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“The scientific investigation of fossil plants is on the threshold of an exciting
new era, a grand synthesis illuminating new chapters in the inseparable
stories of plant evolution and Earth’s environmental history. [...] To be sure,
plant evolution, global climate change and the theory of plate tectonics are
all elements that form a crucial part of what the new science is about. ”
(David Beerling)



RESUMO

Estd demonstrado em plantas atuais que niveis atmosféricos de CO; e frequéncia
estomatica estdo inversamente correlacionados. A utilizacdo de dados estomaticos na
calibragdo das curvas de CO, paleoatmosférico do Fanerozoico tem sido eficiente néo
apenas para 0 Cenozoico, mas também apresenta excelente correspondéncia desde o
Eodevoniano. Cuticulas de glossopterideas provenientes das jazidas de carvdo de
Faxinal (RS) e Figueira (PR), incluidas em niveis estratigraficos distintos da Formag&o
Rio Bonito (Sakmariano e Artinskiano respectivamente), viabilizaram analises para
floras desenvolvidas sob a vigéncia de megaciclo icehouse. Cabe ressaltar que o uso de
glossopterideas, classificadas dentro do grupo extinto das Pteridospermophyta, esbarra
na impossibilidade de se estabelecer um equivalente ecoldgico atual, dada a auséncia de
relagBes taxondmicas, estruturais e ecologicas com grupos viventes. Portanto, optou-se
por uma abordagem proposta por outros autores como alternativa para diferentes grupos
de pteridospermas, que consistiu em comparar entre si resultados de analises
estomaticas na morfo-espécie Glossopteris communis Feistmantel procedente de
distintos niveis associados a carvGes na Bacia do Parana. O objetivo geral do presente
estudo foi estabelecer possiveis relagdes entre os padrdes estomaticos calculados e
flutuacGes nos teores de CO, paleoatmosferico. A metodologia consistiu em resgatar
mecanica e quimicamente as cuticulas da rocha matriz, claread-las em solucdo de
Schulze e monta-las em laminas de gelatina glicerinada para observacdo em
microscopia de luz transmitida. A observacdo deu-se com auxilio de filtro de contraste
por interferéncia diferencial e as contagens foram feitas com o auxilio de programa para
analise de imagens. As técnicas de estudo compreenderam calculos de densidade
estomatica (DE- nimero de estdmatos por unidade de area da folha) e indice estomatico
(1E- percentual de estbmatos sobre o total de células epidérmicas). Os resultados obtidos
foram de DE média= 234,73 e IE médio= 15,7 para a jazida de Faxinal (Sakmariano) e
de DE média= 284,14 e IE= 18,9 para a jazida de Figueira (Artinskiano). Esses valores
enquadram-se dentro da curva global de CO, atmosférico para o Fanerozoico (modelo
GEOCARB). As frequéncias estomaticas mais baixas das folhas do Faxinal com relacdo
aquelas de Figueira foram relacionadas a processo de reversdo temporaria da tendéncia
global de baixos teores de CO, atmosférico para a base do Permiano. Essa reversdo é

atribuida a provavel influéncia de fatores paleoecoldgicos locais relativos a grande



extensdo das turfeiras na parte sul da bacia, responsavel pela emissdo em larga escala de
gases-estufa. Além disso, a flora de Faxinal esté preservada em uma camada de tonstein,
registro de atividade vulcanica que poderia ter afetado os niveis de CO,. Por outro lado,
as turfeiras de registro muito esparso ocorrentes no nordeste da bacia, em intervalo mais
jovem, por sua pequena extensdo e auséncia de indicios de vulcanismo, ndo alteraram o
padrdo paleoatmosférico. Estudos focados no final do Paleozoico tém especial
relevancia porque, nesse intervalo vigoravam, nas diferentes paleolatitudes, condigdes
ambientais analogas aquelas ocorrentes na atualidade, como a existéncia de calotas de
gelo nos polos e periodos de aquecimento global.

Palavras-chave: equivalente paleoclimatico para CO,; pteridospermas, cuticulas,
folhas fosseis, floras formadoras de turfa, Gondwana, paleoboténica



ABSTRACT

In extant plants stomatal frequency and the concentration of the atmospheric CO, have
been shown to correlate inversely. The use of stomatal data to calibrate phanerozoic
paleoatmospheric CO; curves has been considered a reliable technique not only for the
Cenozoic estimates but also for results obtained since the Early Devonian. Glossopterid
cuticles from Faxinal and Figueira coalfields (respectively in Rio Grande do Sul and
Parana States) from distinct stratigraphic levels in the Rio Bonito Formation allowed
stomatal counting for floras developed under icehouse megacycle. However, it is
important to highlight that the efficiency of Glossopteris, classified in the extinct group
of Pteridospermophyta, is restricted as paleo-CO, proxy for the Paleozoic due to the
difficulty of establishing a nearest living equivalent for it, given the lack of taxonomic,
structural and ecological relationships with extant groups. Thus it was here adopted an
alternative approach proposed by different authors analyzing other groups of
pteridosperms, which consists in comparing results obtained from the morphospecies
Glossopteris communis Feistmantel between two different coal levels in the Parana
Basin. The general aim of this study was to establish possible relations between the
calculated stomatal patterns and the fluctuation in the paleoatmospheric CO, levels. The
methodology consisted in mechanically and chemically isolating the cuticles from the
matrix rock, bleaching them with Schulze solution and then mounting glycerin jelly
slides for observation in transmitted light microscopy. The microscopic observation was
made using a differential interference contrast filter and the counting was carried out
with the help of software for image analysis. The study techniques included the
calculation of stomatal densities (SD- number of stomata per foliar area unit) and of
stomatal indices (SI- a ratio of the number of the stomata to the total number of
epidermal cells). The results were mean SD= 234.73 and mean Sl= 15.7 in Faxinal
coalfield (Sakmarian) and mean SD= 284.14 and Sl= 18.9 in Figueira coalfield
(Artinskian). These values agree with the curve of global atmospheric CO, for the
Phanerozoic (GEOCARB model). The lower stomatal frequencies detected at the
climax of the coal interval (Faxinal coalfield, Sakmarian) when compared to the higher
ones obtained in leaves from a younger interval (Figueira coalfield, Artinskian) could be
attributed to temporarily high levels of atmospheric CO,. Therefore, the occurrence of

an extensive peat generating event at the southern part of the basin and the consequent



greenhouse gases emissions from this environment may have been enough to reverse
regionally and temporarily the reduction trend in atmospheric CO,. Additionally, the
Faxinal flora is preserved in a tonstein layer, which is a record of a volcanic activity that
could also imply a rise in atmospheric CO,. During the Artinskian, the scarce generation
of peat mires, as revealed by the occurrence of thin and discontinuous coal layers, and
the lack of volcanism evidences would be insufficient to affect the general low CO;
trend. Studies focused in the Late Paleozoic are especially relevant because of the
presently shared icehouse climate with glacial-interglacial cyclicity which includes

times of global warming.

Keywords: paleo-CO, proxy; pteridosperms, cuticles, fossil leaves, peat-forming
floras, Gondwana, paleobotany
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TEXTO EXPLICATIVO DA ESTRUTURA DA DISSERTACAO

A presente dissertacdo foi elaborada na forma de artigo cientifico
conforme Resolugdo da Cémara de Po6s-Graduacdo/CEPE 093/07 (Redacdo e
Publicacéo de Teses e Dissertacdes) e segundo normalizagdo definida em 12 de marco
de 2008 pelo Programa de Pés-Graduacdo em Geociéncias/lUFRGS para a apresentacao
de dissertacdes de mestrado na forma de artigo®.

O Capitulo 1 consiste da Introducdo organizada na seguinte sequéncia:
estabelecimento de conceitos relevantes para o tema de estudo e amplo histérico da
literatura disponivel (estado da arte), culminando com a proposicdo do problema e
exposicdo dos objetivos relacionados ao desenvolvimento do projeto de dissertacao.
Ainda neste capitulo sdo feitas as descricbes do contexto geoldgico, do material
estudado e da metodologia empregada. Ao final do Capitulo 1 apresentam-se as
Referéncias pertinentes ao mesmo.

No Capitulo 2 esta incluido o Artigo Cientifico intitulado Variation in
stomatal frequency of Glossopteris leaves from the Lower Permian of Parana Basin
(Brazil), elaborado durante o periodo de vinculacdo ao Programa de Pos-Graduacgdo em
Geociéncias e que foi submetido a Revista Brasileira de Paleontologia para publicacéo.

No Capitulo 3 apresentam-se as ConsideracGes Finais sobre o assunto
abordado, incluindo discussdo e conclusdes formuladas com base na integracdo dos
resultados atingidos com o desenvolvimento do projeto de dissertacdo. As Referéncias
especificas a este capitulo seguem ao final do mesmo.

Por fim, sdo apresentados os Anexos contendo a confirmacdo de
recebimento de submissdo do artigo, artigo publicado em coautoria e demais producoes
relacionadas ao tema aqui apresentado.

Este documento foi redigido em concordancia com as regras do Novo
Acordo Ortogréafico da Lingua Portuguesa de 1990, em vigor desde 1°. de janeiro de
2009 e em periodo de transicdo até 31 de dezembro de 2012.

Foram seguidas as normas do Guia de Apresentacdo de Referéncias,

Citacbes em Documentos e RecomendacOes para Apresentacdo de Trabalhos

! Disponivel em:
<http://www.ufrgs.br/ppggeo/aNormasDisserta%C3%A7%C3%A30Artigo12Mar%C3%A702008.doc>.
Acesso em 26 jul. 2010.



Académicos® da Biblioteca do Instituto de Geociéncias desta Universidade, atualizada
em outubro de 2008. Duvidas e imprevistos foram sanados com base na compilagdo das
normas da ABNT em Franca e Vasconcellos® (2007), conforme referido pelo Guia.

2 Disponivel em <http://www.ufrgs.br/geociencias/bibgeo/index_arquivos/produtos.htm>. Acesso em 26
jul. 2010.

* FRANCA, J. L.; VASCONCELLOS, A. C. Manual para Normalizac&o de Publicagdes Técnico-
Cientificas. 8. ed. Belo Horizonte: Ed. UFMG, 2007. 255 p.
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1 INTRODUCAO

A necessidade de compreender o papel do CO; nas variagdes climaticas
vem ganhando crescente importancia, especialmente desde 1997, com o Protocolo de
Kyoto e a publicacdo do relatrio técnico do Painel Intergovernamental sobre Mudancas
Climaticas (1997) recomendando a limitacdo de emissfes de CO,. A reconstrucdo do
clima no Fanerozoico, baseada na curva de variacdo de CO, atmosférico, depende
essencialmente da interpretacdo dos indicadores desse gas, sejam eles bioldgicos,

sedimentolégicos ou geoquimicos.

1.1 PALEOBOTANICA, BIOMAS E PALEOCLIMA

Chaloner e Creber (1990) fundamentam a importancia da utilizacdo de
plantas fosseis para inferir sinais climaticos em evidéncias fornecidas pela localizacao
dos grandes biomas atuais, coincidente com o sistema de zonas climaticas da Terra.
Esses dados fornecem indicios importantes a respeito da influéncia decisiva do clima no
controle da distribuicdo das comunidades vegetais.

De acordo com os autores, existem trés sinais paleoclimaticos que podem
fornecer indicios das condi¢des sob as quais 0s organismos vegetais se desenvolveram e
que podem ser inferidos a partir de plantas fosseis:

a) o presente contexto climatico de plantas atuais taxonomicamente relacionadas
(nearest living relative — NLR);

b) a fisionomia foliar;

c) o xilema secundario, que reflete, pela presenca ou auséncia de anéis de crescimento, a
sazonalidade (ou auséncia desta) do ambiente.

McElwain e Chaloner (1995) introduziram, ainda, o conceito de nearest
living equivalent (NLE), estabelecendo critérios de analogia estrutural e/ou ecoldgica
para comparar plantas atuais e plantas extintas do Paleozoico e Mesozoico que ndo

possuem representantes atuais taxonomicamente relacionados.
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1.2 PALEOBAROMETROS DE CO,

Vaérios indicadores geoldgicos e paleobioldgicos de concentracdo
paleoatmosférica de CO, fornecem evidéncias de que os niveis deste gas flutuaram ao
longo do tempo. Alguns autores denominam estes indicadores como “paleobarémetros”
de CO; (RETALLACK, 2001; WILLIS; McELWAIN, 2002). Composi¢éo isotopica de
paleossolos (CERLING, 1992; EKART et al., 1999; MORA,; DRIESE; COLARUSSO,
1996), alteracbes nas frequéncias estomaticas em cuticulas de folhas fosseis
(BEERLING et al., 1993; McELWAIN; CHALONER, 1995; RETALLACK, 2001) e
diversos indicadores marinhos isotopicos (PAGANI; FREEMAN; ARTHUR, 1999;
PEARSON; PALMER, 1999) sao alguns exemplos de paleobar6metros utilizados para
calibrar as estimativas de modelagens do ciclo de carbono (BERNER, 1991, 1994,

2006) na tentativa de reconstruir o clima na Terra.

1.2.1 Estbmatos e niveis de CO, atmosférico

A possibilidade de estabelecer vinculos entre o fendmeno greenhouse e 0
aumento da concentracdo de CO, na atmosfera confere especial relevancia aos dados
obtidos pela analise estomatica de plantas fosseis (BERNER, 1998), caracterizando-as
como fitopaleobardmetros. Devido a atuacdo na fixacdo fotossintética do carbono, as
plantas terrestres sdo o elo mais importante entre a atmosfera e a biota e representam
uma ferramenta em potencial a ser explorada na busca por assinaturas paleoatmosféricas
(VAN DER BURGH et al., 1993).

Segundo Niklas (1997), o surgimento de estbmatos no registro fossil
remonta a transicdo entre o Siluriano e o Devoniano, e representa uma adaptacao
fundamental para a “conquista da atmosfera” pelas plantas, mantendo o equilibrio entre
difusdo de gases e perda de agua.

A epiderme das folhas de plantas terrestres € recoberta por uma camada
externa mais ou menos impermedvel, a cuticula. Ela regula a perda de vapor d’4agua e
também a entrada de CO, para fotossintese. Os estbmatos sdo as estruturas epidérmicas

que possibilitam essa comunicagdo entre interior foliar e ambiente externo. Em curto
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prazo, a variagdo na abertura do ostiolo otimiza os processos de troca entre planta e
ambiente (TICHA, 1982).

Um estbmato consiste de duas células-guarda que delimitam o ostiolo ao
centro. As células epidérmicas adjacentes as células-guarda, quando diferem em
formato, tamanho e disposicdo das outras células epidérmicas, sdo denominadas de
células subsidiarias. Complexo ou aparelho estomatico (FIG. 1) sdo termos utilizados
para designar o conjunto de células-guarda e subsidiarias adjacentes (ALQUINI et al.,
2003). O mecanismo de controle de abertura e fechamento do ostiolo reside na variacéo
de turgor das células-guarda (CUTTER, 1986).

crista do poro poro estomatico
estomatico Atrio

o externo
atrio interno ostiolo célula-guarda com  cuticula
\ " 7y _ espessamento da e flange

célula subsidiaria

o
ﬁ | S
p /“ 3

ristas internas

~ parede primaria

camara subestomatica

FIGURA 1- Representa¢éo diagramética do aparelho estomético:
secao transversal média
FONTE: WILKINSON, 1979, p. 97 (modif.).

As células-guarda originam-se de uma divisdo assimétrica da célula
epidérmica ou protodérmica, cuja célula menor resultante é a célula-mée (ou inicial) das
células-guarda (CUTTER, 1986).

Ontogeneticamente, a Paleobotéanica utiliza a classificagdo de Florin
(1931), que separou os estbmatos em haploquélicos e sindetoquélicos. No primeiro tipo,
apenas as células-guarda originam-se da inicial estomatica, enquanto que as subsidiarias

originam-se de células epidérmicas adjacentes. No segundo tipo, a inicial estomatica,
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além de originar as células-guarda, tambem origina as subsidiarias adjacentes (MEYEN,
1987).

A Botanica moderna utiliza a classificacdo de Pant (1965), que dividiu os
estdmatos em perigeno (haploquélico), meségeno e mesoperigeno (sindetoquélicos),
conforme exposto por Meyen (1987). Quando as células subsidiarias tém a mesma
origem das células-guarda, o estdmato é denominado mesdgeno; quando as subsidiarias
tém origem de células protodérmicas adjacentes a célula-mée (inicial) das células-
guarda, o estomato é chamado de perigeno e, quando a origem €é mista, denomina-se
mesoperigeno (ALQUINI et al., 2003).

Fryns-Claessens e Van Cotthem (1973) combinam as classificagdes
morfoldgica (FIG. 2, k-q) e ontogenética (FIG. 2, h-j), criando um complexo sistema
que contém 6 tipos perigenos, 9 tipos mesoperigenos e 11 tipos mesdgenos.

A FIG. 2 ilustra os padrdes morfologicos e ontogenéticos dos estdmatos.

1.2.1.1 Frequéncia estomatica

Estudos em plantas atuais levaram a constatacdo de que existe uma
correlacdo inversa entre frequéncia estomatica e niveis de CO, atmosférico para a
maioria das plantas terrestres (WOODWARD, 1987). Ou seja, quando ha abundancia
deste gas na atmosfera, as plantas necessitam de poucos estomatos para atingir taxas
Otimas de fotossintese. Ja& quando ha menor pressdo parcial de CO, (pCO,), a
quantidade de estdmatos necessarios para manter niveis ideais de captacdo de CO, €
maior.

Anélises de dados estomaticos demonstraram que estas premissas
coadunam-se com modelos que estimam altas concentra¢fes de CO, que contribuiram
para 0 aumento do efeito greenhouse no Eodevoniano. No Neocarbonifero, os niveis de
CO, reduziram-se a um décimo da concentracdo do periodo precedente, sendo
semelhantes aos teores atuais, conduzindo ao estabelecimento de estagio icehouse. Os
altos valores de frequéncias estomaticas obtidos nas plantas do Neocarbonifero,
contrastando com os baixos valores resultantes para o0 Eodevoniano, constituem-se em
fortes evidéncias de que ja no Paleozoico as plantas estavam fisiologicamente
relacionadas a concentracbes de CO, atmosferico (MCELWAIN; CHALONER, 1995).
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FIGURA 2 — Morfologia e ontogénese dos estdmatos:

a) molde de estrutura epidérmica em cuticula, vista externa e

b) vista interna (dois estdmatos estdo ilustrados em um dos quais as células-
guarda estdo suprimidas)

¢) alguns contornos de estbmatos

d) diferentes tipos de cutinizagdo de células subsidiarias (proximal, estrelada,
concéntrica, distal)

e) papilas proximais em células subsidiarias

f) “labios” em células subsidiarias

g) estdmato em secao frontal e transversal mediana

ilustracdo superior:

1) espessamento em T nas regibes polares das células-guarda, 2) poro
estomatico, 3) crista externa, 4) parede do poro e 5) parede epidérmica das
células-guarda

ilustracao inferior:

1) camara subestomatica, 2) célula-guarda, 3) &trio interno, 4) ostiolo, 5) atrio
externo, 6) crista estomética, 7) espessamento da parede priméria da célula-
guarda, 8) célula subsidiaria, 9) cuticula (pontilhado)

h-j) classificacdo ontogenética (células-guarda em preto e subsididrias
pontilhadas): h) mesdgeno, i) mesoperigeno e j) perigeno

k-q) exemplos de classificagdo morfolégica (células-guarda em preto e
subsididrias pontilhadas): k) anomocitico; 1) ciclocitico; m) actinocitico; n)
anisocitico; 0) diacitico; p) paracitico; q) braquiparacitico.

FONTE: MEYEN, 1987, p. 264 (modif.).
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Estes resultados vieram a corroborar a tendéncia estabelecida pela curva
de niveis de CO, modelada para o Fanerozoico, indicando que as plantas se adaptaram a
reducédo dos teores de CO, atmosférico atraves do aumento da frequéncia estomatica.

Outras variaveis, sejam ambientais, espécie-especificas ou individuais,
podem afetar os pardmetros estomaticos. No entanto, ja foi demonstrado que fatores
como umidade, estresse hidrico e temperatura tém influéncia apenas no tamanho das
células, sem interferir na quantidade de iniciais estomaticas (SALISBURY, 1927),
afetando unicamente a densidade de estdmatos na superficie foliar. Logo, a densidade
estomatica (DE) é uma funcdo relacionada simultaneamente ao nimero de estdmatos e a
dimensdo das células da epiderme. Essa dimensdo, portanto, depende dos diferentes
fatores ambientais (temperatura, disponibilidade hidrica, posicdo da folha na copa),
enquanto que, por outro lado, os teores de CO, atmosférico séo decisivos na ontogénese
dos estomatos. Estudos moleculares em Arabidopsis thaliana reportam que folhas
maduras detectam a disponibilidade de CO; e sinalizam bioquimicamente para folhas
em desenvolvimento regulando a ontogénese estomatica e aumentando ou diminuindo a
quantidade de células iniciais estomaticas (LAKE; WOODWARD; QUICK, 2002).

Em uma tentativa de minimizar as variaveis que podem alterar o
parametro de DE, Salisbury (1927) elaborou o conceito de indice estomatico (IE) para
correlacionar a quantidade de células estomaticas com a quantidade de células ndo-
especializadas por mm? na superficie foliar. Em Gltima instancia, o IE expressa em
percentagem a quantidade de estdmatos sobre o total de células epidérmicas por area
foliar (densidade de células epidérmicas — DEp) de acordo com a férmula 1
(BEERLING, 1999).

IE = 100x DE/(DE + DEp) (1)

A razdo estomatica (RE), parametro definido por McElwain e Chaloner
(1996), corresponde ao IE do equivalente atual (NLE) dividido pelo IE do fossil. Os
dados obtidos sdo plotados sobre a curva de RCO; (razdo de massa de CO, atmosférico
entre valor estimado em um tempo t no passado e o valor para o Recente pré-industrial,
sendo 1= 300 ppmV) para o Fanerozoico (FIG. 3), estimando-se uma correspondéncia
de 1:1 entre a RE e a RCO; (MCcELWAIN; CHALONER, 1996). A aplicacéo desta
técnica em plantas fosseis provenientes de todas as idades do Fanerozoico tem servido
como um meio de calibracdo da modelagem das flutuacbes de CO, atmosférico
(McELWAIN, 2003).
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FIGURA 3 — Dados estomaticos sobrepostos a curva de CO, modelada para o Fanerozoico:
Estimativas de CO, para o Devoniano, Carbonifero, Permiano, Triassico, Jurassico
e Eoceno a partir da razdo estomética de McElwain e Chaloner (1995),
superpostas a curva de RCO, (dentro do envelope de erro correspondente) de
Berner (1994, 1998).
Dados para o Mioceno (v) de Van der Burgh et al. (1993) e Kirschner et al. (1996).
RCO; 1 = 300 ppmV; razdo estomatica = IE NLE / |IE féssil.

FONTE: ROYER, 2001, p. 14 (modif.).

Dados recentes ratificam que frequéncias estomaticas estdo entre o0s
equivalentes climaticos mais robustos para CO, paleoatmosférico (BEERLING; FOX;
ANDERSON, 2009; ROYER; BERNER; BEERLING, 2001).

1.3 ESTADO DA ARTE

1.3.1 Resultados obtidos para o Fanerozoico

Baseando-se nas conclusbes de Woodward (1987), Raven e Sprent
(1989) recomendam a comparagdo de frequéncias estométicas entre plantas atuais e
fosseis, sugerindo que inferéncias de pCO; poderiam ser feitas com estes dados. Tendo

analisado a razdo de *C/*?C em fésseis moleculares (Chlorobiaceae) do Devoniano e
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comparado os resultados com os de algas atuais da mesma familia, os autores concluem
que o processo de fotossintese praticamente ndo sofreu alteragdes ao longo do
Fanerozoico e afirmam que a enzima rubisco, responsavel pela fixacdo de carbono, era
dominante entre organismos autotroficos ja ha 3,5 Ga. Beerling e Woodward (2001)
ratificam que a enzima é molecularmente bastante conservativa, levando a inferéncia de
que este processo tenha mudado pouco em 450 milhdes de anos desde o surgimento das
plantas terrestres no registro fossil. Com base nessas evidéncias, pode-se inferir que a
variacdo das caracteristicas relativas a fotossintese é fisiologicamente restrita e
fortemente atrelada a fatores ecoldgicos e estruturais que se refletem na morfologia e
frequéncia estomaticas.

Chaloner e Creber (1990) reforcam a ideia de Raven e Sprent (1989) de
que a frequéncia estomatica em folhas fosseis forneceria evidéncias de variagdes da
concentracdo atmosférica de CO; e ainda sugerem a comparagao com organismos atuais
ecologicamente equivalentes no caso de analises em plantas fdsseis sem
correspondentes atuais. Assim, as plantas fdosseis desempenhariam o papel de
paleobardmetros deste constituinte atmosférico de fundamental importancia climatica
(CHALONER; CREBER, 1990).

1.3.1.1 Quaternario

Os primeiros estudos abordando esta perspectiva foram conduzidos por
Beerling et al. (1991; 1992; 1993) e Beerling e Chaloner (1992, 1993a, b, 1994) e
analisaram a densidade estomatica em folhas de plantas temperadas e mediterraneas,
comparando resultados numa escala de centenas, milhares e dezenas de milhares de
anos, concluindo que nos dois ambientes as espécies vegetais respondem ao aumento da
concentracdo de CO, atmosférico com diminuicdo de estdmatos.

A técnica utilizada pelos autores, uma das mais antigas para reconstrucéo
de paleoclimas (MOSBRUGGER, 1999), corresponde a utilizacdo de comparacdes
entre fosseis e representantes atuais taxonomicamente relacionados (NLR).

Beerling e Kelly (1997) compararam as frequéncias estomaticas
calculadas por Salisbury (1927) com as frequéncias atuais das mesmas espécies e

concluiram que, em um intervalo de 70 anos, houve uma redugdo estatisticamente
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significativa em seus valores, coincidente com teores mais altos de CO, atmosférico
verificados em perfuragdes no gelo. Esses resultados também coincidem com a hipotese
de que elevacBes da pCO, em escala histérica influenciaram as epidermes foliares,
ratificando os resultados obtidos até entdo. Consequentemente, sdo agora possiveis
predicOes mais seguras a respeito de como as plantas respondem a elevagfes na pCO.,
estejam essas relacionadas ou ndo a atividade antropica.

Wagner; Dilcher e Visscher (2005) conduziram analises de frequéncias
estomaticas em angiospermas arboreas em turfeira na Florida (EUA) e observaram que
0 indice estomatico decresceu como resposta a um aumento na pCO; de 310ppmV para
370 ppmV ao longo dos dltimos 60 anos. As observagdes indicam que a resposta ao
CO, atmosférico ocorre nos diferentes estratos da copa da comunidade de angiospermas
arbéreas em ambiente pantanoso. Além das plantas lenhosas, samambaias perenes do
estrato herbaceo também aparentam ser afetadas pelas mudancas de CO,. O potencial
que as espécies analisadas apresentam para quantificar niveis atmosféricos de CO, no
passado é incrementado pela analise combinada do registro acuradamente datado de

folhas na turfa e de material de herbéario coletado ao longo do dltimo século.

1.3.1.2 Cenozoico

Royer et al. (2001) encontraram alguma discordancia entre
paleobardmetros e as estimativas climaticas baseadas em outros paleobardmetros para
os intervalos do Paleoceno Médio ao Eoceno Inferior e Mioceno Médio. Os autores
sugerem que outros fatores deveriam ser investigados para apurar a complexidade
climatica desses periodos. Além da pCO,, fendmenos tais como paleogeografia,
intensificacdo no transporte de calor meridional e efeitos de retroalimentacdo em
vegetacdo de altas latitudes provavelmente tiveram um efeito significativo no aumento
das temperaturas sem deixar registro nas frequéncias estomaticas.

McElwain; Mayle e Beerling (2002) reportam que evidéncias estomaticas
confirmam o declinio de pCO, durante a Gltima glaciacdo, sendo coincidentes com as
evidéncias encontradas nas perfuracdes do gelo antértico. Os fitopaleobarémetros
detectam uma marcada queda da pCO;, no estabelecimento do evento glacial na

comparacgdo entre material coletado e de herbério.
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1.3.1.3 Mesozoico

McElwain; Beerling e Woodward (1999) investigam o limite Triassico-
Juréssico, marcado por uma grande extin¢do tanto faunistica quanto floristica. As
analises estomaticas em Ginkgoales e Cycadales evidenciam um aumento de quatro
vezes na concentracdo atmosférica de CO,, condizente com o estabelecimento de
megaciclo greenhouse inferido para o periodo. Os autores concluem que provavelmente
as novas condi¢gdes ambientais levaram a um aumento na temperatura foliar para além
do limite de tolerancia da flora triassica, o que teria contribuido para a renovacéo de
95% das espécies da megaflora. Este resultado é especialmente relevante devido a
escassez de outros paleobardmetros para periodo em questao.

Chen et al. (2001) avaliam o potencial para sinalizar alterac6es nos niveis
atmosféricos de CO, nos padrbes estomaticos das Ginkgophyta. Através de analises
considerando uma série de variaveis ambientais e fenotipicas conduzidas em Ginkgo
biloba e em quatro espécies mesozoicas, 0s autores concluiram que uma frequéncia
estomatica 60-40% menor nas espécies fosseis efetivamente reflete niveis mais altos do
gas-estufa na paleoatmosfera do Mesojurassico ao Eocretaceo.

Beerling et al. (2002) buscam reconstruir a pCO, através do limite
Cretaceo-Paleogeno utilizando indices estomaticos de Ginkgo adiantoides para o
Cretaceo e da pteridofita Stenochlaena para o Paleogeno. Os autores concluem que as
modelagens climaticas subestimam as quantidades de CO, liberadas na atmosfera
terrestre atribuidas ao impacto do asteroide e atividades vulcanicas. O brusco aumento
na pCO, estimado através das folhas fosseis provavelmente desempenhou um papel

fundamental nas extingdes do periodo.

1.3.1.4 Paleozoico

Estudos focados no final do Paleozoico tém especial relevancia porque,
nesse intervalo, vigoravam condigdes ambientais analogas aquelas ocorrentes na
atualidade nas diferentes paleolatitudes, relacionadas principalmente a existéncia de

calotas de gelo nos polos e periodos de aquecimento global (DIMICHELE et al., 2009).
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A vinculacéo entre o dioxido de carbono atmosférico e a temperatura na Terra embasa
grande parte das inferéncias paleoclimatoldgicas e também as predi¢6es de agquecimento
global futuro.

McElwain e Chaloner (1995) estabelecem a técnica de equivalentes
ecoldgicos e estruturais viventes (NLE) e comparam frequéncias estomaéticas entre
organismos extintos e atuais. Os resultados de célculos estométicos para o Devoniano,
Carbonifero e Paleozoico sdo sobrepostos a curva de RCO, modelada para o
Fanerozoico (BERNER, 1991), apresentando excelente consisténcia (FIG. 3).

No entanto, nem sempre é possivel definir equivalentes atuais para
espécies extintas. Cleal, James e Zodrow (1999) propdem uma nova abordagem para
este problema. Ao trabalhar com uma Unica espécie paleozoica, Neuropteris ovata
(Medullosales, Pteridospermophyta), procedente de distintos niveis estratigraficos,
encontraram marcada variacdo nas frequéncias estomaticas. Os autores inferem que a
queda nos valores estomaticos efetivamente reflete flutuacbes nos niveis atmosféricos
de CO; durante a deglaciacéo no final do Carbonifero sob aquecimento global.

Resultados obtidos por Retallack (2001) para niveis de CO,
paleoatmosférico através de IEs concordam parcialmente com os modelos geoquimicos
propostos para comparacdo. Além de cotejar diretamente padrdes estomaticos de folhas
de Ginkgo fdsseis e de herbario, o autor também aplicou uma funcdo matematica de
transferéncia, disponivel para Ginkgo, em pteridosmpermas paleozoicas e mesozoicas
(Lepidopteris, Tatarina e Rachyphyllum), o que gerou resultados desviantes em relacao
ao modelo da curva de CO..

Beerling (2002), analisando cuticulas de licofitas arborescentes do
Neocarbonifero e Eopermiano equatoriais, obtém frequéncias estomaticas que levam a
inferéncia de teores relativamente baixos de CO, atmosférico, em concordancia com a
presenca de gelo nos polos durante o periodo estudado. O autor aplicou o0 método NLE,
comparando licofitas extintas com espécies atuais de Lycopodium.

Vording e Kerp (2008) analisaram cuticulas de Peltaspermum martinsii,
uma espécie de Peltaspermales (Pterisdospermophyta) proveniente de localidades
europeias distintas, mas coevas, com a finalidade de testar método de inferéncia de
teores de CO, atmosférico no Permiano Superior. A exemplo de Retallack (2001), foi
aplicada funcdo matematica de transferéncia estabelecida para espécies fdsseis de
Ginkgo, que possuem representante atual taxonomicamente relacionado. As estimativas

dos niveis de CO, paleoatmosférico resultaram muito mais altas do que aquelas dos
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modelos geoquimicos. Os autores consideram 0s resultados como meramente
especulativos, devido a utilizacdo de fungdo estabelecida para um tdxon distinto.

Vording, Krings e Kerp (2009) testam parametros estomaticos para a
pteridosperma Odontopteris brardii, procedente de duas localidades geologica e
ecologicamente distintas do final do Estefaniano. Os valores encontrados para ambas as
localidades foram bastante similares, sugerindo que fatores de habitat ndo afetaram
significativamente os IEs. Ainda assim, os valores obtidos corroboram o modelamento
geoquimico.

No entanto, a determinacdo de espécies que poderiam ser biologica ou
mesmo matematicamente analogas atuais das pteridospermas, abundantes no registro
fossil e com cuticulas frequentemente bem preservadas, permanece um caso sem

solugéo até o momento.

1.4 A Flora Glossopteris

No Gondwana, o Filo Pteridospermophyta (TAYLOR; TAYLOR,;
KRINGS, 2009) estava representado majoritariamente pelas Glossopteridales, que
dominaram a flora durante o Permiano (GASTALDO; DIMICHELE; PFEFFERKORN,
1996). Essas plantas eram elementos proeminentes nos ecossistemas temperados,
principalmente em terrenos alagados. Sua dominancia nas tafofloras associadas a
camadas de turfeiras e carvdes sugere a ocorréncia de um habitat tipo pantano
(ANDERSON; ANDERSON, 1985; BANERJEE, 2005; GUERRA-SOMMER,;
MARQUES-TOIGO; SILVA, 1991; PIGG, 1990; PIGG; McLOUGHLIN, 1997). Nao
obstante, também hé registro de restos fosseis em depdsitos fluviais e lacustres (HOLZ
et al., 2010; PREVEC et al., 2009, 2010; SRIVASTAVA, 1997), sugerindo que esse
grupo de plantas também ocorria nas areas mais Umidas de ambientes sazonalmente
Secos.

Mais de 200 morfoespécies de folhas de Glossopteris foram descritas
para o Permiano da Africa, América do Sul, Antartica, Austréalia e india (STEWART;
ROTHWELL, 1993), a maioria delas baseada exclusivamente em padrdes de venagéo
em material de impressdo precariamente preservado. Caracteristicas epidérmicas

micromorfolégicas de folhas tém sido empregadas para distinguir espécies de
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Glossopteris em material proveniente, predominantemente, de niveis de roof shale
(GUERRA-SOMMER, 1992; PANT; GUPTA, 1968, 1971; PANT; SINGH, 1971).

No Brasil, cuticulas oriundas de compressdes de Glossopteris
preservadas em lamitos e siltitos intercalados a camadas de carvdes foram descritas para
jazidas nas areas nordeste e sul da formacgdo portadora de carvdo Rio Bonito, no
Permiano Inferior da Bacia do Parana. Também ha registro de folhas de Glossopteris
procedentes da facies glaciocontinental mais antiga do Grupo Itararé (Asseliano a
Sakmariano) e de estratos mais jovens das formacdes Irati, Teresina e Rio do Rasto (do
final do Artinskiano ao Wuchiapingiano), porém estes espécimes sdo conhecidos
somente a partir de impressdes (GUERRA-SOMMER; CAZZULO-KLEPZIG, 1993,
2000).

O presente estudo concentra-se em compressdes carbonificadas de
Glossopteris communis Feistmantel, reconhecidos através dos padrdes morfograficos,
procedentes de niveis de roof shale de duas areas distintas, jazida de carvdo de Figueira
no nordeste e jazida de Faxinal no sul da Bacia do Parana, no intervalo gerador de
carvao da Formacao Rio Bonito.

Além dos aspectos macromorfoldgicos, suas caracteristicas epidérmicas
uniformes permitiram a identificacdo dos espécimes como uma Unica entidade
biologica. O uso de um Unico taxon proveniente de um mesmo tipo de habitat (turfeiras
no presente caso) € um importante requerimento para comparar efeitos de regimes
alterados de CO, atmosférico com base em parametros como frequéncia estomatica
(CLEAL; JAMES ; ZODROW, 1999).

1.5 DELIMITACAO DO PROBLEMA

O seguinte conjunto de fatores levou a delimitacdo do problema:
a) relacdes estabelecidas entre 0 aumento do efeito greenhouse decorrente da
elevacdo da concentracdo do CO, atmosférico e a reducdo da densidade
estomatica que ocorre em plantas atuais em resposta a0 aumento deste gas nos

Gltimos 200 anos como consequéncia da influéncia antrépica;
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b) deteccdo de que frequéncias estoméaticas em folhas fdsseis atuam como
paleobar6metros, relacionando-se com teores paleoatmosféricos de CO, em
diferentes periodos geoldgicos;

c) saturagdo atmosférica por CO, observada em ambiente de turfeiras atuais.

1.5.1 Problema

O problema constitui-se no estabelecimento de correlagbes entre a
variagdo das frequéncias estomaticas ocorrentes em G. communis procedentes de roof
shales da Formacdo Rio Bonito (Bacia do Parana) em jazidas de carvao
estratigraficamente localizadas no Permiano Inferior, vinculadas a intervalos
estratigraficos distintos (Sakmariano e Artinskiano), e teores de CO, paleoatmosférico,

inferindo o conjunto de variaveis que podem ter ai atuado.

1.6 OBJETIVOS

Sé&o objetivos do presente estudo

a) definir padrbes epidérmicos em folhas de G. communis procedentes de distintos
niveis estratigraficos do Permiano Inferior da Bacia do Parana com base em calculos
de frequéncia estomatica;

b) correlacionar as frequéncias obtidas com possiveis fatores causadores de mudancas
climaticas;

c) comparar os resultados obtidos com modelo de teores globais de CO, atmosférico,
estimado a partir de diferentes indices, com o proposito de verificar eventual

ocorréncia de alteracdo local no nivel de CO,.

1.7 SINTESE DO CONTEXTO ESTRATIGRAFICO E PALEOBOTANICO

A Bacia do Parand é uma ampla regido sedimentar do continente sul-
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americano que inclui porgdes territoriais do Brasil meridional, Paraguai oriental,

nordeste da Argentina e norte do Uruguai, totalizando uma &rea de aproximadamente

1,4 milhdes de km?. Milani (1997) reconheceu no registro estratigrafico da Bacia do

Parand seis supersequéncias, representando intervalos temporais limitados por

discordancias de carater inter-regional: Rio Ivai (Ordoviciano-Siluriano), Parand

(Devoniano), Gondwana (Carbonifero-Eotridssico), Gondwana Il (Meso a

Neotriassico), Gondwana Il (Neojuréssico a Eocretaceo) e Bauru (Neocretaceo) (FIG.
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FIGURA 4 — Mapa geolégico esquematico da Bacia do Parané:

ocorréncia das supersequéncias estratigraficas, jazidas de carvédo e localizacdo
dos afloramentos estudados. Representacdo das jazidas de carvdo de Santa
Catarina e Rio Grande do Sul de acordo com Aboarrage e Lopes (1986). Jazida de
Faxinal indicada pela seta de n°. 1 e a de Figueira pela seta de n°. 2.

FONTE: SANTOS et al., 2006, p.457.

As trés primeiras supersequéncias sdo representadas por sucessdes

sedimentares que definem ciclos transgressivo-regressivos ligados a oscilagdes do nivel
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do mar no Paleozoico, sendo que as demais correspondem a pacotes de sedimentos
continentais com rochas igneas associadas. O intervalo transgressivo da supersequéncia
Gondwana | corresponde a unidades litoestratigraficas conhecidas como Grupo lItararé e
as FormacgGes Rio Bonito (onde ocorrem as principais jazidas de carvao) e Palermo. O
pacote regressivo compreende as Formacdes Irati, Serra Alta, Teresina, Rio do Rasto e
Sanga do Cabral

No Rio Grande do Sul, o presente projeto envolveu a jazida de carvao do
Faxinal (30°15°S, 51°42°W), minerada pela Companhia de Pesquisas ¢ Lavras Minerais
(COPELMI) e atualmente com atividades exploratérias encerradas devido ao
esgotamento do carvdo. Esta jazida localiza-se perto do Municipio de Arroio dos Ratos,
cerca de 120 km a oeste de Porto Alegre e proxima as jazidas de carvao prospectadas de
Agua Boa e Sul do Le&o (FIG. 4).

Estas jazidas estdo situadas em um graben, o paleovale Ledo-Mariana
Pimentel (RIBEIRO, 1987). Este € uma estrutura alongada, tendendo a SE-NW em sua
porcédo oriental e E-W para o oeste. O graben, inserido no embasamento, tem 60 km de
extensdo e ate 5 km de largura. As trés jazidas de carvao séo blocos estruturais abatidos,
principalmente controlados por um sistema de falhas N40°E, e sua extensdo € limitada
pela erosdo subsequente. A jazida do Faxinal esta situada na parte leste do graben.

Na sucessdo do Faxinal ocorriam cinco camadas de carvao, designadas,
da base para o topo, I, IM, M, MS, e S, intercaladas com siltitos, lamitos, arenitos e
paleossolos. Os fosseis do presente estudo preservaram-se em uma camada argilosa de
coloracdo cinza clara, de aproximadamente 10 cm de espessura, intercalada na camada
de carvdo S, originada a partir de deposicdo de cinza vulcanica, sendo caracterizada
como tonstein (GUERRA-SOMMER et al., 2008a). De acordo com Simas (2008),
infere-se uma espessura original da cinza inconsolidada em cerca de 28 cm, sugerindo a
ocorréncia de evento vulcanico explosivo no Permiano Inferior do Gondwana
Ocidental. A partir da ocorréncia de grandes quantidades de charcoal mesoscopico na
base da camada de tonstein, presume-se que atividades vulcanicas proximas teriam
promovido a ignicdo de incéndios vegetacionais (JASPER et al., 2009).

A abundante paleoflora inclusa no tonstein (GUERRA-SOMMER, 1988,
1992) € representada por compressdes carbonificadas, com cuticulas foliares
excelentemente preservadas e relacionadas a diferentes grupos vegetais. Fragmentos de
glossopterideas constituem 70% da associagdo. Os taxa correspondentes a

Glossopteridales incluem Glossopteris brasiliensis, G. papillosa, G. similis-
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intermittens, Plumsteadia sennes, e Platycardia sp. Folhas cordaiteanas (Rufloria
gondwanensis) e frondes filicoides muito delicadas (Sphenopteris cf. ischanovensis)
ocorrem muito raramente.

DatacGes radiométricas (SHRIMP 1) em zircdes procedentes do tonstein
estabelecidas por Guerra-Sommer et al. (2008b) obtiveram uma idade de 290.6 + 1.5
Ma, correspondente ao Sakmariano Médio segundo os critérios de Gradstein et al.
(2005).

Analises palinoldgicas desenvolvidas nos carvfes da jazida de Faxinal
indicam o predominio de grdos de pdlen bissacados (estriados e ndo estriados) e
monossacados relacionados a glossopterideas e coniferas (CAZZULO-KLEPZIG et al.,
2007). Ocorre também, em menor proporcdo, a presenca de esporos de licopsidas e
filicopsidas, mais raramente de esfenopsidas, permitindo inferir a pequena participacdo
de plantas pteridofiticas na vegetacdo geradora de turfa (CAZZULO-KLEPZIG et al.,
2009).

Nos estados de Santa Catarina e Parana, a Formacdo Rio Bonito foi
individualizada em trés membros litoestratigraficos distintos por Schneider et al.
(1974), reconheciveis como Membros Triunfo, Paraguacu e Sideropolis (da base para o
topo). No Membro Sideropolis estdo concentradas as mais importantes camadas de
carvao da Bacia Carbonifera de Santa Catarina. O presente projeto ndo previu coleta de
fosseis na sequéncia aflorante em Santa Catarina, pois a preservacdo é precéria, ndo
ocorrendo a presenca de cuticulas.

No Estado do Parana, a espessura da Formacdo Rio Bonito diminui em
direcdo norte, principalmente pelo afinamento e acunhamento do Membro Triunfo, o
qual desaparece no Estado de S&o Paulo.

Estudos de Soares e Cava (1982) a respeito do potencial carbonifero da
Formacdo Rio Bonito no Estado do Parana concluiram que a origem da camada de
carvdo na regido vinculou-se a turfeira desenvolvida em ambiente deltaico,
correlacionavel a por¢do superior do Membro Triunfo e a base do Membro Paraguacu.
Na regido de Figueira, as turfeiras mais expressivas foram relacionadas a baixios
interdistributarios e canais abandonados. Morrone e Daemon (1985) e Della Favera et
al. (1993) concordam com as inferéncias de Soares e Cava (1982).

De acordo com Zacharias e Assine (2005), as diferentes associacOes de
facies definidas para a Formagdo Rio Bonito no nordeste do Estado do Parana séo

resultado de sedimentacdo decorrente de preenchimento sedimentar sobre superficie
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deposicional irregular. A ocorréncia de pantanos geradores de turfeiras é vinculada
pelos autores a paleoambientes relacionados a planicies deltaicas localizadas na regido
central do estuédrio, incluidas na parte basal do membro Paraguagu. O Membro
Sider6polis ocorre descontinuamente na parte superior da Formacdo Rio Bonito,
representado por arenitos costeiros regressivos.

Na regido atualmente minerada (Minas do Rio do Peixe e de Figueira), a
camada de carvao ocorre a uma profundidade média de 40 m e esta subdividida em uma
camada inferior, com 0,4 m de espessura, e uma superior, com 0,2 m, separadas por
uma camada siltico-arenosa fossilifera (LEWANDOWSKY'; KALKREUTH, 2009), de
onde procede o material aqui analisado.

Dados palinologicos, até o presente momento, nd foram
disponibilizados para a jazida de Figueira. O Unico registro microfloristico € o de
Ricardi-Branco; Arai e Rosler (2002), que identificaram megasporos dos géneros
Lagenoisporites, Sublagenicula e Setosisporites, estabelecendo uma afinidade boténica
com licofitas arborescentes, provavelmente com a espécie Brasilodendron cf.
pedroanum, ocorrente na associacdo megafloristica.

A paleoflora de Figueira, procedente de diferentes afloramentos
relacionados a nivel estratigrafico intercalado na camada de carvdo ou a ela
suprajacente, foi incluida por Ricardi-Branco e Ro&sler (2004) em diferentes
comunidades vegetais: comunidade de pantanos (Brasilodendron cf. B. pedroanum,
Paracalamites australis), comunidade de planicie de inundacdo (Sphenophyllum
brasiliensis, Annularia occidentalis, Asterotheca derbyi, Pecopteris cambuyensis,
Sphenopteris lobifolia, Glossopteris communis) e comunidade de terrenos mais
elevados (Paranocladus dusenii, Paranospermum cambuiense).

Sbaraini (2006), com base em petrografia organica, inferiu que a flora
formadora da turfa geradora dos carvGes na area de Figueira era composta por plantas
arborescentes, desenvolvidas em paleoambiente transicional, sob o controle de
processos fluviais associados a regimes de marés.

Com base na metodologia aplicada em estratigrafia de sequéncias, Holz
et al. (2010) propdem um novo modelo cronoestratigrafico para o intervalo Carbonifero
— Permiano da Bacia do Parana (FIG. 5), no qual a sucessdo Rio Bonito esta inclusa em
duas sequéncias de terceira ordem. Esse modelo é distinto daqueles apresentados em
estudos prévios com relacdo a concepcdo da sequéncia sedimentar portadora de carvoes.

No esquema cronoestratigrafico dos autores, 0 membro Siderdpolis e as camadas de
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carvao nele inclusas nos Estados de Santa Catarina e Parand estdo vinculados a Late

Paleozoic Third-Order Sequence nimero 4, LPTS-4 (Artinskiano); no Estado do Rio

Grande do Sul a Formacdo Rio Bonito ndo esta formalmente subdividida em distintos

membros litoestratigraficos e as camadas de carvdo estdo incluidas na subjacente LPTS-

3 (Sakmariano). Esse modelo estratigrafico, por ser mais amplo que os anteriormente

propostos, envolvendo a totalidade do intervalo gerador de carvdo da Formacdo Rio

Bonito na bacia, foi adotado no presente estudo.
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FIGURA 5 - Carta cronoestratigrafica simplificada da sucessado Neocarbonifero-Permiano da
borda leste da Bacia do Parand indicando a posi¢éo estratigrafica aproximada das
jazidas de Faxinal e Figueira. A posi¢cdo da jazida de Faxinal baseia-se em idade
absoluta de 290.6 + 1.5 Ma (Sakmariano) obtida em datacao por Guerra-Sommer
et al. (2008b). A posicdo da jazida de Figueira baseia-se em estratigrafia de
sequéncias de Holz et al. (2010).

FONTE: HOLZ et al., 2010, p. 397 (modif.).
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1.8 MATERIAL E METODOS

1.8.1 A cuticula vegetal

De acordo com Alquini et al. (2003), a cutina é um composto de lipidios
(poliésteres insollveis de alto peso molecular) resultante da polimerizacdo de certos
acidos graxos produzidos, aparentemente, no reticulo endoplasmatico do protoplasma
das células epidérmicas. E uma substancia graxa complexa, consideravelmente
impermeavel a agua, que se encontra impregnada as paredes epidérmicas ou se
apresenta como camada separada, a cuticula, na superficie da epiderme. Ao processo de
formacdo da cuticula da-se o nome de cuticularizacdo, e ao de impregnagdo com cutina,
de cutinizag&o.

A cera que se encontra na parte externa da cuticula € um polimero
complexo, heterogéneo, resultante da interacdo de longas cadeias de &cidos graxos,
alcoois alifaticos e alcanos em presenca de oxigénio. Como no caso da cutina, ainda ndo
se conhece muito bem o processo de extrusdo da cera a partir do protoplasma das
células epidérmicas (ALQUINI et al., 2003).

Nas compressdes carbonificadas, o mesofilo foliar, como consequéncia
das altas pressbes diagenéticas, esta reduzido a um fino filme carbonificado entre as
cuticulas das superficies adaxial e abaxial, que se preservaram (KERP, 1990). Nas
cuticulas estdo moldadas em trés dimensbes as estruturas do tecido epidérmico

subjacente, que ndo se preservou (FIG. 2, a).

1.8.2 Material

Associacbes de folhas de glossopterideas ocorrem sem orientacao
preferencial dentro das camadas fossiliferas. Conforme descrito por Guerra-Sommer
(1988), a maior parte das compressdes compde-se de fragmentos de folhas isoladas,
sendo que algumas vezes ocorrem folhas organicamente conectadas em tufos (FIG. 6).

As folhas selecionadas para este estudo sdo oblongas, com margem inteira, venacéo
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central caracteristica que se estende da base (quando presente) até proximo do éapice

(quando presente), apresentando venacgdo secundaria curva.

FIGURA 6 — Rochas portando compressoées foliares de Glossopteris:
a) tonstein da jazida de Faxinal depositado na colecdo paleobotanica do DPE-
IG/UFRGS sob o n°. PB4835.
b) siltito da jazida de Figueira depositado na colecdo do GSA-IGc/USP sob o n°.
GP/3E-6990 Escalas = 2 cm.

A revisdo do material descrito por Fittipaldi e Rosler (1985) e Guerra-
Sommer (1992) indica que as assembleias de Figueira e Faxinal, respectivamente,
apresentam similaridade quanto a micromorfologia epidérmica, particularmente no que
diz respeito ao aparelho estomatico e a clara delimitacdo entre zonas costais e
intercostais (venacao e reticulo) em uma das laminas da folha. Entretanto, o padréo
estomatico das folhas de G. communis descrito por Fittipaldi e Rosler (1985) para o
Estado do Parana permaneceu insuficientemente desconhecido, pois sua descricdo
concentrou-se nos esparsos estbmatos ocorrentes na face abaxial e ndo foram realizadas
contagens.

Pant e Gupta (1968), a partir de cuticulas extremamente fragmentadas,
descreveram a micromorofologia foliar de G. communis com intento de constituir uma
emenda a diagnose da morfoespécie. Entretanto, regifes estomaticas ndao foram
observadas.

Os fosseis procedentes da jazida de Figueira estdo depositados na colecéo
do Departamento de Geologia Sedimentar e Ambiental, Instituto de Geociéncias,
Universidade de Sdo Paulo (GSA-1Gc/USP) sob os cddigos GP/3E-972, 1983, 2741,
2762, 6986, 6987, 6989, 6990, 6991, 6996 e 6999.
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Os fosseis procedentes da jazida de Faxinal estdo depositados na colecéo
da Secdo de Paleoboténica do Departamento de Paleontologia e Estratigrafia, Instituto
de Geociéncias, UFRGS (DPE-IG//UFRGS) sob os cddigos PB-4770-4772, 4776-4778,
4780, 4782, 4783, 4784, 4789, 4791, 4793-4795, 4800, 4801, 4809, 4831, 4835.

1.8.3 Métodos

1.8.3.1 Resgate do material

O processo de isolamento de cuticulas das rochas contendo compressdes
foliares foi efetuado a partir de modificacdo de técnica proposta por Guerra-Sommer
(1988), envolvendo primeiramente hidratacdo (submersdo em agua) da rocha matriz, o
que libera fragmentos de cuticula. Além disso, recorreu-se também ao isolamento
mecanico do material com utilizacdo de agulhas histologicas e estilete, ou forméo e
martelo, para material intensamente consolidado.

As cuticulas procedentes de Figueira foram resgatadas de um total de 11
fragmentos foliares e as de Faxinal, de um total de 59 fragmentos foliares.

Fragmentos de cuticulas com rocha ainda aderida foram submetidos a
maceracdo em &cido fluoridrico 45% por 48-72 horas (KERP, 1990). A dissolucdo da
rocha libera as cuticulas no liquido, que entdo podem ser gentilmente filtradas e lavadas

em agua destila até neutralizacdo do pH.

1.8.3.2 Clareamento de cuticulas

O material de Figueira foi clareado segundo método descrito por
Fittipaldi e Rosler (1982), que consiste em maceracdo em solugdo de Schulze composta
por HNO3 70% e solucdo saturada de KCIO3 1:1 (“wet Schulze solution” sensu KERP,
1990) durante 24-48 horas. A determinagdo do tempo de maceracdo ocorre com base na

coloracéo liberada pelo material fossil no meio liquido, que deve adquirir coloracdo de
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marrom escura a quase preta. A finalidade do reagente de Schulze, um oxidante muito
potente, € a de clarear o material orgénico carbonificado, no caso, as cuticulas.

Apobs a maceracdo, as cuticulas sdo entdo gentilmente lavadas com agua
destilada. A seguir, trata-se o material com KOH 10% por cinco minutos, para
interrupcdo do processo oxidante e solubilizagdo do mesofilo foliar, normalmente ainda
presente, decomposto entre as cuticulas superior e inferior da folha fossil, e responsavel
pela coloracdo escura (FITTIPALDI; ROSLER, 1982). O material deve ser novamente
enxaguado em agua destilada até que pare de liberar cor.

O emprego da solucdo de Schulze diluida no material procedente de
Faxinal ndo foi bem sucedido. Foi entdo necessario aplicar solucdo de Schulze tipo
“dry”, alternativa descrita por Gray (1965). Esta solugdo consiste em diluir os cristais de
clorato de potassio puro (“seco”) diretamente no &cido nitrico (1:3). As cuticulas
permaneceram em maceragdo dentro da solucdo por duas horas e, a seguir, foram
lavadas com agua destilada. Apds isso, foram submetidas a um banho em KOH 5% por
cinco minutos e foram novamente lavadas até ndo soltarem mais cor.

Durante os enxagues e maceragdo em KOH, recomenda-se manter as
cuticulas dentro de uma pequena peneira e simplesmente transferir a peneira de um
recipiente a outro para evitar maior fragmentacdo do material (KRINGS; KERP, 1997).
Para transferir o material para outro recipiente, vira-se a peneira para baixo e com leves
jatos de agua destilada empurra-se as cuticulas para fora da peneira.

Toda esta etapa deve ser realizada em capela e utilizando equipamentos

de seguranca como luvas, avental, mascara e 6culos de protecéo.

1.8.3.3 Montagem de laminas delgadas e observacéao

A montagem das cuticulas fosseis clareadas em laminas de vidro foi feita
utilizando gelatina glicerinada como elemento fixador (KRINGS; KERP, 1997). Antes
da montagem, as cuticulas sdo desidratadas em glicerina pura por, no minimo, 24 horas
(KERP; KRINGS, 1999). Antes ou depois da desidratacdo, algumas cuticulas tiveram
que ser mecanicamente separadas entre si (superior e inferior) sob microscopio

estereoscopio com auxilio de agulhas histologicas. Utilizou-se microscopio
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estereoscopio Leica S8 APO com iluminagdo incidente e transmitida sob magnificacdes
entre 20x e 160x para separacdo das cuticulas e montagem das laminas.

A observacdo das laminas ocorreu em microscopio de luz transmitida
Zeiss Axioplan 2 com objetivas Plan-Neofluar, equipado com filtro H/DIC Il -
Differential Interference Contrast, também referido como microscopia de interferéncia
de Nomarski (KERP; KRINGS, 1999). As fotografias foram tiradas sob aumento de
400x com camera Sony/Zeiss Cyber-shot DSC-S75 3.3 Megapixels CCD e as imagens
foram analisadas com o programa Zeiss AxioVision 4.8.1.

Células epidérmicas e estdbmatos foram contados e medidos nas regides
estomaticas intercostais (reticulo) por meio de marcacdo manual dos estdmatos na tela
do computador.

Todas as ldminas observadas neste estudo estdo depositadas na
laminoteca da Secdo de Paleobotanica do Departamento de Paleontologia e
Estratigrafia, Instituto de Geociéncias, UFRGS (DPE-1G//UFRGS) sob os codigos PB-
GP/3E para Figueira, numeradas 1983-03, 2762-01, 6986-01, 6986-03, 6986-04, 6986-
05, 6986-06, 6986-10, 6986-11, 6989-05, 6996-11 e PB para Faxinal, numeradas (a) 3-
5,9,11, 12,15, 16, 19, 22 e (b) 2, 4, 6, 7, 9-13, 15, 17-19, 23-25, 28, 29, 32, 33, 35, 37,
40, 41, 43, 44, 46, 52, 55, 61, 66.

1.8.3.4 Calculo da densidade estomatica

A DE corresponde ao nimero de estdmatos por unidade de area da folha.
A DE foi calculada por campo de visdo, realizando-se as contagens sob aumento de
400x e dividindo-se o total contado pela area observada em mm? (SALISBURY, 1927).

1.8.3.5 Calculo do indice estomatico

Para o calculo do IE utilizou-se 0 mesmo aumento utilizado para o
calculo da DE, pois os valores podem variar sob diferentes magnificacbes (POOLE;
KURSCHNER, 1999). Foi empregada a formula elaborada por Salisbury (1927) que
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expressa em percentagem a quantidade de estdmatos sobre o total de células
epidérmicas por area foliar (densidade de células epidérmicas — DEp) de acordo com a
formula 1 (BEERLING, 1999) apresentada anteriormente na se¢do 1.2.1.1 e reproduzida
novamente abaixo.

IE = 100x DE/(DE + DEp) 1)

1.8.3.6 Andlise estatistica

Os calculos estatisticos foram realizados utilizando o programa
MULTIV 2.63 (PILLAR, 2006). A analise empregada foi ANOVA com testes de
permutacdo (PILLAR; ORLOCI, 1996) para avaliar os efeitos do fator “localidade” nas
DEs. Distancias euclidianas foram empregadas como indice de dissimilaridade, e a
soma dos quadrados entre grupos (Qb) foi usada como critério de teste (LEGENDRE;
LEGENDRE, 1998).
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ABSTRACT

The stomatal density and index in compressed leaves of Glossopteris communis from
two different roof shales from the Lower Permian in Parand Basin, Brazil (Western
Gondwana) have been investigated to test for possible relationships with modeled
global changes in atmospheric CO; for the Phanerozoic. The obtained parameters show
that glossopterids from the Cool Temperate biome can be used as CO,-proxies, despite
the impossibility of being compared with living relatives or equivalents. When
confronted with already published data for the Tropical Summerwet biome, the present
results confirm the detection of low levels of atmospheric CO, during the Lower
Permian, as predicted by the modeled curve. Nevertheless, the lower stomatal
frequencies detected at the climax of the coal interval (Faxinal coalfield, Sakmarian)
when compared to the higher ones obtained in leaves from a younger interval (Figueira
coalfield, Artinskian) could be attributed to temporarily high levels of atmospheric CO,.
Therefore, the occurrence of an extensive peat generating event at the southern part of
the basin and the consequent greenhouse gases emissions from this environment may
have been enough to reverse regionally and temporarily the reduction trend in
atmospheric CO,. Additionally, the Faxinal flora is preserved in a tonstein layer, which
is a record of volcanic activity that could also imply a rise in atmospheric CO,. During
the Artinskian, the scarce generation of peat mires, as revealed by the occurrence of thin
and discontinuous coal layers, and the lack of volcanism evidence would be insufficient

to affect the general low CO, trend.

Keywords: paleo-CO; proxy; pteridosperms, fossil cuticles, Rio Bonito Formation,

peat-forming floras, Gondwana
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RESUMO

Frequéncias estomaticas foram calculadas em cuticulas de Glossopteris communis
procedentes de dois afloramentos do Permiano Inferior na Bacia do Parand com o
objetivo de relaciona-las com variagdes na concentracdo atmosférica de CO, modeladas
para o Fanerozoico. Os resultados indicam que as glossopterideas do bioma Temperado
Frio podem ser utilizadas como equivalentes climaticos para inferéncia de niveis de CO,
paleoatmosférico, apesar da impossibilidade de estabelecer um equivalente ecolégico
atual. Quando confrontados com dados obtidos para o bioma Tropical de Verdo Umido,
0s resultados aqui apresentados confirmam a deteccdo de baixos niveis de CO; na
atmosfera durante o periodo, de acordo com o modelamento da curva. Porém as
frequéncias estomaticas mais baixas detectadas no climax do intervalo formador de
carvao (jazida de Faxinal, Sakmariano), quando comparada as frequéncias mais altas
obtidas nas folhas de intervalo mais jovem (jazida de Figueira, Artinskiano), poderiam
ser atribuidas a niveis temporariamente altos de CO, na atmosfera. A ocorréncia de
extenso evento gerador de turfa na parte sul da bacia, com a consequente emissao de
gases-estufa deste ambiente, poderia ter sido suficiente para reverter a tendéncia de
queda de CO, atmosférico de forma regional e temporaria. Além disso, a flora de
Faxinal esta preservada em uma camada de tonstein, registro de atividade vulcanica que
poderia ter afetado os niveis de CO,. No Artinskiano, a formacao de turfeiras em menor
escala, evidenciada por camadas de carvdo descontinuas e delgadas, sem registro de

vulcanismo, teria sido insuficiente para afetar a tendéncia de baixo CO..

Palavras-chave: equivalente paleoclimatico para CO,; pteridospermas, cuticulas

fosseis, Formacdo Rio Bonito, floras formadoras de turfa, Gondwana
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2.1 INTRODUCTION

The applicability of fossil plant leaves as biosensors of Earth’s
paleoatmospheric CO- fluctuations is being increasingly ratified through the comparison
between stomatal frequencies (stomatal density and index) of fossil, living and
herbarium material (KOUWENBERG et al., 2003; McELWAIN, 1998; WAGNER;
DILCHER; VISSCHER, 2005) since Woodward (1987) observed an inverse correlation
between stomatal frequency in extant plants and the concentration of atmospheric CO..
Even though earlier studies were focused on historical and recent pre-historical
approaches (BEERLING; CHALONER, 1992, 1993; KURSCHNER et al., 1996), this
method has encouragingly been applied to cuticular analyses of leaves from different
geological intervals, from the Early Devonian through the Holocene (BEERLING,
2002; KURSCHNER et al., 1998; MCELWAIN; BEERLING; WOODWARD,
1999;McELWAIN; CHALONER, 1995, 1996; VAN DER BURGH et al., 1993). In
general, the estimated results based in stomatal parameters help to calibrate the curve of
Phanerozoic levels of paleoatmospheric CO, calculated by the GEOCARB model
(BERNER, 1991, 1994; BERNER; KOTHAVALA, 2001).

Different authors point out that environmental factors other than
atmospheric CO, concentration can influence stomatal density; (ROTH-NEBELSICK,
2005; SALISBURY, 1927; TICHA, 1982). However, stomatal index is a much more
stable parameter and recent data ratify it as being amongst the most robust proxies for
paleoatmospheric CO, (BEERLING; FOX; ANDERSON, 2009; ROYER; BERNER;
BEERLING, 2001).

When dealing with Mesozoic and Cenozoic floras, results from fossils
have been compared to close living relatives (CHEN et al., 2001; McELWAIN;
BEERLING; WOODWARD, 1999; ROYER et al., 2001), called nearest living relative
(NLR) species (MOSBRUGGER, 1999). The method is based in the premise that
climatic tolerances of the fossils would be similar to those of their NLR (TAYLOR;
TAYLOR; KRINGS, 2009).

In an attempt to overcome the difficulties of identifying taxonomic
affinities between extinct and extant forms in large time spans (i.e. Paleozoic to Recent),

comparisons have been made between fossil and Nearest Living Equivalent (NLE)
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species (MCELWAIN; CHALONER, 1995). However, it isn’t always possible to find
living matches to extinct plant species.

Cleal; James and Zodrow (1999) presented an alternative approach to
this problem focusing on foliage of the single species Neuropteris ovata, a Paleozoic
pteridosperm (Medullosales) from Equatorial swamp forest, to test whether its stomatal
frequencies work as CO,-proxies at different stratigraphic levels from the Upper
Carboniferous. They found a marked drop in stomatal density (SD) and stomatal index
(SI) in the very Early Stephanian that could reflect a rise in paleoatmospheric CO, due
to a drastic contraction of tropical forests.

The results obtained by Retallack (2001) for atmospheric CO, through Sl
values in herbarium and fossil leaves of Ginkgo since late triassic and paleozoic
pteridosperms (Lepidopteris, Tatarina and Rachyphyllum) as CO, proxies, agreed
partially with the geochemical models proposed for comparison by the author. A
transfer function available for Ginkgo was applied to the stomatal measurements in the
pteridosperms in order to calculate the corresponding atmospheric CO; levels.

Vording and Kerp (2008) analyzed cuticles of the Upper Permian
pteridosperm species Peltaspermum martinsii from different coeval outcrops in the
Southern Alps to test its applicability as a paleo-CO, proxy. The authors also employed
a transfer function previously determined for Ginkgo leaves in order to establish
comparisons with the atmospheric CO,; models. Their estimates for the
paleoatmospheric CO, levels resulted much higher than those of the geochemical
models. Stomatal parameters were considered by the authors as speculative due to the
use of a transfer function which has been established for a distinct taxon.

Vording; Krings and Kerp (2009) tested stomatal parameters of the
pteridosperm Odontopteris brardii from two geologically and ecologically different
localities in Europe (Germany and France) in the late Stephanian. Similar values found
in all specimens suggested that habitat-specific factors did not significantly affect SI.
The results inferred from the Sl values, despite being a little lower than the ones from
the paleoatmospheric CO, models used for comparison, still corroborate the hypothesis
of low levels of the gas during the late Paleozoic.

However, the determination of species which could be modern analogues
to the extinct group of pteridosperms, abundant in the fossil record and often with well

preserved cuticles, still remains an unresolved matter.
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2.1.2 The Glossopteris Flora

In the Gondwana realm, the Phylum Pteridospermophyta (TAYLOR;
TAYLOR; KRINGS, 2009) was mainly represented by the Glossopteridales, which
dominated the flora during the Permian (GASTALDO; DiMICHELE; PFEFFERKORN,
1996). These plants were prominent elements of temperate ecosystems, primarily those
of wetlands, and a swampy habitat has been inferred by their dominance in taphofloras
which have been recovered mainly from layers associated to permian Gondwana peat
and coals (ANDERSON; ANDERSON, 1985; BANERJEE, 2005; GUERRA-
SOMMER; MARQUES-TOIGO; SILVA., 1991; PIGG, 1990; PIGG; McLOUGHLIN,
1997). Nevertheless, fossil remains are known from fluvial and lacustrine deposits as
well (HOLZ et al., 2010; PREVEC et al., 2009, 2010;SRIVASTAVA, 1997),
suggesting that this group of plants could also occur at wetter areas of seasonally dry
environments.

Over 200 morphospecies of glossopterid leaves have been described
from the Permian of Africa, Antarctica, Australia, the Indian Peninsula and South
America (STEWART; ROTHWELL, 1993), many of them based exclusively on
venation patterns of poorly preserved impression material. Epidermal features of leaf
adpressions have been used to distinguish some species of Glossopteris in material
recovered mainly from roof shale levels (GUERRA-SOMMER, 1992; PANT; GUPTA,
1968, 1971; PANT; SINGH, 1971).

In Brazilian Gondwana, abundant and well preserved Glossopteris
compressed leaves have been described from mud and silty-sandy layers interbedded
with coal seams in coalfields in the northeastern and southern areas of the coal bearing
Rio Bonito Formation from the Lower Permian of the Parana Basin. Glossopteris leaves
are also known from older glaciocontinental facies of the Itararé Group (Asselian to
Sakmarian) and younger geologic strata of Irati, Teresina and Rio do Rasto formations
(Late Artinskian to Wuchiapingian), but the species are known from impression
specimens only (GUERRA-SOMMER; CAZZULO-KLEPZIG, 2000).

The present study focuses on compression leaves of Glossopteris
communis Feistmantel, recognized from morphographic patterns in roof shale levels

from different geographical areas (Figueira coalfield in the northeastern and Faxinal
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coalfield in the southern Parana Basin) in the coal deposition interval of the Rio Bonito
Formation in Parand Basin. Beseides their macromorphology, also their similar
epidermal features allowed us to consider them as a single biological entity. The use of
a single taxon from a specific habitat (peat swamps in the present study) is an important
requirement when comparing the effects of altered atmospheric CO, regimes on
parameters like stomatal frequency (CLEAL; JAMES; ZODROW, 1999).

The main goal of this study is (i) to test whether cuticles of the extinct
Gondwanan plant G. communis are suitable as proxies for CO, concentrations in the
paleoatmosphere and (ii) to find lines of evidence to support the inferences from the

obtained stomatal patterns.

2.2 GEOLOGICAL AND PALEBOTANICAL SYNTHESIS

The Parana Basin is a large (1,400,000 km?) intracratonic sag basin
covering part of southern Brazil, Paraguay, Uruguay and Argentina (FIG. 7). Basin
floor subsidence, in addition to Paleozoic sea-level changes, created six second-order
sequences deposited from the Ordovician to Late Cretaceous, separated by regional
unconformities (MILANI, 1997). The coal-bearing Rio Bonito Formation, which is the
subject of this study, occurs at the base of the second order Carboniferous-Early
Triassic sequence (Gondwana | Supersequence). Extensive peat swamps developed
during the deposition of Rio Bonito Formation in Parana Basin at a paleolatitude of
approximately 50°S, included in the Cool Temperate biome (REES et al., 2002).

The study area comprises the Faxinal coalfield, in the southeastern
outcrop belt of the Rio Bonito Formation in southern Brazil, Rio Grande do Sul State,
and the Figueira coalfield, located in the eastern area of the Brazilian portion of the
basin in Parana State (RICARDI-BRANCO; ROSLER, 2004).

The Faxinal coalfield, mined by the Companhia de Pesquisas e Lavras
Minerais - COPELMI, is located near the town of Arroio dos Ratos, about 120 km west
of Porto Alegre (Rio Grande do Sul State). The Faxinal coal succession includes five
coal seams, named I, IM, M, MS and S from base to top. The present study focuses on a
fossiliferous argillite approximately 7 cm thick, interbedded with the upper coal seam

(S). Petrographic studies in this argillite reveal a volcanic ash-fall origin for this
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sediment, thus identifying it as a tonstein (GUERRA-SOMMER et al., 2008a). lon
microprobe (SHRIMP 11) dating of zircons from the tonstein by Guerra-Sommer et al.
(2008b) yielded an age of 290.6 £ 1.5 Ma (Sakmarian).
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FONTE: SANTOS et al., 2006, p. 457 (modif.).

According to Simas (2008), the original thickness of the unconsolidated
ash has been inferred at about 28 cm. This evidence suggests the existence of an active
and widespread explosive volcanic event in the Lower Permian of Western Gondwana.
Volcanic activities in the surrounding areas have been assumed as ignition sources for
wildfires, which produced large amounts of charcoal at the basal level of the tonstein
layer (JASPER et al., 2009).
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The compression taphoflora hosted by the Faxinal tonstein is
predominantly gymnospermous (GUERRA-SOMMER, 1992). Fragments of
glossopterids constitute 70% of the entire association. Taxa identified include
Glossopteris brasiliensis, G. papillosa, G. similis-intermittens Plumsteadia sennes, and
Platycardia sp. Cordaitalean leaves (Rufloria gondwanensis) and very delicate filicoid
fronds (Sphenopteris cf. ischanovensis) are subordinate (GUERRA-SOMMER, 1988).

Palynological analyses of the Faxinal coals indicate the dominance of
bisaccate (striate and non-striate) and monosaccate pollen grains related to
glossopterids, conifers and cordaitaleans (CAZZULO-KLEPZIG et al., 2007). These
pollen grains are followed by a low proportion of spores of lycopsids, filicopsids and
scarce sphenopsids which emphasizes the minor contribution of pteridophytic plants to
the peat-coal forming vegetation (CAZZULO-KLEPZIG et al., 2009).

In the States of Santa Catarina and Parana stratigraphic analyses
conducted by Schneider et al. (1974) defined for the Rio Bonito Formation three
members, called Triunfo, Paraguacu (marine) and Siderépolis Members (from base to
top). According to these authors, in the State of Parana, the thickness of the Rio Bonito
Formation decreases northwards, mainly because of the thinning and wedging out of the
Triunfo Member, which disappears in the south of the State of S&o Paulo.

Soares and Cava (1982) concluded that the most extensive peat
formation event, located in the northern area of the Parana State, was associated to
deltaic plain environments correlative to the upper part of the Triunfo Member and at
the base of Paraguacu Member. Morrone and Daemon (1985) and Della Favera et al.
(1994) agree with the inferences by Soares and Cava (1982).

According to Zacharias and Assine (2005), different facies associations
from the Rio Bonito Formation in the northeast of the Parand State result from
sedimentation on an irregular depositional surface. Peat swamps, of restricted
occurrence, developed in paleoenvironments related to delta plains in the central portion
of the estuary and were included in the basal part of the Paraguacu Member.

The coal seam in Figueira coalfield occurs on average at 40 m depth and
is subdivided into a lower seam (0.4 m thickness) and an upper seam (0.2 m thickness)
separated by a silty-sandstone layer of approximately 0.4 m thickness
(LEVANDOWSKI; KALKREUTH, 2009).

Palynological data are not available for Figueira coalfield. The only

results concerning microfloristic analyses were registered by Ricardi-Branco; Arai and
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Rosler (2002), who identified megaspores of the genera Lagenoisporites, Sublagenicula
and Setosisporites, with botanical affinity with arborescent lycophytes from siltstones
immediately overlying the coal bed.

The Figueira paleoflora, recovered from siltsone layers interbedded with
coal seams in different outcrops, was categorized by Ricardi-Branco; Rosler (2004) in
the following plant communities: swamp community (Brasilodendron cf. B.
pedroanum, Paracalamites australis), flood plain community (Sphenophyllum
brasiliensis, Annularia occidentalis, Astherotheca derbyi, Pecopteris cambuyensis,
Sphenopteris lobifolia, Glossopteris communis) and elevated terrain community
(Paranocladus dusenii, Paranospermum cambuiense). Using coal petrography
techniques Sharaini (2006) inferred that the peat-forming flora was composed mainly by
arborescent plants, developed in transitional paleoenvironment controlled by fluvial and
tidal processes.

Based on sequence stratigraphy, Holz et al. (2010) proposed a
chronostratigraphic chart (FIG. 8) for the Parana Basin in which the Rio Bonito
succession is included in two third order sequences. In relation to previous studies, this
chart presents a new stratigraphic model for peat generation at northeastern and
southern regions of the basin. The Sideropolis Member and its coal seams in Santa
Catarina and Parand States are linked to the Late Paleozoic Third-Order Sequence
(LPTS) number 4 (Artinskian); in Rio Grande do Sul State the Rio Bonito Formation is
not formally subdivided into different lithostratigraphic members and the coal seams are
included in the underlying LPTS-3 (Sakmarian). This new stratigraphic model is
adopted in the present study.
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FONTE: HOLZ et al., 2010, p. 397 (modif.)

2.3 MATERIAL AND METHODS

2.3.1 Material

Concentrated assemblages of glossopterid leaves occur in no preferential
orientation within the fossiliferous layers. Most of the compressions are fragments of
detached leaves and some of them correspond to leaves organically attached to short
shoots in whorls (GUERRA-SOMMER, 1988). Selected leaves are oblong to
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lanceolate, with entire margins, characterized by a midrib which extends from the base
(when present) to near the leaf tip (when present) and curved secondary venation.

The revision of the material described by Fittipaldi and Rosler (1985)
and Guerra-Sommer (1992) indicated that assemblages from Figueira and Faxinal show
an overall similarity in regard to the epidermal micromorphology, particularly the
stomatal complex and the clear delimitation of costal and intercostal zones on one of the
leaf faces. However, the stomatal pattern of the G. communis leaves described by
Fittipaldi and Rosler (1985) for the Parana State remained insufficiently known because
their stomatal description was focused on the sparse ones from the adaxial leaf surface
and no stomatal counts were carried out.

Pant and Gupta (1968) described from macerated material very small
cuticular pieces of G. communis showing polygonal to irregular-shaped cells with
straight walls in order to constitute an emended diagnosis to this species. However, only

non stomatiferous zones have been observed.

2.3.2 Methods

The cuticles were mechanically lifted from the matrix rock containing
large fragments of Glossopteris compressions (FIG. 9) with the help of dissecting
needles or chisel and hammer and then macerated in hydrofluoric acid for 48 hours
(KERP, 1990). The dissolution of the rock allowed the cuticles to be released into the
liquid and then to be filtered and gently washed in distilled water until neutralization.

The cuticles from Figueira coalfield were sampled from a total of 11 leaf
fragments. They were bleached with dilute Schulze solution for 48 to 60 hours,
according to Fittipaldi and Résler (1982). After being washed with distilled water, the
cuticles were submersed in KOH 10 % for five minutes and then washed again.

The dilute Schulze solution was employed in the preparation of the
material from Faxinal with no success. It was then necessary to use an alternative
method described by Gray (1965) employing saturated dry Schulze solution.

The cuticles from Faxinal coalfield were sampled from a total of 59 leaf

fragments. They were macerated with the dry Schulze solution for two hours, then
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gently washed and submitted to a bath in KOH 5 % for five minutes and washed again
with distilled water (KERP, 1990).

FIGURE 9 - Rock slabs bearing compressed fragments of Glossopteris leaves:
a) tonstein slab from Faxinal coalfield stored in the paleobotanical collection of
DPE-IG/UFRGS under the number PB4835
b)siltstone slab from Figueira coalfield stored in the collection of GSA-IGc/USP
under the number GP/3E-6990. Scale bars =2 cm.

All cuticles were dehydrated in pure glycerin (KRINGS; KERP, 1997)
and mounted in glycerin jelly slides with the help of a stereoscopic microscope Leica S8
APO with incident and transmitted light under magnifications between 20x and 160x.

The slides were examined using a microscope Zeiss Axioplan 2 with
objectives Plan-Neofluar and differential interference contrast filter H/DIC 1l (KERP;
KRINGS, 1999). Pictures were taken under a 400x magnification with a camera
Sony/Zeiss Cyber-shot DSC-S75 3.3 Megapixels CCD and the images were analyzed
with the software Zeiss AxioVision 4.8.1.

Epidermal cells and stomata were counted and measured in the
intercostal, stomatiferous zones. The stomatal density (SD) was determined by
manually marking the number of stomata on the computer screen and dividing the result
by the area value of the observed field to obtain the number per square millimeter
(SALISBURY, 1927).

The stomatal index (SI) was calculated using the formula introduced by
Salisbury (1927) SI= 100S/(E+S), where S represents the number of stomata and E the
number of epidermal cells per unit area (KERP, 1990). This formula expresses the

stomatal frequency independently of the size of the epidermal cells in order to
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compensate for the effects of leaf expansion (POOLE; KURSCHNER, 1999). All cells
were counted manually by marking them on the computer screen.

Data analysis was performed using the MULTIV 2.63 for Windows
statistical software (PILLAR, 2006). ANOVA with permutation tests (PILLAR;
ORLOCI, 1996) was employed to evaluate the effects of the factor ‘site’ (Faxinal vs.
Figueira) on the stomatal results. Euclidean distances were used as dissimilarity index,
and the sum of squares between groups (Qb statistics) was used as test criterion
(LEGENDRE; LEGENDRE, 1998).

The fossils from Figueira coalfield are stored in the collection of the
Departamento de Geologia Sedimentar e Ambiental, Instituto de Geociéncias,
Universidade de S&o Paulo (GSA-1Gc/USP) under the code GP3E. The fossils from
Faxinal coalfield and all the slides prepared for this study are stored under the code PB
in the collection of the Paleobotanical Section of the Departamento de Paleontologia e
Estratigrafia, Instituto de Geociéncias, UFRGS (DPE-IG//UFRGS).

2.4 RESULTS

The material from Faxinal yielded excellent slides and, from a total of 59
leaf fragments sampled, 43 cuticle fragments could be analyzed.

The cuticles from Figueira coalfield were sampled from a total of 11 leaf
fragments. However, only 5 fragments yielded well preserved cuticles from which
measurements could be made, since the material appeared to be decayed.

Epidermal cells were clearly visible in the Faxinal material (FIG. 10),
while in the material from Figueira the cell walls weren’t always preserved. Therefore,
cell counts could not be obtained for the most part of Figueira material.

The adaxial leaf surface of G. communis is highly cutinized, mostly
devoid of stomata and is composed by elongate, subrectangular cells. Papillae are absent
from this lamina surface. The abaxial epidermis is less cutinized, with elongated
polygonal or subrectangular cells bearing a single papilla in the costal zones, while
those of the intercostal zones consist mostly of subsidiary cells which are polygonal,
sometimes subtriangular, subquadrangular, oval or irregularly shaped. Stomata of

abaxial surface are haplocheilic and occur randomly oriented and sunken, with 4 to 8
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(generally 5-7) subsidiary cells arranged in irregular rings, each bearing a prominent

hollow papilla arching over the stomatal pore in the center. Subsidiary cells are

FIGURE 10 - Stomatal pattern of Glossopteris communis under magnification of 400x in
transmitted light microscopy. Stomatal apparati are composed by 4-8 subsidiary
cells, generally 5-7, each featuring a hollow papilla which arches over the
stomatal pore in the center. *Note the subsidiary cell shared between two
adjacent stomatal apparati. Slide of Faxinal coalfield material stored in the DPE-
IG/UFRGS collection under the number PB4801-37-021. Scale bar = 100 pm.

The results of stomatal counts are given in TABLE 1. Calculations for
both SD and Sl for the two stratigraphical levels indicate an increase of approximately
20% in stomatal frequencies from the older (Sakmarian) to the younger (Artinskinan)
strata. Mean densities increased from 234.73 mm™ in the Faxinal coalfield to 284.14
mm™ in the Figueira coalfield, and indices increased respectively from 15.7 (mean) to
18.9. The trend in stomatal density observed in the Sakmarian to the Artinskian of

coalfields in the Rio Bonito Formation is represented in FIG. 11.
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FIGURE 11 - Trends of stomatal density and index in Glossopteris communis observed in the
Sakmarian (Faxinal coalfield) to Artinskian (Figueira coalfield) of the Parana
Basin, Brazil (after model by CLEAL; JAMES; ZODROW, 1999). The Faxinal
sample is shown against the absolute dating by Guerra-Sommer et al. (2008).
The Figueira sample is plotted according to data by Holz et al. (2010).The bar for
each sample represents the total range in stomatal frequencies observed, joined
by the mean values through a dashed line. Stomatal index of Figueira samples is
based on only one count.
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TABLE 1
Calculation results of epidermal cell density, stomatal density and stomatal index
a) results for Faxinal coalfield (Sakmarian)
b) results for Figueira coalfield (Artinskian)

(a) Faxinal coalfield (Sakmarian) ED SD Sl

Mean 1269.74 234.73 15.7
Minimum 977.68 160.78 12.6
Maximum 1779.03 328.06 18.75
Standard deviation 203.80 36.26 1.51
Coefficient of variation (%) 16.05 15.45 9.66

NL=59; NC= 43; NE=5355; NS=992

(b) Figueira coalfield (Artinskian) ED SD Sl
Mean 979.14 284.14 18.9
Minimum 204.04

Maximum 481.26

Standard deviation 74.81

Coefficient of variation (%) 26.33

NL=5; NC= 17; NE=90; NS=355

ED= epidermal cell density SD= stomatal density

Sl= stomatal index NL= number of leaves sampled

NC= number of cuticle fragments analyzed NE= number of epidermal cells counted
NS= number of stomata counted ... = not available

Sl calculation could be carried out on only one cuticle fragment from
Figueira and therefore statistical analysis could only be applied to the SD data.

The difference found for SD between the two sites is statistically
significant, being P between groups = 0,0018 (TABLE 2). The test applied is
sufficiently robust and did not require data transformation, despite the sampling

difference between the two sites in the data here presented.

TABLE 2
Results of ANOVA data analysis
Permutation tests were used to evaluate the effects of the factor ‘site’ (Faxinal vs. Figueira) on
the stomatal densities.

Source | Sum squares (Q) | P(QbNULL>=Qb) *
site
Between groups 29742 0.0018

* P probabilities generated for sum squares (Qb), except for interactions, where F=Qb/Qw was
employed as testing criterion.
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2.5 DISCUSSION

There are no published records that could be directly compared to the
present results. Previously published data by Pant and Gupta (1968) for cuticular
analyses in different species of Glossopteris from the Raniganj Coalfield (Wordian) do
not include stomatal counts for G. communis, as did not the description by Fittipaldi and
Rosler (1985). Based exclusively on micromorphological features Guerra-Sommer
(1992) described a new species for the Faxinal coalfield, G. papillosa, which could be
G. communis. Given that the specific epithet papillosa had already been employed to
designate a glossopterid species from India by Srivastava (1969), the designation by
Guerra-Sommer (1992) is invalid. It is beyond the scope of this paper to establish
formal descriptions. However, considering the association of venation and stomatal
patterns in the specimens of G. communis, it is considered here that epidermal patterns
must be included in future emended diagnosis of this species.

Taking into account that Glossopteridales is an extinct group of plants
with no living relatives or equivalents, we decided not to apply, in the present study, the
transfer functions available for Ginkgo to Sl values of G. communis. As a consequence,
the data here obtained cannot be plotted on the curve modeled by Berner and Kothavala
Geocarb 111 (2001) and Berner GEOCARBSULF (2006) for atmospheric CO; variation
in the Phanerozoic.

Thus we adopted the alternative approach by Cleal; James and Zodrow
(1999) of comparing data of a single species from different fossil assemblages in similar
paleoenvironments, but within distinct stratigraphic levels, to test the capability of
detection of CO, atmospheric fluctuations by G. communis.

According to Royer (2006), low levels of atmospheric CO, are estimated
for the Namurian-Kazanian interval. Different authors (Berner and Kothavala, 2001;
Crowley and Berner, 2001; Royer at al., 2004) associated this event to an extensive
Phanerozoic glaciation, suggesting strong coupling between CO, and temperature. Isbell
et al. (2003), instead of a continuous record of ice, argued for two shorter phases of
glaciation. The coal interval from the Lower Permian of Parana Basin can be associated
with the termination of the second ice phase and was developed during a cool phase,
from 290 until 267 Ma (ROYER, 2006).



73

The stomata frequencies obtained in G. communis can be confronted to
those of the Early Permian conifer Lebachia frondosa. This species, among other taxa,
was used by McElwain and Chaloner (1995) to give support to the hypothesis that
stomata parameters in fossil leaves would have potential value for detecting changes in
the atmospheric CO, concentration through geological time. The difference range
between the stomatal frequency here calculated and of L. frondosa is narrow. Whereas
mean SDs in G. communis vary between 234.73 and 284.14, in L. frondosa it
corresponds to 309. The mean Sl values obtained for such distinct species as conifer
(14.6) from the Tropical Summerwet biome and glossopterid (15.7 to 18.9) from the
Cool Temperate biome (sensu Rees et al. 2002) also display uniformity (cf. Beerling;
Royer, 2002). A consistency is evidenced through the inferences of global low levels of
atmospheric CO, during the Lower Permian as predicted by the GEOCARB model
(Berner, 1991, 1994; Berner and Kothavala, 2001). On the strictly northern hemisphere
reconstructions published so far, this could be the first cross-check with southern
hemisphere stomatal data as expected by Beerling and Royer (2002).

G. communis in the Sakmarian has lower stomatal frequencies than in the
Artinskian, implying relatively higher levels of atmospheric CO, during the former
interval. Many factors could have influenced this trend. Considering the absolute age of
290.6 1.5 Ma (Sakmarian) for the Faxinal coalfield (GUERRA-SOMMER et al.,
2008b) and the relative age of the Figueira coalfield (Artinskian) according to the
chronostratigraphic chart by Holz et al. (2010) for the Permian of Parana Basin, a
probable time span of about 8 Ma should have occurred between peat formation in the
southern and the northeastern part of the basin. Additionally, the multiple coal seams
(five or more), continuous and above one meter thickness registered at the Sakmarian
southern coalfields are indicative of extensive peat accumulating swamps, generated in
barrier-lagoon depositional system, found behind barrier (ALVES; ADE, 1996; HOLZ
et al., 2010). On the other hand, only one thin (about 0.6 m thickness) and
discontinuous coal bed is found in the northeastern part of the basin at the Artinskisan,
generated in restricted peat swamp areas developed in saturated ambits of delta plain
systems (ZACHARIAS; ASSINE 2005). During the generation of peat mires in these
northern areas, wetland forests were disappearing in the Brazilian Parana Basin as
indicated by palynostratigraphic data (HOLZ et al., 2010). An overall change in flora

composition is marked by the transition of Vittatina costabillis Zone to the
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Luekisporites wyrkae palynozone right after the coal deposition of Figueira coalfield
attributed to climate change and tectonic activity (HOLZ et al., 2010).

A relation between the low stomatal frequencies of G. communis in the
Sakmarian (Faxinal coalfield) of the southern Parani Basin and the development of
extensive mires can be inferred here. This important and extensive event of peat
generation may have been sufficient to reverse regionally and temporarily the reduction
trend in atmospheric CO, according to the global curves established by the GEOCARB
model (BERNER; KOTHAVALA, 2001). Studies in present-day peatlands point out
that this type of environment plays a significant role in the emission of greenhouse
gases, especially under warming and flooding conditions (AERTS; LUDWIG, 1997;
BILLINGS et al., 1982; McKENZIE et al., 1998) On the other hand, the younger peat
mires developed in the northern areas of the basin were very sparse and therefore
insufficient to affect the general low trend in atmospheric CO,.

It must also be observed that the integration of the results presented in
this study with previously published data for the Faxinal coalfield (GUERRA-
SOMMER et al., 2008a; JASPER et al., 2009) allows us to infer that volcanic events
could be identified as one of the potential sources of greenhouse gases.

According to Guerra-Sommer et al., (2008b) the volcanism detected in
the southern Brazilian coal interval through the presence of tonstein layers was
interpreted as the same which produced the Choioy Group in western Argentina
(LOPEZ-GAMUNDI, 2006). Nevertheless, unpublished data (verbal communication
Dr. Jodo Orestes Schneider Santos) leads to the hypothesis that in the Brazilian region

the explosive event occurred in closer surrounding areas, still unidentified.

2.6 CONCLUSIONS

Finer-scale patterns of atmospheric CO, variations were detected for a
8Ma interval in the Lower Permian of the Parana Basin using stomatal frequency in G.
communis from two assemblages of different age intervals (Sakmarian and Artinskian).

The lower stomatal frequencies observed at the climax of the peat

deposition interval (Sakmarian) during a phase of globally estimated low
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paleoatmospheric CO; is related to a temporary increase in CO; levels due to extensive
areas of peat accumulation and/or under intense ash fall due to volcanic activities.

The results show that the permian Glossopteridales can be used as CO,-
proxies. Although the evidence does not give direct results about the past atmosphere
which could be compared to present-day levels, it does reveal fluctuations within the
Sakmarian —Artinskian interval during the development of peat-forming systems in

Brazilian sequences.
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3 CONSIDERACOES FINAIS

3.1 RESULTADOS

O processamento do material procedente da Jazida de Faxinal resultou
em excelentes 1dminas; de um total de 59 fragmentos de folhas amostrados, foi possivel
conduzir analises em 43 fragmentos de cuticulas.

A amostragem referente a jazida de Figueira, por outro lado, foi reduzida,
pois além da menor proporc¢édo de Glossopteris ocorrente em relagdo ao total dos grupos
vegetais registrados para o afloramento, as cuticulas resultaram bastante degradadas
apos a preparacdo. Dessa forma, de um total 11 fragmentos de folhas, apenas cinco
oportunizaram contagens em 17 fragmentos de cuticulas.

Enquanto que as paredes das células epidérmicas eram claramente
visiveis no material de Faxinal, nos especimes de Figueira os contornos celulares nem
sempre eram visiveis (FIG. 12). Dessa forma, a contagem de células ficou dificultada
nesse material.

A cuticula adaxial de G. communis é bastante cutinizada, praticamente
desprovida de estdmatos, e € composta por células alongadas e subretangulares. N&o se
observam papilas nesta face. A cuticula abaxial € menos cutinizada, com células
alongadas poligonais ou subretangulares, portando uma Gnica papila, nas zonas costais
(venacdo), enquanto que as zonas intercostais (reticulo) consistem majoritariamente de
células subsidiarias. Estas sdo poligonais, as vezes de forma subtriangular,

subquadrangular, oval ou irregulares.

FIGURA 12 — Padrao estomatico em Glossopteris communis:
a) estdbmato com 5 células subsidiarias (Figueira PBGP/3E 6986-10, foto 021)
b) visdo geral do padrdo estomatico, onde predominam estdmatos com 5-7
células subsidiarias (Faxinal PB-b66, foto 013)
c) estdmatos adjacentes compartilhando (*) células subsidiarias (PB-b61, foto
022)
Laminas tombadas na laminoteca do Departamento de Paleontologia e
Estratigrafia — IGIUFRGS. Escala= 50 pm. >
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Os estbmatos da superficie abaxial sdo haploquélicos, ocorrendo em depressdes e

distribuidos sem orientacdo. Apresentam 4-8 células subsidiarias (geralmente 5-7),

arranjadas em anéis irregulares em torno do estémato, portando uma papila oca,

saculiforme, centralizada ou ndo, arredondada ou alongada, que se inclina e, em

conjunto, arqueiam-se sobre o poro estomatico (FIG. 12, a, b). Frequentemente ocorrem

células subsidiérias compartilhadas entre dois estdmatos (FIG. 12, c).

Os resultados de calculos estomaticos relativos aos dois niveis

estratigraficos estdo apresentados na TAB. 3. Resultados referentes a DEs e IEs para 0s

dois niveis indicaram um aumento nas frequéncias estomaticas a partir de estratos mais

antigos (Sakmariano) para os mais jovens (Artinskiano). Ambas as médias de DEs e IEs

aumentaram em torno de 20%. A DE média 234,73 mm™ na jazida de Faxinal aumentou

para 284,14 mm™ na jazida de Figueira e os IEs aumentaram respectivamente de 15,66

médio para 18,92. A tendéncia das frequéncias estomaticas observada no intervalo

estudado esta sintetizada na FIG. 13.
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FIGURA 13 — Tendéncias da densidade e indice estomaticos em Glossopteris communis:
observacgdes do intervalo Sakmariano (jazida de Faxinal) ao Artinskiano (jazida
de Figueira) da Bacia do Parand (segundo modelo de CLEAL; JAMES;
ZODROW, 1999). Resultados de Faxinal representados de acordo com
datac@o absoluta de Guerra-Sommer et al. (2008). Resultados de Figueira
representados de acordo com estratigrafia de sequéncias de Holz et al. (2010).
A barra horizontal para cada medida representa a amplitude total das
ocorréncias observadas (do minimo ao méximo), unidas pelos valores médios
por linha tracejada. O indice estomatico de Figueira baseia-se em uma Unica
contagem.
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TABELA 3
Resultados para densidade de células epidérmicas, densidade e indice estoméaticos
a) resultados para a jazida de Faxinal (Sakmariano)
b) resultados para a jazida de Figueira (Artinskiano)

(a) JAZIDA DE FAXINAL (SAKMARIANO) DP DE IE

Média 1269,74 234,73 15,7
Minimo 977,68 160,78 12,6
Maximo 1779,03 328,06 18,75
Desvio padréo 203.80 36,26 1,51
Variancia (%) 16,05 15,45 9,66

NF=59; NC= 43; NP=5355; NE=992

(b) JAZIDA DE FIGUEIRA (ARTINSKIANO) DP DE IE
Média 979,14 284,14 18,9
Minimo 204,04

Maximo 481,26

Desvio padréo 74,81

Variancia (%) 26,33

NF=5; NC= 17; NP=90; NE=355

DP= densidade de células epidérmicas NC= quantidade de fragmentos
DE= densidade estomética de cuticulas analisados
IE= indice estomatico NP= quantidade de células
NL= quantidade de folhas amostradas epidérmicas contadas
NE= quantidade de estbmatos contados ...= nao disponivel

A diferenca de DE entre os afloramentos € estatisticamente significativa,
sendo Valor-P entre grupos = 0,0018 (TAB. 4).

Os dados aqui apresentados diferem em quantidade amostral, porém o
teste aplicado € robusto o suficiente neste caso e ndo requereu transformacao de dados.

O caélculo de IE para Figueira foi realizado em um unico fragmento de

cuticula, portanto ndo foi possivel a comparacao estatistica para este valor.
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TABELA 4
Resultados da analise estatistica ANOVA
Testes de permutagéo foram realizados para avaliar os efeitos do fator “localidade” (Faxinal vs.
Figueira) nas densidades estomaticas

FONTE DE VARIACAO | SOMA DE QUADRADOS (Q) P(QBNULL>=QB) *
localidade
Entre grupos 29742 0,0018

(*) Probabilidades P geradas para somas de quadrados (Qb), exceto para interacdes, em que
F=Qb/Qw foi usado como critério do teste.

3.2 DISCUSSAO

N&o existem dados publicados com o0s quais se poderiam conduzir aqui
comparagdes diretas. Dados previamente publicados por Pant e Gupta (1968) abordando
a frequéncia estomatica em diferentes especies de Glossopteris para a jazida de
Raniganj (India Peninsular, Wordiano) néo incluem contagens para G. communis, bem
como os dados de Fittipaldi e Rosler (1985) e Guerra-Sommer (1992).

As Glossopteridales sdo um grupo extinto de plantas, ndo ocorrendo
formas equivalentes em floras atuais. Considerando essa peculiaridade, optou-se por ndo
aplicar no presente estudo as funcdes de transferéncia disponiveis para Ginkgo a valores
obtidos em indices estomaticos de G. communis. Consequentemente, os dados aqui
obtidos ndo podem ser plotados nos modelos de curva de CO, atmosférico obtido para o
Fanerozoico por Berner e Kothavala Geocarb Il (2001) e Berner (2006), dada a
impossibilidade de célculo da razdo estomatica.

Foi adotada, entdo, a metodologia utilizada alternativamente por Cleal,
James e Zodrow (1999), que consiste na comparacdo de diferentes associacdes fosseis
apresentando compatibilidade especie-especifica, procedente de paleoambientes
similares, mas relacionadas a intervalos estratigraficos distintos, para testar a capacidade
do taxon na detecc¢do de flutuacGes atmosféricas de CO,.

De acordo com Royer (2006), baixos indices de CO, atmosférico sdo
estimados para o intervalo Namuriano-Kazaniano. Diferentes autores (BERNER;
KOTHAVALA 2001; CROWLEY; BERNER 2001, ROYER et al., 2004) associaram
esse evento a uma extensa glaciagdo ocorrente no Paleozoico que reflete uma estreita

vinculagdo entre teores de CO; e temperatura. Isbell et al. (2003) sugerem a ocorréncia
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de dois intervalos mais discretos de glaciagdo ao invés de um Unico intervalo mais
amplo. Nessa concepgéo, o intervalo portador de carvées no Eopermiano da Bacia do
Parana desenvolveu-se em uma fase de clima ameno no intervalo aproximado de 290
até 267 Ma (ROYER, 2006), associado ao término da segunda fase glacial.

As frequéncias estomaticas obtidas em G. communis sdo aqui brevemente
confrontadas com aquelas obtidas em Lebachia frondosa, uma conifera do Eopermiano
da Franca. Os resultados obtidos para essa espécie e para outros taxa foram utilizados
por McElwain e Chaloner (1995) na sustentacdo da hipdtese de que determinados
parametros obtidos em folhas fésseis tém valor potencial na deteccdo de alteracGes na
concentracdo de CO, atmosférico ao longo do tempo geoldgico. A diferenca entre as
frequéncias aqui calculadas e aquelas obtidas em L. frondosa sdo muito ténues.
Enguanto que a DE em G. communis varia entre 234,73 (Faxinal) e 284,1 (Figueira), em
L. frondosa ela corresponde a 309. Os IEs de organismos distintos como a conifera
(14,6) procedente do bioma Tropical de Verdes Umidos e a glossopteridea (15,66 -
Faxinal e 18,92 - Figueira) do bioma Temperado Frio do hemisfério sul (sensu REES et
al., 2002) também apresentam certa uniformidade (cf. BEERLING; ROYER, 2002).
Essa evidéncia € consistente com as inferéncias de baixos niveis globais de CO,
atmosférico durante o Permiano Inferior de acordo com as predicbes do modelo
GEOCARB (Berner, 1991, 1994; Berner; Kothavala, 2001).

Os valores menores de DE e IE em G. communis do Sakmariano em
relacdo aqueles obtidos nos espécimes do Artinskiano implicariam em niveis
relativamente mais elevados de CO, durante o Sakmariano. Muitos fatores poderiam ter
influenciado essa tendéncia. Levando-se em consideracdo a idade absoluta de 290.6 +
1.5 Ma obtida para a turfeira de Faxinal (GUERRA-SOMMER et al., 2008) e a idade
relativa atribuida a jazida de Figueira de acordo com o modelo cronoestratigrafico
proposto por Holz et al. (2010) para o Permiano da Bacia do Parana, um provavel
intervalo de aproximadamente 8 Ma deve ter ocorrido na a origem da turfa entre as
porcdes sul e nordeste da bacia. Constitui também evidéncia importante a presenca de
multiplas camadas de carvao (cinco no caso de Faxinal), continuas e com espessuras
superiores a 1 metro nas jazidas de idade Sakmariano do sul da bacia. Essas
caracteristicas sdo indicativas de turfeiras extensas, as quais, de acordo com diferentes
autores teriam se desenvolvido em sistemas deposicionais de tipo laguna-barreira
(ALVES; ADE, 1996; HOLZ et al., 2010). Por outro lado, a delgada (0,6 m de

espessura) e descontinua camada de carvao ocorrente na regido nordeste da bacia no
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Artinskisano ter-se-ia originado a partir de turfeiras desenvolvidas em ambientes mais
restritos, vinculados a 4&reas saturadas de um sistema de planicie deltaica
(ZACHARIAS; ASSINE, 2005). Durante a geracdo dos pantanos de turfa no intervalo
Artinskiano nessas regides localizadas mais ao norte, as florestas imidas restringiram-se
bastante no Gondwana sul-brasileiro conforme pode ser detectado pela anélise de dados
palinoestratigraficos apresentados por Holz et al. (2010). Uma modificacdo muito
importante na composicdo floristica pode ser detectada pela transicdo da palinozona
Vittatina costabilis para a Lueckisporites virkkiae imediatamente apds o registro dos
carvdes na parte norte da bacia. Essa modificacdo no padrao floristico tem sido atribuida
a intensas modificagOes climaticas associadas a atividade tecténica (HOLZ et al., 2010).

As evidéncias aqui relacionadas permitem inferir uma relacdo entre os
valores mais baixos de DE e IE em G. communis procedente do Sakmariano da porcao
sul da Bacia do Parana e o desenvolvimento de um ambiente de pantanos com extensas
turfeiras contemporaneas nessa regido, em amplos sistemas laguna-barreira. Esse
importante evento teria sido suficiente para reverter regional e temporariamente a
tendéncia de reducdo nos teores de CO, atmosférico detectados pelos modelos
geoquimicos (e.g. BERNER, 2006).

Estudos conduzidos em turfeiras atuais concluem que elas desempenham
um papel preponderante na composi¢cdo atmosférica enquanto emissoras naturais de
gases-estufa, tais como didxido de carbono, metano e 6xido nitroso. Em contato com a
atmosfera, o metano, principal gas dali emanado, é rapidamente oxidado, gerando CO,
(RETALLACK, 2001). Nestes ambientes, caracteristicamente, detritos vegetais nao-
lenhosos encontram-se em decomposicdo na superficie, enquanto que o material
lenhoso, ndo decomposto, deposita-se em subsuperficie (BEHRENSMEYER; HOOK,
1992).

Por outro lado, a influéncia dos pantanos de turfeiras esparsas e pouco
extensas em areas saturadas da planicie deltaica no Artinkiano na regido nordeste da
bacia teria sido insuficiente para alterar a tendéncia global de baixos teores de CO..

Deve-se também observar gque a integracdo dos presentes resultados com
informacGes previamente publicadas por Guerra-Sommer et al. (2008) e Jasper et al.
(2009) permite inferir que eventos vulcanicos também devem ser considerados como
fonte emissora potencial de gases-estufa na atmosfera do Sakmariano no sul da Bacia do

Parana.
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De acordo com Guerra-Sommer et al. (2008), o vulcanismo registrado no
tonstein da jazida de Faxinal foi interpretado como sendo 0 mesmo que produziu o
Grupo Choioy no oeste argentino (LOPEZ-GAMUNDI, 2006). N&o obstante, dados
inéditos (comunicagdo verbal do Dr. Jodo Orestes Schneider Santos) levam a
formulacdo da hipdtese de que o evento vulcanico explosivo teria ocorrido em

localidade ainda mais préxima, ainda ndo identificada.

3.3 CONCLUSOES

Padrdes de variacdo de CO, atmosférico em curta escala de tempo foram
detectados em um intervalo de aproximadamente 8 Ma no Eopermiano da Bacia do
Parana utilizando frequéncias estomaticas de G. communis procedentes de duas
associagdes floristicas relacionadas a intervalos estratigraficos distintos (Sakmariano e
Artinskiano).

Valores mais baixos de DE e IE evidenciados no material procedente do
intervalo gerador de carvdes mais expressivo na Bacia do Parand (Sakmariano), para o
qual sdo estimados baixos teores de CO, em ambito global, sdo aqui vinculados a
atuacdo temporaria de gases-estufa gerados pelas extensas areas de acumulacéo de turfa
e/ou atividades vulcénicas.

Os resultados demonstram que as glossopterideas do Permiano podem ser
utilizadas como equivalentes climaticos na deteccdo de teores de CO, paleoatmosfeérico.
As evidéncias aqui fornecidas ndo oferecem resultados que permitam estabelecer
comparacdes diretas entre padrdes atmosféricos vigentes e aqueles vigorantes no
passado, mas revelam flutuacbes no intervalo Sakmariano—Artinskiano durante o

desenvolvimento de sistemas geradores de turfa em sequéncias gondwanicas.
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3.4 RECOMENDACOES

Para ratificar os resultados aqui obtidos, recomenda-se ampliagdo da
amostragem através de coletas em turfeiras desenvolvidas no oeste (Africa do Sul) e
leste (India peninsular) do continente de Gondwana em diferentes estagios do Permiano,
bem como em sequéncias depositadas em intervalos anteriores, relacionadas aos
primeiros estagios de deglaciacdo. Tais analises poderao ser desenvolvidas em proposta

de doutorado.
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ABSTRACT — The aim of this paper was to assess, in astudy case, whether ash-fall deposition influenced the character
of the peat-forming vegetation in some coal bedsin the southernmost Parand Basin in Brazil, taking into consideration that
records of tonstein levels are common in some coal bearing-strata. An investigation was made of the uppermost Faxinal coal
seam (Coal Seam S), which displays two adjacent coal beds interbedded with atonstein level. On the basis of the botanical
affinity between the miospores and the parent plants as well as the relative abundance of the different plant groups, each
coal plant assemblage was determined. Furthermore, previous paleobotanical data obtained on the tonstein level that
identified a compressed Glossopteris flora were incorporated in the study. Palynofacies analyses performed on both coal
and tonstein levelsdemonstrated good resultsfor the recognition of preserved organic matter and changesin pal eoenvironmental
conditionsalong the coal sequence. The effect of volcanic ash-fall deposition wasreflected by changesin the character of the
vegetation associated with coal layers below and above the tonstein. Palynofacies results corroborated palynological and
paleobotanical interpretation and contributed to the establishment of the floral succession deposited over a short time
interval, under the effect of volcanic ash-fall deposition.

Key words: palynology, paleobotany, palynofacies, coal, tonstein, Parana Basin.

RESUMO - O trabalho objetivou avaliar o efeito dadeposicdo de cinza vul canica sobre o carater davegetagéo responsavel
pela formacdo de alguns carvBes na jazida do Faxinal, levando em consideragdo que registros de tonstein sdo comuns em
sequéncias de carvéo na porgéo sul da bacia do Parand, no Brasil. Em estudo de caso, foi analisada a camada de carvéo
superior (Camada S) que apresenta, na sua por¢do mais superior, dois |eitos adjacentes de carvéo intercalados por um nivel
detonstein originado de cinzavulcénica. A composi¢ao das palinofloras foi determinada com base na afinidade dos esporos
e dos gréos de pdlen e narelagdo de freqiiéncia dos diferentes grupos vegetais. Dados pal eoboténicos anteriores desenvol-
vidos nesse nivel de tonstein, que demonstraram a presenca de uma importante Flora Glossopteris, foram incorporados ao
trabalho agui proposto. As andlises de palinofacies produziram resultados significativos para o reconhecimento da matéria
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organica preservada tanto nos carvdes como no tonstein e das variagdes nas condic¢des do paleoambiente, ao longo da
sucessdo de carvao. Andlises de palinof ci es desenvol vidas tanto sobre os carv8es como sobre o tonstein demonstraram bons
resultados para o reconhecimento da matéria organi ca preservada e de mudangas nas condi ¢Oes pal eoambientais ao longo da
sequéncia de carvao. O efeito de deposicao de cinza vulcanicarefletiu-se claramente nas variagOes do caréater da vegetacéo
relacionadaaos niveisinferior e superior de carvéo. Os resultados de palinof &cies corroboraram ainterpretacdo palinol égica
e pal eoboténica, demonstrando modificagfes na composi ¢éo floristica ao longo dessa sucessdo, que foi depositadaem curto

intervalo de tempo, sob efeito da deposicéo de cinza vulcanica

Palavr as-chave: palinologia, paleobotéanica, palinofacies, carvao, tonstein, bacia do Parana.

INTRODUCTION

The coal-bearing stratain the southernmost ParanaBasin
are part of the southeastern outcrop belt of the Rio Bonito
Formation which integrates, according to Holz et al. (2002),
part of two third-order depositional sequences of the
Carboniferous-Early Triassic second-order sequence, called
S2 and S3. In Rio Grande do Sul State, most of the coal s occur
within the transgressive systems tract of Sequence 2, as
detailed by Holz (1998) and Hol z et al. (2000).

Extensive paleobotanical, palynological and
sedimentological studieson the southernmost Brazilian coal's
have demonstrated, in a general way, a close compositional
similarity of the floras from different coal seams (Marques-
Toigo & CorréadaSilva, 1984; Guerra-Sommer et al., 1991;
Cazzulo-Klepzig, 2002). Theresultsindicate the presence of
hypautochthonous coals which were recognized by
palynologica composition and accumulation of peat retarded
during drier intervals, according to the concepts of Glasspool
(2003). The coals were generated by peat-forming floras
characterized by the same basic plant groups, with minor
variations. However, relative dominance-diversity patterns
and species composition differed between the different coal
seams. In general, the microfloras are characterized by the
dominance of pteridophytic spores derived from shrub-like
and arborescent vegetation (mainly lycopsids, filicopsids and
sphenopsids) and lower representation of pollen grains of
gymnospermic plants (glossopterids, Cordaites and
conifers). Otherwise, the presence of algae and algae-like
forms has been mentioned as acommon feature in these coal
palynofloras (Cazzulo-Klepzig, 2001).

However, for the Faxinal coal-bearing strata, the focus of
the present study, prior paleobotanical and palynological
studies conducted by Guerra-Sommer et al. (1984), which
included the coals and a tonstein layer interbedded in the
uppermost coal seam (Coa Seam Sin Figure 1), referred to
significant compositiona differencesin the peat coa-forming
florain relation to other floras previously recognized for the
south Brazilian coal seams, although all the coals were
considered hypautochthonous coals. Furthermore, for the
tonstein layer interbedded in the uppermost Faxinal coal
seam, an important compressed Glossopteris flora was
described by Guerra-Sommer (1988, 1992). This
autochthonous flora is composed of leaves, branches and
reproductive structures of glossopterids, leaves of Cordaites
andfilicoid fronds.

Previous palynological results from the Faxinal coals
obtained by Dias & Guerra-Sommer (1994) for the whole
uppermost coal seam mentioned, in apreliminary anaysis, a
poorly diversified palynoflora, composed of spores produced
by a pteridophytic plant community with a dominance of
lycopsidsand filicopsidswhich arefollowed by pollen grains
of pteridosperms, Cordaites and conifers as well as algae-
like forms. However, these data contrasted with more recent
results obtained by Cazzulo-Klepzig et al. (2007). Indetailed
palynological analyses, the authors mentioned that in Faxinal
coals, mainly in the uppermost coal seam (Coa Seam S),
palynoassembl ages are marked by the dominance of bisaccate
(striate and non-striate) and monosaccate pollen grains
related to glossopterids, conifersand Cordaites. These pollen
grainsarefollowed by alow proportion of sporesof lycopsids,
filicopsids and scarce sphenopsids, which points out the
minor contribution of pteridophytic plants to the peat coal-
forming vegetation, in contrast to the majority of palynofloras
recoghized for the southernmost Brazilian coals. Otherwise,
therewasaminor presence of algal elements (incertae sedis)
or acritarchs (Maculatasporites and Portalites). In addition,
paleobotanical analyses of Guerra-Sommer et al. (1984)
identified for the same coal seam some dispersed wood
fragments, tracheids and epidermal cuticles related to
glossopteridales. Besidesthese mega- and microfloristic data,
petrological results obtained by Henz (1986) on the basis of
petrographical and chemical analyses pointed out for this
coal seam the presence of amaceral group with adominance
of vitrinite (mainly vitrite) and low amount of the exinite and
inertinite groups. Based on these results, the author also
interpreted for these coals a peat-forming vegetation
dominated by arborescent plants, corroborating palynol ogical
and paleobotanical interpretation.

These particular paleobotanical and paleoecological
characters of the Faxinal coal-forming floras suggest,
according to the authors, that the compositional differences,
mainly in quantitative terms, may have originated from parti-
cular palecenvironmental conditions. Therefore, these parti-
cular conditions could be inferred based on the record of an
important megaflora showing leaves and other fragments of
glossopterids, Cordaites and sphenopterids well-preserved
in claystone levels interbedded in the uppermost coal seam
(Guerra-Sommer, 1988).

As the peats, in a general way, yield information on the
changes of vegetation in the mire and in the surrounding
vegetation through palynomorphs (Hughes & DuMayne-
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Peaty, 2002), it is possibleto obtain, through the palynological
content, insight into the flora composition which can be a
good control for the interpretation of palynofloras from the
same coals.

Based on palynological, paleobotanic and
paleoecological criteria, a reconstruction of landscape units
and peat-forming plant communities for the peat mires in
southernmost Brazil was tentatively outlined by Cazzulo-
Klepzig (2002) and Cazzulo-Klepzig et al. (2007). For the
Faxinal coal formation, the authors suggested, based on the
peculiar characteristics of the micro- and megafloristic
content, a particular scenario for the placement of the peat-
forming environment, in contrast to the scenario previously
suggested for peat accumulation in other southern Brazilian
coals(Cazzulo-Klepzig, 2001).

Therefore, it is important to highlight the evidence of
volcanic activity recorded for the south Brazilian coal-bearing
strata, mainly in the Candiotaand Faxinal coalfields (Formo-
so et al., 1999; Matos et al., 2001; Cazzulo-Klepzig et al.,
2005; Guerra-Sommer et al., 2008a,b,c; Simas, 2008; Simaset
al., 2009). The volcanic rocks, identified as tonsteins, are
represented by discrete and continuous horizons of clay beds
interbedded within different coal seams. According to most
literature sources, under conditions favorable to coal
formation, tuffs are converted into tonsteins.

Hudle & Englund (1966) reported that tonsteins are
excellent time markers for stratigraphic and basin analyses,
corresponding to units deposited during a limited period of
time. Creech (2002) pointed out the importance of tonsteins
incorrelating different coal scamswith those stratigraphically
equivalent in adjacent coalfields, so that radiometric data
supplied by tonstein layers facilitate their application as
isochronous markersin coal bearing-strata.

Considering that U/Pb SHRIMP age determination in
zirconsfrom tonstein indicated anear contemporaneoustime
interval for coal formation in both different coal successions,
the floristic compositional differences between these coal
seams were considered as representing only local
paleoenvironmental conditions, with no stratigraphic
significance (Guerra-Sommer et al., 2008a,b,c), in contrast to
previous conceptions of Guerra-Sommer et al. (2006). This
interpretation is in accordance with the model presented by
Pfefferkorn & Wang (2007) for some peat-forming plant
communities in the Permian of Mongolia and China, which
shows a great variability of vegetation and landscapes over
ageologically short time span.

Taking into account important characteristics identified
inthe uppermost Coal Seam S, such asthe patterns of floristic
changes across the coal accumulation phase and the
important compressed flora (Glossopteris Flora) preserved
inthetonstein level (Guerra-Sommer et al ., 2006, 2008a,b,c),
and recent data from Jasper et al. (2009) recording the
presence of charcoal in thistonstein, the aim of the present
study was to estimate, in a study case, the persistence of
pal eoecological conditionsover ageologically short time span

and to evaluate the effect of ash-fall deposition on coal-
forming plants. According to Crowley et al. (1994), the water
in peat mire often increased after deposition of volcanic ash,
and palynological analysis could contribute significantly to
determining if volcanic ash-fall affected the peat-forming
vegetation in the mires, which formed the coals (Williams,
1992).

Furthermore, considering that palynofacies methods
constitute an important tool for paleoenvironmental
reconstruction and can improve the recognition of
geochemical changesin the preserved organic matter through
the identification of phytoclasts, amorphous organic matter
and palynomorphs (Gastaldo et al., 1994), results from
palynofacies analyses were incorporated into the present
study. In the literature, few studies so far have employed
palynofacies analyses as atool to interpret paleoecological
conditions controlling the process of coal formation.

GEOLOGICAL AND STRATIGRAPHICAL
SETTING

TheParanaBasinisalargeintracratonic basin (1.400.000
km?) covering part of Uruguay, Argentina, Paraguay and
southern Brazil. Basin floor subsidence, in addition to
Paleozoic sea level changes, created six second-order
sequences deposited from the Ordovician to the Late
Cretaceous, separated by regional unconformities (Milani et
al., 1998).

In Rio Grande do Sul State, according to Holz (1998) and
Holz et al. (2000, 2002), most of the coals occur within a
transgressive systemstract of Sequence 2, linked to swamps
and marshes in a lagoonal/estuary setting.

TheFaxinal coafield (Figure 1), mined by the Companhia
de Pesquisas e Lavras Minerais (COPELMI), islocated near
the town of Arroio dos Ratos, about 120 km southwest of
Porto Alegre (UTM N432.7/E6651.5) and contains 3.50 million
tons of coal reserves. It islocated close to the Agua Boaand
Sul do Ledo coalfields, in agraben, previously referred asthe
Ledo/Mariana Pimentel paleovalley (Ribeiro et al., 1987),
whichis an elongate structure trending SE-NW initseastern
portion and E-W to the west. The graben, inserted in the
basement, is 60 km long and up to 5 km wide. The three
coalfields are downthrown structural blocks, mainly controlled
by a N40°E fault system, and their extent is limited by
subsequent erosion. The Faxinal coalfield is situated in the
eastern part of the graben and includesfive coal seams, named
fromthebasetotopas: I, IM, M, MSand S. The seams are
interbedded with siltstones, claystones, sandstones and
paleosoils.

The present study focuses on the whole uppermost
Coal Seam S, of approximately 2.10 mthick, including two
coal beds, the lower being 0.60 m and the upper 1.40 m,
interbedded with a light gray clay bed of approximately
0.10 mthick, identified asatonstein layer (Figure 2: levels
a, b and ¢).
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MATERIALS AND METHODS

Palynology: sampling and analytical procedures

For thepalynological analyses, sampleswere collected from
two adjacent cod beds and from the interbedded tonstein layer
in the uppermost Coal Seam S (Figure 2: levels a, b and c).
Samples were processed in Schulze Solution (65% nitric acid;
HNO,), saturated with potassium chloride (KCIO,) and
neutralized in potassium hydroxide (KOH), enabling the rapid
maceration of the palynomorphs. A total of 200 miosporeswere
counted from each sampleto determinetherelative proportions
of miosporetaxa, following themethod of percentage frequency
cited by de Jekhowsky (1963). Assignments of dispersed spores
and pollen grains to their respective parent plant groups were
based onthecompilationsof Balme(1995), Gould & Delevoryas
(1977) and Quadroset al. (1995).

Cuticular and dispersed wood analyses were based on the
same dlides used for palynological studies, focusing on the
notablefragmentsof epidermal fragmentsand other plant debris.

Palynofacies; sampling and analytical procedures

For palynofacies studies, samples were collected from
the different cutbanks of the open pit areas aiming to compa-
re the distribution of the particulate organic matter (POM)
along the succession coal profile. Inthecoals, six levelswere
considered for the study, three of them corresponding to the
coal bed below the tonstein and the other one to the coal bed
aboveit. Inthetonstein, three different levels were analyzed

b
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Figure 1. Location map of the study area (from Simas et al., 2009).
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independently, corresponding to the basal, intermediate and
top levels(detailedin Simaset al., 2009).

Samples were first treated with HCl and HF followed by
heavy liquid (ZnCl,), in order to concentratethe organic mattey.
The isolated organic matter was then mounted on strewn
dides. The preparation technique employed wasthe standard
non-oxidative palynological procedure.
Samplepreparation for isolated ker ogen. The concentrated
organic matter was prepared using the standard procedure
described by Menezes et al. (2008). It is believed that the
about thirty-forty grams per sampl e provides enough residue.

Paynofaciesanalysiswas carried out to eval uate the content
of particulate organic matter in coal seam and tonstein. The
microscopy method combined the use of transmitted whitelight
and bluelight/UV fluorescence techniques (Tyson, 1995).

The palynofacies technique involved the qualitative and
quantitative assessment of the total organic matter comprising
theidentification of all particul ate organic matter constituents
and their size, preservation state and relative proportions.
The relative percentage of these components is based on
counting at least 300 particles per slide (Mendonga Filho,
1999). A Zeissmicroscope (AXIOSKOP2 PLUS model with
10x ocularsand 20x objective) was used to count the particles
in each sample.

Kerogen classification. The particulate organic matter
(kerogen) present in sedimentary rock hasvarious definitions
(e.g., Staplin, 1969; Combaz, 1980; Whitacker, 1984). The
kerogen classification used in this study was modified and
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extended from Tyson (1995), Mendonca Filho (1999) and
MendoncaFilho et al. (2002).

Thekerogen assemblageisarranged in three main groups
of morphological constituents: phytoclast (a continental
fraction derived from macrophyte tissue flora), AOM
(reworked bacteria derived) and palynomorph (continental
fraction including pollen grains, sporesand freshwater algae,
marine components and zoomorphs).

Graphic representation of the relative abundance of the
main componentsin each coal bed and tonstein was prepared
(Figures11-12).

RESULTS

Although palynological and palynofacies results
obtained for both coal beds show acertain similarity between
them, mainly intermsof the quaitative composition, important
floristic changeswere detected, mainly inthe coal bed above

183

thetonstein, which showsa weak presence of pteridophytic
vegetation (Figure 2).

Coal bed below thetonstein

Palynology. Palynological analyses demonstrated abundant
and well-preserved palynomorphs showing a dominance of
trilete sporesrelated to pteridophytic vegetation. Arborescent
lycopsids arerepresented by Lundbladispora (approximately
22% of the whole palynological assemblage) while
herbaceous lycopsids are evidenced by the presence of
Vallatisporites, Cristatisporites, Kraeuselisporites, making
up approximately 19%. Forms of Apiculatisporis,
Cyclogranisporites, Horriditriletes, Granulatisporites,
Punctatisporites, Leiotriletes and Convolutispora (6%)
reflect the presence of filicopsids. Scarce sphenopsids (2%)
are represented by Calamospora and Retusotriletes. This
coa palynoflora shows a compositional similarity to that
previously recognized for the southernmost Parana Basin in
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Figure 2. Lithostratigraphy of the Faxinal coal succession, indicating the uppermost coal seam (from Simas et al. 2009) displaying the coal
bed above the tonstein (a), tonstein (b) and the coal below the tonstein (c).
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Brazil, although the bissacate pollen grains appear in this case
as the most important components in the palynoassemblage
(41%). Within this group, the dominant forms are
Scheuringipollenites, Alisporites and Vesicaspora reflecting,
according to Gould & Delevoryas (1977), a conspicuous
presence of glossopteridsin the peat-forming plant community.
These taxa are followed by some monosaccate pollen grains
with botanical affinity to Cordaites, such as Cannanoropollis
and Plicatipollenites (9%) and striate pollen grains (e.g.
Protohaploxypinus and Vittatina) comprising approximately
6%), indicating that the conifers were also significant
constituents of the original plant community (Balme, 1995;
Quadroset al., 1995). Algae-like elements, commonly found
in other coal palynofloras (Cazzulo-Klepzig, 2001), are
represented mainly by Portalites, Maculatasporites and
Tetraporina (5%). Rarefragmentsof thea gaBotryococcuswere
identified (less than 1%) together with the algae-like forms
and spores derived from the terrestrial material.

Features of the environment could be interpreted from
known ecological preferences of particular plant groups.

According to DiMichele & Phillips (1994), thispaleoflorawith
a dominance of lycopsids, ferns and sphenopsids, occurring
in varying proportions together with common algal forms
characterize a hypautochthonous flora devel oped in lowland
areas surrounding the paleomire. Thisflooding environment
propitiated the development of shrub-like vegetation
(herbaceous lycopsids, filicopsids and sphenopsids) as well
as tree lycopsids due to their specialized growth and
reproductive strategies (DiMichele & Phillips, 1994). Poorly
preserved and less abundant pollen grains of arborescent
plants (glossopterids, Cordaites and conifers), suggest that,
since they are produced by these plants that flourished in
mesophylous and xerophylous environments, they were
probably transported to the mire over ashort distance. These
results confirm previous information by Guerra-Sommer et
al. (1984) and Dias & Guerra-Sommer (1994) about the
presence of pteridophytic spores together with poorly
preserved pollen grains related to glossopterids and
Cordaites. Some of the most important palynological forms
areillustrated in Figures 3A-1 and 4A-I.

Figure 3. A, Punctatisporites gretensis forma minor Hart, 1965 04978 9.2/109.0; B, Leiotriletes virkii Tiwari, 1965 4978 12.0/95.2; C,
Calamospora minuta Bharadwaj, 1967; D, Lophotriletes rectus Bharadwaj & Salujha, 1963 4978 9.7/120.0; E, Horriditriletes sp. 4244
30.3/ 90.0; F, Horriditriletes cf. H. ramosus (Balme & Hennely) Bharadwaj & Salujha, 1964 4325 12.4/104.0; G, Convolutispora candiotensis
Ybert, 1975 4301 32.1/100; H, Lundbladispora braziliensis (Pant & Srivastava) Marques-Toigo & Picarelli, 1984 4301 3.9/108.0; I,

Kraeuselisporites sp. 4325 7.8/80.5. Scale bars = 20 pm.
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Palynofacies. The organic components in this coal have
been grouped in continental organic matter. The sample
contains ahigh relative abundance of the phytoclast group,
and this fraction is represented mainly by well-preserved
stripped phytoclasts. Besides, well-preserved tracheid
tissues as well as lath and equant-shaped black particles
were observed. The palynomorphs constitute only an
insignificant part of particulate organic matter and are
represented mainly by dominant trilete spores and
bissacate pollen grains. Algal fragments were also
identified (Figure 9).

Tonstein

Palynology and paleobotany. Results from palynological
studies revealed the presence of scarce and poorly
preserved material, identified mainly in the basal level. A
scarce presence of monosaccate and bisaccate pollen

grains (Cannanoropollis and Scheuringipollenites) was
noted, comprising approximately 33% of the whole
assemblage, which were found together with some forms
of Protohaploxypinus (8%), all of them showing botanical
affinity with Cordaites, glossopterids and conifers. Poorly
preserved trilete spores (9%) reflect the weak presence of
Pteridophytain the original plant community. Only spores
of lycopsids (Lundbladispora and Vallatisporites) and
filicopsids (Punctatisporites and Granulatisporites) were
identified. Although the palynological material is poorly
preserved, a few poorly preserved tetrads of
Lundbladispora could be recognized (5%). Scarce
fragments of the colonial algaBotryococcuswereidentified
(less than 2%), as well as scarce algae-like elements
belonging to the genus Portalites (less than 2%). Other
palynological constituents were unidentifiable. The
palynoassemblage reflects a plant community dominated

Figure 4. A, Vallatisporites arcuatus (Marques-Toigo) Archangelsky & Gamerro, 1979

4244 29.3/105; B, Alisporites splendens

(Leschik) Foster, 1975 4243 9.9/109.8; C, Vesicaspora wilsonii (Schemel) Wilson & Venkatachala, 1963 4304 10.8/96.0; D, Caheniasaccites
ovatus( Bose & Kar) Archangelsky & Gamerro, 1979 4304 28.8/100.5; E, Plicatipollenites cf. trigonalis Lele, 1964 4301 28.6/100.5; F,

Protohaploxypinus sp.

4301 8.9/107.0; G, Tetraporina tetragona(Tiwari & Navale) Kar & Bose, 1976 4301

22.4/98.0; H, Portalites

gondwanensis Nahuys, Alpern & Ybert, 1968 3295 13.0/90.0; |, Maculatasporites gondwanensis Tiwari, 1964 4325 11.5/98. Scale bars

=20 pm.
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by gymnosperms (Cordaites, glossopterids and conifers),
probably formed in aforest swamp in ahabitat with periods
of standing water (Teichmuller, 1962), as suggested by the
presence of tetrads from arborescent lycopsids together
with algal forms such as Portalites (Figures 5A-E).

In contrast to the poorly preserved palynological materi-
al, previous paleobotanical analyses of this tonstein
recognized the presence of an important coalified adpressed
flora characterized by the dominance of gymnospermic forms
(Guerra-Sommer, 1988; Guerra-Sommer, 1992; Dias& Guerra
Sommer, 1984). Foliar fragments related to glossopterids are
dominant (70% of the whole association), often preserved as
foliar tufts (Figure 6), and unattached reproductive structures
wereidentified. Leavesof Cordaitesweredsoidentified aswell
as smdll fronds of sphenopterids. Furthermore, well-preserved
cuticular fragments and dispersed woody fragments are aso

abundant in the tonstein and confirm the dominance of
glossopterids and Cordaites. In the basal levels of thistonstein,
the fossil plant assemblage is composed mainly of elements
representing the canopy (glossopterids, Cordaitesand conifers),
while understorey forms (small fronds) were identified in the
upper levels. The presence of dispersed woody fragments
showing uni- and pluriserial tracheidsaswell assmall and well-
preserved epidermal cuticles related to glossopterids was also
observed. Among the epidermal debris, fragments of elongate
and square cellswith central papillae composethe most frequent
group (Figure5). Fragmentsof charcod wererecently identified
by Jasper et al. (2009), which indicates the occurrence of
paleowildfiresinthislevdl.

Palynofacies. Palynofacies analyses of the kerogens from
different parts of thetonstein layer were conducted by Simas
(2008) and indicated high percentages of phytoclasts

R—

Figure 5. A, Punctatisporites sp. 2160 3293 1.5/107.0; B, Lundbladispora braziliensis (Pant & Srivastava) Marques-Toigo & Picarelli,
1984 3293 33.2/97.0; C, Tetrad of Lundbladispora sp. 3924 32.0/102.0; D, Granulatisporites micronodosus Balme & Hennelly, 1956 3293
22.0/103.5; E, Portalites gondwanensis Nahuys, Alpern & Ybert, 1968 3293 12.0/98.0; F, general view of fragmented tracheids and
epidermal cuticles; G, fragment of epidermal cuticle showing cells with papillae. Scale bars = 20 um.
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combined with low palynomorph content.
Microstratigraphic analyses revealed the presence of
hundreds of amalgamated sporomorphs at the base level
and the presence of algal colonies of Botryococcus at the
top level (Figure 10). Special environmental conditions
have been inferred from the preservation type, which is
linked to a rapid saturation and precipitation of
palynomorphs, associated with a subaqueous deposition
of the bed. This evidence challenged the hypothesis of a
detrital input for the structured organic matter and pointed
to arapid burial process. Thus, the hypothesis of volcanic
air fall deposition corroborates the palynofacies results.
The preservation of Botryococcus colonies at the top
of the tonstein layer demonstrated the subaqueous
deposition of the bed (Traverse, 1955). Although
palynological analyses performed on the tonstein showed
scarce fragments of this alga, in contrast to the results
obtained in palynofacies studies, it isimportant to remark
that, according to Batten & Grenfell (1996), fossil
Botryococcus colonies are usually insufficiently
translucent for satisfactory study in transmitted light.
Their structure is often more clearly revealed if they are
subjected to blue light or ultraviolet irradiation, because
like other palynomorphs they have a high lipid content

Figure 6. Foliar tuft of Glossopteris papillosa Guerra-Sommer, 1992.

and the surface details are brought into relief as they
strongly respond to fluorescence (Figures 10E-F).

Thebrown color of several cuticlefragmentsand tracheids
waslinked to thermal alteration.

Coal bed abovethetonstein

Palynology. Palynological analyses on this coal provided
resultsvery similar to those obtained preliminarily by Guer-
ra-Sommer et al. (1984) and Cazzulo-Klepzig et al. (2007).
Bisaccate pollen grains are the most important group in
the palynoassemblages. The dominance of forms of
Scheuringipollenites, Vesicaspora and Alisporites is
reflected by their identification as 57% of the
palynoassemblage and point out the significance of
glossopterids in the peat coal-forming vegetation. The
presence of Cordaitesisindicated by monosaccate pollen
grains mainly of the genus Plicatipollenites (11%). Forms
of Protohaploxypinus, Complexisporites and Vittatina,
that are recorded in similar proportion to the monosacate
and bissacate pollen grains (12%), reflect the presence of
conifersin the peat-forming flora. Contrary to the majority
of coal palynofloras identified in the southernmost
Brazilian Gondwana, including the palynofloraidentified
in the coal bed below the tonstein, trilete spores of
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Peridophyta, commonly found in the coals, are sub-dominant
in this palynoassemblage ( approximately 18% of the trilete
group). Lundbladispora is the most important genus (11%),
representing arborescent lycopsids. Leiotriletes, Lophoatriletes,
Horriditriletes, Convolutispora, Punctatisporites and
Calamospora (filicopsids) are less common in the
palynoassemblage (8%). These compositional peculiarities
demonstrate that this coal palynoflorawas derived from amore

A

diverse plant community than those recorded for other South
Brazilian coals, mainly in quantitative terms. The peculiarity of
the palynofloristic composition may be confirmed mainly
considering the scarcity of algae-like elements. Portalites and
Maculatasporites are the only elements of this group (1%).
Scarce and very fragmented colonies of Botryococcus were
identified. Themostimportant palynological formsareshownin
Figures 7A-L and 8A-F.

Figure 7. A, Retusotriletes simplex Naumova, 1963 4985 8.0/97.0; B, Protohaploxypinus sp. 4980 11.8/109.0; C, Convolutispora
candiotensis Ybert, 1975 4980 9 .0/97.6; D, Lunatisporites cf. L. variesectus Archangelsky & Gamerro, 1979 4985 12.2/95.0; E, Alisporites
sp. 4984 10.0/107.0 and Protohaploxypinus sp. 4980 1.8/109.0; F, K, Scheuringipollenites ovatus (Balme & Hennely) Foster, 1975 4980
6.0/104.0; G, Protohaploxypinus cf. P. hartii Foster, 1979 4982; H, Protohaploxypinus sp. 4980 9.2/104.0; la.Complexisporites polymorphus
Jizba, 1962; Ib.Vesicaspora ovata 4983 7.0/105.0; J, K, L, Vesicaspora wilsonii (Schemel) Wilson & Venkatachala, 1963 4984 10.8/94.0.

Scale bars = 20 pm.
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Figure 8. A, Cannanoropollis sp. 4985 9.1/114.0; B, Plicatipollenites gondwanensis (Balme & Hennelly) Lele, 1964 4980 6.8/105.0; C,
Vittatina sp. 4980 5,0/124,0; D, Vittatina sp. 4980 11.9/123.0; E, Maculatasporites gondwanensis Tiwari, 1964 4983 12.0/108.6; F,
Portalites gondwanensis Nahuys, Alpern & Ybert, 1968 4980 9.9/114.0. Scale bars = 20 pm.

The dominance of subarborescent/arborescent

vegetation suggests a development in a forest swamp,
probably in asmall distant marginal part of the mire. Similar
results obtained in palynological studies which have
demonstrated the dominance of pollen grains produced by
pteridosperms in the palynoflora were confirmed through
cuticular analyses. Abundant dispersed woody fragments
(mainly tracheids) which occurred oxidized may berelated to
pteridosperms. Likewise, better-preserved pieces of cuticles
found together with the dispersed wood fragments
correspond to pteridosperms, mainly to glossopterids and
Cordaites, pointing out the significant presence of these
plants in the peat-forming vegetation. Dispersed
pteridophytic remains are subdominant and fragmented,
confirming the same characteristics shown by the
palynological content.
Palynofacies. In this sample, the terrestrial organic
components have, in qualitativeterms, asimilar composition
compared to the samplefrom the coal bed bel ow thetonstein;
however, the relative frequency differs between them. The
percentage of sporomorphs is very low, and bissacate and
striate pollen grains are dominant. Fragments of Botryococcus
are less common. The phytoclasts are dominated either by
opague phytoclasts and thick cuticular layer fragments
associated with the innermost part of the epiderm (Figures
9H, L). Thisthick cuticular debriscould indicate that the land
plant fragments came from leaves. Cuticular fragments
showed a dark-orange fluorescence, suggesting an oxidation
process that occurred as an alteration in water column dueto
the process of ash-fall deposition.

FINAL REMARKS

Palynological studies on the uppermost Coal Seam S
inthe Faxinal coalfield demonstrate that three fossil floras
may be distinguished. Thefirst, corresponding to the coal
bed below the tonstein, is indicated by the miospore
assemblage giving evidence, as awhole, of a parent plant
association composed dominantly of herbaceous and
arborescent lycopsids, Calamites and ferns, with low
occurrence of gymnosperms. Algae-like elements are
common and fragments of Botryococcus, although scarce,
wereidentified. This megafloradisplaysacomposition very
similar to that of the hypautochthonous peat-forming
vegetation recorded in the majority of southernmost
Brazilian coal-forming floras. In the peat coal-forming
environment, the vegetation, composed predominantly of
shrub-like vegetation and algal elements, was growing on
the peat swamp and surrounding areas when the ash-fall
occurred and interrupted peat deposition for a while (Fi-
gure 13, stageA).

The second one, corresponding to the intermediary
tonstein level, is represented by well-preserved leaves
and reproductive structures of an autochthonous
Glossopteris flora, which occur together with
fragmentary fronds identified as pteridophylls. A
probable selective process of preservation resulted
from the differential effect of the ash-fall on thisflora
growing on the peat. Air fall events generally allow
differential survival of organisms and cause |ess extreme
changes in the local ecology. The initial phase of ash-
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fall probably affected the arborescent plants
(glossopterids, Cordaites and conifers) representing, in
the scenario, the canopy. Leaves and reproductive
structures of these plants were drawn to the basal level
and deposited by precipitation together with saccate pollen
grains and other plant remains (Figure 13, stage B). At the
final phase (top of the tonstein), with the decrease in the
intensity of the process of ash-fall, closing a rapid time
interval of deposition, the megafloristic remains are less
common with scarce pollen grains. In this stage, the algal
content, showing abundant fragments of Botryococcus
and other algae-like elements, reflects a subaqueous
deposition and the probabl e reestablishment of favorable
conditions for peat accumulation.

The third phase, corresponding to the peat coal-
forming vegetation which originated the coal bed above
the tonstein deposition, is distinct from the plant
community which characterized the first stage of peat
accumulation (lower coal bed). The palynoflora is
dominated by bissacate pollen grains (taeniate or non-
taeniate) with botanical affinity with glossopterids,
Cordaites and conifers. These elements, found together
with dispersed woody fragments, tracheids and epidermal
cuticles, represent arborescent plant communities formed
in a forest swamp or in a habitat with short periods of
standing water. A minor representation of spores from
pteridophytic vegetation probably reflects the effect of
the ash-fall disturbance hindering pioneer plants from

Figure 9. A, B, general view of cuticular fragments, woody tissues and spore; C, D, tracheids of gymnosperm with bordered pits; E, F,
bissacate pollen grain; G, fragment of parenchyma; H, L, fragment of coal; I, J, fragment of tracheids and bissacate pollen grain; M,
amorphous organic matter. Figures A, C, D, E, G, I, L with transmitted light; B, F, J, H, M with fluorescence. Scale bars: A, B = 200 pm; C-

F =100 pm; G-M = 20 pm.
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Figure 10. A, D, fragment of upper epidermal cuticle; B, C, amalgamated spores; E, F, degraded and fragmentary colony of Botryococcus.
Figures A, B, E with transmitted light; C, D and F with fluorescence. Scale bars = 20 pm.
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Figure 11. Histogram showing the relative abundance of each component of the phytoclast group in the lower coal bed, tonstein and upper coal bed.
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Phytoclast @ Cos b o e flourishing in the marginal areas of the mire (Figure 13,

s stage C).

Thus, this floral succession deposited over a short
time interval provides clear evidence of the effect of
the ash-fall deposition on the vegetation character. The
vegetation most clearly changes across the tonstein
level and the coal bed above it. In the tonstein,
favorable conditions for organic matter preservation
were demonstrated by the well-preserved megafloristic
remains as well as by the presence of massive
associations of well-preserved amalgamated clusters
of sporomorphs through palynofacies analyses.
Palynofacies studies were shown to be an important
. : . tool for recognizing the paleofloristic evolution as well

100% 2% 8% 7% 100% as paleoecological changes and contributed to the fi-
AOM Palynomorph . . . .

_ . _ . nal interpretation. A tentative reconstruction of the
Figure 12. Ternary graphic representing relative frequency of the floristic evolution in the coal succession is outlined in
main constituents of coals and tonstein (phytoclasts, palynomorphs .
and amorphous organic matter). Figure 13.




192 REVISTABRAS LEIRA DE PALEONTOLOGIA, 12(3), 2009

Phase HYPAUTOCHTHONOUS COAL-FORMING FLORA Key

UPPER

! LYCOPSID

% CONIFER

Stage €

GLOSSOPTERIS FLORA

& GLOSSOPTERID
1

INTERMEDIARY

3

g CORDAITES

“- ' PTERIDOPHYLL (FRONDS)

< MICROALGAE

LOWER
COAL BED |TONSTEIN LAYER  COAL BED

3 A

A- CANOPY ELEMENTS

B - UNDERSTOREY FORMS

Stage A

Figure 13. Reconstruction of the floristic evolution of peat-forming plant communities in a coal succession at the Faxinal coalfield. Stage
A, representing the hypautochthonous flora composed of herbaceous and arborescent lycopsids, glossopterids, Cordaites and conifers,
growing around the mire besides algal elements (filicopsids and sphenopsids not shown in reconstruction). Stage B, representing a
compressed flora preserved in tonstein (glossopterids, Cordaites, conifers, pteridophylls, scarce lycopsids; sphenopsids not shown in
reconstruction) and algal elements. Stage C, consisting of a peat-forming plant community dominated by arborescent plants (glossopterids,
Cordaites and conifers), growing in marginal areas around the mire (coastal mires in inland areas), with lower representation of pioneer
vegetation (herbaceous lycopsids and ferns) and scarce algal elements.
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ANEXO C - Certificado de apresentacao oral PALEO RS 2009
“A tafoflora da jazida de carvdo do Faxinal: concepgdes sobre o
processo tafondmico (Formagdo Rio Bonito, Bacia do Parana,
RS)”
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ANEXO D — Resumo publicado PALEO RS 2009
“A tafoflora da jazida de carvao do Faxinal: concepc¢des sobre o
processo tafonémico (Formagao Rio Bonito, Bacia do Parana, RS)”



SOCIEDADE BRASILEIRA DE PALEONTOLOGIA
NUCLEO RIO GRANDE DO SUL

PALEO 2009

Reunido Anual da Sociedade Brasileira de Paleontologia

03 a 05 de dezembro de 2009

Sao Jodo do Polésine, RS

RESUMOS E PROGRAMACAO

EDITORES

Alcemar Rodrigues Martello

Carla Bender Kotzian

Sao Jodo do Polésine, RS

121



122

A tafoflora da jazida de carvao do Faxinal: concep¢des sobre o processo tafonémico (Formagio Rio
Bonito, Bacia do Parana, RS)

ISABELA DEGANI-SCHMIDT*
PPG em Geociéncias, UFRGS, RS, degani.schmidt@ufrgs.br
TATIANA PASTRO BARDOLA**
Depto. Paleontologia e Estratigrafia, IG/'UFRGS, RS, tatiana.bardola@ufrgs. br
MARGOT GUERRA-SOMMER
PPG em Geociéncias, UFRGS, RS, margot.sommer@ufrgs.br

A paleoflora preservada em um nivel de argilito de aproximadamente 10 cm de espessura, intercalado a uma
camada de carvdo na jazida do Faxinal, Arroio dos Ratos, RS (Permiano Inferior da Bacia do Parand), ¢é
composta majoritariamente por folhas, estruturas reprodutivas ¢ sementes de glossopterideas e folhas de
cordaites. Fragmentos de frondes filicoides estéreis, correspondentes exclusivamente a Sphenopteris,
ocorrem em baixa representatividade. Estudos prévios aceitavam uma origem detritica para esta camada de
argila, entdo designada como stratotonstein. Com base nesta interpretagdo, uma origem hipoautdctone
associada a lenta sedimenta¢do em ambiente limnico, foi proposta para a deposi¢do horizontal e densamente
empacotada das laminas foliares. Todavia, estudos recentes comprovaram uma origem vulcanica para esse
tonstein, modificando radicalmente a concepgao sobre o processo tafondmico responsavel pela excelente
preservagdo da paleoflora. Dessa forma, o espectro composicional e a paleossucessdo passam a ser
explicados por processo parautoctone ocorrido em um estreito intervalo de tempo, considerado
geologicamente instantdneo, em ambiente relacionado a deposigdo de cinza vulcanica. Devido a rapidez ¢
extensdo do mecanismo deposicional, eventos de dispersao de cinzas vulcdnicas por via aérea constituem-se
em peculiares processos sedimentares. Para a paleoflora geradora de turfa na jazida do Faxinal, esses efeitos
originaram uma sucessdao densa e horizontalizada de compressoes foliares de plantas arborescentes que
corresponderiam ao estrato superior (Glossopteris spp. e Rufloria sp.) dispostas principalmente na base do
tonstein. Por outro lado, ramos muito delicados de frondes de Sphenopteris spp., que corresponderiam ao
estrato herbaceo, ocorrem raramente, associados as por¢des superiores do fonstein. Processo semelhante é
inferido em tafoflora incluida em tufos vulcanicos no Permiano Inferior da Mongdlia, comparavel ao
processo de deposicao de fragmentos vegetais a partir da precipitagao de cinzas provenientes de atividade
vulcanica no México (El Chichdn). [Projeto Universal CNPq n® 471845/2007-8; *bolsista pos-graduagado
CNPq; **bolsista IC/CNPq].

Resultados preliminares sobre os lenhos fésseis gimnospérmicos do afloramento Agua Boa, municipio
de Sao Pedro do Sul, RS, Tridssico Superior

TATIANA PASTRO BARDOLA*
Depto. Paleontologia e Estratigrafia, IG/UFRGS, RS, tatiana.bardola@ufrgs.br
ISABELA DEGANI-SCHMIDT**
PPG em Geociéneias, UFRGS, RS, degani.schmidt@ufrgs. br
MARGOT GUERRA-SOMMER
PPG em Geociéncias, UFRGS, RS, margot.sommer@ufrgs.br
ATILA AUGUSTO STOCK DA ROSA

Depto.de Geociéncias, UFSM, RS, atiladarosa@yahoo.com

E caracterizada neste estudo uma associagdo de lenhos fosseis provenientes do afloramento Agua Boa,
localizado no municipio de Sdo Pedro do Sul, RS, incluido no Triassico Superior, Seqtiéncia Santa Maria 3
da Superseqiiéncia Santa Maria, Bacia do Parana. A abundante associagdo provém de nivel arenitico exposto
quando do corte de uma estrada. Foram selecionados 31 fragmentos com altura variando de 5 a 58 cm ¢
diametro de 10 a 38 c¢m, todos compreendendo apenas xilema secundario. Apos laminagao a amostragem foi
reduzida para 16 espécimes, dada a intensa recristalizagdo ocorrente na maioria dos espécimes. A andlise
anatomica permitiu identificar trés espécimes da morfoespécie Baieroxylon cicatricum. Os demais espécimes,
todos gimnospérmicos, foram identificados como xilotipos, dada a n@o preservagao integral de caracteristicas
que determinam morfotdxons mesozoicos. As caracteristicas que distinguem os diferentes morfotipos sdo:
Xilotipo 1 (semelhante a Prototaxoxylon): pontoagdes araucarianas predominantemente bisseriadas; Xilotipo
2 (semelhante a Baieroxylon): terminagdes dos traqueideos do xilema secundario em forma de cotovelo
(auséncia de cicatrizes em forma de olhos o que impede a designagdo como B.cicatricum); Xilotipo 3
(similares a Metapodocarpoxylon ): traqueideos septados; Xilotipo 4 (caracteristicas semelhantes a

9
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ANEXO E - Perfil paleoecolégico do tonstein da jazida do Faxinal
Distancia média de 25 m entre as parcelas em uma transeccédo de
200 m. *Localizacdo e orientacdo da transecgéo de acordo com 0s
pontos de prospeccdo da COPELMI. Destaque em azul:
cordaitaleanas ocupando nicho especifico; destaque em vermelho:
esfenopteridea indica o nivel de preservacdo do estrato herbaceo
(modificado de Guerra-Sommer, 1988).
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ANEXO F - Perfil paleoecolbgico e reconstituicdo da paleocomunidade
a) perfil paleoecologico do tonstein da jazida do Faxinal (modificado
de Guerra-Sommer, 1988)
b) sequéncia de deposicdo dos niveis fossiliferos (1- estrato
superior, 2- estrato inferior, 3- caules) e correspondéncia entre a
localizacdo dos Orgdos vegetais na camada de tonstein e na
paleocomunidade
C) reconstituicdo esquematica dos estratos superior e herbaceo
preservados no tonstein e dos efeitos da deposicdo de cinza
vulcanica na comunidade vegetal
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