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RESUMO

Mudangas no nivel do mar durante o Quaternario desempenharam um papel importante
na morfologia e vegetacéo de areas costeiras no sul do Brasil. Compreender a evolugao
natural dessas areas € essencial para a tomada de decisdes sobre a regulamentagéo do
uso do solo visando o desenvolvimento sustentavel, bem como para preservagao dos
ecossistemas costeiros. Esta tese apresenta dados palinolégicos, sedimentologicos e
isotopicos estaveis de testemunho sedimentar da planicie costeira da praia do Pantano
do Sul, no sul da llha de Santa Catarina (SC, Brasil). Quatro fases ambientais foram
definidas a partir de 6.500 anos AP até o recente. A primeira fase corresponde a um
ambiente lagunar conectado com o mar entre 6.503 a 2.817 anos AP. Associacdes de
cistos dinoflagelados sugerem que a entrada de agua marinha se originou nas aguas
relativamente quentes e salinas da Corrente do Brasil. Durante a segunda fase (2.817
anos AP — 1.478 anos AP), a contribuicdo da agua do mar diminuiu até que o corpo de
agua foi desconectado do mar. A superficie que marca a passagem da primeira para a
segunda fase é cronologicamente coincidente com paleosuperficies semelhantes de
estudos anteriores na planicie costeira central de Santa Catarina. A terceira fase (1.478 a
524 anos AP) é marcada pela diminui¢do do nivel da agua e sedimentagao da lagoa até
seu secamento. A formagao dos solos levou a colonizagdo de vegetagao herbacea sobre
a paleolagoa. A superficie que marca a transigao da segunda para a terceira fase possui
altitude semelhante as identificadas em outros estudos na planicie costeira central de
Santa Catarina. Na quarta fase, a consolidagao de uma restinga arborea (Mata Atlantica)
ocorreu a partir de 524 anos AP até os dias atuais. Dois métodos de processamento
palinolégico foram usados para amostras da fase marinha para comparar recuperagoes
de cistos de dinoflagelados e interpretacdes ambientais. Este estudo mostra que evitar
métodos agressivos de processamento quimico em amostras de ambientes com
influéncia marinha fornece mais informagdes sobre as paleocondigcbes do mar. Além
disso, a altimetria de alta resolucdo em combinacdo com idades radiocarbdnicas é
fundamental para correlacionar paleosuperficies em estudos palinoldégicos para
compreender mudangas ambientais regionais. Por fim, este estudo mostra que a
morfologia e evolugao da vegetacao da planicie costeira da Ilha de Santa Catarina foram

amplamente influenciadas pelas mudancas do nivel do mar durante o Holoceno.

Palavras-chave: Palinologia; is6topos estaveis; evolugao ambiental; mudangas no nivel

do mar; dindmica vegetacional; Holoceno; Pantano do Sul



ABSTRACT

Sea-level changes during the Quaternary played a major role in the morphology and
vegetation of coastal areas in southern Brazil. Understanding the natural evolution of these
areas is essential for decision-making of land use regulations towards sustainable
development as well as to preserve the uniqueness of the coastal ecosystems. This study
presents palynological, sedimentological and isotope data from a Holocene core retrieved
from the coastal plain of the Pantano do Sul beach at the south of the Santa Catarina
Island (southern Brazil). Four environmental phases were defined from 6500 yr BP to close
to modern days. At first, a lagoon connected with the sea occurred from 6503 to 2817 yr
BP (Phase [). Dinoflagellate cyst associations suggest that the marine water input
originated in the relatively warm saline Brazil Current. During a second phase (2817 yr BP
— 1478 yr BP), marine water contribution decreased until it the water body was
disconnected with the sea. The surface that marks the shift from the first to the second
phase is chronologically coincident with similar paleosurfaces of previous studies in the
central Santa Catarina Coastal plain. The third phase (1478 yr BP — 524 yr BP) is marked
by the decrease of the water level and sedimentation of the lagoon until it dried out. The
formation of soils led to the colonization of herbaceous vegetation over the paleolagoon.
The surface that marks the transition from the second to the third phase have a similar
altitude of those identified in other studies in the central Santa Catarina Coastal plain. At
the forth phase, the consolidation of an arboreal restinga (Atlantic Rainforest) occurred
from 524 yr BP until the present day. Two palynological processing methods were used
for the marine phase to compare recoveries of dinoflagellate cysts and environmental
interpretations. This study shows that avoiding harsh chemical processing methods in
samples from marine-related environments provides more information on paleoconditions
of the sea. In addition, high-resolution altimetry in combination with radiocarbon ages is
pivotal to correlate paleosurfaces in palynological studies to understand regional
environmental changes. At last, this study shows that the morphology and vegetation
evolution of the coastal plain of the Santa Catarina Island was largely influenced by sea-

level changes during the Holocene.

Keywords: Palynology; stable isotope; environmental evolution; sea-level changes;

vegetation dynamics; Holocene; Pantano do Sul



SUMARIO

AGRADECIMENTOS ......ooeeeeeeeennnnnnnnnnnnnnnnnnnsnnnnnnnnssnnsnnsnnsnnnnnnnnsnnnsnsnnnnnnnnnnnnnnnnnnnnns 4
RESUMO ... s 6
ABSTRARCT .....ceeeenennnnnnnnnnnnnnnnnnssnnsnsnnnnnsnnnnnnnnssnssnnnnnnnnsnnnnnnnnnsnnsnnnnnnnnnnnnnnnnnnnnnnns 7
SUMARIO.......ociiieeceeiceces e ese e sse s sesss e s sesss s s sesss e se s s e sse s eseeaeasesesaessssessensenssennan 8
ESTRUTURA DA TESE ........o s 11
CAPITULO 1 — INTRODUGAOD ......ocerrerrirrcnseesesnsessesss e ssesssssssssssessssssssssssssssssans 12
INTRODUGAD ...t ee e sse e s e s e ssessessessessessessesssssssssssssssssesssssensens 12
OBUETIVOS ... s 14
MATERIAIS E METODOS .......coiouiiiiieeineeessnssesssssssessssssssssssssessssssssssssssessns 14
3.1. Coleta do perfil sedimentar............ooooiiiiii e 15
3.2. Datacgdes radioCarbOniCaS ........cceeeeeieiiiiiieee e 17
3.3.  Analises granulOMELriCas ............uuuuuuuuimiuiiiiiiiiiiiiii i 18
3.4. Coleta de dados altimétriCos .........cooeemiimiiiie e 18
3.5. Analises geoquimicas € ISOtOPICAS.......uuuiieeee i ee e e eeeeees 19
3.6. Processamento das amostras palinol0giCas ..................uuuuueemeeeiieiinnininnnnnns 19
3.7. Analises qualitativas e fotomicrografias...............ccccueueimiiiiiiniiiiiiiiiiiiiiiinees 21
3.8. Analises quantitativas...........ccooe i 22
3.8.1. Representagao por porcentagem.............cccceeeeeeeeeeuuuceaaeaaaannnnss 23
3.8.2. Representacdo por concentrago............cccccvveeeeeeerrieeeeeeriaaaanns 23
3.8.3. Analise de agrupamento ...............coeeeeeuueeeeeee e 24
3.8.4. Analise de Componentes Principais (PCA).........oovvvvvvvvevnnni. 24
LOCALIZAGAO E ASPECTOS FISIOGRAFICOS DA AREA DE ESTUDO..... 25
4.1. Geologia € geomorfologia .......ccoooieiiiiieieeee e 25
4.2, ClMatolOgia. ... 25
4.3, OCEANOGIANIA ... 26
4.4, VEQEIAGAD ... 27
. ESTADO DA ARTE DO TEMA DA PESQUISA.......cos 28
S I © B U= =1 o = o TSR 28

5.2. Oscilagbes do nivel do mar no Quaternario: causas e efeitos na costa
(0] =T 1 1= 1 = 30
5.3. Estudos do nivel relativo do mar durante o Holoceno no Brasil ................. 32
5.4. A palinologia para estudos paleoambientais no Quaternario ..................... 35
5.4.1. Palinologia: conceitos e generalidades............c.cc..cccceeveeeeennnn. 35
5.4.2. Grupos de palinomOorfOS..........cceeeeeeeeeeieieeee e 37

5.5. Isotopos estaveis (C/N e 8'3C) para estudos paleoambientais no

(@ TUE=) (=Y 4 =y o USSP 41

5.5.1. Identificacdo da matéria orgénica através da relagdo C/N........ 42



5.5.2. Identificacdo da matéria orgénica através de isotopos estaveis

A€ CArDONO (B73C) .o 42

5.6. Estudos palinologicos holocénicos na Planicie Costeira de Santa Catarina

44
5.7. Integrag&o dos dados palinolégicos do Holoceno da Planicie Costeira de

Y= 1] =T o= L e= 1 | - SRR 55
6. RESUMO E INTEGRAGAO DOS PRINCIPAIS RESULTADOS OBTIDOS ..... 57
6.1. Datagoes radiocarbdnicas (MC) .......cceecvevuieiieeiiecieeeeeeeeee e 57
6.2. Dados altimétriCOS .......oooiiiiiiee e 58
6.3. Analises granulOMELriCas ............uuuuuuiuiiiiiiiiiiiiiiiii e 58
6.4. Andlises geoquimicas e isotdpicas (33C, C/N e TOC).........cceevreveerrennn. 59
6.5. ANAaliSes PaliNOIOGICAS ........uuuuuuiiiiiiiiiiiiiiiiiiiii e 59
6.5.1. Evolugéo paleoambiental de Pantano do Sul (PCSC-4) ........... 73
7R o 0 [0 LU £= 0 =3 80
CAPITULO 2 = ARTIGO L....uceeeieeecereceeteceeseseeseseeassessesesessssessssessesssesssssssssssssnaens 94
1. INTRODUCTION ... ann e e 97
2. ENVIRONMENTAL SETTING.......ccoccemrrrriirinssssss s sssssss s 100
3. MATERIALS AND METHODS. ... s 102
3.1.  Sediment core collection and Sampling ................eueuueiiiiiiiiiiiiiiiiiiiiiieens 102
3.2. RadiocarbOn dating ............uuuuuuuiieiiiiiiiiiiiiiiiie e 102
3.3.  GranulometriC @NalYSES..........uuuuuuuuiiiiiiiiiiiiiiiiiiiiiiie e 102
3.4. Elemental C and N and 3C iSOtOPES......c..cecueeeeueeecieeeee e 103
3.5.  Palynological @nalySis ..............uuuuuiiiimiiiiiiiiiiiiiiiiiiii e 103
L £ = 1 105
4.1. Radiocarbon datings.......ccooooiiiiiieee e 105
4.2.  Granulometric @analySiS ........ccoooiioiieieieeeee e 105
4.3. Elemental C and N and 3C iSOtOPES.........cceueeeieeeieeeee e 106
4.4. PalynologiCal rECOIM .......cccoiiiiieeeee e 108
4.4.1. Phase | (650-310 CM).........uuemeeeeeeeeeeeeeeeeee e 108
4.4.2. Phase Il (300 t0 220 CM).......oeeeeeeeeeaeiieeaeee e 109
4.4.3. Phase [l (21010 80 CM)........eeeeeeeeeeeeieeeee e 109
4.4.4. Phase IV (7010 0 CIM) .......uuueeeeeiiiiiiiiiiiiiiiiiiiiiiiiinenes 109
5. DISCUSSION .......cooiiieeirrr s ssss s snnn e s n e 114
5.1. Phase I: Lagoonal stage (6503 cal yr BP — 2817 yr BP).........ovvviiiiiiinnnnns 114

5.2. Phase Il: Regressive stage and sea disconnection (2817 yr BP — 1478 yr
BP) 116

5.3. Phase lll: Early development of the Restinga Forest (coastal plain Atlantic
Rainforest) (1478 yr BP — 824 yr BP) ....coooiiiiii 117



10

5.4. Phase IV: Restinga Forest (coastal plain Atlantic Rainforest) (524 yr BP —

O] =TST=T 0 IO PPPPPPPPPPP 118
5.5. Environmental evolution of southern Brazil coastal plain and regional
0] o] o7=1 (o] 1 119
I 00 o L0 57 [ 122
(09X o L] o Jc Y = 3 i [ c T 2 [ T 131
1. INTRODUCTION ... s 134
2. MATERIALS AND METHODS .......coommeeeeeeeeeemeennnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnns 135
2.1.  PalynologiCal ProCESSING ........uuuuuuuuiiiiiiiiiiiiiiiiiiiiiiiieiieiieaeebeeeeeeeeeeeeeeeeeeenne 136
B 4 =15 U I 138
L S 0 115704 U ES -] [0 ] 141
4.1. Selective preservation of Gonyaulacoid dinoflagellates............................ 141
4.2. Chemical composition of dinoflagellate cystwalls ..., 144
4.3. Effect of harsh chemical treatments on paleoenvironmental interpretations
144
£ T 00 o L 57 [ 1 1 148
(07X 211 L] I o I WY . 1 [T 2 [ U 157
1. INTRODUCTION ..... s 160
1.1, Regional SettiNg......ccoooeiiieeeee e 161
2. ENVIRONMENTAL EVOLUTION OF THE GAROPABA, PINHEIRA AND
PANTANO DO SUL AREAS ... s 163
2.1, Pantano do SUul ar@a..........ouueeiiiii i 163
2.2, PINNEIrA @r€a........coie i 164
PG T € 7= 10T o= o = 1= T (== 165
3. MATERIALS AND METHODS ........coo oo oiiiiieeeceeeceeeee s e e e s e se s e s s e s s e e s s s e e s e s s s e e e e e e e enees 167
3.1. Comprehensive review and integration of available palynological data in the
central Santa Catarina coastal plain ... 167
3.2, ARIMEtriC data.......ccooe e 167
4. RESULTS AND DISCUSSION........coommememmemmeemmennnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnns 168
4.1, ARIMEriC data......cooo e 168
4.2. Integrated paleoenvironmental interpretation ...............ccoiiiiiii 168
4.3. Environmental significance of the paleosurfaces..............ccccooeiiiiiiiien. 171
4.3.1. Paleosurface 1: end of marine influence.................cc.............. 171
4.3.2. Paleosurface 2: aquatic to a terrestrial environment............... 173
£ T 00 0 L 57 [ 1 176
ANEXOS.......oeeeeeeeeeennnnnnnnnnnnnnnnnnnnnnnnnnnnnsnnnnnnnnnssnsnsnnnsnnsnnnnnnnnnsnnnsnnnnnnnnnnnnnnnnnnnnnnnns 182
Anexo A: Comprovantes de submissdo dos artigos cientificos ................ccce..... 183

Anexo B: Datagdes radiocarbOnicas...........ccooeeveviiiiiiiiii e, 186


Guilherme Sonntag Hoerlle
183

Guilherme Sonntag Hoerlle
186


Anexo C: Analises granuUlOMELriCas. .........ccoeevveeeiueeeiiieeiee et 188

Anexo D: Analises quimicas € iSOtOPICAS ........cceuueeiiiiiiiii e, 190

Anexo E: Producgao cientifica durante doutorado ..............cccccoeeiiiiieiiiiieecceee, 191
ESTRUTURA DA TESE

Esta tese de doutorado esta estruturada em trés artigos submetidos em
periodicos classificados nos estratos Qualis-CAPES (A1, A2, A3; Anexo A). A sua

organizagao compreende as seguintes partes principais:

Capitulo I: Texto Integrador composto pelos seguintes capitulos: a) introdugéo
com a formulagao do problema de investigacéo e a hipotese; b) objetivos da pesquisa;
c) o estado da arte do tema da pesquisa; d) os materiais e métodos utilizados; e)
aspectos fisiograficos da area de estudo; f) resumo dos principais resultados obtidos,
interpretagdes desenvolvidas nos artigos e discusséo integradora dos resultados; g)
conclusbes; h) referéncias bibliograficas.

Capitulo Il a IV: Corpo principal da tese, constituido dos artigos cientificos
submetidos.


Guilherme Sonntag Hoerlle
188

Guilherme Sonntag Hoerlle
190


12

CAPITULO 1 - INTRODUCAO

1. INTRODUGAO

O entendimento das mudangas ambientais ocorridas durante o Quaternario é
valioso para a compreensdo da dinamica ambiental atual e futura. Isso é
particularmente importante em areas costeiras onde as interacdes terra-oceano
desempenham um papel importante na geomorfologia e na dindmica da vegetacao.
As areas costeiras sdo ambientes altamente dindmicos e muitas vezes s&o susetiveis
ao remodelamento por atividades antropogénicas, incluindo supressao de vegetacao,
uso da terra e mudangas hidroloégicas, que podem ameagar sua propria
sustentabilidade ecoldgica e econdbmica (e.g., Ramesh et al., 2015; Newton et al.,
2016). Além disso, estas areas abrangem ecossistemas que muitas vezes tém uma
biodiversidade unica. Compreender a evolugao natural dessas areas em termos de
geomorfologia e dindmica vegetacional é essencial para a tomada de decisbes sobre
a regulamentagcdo do uso do solo para o desenvolvimento sustentavel das areas
costeiras, bem como para compreender e preservar a singularidade desses
ecossistemas costeiros. Particularmente, a planicie costeira brasileira esta sob
pressdo de ocupagdo antropica. Esta regido é coberta pela Mata Atlantica,
reconhecida como um dos ecossistemas mais importantes da Terra em termos de
biodiversidade (UNESCO, 2010).

A planicie costeira do sul do Brasil é formada por depdsitos marinhos
sedimentares quaternarios, transicionais e continentais, associados as variagoes
relativas do nivel do mar que influenciaram diretamente no desenvolvimento de
diferentes formagdes da Mata Atlantica, como restingas e manguezais (IBGE, 2012;
Magnano et al., 2010; Marques et al., 2015; Melo Junior & Boeger, 2015). Uma regiao
caracteristica desse sistema encontra-se no sul da llha de Santa Catarina. Essa area
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abriga fragmentos preservados de Mata Atlantica localizados proximo ao litoral. Esta
combinagao torna a regido propicia para o estudo da interagao entre as mudangas do

nivel do mar e a dinamica da vegetacéo durante o Holoceno.

O estudo da dinamica e evolucio de areas costeiras pode ser realizado por meio
de varias ferramentas cientificas. Dentre elas, destacam-se métodos
sedimentologicos (e.g., Dillenburg et al., 2006; Zazo et al., 2013), arqueoldgicos (e.qg.,
Martin et al., 1986), isotopicos (e.g., Martin et al., 1986; Carr et al., 2015), geofisicos
(e.g., Costas et al., 2016; Barboza et al., 2021), paleontologicos (e.g., Angulo et al.,
1999; Chemello & Silenzi, 2011; Toniolo et al., 2020), incluindo estudos palinolégicos
(e.g., Borromei & Quattrocchio, 2007; Leroy et al., 2013). Em particular, os registros
palinolégicos normalmente fornecem informagdes sobre mudangas ambientais e
vegetacionais (e.g., Mourelle et al., 2015; Kuhn et al., 2017). Além disso, as variagdes
nas abundancias relativas de palinomorfos marinhos e continentais sdo comumente
usadas para determinar mudancas no nivel do mar por meio da delimitagao de eventos

transgressivos e regressivos (e.g., van Soelen et al. 2010; Candel & Borromei, 2016).

Diversos estudos palinologicos foram conduzidos no setor Sul-riograndense da
planicie costeira do Brasil (ver resumos em Lorscheitter, 2003; Bauermann et al.,
2009; Mourelle et al., 2018). No entanto, o setor catarinense € geomorfologicamente
distinto do setor Sul-riograndense e poucos estudos palinolégicos sobre a sucesséo
ambiental foram realizados até entdo. Estudos disponiveis até hoje estdo localizados
apenas na porg¢ao continental da planicie costeira catarinense (Behling e Negrelle,
2001; Amaral et al., 2012; Cancelli, 2012; Kuhn et al., 2017; Val-Péon et al., 2019;
Silva et al., 2021, Franga et al., 2019; Cohen et al., 2020). Até o momento ndo ha
estudos de evolugdo paloambiental através de palinologia para a Ilha de Santa
Catarina.

Dessa forma, esta contribuicdo dedica-se a compreender as mudancgas
ambientais ocorridas no sul da llha de Santa Catarina, investigando os efeitos das
mudangas do nivel do mar ocorridas durante o Holoceno na paisagem e no
desenvolvimento da vegetacdo no local. Além disso, essa pesquisa buscou identificar
as relacbes com a evolugdo ambiental em areas similares, compreendendo o0s
principais agentes da paisagem. Sendo assim, o presente trabalho fornece o primeiro
estudo palinolégico em combinagdao com dados sedimentoldgicos e isotopicos para a
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llha de Santa Catarina. Assim, este estudo compreende o registro palinolégico mais
oriental da porgéo terrestre da planicie costeira do sul do Brasil. Nesta tese, apresento
a evolugcdo ambiental e vegetacional detalhada do sul da llha de Santa Catarina
(Pantano do Sul) durante os ultimos 6.500 anos. Considerando as curvas de oscilagao
do nivel do mar propostas para o litoral brasileiro (e.g., Angulo et al., 2006, Barboza
et al., 2021) e as reconstituigdes ambientais palinoldgicas disponiveis para a por¢géo
continental do litoral de Santa Catarina (e.g., Cancelli, 2012; Kuhn et al., 2017; Silva
et al., 2021), esta pesquisa tem como hipotese principal que a morfologia e dindmica
vegetacional do sul da llha de Santa Catarina tenha sido controlada principalmente

por variagdes do nivel do mar durante o Holoceno.

2. OBJETIVOS

Esta tese tem como objetivo principal propor um modelo para a evolugao
paleoambiental do sul da llha de Santa Catarina durante o Holoceno através de
analise palinologica, sedimentolégica e isotopica. Os objetivos especificos

contemplam:

e Analise dos componentes palinologicos buscando identificar e contemplar a
diversidade de palinomorfos encontrados na localidade estudada;

e Compreensao do papel ecoldgico dos elementos palinolégicos encontrados;

e Investigacdo das variagbes ambientais ocorridas na area de estudo e

correlagdo com as mudancas do nivel relativo do mar durante o Holoceno;

e Integragdo dos resultados obtidos com os demais trabalhos realizados na

Planicie Costeira de Santa Catarina.

3. MATERIAIS E METODOS

Para o desenvolvimento desta pesquisa, foram realizadas atividades em campo
e laboratorio. A preparagéo quimica, analises qualitativas e quantitativas das amostras
palinolégicas foram realizadas no Laboratério de Palinologia Marleni Marques Toigo
do Instituto de Geociéncias da Universidade Federal do Rio Grande do Sul
(IGEO/UFRGS) e nos laboratérios do Centro de Ciéncias Ambientais e Marinhas
(MARUM) da Universidade de Bremen. As analises granulométricas do testemunho
foram realizadas no Centro de Estudos de Geologia Costeira e Oceanica (CECO) do
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IGEO/UFRGS. Por fim, analises geoquimicas foram obtidas no Laboratério de
Geoquimica Orgénica — Hinrichs Lab do MARUM da Universidade de Bremen.

3.1. COLETA DO PERFIL SEDIMENTAR

Um testemunho sedimentar (PCSC-4) foi coletado na regido de Pantano do Sul,
sul da llha de Santa Catarina (SC), no interior de uma Mata Paludosa a
aproximadamente 1 km de distdncia da atual linha de costa (Figura 1). As
coordenadas de coleta do poco sao: 27°46’°36.49”S; 48°31°45.96”0.

A coleta do perfil sedimentar de Pantano do Sul foi realizada utilizando um
aparelho coletor denominado “Russian Peat Borer’. Esse equipamento € composto
por uma capsula tubular de 50 cm de comprimento por 5 cm de didmetro, acoplado a
hastes moveis e que, por movimentos rotacionais, retira e incorpora segdes
sedimentares nas profundidades desejadas (Moore et al., 1991). A cada segéao, o
coletor foi cuidadosamente limpo, evitando a contaminag¢ao de palinomorfos oriundos
de niveis anteriores. As se¢bes sedimentares foram transferidas para tubos de
policloreto de vinila (PVC) previamente cortados longitudinalmente com mesmas
dimensdes da capsula do aparelho coletor e com a marcacgao de topo e base indicando
as respectivas profundidades (Figura 2). Os tubos foram embalados com filme plastico
e papel aluminio para transporte ao laboratério onde foram acondicionados em baixas

temperaturas até a retirada das unidades amostrais para analises.

O testemunho atingiu a profundidade de 6,5 m, onde o material sedimentar
apresentou resisténcia para a perfuracdo. O local de coleta foi selecionado pelas
caracteristicas redutoras do solo no local, propicias para preservagao de palinomorfos
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Figura 1: Localizacdo da area de estudo e local de coleta do testemunho PCSC-4.
a) Localizagdo da llha de Santa Catarina na porgao central do litoral de Santa
Catarina; b) Localizagdo da praia de Pantano do Sul no sul da llha de Santa
Catarina; c) Localizagao do testemunho na praia de Pantano do Sul; d) Foto aérea
e indicacdo do local de amostragem do testemunho (PCSC-4).
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500 Sedimento inconsolidado composto
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550 o Sedimento inconsolidado acinzentado

600 - Sedimento inconsolidado acinzentado
com presencga de conchas calcareas
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Figura 2: Perfil sedimentar esquematico de Pantano do Sul (PCSC-4; a esquerda),
imagens representatitavas de diferentes por¢gbées do testemunho (ao centro) e
fotografias do local de coleta (a direita).

3.2. DATAGOES RADIOCARBONICAS

A datacgao radiocarbbnica de quatro amostras foi realizada no Laboratério CAIS
(Center for Applied Isotope Studies - The University of Georgia) pelo método AMS
(Accelerator Mass Spectrometry). Para isto, foram extraidas aproximadamente 20
gramas de sedimento seco para cada amostra. A calibragao das idades absolutas foi
realizada utilizando o software CALIB 8.2 (Stuiver et al., 2021), considerando a curva
de calibragéo radiocarbondnica Southern Hemisphere SHCal 13 de Hogg et al. (2013).
Adicionalmente, as idades das demais amostras ao longo do perfil foram estimadas a
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partir da interpolacdo das idades obtidas pelas datacbes radiocarbdnicas,
procedimento realizado utilizado o software Tilia 1.7.16 (Grimm, 2011).

3.3. ANALISES GRANULOMETRICAS

Anadlises granulométricas e calculos dos teores de matéria organica foram
realizados em 66 amostras ao longo do testemunho. Para isso, amostras foram
coletadas com espacamento de 10 cm entre si da base para o topo do testemunho
(650 - 0 cm) e foram igualmente separadas em duas subamostras para determinar
distribuicdo granulométrica e teor de matéria orgénica do sedimento em cada nivel
amostral. Essas analises, bem como os calculos dos parametros estatisticos, foram
realizadas no Centro de Estudos de Geologia Oceéanica e Costeira (CECO) da
Universidade Federal do Rio Grande do Sul. Todas as amostras foram secas em
estufa a 40°C e posteriormente pesadas. As analises foram realizadas pelo método
de peneiramento e pipetagem, seguindo parédmetros estatisticos de Folk e Ward
(1957) e classificagdo textural de Shepard (1954). Para determinagdo do teor de
matéria organica, as amostras foram calcinadas em mufla a 550 °C durante 4 horas e
pesadas antes e ap0ds a calcinagédo. O conteudo de matéria organica dos sedimentos
foi determinado pela perda de massa apds esse processo.

3.4. COLETA DE DADOS ALTIMETRICOS

A coleta de dados altimétricos foi realizada com o objetivo de possibilitar a
correlagdo com outros trabalhos palinolégicos previamentes desenvolvidos na
planicie costeira de Santa Catarina. Além da coleta de dado altimétrico do testemunho
de Pantano do Sul (PCSC-4), também foi coletado a altitude do local de amostragem
do testemunho de Garopaba (PCSC-3), o qual foi objeto de pesquisa de mestrado da

autora.

A altitude do topo do perfil sedimentar do testemunho de Pantano do Sul e
Garopaba foram obtidos em relagdo ao nivel relativo do mar atual por meio de um
receptor GNSS, modelo Stonex S8 Plus com base e rover. Cada base foi inicialmente
definida através de pelo menos 30 minutos de rastreamento e a posigédo do rover foi
adquirida no modo RTK (Real time kinematic). As bases foram pds-processadas no
software GNSS Solutions®, combinando duas estacdes do Instituto Brasileiro de
Geografia e Estatistica (IBGE), localizadas nos municipios de Florianopolis (Estagao
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IFSC - 48064M001) e Imbituba (Estagdo IMBT - 41638M001). A Estagao IMBT fica a
20 km da base de Garopaba e 50 km de Pantano do Sul, enquanto a Estagao IFSC
fica a cerca de 50 km de Garopaba e a 20 km do Pantano do Sul. A posigao altimétrica
dos testemunhos foi ajustada apos o processamento das bases, e o erro altimétrico
final foi estimado usando a raiz quadrada do desvio quadratico médio, resultando em
precisdes de elevagdo melhores que 0,2 m. Altitudes elipsoidais foram convertidas
para ortométricas utilizando o modelo MAPGEO 2015 (IBGE, 2021).

3.5. ANALISES GEOQUIMICAS E ISOTOPICAS

Com o objetivo de identificar a origem da matéria organica, as composig¢des
elementares e isotopicas de carbono e nitrogénio foram obtidas para trinta e trés niveis
ao longo do perfil sedimentar. Amostras com 3 cm? de sedimento foram coletadas com
intervalos de 20 cm da base para o topo do testemunho (640 - 0 cm) adicionadas a
amostra basal (650 cm) para as analises de carbono organico total (TOC), nitrogénio
total (TN) e 8'3C. A preparagdo das amostras foi realizada no Laboratério Hinrichs da
Universidade de Bremen, onde inicialmente foram secas em estufa a 60°C e pesadas.
As amostras foram tratadas com HCIl a 10% para eliminar carbonatos e depois lavadas
com agua Milli-Q até o pH atingir 5. As amostras foram secas em um liofilizador,
pesadas novamente e homogeneizadas para serem analisadas no Analisador
Elemental Acoplado a Espectrometria de Massa de Raz&o Isotépica (EA-IRMS) no
mesmo laboratoério. Os valores de TOC e TN foram expressos como uma porcentagem
do peso seco e 8'3C foi expresso em delta por mil, notagdo com uma precisdo de +
0,17 %o, em relacao ao padrdo VPDB. A relagado C/N (peso/peso) foi calculada usando

a razao de resultados elementares.
3.6. PROCESSAMENTO DAS AMOSTRAS PALINOLOGICAS

Sessenta e seis amostras de 3 cm?® foram obtidas ao longo do testemunho para
analises palinolégicas com 10 cm de espagamento entre si. Apds um reconhecimento
taxondémico preliminar, as amostras onde foram registrados cistos de dinoflagelados
(650 - 300 cm) foram reamostradas para analises mais detalhadas, totalizando 36
amostras com o mesmo espagamento e volume total de amostra (3 cm?3). Um
comprimido de esporos de Lycopodium clavatum L. (18,584 + 371 esporos) foi

adicionado a cada amostra antes do processamento quimico de ambas as amostras
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palinolégicas e de cistos de dinoflagelados para permitir calculos de concentragéo
(Stockmarr, 1971).

As amostras palinoldgicas foram processadas utilizando técnicas de preparagao
padrao para palinologia do Quaternario (Faegri e Iversen, 1989), usando HF (40%),
HCL (10%), KOH (10%) e acetolise (Figura 3). Para concentragdo do material, as
amostras foram peneiradas em peneira < 250 ym e ZnCl; foi usado para separagao
das fragbes organicas e inorganicas, verificando os residuos para ter certeza de que
nenhum material foi perdido na separagao. As laminas palinologicas foram preparadas
a partir do residuo final, montadas com Entellan.

As amostras de cistos dinoflagelados foram preparadas usando procedimentos
semelhantes. Porém, para evitar danos aos cistos de dinoflagelados, as amostras n&o
foram preparadas com acidos quentes, KOH e acetdlise, bem como foram utilizados
diferentes técnicas para concentracéo e separacdo do material. As amostras de cistos
dinoflagelados foram descalcificadas com HCI diluido (10%), tratadas com HF (40%)
para remocao dos silicatos. Apds os tratamentos quimicos, as amostras foram
peneiradas em malha de 20 um e os residuos foram transferidos para frascos
Eppendorf onde o material foi concentrado em 1 ml. As laminas foram montadas com
gel de glicerina para analise microscépica. As etapas de ambos os processamentos
palinoldgicos estédo representadas no fluxograma da Figura 3.
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a PROCESSAMENTO DAS AMOSTRAS PALINOLOGICAS

Coleta das amostras Remocao dos silicatos
As amostras foram coletadas em HF (40%) por 8h e, depois 4 mina 60°C

espagamento de 10 cm, totalizando v
66 amostras de 3 cm3 cada.
Remocao dos carbonatos

HCI (10%) por 4 min a 60 °C

v

Remogao dos acidos umicos
KOH (10%) por 4 min a 60 °C

v

Desidatragao das amostras
C,H,0, por 4 min

v

Acetolise (remocao do conteudo citoplasmatico e celulose)
C,H,O, (9) +H,SO, (1) por 4 min a 100 °C

v

Peneiramento e separacao por densidade (Zn,Cl)

\/

Preparacgao das laminas palinolégicas (Entellan)

b PROCESSAMENTO DAS AMOSTRAS DE CISTOS DE DINOFLAGELADOS

Remocao dos carbonatos

As amostras foram coletadas em HCI (10%) por 12h
espagamento de 10 cm, totalizando ?
36 amostras de 3 cm3 cada.

Coleta das amostras

Remocao dos silicatos
HF (40%) agitando por 2h e, depois descansando por 48h

v

Peneiramento (20 micrometros)

v

Preparacao das laminas palinolégicas (Glicerina)

Figura 3: Fluxograma das etapas do processamento palinolégico. a) Procedimentos
submetidos as amostras palinoldgicas; b) Procedimentos submetidos as amostras

de cistos de dinoflagelados.

3.7. ANALISES QUALITATIVAS E FOTOMICROGRAFIAS

Determinagbes taxonémicas dos palinomorfos foram baseadas em literatura
especializada incluindo atlas, catalogos e artigos disponiveis (e.g., Hooghiemstra,
1984; Neves & Lorscheitter, 1992; Herrera & Urrego, 1996; Lorscheitter et al., 1998;
Collinvaux et al., 2003; Macedo et al., 2009; Cancelli et al., 2012). Além disso,
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equivalentes modernos da colegdo de referéncia palinolégica do Laboratério de
Palinologia Marleni Marques Toigo da UFRGS foram utilizados para a identificagao
dos graos de polen e esporos. Cistos de dinoflagelados foram identificados seguindo
a chave online para determinacbes de cistos de dinoflagelados (Zonneveld &
Pospelova, 2015 e referéncias nele).

Para grupos taxonémicos que apresentaram semelhangas morfolégicas, mas
nao puderam ser distinguidos, utilizou-se a denominagéao “tipo” precedida dos nomes
cientificos, conforme Punt et al. (2007) e Salgado-Labouriau (2007). Esse tipo de
classificagao permite que dentro de um “tipo polinico” possam estar incluidos mais de
uma familia ou género ndo sendo possivel um detalhamento taxonémico mais
aprofundado. Aos palinomorfos indeterminados pertencentes ao mesmo grupo
palinolégico que apresentaram morfologias distintas foram ascrescidos numeros apos

a nomenclatura principal (e.g., Esporo 1, Esporo 2, Esporo 3).

As fotomicrografias foram obtidas em aumentos de 1.000x com maquina digital
Olympus evolt €330 acoplada ao microscopio Olympus CX-31. As imagens digitais

foram processadas e melhoradas nos softwares Corel Draw e Corel Photo-Paint.
3.8. ANALISES QUANTITATIVAS

Contagens de palinomorfos foram realizadas com microscopio o6tico em
aumentos de 400x e 1000x%. As leituras foram feitas em transecc¢des perpenciculares
com espacamento entre as linhas de aproximadamente um campo visual para evitar

a recontagem dos palinomorfos, conforme indicado em Salgado-Labouriau (2007).

Os palinomorfos de cada amostra foram contados até atingir o minimo de 300
graos de pélen monitorados por curvas de saturagéo. Os outros palinomorfos (ou seja,
esporos, algas, acritarcos, palinoforaminiferos, ovos de copépodes e escolecodontes)
e esporos de L. clavatum foram contados em paralelo. Amostras de cistos
dinoflagelados foram contadas até atingirem suas curvas de saturagao e esporos de

L. clavatum foram contados em paralelo.

Posteriormente, os taxons foram agrupados de acordo com suas afinidades
ecologicas em habito ou habitat. Os cistos de dinoflagelados foram agrupados
conforme suas estratégias de vida; taxons fotossintéticos (Operculodinium

centrocarpum, O. israelianum, Spiniferites mirabilis e Pentaphaersodinium dalei) e
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taxons heterotréficos (Brigantedinium spp., Leipokatium invisitatum, Polykrikos kofoidii
| schwartzii, Protoperidinium spp. e Selenopemphix nephroides).

3.8.1. Representagao por porcentagem

As abundéncias relativas (i.e., porcentagens) dos grdaos de poélen foram
calculadas em relagdo a soma polinica (soma de todos os grdos de angiospermas),
conforme a Equacdo 1. As abundancias relativas dos demais palinomorfos foram
calculadas em relagédo aos valores absolutos (soma de todos os palinomorfos).

B x100
- Yp

(Equacéao 1)
Onde:
f = porcentagem de um elemento
B = elemento
Y. p = soma total de pdlen

Para as amostras processadas sem métodos agressivos, a abundéancia absoluta
de dinoflagelados representa a soma de todos os cistos dinoflagelados contados
enquanto que as abundéncias relativas de cada taxon sao indicadas como uma

porcentagem em relagdo a abundancia absoluta dos dinoflagelados.
3.8.2. Representagao por concentragao

As concentragdes (palinomorfos/cm?®) foram calculadas usando comprimidos de
esporos de L. clavatum como valores de referéncia. Em cada comprimido é informado
pelo fabricante o numero total de esporos. Sabendo-se a quantidade de L. clavatum
introduzidos em cada amostra, o numero de L. clavatum contados em cada amostra
e a quantidade de cada palinomorfo encontrado, pode-se estimar a concentragao de
cada taxon (conforme a Equacdo 2). Para integrar as contagens de cistos
dinoflagelados e as contagens palinologicas realizadas em amostras de diferentes
processamentos, utilizou-se a proporgao de contagens de L. clavatum das amostras

palinolégicas e das amostras de cistos dinoflagelados correspondentes como um fator
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de conversdo. As contagens de cistos dinoflagelados foram multiplicadas por esta
razdo e adicionadas ao diagrama integrado final.

As analises de concentragdo foram realizadas para auxiliar as interpretagdes
paleoecoldgicas, uma vez que os diagramas de porcentagem, ocasionalmente,
apresentam distorgdes devido a super-representacéo de alguns taxons polinicos (e.g.
Lorscheitter & Roth, 2013). Estes calculos foram realizados no software Tilia 1.7.16
(Grimm, 2011), conforme a equagao 2:

NY X NLCa

Y= NLcc x cm?

(Equacéo 2)
Onde:
y = concentragao de determinado palinomorfo
NY = contagem do palinomorfo na amostra
NLa = total de esporos L. clavatum introduzidos em cada amostra

NLcc = numero de L. clavatum contados em cada amostra
3.8.3. Analise de agrupamento

As fases ambientais foram estabelecidas por analises de agrupamento com
controle estratigrafico (constrained; CONISS) usando a transformacéo de distancia da
raiz quadrada da corda de Edwards & Cavalli-Sforza. Na matriz de dados foram
considerados os taxons referentes aos grupos palinologicos de grdos de polen,
esporos, algas de agua doce, algas marinhas, acritarcos, cistos de dinoflagelados,
esporos indeterminados e gréos de pdlen indeterminados, bem como fungos e
palinoforaminiferos. Uma amostra discrepante (40 cm de profundidade) nao foi
incluida na analise cluster. Estas analises foram realizadas no software TILIA 1.7.16
(Grimm, 2011).

3.8.4. Analise de Componentes Principais (PCA)

Para a Analise de Componentes Principais (PCA) foram utilizados os softwares
Canoco (Smilauer & Lep$, 2014) e PAST 4.03 (Hammer et al., 2001). Analises

multivariadas foram realizadas com os dados palinolégicos de abundancia relativa.
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4. LOCALIZAGAO E ASPECTOS FISIOGRAFICOS DA AREA DE
ESTUDO

41. GEOLOGIA E GEOMORFOLOGIA

A planicie costeira de Santa Catarina compreende unidades do embasamento
(unidades pré-cambrianas, paleozdicas e mesozdicas) a oeste e bacias marginais
sedimentares de Pelotas e Santos (cretacea a quaternaria) a leste (Diehl & Horn Filho,
1996). A Plataforma de Floriandpolis € o limite geografico entre essas duas bacias. A
Bacia de Pelotas estende-se em direcdo sul, enquanto que a Bacia de Santos a norte.
O embasamento € composto por rochas pré-cambrianas do Escudo Catarinense e
rochas sedimentares paleozdicas e mesozoicas da Bacia do Parana. Os depdsitos
sedimentares marginais compreendem sistemas continentais, correspondendo a
depositos coluviais, aluviais e leques fluviais (Horn Filho & Livi, 2013). O sistema
costeiro é caracterizado pela faixa costeira escarpada que cruza a linha costeira e cria
embaiamentos onde se observam barreiras, bolsdes de praias e sistemas estuarinos
(Hesp et al., 2009).

Os aspectos fisiograficos e estruturais da llha de Santa Catarina sdo muito
semelhantes aos da regido continental, uma vez que estiveram unidos quando o nivel
do mar estava abaixo do nivel atual (Horn Filho, 2006). O relevo é dominado por
morros graniticos com altitudes de até 532 metros e areas relativamente planas da
planicie costeira, que consiste em depdsitos de ambientes marinhos do Pleistoceno e
Holoceno, praianos, edlicos, lagunares e paludiais (Horn Filho, 2006).

4.2. CLIMATOLOGIA

A regiao Sul do Brasil apresenta um clima muito homogéneo no que se refere ao
seu regime pluviométrico e ao seu carater estacional. A sua posi¢cao nas latitudes
meédias e a presenca de uma grande superficie liquida na face leste influencia as
condigbes climaticas. Seu posicionamento coloca a regido como alvo tanto por
sistemas atmosféricos de baixas latitudes, quanto por sistemas originarios em
latitudes médias e elevadas. Ainda, o Oceano Atlantico atua no clima da regido com
o efeito da maritimidade.
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Dessa forma, ndo diferente dos demais estados da regido Sul, o estado de Santa
Catarina possui como principais condicionantes da dinamica meteorologica dois
sistemas de alta pressado: o Anticiclone Migratorio Polar e o Anticiclone Semifixo do
Atlantico. O Anticiclone Semifixo do Atlantico Sul & gerador da Massa Tropical
Maritima e possui, geralmente, temperaturas elevadas e amenas e forte umidade
especifica (Nimer, 1990). O Anticiclone Migratorio Polar origina a Massa Polar
Atlantica, que é caracterizada por ser fria e seca. A massa tropical gera
predominantemente ventos de nordeste, enquanto que a massa de ar polar produz
ventos do sudoeste (Diehl & Horn, 1996). Segundo Viana (2009), a alternancia dos
anticiclones atlantico e polar cria centros de alta e baixa pressao onde se configuram

as frentes de contato, que s&do responsaveis por parte da precipitagcao no litoral.

De acordo com a classificagdo de Koppen (1936), o estado de Santa Cataria
abrange o tipo climatico “Cf’, temperado, com chuvas em todos os meses. Dentro do
tipo “Cf” ocorre dois subtipos: “Cfa”, subtropical, com temperatura média das maximas
superior a 22°C e a média das minimas variando entre -3 e 18°C; “Cfb”, subtropical,
com a média das maximas inferior a 22°C e a média das minimas oscilando entre -3
e 18°C (Alvares et al., 2013). A area de estudo apresenta o tipo “Cfa”, que corresponde
ao clima mesotérmico brando ou "clima subtropical umido sem estagdo seca e com

verdes quentes".
4.3. OCEANOGRAFIA

A llha de Santa Catarina € bordejada pelo Oceano Atlantico Sul. As correntes de
superficie na regido sdao dominadas pela Corrente do Brasil que flui para o sul,
caracterizada por ser relativamente quente e salina (Peterson & Stramma, 1991). A
Corrente do Brasil origina-se em cerca de 10°S pela bifurcagédo da Corrente Equatorial
Sul que flui para oeste (Silveira et al., 2000; de Souza & Robison, 2004). A Corrente
do Brasil entra em contato com a Corrente das Malvinas, que por sua vez flui para o
norte, caracterizada por aguas frias e de baixa salinidade e tém sua origem na
Corrente Antartica Circumpolar (Figura 4). Na zona de contato entre ambas as
correntes, a chamada Confluéncia Brasil-Malvinas, as aguas da Corrente das
Malvinas mergulham sob as aguas da Corrente do Brasil. As massas de agua mistas
sdo transportadas para leste como parte da Corrente do Atlantico Sul (Piola & Matano
2019). Ainda, ao longo da costa, a Corrente Costeira Brasileira flui para o norte. Esta
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ultima corrente consiste em aguas de baixa salinidade descarregadas do Rio de La
Plata e da Lagoa dos Patos que em seu caminho para o norte se misturam com as
outras massas de agua (de Souza & Robinson, 2004). A posigao da extensdo maxima
para o norte da Corrente Costeira Brasileira, bem como da Confluéncia Brasil-
Malvinas, varia fortemente entre as estagdes (Piola et al., 2000, 2005). No verao
austral, a Confluéncia Brasil-Malvinas atinge sua posi¢gao mais ao sul. A extenséo
maxima ao norte da Corrente Costeira Brasileira, bem como as aguas mais frias da
Corrente das Malvinas podem ser observadas perto da Illha de Santa Catarina no
inverno austral (Figura 4).

Ilha de
Santa

Catarina

Temperatura (°C)

Figura 4: Correntes de superficie atuantes no Oceano Atlantico Sul (JPL MUR
MEaSUREs Project, 2015) (a) durante o inverno (24/08/2020) e (b) durante o verao
(24/03/2020). Em destaque observa-se a Ilha de Santa Catarina (area de estudo).
CM: Corrente das Malvinas; CBM: Confluéncia Brasil-Malvinas; CB: Corrente do
Brasil; CCB: Corrente Costeira Brasileira; CAS: Corrente do Atlantico Sul.

4.4. VEGETAGAO

O bioma Mata Atlantica cobre todo o estado de Santa Catarina. Este bioma
engloba diferentes formacdes florestais e ecossistemas associados. Nas areas altas,
caracteriza-se como um mosaico de Floresta com Araucarias e campos. Na planicie
litordnea, ha uma densa vegetacdo arborea e algumas formagdes pioneiras como
restinga, manguezais e campos salinos (MMA, 2010). Em particular, a restinga é um
ecossistema que ocorre nas planicies fluviais e ao redor das depressdes aluviais, tais
como pantanos, lagunas e lagoas. Ela se encontra em terrenos predominantemente
arenosos, formados por sedimentos marinhos oriundos do Quaternario e esta
distribuida principalmente na planicie costeira sul e sudeste do Brasil (Magnano et al.,
2010; IBGE, 2012; Marques et al., 2015; Melo Junior & Boeger, 2015). A restinga do
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estado de Santa Catarina apresenta trés fitofisionomias primarias: restinga herbacea
ou subarbustiva, restinga arbustiva e restinga arbérea ou mata de restinga
(Falkenberg, 1999, Binfaré, 2016). A restinga, em conjunto com as demais vegetagdes
pioneiras, € condicionada por fatores edaficos e é composta por plantas adaptadas
aos parametros ecologicos de carater de primeira ocupacéao (IBGE, 2012).

5. ESTADO DA ARTE DO TEMA DA PESQUISA

5.1. O QUATERNARIO

O periodo Quaternario corresponde as se¢des sedimentares mais jovens da Era
Cenozoica, sendo constituido por duas épocas de duragao desigual posteriores ao
Plioceno (época final do Nedgeno) na escala do tempo geoldgico. A mais antiga,
denominada Pleistoceno, com inicio ha 2,58 Ma atras, tem sua base definida no
estagio Gelasiano reconhecido pelo estratotipo (Global Stratotype Sections and
Points/GSSP) no Monte San Nicola na ltalia (Gibbard & Head, 2010). A época mais
recente, o Holoceno, abrange os ultimos 11,7 mil anos da histéria geolégica da Terra
(Cohen et al., 2013; atualizada) (Figura 5), com base definida em um testemunho de
gelo (NGRIP2) perfurado na Groenlandia no ambito do North Greenland Ice Core
Project em uma profundidade de 1.492,45 m (Walker et al., 2009).

Grandes mudangas climaticas, com longos intervalos de tempo de temperaturas
muito baixas (glacia¢des) intercaladas com tempos mais quentes, como o atual,
marcam o Quaternario. Durante o Pleistoceno, estima-se que ocorreram, no minimo,
16 glaciagbes de tamanho variavel (Salgado-Labouriau, 2007). Embora também
tenham sido registradas alteragbes acentuadas na temperatura, tais como as fases
guentes na idade Média denominada “Periodo Calido Medieval”’ e outras mais frias
como a “Pequena ldade do Gelo”, o inicio do Holoceno é padronizado com o aumento
medio das temperaturas em cerca de 6°C (Salgado-Labouriau, 2007).
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Figura 5: Tabela do tempo geoldgico dos periodos Neodgeno e Quaternario
(modificado de Cohen et al., 2013; atualizado; International Stratigraphy Chart,
2020/03). As secdes e os pontos dos estratétipos globais oficializados estédo
indicados pela sigla GSSP, em inglés (Global Boundary Stratotype Section and
Point).

Praticamente desde o inicio do periodo Quaternario os continentes ja ocupavam
a posicao moderna e toda a flora atual ja existia. Diversos organismos, tais como os
macrorestos de plantas, os grdos de polen, os esporos de pteriddfitas, os
foraminiferos e as diatomaceas achados em sedimentos quaternarios sdo os mesmos
que os atuais e, por sua vez, podem ser relacionados diretamente com as espécies
viventes. No entanto, o mesmo n&o ocorreu com a fauna, pois muitas espécies que
se desenvolveram durante o periodo ndo alcangaram o presente (Salgado-Labouriau,
1994).

Os grandes dominios naturais que fazem parte da paisagem atual s&o oriundos
de processos gerados pela interagcdo dos elementos bidticos e abidticos. Esses
processos estao relacionados principalmente com o clima que, durante o Quaternario,
sofreu grandes mudancgas. As variagbes de épocas glaciais e interglaciais, n&o
somente modificaram ciclicamente a temperatura do ar, como mudaram os padrbes
de circulagao atmosférica e oceanica, alteraram o regime de precipitagdo e a umidade

relativa da atmosfera e causaram transgressées e regressdes marinhas sobre os
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continentes. Essas condigbes paleoambientais também atuaram sobre as rochas,
sedimentos e elementos bidticos da superficie da Terra e, consequentemente,
resultaram em modifica¢gdes no relevo, na cobertura vegetal e geoldgica, as quais

deixaram marcas na paisagem (Salgado-Labouriau, 2007).

5.2. OSCILAGOES DO NIiVEL DO MAR NO QUATERNARIO: CAUSAS E
EFEITOS NA COSTA BRASILEIRA

O nivel do mar ao longo do tempo geoldgico n&o foi constante, apresentando
variagbes de subidas e descidas. Essas oscilagbes em escala global foram
denominadas de eustasia por E. Suess, em 1906, quando se constatou que tais
mudangas eram equivalentes em todos os oceanos do mundo (Murray-Wallace,
2007). Contudo, atualmente sabe-se que particularidades regionais existem. O nivel
do mar é resultante das mudancgas da elevagdao ou da subsidéncia do continente,
conhecidas como movimentos tectonicos e/ou isostaticos, e das variacdes reais do
nivel do mar, denominados movimentos eustaticos (Bird, 2008). Os movimentos

eustaticos somam-se ou se subtraem aos movimentos crustais locais ou regionais.

As variagbes eustaticas do nivel do mar ocorrem em escalas temporais e
espaciais e sdo afetadas por diversos fatores (Figura 6). Os principais sdo de origem
climatica, tectbnica, gravitacional e dinadmica. Dentre os climaticos, destacam-se as
mudangas nos volumes das aguas oceénicas por fendbmenos de glaciagdo e
deglaciacédo, conhecidos por glacioeustasia. As alteragdes de origem tectbnica,
denominadas tectonoeustasia, sdo consequéncia das flutuagdes nos volumes das
bacias oceéanicas. Essas flutuacbes podem ser decorrentes da compensacao
isostatica gerada pelos ciclos glaciais e interglaciais. As alteragbes de origem
gravitacional resultam de deformacgdes na topografia da superficie do oceano, que s&o
resultados de mudangas geoidais, geradas por variagdes no campo gravitacional e na
rotacédo da Terra. Conhecida como geoidoeustasia, essas alteragdes também podem
estar relacionadas aos eventos glaciais e interglaciais devido ao deslocamento de
massas. Por fim, as variagdes dindmicas do nivel do mar estdo relacionadas as
mudancgas na densidade da agua por variagao térmica ou de salinidade geradas por
variagdes nas correntes oceanicas ou fendbmenos meteoroldgicos de maior escala
temporal (Suguio et al., 2005; Shennan, 2007; Bird, 2008; Suguio, 2010; Angulo &
Souza, 2014).
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Figura 6: Diagrama esquematico dos processos globais em escala local que
contribuem para a mudancga do nivel do mar. Setas em azul sdo para as escalas
de tempo da ordem de 10%2 —10° anos, setas em preto s&do para escalas de ~10°
a 10? anos e as setas em vermelho para >10° anos (modificado de Shennan et
al., 2013).

No Quaternario, as variacbes eustaticas do nivel do mar estdo relacionadas
principalmente com os ciclos glaciais e interglaciais que caracterizaram o periodo. A
teoria mais aceita sugere que estes ciclos, denominados de ciclos de Milankovitch,
foram originados por variagdes de trés forgantes orbitais: a inclinag&o do eixo terrestre
(periodicidade de 42.000 anos), a excentricidade da érbita (periodicidade de 96.000
anos) e a precessao dos equindcios (periodicidade de 21.000 anos) (Angulo & Souza,
2014). Esses parametros modificariam a quantidade de energia recebida e forgariam

uma mudanga no sistema climatico (Salgado-Labouriau, 1994).

Para o estudo destas antigas posi¢des ocupadas pelo nivel do mar, s&o
utilizados indicadores (evidéncias ou testemunhos) tanto geoldgicos como bioldgicos,
identificados em um tempo e em um espago definido. Entre os indicadores geoldgicos

estao os terragos de construcdo marinha, os terracos de abrasdo marinha e as rochas
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praiais. Os indicadores biologicos, por sua vez, sao representados por restos
biogénicos de animais, como moluscos, ou vegetais, como microfésseis (Suguio,
2010).

Na plataforma continental brasileira foram evidenciadas trés fases em que o mar
estava abaixo do nivel atual: (i) entre 17.500 a 16.000 anos AP, com velocidade de
ascensao de 2 cm/ano, estima-se que o nivel do mar se situava entre -120 m a -130
m abaixo do atual, sendo assim, toda a plataforma continental atual estava emersa e
submetida a oxidagdo e eroséo; (ii) dos 16.000 a 11.000 anos AP, nesta fase a
velocidade de ascensao diminuiu para 0,6 cm/ano, a linha de costa encontrava-se em
até -60 m e -70 m; e, (iii) entre 11.000 a 6.500 anos AP, quando houve aumento na
velocidade de ascensdo do nivel do mar para 1,6 cm; neste ultimo intervalo sao
identificadas duas fases de estabilizacéo, entre -32 ma-45me-25ma-20mde
profundidade. Também ha evidéncias de niveis do mar acima do atual. H4 120.000
anos AP o nivel relativo do mar em grande parte do Brasil esteve entre 8 + 2 m acima
do nivel médio atual. Esse episddio € conhecido como sistema de ilhas-
barreira/laguna Ill descrito por Villwock et al. (1986) para a planicie costeira do Rio
Grande do Sul (Suguio et al., 2005).

5.3. ESTUDOS DO NiVEL RELATIVO DO MAR DURANTE O HOLOCENO NO
BRASIL

Mudangas do nivel relativo do mar durante o Holoceno na planicie costeira
brasileira tem sido alvo de muito debate. Estudos mostram que durante o Holoceno o
nivel do mar ultrapassou o atual ao longo de toda a costa brasileira, seguido por uma
queda até o presente (Angulo et al., 2006). Contudo, alguns pontos ainda estdo em
discussao, como por exemplo a ocorréncia de oscilagdes de alta frequéncia do nivel
relativo do mar com duas fases regressivas durante o Holoceno Tardio (Suguio et al.,
1985; Martin et al., 2003).

Estudos pioneiros com as primeiras idades radiocarbénicas de calcario
biogénico composto principalmente por vermetideos foram publicadas por Van Andel
& Laborel (1964) e Delibrias & Laborel (1969) tentando estabelecer uma curva média
do nivel do mar no Holoceno. Delibrias & Laborel (1969) sugeriram que os resultados
abrangendo os ultimos 6.000 anos poderiam ser representativos da tendéncia geral
do nivel do mar no Holoceno tardio ao longo da costa brasileira. Segundo os autores,
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a tendéncia sugeria que o nivel do mar excedia o atual em 6.000 anos AP, atingindo
+3,0 m por 4.500 anos AP e depois caiu gradualmente para o nivel atual. Embora a
curva do nivel do mar proposta tenha sido derivada de areas amplamente separadas,
provou ser um pouco similar a tendéncia sugerida pelas curvas regionais do nivel do
mar (Angulo & Lessa, 1997).

Suguio et al. (1985) apresentaram oito outras curvas de variagao do nivel relativo
do mar para os ultimos 7.000 anos em distintos locais ao longo da costa brasileira com
base em diversos tipos de indicadores do paleonivel marinho (indicadores bioldgicos,
geoldgicos e preé-historicos) (Figura 7). De forma geral, as curvas propostas indicam
que o maximo transgressivo holocénico ocorreu ha cerca de 5.500 anos AP e neste
momento o mar atingiu entre 4 a 5 m acima do atual. Apos esse maximo transgressivo,
as curvas sugerem dois eventos de oscilagdes negativas (entre 4.000 a 3.800 anos
AP e entre 3.000 a 2.700 anos AP) em que o nivel do mar estaria abaixo do atual.

Contudo, Angulo & Lessa (1997) e Angulo et al. (2006) questionam a validade e
precisao de alguns dos indicadores utilizados nas reconstru¢ées dos antigos niveis do
mar. A principal critica refere-se ao uso de informacdes provenientes de sambaquis e
ao baixo grau de precisdo destes indicadores. Em contrapartida, os autores
consideram que informagdes advindas de vermitideos (quando in situ) fornecem
estimativas mais confiaveis de idade e elevagao dos niveis do mar anteriores. Dessa
forma, Angulo et al. (2006) elaboraram curvas do nivel do mar, dos ultimos 7.000 anos,
baseadas em amostras de vermitideos para a costa norte e sul do Brasil (Figura 8).
Os autores apontam para um declinio gradual do nivel relativo do mar apés o0 maximo
transgressivo, questionando a existéncia dos periodos em que o nivel do mar estaria

abaixo do presente.
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Figura 7: Curvas de variagdes dos niveis relativos do mar nos ultimos 7.000 anos,
ao longo de varios trechos do litoral brasileiro, conforme Suguio et al. (1985).
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7.000 cal anos AP

Figura 8: Curvas do nivel do mar (ultimos 7.000 anos AP) para a costa brasileira
norte 28° (linha solida e quadrados) e sul de 28° (linha pontilhada e circulos)
baseadas em vermetideos. Conforme Angulo et al. (2006).

Barboza et al. (2021) definiram uma curva ao sul do Cabo de Santa Marta
(28°35'0”S- 48°49'0”0) a partir de dados de estratigrafia costeira de alta resolugao
adquiridos por GPR (Ground Penetrating Radar). A curva mostra que o nivel do mar
ainda estava subindo antes de 6 ka AP, com um nivel maximo de 1,9 m atingido perto
de 5 ka AP. Depois disso, o nivel do mar diminuiu lentamente até cerca de 4 ka AP,

guando a velocidade da diminui¢do do nivel do mar aumentou.

O entendimento da dindmica do nivel do mar durante o Quaternario é
imprescindivel para a compreensao dos processos de formagao do litoral sul do Brasil.
Além de ser importante para identificar os modelos evolutivos dos processos
sedimentares costeiros, é também essencial para o conhecimento da formacao e
evolugdo das paisagens, incluindo interagbes e desenvolvimento da vegetagao, de
corpos hidricos, dos fatores edaficos e geomorfologicos (Angulo et al., 2006).

54. A PALINOLOGIA PARA ESTUDOS PALEOAMBIENTAIS NO
QUATERNARIO

5.4.1. Palinologia: conceitos e generalidades

A palinologia € um ramo da Paleontologia que se dedica ao estudo dos
microfosseis de origem organica de tamanho muito reduzido. O termo “palinologia” foi
proposto por Hyde & Williams (1945) para designar o estudo dos esporos das bridfitas
e pteridéfitas e dos grdos de polen de gimnospermas e angiospermas.
Posteriormente, o termo também incluiu outros organismos e passou a se referir ao

estudo de diferentes microfésseis de parede organica, os palinomorfos, que s&o
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recuperados em sedimentos e rochas sedimentares a partir de técnicas laboratoriais

especificas (Salgado-Laboriau, 2007).

Os palinomorfos compreendem os esporomorfos (esporos de bridfitas e
pteriddfitas, graos de polen de gimnospermas e angiospermas), esporos € Corpos
frutiferos de fungos, cistos de dinoflagelados, escolecodontes, palinoforaminiferos,
quitinozoarios, cistos de determinados tipos de algas, tintinideos e acritarcos.
Apresentam dimensdes que variam de 5-500 ym e sdo encontrados no registro

geolodgico desde o Proterozoico ao Recente (Figura 9).
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Figura 9: Distribuicdo geocronoldogica dos grupos de palinomorfos. 1.
Acritarcos, 2. Algas Clordfitas, 3 Quitinozoarios., 4. Escolecodontes, 5.
Esporos de bridfitas, 6. Esporos de pteridéfitas, 7. Graos de podlen de
gminospermas, 8. Palinoforaminiferos, 9. Cistos de dinoflagelados, 10.
Tintinideos e 11. Graos de pdélen de angiospermas.

Todos os palinomorfos possuem um elevado potencial de fossilizagao, pois sao
constituidos por um envoltério externo muito resistente composto por esporopolenina
(no caso dos esporomorfos), quitina ou pseudoquitina (Traverse, 2007). Somado ao
bom potencial de preservagao, os palinomorfos refletem uma grande variedade de
habitos e habitats, o que os torna muito eficientes nas investigagbes paleoambientais.
Conforme observado na Figura 10, os palinomorfos de ambientes terrestres
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compreendem os graos de pélen, esporos e esporos de fungos, ja os de ambientes
aquaticos (continentais, transicionais e/ou marinhos) sdo referentes a algas,
palinoforaminiferos, dinoflagelados, acritarcos e quitinozoarios. Variagdes
quantitativas nos registros dos palinomorfos encontrados em ambientes sedimentares
(lagos, turfas, estuarios, matas paludosas e etc.) refletem as dinamicas ambientais

locais e/ou regionais.
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Figura 10: Distribuicdo ambiental dos palinomorfos. 1. Grédo de podlen, 2.
Esporo, 3. Algas Clorfofitas, 4. Acritarco, 5. Dinoflagelado, 6.
Palinoforaminifero, 7. Quitinozoarios, 8. Tintinideos e 9. Escolecodontes
(adaptado de Seyve, 1990; apud, Antunes & Melo, 2001).

5.4.2. Grupos de palinomorfos

Palinomorfos terrestres

Os palinomorfos de ambiente terrestre sdo esporos de bridfitas e pteriddfitas,
graos de polen de angiospermas e gimnospermas e esporos e corpos frutiferos de
fungos. As plantas produzem grdos de pdlen e esporos (esporomorfos) com a
finalidade de reprodugdo. O gréo de polen é o gametofito masculino das plantas

superiores (angiospermas e gimnospermas) gerado nas anteras das flores e, no caso
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das gminospermas, nos sacos polinicos dos cones (estrobilos). Ja o esporo é
produzido pelas plantas criptbgamas (musgos e samambaias) no esporangio, possui
vida livre e desenvolve-se assexuadamente no ambiente (Salgado-Laboriau, 2007).

Tanto os grédos de polen quanto os esporos sao cobertos por um envoltorio
externo de exina que é constituida de esporopolenina, a qual pode apresentar uma
grande variedade de ornamentagdes, estruturas e aberturas. O conhecimento da
morfologia dos esporos e grdos de pdlen € essencial para a identificagdo dos
esporomorfos encontrados na analise palinolégica. A diversidade dos graos de polen
€ o reflexo das adaptacdes das plantas produtoras em relagdo ao meio, as quais
possuem diferentes maneiras de dispersar seus gametdfitos: pelo vento (anemofilia),
por animais (zoofilia) ou pela agua (hidrofilia). Quando n&o ha sucesso na reprodugao,
tanto os grédos de podlen quanto os esporos sdo fossilizados e se tornam uma

ferramenta eficiente em estudos geocientificos.

Os fungos séao representados no registro palinolégico por hifas ou esporos.
Existem diferentes tipos de esporos fungicos, alguns sdo sexualmente produzidos e
outros assexuadamente, alguns unicelulares e outros multicelulares (Traverse, 2007).
Na interpretagdo paleopalinolégica os fungos s&o utilizados como indicadores de
condigbes de umidade e de locais enriquecidos de matéria organica. Existem,
também, alguns fungos de ambientes marinhos. Em ambientes estuarinos, em bocas
de rio e em sedimentos de areas de ressurgéncia marinha a sua abundancia foi

relacionada a um grande aporte de material orgénico (Elsik, 1996).

Palinomorfos aquaticos

Existem dois tipos de ambientes aquaticos distintos, o de agua doce e o marinho,
ainda ocorrem os ambientes transicionais como um corpo lagunar, deltaico e
estuarino. Dessa forma, os palinomorfos se distribuem nesses diferentes ambientes,
alguns com ocorréncia restrita a apenas um deles e outros com uma maior

abrangéncia.

Algas cloroficeas

As algas da Divisdo Chlorophyta abrangem taxons de trés classes distintas:
Chlorophyceae, Zygnemaphyceae e Prasinophyceae (Colbath, 1996). As algas da
ordem Chlorococcales (classe Chlorophyceae) sdo algas verdes, constituem um
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grupo morfologicamente muito variado e com registro a partir do Pré-Cambriano.
Existem formas que s&o apenas conhecidas dentro do registro fossil, como o género
Quadrisporites Hennely 1959 ex Potonié & Lele 1961, e outras que tem ocorréncia até

os dias atuais, como o género Botryococcus Kutzing 1849 (Félix, 2012).

Botryococcus é uma alga colonial que ocorre desde o Pensilvaniano ao recente.
E amplamente dispersa em regides temperadas e tropicais. Geralmente vive em
pantanos de agua doce, pogas temporarias, lagoas e lagos. No entanto abundancias
consideraveis sdo conhecidas em aguas salobras. Dessa forma, na interpretacéo
ambiental sua associagdo com vestigios de organismos marinhos indica influéncia de

agua doce, e ndo um ambiente marinho (Batten & Grenfell, 1996).

As algas da classe Zignemaphyceae vivem em ambientes de agua doce, como
pantanos, proximo de margens de lagos, em aguas correntes ou solos umidos. Essa
caracteristica as torna muito importantes para as interpretacdes paleoambientais. E o
unico grupo que nao possui flagelo em nenhum estagio do ciclo de vida. Os trés
géneros mais comuns, sdo diferenciados em trés morfologias distintas: estreladas

(Zygnema), planas (Mougeotia) e espirais (Spirogyra) (Van Gell & Grenfell, 1996).

As algas da classe Prasinophyceae s&o unicelulares e possuem flagelos (Felix,
2012). E a classe dentro da Divisdo Chlorophyta que tem como maioria de seus
representantes ocorrente em ambientes marinhos. No entanto, também existem
registros em ambientes de aguas doces ou salaboras (Tappan, 1980). Assim como as
outras duas classes de algas, as algas Prasinophyceae s&o importantes para as
interpretagdes paleoambientais por indicarem as condi¢des ecoldgicas.

Cistos de Dinoflagelados

Os dinoflagelados s&o organismos unicelulares eucariontes do Reino Protista.
Durante o ciclo de vida possuem dois estagios distintos: o movel (planténico), em que
0s organismos viventes produzem tecas (estrutura envoltéria da célula, celuldsica e
nao fossilizavel), e o imovel (bentdnico). Algumas espécies, durante o periodo de vida
imoével, sdo capazes de produzir um cisto possivel de ser fossilizado (Arai & Lana,
2011).

Os cistos de dinoflagelados s&o encontrados no registro geologico desde o
Triassico até o presente. Possuem composicdo quimica bastante diversificada
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(calcaria, silicosa e orgéanica) sendo a ultima predominante, constituida de dinosporina
(substancia semelhante a esporopolenina). Podem medir de 20-150 ym e o que
caracteriza morfologicamente um dinoflagelado, além da sua assimetria, € a presenca
de um cingulo (“cintura” transversal), sulco (depressao longitudinal da face ventral) e

uma abertura (arqueopilo) (Arai & Lana, 2011).

Os dinoflagelados sdo comuns tanto em ambientes marinhos quanto em aguas
doces, porém no registro sedimentar apenas dinoflagelados marinhos s&o
fossilizaveis. Junto com as diatomaceas constituem grande parte do fitoplancton
marinho e sdo, portanto, importantes como produtores primarios. Em pesquisas
quaternarias, os cistos dinoflagelados sdo muito uteis para a reconstrugéo
paleoambiental e das condi¢des paleoceanoldgicas, uma vez que fatores ambientais
como temperatura, salinidade, luminosidade, distdncia da costa (relacionada com a
disponibilidade de nutrientes) sdo essenciais e condicionantes para o seu ciclo vital
(Marret & Zonneveld, 2003).

Acritarcos

O termo “Acritarcha” foi criado por W. Evitt em 1963 para reunir palinomorfos
distintos com afinidades bioldgicas desconhecidas. Sua classificagdo sistematica se
baseia apenas nos caracteres morfolégicos, sendo assim um grupo artificial (Félix &
Souza, 2012). Sdo organismos eucariontes, unicelulares, de pequenas dimensbes e
registrados desde o Pré-Cambriano até o recente, mas possui alta abundéancia e
diversidade no Paleozoico (Cruz, 2011). De acordo com Félix & Souza (2012), devido
a que a maioria dos acritarcos ter sido encontrada em depédsitos marinhos ou em
aguas salobras, o grupo possui um elevado potencial para a analise paleoambiental,
uma vez que sua combinagdo com o registro de palinomorfos de origem terrestre

permite inferir a proximidade da linha da costa.

Apesar da menor abundancia e diversidade do grupo em sedimentos atuais,
alguns taxons foram encontrados em depositos holocénicos de ambientes
transicionais e marinhos. No Brasil, Cordeiro & Lorscheitter (1994), Medeanic et al.
(2000b, 2001, 2007, 2009 e 2010), Medeanic (2006a e 2006b), Neves & Bauermann
(2001), Weschenfelder et al. (2008), Cancelli et al., (2012) e Kuhn et al. (2017)
encontraram o género Michrystridium. Outros espécimes descritos como Acritarcos

sp. foram identificadas em trabalhos da Argentina (Borel & Gémez, 2006 e Borel,
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2007), no entanto, para o Brasil foi identificado em apenas em um trabalho
desenvolvido na Planicie Costeira de Santa Catarina (Kuhn et al., 20017).

Palinoforaminiferos

Os palinoforaminiferos sédo testas organicas dos foraminiferos que resistem ao
processamento palinolégico. Sdo encontrados no registro geologico desde o
Permiano ao Recente. Déak (1964) propés o termo formal para as testas de

foraminiferos como supragenérico “Scytianascia” (Traverse, 2007).

Ao longo do tempo, diversas tentativas de classificagdo foram propostas partindo
de diferentes critérios, como morfologia, tamanho e numero de camaras, mas sua
taxonomia continua sendo um obstaculo dos palinoforaminiferos. Mesmo assim, a
analise das assembleias de palinoforaminiferos € muito util para indicar o ambiente
de deposicéo, ja que sédo elementos de origem marinha (Stancliffe, 1996). O mais
proximo que podemos chegar da classificagdo sistematica bioldgica dos
paliforaminiferos encontrados nas amostras palinolégicas € que provavelmente
pertence a Subordem Rotaliina, pois somente os Rotallina possuem no estagio juvenil
uma testa interna quitinosa (Muller, 1959). Ainda assim, a analise de
palinoforaminiferos e foraminiferos em uma mesma amostra pode permitir classificar
os palinoforaminiferos em nivel de espécie, visto que a assembléia de foraminiferos
que compdem uma amostra € a mesma que deixou suas testa organicas

(palinoforaminiferos) nas amostras palinologicas.

5.5. 1SOTOPOS ESTAVEIS (C/N E 3'3C) PARA ESTUDOS PALEOAMBIENTAIS
NO QUATERNARIO

As analises das composig¢des elementares e isotopicas de carbono e nitrogénio
preservadas nos sedimentos, aliada a determinacdo das razées C/N, mostram-se
como importantes ferramentas para estudos paleoambientais nas zonas costeiras.
Estas analises baseiam-se na determinagdo da matéria organica preservada nos
sedimentos, a qual pode ser originada de diferentes fontes: fitoplancton marinho ou
de agua doce e plantas vasculares Cs (vegetagdes arboreas e arbustivas) ou C4
(gramineas) (Wilson et al., 2005). Dessa forma, as variagdes identificadas na origem
da matéria organica no registro sedimentar refletem as condi¢gdes ambientais em

diferentes periodos do passado, como variagdes de aporte continental e influéncia de



42

aguas marinhas. A Tabela 1 apresenta um resumo das composi¢gdes quimicas e
isotopicas de fontes de matéria organica no sedimento de acordo com Meyers (1994
e 2003) e Lamb et al. (2006).

5.5.1. Identificagao da matéria organica através da relagao C/N

Os dados de C/N podem fornecer informacgdes sobre a fonte de carbono, tanto
em termos de tipo predominante de planta quanto de seu habitat (Leng & Lewis, 2017).
O uso das relacdes de C/N é baseado em duas premissas basicas: primeiro, que o
valor nutricional da matéria organica esta positivamente correlacionado com o
conteudo de nitrogénio e, segundo, que a matéria orgénica derivada do fitoplancton
tem um conteudo de nitrogénio significativamente maior do que a matéria organica
terrestre (Tyson, 1995). Os indices C/N tém sido frequentemente usados para
distinguir as origens, entre algas e plantas terrestres, da matéria organica de
sedimentos. As algas tém tipicamente relagdes C/N atdbmicas entre 4 e 10, enquanto
plantas terrestres vasculares tém relagdo C/N = 20. Essa distingdo surge da auséncia
de celulose nas algas e sua abundéncia em plantas vasculares e a riqueza de

proteinas na matéria organica de origem algacea (Meyers, 1994).

5.5.2. Identificagao da matéria organica através de is6topos estaveis de carbono
(5'°C)

As composigbes isotdpicas de carbono (8'3C) da matéria organica refletem
principalmente a dinamica de assimilagdo de carbono durante a fotossintese e as
composigdes isotdpicas da fonte de carbono (Meyers, 1997). A maioria das plantas
fotossintéticas incorpora carbono em matéria organica usando o Ciclo de Calvin, no
qual a enzima catalizadora € denominada Rubisco. As plantas que utilizam apenas
esse ciclo sdo denominadas plantas Cs (vegetagéo arborea e arbustiva). Plantas que
utilizam a via Hatch-Slack, onde a fixagdo do carbono se da pela enzima PEP-
carboxilase, em conjunto com o Ciclo de Calvin sdo denominadas plantas Cs. As
plantas CAM utilizam tanto via C4 quanto via Cs, no entanto, a fixagado do carbono pela
enzima PEP-carboxilase ocorre somente na auséncia de luz (Pessenda et al., 2015).

A composicdo isotopica de carbono das amostras analisadas em um
espectrdmetro de massas € medida em comparacdo com a composi¢ao isotopica do
padrédo Viena Pee Dee Belemnite (VPDB), um molusco féssil. A razao molar 3C/'?C
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do padrao VPDB é igual a 0,01124. Os is6topos estaveis sao expressos por “d” (delta),
que por sua vez sdo dados por partes por mil (%o). A composigéo isotopica de uma
amostra (damostra) €M comparagado com o padrdo VPDB é obtida a partir da equacéo
3.

o) amostra = (R amostra ~ RPDB)/ RPDB = (Ramostra/ RPDB) -1

(Equacéo 3)

Assim & amostra indica o desvio da razédo 3C/'2C da amostra (Ramostra) €M relagéo
a razéo 13C/'°C do padrao VPDB (Rppg). Por envolver nimeros geralmente pequenos,
€ costume na literatura multiplicar o resultado obtido na equagéo por mil (Pessenda et
al., 2015), conforme equacgéo 4.

O amostra (%o) = ( [ R amostra/ RPDB] -1 ) x1000
(Equacéo 4)

A composigdo isotdpica da matéria organica produzida a partir do CO2
atmosférico (8'3C ~ -7%o) por plantas terrestres utilizando a via C3 tem um valor médio
de 3'3C de aproximadamente -27%o (entre -33%o a -22%o) e por aqueles que utilizam
a via C4 aproximadamente -14%o (entre -17%o a -9%o). As plantas CAM por outro lado,
apresentam valores 8'3C muito variaveis (entre -28%o e -10%o), 0 que as torna
indistinguiveis (Meyers, 1997; Pessenda et al., 2015). A matéria organica marinha
possui um valor de 8'3C entre -22 e -20%o (Meyers, 1994).

Em areas que recebem contribuicdo de matéria organica de algas e de plantas
vasculares Cs e C4 0 sinal da fonte isotdpica pode tornar-se complicado, diferindo dos
padrdes de identificacdo geral. Nessas areas, e também em lagos, recomenda-se
considerar as relagbes entre C/N e 8'3C para melhorar a identificagdo da fonte de
matéria orgéanica (Figura 11) (Meyers, 1997).
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Figura 11: Valores de 8"°C e C/N das fontes de matéria organica
em sedimentos (Pessenda et al., 2015).

Tabela 1: Resumo das composi¢cdes quimicas e isotdopicas de fontes de matéria
organica no sedimento (Meyers, 1994 e 2003, Lamb et al., 2006).

Composigoes CIN 51C
geoquimicas e isotdpicas
Informagao
mxdo Identificagédo de proporgbes Proporgbes organicas de
proxy de matéria organica de plantas C; e C, e

Tipo de
matéria organica

algas e plantas

produtividade de algas

Plantas terrestres vasculares C/N =20 -21 a -32%o
C3 - -22 a -33%o

Cc4 - -9 a -17%o

Fitoplancton marinho 4e10 -18 a -22%o

5.6. ESTUDOS PALINOLOGICOS HOLOCENICOS NA PLANICIE COSTEIRA
DE SANTA CATARINA

Os sitios palinologicos onde foram desenvolvidos os trabalhos de cunho
paleoambiental na planicie costeira de Santa Catarina est&do distribuidos conforme a
Figura 12. Até o momento a planicie costeira catarinense conta com oito trabalhos que
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evidenciam a evolugéo da paisagem durante o Holoceno (Figura 13 e Tabela 2): Volta
Velha (Behling & Negrelle, 2001), Jaguaruna (Amaral et al., 2012), Santa Rosa do Sul,
Sao Joéo do Sul (Cancelli, 2012), Garopaba (Kuhn et al., 2017), Ararangua (Val-Péon
et al., 2019), Baia de Babitonga (Franca et al., 2019), Silva et al., (2021) e Laguna
(Cohen et al., 2020). Além destes, um trabalho de palinologia foi desenvolvido em NA
llha de Santa Catarina, no entanto pela falta de datacdes absolutas dos sedimentos

analisados, as informagdes sdo insuficientes para um modelo evolutivo (Slompo,

1997).
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Figura 12: Localizacao dos trabalhos de palinologia cunho paleoambiental desenvolvidos
na planicie costeira de Santa Catarina. As letras de a-i sdo referentes aos trabalhos
sintentizados na Figura 13.



Tabela 2: Resumo dos

desenvolvidos na planicie costeira de Santa Catarina.
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trabalhos de palinologia de cunho paleoambiental

Coordenada Idades '4C Analises palinolégicas Outras analises
— LS (Lat/Long) ou Pb (grupos descritores) utilizadas
wengus  Sorpo  grasmerrs  Cdosdeptenemoos
ltacorubi (1997) 48°31'14,25"W 90s, palin:
acritarcos
Reserva B,\le:“:]e?lg 26°04'S 3816 £ 36 Gréos de polen, esporos e )
Volta Velha (2%01) 48°38'W 25.650 + 170 palinoforaminiferos
FIG 28°39142,85"s ~ 1.070£40 PR
AR 21.150 20 P
Dados
RIA 28°38'49,55"s ~ 1.160 £ 40 Graos do ool Gl EEe;
oEQ" " réos de pdlen geoquimicos
Jaguaruna Amfzrgz ze)t al. 48°59118,13'W 4.500 £ 40 (51C, 5N e C/N)
e diatomaceas.
SAN
102.3+0.5
28°38'49,36"S Gréaos de pélen
2.730 £ 40
49°4'13,10"W
PCSC - 01 Graos de polen, esporos, Dados
Santa Rosa 29°10'43 68" S 1.060£20 algas, fungos, cistos de sedimentologicos
do Sul ’ 7.070+30 dinoflagelados e e de conchas
Cancell 49°44'57,09” W palinoforaminiferos calcarias
2012
( ) PCSC - 02 Graos de polen, esporos, Dados
Sao Jodo do 29°13'30 38" S 4.15020 algas, fungos, cistos de sedimentologicos
Sul ’ 6.980+30 dinoflagelados e e de conchas
49°48'07,62" W palinoforaminiferos calcareas
o , Graos de polen, esporos,
Garooaba Kuhn et al. 28°02'11,95" S 1.010 +26 algas, fungos, cistos de Dados
p (2017) 48°37'41,73"W 4.650 + 25 dinoﬂagelados, gc’ritarcos e granulométricos
palinoforaminiferos
e , Graos de pdlen, esporos,
Araranaua Val-Péon et 28°52'53,42" S 102 0.3 algas, fungos, cistos de )
9 al. (2019) 49°21'33,05"W 7.240 + 30 dinoﬂagelados e
palinoforaminiferos
Graos de pdlen, esporos,
053995 100.85 + 0.3 algas, fungos, cistos de Dados
Pinheira Silva et al. 27°53'22 pMC* dinoflagelados, acritarcos, granulométricos e
030'04” palinoforaminiferos, geoquimicos
6,960 + 30 fitoclastos, zooclastos e e 5%3C)
matéria organica amorfa
Dados
o s sedimentares e
Baia de Francga et al. 26°11'S 1070 £ 20 Grios de polen geoquimicos
babitonga (2019) 48° 46 W 1870 + 30 P (3C, 5N, TOC,

TN, razdo C/N,
TS e razdo C/S)
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1361 + 23
LAG-3 28°29'42"S
960 + 26
48' 47'43"W
LAG-4 28°29'34"5
48°4T'49"W 589 +23
LAG-5 28°29'34"S Dados
Lagoa de 4874750 1019 + 24 sedimentares,
s?amo Cohen etal.  |AG-6 28°29'37"S G d i geoquimicos
- (2020) 48' 0.47'57"W (8'3C, 8N and
Antonio : .
51 +23 CIN) e imagens
R ETEIS de satélite/drone
48' 50'31"W
359 £ 23
RP-3
8130 + 30
28' 29'35"S
48' 50'52"W
685 + 24

Slompo (1997) com o objetivo de identificar a dinamica do manguezal Itacorubi,
ao norte da llha de Santa Catarina, analisou amostras de sedimentos oriundas de trés
perfis sedimentares e amostras de sedimentos superficiais. A partir das assembleias
fésseis foram identificados cinco niveis sedimentares. Na base dos testemunhos as
concentragbes de pdlen de mangue, associadas a argilas finas, indicam que os
mangues se desenvolviam em abundancia. No nivel imediatamente superior, observa-
se um recuo do mangue e um aumento de taxons de pteridofitas. Os sedimentos
arenosos e a auséncia de organismos marinhos poderiam corresponder a um
ambiente mais interiorizado em relagdo ao nivel do mar. Na etapa seguinte, a
presencga de acritarcos sugere uma oscilagao positiva do nivel do mar. Uma nova fase
deposicional caracterizada por uma quantidade significativa de esporos de
pteriddfitas, de gramineas e Compositae e pelo recuo das angiospermas poderia estar
associada a um periodo climatico mais seco, de oscilagdo negativa do nivel do mar.
A ultima fase, a mais recente, indica um ambiente muito similar ao verificado na base
da coluna, em que estao presentes polens de Avicennia, Rizophora e Combretaceae.
O registro de acritarcos e palinoforaminiferos revela influéncia marinha. Apesar de n&o
ter sido possivel obter datagdes absolutas, a partir dos resultados palinolégicos, a
autora sugere que as observagodes feitas poderiam estar relacionadas a pequenas
oscilagdes do nivel do mar ocorridas nos ultimos 2.500 anos AP.

Behling & Negrelle (2001) identificaram seis fases ecoldgicas no estudo

realizado na Reserva Bioldgica de Volta Velha, que refletem trés ambientes distintos,
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identificados através das associagdes palinologicas predominantes: campos, mosaico
de florestas com campos e corpos d’agua com incursao marinha e Mata Atlantica.

As fases VV-I, VV-Il e VV-IlI correspondem o predominio de vegetacao
campestre, entre 37.640 e 12.220 anos AP, e sdo caracterizadas pela dominéncia de
ervas e baixa representatividade de arbustos, arvores e pteriddfitas. A fase VV-I
abrange o periodo antes do ultimo maximo glacial (cerca de 37.500 a 27.500 anos AP)
e afase VV-II é relativa ao periodo do ultimo maximo glacial (cerca de 27,500 a 14.500
anos AP). As fases VV-I e VV-II indicam uma vegetagdo dominada por Poaceae. A
presenca de M. desiantha (hoje recorrente em terras altas) sugere que os campos
ocupavam terras baixas. Os registros de polen indicam que arvores tropicais tipicas
da Mata Atlantica (como Alchornea, Moraceae e Arecaceae) eram raras no periodo
antes do ultimo maximo glacial e ausentes durante o ultimo maximo glacial. A
frequéncia relativa de Myrtaceae, Melastomataceae e raras arvores, como
Podocarpus, Symplocos e llex, sugere a existéncia de florestas subtropicais
adaptadas a climas frios em baixas altitudes durante as fases VV-I e VV-II. A fase VV-
Il € referente ao ultimo registro glacial (cerca de 14.328 a 12.220 anos AP). O registro
palinoldgico indica a ocorréncia de uma sucessao vegetacional antes da expansao e
desenvolvimento da Mata Atlantica (fase VV-1V), que é percebida por meio do
aumento expressivo dos elementos arbustivos. A fase VV-IV corresponde a um
ambiente com mosaicos de florestas/campos e com os corpos lagunares sofrendo
incursdo marinha. Essa fase datada entre 12.220 e 6.700 anos AP corresponde com
o momento no qual o mar ultrapassa o atual nivel relativo do mar. Pteridéfitas
comegam a se tornar frequentes, sugerindo um clima mais quente que o anterior. As
elevadas porcentagens relativas de gréos de pélen de ervas (Poaceae, Cyperaceae e
Asteraceae) indicam que n&o houve uma cobertura florestal homogénea nas areas
adjacentes daquele sitio deposicional e podem ser resultados de uma possivel
ingressao marinha, o que é reforcado pela presenga de palinoforaminiferos.

As fases VV-V e VV-VI sdo correspondentes ao ambiente de Mata Atlantica. A
fase VV-V abrange o Holoceno médio (de 6.720 até 4.330 anos AP) e é caracterizada
pelo inicio da maior representatividade dos taxons da Mata Atlantica (Myrsine,
Arecaceae, Weinmannia, Hedyosmum, Sloanea e Clusia). Condigdes climaticas mais
quentes e o inicio da regressdo marinha podem ter sido fatores para essa alteragéo

na composi¢ao vegetacional. A fase VV-VI (de 4.330 anos AP ao recente) é referente
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ao Holoceno tardio. Nesta fase, o aumento nos pdlens de ervas, principalmente no
inicio da fase, pode sugerir abertura da floresta pela atividade humana. Os percentuais
de Arecaceae e Weinmannia aumentam, enquanto Myrsine diminui. O aumento de

Arecaceae pode estar relacionado a condi¢des climaticas mais umidas.

Amaral et al. (2012) analisaram trés testemunhos sedimentares em diferentes
localidades na regido de Jaguaruna (Lago Figuerinha, Vale Riachinho e Rio Sang&o).
Os autores utilizaram diferentes proxys (sedimentologia, geoquimica, palinologia e

diatomaceas) para a identificagdo de fases ambientais quaternarias.

O pogo analisado em uma turfeira préximo ao Lago Figuerinha foi o unico que
apresentou sedimentos pleistocénicos, no entanto as analises feitas a partir do
conteudo microfossilifero (polens, esporos e diatomaceas) foram possiveis apenas
nas por¢cdes mais proximas do topo, a partir de aproximadamente 4.000 anos AP.
Foram identificadas cinco fases ecoldgicas, as quais foram agrupadas em quatro
fases ambientais: fase | (terrago marinho), fase Il e fase lll (varzea), fase IV (lago) e
fase V (turfeira). A fase | e a fase |l correspondem aos sedimentos pleistocénicos, com
idades mais antigas que 25.000 anos AP. A fase | representa depdsitos do sistema
deposicional planicie costeira regressiva pleistocénico, desenvolvido apds a maxima
inundac&o marinha por volta de 120.000 anos AP. Na fase Il foi registrado o inicio dos
processos da varzea fluvial, a partir de material enriquecido em carbono e aumento
de sedimentos finos. A fase Il ndo apresenta mudangas significativas no contexto da
granulometria dos sedimentos e nem dos fatores geoquimicos em relagdo a fase
anterior. Contudo, o aumento do aporte sedimentar pode ser reflexo do maximo
transgressivo holocénico (ca. 5.100 anos AP), fato que & corroborado por sua idade,
préxima de 6.000 e 5.000 anos AP. No entanto, o testemunho poderia representar
por¢ées marginais da laguna, onde a inundagdo ndo chegou a induzir mudanga
expressiva nas condi¢des da sedimentacao local. A fase IV marca o inicio do registo
palinolégico, o que indica o inicio da colonizagdo vegetal no entorno do lago, com
indicios de vegetacdo aberta, dominada por Poaceae. A decomposi¢cdo do material
vegetal pode ter iniciado o processo de formagéo da turfeira no local, indicado pelo
aumento progressivo de Cyperaceae e de taxons aquaticos tipicos de vegetacéo de
turfeira (Ericaulaceae e Drosera). A fase V € identificada como um ambiente
caracteristico de turfeira com idade proxima de 500 anos AP. O aumento progressivo

de taxons arboreos e a maior diversidade de taxons herbaceos sugerem uma



50

diversificagdo na comunidade vegetal nos periodos mais recentes. No entanto, o
registro é compativel com o que se observa hoje, uma vegetagcédo aberta e dominada
por plantas herbaceas.

No estudo realizado no Vale Riachinho foram definidas trés principais fases
ecologicas e ambientais: lagunar, borda lagunar e mata de restinga, relacionadas
respectivamente com facies deposicionais de submaré, intermaré e supramaré. Na
fase A, correspondente ao ambiente lagunar, a idade € de 5.500 a 2.740/2.370 anos
AP. Nesta fase, ocorre o predominio de taxons marinhos de diatomaceas, que podem
estar relacionados com o maximo transgressivo holocénico. A transicéo da fase A para
afase B (2.740 a 2.370 anos AP) foi associada ao declinio progressivo do nivel relativo
do mar e a consequente queda do nivel de agua dentro da laguna. Dessa forma, a
fase B corresponde a um ambiente de borda lagunar, com registros de polens de
plantas aquaticas. A elevada frequéncia de taxons herbaceos (Poaceae, Cyperaceae
e Amaranthaceae/Chenopodiaceae) relaciona-se a uma vegetagdo aberta. O
aumento na frequéncia de plantas arboreas (arvores, arbustos, epifitas e lianas),
representadas por Moraceae, llex, Byrsonima, Cecropia, Myrtaceae e Apocynaceae,
reflete o inicio da expansdo da mata de restinga na area da coleta do testemunho. A
fase C correspondente ao periodo entre 1.730/1.550 anos AP ao presente. O aumento
da frequéncia relativa de esporos no topo do testemunho pode ser relacionado com a
acao antrépica, quando pteriddfitas poderiam estar colonizando areas perturbadas.

O testemunho recuperado na localidade do Rio Sangao permitiu a identificagéo
de apenas uma fase ambiental: a planicie fluvial, com a idade mais basal datada em
2.730 £ 40 anos AP. A recuperacao de palinomorfos sé foi obtida nas por¢cées mais
recentes que 2.245 anos AP. O registro palinologico indica uma vegetacao de planicie
de inundagao fluvial, a qual € composta por taxons de mata de restinga arborea e/ou
arbustiva. A partir de 1.780 anos AP, a queda da concentracéo polinica e 0 aumento
de proporgbes de espécies xerdfitas (Mimosaceae, Apocynaceae, Alchornea e
Moraceae) foram associadas a um periodo de menor precipitagdo local ou a um
problema de conservagao dos palinomorfos resultante das alteragdes granulométricas
nos sedimentos (quedas dos teores de argilas). A agdo antropica na regido foi
identificada nas amostras do topo do perfil sedimentar, onde foi possivel reconhecer
um declinio nos esporomorfos das espécies nativas, enquanto espécies exaticas,

como Pinus, aumentaram sua representatividade.
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Cancelli (2012) analisou dois testemunhos sedimentares em diferentes
localidades do sul de Santa Catarina: municipioS de Santa Rosa do Sul e S&o Joao
do Sul. Em ambos testemunhos foram identificadas trés fases ambientais a partir dos
registros palinolégicos: lagunar, pantano e Mata Atlantica. A fase | é referente a um
ambiente lagunar nas duas localidades e corresponde as porgdes mais basais dos
perfis sedimentares. As datagdes radiocarbOnicas dessa fase indicam que os
sedimentos sdo de: entre 7.900 a 4.200 anos AP em Santa Rosa do Sul e entre 7.796
a 3.800 anos AP em S&o Joéo do Sul. Taxons herbaceos ocorrem abundantemente,
principalmente Poaceae, Amaranthus-Chenopodiaceae, Caryophyllaceae e
Cyperaceae. No entanto, taxons arboreos s&o raros, com o registro maior de
Alchornea, Arecaceae, Fabaceae, llex, Myrsine e Myrtaceae. Bridfitas e pteridofitas
também ocorrem em baixa frequéncia nesta fase. Algas dulceaquicolas como
Botryococcus sp., Pseudoschizea rubina, Zygnema sp., Spirogyra sp. e tipo Mougeotia
laetevirens também estao presentes no espectro palinologico, principalmente em de
S&o Joao do Sul. A presencga de palinoforaminiferos e de acritarcos (Michrystridium
sp.) indica influéncia marinha. O aumento progressivo da frequéncia de
palinoforaminiferos coincide com o ultimo maximo do nivel relativo do mar
documentado para o Brasil aproximadamente a 5.100 anos AP. Além do aumento de
taxons de origem marinha, esse evento de transgressao também p&de ser identificado
pela diminuicdo de taxons de Arecaceae, Myrtaceae e Myrsine, caracteristicos de
vegetacgao riparia nas dunas, assim como pelo incremento de Poaceae e Cyperaceae,
taxons melhor adaptados a condi¢cdes salinas.

A fase Il, pantanosa, € caracterizada nos dois testemunhos por um decréscimo
da influéncia marinha e uma sedimentagao progressiva entre 4.200 e 2.500 anos AP.
A flora regional que ocupava posi¢des mais elevadas em torno da laguna foi
favorecida pelas novas condicdes edaficas durante esta fase, indicadas pelo aumento
da taxa de frequéncia arborea. Essa vegetacdo corresponde a um pantano salobro
com ervas e arbustos. A presenga de epifitas (Bromeliaceae, Loranthaceae e
Cucurbitaceae) em Santa Rosa do Sul poderia ser reflexo de um estagio mais
avancado dos processos de sucessdo da vegetagdo. O aumento da frequéncia de
taxons herbaceos e arboreos na localidade de Santa Rosa do Sul também sugere
regressdo da laguna e avango da vegetacdo, enquanto a presenca de espécies

aquaticas (Ludwigia) indica dessalinizacdo do solo. A ultima fase ambiental
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identificada, fase lll, que vai de 2.500 anos AP até o presente, € caracterizada pela
consolidagdo da Mata Atlantica nas duas localidades. Essa fase apresenta um
aumento significativo de taxons arboreos com componentes pioneiros da Floresta
Atlantica. Os elementos herbaceos diminuem sua representatividade no conjunto
polinico; ja as epifitas aumentam progressivamente. As bridfitas e as pteridofitas
apresentam significativa diversidade. As assembleias de algas indicam condigdes

ambientais umidas.

Kuhn et al. (2017) apresentam uma reconstru¢cdo paleoambiental a partir de
analises palinologicas de um testemunho sedimentar de idade holocénica, perfurado
no municipio de Garopaba. Trés fases palinolégicas foram definidas com base nas
mudangas nas assembleias. A Fase | foi caracterizada como um paleoambiente
lagunar com influéncia marinha desde o inicio da sedimentagéo (5.390 anos cal AP),
com base em ocorréncias de trés formas de acritarcos, cistos de dinoflagelados
(Operculodinium sp. e Spiniferites sp.) e palinoforaminiferos. O inicio da sedimentagao
da fase | coincide com o ultimo maximo do nivel do mar documentado para a costa
brasileira entre 5.000 e 5.800 anos cal AP (Angulo et al., 2006). A fase Il (3.032 anos
AP até 858 anos cal AP) também revelou um paleoambiente lagunar, no entanto,
apresentou decréscimo na porcentagem de elementos marinhos e aumento no
registro de algas de agua doce, sugerindo menor influéncia marinha no corpo lagunar.
A diminuicdo de Amaranthus/Chenopodiaceae ao longo desta fase reflete a
dessalinizagdo do solo contiguo ao corpo de agua. O predominio das camadas de
sedimentos finos indicou uma diminuicdo na energia do ambiente sedimentar,
correspondendo a diminuigdo da influéncia marinha no corpo lagunar, indicando uma
fase transicional entre a fase | e Ill. Na fase Ill (ultimos 856 anos), prevaleceu a
sedimentagcdo subaquosa, sob condigbes pantanosas. O aumento progressivo de
pteriddfitos, epifitas e taxons arbdreos (Arecaceae, Ericaceae, llex, Myrsine e
Myrtaceae) revela o inicio do desenvolvimento da Mata Atlantica no local. No entanto,
a baixa riqueza dos taxons arbdreos pode estar relacionada ao estagio inicial de

evolucdo desta floresta no local.

Val-Peon et al. (2019) realizaram um estudo paleoambiental dos ultimos 8.000
anos AP, com base na analise de pdlen de um testemunho coletado no depédsito
natural do Campo Mae Luzia (municipio de Ararangua). Os autores identificaram trés

fases ambientais ao longo do perfil. A fase | (de 7.995 a 6.810 anos AP) é relacionada
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a um ambiente estuarino/lagunar. Grdos de podlen de ervas predominam,
principalmente Amaranthus-Chenopodiaceae, Cyperaceae, Poaceae e Plantago;
graos de taxons arboreos s&o raros. A porcentagem de pteriddfitos € baixa, bem como
as algas, representadas por Botryococcus e Spirogyra. Nesta fase ocorre influéncia
marinha, indicada pela presenga de cistos de dinoflagelados e palinoforaminiferos.
N&o foi possivel identificar os dinoflagelados em nivel mais especifico. A fase Il é
subdividida em trés subfases e corresponde a transigao entre o ambiente da lagoa e
a formagéo gradual de um pantano costeiro, seguida de uma expanséo da barreira
costeira arenosa. As fases lla e llb correspondem a um ambiente transicional
lagunar/pantano (entre 6.810 a 4.000 anos AP), caracterizado por vegetagao
herbacea. A influéncia marinha também é registrada nesta fase com a ocorréncia de
dinoflagelados e palinoforaminiferos, o que possivelmente coincide com o maximo
transgressivo documentado a cerca de 5.600 anos AP. A fase llc (de 4.000 a 2.798
anos AP) indica um ambiente transicional de pantano costeiro. As taxas de elementos
herbaceos continuam constantes como na subfase anterior, no entanto os elementos
arboreos tém um aumento progressivo. Nessa fase os palinoforaminiferos
desaparecem e os dinoflagelados diminuem sua representatividade. A fase Il (de
2.797 anos AP ao presente) € marcada pela expanséao da floresta, quando se observa,
além do aumento da frequéncia, a diversificacdo de taxons caracteristicos da Mata
Atlantica. A presencga de epifitas da familia Curcubitaceae também € um indicador do
desenvolvimento dos elementos arboreos da floresta. As herbaceas, apesar de menos
representativas nesta etapa, aumentam sua diversidade. O incremento nas
porcentagens de pteridofitas e a presenga de algas dulciaquicolas (Botryococcus e
Spirogyra) indicam condigbes umidas. No entanto, a auséncia de cistos de

dinoflagelados e palinoforaminiferos revela auséncia de influéncia marinha.

Silva et al. (2021) tragou a evolugédo paleoambiental da Praia da Pinheira para
os ultimos 7.744 anos cal AP. Com base na analise de agrupamento, o autor definiu
trés palinofacies, levando em consideracédo a razao entre os palinomorfos marinhos
(cistos de dinoflagelados e palinoforaminiferos) e continentais (esporomorfos e algas
dulciaquicolas). A palinofacies | (7.744 a 2.884 anos cal AP) foi caracterizada como
um ambiente marinho marginal a partir da recuperagéo de cistos de dinoflagelados
(Brigantedinium simplex, Brigantedinium spp, Lejeunecysta spp., Selenopemphix

nephroides, Selenopemphix quanta, Operculodinium centrocarpum e Spiniferites spp.)
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e palinoforaminiferos. A palinofacies Il (2.857 a 2.276 anos cal AP) é marcada pela
formacao de solos ricos em matéria organica e umidos, evidenciado pela abundancia
de fungos, e pela presengca de uma coluna da agua no local devido a elevada
ocorréncia de esporos associados com zigésporos e fragmentos de algas
dulciaquicolas. Nesta palinofacies o autor ndo encontrou elementos marinhos.
Portanto, estimou-se o fim da influéncia marinha no local em 2.857 anos cal AP. A
palinofacies Il representa os ultimos 2.124 anos cal AP e é identificada como o
periodo de colonizagao da area do sitio deposicional por formas arbdreas constituintes
da Mata Atlantica, configurando a atual paisagem do local.

Franga et al. (2019) com o objetivo de investigar as condigbes ambientais para
o estabelecimento do manguezal no litoral Norte de Santa Catarina analisaram um
testemunho sedimentar oriundo da Baia de Babitonga. Foram realizadas analises
polinicas, sedimentares e geoquimicas (8'3C, 8'°N, TOC, TN, razdo C/N, TS e razdo
C/S). Os autores definiram trés zonas palinoldgicas associadas com duas facies: (A)
planicie de maré herbacea e (B) planicie de maré de manguezal. A primeira zona
(~1815 a ~1629 anos cal AP) foi marcada pela auséncia de palinomorfos
caracteristicos de mangue, onde a planicie de maré foi colonizada por ervas,
palmeiras, arvores e arbustos na margem do estuario (associagcado de facies A). A
segunda zona (~1629 a ~853 anos cal AP) foi caracterizada pelo estabelecimento do
manguezal evidenciado por gréos de pélen de Laguncularia, bem como pelo aumento
da influéncia de plantas C3 e matéria organica dissolvida de agua doce/estuarina
(fitoplancton). A ultima zona (ultimos ~853 anos cal AP) relevou um aumento de taxos
de Laguncularia, seguido pelos taxons de Avicennia e Rhizophora (nos ultimos 10 cm),
com influéncia da matéria organica dissolvida de agua doce/estuarina e plantas
terrestres (plantas C3). Os autores concluem que o estabelecimento da assembleia de
manguezais identificada ao longo do perfil estudado foi influenciado pelo aumento da
temperatura do ar e da agua durante o Holoceno tardio.

Cohen et al. (2020) estudou a evolugdo ambiental de um mangue a partir da
analise de seis testemunhos sedimentares na Lagoa de Santo Antdnio na cidade de
Laguna. Foram realizadas analises palinolégicas, sedimentares e geoquimicas
permitindo a identificacdo de trés associacgdes de facies. A primeira facies é referente
a um ambiente de planicie de inundagéo herbacea (~9.050 anos cal AP), onde ervas,

arvores e arbustos, palmeiras e plantas aquaticas ocorreram. A secunda facies
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revelou uma barra arenosa (~940 a ~385 anos cal AP), na qual foram identificados
taxons de ervas, arvores e arbustos, palmeiras e pteriddfitas. A facies mais recente
evidencia uma Planicie de maré (~50 anos cal AP a 1957), representada por grupos
polinicos de ervas, arvores e arbustos, mangue, palmeiras e pteridofitas. Os autores
consideram que as condigdes ambientais adequadas para o desenvolvimento dos
manguezais tropicais ocorreram durante o Holoceno com a estabilizagdo ou baixas
taxas de aumento/queda do nivel do mar desde ~7.000 anos AP. Contudo, a expansao
dos manguezais nas zonas subtropicais ocorreu ao longo do Holoceno tardio. Na area
de estudo, os autores consideram que o aparecimento dos manguezais apenas nas
ultimas décadas estaria relacionado a um aquecimento global natural no Holoceno,
somado com o aquecimento da era industrial, permitindo a migragdo dos manguezais

em dire¢ao aos polos.

5.7. INTEGRAGAO DOS DADOS PALINOLOGICOS DO HOLOCENO DA
PLANICIE COSTEIRA DE SANTA CATARINA

A partir do levantamento dos trabalhos palinolégicos realizados ao longo da
planicie costeira de Santa Catarina, observa-se que a evolugdo ambiental destas
areas esta relacionada aos eventos transgressivos e regressivos do nivel do mar
durante o Holoceno, bem como a sucessao vegetacional. Nestes trabalhos, as fases
ambientais foram caracterizadas por diversos tipos de ambientes, muitas vezes
ambientes similares obtiveram denominagdes distintas. Com o objetivo de integrar
estes estudos, as caracterizagdes e denominagdes ambientais utilizadas nos
trabalhos foram agrupadas em trés tipos de ambientes: com influéncia marinha
(laguna, lagoa costeira, estuario, mangue e ambiente neritico interno), transicional
(campo, banhado, péntano e restinga herbacea) e consolidagdo da Mata Atlantica
(mata de restinga, mata paludosa e Mata Atlantica). A Figura 13 ilustra os testemunhos
utilizados nos trabalhos revisados que possuiam idades radiocarbdnica, os quais
estdo plotados de acordo com suas idades e seus ambientes deposicionais. Os
estudos de Franca et al., 2019 e Cohen et al., 2020 (pogos h e |, respectivamente)
foram coletados em ambientes de mangue e por isso apresentam uma evolugao

ambiental diferenciada das demais localidades revisadas.

De forma geral, os trabalhos apresentam tendéncias similares do ponto de vista
da sua evolugdo ambiental e ecoldégica. Em 6.500 anos AP sao registrados
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palinomorfos marinhos (cistos de dinoflagelados, acritarcos, algas Cymatiosphaera,
palinoforaminiferos e tintinomorfos) em todos os testemunhos, indicando incursdes de
aguas do mar durante esse periodo nas localidades estudadas. Em grande parte dos
trabalhos picos destes elementos séo registrados proximo ao maximo transgressivo
holocénico (cerca de 5.000 anos AP). Nesse periodo, as areas estudadas revelavam
um ambiente com influéncia marinha (representados pelas faixas azuis na Figura 13),

como lagunas, lagos, estuarios, mangues e ambientes neriticos interno.

Sitios palinologicos da planicie costeira de SC
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Figura 13: Mudang¢as ambientais sumarizadas nos trabalhos de palinologia
desenvolvidos na planicie costeira de Santa Catarina. Barras transversais nos
limites inferiores indicam que os pogos eram mais antigos que 6.500 anos AP.

A influéncia marinha condicionou ambientes arenosos, secos e salobros nas
areas adjacentes dos corpos da agua, fato atestado pela presenca de elementos de
taxons haldfitos, como Amaranthus-chenopodiaceae, recorrente em quase todos os

registros palinologicos.
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Apos os 3.500 anos AP, algumas localidades ja deixam de apresentar registros
de palinomorfos marinhos (Cancelli, 2018 e Val-Péon et al., 2019) indicando tendéncia
de diminuicéo de influéncia marinha em certas por¢des da planicie costeira de Santa
Catarina. Na Figura 13, € possivel observar que apos a fase de ambientes com
influéncia marinha, a maioria dos testemunhos apresenta ambientes transicionais sem
influéncia marinha (representados pelas faixas verde claro). Com a diminui¢cdo da
influéncia marinha nas areas, a vegetacao herbaceae, que estava adjacente aos
corpos de agua, e as florestas, que ocupavam posi¢ées mais interiorizadas e
elevadas, foram favorecidas pelas novas condi¢cbes edaficas, evidenciado pela
expansdo dos taxons herbaceos e arboreos nas analises palinoldgicas.

A partir de aproximadamente 2.000 anos AP as formacgdes vegetacionais
comegam a se desenvolver para a atual paisagem da zona costeira. As faixas em
verde escuro na Figura 13 representam este periodo de expansé&o e consolidacéo da
Mata Atlantica nas areas estudadas. Em areas mais arenosas e salinas as vegetagdes
de restinga e de mata paludosa foram se estabelecendo. Nos ultimos anos, algumas
localidades detectaram efeitos da influéncia antropica na vegetagdo através do
declinio dos gréos de pdlen de espécies florestais nativas, aumento nos polens de
ervas e aparecimento de espécies exoticas (Pinus), indicando o desmatamento das

matas proximas aos sitios.

6. RESUMO E INTEGRAGAO DOS PRINCIPAIS RESULTADOS
OBTIDOS

Os principais resultados obtidos nesta pesquisa estdo apresentados e integrados
nesta secdo, resumidos e divididos pelos principais grupos de dados: (i) datagbes
radiocarbénicas ('C); (ii) dados altimétricos; (iii) analises granulométricas; (iv)
analises geoquimicas e isotopicas (8'3C, C/N e TOC) e (v) analises palinoldgicas.
Demais resultados e discussbes especificas, principalmente de aspectos
metodologicos, estdo apresentados nos artigos que compde o corpo principal da tese
(Capitulos 2 a 4).

6.1. DATAGOES RADIOCARBONICAS ('“C)

As idades obtidas por datagbes radiocarbénicas ('#C) estdo apresentados na
Tabela 3 e no Anexo D, incluindo idades n&o calibradas e calibradas obtidas para
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quatro amostras. As idades calibradas indicam que a deposicdo do testemunho
estudado ocorreu inteiramente durante o intervalo do Holoceno médio ao tardio. O
nivel basal (650 cm) apresentou uma idade de 6.503 anos cal AP, enquanto que a
amostra a 55 cm de profundidade possui 388 anos cal AP. As demais amostras

apresentaram idades intermediarias (Tabela 3).

Tabela 3: Idades radiocarbdnicas e idades calibradas das amostras selecionadas do
testemunho PCSC-4, sul da Illha de Santa Catarina, Sul do Brasil. *Numero de série
do CAIS Laboratério da Universidade da Gedrgia.

Idade calibrada

, . Idade ndo Idade calibrada
Numero da Profundidade Material B . (anos cal AP) (20) (anos cal
amostra* (cm) media da AP)
(anos AP) probabilidade
v 55 Turfa 330 + 25 388 357-446
e 235 Tufa 175020 1614 1561-1631
U%‘g'\é'f# 455 Sedimento 4730 20 5394 5320-5427
s 650 Sedimento 5760 + 20 6503 6433-6568

6.2. DADOS ALTIMETRICOS

A altitude ortométrica do topo do nucleo de Pantano do Sul € de 2,89 m, enquanto
que a do topo do testemunho de Garopaba € de 1,54 m. As altitudes ortométricas das
superficies que marcam mudancgas ambientais foram obtidas para cada testemunho a
partir das altitudes ortométricas do topo dos testemunhos. A altitude da superficie que
marca a transicdo de um corpo lagunar com influéncia marinha para um corpo d'agua
doce é de 0,2, e 1,4 m abaixo do nivel do mar atual para os testemunhos do Pantano
do Sul e Garopaba, respectivamente. A altitude da superficie que marca a passagem
do ambiente aquatico para o terrestre € de 0,7 e 0,7 m acima do nivel do mar atual

para Pantano do Sul e Garopaba, respectivamente.
6.3. ANALISES GRANULOMETRICAS

O testemunho consiste em sedimentos n&do consolidados compostos de areia
media, areia fina, silte e argila adicionados a uma quantidade variavel de matéria
organica (Figura 14). A matéria organica é dominante (> 80%) de 220 cm até o topo
do testemunho. Em relagéo a distribuicdo dos sedimentos clasticos, em geral, silte e

argila dominam quase da base até 400 cm, enquanto que os sedimentos arenosos
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predominam de 400 cm até o topo. Conchas calcarias preservadas em posicao viva e
fragmentos de concha ocorrem desde a base até 400 cm de profundidade. O resultado

da analise granulométrica esta demonstrado no Anexo B.
6.4. ANALISES GEOQUIMICAS E ISOTOPICAS (5'3C, C/N E TOC)

Os dados geoquimicos obtidos estdo demonstrados no Anexo C e ilustrados na
Figura 14. A concentracao de carbono organico total (TOC) varia de 0,5% a 49,6% ao
longo do testemunho e mostra dois intervalos principais separados por uma transi¢ao
gradual entre eles. Da base até 220 cm o TOC possui valor médio de 6%, enquanto
as amostras de 180 cm até o topo apresentam um valor médio de 44%. O nitrogénio
total (TN) varia de um minimo de 0,04% a 650 cm de profundidade a 2,1% a 60 cm de
profundidade. As relagdes C/N (peso / peso) mostram razdes quase constantes de 15
da base até 240 cm, seguido por um aumento abrupto entre 240 cm e 180 cm (15,2 -
47,8) e uma subsequente diminuicdo de 180 cm até o topo (47,8 - 26,2) (Figura 14).
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Figura 14: Resultados resumidos dos dados geocronoldgicos, granulometria,
carbono organico total (TOC), nitrogénio total (TN), razdo C/N e valores de 8'C
obtidos do nucleo PCSC-4, ao sul de Santa Ilha de Catarina, sul do Brasil.

Os resultados de 8'3C variam entre -12,2 %o a -29,6 %o. Os valores de 3'3C séo
maiores na porgao basal do testemunho (650 - 240 cm de profundidade), variando

entre -12,2 %o a -20,9 %o, seguido por uma tendéncia de queda em dire¢ao ao topo.
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6.5. ANALISES PALINOLOGICAS

Um total de 115 palinomorfos foi identificado a partir das amostras férteis,
incluindo gréos de polen (59), esporos (16), algas de agua doce (4), algas marinhas
(1), acritarcos (3) cistos de dinoflagelados (10), esporos indeterminados (8) e graos
de pdlen indeterminados (14), bem como fungos, microforaminiferos, escolecodontes
e ovos de copépode. A Tabela 4 apresenta todos os palinomorfos registrados divididos
por grupos, bem como suas I&minas de referéncias, coordenados england finder e as
localizagcbes de suas ilustracées. Os palinomorfos mais representativos encontrados
no testemunho estao ilustrados entre a Figura 15 e a Figura 24.

Tabela 4: Lista dos taxons registrados, com identificagdo das laminas (Codificagao da
Palinoteca da UFRGS), coordenadas England Finder e localizagdo das micrografias
das espécies ilustradas (Observagado: as laminas serao tombadas posteriormente
devido as limitagbes de acesso impostas pela Pandemia COVID-19).

Taxon Lamina Coordenada Figuras

Angiospermas

Alchornea Sw. 4,0 H43a 15A
Allophylus edulis Radlk. Ex Warm. 6,3 u57b 15B
Alternanthera Forssk. 4.5 -
Amaranthus/Chenopodioideae 4,2 P57a 15C
Anacardiaceae 5,8 E59-2a 15D
Apiaceae 6,4 J57-1a 15E
Apocynaceae 5.5 V48-4b -
Arecaceae 6.5 D60-4a 15F
Asteraceae subf. Asteroideae 6,4 J43a 15G
Asteraceae subf. Chicoroideae 6,4 J52-2a 15H
Bauhinia L. 4.4 J47a 151
Bromeliaceae 6,2 M45-2a 15J
Caryophilaceae 0,3 C47a 15K
Caesalpinia L. 52 H51a 15L
Celtis L. 6,4 M52a 16A
Cucurbitaceae 6,4 F48-3a 16B
Cuphea P.Browne 55 S38-3c 16C
Cyperaceae 6.5 S58a 16D
Dalechampia L. 6,2 H52-2b 16E
Drymis brasiliensis Miers. 2,9 J41b 16F
Ericaceae 0,2 K36a 16G
Fabaceae 4,3 M40-1a -
Fuchsia regia Tipo 4,3 M38a 16H
Gomphrena L. 4,3 L57a 16l
Gunnera herteri Tipo 4.5 U46¢c 16J
llex L. 5,3 C50a 16K
Iridaceea 1.0 R55a -
Justicia L. 3,2 H39a 16L
Lamiaceae 6,1 G55a 17A
Malphigaceae Tipo 6,3 F59-4b 17B
Malvaceae 6,2 E45-2a 17C
Matayba Aubl. 6,1 S57a 17D
Melastomataceae-Combretaceae 6,2 K58-1a -
Meliaceae 5.1 O55a 17E

Mimosoideae 6,5 G54a 17F
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Taxon Lamina Coordenada Figuras
Mimosa Ser. Lepidotae 4,6 Y49a 17G
Mimosa tipo 6,2 Q57-1b 17H
Myrsine L. 6.2 G47-3a 171
Myrtaceae 0.3 C59a 17J
Onagraceae 6.3 Q57-1c -
Poaceae 6,2 R51-1a 17K
Polygala L. 2,4 S49a 17L
Polygonum L. 3,7 H54a 18A
Proteaceae 6,4 039a 18B
Rubiaceae 5,3 N46-4¢ 18C
Sapindaceae 53 E35-4a 18D
Pseudobombax Dugand 6.3 ZATa 18E
Sapium Jacq. 50 N61-2a 18F
Sebastiania Spreng. 5,2 R49-1a 18G
Tournefortia L. 5.4 J54a 18H
Trema micrantha (L.) Blume. 4,8 G56a 18l
Tripodanthus acutifolius (Ruiz & Pav.)

Tiegh. 2,0 0O50a -
Utricularia L. 55 V48-4b -
Valeriana L. 4,2 W56-4a -
Gminospermas

Alnus Mill. 5,6 V45a 18J
Araucaria angustifolia (Bertol.) Kuntze 4,9 J61a 18K
Ephedra tweediana C.A.Mey. 5,3 L45-3a 18L
Nothofagus Blume. 5,2 P57-2a 19A
Podocarpus L™ Hér. Ex Pers. 2,4 P47a 19B
Graos de polen nao determinados

Nao determinado 1 6,5 X62-4a 19C
Nao determinado 2 6,5 V62-4a 19D
Nao determinado 3 6,5 G54a 19E
Nao determinado 4 6,5 J37-1a 19F
Nao determinado 5 6,4 T54-2a 19G
Nao determinado 6 6,4 W51a 19H
Nao determinado 7 6,2 P56a 191
Nao determinado 8 6,1 J53a 19J
Nao determinado 9 5,9 N54a 19K
Nao determinado 10 4,7 Q65a 19L
Nao determinado 11 4,7 F62a 20A
Nao determinado 12 5,3 0O50-1a 20B
Nao determinado 13 3,8 H40-2a 20C
N&o determinado 14 6,4 Q58-2a 20D
Licofita

Lycopodiella alapecuroides (L.) Cranfill 6,1 G49b 20E
Briofitas

Phaeoceros Prosk. 0.9 U51-1a 20F
Sphagnum L. 4.7 O44a 20G
Pteridéfitas

Anemia Sw. 5,9 T47a 20H
Blechnum L. 6,5 V54-1a 201
Cyathea tipo 1 6,0 G53-4a 20J
Cyathea tipo 2 6,5 S66-4a 20K
Dicksonia L" Hér 6.1 V58a 20L
Dryopteris Adans. 6,3 V44a 21A
Huperzia Bernh. 6,1 S46a 21B
Lycopodium clavatum L. 4,0 H43-1a 21C
Onychium tipo 4,3 T44c 21D
Pityrogramma Link 5.1 D57-4a -
Polypodiaceae 2,5 N49-2a 21E
Polypodium hirsutissimum tipo 5,3 X51a 21F
Thelypteris Schmidel 5.3 S56b -
Selaginella P.Beauv. 5.0 J55a -
Esporos nao determinados

Nao determinado 1 6,5 F69-2a 21G
Nao determinado 2 6,5 V51a 21H
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Taxon Lamina Coordenada Figuras

Nao determinado 3 6.4 N45a 211

N&o determinado 4 6,4 Q40-3a 21J

Nao determinado 5 6,3 P57b 21K

Nao determinado 6 6,3 M43c 21L

Nao determinado 7 6,2 P54-3a 22A

Nao determinado 8 5,4 F58-2a 22B

Fungos

Dictyoarthrinium sacchari (J.A.Stev.) 59 P59a 29C

Damon

Microthyrium.tus. & c. Tus. 6,3 Q55-4a 22D

Tetraploa Berk. & Br. 5,3 V45a 22E

Algas de agua doce

Botryococcus Kutz. 4.1 E55a 22F

Pseudoschizaea rubina Rossignol ex

Christopher 6.0 Qs57a 22G

Spirogyra Link. 2,5 V52a 22H

Zygnema C.Agardh 4,8 D48a 221

Alga marinha

Cymatiosphaera O.Wetzel, 1933 6,0 N56-1a 22J

Cistos de dinoflagelados

Operculodinium centrocarpum sensu Wall . .

and Dale (1966) 57; 4,1 N53-4a; U48a 22K -L

Operculodinium israelianum (Rossignol

1962) Wall 1967 6.1 Vo7-4a 23A

Spiniferices mirabilis (Rossignol 1964)

Sarjeant 1970 5.7 N54a 238

Brigantedinium 6,5 L46b 23C

Leipokatium invisitatum Bradford 1975 4.6 M64-2d 23D-E

Pentapharsodinium dalei 5.9 K52b -

Polykrikos kofoidii Chatton 1914 4.1 T59-4¢ 23F

Polykrikos schwartzii Bltschli 1873 4.9/5.1 J43-1b/M63c 23G-H

I H62-2b/H52-4b/T48- .

Protoperidinium spp. 5,8/5,9/5,4/4,8 2¢/V/55a 231-J;24A-B

Selenopemphix nephroides Benedek 1972:

emend. Bujak in Bujak et al., 1980: emend. 5.1 J56b/M64-1¢ 24K-L

Benedek and Sarjeant 1981

Acritarcos

Acritarco sp. 1 6,5 G61-2a 24C

Acritarco sp. 2 6.5 X62-2a 24D

Micrhystridium (Deflandre) emend. Serjeant

& Stancliffe 1994 6.4 L52a 24E-F
. . . N38a; X57a; E48-3a;

Palinoforaminiferos 4,7;5,7;5,9; 5,9; 5,8 W59a: T54a 24G-K

Ovos de copepode 6.5 X48a 24L
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Figura 15: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4. Graos

de podlen determinados:

Alchornea,

Allophylus  edulis, (C)

Amaranthus/Chenopodioideae, (D) Anacardiaceae, (E) Apiaceae, (F) Arecaceae, (G)
Asteraceae subf. Asteroideae, (H) Asteraceae subf. Chicoroideae, (I) Bauhinia, (J)

Bromeliaceae, (K) Caryophilaceae, (L) Caesalpinia.
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Figura 16: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4. Graos
de polen determinados: (A) Celtis, (B) Cucurbitaceae, (C) Cuphea, (D) Cyperaceae,
(E) Dalechampia, (F) Drymis brasiliensis, (G) Ericaceae, (H) Fuchsia, (I)
Gomphrena, (J) Gunnera herteri, (K) llex, (L) Justicia.
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Figura 17: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4. Graos
de pdlen determinados: (A) Lamiaceae, (B) Malvaceae, (C) Matayba, (D)
Malphigaceae tipo, (E) Meliaceae, (F) Mimosaideae, (G) Mimosa ser. Lepidotae, (H)
Mimosa tipo, () Myrcine, (J) Myrtaceae, (K) Poaceae, (L) Polygala.
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Figura 18: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4. Graos
de podlen determinados: (A) Polygonum, (B) Proteaceae, (C) Rubiaceae, (D)
Sapindaceae, (E) Pseudobombax, (F) Sapium, (G) Sebastiania, (H) Tournefortia, (1)
Trema micrantha, (J) Alnus, (K) Araucaria angustifolia, (L) Ephedra.
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Figura 19: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4. Graos
de pdlen determinados: (A) Nothofagus, (B) Podocarpus. Graos indeterminados: (C)
Gréao ind. 1, (D) Grao ind. 2, (E) Gréo ind. 3, (F) Grao ind. 4, (G) Grao ind. 5, (H)
Gréo ind. 6, (I) Gréo ind. 7, (J) Grao ind. 8, (K) Grao ind. 9, (L) Grao ind. 10.
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Figura 20: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4. Graos
de polen indeterminados: (A) Gréo ind. 11, (B) Grao ind. 12, (C) Gréo ind. 13, (D)
Grao ind. 14. Esporos determinados: (E) Lycopodiella alopecuroides, (F)
Phaeoceros, (G) Sphagnum, (H) Anemia, (1) Blechnum, (J) Cyathea tipo 1, (K)
Cyathea tipo 2, (L) Dicksonia.
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Figura 21: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4.
Esporos determinados: (A) Dryopteris, (B) Huperzia, (C) Lycopodium clavatum, (D)
Onychium, (E) Polypodiaceae, (F) Polypodium hirsutissimum. Esporos
indeterminados: (G) Esporo ind. 1, (H) Esporo ind. 2, (I) Esporo ind. 3, (J) Esporo
ind. 4, (K) Esporo ind. 5, (L) Esporo ind. 6.
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Figura 22: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4.
Esporos indeterminados: (A) Esporo ind. 7, (B) Esporo ind. 8. Fungos: (C)
Dictyoarthrinium, (D) Microthyrium, (E) Tetraploa. Algas de agua doce: (F)
Botryococcus; (G) Pseudoschizeae rubina, (H) Spirogyra, (1) Zygnema. (J)
Cymatiosphaera. Cistos de dinoflagelados: (K) Operculodinium centrocarpum
processos longos, (L) Operculodinium centrocarpum processos curtos.
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Figura 23: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4. Cistos
de dinoflagelados: (A) Operculodinium israelianum, (B) Spiniferites mirabilis, (C)
Brigantedinium spp., (D-E) Leipokatium invisitatum, (F) Polykrikos kofoidii, (G-H)
Polykrikos schwartzii, (I-J) Protoperidinium spp., (K-L) Selenopemphix nephroides.
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Figura 24: Fotomicrografias dos palinomorfos recuperados no pogo PCSC-4. Cistos
de dinoflagelados: (A) Stelladinium stellatum, (B) Votadinium calvum. Acritarcos: (C)
Acritarco 1, (D) Acritarco 2, (E-F) Micrhystridium. (G-K) Palinoforaminiferos. (L) Ovo
de copépode.
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6.5.1. Evolucao paleoambiental de Pantano do Sul (PCSC-4)

Através da integragdo dos dados palinolégicos, isotopicos, datagdes
radiocarbbnicas e analises granulométricas foi possivel identificar mudancgas
ambientais para o sul da llha de Santa Catarina nos ultimos 6.500 anos AP (Figura
31). A partir de variagbes nas assembléias de palinomorfos quatro fases palinologicas
foram definidas: Fase |, Fase Il, Fase lll e Fase IV. A Fase | corresponde a porgao
mais basal do testemunho, 650 a 310 cm de profundidade (amostra 1 a 35), e sua
idade vai de 6.503 anos cal AP a 2.817 anos AP. A Fase Il abrange de 300 a 220 cm
de profundidade (amostra 36 a 44) e sua idade € de 2.817 anos AP a 1.478 anos AP.
A Fase lll corresponde a 210 a 80 cm de profundidade (amostra 45 a 58) e sua idade
€ de 1.478 anos AP a 524 anos AP. A Fase IV é referente ao topo da secao, de 70 a

0 cm de profundidade (amostra 59 a 66), e corresponde os ultimos 524 anos.

Os diagramas palinologicos (Figura 25 a Figura 28) representam os resultados
das analises de porcentagem e concentragao dos palinomorfos identificados ao longo
do perfil. Na Figura 25 e Figura 26 € possivel identificar a distribuigdo dos palinomorfos
agrupados de acordo com suas afinidades ecoldgicas (habito e habitat), bem como as
fases ambientais. A ocorréncia de cada taxon ao longo das amostras pode ser
observada nas Figuras 27 e 28. A Figura 27 e a Figura 30 mostram a distribuigdo dos
cistos de dinoflagelados ao longo do testemunho.
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Figura 25: Diagrama de porcentagem dos grupos de palinomorfos de acordo com afinidades ecolégicas (habito ou habitat)
do testemunho PCSC-4. Idades radiocarbodnicas, profundidade e niumero da amostra a esquerda. Fases ambientais e
analises cluster a direita.
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Figura 27: Diagrama de abundancia relativa dos taxons de palinomorfos de acordo com afinidades ecoldgicas (habito ou
habitat) do testemunho PCSC-4 (Parte 1). Profundidades a esquerda.
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Figura 28: Diagrama de abundancia relativa dos taxons de palinomorfos de acordo com afinidades
habitat) do testemunho PCSC-4 (Parte 2). Profundidades a esquerda.
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Figura 31: Modelo esquematico da evolugdo ambiental da porcédo sul da Ilha de
Santa Catarina (Pantano do Sul, SC, Brasil).

7. CONCLUSOES

A partir dos dados palinoldgicos, isotdpicos, datagdes radiocarbbnicas e analises
granulométricas foi possivel caracterizar a evolugdo ambiental para o sul da llha de
Santa Catarina nos ultimos 6.500 anos AP. Além disso, dados altimétricos de alta
precisao permitiu a correlagdo das mudangas ambientais ocorridas no local de estudo
com as registradas em trabalhos palinoldgicos disponiveis para a porgao central da
planicie de Santa Catarina. As principais conclusdes obtidas nesta tese estéo listadas

a sequir:

1) O sul da llha de Santa Catarina registrou uma sucessao ambiental com quatro
fases definidas: Fase | (laguna com influéncia marinha), Fase Il (lagoa sem
influéncia marinha), Fase Il (estagio inicial do desenvolvimento da Floresta
de Restinga), Fase IV (Floresta de Restinga).

2) A Mata Atlantica ja estava presente na planicie costeira de Santa Catarina
antes de 6.500 anos AP, provavelmente restrita a areas nao afetadas pelo

maximo transgressive holocénico e areas mais elevadas.



81

3) Associagdes de cistos de dinoflagelados sugerem que as aguas marinhas que

entravam no corpo lagunar tinham sua origem nas aguas relativamente
guentes e salinas da Corrente Brasileira. Apesar do fato de que a Corrente
Costeira Brasileira/Corrente Malvinas atualmente alcanga sazonalmente a
latitude em que o testemunho PCSC-4 esta localizado, ndo foi observado
nenhuma evidéncia de que isso ocorreu durante a Fase | (lagunar com
influéncia marinha).

O desenvolvimento da Floresta de Restinga na area de estudo € diretamente
relacionado com os fatores edaficos controlados pelas mudancgas do nivel do

mar durante o Holoceno.

5) A partir da comparagdo de assembleias de cistos de dinoflagelados

6)

recuperados utilizando dois métodos de processamento distintos (com
acetdlise e acidos quentes e sem aplicagdo destes) constatou-se que a
concentragdo de cistos de dinoflagelados reduz drasticamente, em média
86%, assim como a diversidade de taxons. Dentre eles, os taxons
gonyaulacoides apresentaram taxas de recuperagdo distintas. O.
centrocarpum apresentou a maior taxa de recuperagao (~ 34%), seguido por
Spiniferites spp. (~ 15%). Taxas de recuperagdo mais baixas foram
observadas para Spiniferites mirabilis e Operculodinium israelianum, de ~ 8 e
3%, respectivamente. Alguns taxons peridinidides (Brigantedinium spp e
Leipokatium invisitatum) foram quase totalmente degradados, enquanto
Polykrikos kofoidii, P. schwartzii, Protoperidinium spp., Selenopemphix
nephroides e Pentapharsodinium dalei ndo foram recuperados utilizando
acetolise e acidos quentes.

A sucessdo ambiental da area de Pantano do Sul é semelhante a verificada
para demais areas estudadas na planicie central de Santa Catarina (e.g.,
Pinheira e Garopaba). As trés localidades evoluiram de (i) um ambiente
aquatico com alta influéncia marinha, seguido por (ii) um corpo d'agua
dominado por agua doce e, por ultimo, (iii) um ambiente terrestre que registra
a expansdo e consolidacdo da Mata Atlantica. As transicdbes ambientais
correspondem a paleosuperficies que puderam ser correlacionadas através
de dados altimétricos e idades radiocarbdnicas.
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7) Dados altimétricos de alta resolugdo s&o fundamentais em estudos
palinolégicos por permitir a correlagdo de diferentes testemunhos e obter
informacgdes sobre paleosuperficies regionais. Além disso, a correlagdo de
diferentes estudos palinolégicos permite um maior detalhamento das
caracteristicas internas de cada ambiente deposicional.
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ABSTRACT

Sea level oscillation during the Quaternary played a major role in the geomorphology
and vegetation dynamics of coastal areas in southern Brazil, encompassing
ecosystems that often have a unique biodiversity. Understanding the natural evolution
of these areas is essential for decision-making of land use regulations towards
sustainable development as well as to preserve the uniqueness of the coastal
ecosystems. Particularly, the southern Brazil coastal plain is formed by Quaternary
sedimentary marine, transitional and continental deposits, associated to the relative
variations of sea level that influenced the development of different Atlantic Rainforest
formations, such as restingas and mangroves. In this contribution, we present high-
resolution palynological and stable isotope data from a Holocene core retrieved from
the coastal plain of the Santa Catarina Island (southern Brazil). We were able to identify
four different environmental phases from 6500 yr BP to close to modern days. The first
phase (6503 — 2817 yr BP) is characterized by a lagoon with large marine water
influence. Notably, the observed dinoflagellate cyst association suggests that marine
waters entering the region had its origin in the relatively warm saline Brazil Current
waters. During the second phase (2817 yr BP — 1478 yr BP), marine water contribution
to the lagoon decreases until it is disconnected with the sea. The third phase (1478 yr
BP — 524 yr BP) is marked by the decrease of the water level until it dries out and leads
to the colonization of herbaceous vegetation over the paleolagoon. The last phase (524
yr BP- recent) is characterized by the consolidation of the coastal plain Atlantic
Rainforest (restinga vegetation). In addition, this study contributes to the debate

regarding the relative sea level changes during the Holocene in southern Brazil.

Keywords: Southern Brazil, Coastal Plain, Palynology; Stable isotopes;
Environmental changes, Sea Level changes; Vegetation dynamics; Late Quaternary
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1. INTRODUCTION

The comprehension of past environmental changes in the Quaternary is valuable
for understanding modern and future environmental dynamics. This is particularly
important in coastal areas where land-ocean interactions play a major role in the
geomorphology and vegetation dynamics. This highly dynamic environment is often
reshaped by anthropogenic activities including vegetation suppression, land use and
hydrological changes, which may threat their own ecological and economical
sustainability (Ramesh et al., 2015; Newton et al., 2016), encopassing ecosystems that
often have a unique biodiversity. Understanding the natural evolution of these areas in
terms of geomorphology and vegetation dynamics is essential for decision-making of
land use regulations towards sustainable development of coastal areas as well as to

understand and preserve the uniqueness of these coastal ecosystems.

Brazilian coastal plain is particularly under strong anthropogenic pressure. This
region is covered by the Atlantic Rainforest, recognized as one of the most important
ecosystems of the Earth in terms of biodiversity (UNESCO, 2010). In particular, the
restinga vegetation is a mosaic of floristic and physiognomically distinct ecosystem of
the Atlantic Rainforest that covers sandy soils of marine and fluvial-marine origin
formed during the Quaternary on the Brazilian coastal plain (Magnago et al., 2010;
IBGE, 2012). The southern Brazil coastal plain is formed by Quaternary sedimentary
marine, transitional and continental deposits, associated to the relative variations of
sea level that directly influenced the development of different Atlantic Rainforest
formations, such as restingas and mangroves (IBGE, 2012). A characteristic region for
this system can be found in the south of Santa Catarina Island. This area hosts
preserved fragments of the Atlantic Rainforest located near the coastline. It forms a
particular region that allows the study of the interaction between sea level changes and

vegetation dynamics.

The study of the past dynamics of coastal areas can be achieved by means of
several scientific tools, such as sedimentological (e.g., Dillenburg et al., 2006; Zazo et
al., 2013), archeological (Martin et al., 1986), isotopic (e.g., Martin et al., 1986; Carr et
al., 2015), paleontological (e.g., Angulo et al., 1999; Chemello and Silenzi, 2011;
Toniolo et al., 2020), including palynological studies (e.g., Borromei and Quattrocchio,
2007; Leroy et al., 2013). Notably, the palynological records throughout sediment cores
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typically provide information on terrestrial and marine settings encompassing the
environmental and vegetation changes within the same core (e.g., Mourelle et al.,
2015; Kuhn et al., 2017). Additionally, the variations on relative abundances of marine
and continental palynomorphs are commonly used to determine sea level oscillations

(e.g., van Soelen et al. 2010; Candel and Borromei, 2016).

Several palynological studies were conducted in the Rio Grande do Sul sector
(i.,e. Rio Grande do Sul coastal plain) of the southern Brazil coastal plain (see
summaries in Lorscheitter, 2003; Bauermann et al., 2009; Mourelle et al., 2018),
southmost Brazil. However, the Santa Catarina sector is geomorfologically distinct and
similar studies are scarce, located only in the continental portion (Behling and Negrelle,
2001; Amaral et al., 2012; Cancelli, 2012; Kuhn et al., 2017; Silva, 2018, Franca et al.,
2019; Val-Péon et al., 2019; Cohen et al., 2020).

This contribution provides the first high-resolution multi-proxy palynological and
isotopic study in the Santa Catarina Island, which comprises the easternmost
palynological record of the terrestrial portion of the southern Brazil coastal plain. We
present detailed environmental evolution of the southern Santa Catarina Island (Fig.
1) and Atlantic Rainforest colonization and consolidation, that can be directly

associated with Holocene sea level variations.



99

48°40'W 48°30'W 48°20'W

Atlantic
Ocean

27°30'S

© Santa
Catarina
Island !\5 /
/

27°45'S

Atlantic
Ocean

28°0'S

Figure 1: Location and images of the study area. a) Location of the Santa Catarina
Island in southern Brazil (SC: Santa Catarina state; RS: Rio Grande do Sul state;
Uy: Uruguay; Ar: Argentina). b) Santa Catarina Island and location of the Pantano
do Sul beach. c) Shaded relief model of the Pantano do Sul beach and PCSC-4 core
location. d) Panoramic aerial photo of the sampling location: note the preserved
Atlantic Rainforest in the sampling area and the anthropogenic ocupation.
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2. ENVIRONMENTAL SETTING

The Santa Catarina Island is located in the Santa Catarina sector of the southern
Brazil coastal plain. The physiographic and structural aspects of the island are very
similar to the continental region once they were united when the sea level was below
the current level (Horn Filho, 2006). The topography is dominated by granitic coastal
mountains with altitudes of up to 532 meters and the coastal plain, which consists of
Pleistocene and Holocene marine, beach, aeolian, lagoonal and paludial environments
deposits (Horn Filho, 2006). The formation of the latter deposit is associated with
transgressive and regressive events of the relative sea level that occurred during the
Quaternary (Caruso Jr, 1993).

The Santa Catarina Island is situated in a subtropical zone and the climate is
characterized as humid oceanic without a dry season and with hot summers (Cfa,
according to Koppen's classification) (Alvares et al., 2013). The region is influenced by
the South Atlantic Tropical Anticyclone and Polar Migratory Anticyclone. The South
Atlantic Anticyclone produces the Atlantic Tropical Air Mass, a warm and humid mass
that is active throughout the year, while the Polar Migratory Anticyclone generates the
Atlantic Polar Air Mass, which is characterized by low temperatures and humidity. The
migration of the Polar Migratory Anticyclone to the region generates the polar front that

is characterized by unstable weather and increase of the precipitation (Nimer, 1990).

The Atlantic Rainforest covers a large portion of southern Brazil and the entire
Santa Catarina coastal plain. This biome encompasses different forest formations and
associated ecosystems. In the highlands, it is characterized as a mosaic of Araucaria
Forest and glassland, while in the coastal plain there are a dense arboreal vegetation
and some pioneer formations such as the restinga, mangroves and salt marshes
(MMA/SBF - Ministério do Meio Ambiente/Secretaria de Biodiversidade e Florestas
2010). These pioneer vegetations are conditioned by edaphic factors and are
composed by plants adapted to the ecological parameters of first occupation character
(IBGE, 2012).

The Santa Catarina Island is bordered by the South Atlantic Ocean. Surface
currents in the region are dominated by the southwards flowing Brazil Current (Fig. 2),
relatively warm and saline (Peterson and Stramma, 1991). The Brazil Current
originates at about 10° S from the bifurcation of the westward flowing South Equatorial



101

Current (Silveira et al., 2000; Souza and Robison, 2004). The Brazil Current contacts
the northward-flowing Malvinas Current, which is carachterized by cold and low salinity
waters that have their origin in the Antarctic Cicumpolar Current. At the contact zone,
the so-called Brazil-Malvinas Confluence, Malvinas Current waters dive under the
Brazil Current waters. The mixed water masses are transported successively eastward
as part of the South Atlantic Current (Piola and Matano, 2019). Along the coast an
additional northwards flowingwater mass can be observed: the Brazilian Coastal
Current. This last current consists of low salinity waters discharged from the Rio de La
Plata and Patos Lagoon that, on its way north, mixes with the other water masses
(Souza and Robinson, 2004). The position of the maximal northward extention of the
Brazilian Coastal Current as well as Brazil-Malvinas Confluence varies strongly
between the seasons (Piola et al., 2000, 2005). During austral summer, the Brazil-
Malvinas Confluence reaches its southermost position. The maximal northern
extension of the Brazilian Coastal Current as well as colder Malvinas Current waters
can be observed near the Santa Catarina Island in austral winter (e.g., https://podaac-

tools.jpl.nasa.gov/soto/, “state of the ocean, temperature”).

Below surface waters to a depth of approximately 600 m, southward flowing
South Atlantic Central Water can be observed, which overlies the cold and less saline
Antarctic Intermediate Water (Piola and Matano, 2001).

Temperature (°C)

Aug 24, 2020

Figure 2: Present configuration of sea surface currents and temperature in the
western South Atlantic ocean in the (a) winter and (b) summer (JPL MUR MEaSUREs
Project, 2015). MC: Malvinas Current; BMC: Brazil-Malvinas Confluence; BC: Brazil
Current; BCC: Brazilian Coastal Current; SAC: South Atlantic Current.
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3. MATERIALS AND METHODS

3.1. SEDIMENT CORE COLLECTION AND SAMPLING

This study was carried out on a sedimentary core (PCSC-4) retrieved from
Pantano do Sul beach (27°46'36.49’S; 48°31’45.96”W; Fig. 1) located at the
southernmost Santa Catarina Island. The core was drilled using a Russian Peat Borer
on a peat deposit, reaching a maximum depth of 650 cm. The sampling site is located
approximately 1 km from the current coastline and ca. 1 m above the present sea-
level. The core was transported to the Palynological Laboratory Marleni Marques Toigo
at the Federal University of Rio Grande do Sul, where it was equally divided in 66 levels
of 10 cm intervals apart and labelled from the bottom to the top.

3.2. RADIOCARBON DATING

The chronology of the PCSC- 4 core is based on 4 radiocarbon datings using the
Accelerator Mass Spectrometry (AMS) at the CAIS Laboratory of the University of
Georgia (USA). Results were calibrated using the program CALIB Radiocarbon
Calibration Version 8.2 (Stuiver et al., 2021), considering the Southern Hemisphere
SHCal 13 radiocarbon calibration curve (Hogg et al., 2013). Interpolated ages were
calculated using linear interpolation on Tilia software version 1.7.16 (Fig. 3).

3.3. GRANULOMETRIC ANALYSES

Grain-size analyses and calculation of organic matter content were made for the
66 samples. The samples were equally separated into two sub-samples to determine
the grain-size analyses and the organic matter content in the sediment. These
analyses, as well as the calculations of the statistical parameters were carried out at
the Center for Studies of Oceanic and Coastal Geology (CECO) at the Federal
University of Rio Grande do Sul. All the samples were dried in an oven at 40°C and
then weighted. The analyses were performed by sieving-pipetting method, following
statistical parameters of Folk and Ward (1957) and textural classification of Shepard
(1954). To determine the organic matter content, the samples were calcined in muffle
at 550°C during 4 h and weighted before and after the calcination. The organic matter
content of the sediments was determined by the loss of mass after this process.
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3.4. ELEMENTAL C AND N AND "*C ISOTOPES

Thirty three samples with 3 cm? of sediment were collected with 20 cm intervals
from the top to the bottom of the core (0 - 640 cm) added to the basal sample (650 cm)
for total organic Carbon (TOC), total Nitrogen (TN) and 3'3C analyses. At first, the
samples were dried in an oven at 60°C and weighted. Samples were treated with 10%
HCI to eliminate carbonate and then washed with Milli-Q water until the pH reached 5.
Samples were dried in a freeze-dryer, weighted again and homogenized to be
analyzed in the Elemental Analyzer Coupled to Isotope Ratio Mass Spectrometry (EA-
IRMS) in the Hinrichs Laboratory at the University of Bremen. TOC and TN values are
expressed as a percentage of dry weight and 3'3C is expressed in delta per mil notation
with an accuracy of + 0,17%., with respect to the VPDB standard. The C/N

(weight/weight) was calculated using the elemental results ratio.
3.5. PALYNOLOGICAL ANALYSIS

Sixty-six samples of 3 cm?® were obtained throughout the core for pollen/spores
analyses with 10 cm espacing between them. After a preliminar taxonomic recognition,
samples where dinoflagellate cysts were recorded (650 - 300 cm) were resampled for
more detailed analyses, totalling 36 samples with the same espacing and bulk volume
of sample (3 cm?3). One Lycopodium clavatum L. spores tablet (18.584 + 371 spores)
was added to each sample previous to the chemical processing of both pollen/spores
and dinoflagellate samples to allow concentration calculations (Stockmarr, 1971).

The pollen/spores samples were processed following standard preparation
techniques (Faegri and Iversen, 1989), using HF (40%), HCL (10%), KOH (10%) and
acetolysis. To concentrate the material, samples were sieved using a <250 ym sieve;
ZnCl2 was used for heavy liquid separation checking the residues to be sure that no
material was lost in the separation. Slides were prepared from drops of the final

residue, mounted with Entellan.

The dinoflagellate cysts samples were prepared using similar procedures.
However, to avoid damage to the cysts, samples were not prepared using hot acids,
KOH and acetolysis. The dinoflagellate cysts samples were decalcified with diluted HCI
(10%), treated with HF (40%) to remove silicates. After chemical treatments, samples

were sieved over a 20 um mesh screen and residues were transferred to an eppendorf
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vile where the material was concentrated in 1 ml. Slides were mounted with glycerin

jelly for microscopic analysis.

Pollen/spores samples were counted until reaching a minimum of 300 pollen
grains monitored by saturation curves. The other palynomorphs (i.e., spores, algae,
acritarchs and microforaminiferal linings) and L. clavatum spores were counted in
parallel. Concentrations (palynomorphs/cm?®) were calculated using the L. clavatum

spores as reference values.

Dinoflagellate cysts samples were counted until reaching their saturation curves.
The total dinoflagellate sum adds all counted dinoflagellate cysts and the relative
abundances of each taxa in the dinoflagellate analyses are indicated as a percentage
of the total dinoflagellate sum. Concentrations (dinoflagellate cysts/cm3®) were

calculated using the L. clavatum spores as reference values.

To integrate the dinoflagellate cysts and pollen/spores counts, we used the ratio
of L. clavatum counts from pollen/spores and the corresponding dinoflagellate cyst
samples as a conversion factor. The dinoflagellate cyst counts were multiplied by this

ratio and added to the final integrated diagram.

Absolute abundances represent the sum of all palynomorphs (including
dinoflagellate cysts), whereas pollen sum refers to the total amount of angiosperm
pollen grains. The relative abundances of pollen grains were calculated as a
percentage of the pollen sum whereas relative abundances of the other palynomorphs

were calculated in relation to the absolute values.

The environmental phases were established from changes in the palynomorphs
assemblages and from cluster analysis, using the Edwards & Cavalli-Sforza's chord
distance square-root transformation (CONISS), removing only one outlier sample (40
cm depth). Cluster analyses, percentage and concentration diagram were constructed
using the Tilia versions 1.7.16 (Grimm, 2011). For the Principal Component Analyses
(PCA) we used the software Canoco (Smilauer and Lep$, 2014) and PAST 4.03
(Hammer et al., 2001). Multivariate analyses were performed on palynologycal relative
abundance data.

The taxonomic determinations of the pollen and spores were based on
comparison with modern equivalents in palynological reference collections (“MP-Pr”
slides of the LPMMT/IGeo/UFRGS) and from the literature (e.g., Hooghiemstra, 1984,
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Neves and Lorscheitter, 1992, Herrera and Urrego, 1996, Lorscheitter et al., 1998,
Collinvaux et al., 2003, Macedo et al., 2009, Cancelli et al., 2012). Dinoflagellate cysts
were identified following the online key for dinoflagellate cyst determinations
(Zonneveld and Pospelova, 2015 and references therein). Dinoflagellate cysts were
grouped according to their life strategies; photosynthetic taxa (Operculodinium
centrocarpum, O. israelianum, Spiniferites spp., Spiniferites mirabilis and
Pentaphaersodinium dalei) and heterotrophic taxa (Brigantedinium spp., Leipokatium
invisitatum, Polykrikos kofoidii/ schwarzii, Protoperidinium spp. and Selenopemphix
nephroides).

4. RESULTS

4.1. RADIOCARBON DATINGS

The radiocarbon dating results are presented in Table 1, including uncalibrated
and calibrated ages obtained from four selected samples. Calibrated ages indicate that
the deposition of the studied core occurred entirely during the Middle to Late Holocene
interval, once the lowermost level (650 cm) has an age of 6503 cal yr BP, whereas the
uppermost level (55 cm depth) revealed an age of 388 cal yr BP. Remaining samples
presented intermediate ages.

Calibrated age Calibrated ™C

Sample number* [zsr%t)h Material ALgJ(r;czilié) ryarteBdP) (p::rilb)gblﬁilt? age (ZBOF)))(caI yr
average

UGAMS# 49856 55 Peat 330 + 25 388 357-446

UGAMS# 49855 235 Peat 1750 + 20 1614 1561-1631

UGAMS# 49854 455  Sediment 4730 = 20 5394 5320-5427

UGAMS# 35404 650 Sediment 5760 £ 20 6503 6433-6568

Table 1: Radiocarbon dates and calibrated ages of selected samples from the PCSC-
4 core, south of Santa Catarina Island, southern Brazil. *Serial number of CAIS
Laboratory of University of Georgia.

4.2. GRANULOMETRIC ANALYSIS

The core consists of unconsolidated sediments composed of medium sand, fine
sand, silt and clay added to variable amount of organic matter (Fig. 3). The organic
matter is dominant (>80%) from 220 cm to the top of the core. Regarding the
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distribution of clastic sediments, in general, silt and clay dominate from nearly the base
up to 400 cm whereas sandy sediments are predominant from this depth to the top.
Preserved calcareous shells in living position and shell fragments occur from the base
until 400 cm of depth.

4.3. ELEMENTAL C AND N AND "3C ISOTOPES

The geochemical data are presented as individual profiles along the studied core
(Fig. 3) and as the binary plot of 8'3C x C/N (Fig. 4). Total organic carbon (TOC)
concentration varies from 0.5% to 49.6% and shows two main intervals separated by
a gradual transition between them. The interval from the base of the core up to 220 cm
shows an average value of 6%, whereas samples from 180 cm up to the top present
an average TOC value of 44%. The total nitrogen (TN) ranges from a minimum of
0.04% at 650 cm depth to 2.1% at 60 cm depth. C/N ratios (weight/weight) shows
nearly constant values of ca. 15 from the base up to 240 cm, followed by an abrupt
increase from 240 to 180 cm (15.2 — 47.8) and a subsequent subtle decrease from 180
cm to the top (47.8 — 26.2) (Fig. 3). The 3'3C results are in the range of -12.2%o to -
29.6%o. The &'3C values are higher at the base of the sediment core (650 — 240 cm
depth), with a range of -12.2%. to -20.9%., followed by a downward trend towards the

top of the core.
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Figure 4: Binary diagram illustrating the relationship between &'*C and C/N
(according to Meyers, 1994 and Wilson et al., 2005) and the results obtained from
each interval of depth of the PCSC-4 core, south of Santa Catarina Island, southern
Brazil. DOC: Dissolved organic carbon; POC: Particulate organic carbon.
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4.4. PALYNOLOGICAL RECORD

A total of 115 distinct palynomorphs were identified along the 650 cm of the
studied core, including pollen grains (59 taxa), spores (16), freshwater algae (4),
marine algae (1), acritarchs (3), dinoflagellate cysts (10), indeterminate spores (8) and
indeterminate pollen grains (14), as well as, fungi, microforaminiferal linings,

escolecodons and copepod eggs.

The palynological diagrams show the distribution of palynomorphs in the
samples, grouped according to their ecological affinities (habit or habitat) (Figs. 5-8).
Both visual examination as well as the cluster and PCA analysis (Fig. 9) show the
samples can be grouped in four phases with characteristic species associations. For
simplification purpouses, the results will be presented according to the four phases

discussed in Section 5, in ascending stratigraphic order.
4.41. Phase | (650-310 cm)

This phase was recognized in the basal part of the core, including samples 1 to
35 (650 to 310 cm of depth). It is characterized by high contents of marine elements
(11.6 - 79.1%), represented manly by dinoflagellate cysts (8 — 78.3%). Additionally, the
other marine elements, i.e. microforaminiferal linings (<8.2%), acritarchs (<17.5%) and
the prasinophyte Cymatiosphaera (<5.2%), have the highest concentrations at this
phase. The dinoflagellate cysts include both photosynthetic (Operculodinium
centrocarpum, O. israelianum, Spiniferites spp., S. mirabilis, P. dalei) and
heterotrophic taxa (Brigantedinium spp. Leipokatium invisitatum, Polykrikos kofoidiil
schwarzii, Protoperidinium spp., Selenopemphix nephoides, Fig. 8).

The acritarch association is composed by species of the genus Micrhystridium,
Acritarch sp. 1 and Acritarch sp. 2. Freshwater algae are observed in low percentages
through this phase and are mainly formed by Botryococcus spp., followed by
Spirogyra, Pseudoschizaea rubina and Zygnema.

Terrestrial palynomorphs are dominated by pollen and spores of trees and shrubs
(33 - 63.2%), followed by herbs (29 - 63.3%), ferns (3.7 — 20.9%) and indeterminate
pollen grains (2 - 10.8%). Epiphytes, lianas and climbers, regional and extraregional
pollen grains, bryophytes, indeterminate spores and fungi are scarce.
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4.4.2. Phase Il (300 to 220 cm)

This phase comprises 9 samples (300 to 220 cm of depth) characterized by
drastic reduction of marine elements with respect to the previous phase (e.g.,
microforaminiferal linings, acritarchs and Cymatiosphaera) and the disappearance of
dinoflagellate cysts. Freshwater algae assemblage remains nearly unchanged,
however Botryococcus increases its percentages through this phase (1.3- 21.8%). The
terrestrial elements are dominated by herbs (40.9 - 65%), followed by trees and shrubs
(31.2- 53.8%). Ferns have a relative increase (12.6 — 25.5%) and indeterminate pollen
grains have a relative decrease (2.3 — 5.2%) with respect to the phase I. Epiphytes,
lianas and climbers, regional and extraregional pollen grains, bryophytes,

indeterminate spores, fungi and algae maintain relative lower abundances.
4.4.3. Phase lll (210 to 80 cm)

This phase comprises 14 samples from 210 to 80 cm of depth. It is marked by
the reduction of freshwater algae (<7.7%) and the disappearance of Botryococcus,
Pseudoschizaea rubina and Zygnema. The marine elements were not recorded. Fungi
increase their percentages (2.3 - 23.7%) as well as herb pollen grains (55.1 — 92.3%).
These latter are represented manly by Poaceae, Asteraceae subf. Asteroideae and
Cyperaceae. Additionally, bryophyte spores are mainly represented by species of
Phaeoceros, which occur significantly for the first time in the core reaching up to 13.2%.
Trees and shrubs decrease their relative abundances (8.3 — 41.9%), as well as the
indeterminate pollen grains (<1.7%). Similarly to the previous phase, epiphytes, lianas
and climbers, regional and extraregional pollen grains, bryophytes and indeterminate

spores have low relative abundances.
4.4.4. Phase IV (70 to 0 cm)

This phase comprises the upper portion of the core, related to the samples 59 to
66 (70 to 0 cm of depth). It is characterized by an increase of pollen sum of arboreal
taxa (34.2 — 85.9%) and epiphytes, lianas and climbers (0.3 - 10.5%). Herb pollen taxa
decrease their relative abundances (11.7 — 73.2%), as well as bryophyte taxa
(<17.4%). The arboreal assemblage is mainly represented by Myrtaceae, Arecaceae
and llex; epiphytes, lianas and climbers are represented by Cucurbitaceae.
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Pteridophytes shows an increase of their percentages and are represented mainly by
Blechnum and Polypodiaceae taxa. Regional and extraregional pollen grains,

indeterminate pollen grain and indeterminate spores maintain low relative abundances.
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Figure 5: Percentage diagram of the palynomorphs grouped according to their
ecological affinities (habit or habitat) from the PCSC-4 core, south of Santa Catarina
Island, southern Brazil, as well as the identified phases and cluster analyses.
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Fig. 7. Relative abundance diagram of the palynomorphs taxa according to their
ecological affinities (habit or habitat) from the PCSC-4 core, south of Santa Catarina
Island, southern Brazil, as well as the identified phases.
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Figure 8: Relative abundance diagram of the dinoflagellate cysts taxa (a) and
concentration diagram of the dinoflagellate cysts taxa (b) from the PCSC-4 core,
south of Santa Catarina Island, southern Brazil.
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5. DISCUSSION

The integration of palynological, granulometrical and isotopic analyses allows the
distiction of four environmental phases in the PCSC-4 core (Figs. 3, 5). The succession
of phases indicates an evolution from a coastal lagoon with high influence of marine
waters followed by disconection of the sea, passing to a drying and progressive

sedimentation, which favored the development of a Restinga Forest (Fig. 10).
5.1. PHASE |: LAGOONAL STAGE (6503 CAL YR BP - 2817 YR BP)

The predominance of fine sand, silt and clay sediments, as well as the presence
of preserved calcareous shells in living position, indicate deposition in a predominantly
calm water body. High percentages of marine elements, including dinoflagellate cysts
(8-78.3%), microforaminiferal linings (<8.2%), acritarchs (<17.5%) and

Cymatiosphaera (<5.2%) are evidence of sea waters reaching the sampling site.

Microforaminiferal linings are abundant in estuarine marshes with variable salinity
water influence (Batten, 1996). Species of the acritarch genus Micrhystridium are
characteristic of shallow coastal water associations (Montenari and Leppig, 2003; Félix
and Souza, 2012). The prasinophyte Cymatiosphaera on the other hand is known to

be typically associated with marine water (Mudie et al., 2020).
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The dinoflagellate cysts include photosynthetic (Operculodinium centrocarpum,
O. israelianum, Spiniferites spp., S. mirabilis, P. dalei) and heterotrophic taxa
(Brigantedinium spp., Leipokatium invisitatum, Polykrikos kofoidiil schwarzii,
Protoperidinium spp., Selenopemphix nephoides; Fig. 8). All the above-mentioned
dinoflagellate cysts are commonly registered in the South Atlantic Ocean, as well as in
coastal sites (Zonneveld et al., 2013). The dominance of heterotrophic taxa in the
association suggests high nutrient inputs in the waters. The photosynthetic association
is dominated by Operculodinium centrocarpum and Spiniferites spp. On a global scale,
the species Operculodinium centrocarpum has a cosmopolitan distribution (e.g.,
Zonneveld et al., 2013). However, in the western South Atlantic, this species is typically
present in the relatively warm waters of the Brazil Current (Gu et al., 2019). Throughout
this phase, specimens of Operculodinium israelianum and Spiniferites mirabilis are
registered, which are typical for warm, temperate waters (Zonneveld et al., 2013). The
dinoflagellate cyst association therefore indicates that marine waters entering in the
study site had their origin in the relatively warm saline Brazil Current waters.

Despite the fact that nowadays waters of the Brazil Coastal Current/Malvinas
Current can seasonally reach the core position, we did not observe any evidence that
this has been the case in phase | (Fig. 2). Species that are characteristically abundant
in Malvinas Current and Brazilian Coastal Current waters, such as Selenopemphix
antarctica and/or Impagidinium variaseptum were not observed in the studied material.
The presence of a warm, temperate dinoflagellate cysts association, characteristic for
high nutrient concentrations, implies that the lagoon waters were relatively warm and

nutrient rich during this phase.

The presence of freshwater algae indicates freshwater influence despite the
significant marine contribution. In addition, Botryococcus is a euryhaline freshwater
algae that may have its photosynthetic activity inhibited, directly or indirectly, by the
water salinity (Tyson, 1995). Therefore, the low concentrations of this freshwater algae
during this phase might be caused by the presence of marine influence. The observed
palynomorph association suggests that calm conditions and mixing of marine and
freshwater prevailed typical for a lagoon environment.

Pollen grains (herbs, trees and shrubs) were transported and deposited in the
lagoon in low concentrations (Fig. 6). The herbs taxa are mostly represented by
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Poaceae, Amaranthus/Chenopodioideae, Apiaceae, Asteraceae subf. Asteroideae
and Cyperaceae (Fig. 7). These herbs are better adapted to sandy soils and include
many halophytes (Lorscheitter, 2003). This suggests that saline soil conditions

prevailed in the margins of the lagoon.

In this phase, the pollen of the trees and shrubs taxa are mainly composed by
Alchornea, Arecaceae, Myrtaceae and Celtis. These taxa are arboreal pioneering
elements of the Atlantic Rainforest (Lorscheitter, 2003). The occurrence of these
pioneering taxa suggests the development of the Atlantic Rainforest in the surrounding
area, most likely in the hills aroung the lagoon (Fig. 10; Phase I). Indeterminate and
regional pollen grains occur at higher concentrations at this and the subsequent phase
Il in comparison to the two upper phases. This can be explained by the input of pollen
grains transported by streams and wind into the lagoon partly damaging some of the
grains. The extraregional pollen grains that originated from the Andes (Nothofagus and
Alnus), are expected to be transported by winds to the deposition site.

The combination of high 8'3C values (-19.1 to -12.2) and low C/N (13.9 — 16.4)
ratios indicate mixtures of terrestrial and marine elements and show little variation
throughout this phase (Figs. 3, 4). Low C/N ratios are attributed to the presence of
nitrogen-enriched freshwater algae organic matter (Meyers, 1994; 1997; Wilson et al.,
2005). Among terrestrial plants, higher 8'3C values indicate predominance of C4 plants
over C3 plants. This can be explained by the deposition of herbs remnants from the
borders of the lagoonal body. TOC values do not exceed 10.5%. Such low TOC values

are typical of lagoonal and estuarine environment (Tyson, 1995; Lorente et al., 2014)

5.2. PHASE II: REGRESSIVE STAGE AND SEA DISCONNECTION (2817 YR BP
- 1478 YR BP)

In this phase, predominance of fine sediments and the occurrence of freshwater
algae and marine elements still indicates the presence of a calm brackish water body
(Fig. 10; Phase Il). However, the significant reduction of the marine indicators (e.g.,
microforaminiferal linings, acritarchs and Cymatiosphaera) and the disappearance of
dinoflagellate cysts point out to a progressive reduction of sea water input into the
water body. Towards the end of this phase (ca. 1478 yr BP) the lagoon was probably
disconnected from the sea (Fig. 10; Phase Il). This is supported by the observation of

the increasing in abundance of Botryococcus towards the top of the phase, suggesting
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that freshwater inputs into the lagoon progressively decreased its salinity transferring
the lagoon into a freshwater lake. Previous studies suggest that an increase of
Botryococcus concentration might be related to the a decrease of the water level in a
lake (Tyson, 1995). It is therefore likely that in the course of the process of the closing
of the lagoon and freshening waters, water table dropped consistently.

No significant changes were observed in the spore-pollen assemblage. However,
the decrease of Amaranthus/Chenopodiaceae throughout this phase suggests a
progressive desalination of the soil of the adjacent areas of the lagoonal body. The
C/N ratios remain at low values of ca. 15% throughout this phase, indicating that
freshwater algae are still major contributors to the total organic matter. The binary plot
of 8'3C x C/N shows a trend towards lower 5'3C values likely related to the increase

of freshwater phytoplankton input.

5.3. PHASE Ill: EARLY DEVELOPMENT OF THE RESTINGA FOREST
(COASTAL PLAIN ATLANTIC RAINFOREST) (1478 YR BP - 524 YR BP)

The transition from Phase Il to Ill is marked by a drastic decline of freshwater
algae concentrations and the disappearance of Botryococcus, Pseudoschizaea rubina
and Zygnema.This reduction suggests a reduced fresh-water input into the area.
Moreover, marine elements are no longer recorded in this phase as a result of the
disconnection with the sea that occurred in the previous phase.

The development of soils rich in organic matter at the site is evidenced by the
increase of fungi. The abundance of fungal fragments is indicative of aerobic
biodegradation of plant remains (Sebag et al., 2006). Additionally, the increase of the
organic matter in the sediment and the high values of TOC (average of ca. 44 %)
indicates the development of soils rich in organic matter during this phase.

High percentages of Poaceae and Cyperaceae taxa and 3'3C enrichment from
the beginning of this phase up to 140 cm of depth can be observed in this phase (Figs.
3, 7). This suggests that the herbs that previously occupied the margins of the lagoon
advanced and colonized the paleolagoon area and the environment of ongoing humid
soil condition. The concentration values for trees and shrubs remain constant
throughout this phase suggesting that input of arboreal pollen that were transported
from adjacent areas covered by Atlantic Rainforest did not change (Fig. 10; Phase IlI).
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Consequently, our observation of decreasing in the relative abundances of trees and
shrubs with increasing herbs supports our previous suggestion of a significant increase
in growth of herbs in the area of the palaeo-lagoon. The strong increase in the C/N
ratios (Fig. 3) in this phase indicates an input of carbon-enriched material and suggests
the increase of dense vegetation in the adjacent areas. The C/N ratios greater than 20
are originated from vascular land plants (Meyers, 1994) and 5'3C values around -25%o
indicate an influence of Cs plants (Meyers, 1997). The binary plot of 8'3C x C/N also
shows that the organic matter was influenced by Cs plants (Fig. 4). In the upper part of
the section related to this phase, Poaceae and Cyperaceae (herbs) decrease their
relative abundances whereas Myrtaceae and Arecaceae (trees and shrubs) increase,
showing a succession from herbal to arboreal elements of the Restinga Forest.
Bryophytes present a high percentage, beeing represented by Phaeoceros taxa that
characteristically grow on wet soils (Menéndez 1962, Lorscheitter 1989).

5.4. PHASE 1V: RESTINGA FOREST (COASTAL PLAIN ATLANTIC
RAINFOREST) (524 YR BP — PRESENT)

This phase is characterised by a decrease in relative abundances of herbs in
favour of trees and shrubs. This suggests that forests develop in the area of the palaeo-
lagoon. The high relative abundances of arboreal taxa typical of the Atlantic Rainforest
(Arecaceae, llex and Myrtaceae) marks the consolidation of this arboreal forest in the
area during this phase. In addition, the increase of epiphytes, lianas and climbers
(mainly Cucurbitaceae taxa) suggest the advance of arboreal components in the
vegetational-succession of the forest as well (IBGE, 2012; Sevegnani and Schroeder,
2013).

Pteridophytes that are typically associated with the arboreal Restinga Forest
(Blechnum and Polypodiaceae; Falkenberg, 1999) increase their concentration and
supports the consolidation of the arboreal Restinga Forest in the region. The isotope
data are in agreement with the pollen data, showing a depletion in the &'3C values
during this phase, reaching the lowest value in the uppermost sample (-29.6). These
5"3C values reveal the dominance of Cs plants as source of the organic matter. In
addition, the high TOC values and organic matter contents in the sediment (~40 and
~90%, respectively) reflects the decomposed material from the dense forest that

occupies the area nowadays.
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Figure 10: Schematic model of the environmental evolution of the southernmost
portion of the south of Santa Catarina Island (Pantano do Sul), southern Brazil.

5.5. ENVIRONMENTAL EVOLUTION OF SOUTHERN BRAZIL COASTAL PLAIN
AND REGIONAL IMPLICATIONS

The observed transition from a lagoonal environment at ca. 6500 cal. yr BP to the
actual Restinga Forest, in the Pantano do Sul area, is interpreted to be directly related
to sea level changes thoughout the Holocene. In general, there is an observed
sequence of decreasing marine water contribution that indicates that the relative sea
level was higher than the current sea level in the first phase succesively decreasing
during the second phase. Because of the disconnection of the sea and the lagoonal
body evidenced by the absence of marine elements in Phase Ill and Phase IV, we
interpret that the sea level reached the current level at some point during one of these
phases, most likely at Phase Ill. Previous studies on the Brazilian coastal plain
suggested the existence of high-frequency oscillations in the relative sea level with two
regressive phases during the Late Holocene (Suguio et al., 1985; Martin et al., 2003).
The authors suggested that the sea level was slightly below its present elevation at ca.
4200-3700 and 2700-2100 yr BP. However, our findings show that the relative sea
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level was above the current level at least until 2817 yr BP when the marine influence
in the lagoon started to decrease. Therefore, we interpret that it is unlikely that the
relative sea level was below the current elevation at ca. 2700-2100 yr BP. Additionally,
other studies suggests a regular decline in the relative sea level without significant
oscillations during the Late Holocene (Angulo et al., 1999; 2006; Ybert et al., 2003). In
particular, Angulo et al. (2006) suggested that the highstand in the Holocene occurred
between 5000 and 5800 yr BP without a distinct peak. Moreover, other palynological
studies in the southern Brazil coastal plain in the Rio Grande do Sul (e.g., Cordeiro
and Lorscheitter, 1994; Lorscheitter and Dillenburg, 1998; Meyer et al., 2005; Masetto
and Lorscheitter, 2019) and Santa Catarina states (Behling and Negrelle, 2001; Amaral
et al., 2012; Cancelli, 2012; Kuhn et al., 2017; Val-Pedn et al., 2019; Guimaraes, 2018,
Cohen et al., 2020), also identified the marine influence ca. 6000-5000 yr BP at their
sites and showed a similar sea-level dynamic. In addition, palynological studies of
paleoenvironmental reconstitutions performed in the coastal areas of Uruguay and
Argentina also indicated a highstand sea level between ca. 6000-5000 yr BP followed
by a regressive event (e.g., Borel and Gémez, 2006; Garcia-Rodriguez et al., 2010;
Mourelle et al., 2015; Vilanova and Prieto, 2012).

In general, the environmental phase succession identified in this study is in
agreement with previous paleoenvironmental studies developed on the southern Brazil
coastal plain, in particular in the Santa Catarina sector (e.g., Amaral et al., 2012;
Canceli, 2012; Kuhn et al., 2017; Val-Peon et al., 2019; Guimaraes, 2018). The
majority of these studies indicate a succession of three phases from a
lagoonal/estuarine environment (1) to a transitional/swampy regime (1) and an arboreal
forest environment (lll). However, in this contribution we were able to define the
transition from an herbaceous Restinga (Phase lll) to the arboreal Restinga Forest
(Phase IV). Some of the above-mentioned studies indicate a maximum RSL ranging
from ca. 5200 to 4500 yr BP (Fig. 11).

The distinct ages for the end of marine influence and the development of the
Atlantic Rainforest descibed in the previus studies is problably related to the different
distance and/or altitude of the depositional sites in relation to the current coastline and
sea level. Localities nearer to the sea (e.g., Kuhn et al., 2017 and this study) were
more affected by the sea level rise and show late development of the Atlantic

Rainforest in comparison to those located further from the shoreline (e.g., Cancelli,
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2012). This supports that the Restinga Forest development was mainly controlled by

edaphic factors related to the regression of the sea and less sensitive to climate factors

during the Holocene (Scheel-Ybert, 2000; Amaral et al., 2012; Melo Jr. and Boeger,

2015).
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c) Sites from the Santa Catarina State (in fig. 11a). Max. RSL = Maximum relative
sea level. Inf. = Influence. Cross bars at lower limits indicate that the core was older
than 6500 yr BP.

6. CONCLUSIONS

This study enhances our knowledge of the evolution of southern Brazil coastal

plain through information of geomorphologycal and vegetational changes during the

Holocene. Palynological, stable isotopic and sedimentological analyses of the PCSC-

4 allowed us to recognized four environmental phases from 6500 yr BP to close to

modern days. Our main findings are listed below:

1)

The southermost Santa Catarina Island records an environmental succession
with four phases namely: Phase | (lagoon with sea influence), Phase Il (lagoon
without sea influence), Phase Il (early development of the Restinga Forest) and
Phase IV (Restinga Forest);

The Atlantic Rainforest was already present in the Santa Catarina coastal plain
at 6500 yr BP, however restricted to areas which were not affected by the
maximum transgressive sea level in the Middle to Late Holocene;

The dinoflagellate cyst association suggests that marine waters entering the
region had their origin in the relatively warm saline Brazil Current waters.
Despite the fact that nowadays waters of the Brazil Coastal Current/Malvinas
Current can seasonally reach the core position, we did not observe any
evidence that this has been the case in phase |I.

Relative sea level in the Santa Catarina coastal plain was probably above the
current, at least until 2817 yr BP, which is evidenced by the disconnection of the
paleolagoon and the sea at this age;

The development of the Restinga Forest is directly related to edaphic factors
controlled by the sea level changes during the Holocene.
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ABSTRACT

Dinoflagellate cysts, pollen and spores are important for reconstructing marine
environments. Cysts of some dinoflagellate species are sensitive to harsh chemical
treatments that are standardly used to obtain better identification of spore-pollen
associations, such as acetolysis, KOH and warm HF. This sensitivity is primarily
investigated through laboratory experiments. So far, no information is present about
which species are affected and to what particular rate along a downcore study and how
this influences environmental reconstructions. We present and compare the results
from palynological analyses of duplicate samples from a Holocene near-shore
sediment core, processed with and without harsh chemical treatment. Despite that
dinoflagellate cysts were recovered from both processing methods, we show that harsh
treatment drastically reduces the cyst concentration by 86% on average.
Operculodinium centrocarpum and Spiniferites spp. showed the highest recovery rates
with averages of 34% and 15%, respectively. Spiniferites mirabilis and Operculodinium
israelianum showed low recovery rates of 8% and 3%, respectively. Heterotrophic taxa
and Pentapharsodinium dalei are almost totally degraded. As a result of this selective
degradation, interpretations based on samples processed with harsh chemical
treatments may lead to misinterpretations of environmental conditions based on
dinoflagellate assemblages. However, even the low recovery rates of cysts can be

useful to identify marine water contribution.

Keywords: Dinoflagellate cysts; palynological preparation; Selective recovery;

Transitional environments; Quaternary
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1. INTRODUCTION

Dinoflagellate cysts are an important group of organic-walled microfossils applied
for Quaternary paleoceanography, paleoclimatology, and paleoecology analyses.
They are mainly recorded from marine sediments and are abundant and diverse in
coastal and estuarine waters (Matthiessen et al., 2005; De Vernal et al., 2013;
Pospelova and Kim, 2010). Dinoflagellate cysts are excellent for reconstructing sea-
surface conditions since they are controlled by water temperature, salinity, primary
productivity, and eutrophication (e.g., Dale, 1996; Marret and Zonneveld, 2003;
Zonneveld et al.,, 2013). Furthermore, associations of dinoflagellate cysts and
continental palynomorphs (e.g., pollen grains and spores) are commonly used to
reconstruct environmental changes in coastal areas (e.g., Van Soelen et al., 2010;
Poliakova et al., 2017a; Li et al., 2017).

Although they are abundant in marine sediments, species can be selectively
affected in natural environments by aerobic and anaerobic degradation (Zonneveld et
al., 1997, 2001, 2008, 2019; Versteegh and Zonneveld, 2002). Laboratory studies have
shown that some dinoflagellate cyst species are selectively destroyed during
preparation when harsh chemical treatments, such as acetolysis and warm HF and
HCI are used, or when they are exposed to long periods in acids and KOH (e.g., Dale,
1976; Reid, 1977; Marret, 1993; Hopkins, 2002; Riding and Kyffing-Hughes, 2004,
2006, Mertens et al., 2009, 2012). Despite this current knowledge, there is, until now,
extremely limited information about which species are affected and to what particular
rate since the effect of acetolysis was only studied in laboratory experiments for only a
handful of species (e.g., Dale, 1976; Marret, 1993; Turon, 1984). Furthermore, no
information is available to date, about how harsh chemical treatments might change a
downcore association and how this would affect the paleoenvironmental interpretation.

Harsh chemical treatments are widely used for the standard preparation of
palynological samples of recent sediments aiming to retrieve spore-pollen
associations, with no specific care for other organic-walled groups. The choice of using
the harsh chemicals is particularly critical in palynological studies of sediment cores
that contain both terrestrial and marine elements. Consequently, when the recovery of
dinoflagellate cysts is prioritized, the use of acetolysis is generally avoided (e.g.,
Borromei and Quattrocchio, 2007; Candel et al., 2009; Richards et al., 2014; Poliakova
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et al., 2017b; Mourelle et al., 2018; Garcia-Moreiras et al., 2019; Silva and Souza,
2019). In case of prioritization of the pollen/spore signal, the facilitation of the
identification of pollen and spores by using harsh chemical treatment is preferred (e.g.,
Shumilovskikh et al., 2012; Trog et al., 2013; Farooqui et al., 2014; Misra and
Bhattacharyya, 2014; Pandey et al., 2014; Barreto et al., 2015; Schneider et al., 2016;
McGann, 2015; Kuhn et al., 2017; Val-Peon et al., 2019). Mild treatment bears a lower
risk of biasing the assemblage relative to harsh treatment. However, the mild treatment
fails to remove excess organic debris so that pollen and spores become much less
abundant and more difficult to detect. As a result, there is a risk of obtaining biased
spore-pollen quantities and associations. Upon harsh treatment, only dinoflagellate
cysts resistant to chemical treatment can be considered for paleoenvironmental
reconstruction. So far, only very few studies have taken the effort to analyze core
sediments with both processing methods, such as Gu et al. (2017, 2018) and Kuhn et
al. (subm.).

In this paper, we contribute to this discussion by showing the effects of harsh
chemical treatments on the downcore dinoflagellate cysts assemblages recovered
from a Holocene 650-cm-long sediment core retrieved from the coastal plain of south
Brazil. For this purpose, we treated samples from different core-depths using two
standard palynological preparation techniques that avoid or include an acetolysis
preparation step. We discuss the reaction of individual species on this treatment, as

well as the effect on the paleoenvironmental interpretations.

2. MATERIALS AND METHODS

The samples selected for this study were late Quaternary sediment samples
collected from the PCSC-4 650-cm-long sediment core retrieved from the southern
Santa Catarina Island, southern-Brazilian coastal plain. The core was drilled using a
Russian Peat Borer on a peat deposit at Pantano do Sul beach (27°46°36.49°S;
48°31°45.96°W; Fig. 1). The core is located approximately 1 km from the current
coastline and the sampling site is currently within the Atlantic Rainforest. The Santa
Catarina Island comprises a series of geomorphological features and sedimentary
systems. The formation of the latter deposits is associated with the transgressive and
regressive events of the relative sea level that occurred during the Quaternary (Caruso
Jr, 1993; Horn Filho, 2003; Hesp et al., 2009). Only samples containing dinoflagellate
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cysts were selected for the present analysis, related to 35 stratigraphic levels within

the interval of 650 - 310 cm depth.

48°40'W

Atlantic
Ocean

Atlantic
Ocean

48°30'W 48°20'W
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Island f
.

27°45'S

28°0'S

Figure 1: Location of the study area. a) Location of the Santa Catarina Island in
southern Brazil (SC: Santa Catarina state; RS: Rio Grande do Sul state; Uy:
Uruguay; Ar: Argentina). b) Santa Catarina Island and location of the Pantano do Sul
beach. ¢c) PCSC-4 core location in the Pantano do Sul beach.

21. PALYNOLOGICAL PROCESSING

Thirty-five levels with 10 cm spacing between them (650-290 cm depth) were

analyzed. One sample of 3 cm?® from each level was processed using typical pollen

recovery method (PRM). Another sample with the same volume was processed

following typical dinoflagellate cysts recovery method (DCRM). A single Lycopodium

clavatum L. spore tablet (18.584 + 371 spores) was added to each sample in both

preparation methods for concentration calculations (Stockmarr, 1971).
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The PRM followed standard preparation techniques for palynological analyses
(Faegri and Iversen, 1989). Sample processing was performed in 50 mL polypropylene
centrifuge tubes. Hydrofluoric acid (HF 40%; 10 ml) was added for the removal of
siliciclastic component of the samples. The residue was left to settle for 8 h (room
temperature) and then immersed for 4 min in a 60°C water bath. The residues were
concentrated by centrifugation at 2,500 rpm for 6 min. Hydrochloric acid (HCI 10%; 10
ml) was used for the removal of carbonate and the residues were heated by immersion
for 4 min in a 60°C water bath. Samples were centrifuged. Potassium hydroxide (KOH
10%; 10 ml) was used for removal of humic acids and samples were heated by
immersion for 4 min in a 60°C water bath. Samples were rinsed with distilled water
after each of the acid treatments above mentioned. The samples were dehydrated
using acetic acid (CH;COOH) for 4 min and centrifuged. To conclude, samples were
submitted to acetolysis that consist of 9 parts of acetic anhydride (C4HsO3) to 1 part of
sulfuric acid (H2SO4) and heated for 4 min in a boiling water bath. To concentrate the
material, samples were sieved using a <250 ym sieve; ZnCl, was used for heavy liquid
separation checking the residues to be sure that no material was lost in the separation.
Slides were prepared using two drops of the final residue, mounted with Entellan.

For the DCRM samples, processing was performed in 50 mL polypropylene
tubes. Dry sediments were weighed and treated with HCI (10% at room temperature)
in order to remove carbonates. The residue was left to settle overnight, and distilled
water was used for rinsing until pH reached neutral values. Decantation was carried
with a minimum interval of 7 h. Subsequently, samples were treated with HF (40% at
room temperature), agitated for 2 h, and then settled for 48 h. Distilled water was used
for rinsing until pH reached neutral values and decantation was carried with a minimum
interval of 7 h. The samples were sieved over a 20 mm precision stainless steel sieve.
Each residue was subjected to ultrasonication, centrifuged (6 min at 2500 rpm) and
concentrated to either 0.5 ml or 1 ml. Slides were prepared using homogenized sample
residue with an Eppendorf pipette having a 1 ml scale interval, and then the material
was embedded in glycerine jelly and insulated from air by paraffin wax.

Dinoflagellate cysts in the PRM samples were counted until reaching a minimum
of 300 pollen grains monitored by saturation curves, with L. clavatum spores counted
in parallel. Dinoflagellate cysts in the DCRM samples were counted until reaching their

saturation curves and L. clavatum spores were counted in parallel.
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The relative abundances (i.e. percentages) of each taxon are indicated as a

percentage of the total dinoflagellate sum. Concentrations (dinoflagellate cysts per

cm?) were calculated using the L. clavatum spores as reference values.

3. RESULTS

The dinoflagellate cyst assemblages recovered from the different processing

methods showed disparities both in the diversity of taxa and total abundances (Table

1). Six dinoflagellate cysts taxa were identified in the PRM samples: Operculodinium

centrocarpum, Operculodinium israelianum, Spiniferites spp., Spiniferites mirabilis,

Brigantedinium spp., Leipokatium invisitatum. These taxa were also retrieved from the

DCRM samples, as well as five other species not recorded using the PRM method:

Pentapharsodinium dalei, Polykrikos kofoidii, P. schwartzii, Protoperidinium spp.,

Selenopemphix nephroides (Table 1).

Species name

Pollen
recovery
method (PRM)

Dinoflagellate
recovery method
(DCRM)

Operculodinium centrocarpum sensu Wall and Dale (1966)
Operculodinium israelianum (Rossignol 1962) Wall 1967
Spiniferites spp.

Spiniferices mirabilis (Rossignol 1964) Sarjeant 1970

Cyst of Pentapharsodinium dalei Indelicato et Loeblich 111 1986

Brigantedinium spp.

Leipokatium invisitatum Bradford 1975

Polykrikos kofoidii Chatton 1914

Polykrikos schwartzii Butschli 1873

Protoperidinium spp.

Selenopemphix nephroides Benedek 1972: emend. Bujak in
Bujak et al., 1980: emend. Benedek and Sarjeant 1981

X

X

X

X

X

X

Table 1: Species list of dinoflagellate cysts recovered from PRM and DCRM processing

methods.

On average, the total dinoflagellate cysts concentration was eighteen times

higher in the DCRM compared to PRM samples (Fig. 2). The decrease in dinoflagellate
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cysts recovered in the PRM samples varied from 38 to 100% with an average reduction
of 86%. In other words, an average of only 14% of the dinoflagellate cysts were
recovered after harsh chemical treatments. Among individual species, O.
centrocarpum showed the highest recovery rate (PRM concentration / DCRM
concentration * 100) of ~34%, followed by Spiniferites spp. with ~15%. The Spiniferites
mirabilis and the Operculodinium israelianum showed low recovery rates of ~8 and
3%, respectively. Pentapharsodinium dalei, Polykrikos kofoidii, P. schwartzii,

Protoperidinium spp., and Selenopemphix nephroides were not recovered in the PRM.

In terms of relative abundances, there was a decrease in O. israelianum, S.
mirabilis, Brigantedinium spp. and Leipokatium invisitatum in the PRM samples in
relation to the DCRM samples. On the other hand, O. centrocarpum showed higher
percentages in the PRM than in the DCRM (Fig. 3). The Spiniferites spp. showed a

mixed behavior, decreasing in approximately half of the samples.
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Figure 2: Concentration diagram (cysts per cm3) of the dinoflagellate cyst species
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4. DISCUSSION

4.1. SELECTIVE PRESERVATION OF GONYAULACOID DINOFLAGELLATES

Of the species investigated O. centrocarpum and Spiniferites spp. were the least

affected by the standard sample treatment used to study pollen/spore assemblages

(Fig. 4), that in comparison to the DCRM method that included the use of Potassium
hydroxide (KOH 10%), acetic acid (CH3;COOH) and acetolysis (9(C4HeO3) + (H2SO4)).
This is in agreement with earlier findings of Marret (1993) who observed that O.
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centrocarpum and Spiniferites spp. were more resistant to acetolysis in comparison
with the other dinoflagellate cysts. The mixed behavior observed in the relative
abundances of O. centrocarpum and notably Spiniferites spp. can be explained by the
variation in degradation rate of the other species. If two species decrease in
concentration but one decreases faster, the other increases in relative abundance.
Therefore, relative abundances of the cyst species in downcore studies using PRM
may lead to erroneous trends and interpretations. The most recovered cysts in this
study (O. centrocarpum and Spiniferites spp.) were considered moderately sensitive
to oxidation in natural settings as well as mechanical and chemical treatments (e.g.
Zonneveld et al., 2001; Mertens et al., 2009, 2012; Price et al., 2016 and references
therein). In contrast to our findings, these latter studies reported O. israelianum and P.
dalei to be resistant to aerobic degradation in bottom sediments and Spiniferites
mirabilis to be moderately sensitive. However, our study showed O. israelianum and
S. mirabilis to be extremely sensitive to harsh chemical treatments as they had a
degradation rate of ~97% and 93% respectively. The same holds for P. dalei, which
was not recovered in PRM samples. Thus, laboratory treatment does not have a similar
degradation effect as natural degradation. The dinoflagellate cyst walls seem to consist
of a carbohydrate backbone with various contributions of proteinaceous material that
appears to be species-specific (Versteegh et al., 2012; Bogus et al., 2014; Mertens et
al., 2016; Gurdebeke et al., 2018; Versteegh et al., 2021). In addition, recent studies
on the degradation ability of microbes indicated that the enzymes used to degrade
particulate organic matter are highly selective in the type of bonds that they attack (e.g.,
Vidal-Melgosa et al., 2021). By using monoclonal antibodies in combination with
microarray analysis of particulate organic matter, these latter authors showed that
during algal blooms, bacteria do not consume all glycans equally. For instance,
laminarin is rapidly degraded whereas the sulfated furans resist degradation.
Laboratory treatment is less specific and therefore possibly more aggressive.
Therefore, we assume that the differences in selective degradation between chemical
treatment in the laboratory and degradation processes in natural environments may
result from natural degradation being foremost based on enzymes of aerobic
degrading organisms. Furthermore, in nature, the process may be slower so that subtle
differences in degradability may be more apparent.
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In contrast to earlier laboratory studies, Zonneveld et al. (2019) observed P. dalei
as the most vulnerable phototrophic species for aerobic degradation in a natural
environment. They pointed out that P. dalei is peridinioid and suggested that the
degradation rates of this species have been underestimated. Until now, the molecular
structure of cysts walls of P. dalei is unknown and, therefore, it is unclear if the latter
assumption holds. P. dalei cysts in surface sediments are found in tropical/subtropical
and arctic regions. Possibly, this cyst morphotype is produced by more than one
species. If this is the case and these species produce cysts with a remarkably similar
morphology but different molecular wall composition, this could explain the
discrepancy in observations. More studies about the genetic code of the dinoflagellates
producing these cysts, as well as the molecular composition of their walls, are needed
to solve this problem.

Q
o

100% 100% °
= . = 2 =
] R?=0.6754 °
& 90% o ¢ :‘. Z 90% ""'
o (] ® °
= e PY ] o
0,
% 80% °s % 80% - "
2 70% e 2. S 70% o 0 e
5 ° £ o
Q 60% ° "é 60%
3 (] ° ©
5 50% ® 2 50%
@ ® 2
= S
E 40% o 40%
=3 . @ °
g 30% . é 30%
€ ) QL
8 20% £ 20% e
o n
10% 10%
° R2=0.7702
0% 0%
40% 50% 60% 70% 80% 90% 100% 40% 50% 60% 70% 80% 90% 100%
Total Dinoflagellate decrease from DCRM to PRM Total Dinoflagellate decrease from DCRM to PRM
c d
100% —.—O—W 100% —————————0—® 0 —0-®mWM--EOm™
- e ° - ) ®
R?=0.148 [} ® R?=0.1697 L
s 90% Pk 2 9% ® o
& ® a .
o 80% e 2 80%
= . 4
§ 70% & Q 70%
£
E 60% S 60%| e
£ 2
@ 50% 3 50%
g 8
& 40% T 40%
£ :
3 30% 3 30%
£ g
% 20% 2 20%
o]
10% 10%
0% 0%
40% 50% 60% 70% 80% 90% 100% 40% 50% 60% 70% 80% 90% 100%
Total Dinoflagellate decrease from DCRM to PRM Total Dinoflagellate decrease from DCRM to PRM

Figure 4: Decrease of individual species from DCRM to PRM in relation to the total
dinoflagellate decrease. (a) O. centrocarpum; (b) Spiniferites spp. (c) S. mirabilis;
(d) O. israelianum.
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4.2. CHEMICAL COMPOSITION OF DINOFLAGELLATE CYST WALLS

Brigantedinium ssp. and Leipokatium invisitatum showed extremely low
preservation in PRM, while Polykrikos kofoidii, P. schwartzii, Protoperidinium spp., and
Selenopemphix nephroides taxa were not recovered. These species are all produced
by heterotrophic dinoflagellates and it is well known that harsh chemical treatment can
selectively remove brown cysts produced by heterotrophic dinoflagellates from the
assemblages (e.g. Dale, 1976; Marret, 1993).

Cysts of heterotrophic species (generally possessing a brown color) are
chemically different from the cysts formed by species that are able to perform
photosynthesis (generally transparent). As far as we know, both cysts from
heterotrophic and phototrophic/mixotrophic species are carbohydrate based but the
brown cysts are more similar to chitin and/or proteins, whereas the transparent cysts
are more similar to cellulose (e.g., Versteegh et al., 2007, 2012, 2020, Bogus et al.,
2012, 2014; Mertens et al., 2015a,b; Gurdebeke et al., 2018). The removal of the brown
cysts in the PRM might thus be explained by the hydrolytic nature of the treatment
where they may have already been removed by the base hydrolysis (KOH) and
certainly will be by the acid hydrolysis (included in the acetolysis step). Since
transparent cysts seem to survive (in part) the cytolysis we may conclude they are not
pure cellulose but more difficult to degrade. One reason could be additional crosslinks
between the sugar monomers. Based on the observation that transparent cysts show
different species selective vulnerability to harsh chemical treatment, as well as aerobic
degradation in natural settings, we assume a strong relationship between their
vulnerability and the chemistry of their cyst walls, although factors such as thickness
or density of their walls might not be ruled out.

4.3. EFFECT OF HARSH CHEMICAL TREATMENTS ON
PALEOENVIRONMENTAL INTERPRETATIONS

Based on an interdisciplinary study combining paleoenvironmental information
derived from the terrestrial and marine palynomorph content (dinoflagellate cysts using
DCRM method, foraminiferal linings, freshwater algae, pollen, and spores using PRM
method), stable isotopes and granulometric analyses, Kuhn et al. (subm.) concluded
that the investigated sediments were deposited in a paleolagoon with a continuous
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input of marine waters. Radiocarbon dating of organic matter indicated that the marine
connection existed from the start of the record (6.5 kyr BP, 650 cm) to 2.9 kyr BP (310

cm).

Based on visual examination of association changes, cyst concentrations and
cyst diversity combined with the result of a cluster analyses, revealed that three main
environmental zones could be identified in samples treated with the DCRM treatment
(Fig. 3 and 5). The most diverse assemblage and the highest concentration of
dinoflagellate cysts from 650-560 cm depth (samples 1 to 10), in combination with a
high concentration of O. israelianum defined the first zone (DCRM-Z1). The second
zone (550-430 cm depth; samples 11 to 23; DCRM-Z2) is defined by lower average
concentrations, dominance of Spiniferites spp. in the relative abundances and the
highest percentages of heterotrophic taxa. The last zone (from 420 to the top; sample
24-35; DCRM-Z3) is marked by an increase in dinoflagellate cyst concentrations and
the dominance of O. centrocarpum and Spiniferites spp. Furthermore, heterotrophic

taxa are almost absent in this zone.

The higher cyst diversity and concentration combined with high concentrations of
O. israelianum suggest that the lagoon was characterized by a higher salinity relative
to the following zones, probably related to more marine influence (Fig. 2). In other
sediments, O. israelianum is typically observed in subtropical areas in nearshore sites,
where upper-water with high salinities prevail (Zonneveld et al., 2013). In addition,
Pospelova et al. (2004), while studying surface sediments of several lagoons, indicated
that O. israelianum occurs at the highest salinity sites of the lagoons. This suggests
that during this stage the lagoon might have had an open connection to the ocean.

The decrease in total dinoflagellate cysts concentration and O. israelianum
concentration in the second zone (DCRM-Z2) suggests the reduction of salinity in the
lagoonal body. The presence and higher percentages of heterotrophic taxa across the
second zone may reflect several factors such as the increase of nutrients, better
preservation, and/or less marine influence. Typically, the increase of heterotrophic
dinoflagellates in marine studies have been used to infer higher nutrient availability
closer to the shore or the occurrence of upwelling zones (e.g., Harland et al., 1998;
Dale, 1996; Mudie and Ronchon, 2001). However, the high abundance of peridinioid
cysts in the sediments may be also explained by the lower oxygen exposure times in
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environments with higher production, leading to better preservation. Thus, it can be a
matter of selective preservation, which is better in high productivity environments, but
also anoxic basins and unoxidised turbidites, for example (Zonneveld et al. 2019). In
this core, higher organic matter contents in the sediment occur along the same levels
of those rich in peridinioid cysts (Kuhn et al., subm.). Therefore, an increase in clay
contents and organic matter in combination with seawater (rich in SO4) may have
reduced the oxygen penetration into the sediment. In particular, studies in lagoonal
environments showed that the proportion of heterotrophic cysts tends to increase with
the distance from the inlet, therefore further from higher salinity waters (Pospelova et
al., 2004). Nevertheless, those authors state that the ecology of heterotrophic
dinoflagellates in estuarine systems are complex and further studies are needed for a

better understanding of the distribution and behavior of these cysts in lagoons.

The third and uppermost zone (DCRM-Z3) had the lowest diversity, but showed
an increase in the average cyst concentration compared to the previous zone. The
most abundant taxa in the DCRM-Z3 were O. centrocarpum and Spiniferites spp.,
species that are often observed in high relative abundances in regions where salinities
are reduced (Pospelova et al., 2004; Zonneveld et al., 2013). We noted one outlier
sample with an anomalously high concentration of many taxa (sample 33). We assume
that this sample may reflect a short event that indicates that the lagoon was filled for a
short time with marine water, causing a dinoflagellate bloom. In this zone, Kuhn et al.
(subm.) documented increasing abundances of freshwater algae, pollen/spores and a
gradual change in stable isotope composition that reflected a reduction of marine water
input and a gradual transition into a dominantly freshwater body (Kuhn et al., subm.).

In contrast to the paleoenvironmental interpretation that can be drawn on the cyst
association recovered after DCRM treatment, visual examination of the association,
diversity, and cyst concentrations of the PRM samples showed no clear change over
time, although based on the cluster analysis, two groupings could be observed. These
clusters were formed by a zone from 650 to 510 cm depth (sample 1 to 15, PRM-Z1)
that was characterized by slightly higher average of dinoflagellate cysts concentrations
in relation to an upper zone (PRM-Z2, 520 to 310 cm depth, samples 16 to 35). Both
zones were characterized by low total concentrations of dinoflagellate cysts, low cyst
diversity (only 6 species have been recovered) and a dominance of O. centrocarpum

and Spiniferites spp. (Fig. 2). The diversity of dinoflagellate cysts increases with salinity
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in estuaries (Dale, 1996; de Vernal and Giroux, 1991, Pospelova et al., 2004; Ellegaard
et al., 2017). Pospelova et al. (2004) showed that lagoons in New England (USA) with
low salinities (<10 ppt) are characterized by a low cyst diversity (< 8 taxa), low
concentrations of dinoflagellate cysts with an association dominated by Spiniferites
spp. The most abundant taxa observed along the three zones in our study (O.
centrocarpum and Spiniferites spp.) are commonly observed in high relative
abundances in regions where salinities are reduced (Pospelova et al., 2004; Zonneveld
et al., 2013). Consequently, based on the cyst association and concentration of PRM
samples, it can be concluded that sediments were deposited throughout the studied
interval in a lagoon characterized with low salinities and a strongly restricted
connection to the open ocean. Although the slight decrease in cyst concentrations
might be interpreted as reflection of a gradual reduction of the marine influence over
time, this trend is barely defined in contrast to the well-determined pattern in the DCRM
samples.

Despite the much lower cyst concentrations and species diversity in the PRM
samples, we also observed sample 33 to be an outlier sample. In this sample,
anomalously high concentrations of O. centrocarpum were observed. However, in
contrast to the DCRM treatment no increase in cyst diversity was observed. The
sudden increase in O. centrocarpum might therefore be interpreted as reflecting a local
bloom of this species which might have been caused by a sudden event bringing saline
waters into the lagoon (as can be concluded from the DCRM samples) but also might
have been caused by other processes.

Our study clearly shows that treatment with harsh chemicals can lead to a
significant loss of paleoenvironmental signal and detail reflected in the dinoflagellate
cyst association that may lead to false paleoenvironmental reconstructions. Therefore,
it is obvious that we suggest the use of different preparation methods for downcore
studies on pollen/spores and dinoflagellate cyst association.
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Figure 5. Relative abundances diagram of the dinoflagellate cyst species and the
identified environmental zones. a) PRM assemblages; b) DCRM assemblages.

5. CONCLUSIONS

We investigated the effects of harsh chemical treatments (PRM method:
acetolysis + KOH + warm HCI and HF) on the dinoflagellate cyst assemblages
retrieved in Holocene sediment core retrieved from a coastal area. We compare the
effect of such chemical treatments on dinoflagellate assemblages in relation to the
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cysts associations recovered by standard dinoflagellate recovery method (DCRM). Our

main conclusions are highlighted as follow:

1)

Although some dinoflagellate cysts were recovered using harsh chemicals
treatments (PRM), the concentration and diversity of dinoflagellate associations
are drastically reduced, on average 86%.

Gonyaulacoid taxa showed distinct recovery rates. O. centrocarpum showed
the highest recovery rate (~34%), followed by Spiniferites spp. (~15%). Lowest
recovery rates were observed for Spiniferites mirabilis and Operculodinium

israelianum, of ~8 and 3%, respectively.

Some peridinioid taxa (Brigantedinium spp and Leipokatium invisitatum) were
almost totally degraded while Polykrikos kofoidii, P. schwartzii, Protoperidinium
spp., Selenopemphix nephroides, and Pentapharsodinium dalei were not
recovered using the PRM method.

The dinoflagellate cysts concentrations and diversity obtained after each of the
two processing methods led to different environmental interpretations. We were
able to obtain environmental parameters based on the association recovered in
the DCRM that cannot be observed using harsh chemical treatments (PRM).
While nutrient availability and salinity variations could be identified using the
heterotrophic taxa and changes in the cyst concentrations (e.g., O. israelianum),
the same information could not be extracted from the PRM.

Considering that the DCRM represents the closest representation of the
dinoflagellate cysts assemblage, we conclude that the interpretations based on
PRM are extremely limited. Therefore, we suggest using two processing
methods when both the pollen/spore and dinoflagellate cyst are being studied.
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Paleoenvironments and sea-level changes during the Holocene in the Santa

Catarina coastal plain (southern Brazil): paleosurfaces and related controls
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ABSTRACT

The paleoenvironmental evolution of the Brazilian coastal zone was conditioned by
climate and sea-level changes during the Quaternary. In this context, palynology
studies are useful to decipher the environmental and vegetation history of these zones.
However, such studies are typically isolated and lack precise correlation. This study
presents an integrated analysis based on three palynological studies of the central
Santa Catarina coastal plain, correlated by altimetry data and radiocarbon ages. The
environmental succession of these studies was similar, evolving from a marine to a
terrestrial condition. Two main paleosurfaces were defined. The first represents the
end of the marine influence, whereas the second marks the change from an aquatic to
a terrestrial environment. The age of the first paleosurface is coincident in the studies,
whereas the altitude is variable. The age of the second paleosurface varies in each
study, while the altitude coincides. The first paleosurface is controlled by allogenic
factors, whereas the altitude is related to the characteristics of each site. The altitude
of the second paleosurface is controlled by allogenic factors, while its establishment is
associated with autogenic factors. We propose that high-resolution altimetry is pivotal
to correlate paleosurfaces in palynological studies to understand regional

environmental changes.

Keywords: Holocene, sea-level change, southern Brazil coastal plain, palynology,
paleosurface
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1. INTRODUCTION

The geological, paleoenvironmental, and paleogeographic history of the Brazilian
coastal zone was largely conditioned by paleoclimatic and sea-level changes along the
Late Quaternary (Suguio 1985, Horn Filho 2003, Martin et al. 2003, Angulo et al. 2006,
Dominguez 2009). This region encompasses important ecosystems, including

mangroves, forests, swamps, lagoons, estuaries, among others.

Although such ecosystems are unique, many factors affect and contribute to their
degradation, mainly the increasing urbanization, with a variety of uses and
occupations. The comprehension of their natural evolution is pivotal for preservation
and sustainable development since it provides support for decision-making regarding

sustainable use.

Many methods have been applied for studying the paleoenvironmental evolution
of coastal areas during the Quaternary. For the Brazilian coastal areas and elsewhere,
many methods are employed to understand their evolution, such as sedimentological
methods (e.g., Villwock et al. 1986, Tomazelli & Villwock 1995, Dillenburg & Barboza
2014, Cunha et al. 2017), geophysical data (Rosa et al. 2017, Barboza et al. 2021),
archaeology (e.g., Martin et al. 1986, Martin et al., 2003), paleontological studies (e.g.,
Angulo et al. 1999, Castro et al. 2014, Toniolo et al. 2020), including many
palynological analyses (e.g., Amaral et al. 2012, Barreto et al. 2015, Souza et al. 2016,
Freitas et al. 2019), and isotopic data (e.g., Martin et al. 1986, Lorente et al. 2014,
Martins et al. 2020). Particularly, the palynological records provide high-resolution
information on terrestrial, transitional, and marine environments. In addition, variations
in the relative abundances of marine and continental palynomorphs are commonly
used to determine changes in sea level through the delimitation of transgressive and
regressive events (e.g., McCarthy et al. 2003, Leroy et al. 2013, Kibria et al. 2015,
Candel & Borremei 2016). Thus, the use of palynological data from different areas

constitutes a valuable tool to trace such events on a regional scale.

In this paper, we present an integrative analysis based on three palynological
studies of the southern coastal plain of Brazil, which were successfully spatially and
temporally correlated using altimetry data and radiocarbon ages. The selected studies
were conducted in the central Santa Catarina coastal plain (southern Brazil) and are
located in Pantano do Sul (Kuhn et al., unpublished data), Pinheira (Silva et al. 2021),
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and Garopaba (Kuhn et al. 2017) (Figure 1). This paper presents a discussion on the
significance of spatial and temporal correlation of paleosurfaces from different
palynological studies. This work contributes to a more robust knowledge of the
Holocene evolution of the southern Brazil coastal plain, presenting an integrative
analysis based on three palynological studies of the central Santa Catarina coastal
plain, whose correlation was possible by the extent of altimetric and chronological data.

1.1. REGIONAL SETTING

The Santa Catarina coastal plain comprises basement units of Precambrian,
Paleozoic and Mesozoic ages to the west, and a wide sedimentary coverage belonging
to the Pelotas and the Santos marginal basins, which includes Cretaceous to
Quaternary rocks, to the east (Diehl & Horn Filho 1996). The basement is composed
of Precambrian rocks of the Catarinense Shield, and Paleozoic and Mesozoic
sedimentary rocks of the Parana Basin. The marginal sedimentary deposits comprise
continental systems, corresponding to colluvial deposits, alluvial and fluvial fans (Horn
Filho & Livi 2013). The coastal system is characterized by a scarped coastal range
intersecting the coastline and creating embayments where barriers, pocket beaches,
and estuarine systems are observed (Hesp et al. 2009). The Santa Catarina coastal
plain is located in a subtropical zone and the climate is characterized as humid oceanic
without a dry season and with hot summers (Cfa, according to Koppen'’s classification)
(Alvares et al. 2013). The region is affected by the South Atlantic Anticyclone and the
Polar Migratory Anticyclone. During spring and summer, the tropical warm and humid
air masses produced by the South Atlantic Anticyclone predominate in the area. During
autumn and winter, the Polar Migratory Anticyclone is more active, producing the
Atlantic polar mass with low temperatures (Nimer 1990). The migration of this latter to
the region generates the polar front that is characterized by unstable weather and
increased precipitation (Nimer 1990). The Atlantic Rainforest biome covers the entire
Santa Catarina coastal plain. This biome encompasses different forest formations and
associated ecosystems. In the highlands, the Santa Catarina state is characterized by
a mosaic of Araucaria Forest and grassland, while the coastal plain is covered by
dense arboreal vegetation and some pioneer formations such as the restinga,
mangroves, and saline fields (MMA/SBF 2010). These pioneer vegetations are
conditioned by edaphic factors of first occupation character (IBGE 2012).
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Figure 1. Location and satellite images of the studied areas. a) Location of Santa
Catarina state in southern Brazil (SC: Santa Catarina state; RS: Rio Grande do Sul
state; Uy: Uruguay; Ar: Argentina). b) Geologic map (modified from Horn Filho et al.
2012) and location of the site core of the palynological studies in the central Santa
Catarina coastal plain. c) Location of the Pantano do Sul beach and PCSC-4 core.
d) Location of the Pinheira beach and PSC-03 core. e) Location of the Garopaba
beach and PCSC-3 core.
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The study area is subjected to moderate to high energy waves coming from the
south (1.0 to 1.5 m). Local waves are generated by ENE winds (1.0 m) (Hesp et al.
2009). A microtidal regime, with a mean range of 0.6 m was indicated by Giannini
(1993). A regional net northward littoral drift is indicated based on geomorphic features
and sediment grain size and mineralogy (Giannini 1993, Miot da Silva 2002, Martinho
2004).

Along most of the Brazilian coast, sea level rose relatively fast from 18 ka, and
slowed down at around 7 ka, when it crossed the present level (Angulo et al. 2006).
According to Angulo et al. (1999) and Angulo et al. (2006), the highest level of around
2 m was reached in the region of the Pinheira barrier at ca. 6 - 5 ka, followed thereafter
by an overall sea-level fall.

2. ENVIRONMENTAL EVOLUTION OF THE GAROPABA, PINHEIRA
AND PANTANO DO SUL AREAS

2.1. PANTANO DO SUL AREA

The palynological analysis of the Pantano do Sul area was conducted by (Kuhn
et al.,, unpublished data) using a sedimentary core (PCSC-4; 27°46’36.49"S;
48°31'45.96”W) collected at the southernmost Santa Catarina Island (Figure 1c). This
site is situated approximately 1 km from the coastline (Pantano do Sul and Agores
beaches), within a preserved fragment of the Atlantic Rainforest, which is surrounded
by igneous and metamorphic basement hills that lie around 500 m from the core
location. The anthropic occupation is in increasing development in an area adjacent to
the palynological site (Figure 2a).

Kuhn et al. (unpublished data) presented an environmental evolution for the last
6.5 ka identifying four different environmental phases, based on changes in
palynological assemblages. The first phase (6,503 to 2,817 yr BP) was characterized
as a lagoonal condition with large marine water influence because of the high
abundance of marine palynomorphs (i.e., dinoflagellate cysts, microforaminiferal
linings, marine algae, and acritarchs). Granulometric analyses indicate that silt and
clay are dominant from the base up to the middle of the first phase, whereas sandy
sediments are predominant in the upper portion of this phase. During the second phase
(2,817 to 1,478 yr BP), marine water contribution to the lagoon decreased until it was
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disconnected from the sea, evidenced by the progressive lowering of marine taxa and
the increase of freshwater algae. At this phase, the sediments are dominantly
composed of fine and medium sand. The last two phases (lll and IV) comprise a
terrestrial environment that records the expansion and consolidation of the Atlantic
Rainforest. Phase Il (1,478 to 524 yr BP) was marked by the expansion of herbaceous
vegetation; algae records decrease, and an increase in fungi, the latter indicating the
formation of soils rich in organic matter. An abrupt increase in the amount of organic
matter in the sedimentological analyses occurs at the beginning of this phase. The
organic matter remains abundant until the top of the core. Phase IV represents the
colonization of arboreal elements from the last 524 yr BP until the present day. Arboreal
taxa and epiphytes became more abundant, configuring the current forest setting

present in the area.
2.2. PINHEIRA AREA

The Pinheira palynological analysis was performed by Silva et al. (2021) from a
core retrieved within a peat deposit in the Municipality of Palhoga (PSC-03; 27°53'22"S;
48°39’°04”W). This core is located approximately 6 km from the current coastline
(Pinheira and Guarda do Embau beaches; Figure 1d) and the closest basement highs
are located more than 1.5 km further away. Currently, the core position is within the
remaining area of the Atlantic Rainforest (Figure 2b).

Silva et al. (2021) provided an environmental evolution of the Pinheira area for
the last 7.7 ka, defining three palynofacies (i.e., environmental phases). Palynofacies
| (7,744 to 2,884 yr BP) was characterized as a marginal marine environment based
on the recovery of marine palynomorphs (dinoflagellate cysts, tintinomorphs, and
microforaminiferal linings). Grain size analysis indicates the predominance of fine silt
in the basal portion of this phase, whereas the upper portion revealed mostly fine sand
sediments. The palynofacies Il (2,857 to 2,276 yr BP) was defined as a shallow
freshwater body, evidenced by the abundance of fungi, spores associated with
zygospores, fragments of freshwater algae, and absence of marine elements. During
this phase, fine sand sediments are dominant. Palynofacies Il (2,124 yr BP to present)
indicates a subaerial setting with pollen grains and spores taxa, strongly influenced by
arboreal forms of the Atlantic Rainforest. A high amount of organic matter occurs from
the middle of this phase to the top of the core.
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2.3. GAROPABA AREA

The Garopaba palynological analysis performed by Kuhn et al. (2017) was based
on a peat deposit located in the Garopaba municipally (PCSC-3; 28°02’11.95”S;
48°37'41.73"W). This site is located approximately 2 km from the coastline (Garopaba
beach) and approximately 2 km to the north of the Encantada Lagoon, a large brackish
water body (Figure 1e). The sampled area is dominantly flat, surrounded by igneous
and metamorphic basement hills. The closest hills are located approximately 500 m to
the east of the sampling site. Furthermore, the current position of the core is in the
border of a fragment of the Atlantic Rainforest. The surrounding area is highly
anthropized and livestock activities are common next to the preserved forest (Figure
2c).

Those authors presented a paleoenvironmental reconstruction for the last 5.3 ka
based on palynological analyses and granulometric data of the sedimentary core.
Three palynological phases were defined taking into account the changes in
palynomorph assemblages. Phase | (5,230 to 3,135 yr BP) was characterized as a
lagoon with high marine influence, based on occurrences of marine palynomorphs
(dinoflagellate cysts, acritarchs, and microforaminiferal linings). During this phase, fine
sand is predominant. Phase Il (3,032 to 858 yr BP) marks the end of the marine
influence in the lagoonal body, evidenced by a decrease in the marine palynomorphs
and an increase in freshwater algae. In general, fine silt is predominant along this
phase showing intercalations of fine layers of sand. In phase Il (856 yr BP to present),
subaqueous sedimentation prevailed, under swampy conditions. Sedimentological
analyses revealed a high amount of organic matter during this phase. The progressive
increase of ferns, epiphytes, and arboreal taxa revealed the beginning of the Atlantic
Rainforest development in the area. However, the low richness of arboreal taxa was

interpreted as the initial stage of evolution of this forest at the site.
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Pantano do Sul beach

Pinheira beach

Figure 2. Panoramic aerial photos of the cores’ locations. a) PCSC-4 site and
Pantano do Sul beach; b) PSC-3 site and Pinheira beach; ¢) PCSC-3 site and
Garopaba beach. Note the fragments of the Atlantic Rainforest in the sampling areas,
the anthropic occupations, and the distance from the shoreline and Santa Catarina
Island.
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3. MATERIALS AND METHODS

3.1. COMPREHENSIVE REVIEW AND INTEGRATION OF AVAILABLE
PALYNOLOGICAL DATA IN THE CENTRAL SANTA CATARINA COASTAL
PLAIN

The review and integration of the available palynological data were done based
on the previous studies developed in the central Santa Catarina coastal plain. Until the
present, the three above-mentioned works were conducted on this sector, at Pantano
do Sul (Kuhn et al., unpublished data), Pinheira (Silva et al. 2021), and Garopaba
(Kuhn et al. 2017). The respective cores were collected with a distance of
approximately 16.5 to 30.5 km from each other (Figure 1b). All the paleoenvironmental
studies were based on the record of marine (i.e., dinoflagellate cysts and
microforaminiferal linings) and continental palynomorphs (i.e., pollen grains, spores,

and freshwater algae), as well as, radiocarbon ages and granulometric analyses.

The different terms used for the designation of the paleoenvironments and local
environmental specificities identified in these three sites were standardized. Therefore,
aiming at the homogenization and correlation of the studies, some phases or
subphases were grouped to synthesize the environmental phases according to the
environment successions, from marine to terrestrial conditions. Hence, the phases that
marine palynomorphs (dinoflagellate cysts, microforaminiferal linings, acritarchs,
marine algae, and tintinomorphs) were identified, were named herein as marine-
influenced environments. The environmental phases in which freshwater elements
(freshwater algae) were dominant, were designated herein as transitional
environments. The phases in which only terrestrial palynomorphs (pollen grains and
spores) referring to species from different stages of development of the Atlantic
Rainforest were identified were designed as Atlantic Rainforest development

environment.
3.2. ALTIMETRIC DATA

Altimetric data from the Garopaba and Pantano do Sul cores were obtained in
relation to the current relative sea level using GNSS base and rover receptors (Stonex
S8 Plus model). Each base was firstly defined through at least 30 min of tracking and
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the rover position was acquired in RTK mode. The bases were post-processed in the
GNSS Solutions® software, combining two stations from the Brazilian Institute of
Geography and Statistics (IBGE), located in the municipalities of Floriandpolis (IFSC
Station - 48064M001) and Imbituba (IMBT Station - 41638M001). IMBT Station is
located 20 km from Garopaba base and 50 km from Pantano do Sul, while IFSC Station
is about 50 km from Garopaba and 20 km from Pantano do Sul. The altimetric position
of the cores was adjusted after processing the bases, and the final altimetric error was
estimated using the root-mean-square deviation, resulting in elevation precisions
better than 0.2 m. Ellipsoidal altitudes were converted to orthometric using the
MAPGEO 2015 model, through the IBGE application. The altimetric data of the
Pinheira core was already available in Silva et al. (2021) and it was carried out by the
same methodology.

4. RESULTS AND DISCUSSION
4.1. ALTIMETRIC DATA

The orthometric altitudes of the top of the Pantano do Sul and Garopaba cores
are 2.89 and 1.54 m, respectively. The orthometric altitude of the top of the Pinheira
core corresponds to 1.38 m (Silva et al. 2021). Using the orthometric altitudes of the
top of the cores and depths, the altitudes of the surfaces that mark changes in
environmental phase successions were obtained for each core. The transition from a
marine-influenced water body to a freshwater body occurs at -0.2, 0.0 and -1.4 m for
the Pantano do Sul, Pinheira, and Garopaba cores, respectively. The altitude of the
level that marks the change from an aquatic to a terrestrial environment occurs at 0.7,
0.6 and 0.7 m for the Pantano do Sul, Pinheira, and Garopaba cores, respectively. The
integrated phase succession and the significance of the paleosurfaces are discussed
in the following sections (Section 5.2 and 5.3).

4.2. INTEGRATED PALEOENVIRONMENTAL INTERPRETATION

The palynological studies along with the central Santa Catarina coastal plain
show similar environmental successions (Figure 3). Three main phases could be
identified in each of these three studies. In general, the first phase is characterized by

high marine influence (lagoons with marine contribution and marine marginal) followed
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by a second phase marked by the end of the marine influence, with the increase of
freshwater elements (freshwater bodies). At last, the third phase is characterized by a
terrestrial setting that records the expansion and consolidation of the Atlantic

Rainforest in those locations.

The first phase is marked by the marine influence in the cores (represented by
the blue bands in figure 3), which was identified through records of marine
palynomorphs (i.e., dinoflagellate cysts, acritarchs, marine algae, and
microforaminiferal linings). These marine palynomorphs were found throughout the
whole phase at the three cores, indicating that, since the beginning of their
sedimentation, the sites were already under the marine influence. Kuhn et al. (2017),
Silva et al. (2021) and Kuhn et al. (unpublished data) described that the marine water
input in these sites was related to a transgressive event that occurred during the
Holocene. The record of the Pinheira site indicated a marginal marine environment (or
a kind of lagoonal bay) for the first phase. However, the Garopaba and Pantano do Sul
records revealed the occurrence of a lagoon with a connection with the sea allowing
significant input of marine water to the lagoonal body. The end of marine contribution
in these areas was estimated using radiocarbon dating in ca. 3,083 yr BP in Garopaba,
ca. 2,870 yr BP in Pinheira and ca. 2,817 yr BP in Pantano do Sul. The maximum
difference in the ages of the end of this marine contribution in the cores is ca. 260 yr,

showing that this event was nearly simultaneous in the studied areas.

After the period of high marine influence in the depositional sites, the
palynological records show a significant reduction or disappearance of marine
elements, interpreted as the result of the sea-level fall started after 6-5 ka. In addition
to the absence of marine palynomorphs during this phase, the cores showed a high
abundance of freshwater algae, evidencing aquatic environments without connections
with the sea (represented by the light green bands in figure 3). During this transitional
phase, Pinheira and Pantano do Sul cores have fine sand as the predominant sediment
grain size, while Garopaba shows mainly fine silt. The ages of the end of this
transitional phase are divergent in the different sites. In the Pinheira site, the end of
this phase was defined at ca. 2,200 yr BP, whereas in Pantano do Sul and Garopaba
they were estimated at ca. 1,478 yr BP and ca. 858 yr BP, respectively. However, the
altitude of the transition occurs at ~0.7 m in all three cores.
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Figure 3. Summarized environmental changes of the palynological studies in the
central Santa Catarina coastal plain according to radiocarbon ages (Kuhn et al. 2017,
Silva et al. 2021, Kuhn et al., unpublished data) and paleo-sea-level reconstructions
for the Brazilian coast north of 28° latitude (solid line) and south of 28° (dashed line)
proposed by Angulo et al. (2006). Paleosurface 1: end of marine influence;
Paleosuface 2: aquatic to a terrestrial environment.

Along with the sedimentation of the water bodies and desalinization of the soils
throughout the transitional phase, these areas were dried out and occupied by
herbaceous and arboreal vegetation. The herbaceous vegetation previously occupied
the areas adjacent to the lagoons whereas arboreal vegetation was dominant in
highlands and interiorized areas. This phase marks the colonization process of the
Atlantic Rainforest into low areas in the coastal plain. This phase shows a variable
diversity of arboreal taxa in each of the studied cores. The Garopaba core showed the
lowest richness of arboreal taxa. Kuhn et al. (2017) attributed this characteristic to an
initial stage of evolution of the Atlantic Rainforest at the study site, whereas Pantano

do Sul presents abundant arboreal taxa showing an advanced stage of the forest (Kuhn
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et al., unpublished data), as observed in the present day (see current forest fragments
in Figure 2a and 2c).

The phase succession identified in the three palynological studies along the
central Santa Catarina coastal plain is similar to the paleoenvironmental evolution
identified in other sites of the southern Brazil coastal plain. Palynological studies in the
Rio Grande do Sul coastal plain (e.g., Cordeiro & Lorscheitter 1994, Macedo et al.
2007, Masetto & Lorscheitter 2019, Roth et al. 2021) and southern and northern Santa
Catarina coastal plain (e.g., Amaral et al. 2012, Cancelli 2012, Val-Pedn et al. 2019),
also identified marine-influenced environments at ca. 6000-5000 yr BP, followed by
terrestrial phases. However, the lack of high-resolution altimetry data in most of these
studies prevents the correlation of the paleosurfaces identified in them.

4.3. ENVIRONMENTAL SIGNIFICANCE OF THE PALEOSURFACES

Based on the environmental evolution of the three localities and the phase
successions two paleosurfaces were defined. Each paleosurface marks the transition
between two different environments that can be correlated in the three studies using
the radiocarbon ages or the altimetric data. The first paleosurface represents the end
of the marine water input into the three paleolagoons. The second paleosurface marks
the change from an aquatic to a terrestrial environment (Figure 4).

4.3.1. Paleosurface 1: end of marine influence

The paleosurface 1 is almost synchronous in the three cores within a difference
of ca. 260 yr (Figure 3). The chronological coincidence suggests that this surface is
controlled by an allogenic factor, such as sea-level variation. In general, the water level
of coastal lagoons within the same geomorphological unit tends to be similar and
controlled by the sea-level changes (e.g., Carrasco et al. 2016). According to Angulo
et al. (2006), the sea level was rising during the Holocene and reached the current
level at ca. 6,600 yr BP at the Brazilian coast. Additionally, a Holocene highstand was
estimated between 5,000 and 5,800 yr BP (Figure 3). After this maximum, the sea level
gradually fell until reaching the current position (Angulo & Lessa 1997, Angulo et al.
1999, 2006). This sea-level behavior through the late Holocene was also identified by
several palynological studies in southern Brazil coastal plain (e.g., Cordeiro &
Lorscheitter 1994, Lorscheitter & Dillenburg 1998, Medeanic et al. 2001, Meyer et al.
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2005, Amaral et al. 2012, Cancelli 2012, Val Péon et al. 2019). Therefore, the age of
ca. 2,900 yr BP for paleosurface 1 indicates that sea-level fall was the main external

factor controlling its formation.

However, the altitude of this surface differs in the Garopaba core in relation to the
Pantano do Sul and Pinheira cores (Figure 4). Although the water level of the three
lagoons was similar at the same age, the shape and bathymetry of each lagoon could
have been significantly different. In such a case, this variation will lead to distinct
altitudes of this surface in each core. In the present day, for example, the depth of
coastal lagoons in the southern Brazilian coastal plain could vary from a maximum of
1.3 m in the Tramandai lagoon (Tabajara & Dillenburg 1997) to an average of 3 m in
the Quadros lagoon (Bitencourt et al. 2016). Therefore, when the sea level decreases
and the lagoon stops receiving saline waters (and thus marine palynomorphs); this
change is recorded in the bottom sediments at different depths of each water body.
Hence, the altitude of this surface will be directly related to the depth of the lagoon in
each location. In addition, the variable depth of each lagoon, i.e., shallower closer to
the borders and deeper in the center, may also be reflected in the altitude of this
surface in each sampling location (see hypothetical core locations and different
altitudes for paleosurface 1 in a coastal lagoon in Figure 5a-b).

Here, paleosurface 1 occurs at a lower altitude in the Garopaba core (-1.4 m)
compared to the same surface in the Pinheira and Péantano do Sul cores (0.0 m and -
0.2 m, respectively). This can be explained by two main alternatives. In the first
scenario, if all the three lagoons had a similar bathymetry and depth at ca. 2,900 yr
BP, then the Garopaba core was sampled in a deeper portion of the lagoon (e.g., core
2 in Figure 5b) whereas the Pantano do Sul and Pinheira were likely retrieved from
portions closer to the borders (e.g., cores 1 and 3 in Figure 5b). Alternatively, if the
lagoons had different depths and shapes, the Garopaba site had a deeper water body
in comparison to the other two. Regardless of which of the two scenarios occurred, the
depth of the water body at the Garopaba sampling site was higher than the other two
sites. In concluding this section, it is proposed that the genesis of the paleosurface 1
in these palynological studies is mainly controlled by an allogenic factor (sea-level)
whereas the altitude founded in each core is related to the characteristics of each water
body (autogenic factor).
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4.3.2. Paleosurface 2: aquatic to a terrestrial environment

The altitude of the paleosurface 2 is similar in the Pinheira, Garopaba and
Pantano do Sul cores (0.6, 0.7, and 0.7 m, respectively; Figure 4). However, the age
of this surface in each core is different and varies from ca. 2,200 to 854 yr BP (Figure
3). The paleosurface 2 represents the change from an aquatic to a terrestrial setting.
Therefore, in opposition to paleosurface 1, this surface tends to have the same
altitude throughout the depositional site (Figure 5c). The age that each portion of the
water body is filled with sediments and reached the altitude of drying out varies laterally
across the environment. The borders tend to be filled earlier than the central or deeper
portions (Figure 5c¢). In addition, the borders or shallower areas will likely have a shorter
transitional phase resulting in smaller thickness in the core. The Pinheira and Péntano
do Sul sites show older ages for this surface, suggesting that the transitional
sedimentation phase ended earlier than the Garopaba site. Furthermore, the thickness
of the layer of the transitional phase is smaller in Pinheira and Pantano do Sul sites
than Garopaba, indicating that the latter had a deeper water column.

This interpretation is in agreement with the granulometric data of the cores.
During the transitional phase, the Garopaba core showed fine silt as the predominant
grain size (Kuhn et al., unpublished data), while the Pinheira and Pantano do Sul cores
are predominantly composed of fine sand (Silva et al. 2021, Kuhn et al. 2017). The
predominance of fine silt indicates a depositional setting with lower energy such as
deeper and inner portions of the lagoon in comparison to the fine sand that occurs in
the borders or close to inlets.

The coincidence of the altitude of the paleosurface 2 in the three sites suggests
a regional control on the drying level of the coastal lagoons during the Late Holocene.
The altitude of ~ 0.7 m seems to be a regional altimetric condition related to the
sedimentary filling of several Holocene coastal lagoons in the central Santa Catarina
coastal plain. The main factors generally used to explain these effects are the sea level
and the average altitude of the coastal plain during the Late Holocene. In concluding
this section, it is proposed that the genesis of the paleosurface 2 was controlled by
allogenic factors (e.g., sea level and climate), whereas the thickness and duration of
the transitional phase are controlled by autogenic factors (e.g., distance to the borders
and variable depth).
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Figure 4. Summary of the environmental changes in the selected palynological sites
of the central Santa Catarina coastal plain according to altimetric data (Kuhn et al.
2017, Silva et al. 2021, Kuhn et al., unpublished data). Paleosurface 1: end of
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Figure 5. Schematic figure showing hypothetical cores located in a single coastal
lagoon exemplifying how the autogenic factors (e.g., distance to the borders and
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5. CONCLUSIONS

This study shows that high-resolution altimetry is crucial in palynological studies

to enable the correlation of different studies and obtain useful information on regional

paleosurfaces, which are directly related to paleoenvironmental successions. It is

proposed that high-resolution altimetry data can be used to correlate paleosurfaces

identified in such studies to obtain information on regional environmental changes.

Moreover, it is indicated that the correlation of different palynological studies allows

further detailing of the internal characteristics of each depositional site. The main

conclusions are highlighted as follow:

1)

The three selected localities of the central coastal plain of Santa Catarina, i.e.,
Pantano do Sul, Pinheira, and Garopaba showed similar environmental
successions evolving from (i) an aquatic environment with high marine
influence, followed by (ii) a freshwater-dominated water body and, at last, (iii) a
terrestrial setting that records the expansion and consolidation of the Atlantic
Rainforest.

The transition between two different environments defines a particular
paleosurface that can be properly correlated in different palynological studies
when radiocarbon dating and altimetric data are available. In our study area, we
defined two main paleosurfaces, paleosurfaces 1 and 2, in ascending
stratigraphic order.

Paleosurface 1 represents the end of the marine influence in the depositional
sites. The approximate age of this paleosurface is controlled by allogenic
factors, whereas the altitude is related to the characteristics of each water body
(autogenic factors).

Paleosurface 2 marks the change from an aquatic to a terrestrial environment
and, in opposition to paleosurface 1, the altitude of this paleosurface is
controlled by allogenic factors (e.g., sea-level and climate); the approximate age
of this paleosurface is associated with internal characteristics of the depositional
site, such as distance to the borders and variable depth of the water body.

The thickness and duration of the transitional phase are therefore mainly

controlled by the paleodepth of the water body between the marine and
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terrestrial phases. This information can be useful to infer the depth of the
paleolagoons at the sampling sites in palynological studies.
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The University of Georgia

Center for Applied Isotope Studies

RADIOCARBON ANALYSIS REPORT

June 5, 2018

Lidia Aumond Kuhn

Universidade Federal do Rio Grande do Sul
Instituto de Geocincias

Avenida Bento Goncalvves 9500

Bloco 1-Predio 43113-Bairro Agronomia
Porto Alegre, RS 91.509.900

Brazil

Dear Dr. Kuhn,

Enclosed please find the results of '*C Radiocarbon analyses and Stable Isotope Ratio 8'°C analyses for the samples received by our
laboratory on May 22, 2018.

UGAMS# | Sample ID | Material | 6"°C,%o 'C age, years BP + pMC +
35404 sample 1 sediment | -18.55 5760 20 48.83 0.14

The sediment sample was treated with 5% HCI at the temperature 80°C for 1 hour, then it was washed with deionized water and dried at
60°C. For accelerator mass spectrometry analysis the cleaned charcoal was combusted at 900°C in evacuated / sealed ampoules in the
presence of CuO.

The resulting carbon dioxide was cryogenically purified from the other reaction products and catalytically converted to graphite using the
method of Vogel et al. (1984) Nuclear Instruments and Methods in Physics Research B5, 289-293. Graphite '*C/"’C ratios were measured
using the CAIS 0.5 MeV accelerator mass spectrometer. The sample ratios were compared to the ratio measured from the Oxalic Acid I
(NBS SRM 4990).

The sample *C/"*C ratios were measured separately using a stable isotope ratio mass spectrometer and expressed as 8'°C with respect to
PDB, with an error of less than 0.1%o.

The quoted uncalibrated dates have been given in radiocarbon years before 1950 (years BP), using the '* C half-life of 5568 years. The error
is quoted as one standard deviation and reflects both statistical and experimental errors. The date has been corrected for isotope
fractionation.

Sincerely,
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Accreditation No.87144

ISO/TEC 17025:2005 Alexander Cherkinsky, Ph.D.
Senior Research Scientist

120 Riverbend Road ¢ Athens, Georgia 30602-4702
Telephone 706-542-1395 « Fax 706-542-6106 » www.cais.uga.edu
An Equal Opportunity/Affirmative Action Institution
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The University of Georgia

Center for Applied Isotope Studies

RADIOCARBON ANALYSIS REPORT

November 20, 2020

Lidia Aumond Kuhn

Universidade Federal do Rio Grande do Sul State
Instituto de Geocincias

Avenida Bento Goncalvves 9500

Bloco 1-Predio 43113-Bairro Agronomia

Porto Alegre, RS 91.509.900

Brazil

Dear Dr. Kuhn,

Enclosed please find the results of '*C Radiocarbon analyses and Stable Isotope Ratio 8'°C analyses for the samples received by our
laboratory on November 2, 2020.

UGAMS# | SampleID | Material | 6°C,%o | '*C age, years BP + pMC +
49854 | 22.5-4.55m | sediment | -15.16 4730 20 55.52 | 0.15
49855 | 42.5-2.35m peat 24.13 1750 20 80.44 | 0.22
49856 | 60.5-0.55m peat -25.66 330 25 96.03 | 0.28

The sediment sample was treated with 5% HCI at the temperature 80°C for 1 hour, then it was washed with deionized water and dried at
60°C. For accelerator mass spectrometry analysis the cleaned charcoal was combusted at 900°C in evacuated / sealed ampoules in the
presence of CuO.

The resulting carbon dioxide was cryogenically purified from the other reaction products and catalytically converted to graphite using the
method of Vogel et al. (1984) Nuclear Instruments and Methods in Physics Research B5, 289-293. Graphite '*C/"C ratios were measured
using the CAIS 0.5 MeV accelerator mass spectrometer. The sample ratios were compared to the ratio measured from the Oxalic Acid I
(NBS SRM 4990).

The sample *C/"*C ratios were measured separately using a stable isotope ratio mass spectrometer and expressed as 8'°C with respect to
PDB, with an error of less than 0.1%o.

The quoted uncalibrated dates have been given in radiocarbon years before 1950 (years BP), using the '* C half-life of 5568 years. The error
is quoted as one standard deviation and reflects both statistical and experimental errors. The date has been corrected for isotope
fractionation.

Sincerely,

Y

o4 F

Alexander Cherkinsky, Ph.D.
Senior Research Scientist

120 Riverbend Road ¢ Athens, Georgia 30602-4702
Telephone 706-542-1395 « Fax 706-542-6106 » www.cais.uga.edu
An Equal Opportunity/Affirmative Action Institution
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peso seco

M.O em % por

Umidade em %

Média 0,125

Média 0,063

Amostra profundidade peso umido peso mufla Peso 0,250mm Meédia 0,250mm Peso 0,125 mm Peso 0,063mm

(estufa 40C) amostra por amostra mm mm
1 0-0,5
E1 0-0,1 28.11 3.31 0.39 88.22 88.22 0.66 19.94 0.71 21.45 0.54 16.31
D1 0,1-0,2 26.9 2.93 0.29 90.10 89.11 0.59 20.14 0.81 27.65 0.77 26.28
C1 0,2-0,3 18.59 2.15 0.47 78.14 88.43 1.24 57.67 0.27 12.56 0.54 25.12
B1 0,3-0,4 18.84 1.98 0.42 78.79 89.49 0.75 37.88 0.12 6.06 0.12 6.06
A1 0,4-0,5 30.71 3.09 0.31 89.97 89.94 1.08 34.95 0.61 19.74 0.48 15.53
2 0,5-1,0
E2 0,5-0,6 36.64 3.6 0.46 87.22 90.17 0.8 22.22 0.6 16.67 0.42 11.67
D2 0,6-0,7 34.47 3.37 0.53 84.27 90.22 0.7 20.77 0.8 23.74 0.69 20.47
Cc2 0,7-0,8 35.83 3.13 0.29 90.73 91.26 0.73 23.32 0.78 24.92 0.71 22.68
B2 0,8-0,9 36.03 2.68 0.33 87.69 92.56 0.6 22.39 0.69 25.75 0.62 23.13
A2 0,9-1,0 34.99 2.79 0.26 90.68 92.03 0.9 32.26 0.53 19.00 0.64 22.94
3 1,0-1,5
E3 1,0-1,1 271 2.79 0.45 83.87 89.70 0.45 16.13 0.73 26.16 0.62 22.22
D3 1,1-1,2 31.29 2.69 0.55 79.55 91.40 0.92 34.20 0.74 27.51 0.53 19.70
C3 1,2-1,3 33.09 2.53 0.42 83.40 92.35 0.49 19.37 0.71 28.06 0.55 21.74
B3 1,3-1,4 31.52 2.22 0.25 88.74 92.96 0.84 37.84 0.3 13.51 0.84 37.84
A3 1,4-1,5 23.01 1.87 0.17 90.91 91.87 0.46 24.60 0.67 35.83 0.41 21.93
4 1,5-2,0
E4 1,5-1,6 36.88 3.07 0.14 95.44 91.68 0.41 13.36 0.78 25.41 0.51 16.61
D4 1,6-1,7 35.29 2.87 0.33 88.50 91.87 0.67 23.34 0.83 28.92 0.93 32.40
C4 1,7-1,8 37.72 2.6 0.25 90.38 93.11 0.36 13.85 0.73 28.08 0.8 30.77
B4 1,8-1,9 33.82 2.67 0.23 91.39 92.11 0.76 28.46 0.63 23.60 0.68 25.47
A4 1,9-2,0 33.46 2.96 0.27 90.88 91.15 0.64 21.62 0.99 33.45 0.68 22.97
5 2,0-2,5
E5 2,0-2,1 40.06 3.19 0.28 91.22 92.04 0.54 16.93 0.61 19.12 1.24 38.87
D5 2,1-2,2 38.67 3.12 04 87.18 91.93 0.35 11.22 0.64 20.51 0.83 26.60
C5 2,2-2,3 38.06 3.78 1.3 65.61 90.07 0.44 11.64 0.8 21.16 0.73 19.31
B5 2,3-2,4 43.82 8.25 5.55 32.73 81.17 1.47 17.82 3.05 36.97 0.41 4.97
A5 2,4-2,5 455 17.61 15.14 14.03 61.30 1.82 10.34 9.45 53.66 2.24 12.72
6 2,5-3,0
E6 2,5-2,6 47.86 12.37 9.36 24.33 74.15 2.73 22.07 5.1 41.23 2.98 24.09
D6 2,6-2,7 44.12 15.72 12.9 17.94 64.37 2.16 13.74 6.93 44.08 2.51 15.97
C6 2,7-2,8 48.3 16.42 13.41 18.33 66.00 1.31 7.98 3.92 23.87 3.71 22.59
B6 2,8-2,9 43.12 12.97 10.8 16.73 69.92 1.54 11.87 4.02 30.99 3.25 25.06
A6 2,9-3,0 39.7 13.15 11.13 15.36 66.88 2.9 22.05 5.97 45.40 2.67 20.30
7 3,0-3,5
E7 3,0-3,1 35.55 12.48 10.24 17.95 64.89 1.83 14.66 5.19 41.59 2.49 19.95
D7 3,1-3,2 38.76 10.51 8.35 20.55 72.88 2.49 23.69 4.48 42.63 2.27 21.60
Cc7 3,2-3,3 52.2 15.92 12.91 18.91 69.50 2.15 13.51 4.77 29.96 3.37 21.17
B7 3,3-3,4 40.31 12.57 10.07 19.89 68.82 2.31 18.38 3.61 28.72 2.95 23.47
A7 3,4-3,5 46.12 12.68 9.88 22.08 72.51 3.05 24.05 2.49 19.64 3.21 25.32
8 3,5-4,0
E8 3,5-3,6 57.02 18.36 14.08 23.31 67.80 6.32 34.42 5.18 28.21 1.54 8.39
D8 3,6-3,7 51.7 16.92 13.26 21.63 67.27 5.43 32.09 5.52 32.62 2.26 13.36
Cc8 3,7-3,8 53.3 18.3 14.61 20.16 65.67 3.54 19.34 6.58 35.96 1.94 10.60
B8 3,8-3,9 45.8 16.46 13.35 18.89 64.06 4.7 28.55 8.15 49.51 1.52 9.23
A8 3,9-4,0 52.51 16.37 12.84 21.56 68.82 3.93 24.01 3.92 23.95 1.86 11.36
9 4,0-4,5
E9 4,0-4,1 52.51 26.07 12.38 52.51 50.35 2.3 8.82 6.34 24.32 2.03 7.79
D9 4,1-4,2 52.28 24.21 13.82 42.92 53.69 2.71 11.19 5.72 23.63 1.64 6.77
C9 4,2-43 57.66 28.51 19.46 31.74 50.55 3.02 10.59 5.61 19.68 1.83 6.42
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B9 4,3-44 59.09 30.29 14.35 52.62 48.74 2.81 9.28 6.42 21.20 1.93 6.37
A9 4,4-4,5 48.3 20.71 12.13 41.43 57.12 2.13 10.28 7.68 37.08 2.12 10.24
10 4,5-5,0
E10 4,5-4,6 4557 17.36 12.29 29.21 61.90 2.33 13.42 6.84 39.40 1.97 11.35
D10 4,6-4,7 64.39 19.2 14.69 23.49 70.18 4.4 22.92 6.16 32.08 1.13 5.89
C10 4,7-4,8 49.03 16.43 12.77 22.28 66.49 5.08 30.92 6.85 41.69 2.42 14.73
B10 4,8-4,9 58.2 20.71 14.12 31.82 64.42 3.49 16.85 9.53 46.02 2.42 11.69
A10 4,9-5,0 52.71 20.3 15.6 23.15 61.49 3.27 16.11 6.41 31.58 1.77 8.72
11 5,0-5,5
E11 5,0-5,1 54.78 22.46 18.6 17.19 59.00 2.17 9.66 8.54 38.02 3.2 14.25
D11 5,1-5,2 62.21 28.15 24.05 14.56 54.75 1.41 5.01 712 25.29 217 7.71
C11 5,2-5,3 45.87 20.65 19.99 3.20 54.98 1.48 7.7 8.07 39.08 3.29 15.93
B11 5,3-5,4 50.8 22.2 21.03 5.27 56.30 0.43 1.94 5.47 24.64 2.91 13.11
A11 5,4-5,5 60.08 24.62 22.7 7.80 59.02 0.32 1.30 5.57 22.62 2.74 11.13
12 5,5-6,0
E12 5,5-5,6 60.14 22.81 20.93 8.24 62.07 0.33 1.45 4.77 20.91 1.71 7.50
D12 5,6-5,7 57.03 21.2 18.21 14.10 62.83 0.28 1.32 4.36 20.57 2.01 9.48
C12 5,7-5,8 58.32 29.04 24.99 13.95 50.21 1.87 6.44 8.22 28.31 2.43 8.37
B12 5,8-5,9 42.58 17.19 15.39 10.47 59.63 1.94 11.29 10.06 58.52 2.65 15.42
A12 5,9-6,0 49.72 20.98 18.39 12.35 57.80 1.01 4.81 5.79 27.60 3.56 16.97
13 6,0-6,5
E13 6,0-6,1 58.21 2712 24.83 8.44 53.41 3.75 13.83 9.12 33.63 3.17 11.69
D13 6,1-6,2 60.07 16.32 14.46 11.40 72.83 1.77 10.85 8.99 55.09 3.95 24.20
C13 6,2-6,3 49.67 21.14 18.27 13.58 57.44 4.52 21.38 20.35 96.26 8.39 39.69
B13 6,3-6,4 50.26 21.8 18.81 13.72 56.63 6.5 29.82 11.69 53.62 3.4 15.60
Média da umidade em % entre 6.5-4.0 m 58.41 Média em % da fragéo 0,250 11.53
Média da umidade em % entre 4.0-0.0 m 78.52 Média em % da fragéo 0,125 35.87
MédiadaM.O em % 6.5-4.0m 33.11 Média em % da fragao 0,063 12.54
Média da M.0em % 4.0-0.0 m 54.89
Média em % da fragcao 250 para todo pogo 24.88
Média em % da fragcao 125 para todo pogo 37.54
Média em % da fragao 63 para todo pogo 15.96




ANEXO D: ANALISES QUIMICAS E ISOTOPICAS

Sample Preparation Analysis Data Evaluation
mean error d mean error d
Sample|p  Sediment  d13ci12c s'[)p:: :ﬁ/zc 13CM2C  d15N/14N [igr‘r’:ify; 1:::_ 13C12C  meanTOC SDTOC error TOC meanTN  SDTN  error TN molecular
depth [cm] [permil vs VPDB] [permil vs  [permil vs air- N2] [permil vs [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] C/N ratio
VPDB] VPDB] N2] VPDB]

PCSC3_6.5 6.50 -17.9 0.29 0.20 2.7 0.32 0.23 0.5 0.02 0.02 0.04 0.00 0.00 15.3
PCSC3_6.4 6.40 -19.1 0.24 0.17 3.5 0.03 0.02 0.7 0.05 0.04 0.1 0.00 0.00 16.2
PCSC3_6.2 6.20 -18.3 0.09 0.06 3.5 0.51 0.36 1.0 0.06 0.04 0.1 0.00 0.00 16.0
PCSC3_6.0 6 -16.8 0.01 0.01 3.0 0.06 0.04 3.7 0.19 0.13 0.2 0.04 0.03 14.6
PCSC3_5.8 5.8 -16.8 0.16 0.12 2.9 0.03 0.02 4.2 0.27 0.19 0.3 0.01 0.01 14.6
PCSC3 5.6 5.6 -15.4 0.02 0.01 5.3 1.72 1.21 0.4 0.13 0.10 15.8
PCSC3_5.4 5.4 -15.5 0.11 0.08 3.8 0.42 0.30 0.3 0.01 0.01 16.4
PCSC3_5.2 5.2 -16.1 0.11 0.08 2.7 0.04 0.03 6.2 0.76 0.54 0.5 0.07 0.05 14.1
PCSC3_5.0 5 -14.2 0.24 0.17 2.1 0.01 0.00 6.1 2.55 1.81 0.5 0.22 0.15 14.4
PCSC3 4.8 4.8 -14.1 0.21 0.15 2.4 0.47 0.33 6.1 1.51 1.07 0.5 0.12 0.08 13.9
PCSC3_4.6 4.6 -13.6 0.12 0.08 1.6 0.35 0.25 7.9 0.76 0.54 0.6 0.07 0.05 14.3
PCSC3 4.4 4.4 -12.6 0.06 0.04 4.3 0.36 0.26 8.2 0.55 0.39 0.6 0.00 0.00 15.0
PCSC3 4.2 4.2 -12.2 0.02 0.02 8.0 1.36 0.96 0.6 0.12 0.08 14.8
PCSC3_4.0 4 -12.5 9.8 0.10 0.07 0.8 0.01 0.01 14.6
PCSC3_3.8 3.8 -13.4 0.10 0.07 4.3 0.28 0.20 10.5 0.14 0.10 0.8 0.05 0.03 15.2
PCSC3_3.6 3.6 -14.4 7.1 0.6 14.6
PCSC3_3.4 3.4 -14.2 0.10 0.07 5.9 0.84 0.59 0.5 0.07 0.05 15.0
PCSC3_3.2 3.2 -13.5 0.13 0.09 0.5 0.11 0.08 6.2 0.02 0.02 0.5 0.02 0.01 14.9
PCSC3_3.0 3 -16.3 0.59 0.42 -0.4 0.06 0.04 7.8 1.44 1.02 0.6 0.09 0.06 14.8
PCSC3 2.8 2.8 -14.3 0.23 0.17 10.3 3.85 2.72 0.8 0.33 0.23 15.4
PCSC3_2.6 2.6 -17.9 0.44 0.31 4.9 0.80 0.57 0.4 0.07 0.05 13.8
PCSC3 2.4 2.4 -20.9 0.15 0.10 3.4 0.51 0.36 0.3 0.05 0.03 15.2
PCSC3_2.2 2.2 -25.0 1.92 1.36 -1.6 0.47 0.33 16.0 1.13 0.80 0.9 0.03 0.02 19.7
PCSC3_2.0 2 -25.4 0.17 0.12 -2.5 0.32 0.22 33.1 0.02 0.02 1.3 0.03 0.02 29.9
PCSC3 1.8 1.8 -24.8 0.09 0.06 46.7 0.19 0.13 1.1 0.02 0.01 47.8
PCSC3_1.6 1.6 -23.9 0.16 0.11 3.9 0.27 0.19 49.6 0.01 0.00 1.6 0.10 0.07 36.1
PCSC3 1.4 1.4 -22.9 0.09 0.07 47.0 1.56 1.11 1.8 0.08 0.06 30.7
PCSC3_1.2 1.2 -25.1 0.64 0.46 48.7 0.23 0.16 1.6 0.00 0.00 34.5
PCSC3_1.0 1 -25.1 0.22 0.16 -1.6 0.01 0.01 47.0 0.17 0.12 1.9 0.02 0.01 28.3
PCSC3_0.8 0.8 -26.1 0.17 0.12 4.6 1.17 0.82 38.5 0.02 0.02 1.4 0.02 0.01 314
PCSC3_0.6 0.6 -25.6 0.08 0.06 4.0 0.09 0.06 40.0 0.15 0.11 21 0.00 0.00 22.7
PCSC3 0.4 0.4 -26.5 0.22 0.15 5.5 0.27 0.19 44.7 0.09 0.06 1.8 0.03 0.02 29.4

PCSC3_0.2 0.2 -29.6 0.13 0.09 2.1 0.08 0.05 39.7 0.00 0.00 1.8 0.02 0.01 26.2
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ANEXO E: PRODUGAO CIENTIFICA DURANTE O DOUTORADO

ACRITARCOS HOLOCKENICOS DA PLANICIE COSTEIRA DE SANTA CATARINA
(GAROPABA, BRASIL): IMPLICACOES PALEOAMBIENTAIS

L.A. KUHN, P.A. SOUZA
Programa de Pés-Graduagao em Geociéncias, UFRGS
lidiaak.lak@gmail.com

Analises palinoldgicas em sedimentos quaternarios constituem uma importante ferramenta para investigar
questdes paleoecoldgicas, paleovegetacionais e paleoambientais devido ao elevado potencial de preservagao
dos palinomorfos e a ampla variedade de habitos e habitats nos quais eles sdo distribuidos. Apesar do grande
avanco nos estudos palinologicos do Quaternario do Brasil, esses trabalhos sdo voltados principalmente para o
estudo da histdria paleovegetacional e paleoclimatica e, por sua vez, dao énfase ao registro polinico recuperado
de depositos sedimentares. Contudo, em determinados ambientes, a presenca de outros elementos, tais como
cistos de algas, cistos de dinoflagelados, palinoforaminiferos e acritarcos, também ¢ de alta relevancia para o
entendimento de condi¢des paleoambientais. Nas planicies costeiras, por exemplo, a comparagao da frequéncia
e abundancia de palinomorfos marinhos em relagao aos continentais ¢ comumente usada como método para a
delimitacdo de eventos transgressivos e regressivos do nivel do mar. Neste contexto, este trabalho apresenta
trés espécimes de acritarcos (Michrystridium sp., Acritarco sp. 1 e Acritarco sp. 2) verificados em analises
palinoldgicas de um testemunho sedimentar de idade holocénica da Planicie Costeira de Santa Catarina,
Garopaba, sul do Brasil. Um total de 46 amostras foi coletado ao longo de 450 cm do testemunho (pogo
PCSC-3, coordenadas 28°02'11,95" S; 48°37'41,73" W). Os trés acritarcos possuem forma esférica e pequenas
dimensdes (de 10 a 15 um). Tanto Michrystridium sp. quanto Acritarco sp. 1 tém processos curtos e pertencem
ao subgrupo Acanthomorphitae, no entanto o Acritarco sp. 1 possui exina mais espessa. Ja o Acritarco sp. 2
corresponde ao subgrupo Sphaeromorphitae, sua ornamentagdo ¢ psilada e alguns espécimes possuem
aberturas em forma de rasgo. Os acritarcos foram identificados em 24 amostras do perfil sedimentar, com
abundancia decrescente desde a base do testemunho (5390 cal anos AP) até¢ 90 cm de profundidade (cerca de
960 anos AP). Nestes mesmos niveis de profundidade, e com o mesmo padrao de frequéncia, outros elementos
marinhos também foram identificados (dinoflagelados e palinoforaminiferos). Essa assembléia palinologica
composta de acritarcos, dinoflagelados e palinoforaminiferos revelou um ambiente de deposi¢do com
influéncia marinha. Os acritarcos foram descritos, ilustrados € comparados com ocorréncias similares em
sedimentos quaternarios do sul da América do Sul. [CNPq, FAPERGS]

RIO GRANDE - 2017
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RELATIONSHIP BETWEEN VEGETATIONAL FIRE, CLIMATE EVOLUTION
AND VEGETATION PATTERNS IN THE QUATERNARY OF THE COASTAL
PLAIN OF RIO GRANDE DO SUL, BRAZIL

Ribeiro, V.’; Kuhn, L. A.2; Guerra-Sommer, M.3; Simées, J. C.#; Menegat, R.%
1.2345 Federal University of Rio Grande do Sul

ABSTRACT: The goal of the study was to establish correlations between the occurrence of fire
peaks in the Late Pleistocene-Holocene interval and potential changes in the pattern of
vegetation in the Aguas Claras locality, municipality of Viamao, in the Coastal Plain of Rio
Grande do Sul State, Brazil. Charcoal fragments were recovered from a 1.17 cm drill core at
intervals of 10 cm and submitted to statistical analyses and documented under
stereomicroscope and scanning electron microscopy (SEM). For palynological analyzes
samples of 1 cm® were recovered at different intervals of deposition at the basal Pleistocene
lagoon interval and in the overlaying Holocene peat layer. The palynomorphs were quantified
for statistical analysis and grouped taxonomically as well as for their ecological affinities, under
optical microscopy (400x magnification). Palynological and charcoal analyzes indicated that in
the basal (sandy matrix) Pleistocene lagoon facies, small charcoal fragments showing
evidences of remobilization were commonly associated with dominant herbaceous forms
(Poaceae besides, Asteraceae and Apiaceae), arboreal plants (Myrtaceae) are complementary
forms. Pteridophytes are rare represented by Blechnum and Polypodiaceae, and Bryophytes
are absent. The data indicate restricted conditions probably related to mixohaline environment
caused by rapid sea level rise. Wildfires were distant events from the lagoon. At the charcoal
peak identified at the deposition of the lagoon environment (approximately 25400 years BP)
wood charred fragments are small but well preserved, showing incomplete burning (partially
homogeneized cell walls). Palynological data indicate that herbaceous forms from previous
interval increase their dominance, decreasing the influence of arboreal and pteridophyte and
bryophyte (Sphagnum, Phaeoceros) becoming more frequent. Integration of data suggest that
mixohaline evolved to an environment where freshwater conditions were progressively been
installed during sea level falling. Surface fires with low intensity and rapid propagation reached
the area of the lagoon. At the boundary with peat generation facies the size, preservation and
concentration of the charcoal fragments increases abruptly. Palynological analyses in the peat
level underlying a paleosurface represented by a thin carbonate lamina (1 cm) which represent
the maximum flood of the transgression phase in Coastal Plain of Rio Grande do Sul (~5.100
years BP) show an increase in arboreal forms and expansion of Bryophyta (Sphagnum) which
is indicative of humidity, low mineral nutrient rate and paleoenvironmental acidity. After the
inferred maximum transgression, arboreal plants become more important. Pteridophytes
(dominated by Blechnum) and bryophytes, represented mainly by Sphagnum continue to
expand. In the charcoal peak identified in the peat layer in the late Holocene (1590-1515 cal
years BP) charcoals reached the maximum concentration and dimensions indicating the
proximity of fires from the peat deposition area. Nevertheless, the incomplete homogenization of
cell walls suggests low temperature of surface fires. The dominance of herbaceous
angiosperms associated to the significant impoverishment of arboreal plants, pteridophytes and
bryophytes reflected a dry environment probably correlated to the occurrence of regional
climatic fluctuations. At the top of peat deposition, before the uppermost soil layer, charcoal
concentration and dimensions abruptly decrease indicating a decrease in fire events. However,
palynological composition remains stable. (Sponsored by INCT da Criosfera/FAPERGS
processo n: 17/2551-0000518-0).

KEYWORDS: CHARCOAL; PALYNOLOGY; HOLOCENE.
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EVIDENCIAS PALINOL()GIQAS DE INFLUENCIA MARINHA HOLOCENA NO
SUL DA ILHA DE FLORIANOPOLIS (SANTA CATARINA, BRASIL)

Kuhn, Lidia A."; Souza, Paulo A.‘"; Cancelli, Rodrigo R.(D

(1) Universidade Federal do Rio Grande do Sul, Instituto de Geociéncias, Departamento de Paleontologia e
Estratigrafia, Laboratorio de Palinologia Marleni Marques Toigo, lidiaak.lak@ gmail.com

A evolucido geoldgica, paleoambiental e paleogeografica da planicie costeira do sul do Brasil
foi, em grande parte, condicionada pelas mudancas paleoclimaticas do Quaterndrio e pelas
oscilagdes do nivel do mar relacionadas. Essas variacdes do nivel do mar modelaram o litoral
durante eventos transgressivos e regressivos, os quais deixaram registros impressos na
paisagem. Com o objetivo de identificar a influéncia marinha no sul da Ilha de Florian6polis
durante o Holoceno, foi realizada uma coleta de um testemunho sedimentar de 6,5 m de
profundidade na praia de Pantano do Sul (Florianépolis, SC) no interior de uma Mata
Paludosa a aproximadamente 1 km de distancia da atual linha da costa (PCSC-4,
coordenadas 48°31°45°°0; 27°46°36°°S). O perfil coletado ¢ composto por sedimentos
inconsolidados acinzentados entre as profundidades de 6,5 até 2,25 m; de 6,5 até 3,75 m
apresenta conchas calcdrias, as quais deixam de ocorrer nas por¢des superiores do perfil; nos
ultimos 2,25 m o testemunho é composto por lama e, nos 0,25 m superiores, estdo presentes
restos vegetais como raizes e folhas. As 66 amostras coletadas foram submetidas a
tratamento laboratorial padrdao para recuperacdo de palinomorfos quaternérios; as laminas
foram analisadas em microscopia Optica com o auxilio de luz fluorescente incidente. Para
estabelecer a geocronologia, uma amostra da base (6,5 m) foi encaminhada para a datacdo
radiocarbonica pelo método AMS (Accelerator Mass Spectrometry), resultando em uma
idade de 6.503 anos cal AP. As andlises palinoldgicas permitiram identificar elementos
marinhos na por¢do basal do testemunho (de 6,5 a 2,4 m de profundidade). Dentre os
elementos marinhos foram reconhecidos cistos de dinoflagelados, acritarcos e
palinoforaminiferos. Os cistos de dinoflagelados recuperados pertencem as ordens
Gonyaulacales e Peridiniales, sendo identificados cinco géneros (Brigantedinium,
Lejeunecysta, Lingulodinium, Operculodinium centrocarpum (Deflandre & Cookson 1955)
Wall 1967 e Spiniferites mirabilis (M.R. Rossignol) Sarjeant.). Trés espécimes de acritarcos
foram registrados, sendo eles: Michrystridium sp., Acritarco sp. 1 e Acritarco sp. 2. Com relacdo
aos palinoforaminiferos, o estudo estd em fase de vinculagdo a tixons conhecidos. Neste
trabalho foi possivel verificar um padrao de diversidade de elementos palinoldgicos de
natureza marinha em maior nimero de espécimes e diversidade do que para a maioria dos
trabalhos realizados na Planicie Costeira do Sul Brasil. (CNPq processo: 141324/2017-1)
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FIRE EVENTS AND VEGETATION DYNAMICS DURING THE
LATE PLEISTOCENE-MEGHALAYAN INTERVAL IN THE
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ABSTRACT —The present study analyzes the correspondence between charcoal concentrations and changes in the palynological composition
in a core from Aguas Claras peatland (30°06°24.39” S; 50°49°04.90" W) in the coastal plain of southernmost Brazil (Rio Grande do Sul
state) from approximately 38,900 yrs BP until 1,500 yrs BP. The dominance of grassland vegetation (mainly Poaceae) in Late Pleistocene
sediments persisted into the Holocene during the development of a peatland. Analysis of fragment size distribution and concentration were
useful to discriminate local fires from regional wildfires. Late Pleistocene regional fires registered in shallow pond deposits (older than 21,545
cal yrs BP) were distinguished from a local Holocene fire by the presence of higher proportions of small particles in charcoal assemblages. A
charcoal peak related to a natural fire signal, composed by high concentration of charcoal with larger diameters, was identified at the topmost
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Contribuig¢oes palinologicas
para a estratigrafia da porg¢ao brasileira
da Bacia de Pelotas

Paulo Alves de Souza'?*, Wagner Guimaraes da Silva’, Eduardo Premaor’, Tiago Vier Fischer’,
Renato Backes Macedo’, Rodrigo Rodrigues Cancelli’, Lidia Aumond Kuhn'?

! Instituto de Geociéncias, Universidade Federal do Rio Grande do Sul
? Programa de Pés-graduagiio em Geociéncias, Universidade Federal do Rio Grande do Sul

*autor correspondente: paulo.alves.souza@ufrgs.br

1 INTRODUCAO

Microfésseis tém sido amplamente utilizados como ferramentas estratigréficas nas baci-
as sedimentares brasileiras. Com relagdo aqueles de parede orginica (palinomorfos), as contri-
bui¢coes de Regali et al. (1974a, 1974b), baseadas essencialmente na sucessio de esporos e de
graos de polen para todas as bacias da margem costeira, excetuando a Bacia de Pelotas (BP),
constituem um marco pioneiro para o arcabouco bioestratigrafico dos depoésitos mesozoicos e
cenozoicos do pais. Somente nas Gltimas duas décadas, os dados sobre os palinomorfos da se¢io
pré-quaternaria desta bacia foram progressivamente revelados, a partir da descri¢do e das anali-
ses bioestratigrafica e paleoambiental das se¢des atravessadas por pogos profundos, perfurados
pela Petrobras. Por outro lado, a se¢do quaterndria é conhecida, em termos palinolégicos, por
meio de perfuragdes rasas na drea emersa da bacia, com trabalhos, versando sobre as dindmicas
da sedimentacdo costeira e da evolugdo da vegetacdo nesta por¢io do continente, com maior
concentracdo de estudos no Rio Grande do Sul (RS). Anjos-Zerfass et al. (2008) realizaram a
mais recente sintese sobre a importincia bioestratigrafica de determinados microfésseis ocor-
rentes na BP. De forma complementar, este trabalho objetiva apresentar uma sintese das contri-
bui¢des palinolégicas disponiveis para a bacia, enfatizando: (i) a variedade dos palinomorfos
registrados e os significados (ii) biocronoestratigrafico e (iii) paleoambiental das associagoes.
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ARTICLE INFO ABSTRACT

Keywords: The coastal plain of southern Brazil documents several environmental changes mainly related to sea-level
Santa Catarina fluctuation and climatic variations during the Quaternary. Comprehensive studies have been carried out, of
Pinheira

local and regional scope, in order to improve the knowledge about the geological evolution of this portion of the

::.la:fll; ?/f;mes South American. In this paper we present the results of stable isotope, palynological and palynofaciological
Palecenviranmental changes analysis of the PSC-03 core (7744 cal yr BP — Modem) was performed to provide the sedimentary evolution of the
Holocene Santa Catarina coastal plain. Palynological and palynofacies analyses revealed abundant and diversified paly-
nological associations, including terrestrial palynomorphs (spores, pollen grains, fungi, and freshwater algae),
marine elements (dinoflagellate cysts and foraminiferal linings), besides abundant phytoclasts and amorphous
organic matter. Based on the combined analysis of s%c isotopes (—20.7 %o to —29.6 %o) and the C/N ratio
(15.5-68) of the selected samples, we deduce that the organic matter is derived from marine phytoplankton and
terrestrial Cy plants. The integrated approach of palynofacies and stable isotopes (5'°C and C/N) analyses
revealed three distinct intervals, which characterize the environmental evolution of this portion of the coastal
plain. The Interval I (7744 to 2844 cal yr BP) is related to a marginal marine environment, followed by the
Interval I1 (2857 to 2276 cal yr BP), which indicates shallow water conditions, with wetland or soggy soils, while
the Interval IIT (2124 cal yr BP to Modern) shows a subaerial scenario, strongly influenced by arboreal forms of
the Atlantic Forest. Comparisons with other sites in southeastern South America were carried out, especially from
Uruguay and Argentina, showing similarities in the palynological succession, as response to broader climatic

conditions.
1. Introduction environments, as recorded in previous works (e.g., Kowsmann et al.,
1977; Suguio et al., 1985; Martin et al., 1993, 2003; Villwock and

The Brazilian coastal zone was intensely affected by sea-level vari- Tomazelli, 1995; Correa and Villwock, 1996; Correa et al., 1996).

ations during the Quaternary. These events were responsible for the The biotic components enclosed in the sedimentary deposits repre-
generation of distinct and complex sedimentary facies, discontinuous in sent important sources of information for the understanding of the
time and space, which resulted from the displacement of processes and transformations experienced by the coastal zone during the Quaternary
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ANEXO |
Titulo da Dissertacdo/Tese:

"EVOLUGAO PALEOAMBIENTAL DE UMA SEGAO HOLOCENA DO SUL DA ILHA
DE SANTA CATRINA, SUL DO BRASIL”

Area de Concentraggo: Paleontologia

Autor: LIDIA AUMOND KUNH

Orientador: Prof. Dr. Paulo Alves de Souza

Examinador: Prof. Dr. Marcelo de Araujo Carvalho

Data: 24/09/2021

Conceito: A

PARECER:

A tese de doutorado apresentada pela candidata Lidia Kunh abordou a evolucdo
paleoambiental do Holoceno de Santa Catarina, um importante tema para
compreender a influéncia das variages relativa do mar dos Gltimos ~6.500 anos. Os
objetivos s&o claros e a metodologia utilizada foi adequada. A candidata utilizou a
palinologia como ferramenta, com destaque para a distribuicio estratigrafica dos cistos
de dinoflagelados. Um ponto de discussdo importante foi a interpretacdo de um
ambiente aquético com influéncia marinha, quando no meu entendimento foi um
ambiente marinho raso com influéncia continental. Destaque também, para a
metodologia utilizada para maior recuperagdo de cistos de dinoflagelados. A
apresentacéo oral da candidata foi muito esclarecedora.

Assinatura:
Data: 30/09/2021 i.

Ciente do Orientador: M . ﬁw

Ciente do Aluno:
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ANEXO |
Titulo da Dissertacdo/Tese:

“EVOLUGAO PALEOAMBIENTAL DE UMA SECAO HOLOCENA DO SUL DA ILHA
DE SANTA CATRINA, SUL DO BRASIL”

Area de Concentragdo: Paleontologia

Autor: LIDIA AUMOND KUNH

Orientador: Prof. Dr. Paulo Alves de Souza

Examinador: Prof. Dr. Eduardo Guimaries Barboza

Data: 24/09/2021

Conceito: A

PARECER:
A Tese apresentada pela discente Lidia Aumond Kunh fornece uma excelente
contribuic&o aos estudos que tratam da evolucdo costeira no Holoceno,
principalmente, para o Sul da llha de Santa Catarina. A identificacdo de fases
ambientais a partir de associagdes de cistos de dinoflagelados, também auxilia em um
melhor refinamento cronoestratigrafico para o Holoceno. A Tese est4 muito bem
estruturada e os artigos sdo de alto nivel de pesquisa. A discente apresentou e
defendeu a sua Tese com conhecimento de caso. Dessa forma, considero que a
mesma esta apta a receber o titulo de Doutora na area de Paleontologia.

Assinatura: Data: 24/09/2021

Ciente do Orientador:
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Titulo da Dissertacdo/Tese:

“EVOLUCAO PALEOAMBIENTAL DE UMA SECAO HOLOCENA
DO SUL DA ILHA DE SANTA CATRINA, SUL DO BRASIL”
Area de Concentragédo: Paleontologia

Autor: LIDIA AUMOND KUNH 0O

Orientador: Prof. Dr. Paulo Alves de Souza

Examinador: Profa. Dra. Maria Judite Garcia

Data: 24 de setembro de 2021

Conceito: A

PARECER:

O manuscrito encontra-se muito bem organizado, com objetivos e
hipétese bem fundamentados e alcangados. Os trés artigos ja
encaminhados para publicagdo sdo o resultado desse proficuo
trabalho demonstrado pelo amadurecimento cientifico da candidata.
A apresentagao por videoconferéncia foi brilhante e elucidativa. Ja a
defesa transcorreu de forma totalmente satisfatéria, tendo a candidata
respondido as questées propostas pelo avaliador e aceitado suas
sugestoes.
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