structural arrangement of the cdcite aystal forming regular foli ated
structures may conced all ogenic constituents.

Table Nr. 6.4 pesents the radiometric data obtained in the Ostrea shells. All shells
from the Tubibau 1 (TU-1) beadwrock were seleded from the same horizon, which is
pasitioned at 0.7m abowve the present spring-tide level. Two shells were mlleded from PE
beadrock at 0.4m above and 0.2n below the present spring-tide level. The samples U5024
and U5031are from the same shell. The 2°Th/?**U ages were cdculated wsing the juation o
Kaufman & Broeder (1965.

Table 6.3- Microprobe analyses of Pleistocene Ostrea . The need . o

radiometric  ages reading
Minera Percent more than 50,000 yeas in
coastal studies has increased

Mg S with the discovery and

description o Pleistocene

Ostreal Cdlcite 0.31 0.031 coastal deposits related to the
Ostrea2 Calcite 1.4 0.081 penultimate, or older, sea
Ostrea3 Calcite 0.25 0.042 level cycles. The U-Th
Ostrea4 Cdcite 0.36 0.090 methods have yielded the
Ostreaa Calcite 0.19 0.010 requisite ayes for coasta
Ostreab Cdcite 0.57 0.050 deposits raging from 5,000t0

300,000 yeas, bu severa
studies have dso demonstrated their invalidity for molluscs (Szabo & Roshdt 1969,
Kaufman et al. 1971,Szabo & Wedder 1971, Sherwood et al. 1994and McLaren & Rowe
1996. Some aithors, nevertheless have found consistent U-Th ages from molluscs for
Holocene and Pleistocene mastal deposits (Ivanovich et al. 1983 and Giresse et al. 200Q.
The key assumption in the age determination is that the shells have remained in a dosed
system with resped to these dements after the deah o the mollusc. Various criteria have
been proposed to validate and evaluate caborete samples (Veeh & Burnett 1982. Among
these aiteria @) there shoud be no evidence of reaystalli zation and/or deposition d void
filli ng cement; b) the U content in the sample shoud na differ significantly from that in a
contemporary equivalent and c) the 2%U/>**U ratio shoud be @nsistent with the 2°Th/?*U
ratio of the sample (that is to say the ratio shoud show a systematic deaease with age).
Furthermore the 2*%U/*®% adivity ratios in the dated marine shells $oud be dose to
1.14 0.01,the acceted value for oceanic waters (Kaufman et al. 197)). If thisratio is greaer
than 1.14,assmilation and ugake of uranium isotopes at least partly from sources other than
oceanic waters has taken place(Veéeh & Burnett 1982).

The obtained U-Th data for bivalve shells (Table Nr. 6.4 show that the various
samples colleded in ore horizon have different ages. For Tubibau 1the ages range from 54.1
to 134.8kr whereas for PE sandstone the ages vary from 73.2to 97.6 kr. The samples
numbered U5024 and U5031 are two sub-samples from one Ostrea and they exhibited
different ages. In genera the data reved that the shells have behaved as geochemicdly open
system. Therefore dl age must be mnsidered susped. Two samples, U5025 and U 5026,
yielded a 2*U/%*®U adivity ratio close to the ocean waters and result in ages correspondng to
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the penultimate sealevel highstand (isotope substage 5e, Chappel et al. 1996and Heaty et al.
1999 but more datais needed to confirm this age-interval.

Table 6.4 — Uranium series disequili brium data dbtained from bivalve shells

Laboratory  Sample Height 28y Activity ratios Apparent

Number (location) (m asd) (dpm/q) Y E—— ?kge )
yr

u5025 Ostrea-1 (TU-1) 0.7(?) 0,46 0,001 1,13 0,01 072 0.008 1348 4
U5030 Ostrea-2 (TU-1) 0.7(?) 0,19 0,001 1,18 0,01 055 0.01 85.7 2
us027 Ostrea-3 (TU-1) 0.7(?) 0,15 0,001 1,20 0,03 040 0.011 541 2
U5026 Ostrea-4 (TU-1) 0.7(?) 0,34 0,001 1,13 0,01 069 0.009 1222 4
u5028 Ostrea-a (PE) 04 0,20 0,001 1,18 0,01 050 0.007 732 2
u5024 Ostrea-b (PE) -0.2 0,20 0,001 1,16 0,01 054 0008 821 2
U5031 Ostrea-b (PE) -0.2 0,21 0,001 1,16 0,01 0.60 0.011 976 3

TU-1 = Tubibau beadrock 1, PE = Pontado Emiss rio beadrock.
asd = above aurrent spring tide sealevel
dpm/g = decay unit per minutes per gram

Althowgh no secondary diagenetic dteration hes been identified in the bivalve shell
with transformations of original shell mineralogy, the results indicate that shells are likely to
exchange uranium with the environment. Similar observations were described by Szabo &
Wedder (1971) for mollusk shell swithout visible dteration from California.

Receantly Barreto et al. 2002 dited the a®lianites of the PTI, via thermoluminescence
(TL) at 117-110 kyr and linked them to those located 1000kn further south along the aast
and suggested an udift of 12m for the PTI depasits. Although the authors did na discussthe
significance of the TL ages, it is believed that the bead deposits represent the last Pleistocene
sealevel highstand. When correlated to the isotopic substage 5e (120 kyr) the sealevel can be
positioned approximately 6 m higher than the present level (Chapell et at. 1996 and
Shadleton 1987. Neverthelessthe depositional age could be even higher, which would then
correspond to an ealier Quaternary sea level highstand. Thus more dating with use of
different techniques shoud help to pasition the depositional age predsely in time.

The fad that such coastal depaosits (aeplianite and beadrocks) form cliffs reading 20
m in height and thus occurring 10-12m above the sealevel predicted for 120 kyr ago in this
area(Barreto et al. 2002, dces not necessarily mean a later uplift of 10-12m. The a®lianites
are not a dired sealevel indicaor. Only the height of the contad between aelianite and
beadrock can be used as a relative sealevel indicaor if no erosional surfaceis present. In
this case the top d the beadrock (upper foreshore) represent the former spring-tide sealevel.

In the adoss ®dions of the diffs a PTI and PE no erosional surface between
aeolianite and beadrock was reagnized (Fig. 6.3). Therefore the top d the beadirock shoud
represent the former spring-tide sealevel. If one mnsiders that the sealevel 120kyr ago was
approximately 6m higher than the aurrent level (Chapell et at. 1996and Shadleton 1987
one would exped bead depaosits to occur some kilometers inland from the present coastline.
This is nat the cae. Anather interesting fad is that at PTI the mntads between aeli anites
and beadwrock (upper foreshore) lay between 1.4m and 2.Im abowve the present maximum
spring-tide level whereas at PE this contad is positioned 3.5m abowve the present maximum
spring-tide sealevel (Fig. 6.3.

The different heights of the mntad between aeplianite and beadirock relative to the
present spring-tide level indicae different rates of tedonic uplift over the whole aea The
beadrock fades was deposited under sealevel condtions smilar to the modern because a

Late Quaternary coastal ewolution of the northern Rio Grande do Norte mast, NE Brazil



Chapter 6 — Late Pleistocene and Holocene mastal ewolution 75

spring-tide level positioned 3.5m above the present spring tide would set down bead sand
some kilometers inland from the aurrent coastline. The recgnition d two phases of marine
cement predpitation and its later dteration in freshwater environment for PE beadwrock
suggests that such deposit was subjeded twice to the marine influence via tedonics. The
absence of visible tedonic structures in the outcrops hinders the interpretation d the tedonic
kinematic patterns resporsible for the uplift. The Carnaubais fault that occurs on the eatern
limit of the Potiguar rift may play an important role in the tedonic coastal history of thisarea
With the help of shallow seismic profiles (GPR), such structures affeding coastal outcrops
can be evidenced and so enable an appropriated tedonic regime of tensionto be proposed.

6.3- Holocene mastal evolution

The start of Holocene mastal evolution for the study areamay be recognized as the
point when the seaflooded the inner shelf and subsequently readed, for the first time, the
pasition d the arrent sealevel 7000 yr BP. The progressve floodng of the inner shelf
produced landward retrea of ancient coastlines, which is marked by parale sets of aligned
underwater outcrops related to ancient beadrocks. During the inner shelf floodng the ancient
deposits were reworked and redeposited by the inner shelf currents which had started to
develop. The wast had previously been bult as a @nsequence of penultimate sea level
highstand approximately 120000yr BP, after which foll owed a regresson to the last glaaal
maximum. Together with verticd tedonic movements, this provided a mplicaed
framework for the subsequent Holocene wastal evolution o the aea The occurrence of
sedloor highs and lows on the inner shelf that have mndtioned the main underwater currents
may refled such verticd tedonics. The adual coastline roughly follows that evidenced for
the penultimate transgresson de the similar sealevel highstands.

During the Holocene transgresson large anourts of inner shelf sediments had been
transported landward produwcing transgressve barriers. When such barrier-islands are
paositioned close to the adual coastline, shallow lagoors and tidal flats are formed on the
landside being conreded to the open seaby tidal channels and/or tidal inlets.

The boamer profil es taken along the main tidal channel parallel to the Galinhcs' Spit
(Fig. 6.9 show interna sedimentary structures and depaosit geometry that can be correlated to
those of alrealy fill ed paleo-channels. Acquisition d subsurfacestratigraphic information on
Galinhcs it with GPR identified washover, paleo-channel, shoreface ad lagooral deposits

Figure 6.9 - Locdion d the examined boamer profil es (adapted from Rotzoll 2001). The thin
line represents the entire profil e whereas the thicker lines symbadli ze the sedions
showed inthe Figures 6.10and 6.11.
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confirming the existence of former barrier-island (Xavier et al. 2001,Limaet al. (2002).

Figure 6.10 shows boamer profile A° demarcated in Figure 6.9. At least three
channels (C1, C2 and C3) can be identified from this boamer profile. The filled channel C3,
paositioned eastwards, presents refledors dipping from east to west over a distance of abou
135m. Further to the west the same refledor beames horizontal after which the dip dredion
changes to east. The channel C2 is well shown by the refledors. It is 150m wide and 1.5n
deep. This buried channel may probably represent the extension d the Catandula River (Fig.
6.9 to the open seawhen the spit of Galinhcs was a barrier-island system. Another smaller
channel seemsto occur at the end d the spit (C1). It shows an asymmetrica shape and it may
represent the adive dhannel present at this paosition.

Figure 6.10- Sedion 3A° showing fill ed former channels (as indicated by arrows) pasitioned
normal to the spit of Galinhos. For locéion seeFigure 6.9.

Figure 6.11 shows the boamer profile B°, the position d which is ill ustrated in
Figure 6.9. In this ®dion at least two passble paleo-channels can be identified from the
refledors. The buried channel C2 presents refledors dipping mainly from east to west. The
sediment thickness reades 1.5m and the paleo-channel width is approximately 1656m.The
refledors at the base of the buried channel C1 dp from west to east over a distance of 175m.
The deeper part of the paleo-channel readies 2.9m below the higher surface Some refledors
dipping to the west sean to represent sedimentary structures sich as cross bedding.
Neverthelessthe refledors are indistinct and further interpretation canna be undertaken.

Figure 6.11- Sedion @° showing two fill ed former channels (a rrows in the figure) that were
positioned perpendicular to the aurrent spit of Galinhos. For location seefigure
6.9.
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The occurrence of such paleo-channels in the spit of Galinhcs demonstrates that this
spit has not prograded and bult up continualy from east to west as its $ape suggests. Such
pal eo-channels have originated during the maximum of the last transgresson when the mean
sea level was 1.2m abowe its present position (Fig. 6.12. At this time the presence of
transgressve barriers had induced the occurrence of larger lagooral areas and water volumes
from Ponta dos Tr s Irm os to Galinhcs. The tidal channels landward o the barrier-island
were wider due to the large water volume of the sealevel highstand moving the shoreline
further inland. The tidal flat of S o Bento had the same tidal channel system as in Galinhas.
During Holocene highstand Reauado beadwrock was cemented (Fig. 6.12. It seems that the
Reauado keadirock was formed from a bead of a transgressve barrier becaise lagoord
sediments can be found onthe landward side of this beadrock (Fig. 6.12. The same origin
can be dso propcsed for S o Bento beadirock, which duing the maximum of the Holocene
transgresson hed been submersed and the sewnd plase of marine cementation was
predpitated. Although the age ontrol of the bead ridges closeto S o Bento and Cai arais
still missng, it is believed that the ridge positioned furtherest inland must represent a
transgressve barrier (Fig. 6.12. The presence of lagoorel deposits suppats this cenario.
The Holocene highstand was 1.2m above the present mean sealevel as indicated by the
Reauado Beadrock and the transgressve sandridge S o Bento (seeChapter 4, Fig. 4.2).

The formation d longshore aurrents occurring along the wastline started to intensify
sincethe sealevel stabili zed in its current position. The build up d coastal dures probably set
up d the Holocene highstand and was increased later during sealevel regresson as the beat
facesubjeded to the wind adion from east and natheast becane wider. The combination o
sealevel drop, coastal currents and the build up d coastal dures has fundamental importance
on the later evolution d the wastline (Fig. 6.13: Approximately 3600yr BP when the sea
level was recaling, regressve sand ridges on the mast of S 0 Bento and Cai ara were
deposited. Also the tidal inlets becane narrower due to bah longshore transport (downdrift
migration d the barrier) and dure alvance (Fig. 6.13. The sedimentation in the lagoon d
S o Bento was cyclic and ceaed shortly after 3600 yr BP. The high content of evaporite
minerals in dfferent sediment sedions of the paleo-lagoon confirms this suppasition. Both
dure advance and longshore transport of sediments shoud have played an important role in
the gyclic sedimentation in the lagoon. The mnredions between the lagoon and the open sea
were probably closed several times by the dure alvance and sedimentation induced by
longshore transport (downdrift migration d the barrier). The avail ability of sediments in the
eastern part of the aeaseans to have been higher than in the western part. The satellit eimage
in Figure 3.1 (Chapter 3) explains this phenomenon, indicating that the sediment load in the
eastern pation d the inner shelf is much higher than in the western pation. Moreover the
wind approach, which has been resporsible for coastal dunes build up, moves sdiment from
east to west, which is amost the diredion d the mastline. The transported sand is thus
deposited in the bead zone. In contrast, the wind ading on the barrier-isand o Galinhas is
in average southwestward dreded produwcing dure alvance landward (Figs. 6.13and 6.14.
This pattern leals to a sediment ladk for this areain comparison with the eatern pation. This
may explain the dsence of regressve sand ridges in the region d Galinhaos. While the
sedimentation in the lagoors located eastward ceased, sedimentation in lagoons in the west is
continuing. At present only tidal channels are open, bu shallow lagoors are @mnverted to
saltworks and shrimp farming for the major part. The vibrocore records in the lagoon system
of Galinhos and their datings confirm the high rate of sedimentation. The permanent marine
inflow and ouflow in the tidal system of Galinhcs and Galos has permitted such a high rate
of sedimentation. Although it canna be said exadly when the tidal inlets of the barrier-island
system of Galos and Galinhcs were totally closed, it is suppcsed that this sodd have
occurred sometime before the ceamentation d the beadrocks locaed in this areg as they lie
perpendicular to the ancient tidal inlets. As the ages of the beadwrocks locaed on
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the spit of Galinhas range from 1780 Cal yr BP to 3330Ca yr BP, the dosure of the first
tidal inlets shoud have occurred shortly before 3300yr BP. Oncethetidal inlets were dosed,
the rapid buld up d coastal dunes along the spit and the continuation o sedimentation due to
the longshore aurrents (downdrift migration d the barrier) impeded the readivation d such
conredions between the lagoon and the open sea Such inlets may also have been closed at
different times during the regressve phase.

The aurrent coastal morphdogy (Fig. 6.14 demonstrates that at the time when the
paeo-lagooncloseto S o Bento and Cai arabecane extinct, noconredion with the open sea
existed whereas the lagoon locaed landward of Galinhos and Galos urtil today has adive
tidal channels. The dure alvance in the eatern part has closed al connedions between the
pal eo-lagoon and open sea dthowgh the paleo-lagoon surfacelies amost at the same level as
that of the aurrent mean sealevel. In the west, landward dure migration has buried lagoorel
mud bu the tidal channel system remained adive due to the existence of the tidal inlet
locaed to the extreme west of the aea The reason why this conredion has not been
terminated might be the strong ebb flow that impedes the downdrift migration o the spit (Fig.
6.19. All sediment being transported by the longshore drift and ebb ouflow has been by-
passed to west and the mnredion ketween lagoon and open sea has remained open (Fig.
6.19. Lima et al (2002h and Rotzoll (2001) showed that the spit morphdogy has changed
since 1954, b general atrend is not conspicuouws. The spit will nat migrate further westward
to close the dhanndl as long current relation ketween ebb flow and longshore drift remains
adive. Such equili brium relation may be disturbed, for example if ebb-induced flow is nat
strong enowgh to maintain sediment transport. The arrent deterioration d the tidal channels
with the increasing use of the lagooral system for salt-works and shrimp farms might disturb
the velocity and pawver of the ébb flow.

Figure 6.15- Aeria phaograph d 1988 duing ebb tide. Note that sediments transported by
both ebb ouflow and longshore drift, are being deposited westward. The strong
ebb jet outflow impedes the growth to westward dof the spit.
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7 - Conclusions and perspedives

The inner shelf of the aeapresents two main zones of sedimentation: a) the eatern
part is formed mainly by subagueous dures, which have been subjeded to the
southeastern branch o the North Brazilian Current and (b) the western pert that is
composed principally of subaqueous sand ridges and seams to be ntrolled mainly by
a northeastern componrent of the North Brazili an Current. Lithified sediments occur in
the two main zones forming lines parallel to the airrent coast. These deposits,
probably beadrock lines, are relicts of the sealevel transgressons and regressons
that have flooded and exposed the inner shelf during the late Quaternary. The
continuation d the reseach onthe inner shelf will im prove the understanding of its
build upand related floodng history during the late Quaternary.

The last phase of the degladal transgresson and subsequent regresson, littoral drift
and dure build up and migration have @ntrolled the Holocene sedimentation d the
coast. In the S 0 Bento arealagooral depaosits beyond the modern coastline dated at
7000 Ca yr BP, 3m below the modern sealevel, mark such transgresson whereas
yourger sand ridges indicae the regresson d the sea In the Galinhcs' area the
transgressve phase gparently did na alow for sealevel indicaors to be preserved
whereas the regressve phase may be indicaed by the dosure of tidal inlets and set up
of the spit. High content of evaporite minerals in the lagooral muds of the paleo-tidal
flat of S o Bento and the low rate of sedimentation when compared with that of the
lagooral system of Galinhas snce the last transgresson indicates cyclic marine
ingressons and semi-closed lagoon environment for this area The periodic advance
of dure fields closing tidal inlets sems to be the main fador controlling the ¢sclic
marine ingressons. The last marine ingresson in the lagoon d S o Bento occurred at
3580Cd yr BP.

The lagooral system of Galinhos and Galos has been adive since the last
transgresson permitting a high rate of sedimentation. The increase in human adivities
through the extension d the saltworks and shrimp farms may disturb the eguili brium
condtions in the éb jet outflow of the tidal system of Galinhas culminating in
westward advance of the Galinhcs' spit and closure of the unique link between tidal
system and open ocean.

The relative rise compared to the modern mean sea level in the aea began
approximately at 6400Cal yr BP, readed the highstand 1.2n abowve the airrent level
at 5900Ca yr BP and probably fell to its present pasition theredter. Deposits locaed
at a high position within the transgressve and regressve sequences as well as
beadrock data confirm this salevel history. The dating of the regressve sequence
(bead ridges) and determination d the uppermost level of cementation d the Cabelo
beadrock among others will im prove the sealevel curve of the aea

Isotopic, chemicd and dagenetic data of the Holocene beadwrock cements agreewith
the proposed sealevel history. The cements present isotopic and chemicd signatures
typicd of marine origin and thus secondary sealevel oscill ations, which would all ow
the dteration d primary marine cements and their predpitation in a meteoric
environment, could na have taken placeduring sealevel drop. Verticd tedonics that,
acording some aithors, have caised coastal emergence and submergence during
Holocene time caina be evidenced from geochrondogicd, chemica, diagenetic,
isotopic and topagraphic profil es.

Only integrated sedimentologicd, diagenetic, isotopic and age cntrol approaches for
beadrocks deposited under mesotidal regime provide reliable data to pasition former
sealevels andthus to propose amodel of coastal evolution.
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A group d deposits aimost parallel to the aurrent coastline present cements with
chemicd, isotopic and dagenetic signatures different to thase of the Holocene age.
Sedimentary and stratigraphic dharaderistics demonstrate that such depasits compose
a regressve sequence These deposits are composed of aeolianites on the top and
foreshore and shoreface deposits at the base (beachrock). Radiocarbon ages of
bioclasts found in the beadrocks give average age of approximately of 42000 yr,
whereas U-Th ages could nad be cnsidered reliable due the open system in the
bivalve shells. The depaosits are & least 120000yr old, which corresponds to the
penultimate transgresson which occurred along the Brazili an coast. Further dating by
different radiometric methods in such deposits could indicae their most appropriate
age of deposition.
Two dagenetic camentation stages described for the carborete cements in the
Pleistocene deposits of the Ponta do Emiss rio suggest that such sandstone might have
been exposed at least twice to marine @ndtions. Such marine influences may not be
due to the variation in the austacy of the sealevel during Pleistocene time, becaise
correlated sandstone positioned beside the Ponta do Emiss rio sandstone present just
one stage of cementation. Differential subsidence and/or uplift occurring after
sediment deposition (120000yeas ago?) might have paositioned such deposit under
marine influence. Moreover dtitudes of the cmntad between beadrocks and aepli anite
that do nd show erosional contad present differences up to 3.0m suggesting
differential verticd movements. Nevertheless the asence of visible faults affeding
such depasits hinders a better understanding of the tedonic pattern that affeded such
outcrops. The use of Ground Penetrating Radar on the Pleistocene deposits could
dedpher such tedonic structures.

The beadrock lines on the studied coast have worked as a natural protedor against

coastal erosion. On areas where beadrocks do nd occur, serious problems of coastal

erosion have taken place(e.g. Cai aravill age).

Asfuture reseach onthe studied areait is siggested that:

1) Seabottom morphdogy and subsurfacestructures mapped by side-scan sonar and
reflexive-seismic surveys in oder to follow sea level variations during the
Holocene and also during older transgressons on the inner shelf.

2) The submerged beadrocks and/or other lithified sediments on the shelf must be
dated to follow the ealier phases of the degladal sealeve rise and maybe even
older Quaternary transgressons on the shelf.

3) Continuation d the stratigraphic and environmental investigations of the paleo-
lagoors that occur along of the north coast of Rio Grande do Norte and
systematicd studies including a complete wverage by cores in such aress, shoud
give information abou spatia geometry of the paleo-lagooral depaosits and thus
the Holocene and late Pleistocene evolutionary history of the wast will be better
understood.

4) The definition d the reservoir ocean age for the aea @& well as of the terrigenous
goadlutiore in the (paleo) lagoors will im prove the caborete aye cdibration for
marine samples.
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