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RESUMO

Perturbagdes ambientais foram detectadas em sistema de turfeira no sul da Bacia do
Parana (Mina de Faxinal, Formacdo Rio Bonito) durante o Eopermiano (idade
radiométrica 291 + 1.3 Ma, topo do Sakmariano) sob vigéncia de periodo climatico
pos-glacial da Idade do Gelo do Neopaleozoico. Além da detec¢cdo de incéndios
recorrentes, foi identificado um evento de incéndio autéctone/hipoautoctone em
vegetacdo arboérea em um horizonte no carvao contendo grandes fragmentos de
lenhos queimados comprimidos (21,8 x 13.4 cm). A influéncia de vulcanismo esta
registrada sob a forma de uma camada de tonstein (cinza vulcanica sedimentada)
intercalada ao carvao, onde estdo incluidas abundantes compressdes de folhas
glossopterideas. A analise do carvao consistiu em determinacéo de refletéancia sob
6leo de macerais do grupo inertinita em blocos polidos para confirmar a identificagéo
de carvao vegetal macroscépico e ocorréncia de incéndios na turfeira.
Adicionalmente, a observagdo da matéria organica sob fluorescéncia nos blocos
revelou que os incéndios nao afetaram a microflora, mas alteragao na fluorescéncia
evidenciou dessecagao ambiental, verificada também em laminas palinofaciolégicas.
Sob microscopia eletrénica de varredura, o carvao vegetal apresentou paredes
celulares homogeneizadas, indicando temperaturas de queima acima de 325°C, mas
nao superiores a 400°C devido aos baixos resultados de refletdncia e a preservagao
de tecido vegetal delicado. A preservacéo de floema secundario, em associagao
organica com xilema tipo Agathoxylon, é registrada ineditamente. A observacédo sob
microscopia de luz transmitida das cuticulas foliares extraidas do tonstein permitiu
descrigao detalhada de padrdes xeromoérficos que ocorrem de forma endémica nas
epidermes de glossopterideas de Faxinal e foram atribuidos a respostas adaptativas
as frequentes perturbacbes ambientais que afetaram a floresta turfosa, tais como
incéndios recorrentes por dessecagao ambiental ciclica ou influéncia de vulcanismo
regional. Esses fatores, em conjunto ou alternativamente, garantiram a dominancia
monotipica de Glossopteris pubescens nom. nov. na comunidade. O conjunto de
evidéncias indicou que os incéndios foram de superficie, em baixas temperaturas, o
transporte do carvao vegetal foi praticamente inexistente no horizonte de grandes
fragmentos de lenhos queimados e que os demais incéndios recorrentes tiveram
pouco efeito na comunidade proximal, ocorrendo regularmente nas areas de entorno

da turfeira dado o aporte de carvao vegetal macroscopico fragmentario. Durante a



fase de aquecimento pds-glacial no Permiano, os ambientes de turfeira no
Gondwana eram altamente suscetiveis a ocorréncia de incéndios dos quais as
glossopterideas se beneficiavam para manter sua dominéncia e abundancia nessas
comunidades, por possuirem eficiente plasticidade adaptativa para sobreviver a

condi¢des extremas em ambientes altamente perturbados.

Palavras-chave: carvao vegetal macroscoépico, paleoincéndios, vulcanismo, Flora de

Glossopteris, Gondwana, paleobotanica



ABSTRACT

MULTIPLE EVIDENCES OF ENVIRONMENTAL DISTURBANCES DURING THE
POST-GLACIAL PEAT DEPOSITION OF THE FAXINAL COALFIELD
(SAKMARIAN), SOUTHERN PARANA BASIN - Environmental disturbances were
detected in a peat-forming environment from the southern Brazilian Parana Basin
(Faxinal Coalfield, Rio Bonito Formation) during the lower Permian (radiometric age
291 £ 1.3 Ma, late Sakmarian) under post-glacial conditions in the Late Paleozoic Ice
Age. In addition to recurrent wildfires, an autochthonous/hypauthochthonous wildfire
event was identified in the woody vegetation from a coal horizon containing
compressed, large-sized logs (21,8 x 13.4 cm). Volcanic influence is recorded in a
tonstein layer (sedimentary volcanic ash) interbedded in the coal, where abundant
compressed glossopterid leaves are entombed. The coal analysis consisted of
reflectance measurements in polished blocks under oil of macerals of the inertinite
group to confirm the macroscopic charcoal identification and wildfire occurrence in
the peatland. Additionally, the observation of the organic matter in the polished block
under fluorescence showed that the microflora has not been affected by the wildfires,
but altered fluorescence evidenced environmental dryness, verified in palynofacies
slides as well. Under scannin electron microscopy, the charcoal showed
homogenized cell walls, indicating burning temperatures higher than 325°C, but not
higher than 400°C given the low reflectance values and the preservation of fragile
plant tissue. The preservation of secondary phloem in organic association with
Agathoxylon wood-type is a first paleobotanical record. Observation under
transmitted light of the leaf cuticles extracted from the tonstein allowed for the
detailed description of xeromorphic patterns, which have been attributed to
adaptative responses to the frequent environmental disturbances affecting the peat
forest, such as recurrent wildfires due to environmental dryness or regional volcanic
activity. These factors, collectively or in an alternating way, ensured the monotypic
dominance of Glossopteris pubescens nom. nov. in the plant community. The set of
evidences indicated low temperature surface fires, virtually inexistent charcoal
transport in the charcoalified log horizon and that the other wildfire events had little
effect in the proximal community, occurring regularly in the surrounding areas of the
peatland given the fragmentary macroscopic charcoal input. During the postglacial

warming in the Permian, the Gondwanan peatlands were highly susceptible to



wildfires from which the glossopterids benefited to maintain their dominance and
abundance in these communities due to efficient adaptative plasticity to survive under

extreme conditions in highly disturbed environments.

Keywords: macroscopic charcoal, paleowilfires, ash-fall, Glossopteris Flora;

Gondwana, paleobotany
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1 INTRODUGAO

1.1 AMBIENTES DE TURFEIRAS ATUAIS

As turfeiras tém sido utilizadas como indicadores de alteragdes
climaticas globais por serem repositorios de dados climaticos pretéritos (JACKSON;
CHARMAN, 2010), contribuindo para o sequestro global de carbono, funcionando
como reservatorios de agua e abrigando biodiversidades endémicas. As altas taxas
de acumulagdo de material orgénico autdctone ou hipoautoctone e sensibilidade
hidroclimatica guardam informagdes relacionadas a dindmica da matéria organica,
evolugdo das paisagens, mudangas climaticas e ciclos de poluicdo atmosférica
locais, regionais e globais. (SILVA et al., 2009). Esses sistemas fornecem um
registro de inumeros indicadores (proxies) de origem bidtica e abidtica dos quais é
possivel extrair informagdes para reconstrugbes ambientais (e.g. VAN HOOF et al.,
2008; CHARMAN et al., 2009; COUWENBERG et al., 2011).

Ecossistemas de turfeiras acumulam espessas camadas de matéria
organica porque a produtividade vegetal ultrapassa a decomposigdo. Atualmente a
quantidade de carbono armazenada sob a forma de turfa excede aquela
armazenada na vegetacao, sendo similar em magnitude ao reservatorio atmosférico
de carbono (TURETSKY et al., 2015).

Por possuirem maior densidade de carbono em comparagao a outros
sistemas, as turfeiras sdo ambientes-chave para a compreensao dos processos de
captura de carbono na Terra, atuando, ao mesmo tempo, como fonte de gases de
efeito estufa (metano) (LLOYD et al.,, 1998; MACDONALD et al., 2006). Elas
exercem, portanto, grande influéncia na composicdo dos gases atmosféricos,
contribuindo significativamente para mudancgas climaticas, em grande e em pequena
escala (MACDONALD et al., 2006; MARTINI; CORTIZAS; CHESWORTH, 2006). As
informacdes obtidas desses ambientes podem, portanto, ser aplicadas tanto no
estudo de problemas de natureza climatica e ecoldgica quanto da dinamica global do
carbono (CHARMAN, 2002).

A variada distribuicado geografica dos sistemas de turfeiras leva a
complexos processos de acumulagao de turfa nas distintas regides climaticas e
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zonas bidticas globais. Ndo existe um ambiente tipico de formagao de turfa, e ndo
existem padrdes unicos para caracteriza-la (RICH, 2015).

Integracbes de estudos em turfeiras atuais de diferentes latitudes
permitiram identificar que, mais do que a intensidade, a continuidade de precipitacao
ao longo do ano é fator decisivo para a ocorréncia de turfeiras em faixas tropicais
(BUSTIN, 1997). Por outro lado, em regides temperadas, a estagao fria, que coincide
com a seca, constitui fator que impede sazonalmente tanto o crescimento vegetal
quanto a decomposigao da matéria organica (LOTTES; ZIEGLER, 1994).

O papel das turfeiras de médias e altas latitudes do Hemisfério Norte
no sequestro de carbono durante o Holoceno tem sido amplamente investigado e a
contribuicdo dessas vastas zonas umidas para o ciclo global do carbono ganha
maior reconhecimento em um contexto de mudangas climaticas (e.g. VALIRANTA,;
KAAKINEN; KUHRY, 2003, YU; BEILMAN; JONES, 2009; CHAMBERS; DANIELL,
2010; GALKA et al., 2014). Analises em turfeiras do permafrost tém levado, por
exemplo, a melhor compreensao do fluxo do metano em altas latitudes. As turfeiras
da Sibéria ocidental s&do repositério de cerca de um tergo do carbono sequestrado, o
equivalente a cerca de metade do carbono atmosférico disponivel (MACDONALD et
al., 2006). Atualmente as turfeiras das faixas climaticas temperadas a frias
correspondem a 70% dos 5 milhdes de km? de turfeiras no mundo (FIG. 1), e
ocorrem entre 40 e 70° norte e sul (JACKSON; CHARMAN, 2010).

As turfeiras tropicais ainda ndo foram suficientemente estudadas como
as do hemisfério norte e boreais. A analise de turfeiras ombrofiticas na Amazonia
permitiu caracterizar a sua importancia local para o ciclo do carbono e seu potencial
como paleoarquivos de clima e dinamica vegetacional (LAHTEENOJA; ROUCOUX,
2010; ROUCOUX et al., 2013; KELLY et al., 2014). Page et al. (2002), ao analisar as
extensas turfeiras do sudeste da Asia, demonstraram a severidade dos impactos na
atmosfera global quando esses sistemas ricos em carbono séo perturbados em
decorréncia de agao antropica. Os incéndios nas turfeiras da Indonésia em 1997
liberaram na atmosfera uma quantidade equivalente a até 40% das emissdes anuais
por queima de combustiveis fésseis, a maior contribuicao ja registrada de didxido de
carbono aos niveis atmosféricos atuais.

Sob a concentragao atual de oxigénio atmosférico, relativamente baixa
em comparagao ao periodo glacial do final do Paleozoico, a liberagdo do carbono
sequestrado por queima de turfeiras decorrente de atividades antropicas, tanto nos
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tropicos quanto nas regides temperadas, foge ao padrédo dos regimes naturais de
incéndios (e.g. HIGUERA et al., 2008; GALKA et al., 2014).

FIGURA 1 - Mapa esquematico das principais areas de ocorréncia atual de turfeiras e percentual de
cobertura terrestre.
FONTE: JACKSON; CHARMAN, 2010, p. 3, FIG. 1.

A susceptibilidade a incéndios espontaneos aumenta com a elevagao
das temperaturas e dessecagdo ambiental, criando um mecanismo de
retroalimentagéo no sistema climatico, que € um processo global que se autoacelera
(REIN, 2013). Drenagem, mudancas no uso da terra e consequentes secas sao
provavelmente as principais causas que levam as condi¢cdes de alta inflamabilidade
da turfa. Eventos de igni¢cdo possiveis podem ser de origem natural (descargas
elétricas atmosféricas, autoaquecimento, erupgdes vulcanicas) ou antropogénica
(ordenamento do territério, ignicdo acidental, incéndios criminosos) (REIN, 2015).

Interpretagdes da natureza das turfeiras pretéritas a partir do estudo
das camadas de carvao com base na observacdo de turfeiras atuais tém sido
apresentadas por diferentes autores, todavia, a estrutura vegetacional, a
composicao e a distribuicdo dos biomas e dos continentes mudaram de maneiras
incontaveis desde o Neodevoniano, quando surgiram no registro as primeiras

turfeiras terrestres. Evidentemente, portanto, ndo ha analogos modernos perfeitos
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aos ecossistemas formadores de carvdo do passado geologico (MOORE, 1987,
1989).

Diferentemente da concentragao geografica atual de turfeiras, a maioria
dos carvbes do Neopaleozoico originou-se em faixa climatica tropical a subtropical,
com excegao dos carvoes de Gondwana e Angara, que se originaram em regides de
clima temperado frio (BUSTIN, 1997). Andlises integradas de cunho paleobotéanico,
palinolégico, geoquimico e petrografico tém sido desenvolvidas em jazidas de
carvao originadas em turfeiras que se acumularam no Gondwana, especialmente
durante o intervalo Carbonifero-Permiano em que vigorou a “4dade do Gelo do
Neopaleozoico” (MONTANEZ; POULSEN, 2013), dado que esses estudos permitem
observar a evolugcao de ambientes umidos em uma escala de tempo inacessivel em
turfeiras atuais e, consequentemente, fornecem subsidios preditivos relacionados a
ciclos completos de congelamento e descongelamento de calotas polares (BUSTIN,
1997).

1.2 AIDADE DO GELO DO NEOPALEOZOICO

Durante o final do Neopaleozoico, a superficie terrestre uniu-se em
uma unica massa de terras, Pangeia, circundada pelo Oceano Pantalassa. Esse
megacontinente foi subdividido em quatro regiées principais de acordo com critérios
paleogeograficos, paleoclimaticos e paleofloristicos (MEYEN, 1987; CHALONER,;
CREBER, 1988; ZIEGLER, 1990). Angara e Gondwana incluiam-se respectivamente
nas latitudes temperadas norte e sul; microcontinentes tropicais orientais
contornando o Mar de Tétis compreendiam a Cataisia, constituindo-se a Euramérica
na mais expressiva massa de terras no dominio tropical (DIMICHELE, 2014).

A Idade do Gelo do Neopaleozoico envolveu um conjunto dindmico de
eventos fisicos e bidticos no intervalo Neocarbonifero-Eopermiano (FIELDING;
FRANK; ISBELL, 2008). O acumulo de grandes volumes de gelo iniciou-se no final
do Devoniano e continuou até o Eomissisipiano, seguindo-se um intervalo de seca e
aquecimento em latitudes paratropicais e tropicais (BREZINSKI et al., 2008;
ISAACSON et al., 2008). A glaciagdo reaparece no Mesomississipiano, gerando
condi¢cbes de umidade nas regides equatoriais. As alteragdes na composi¢ao das

comunidades de floras terrestres em baixas latitudes foram respostas a ciclos
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glaciais e interglaciais evidenciados em altas latitudes (MONTANEZ et al. 2007;
FIELDING; FRANK; ISBELL, 2008; BISHOP et al. 2009; ISBELL et al. 2012;
MONTANEZ; POULSEN 2013). Nos tropicos, as alteragbes no volume de gelo
refletem-se em uma série de eventos globais de flutuagdes eustaticas que atingem
diferentes magnitudes em ciclos glaciais e interglaciais (BIRGENHEIER et al., 2009;
HORTON et al., 2012).

As camadas de carvao, que sao sedimentos climaticamente sensitivos,
refletem no Carbonifero da América do Norte e Europa os registros da alternancia de
recuos e avangos no nivel do mar representando os eventos glaciais e interglaciais.
O padrao de ocorréncia das sequéncias sedimentares € composto por ciclos de
camadas de carvao (sequéncias interglaciais) alternando-se com sequéncias de
arenitos, que sao indicativas de periodos secos, frios (glaciais) (DIMICHELE et al.,
2009).

Diferentes autores defendem a hipotese de que, durante as fases
glaciais, teria havido uma retracdo para refugios das floras interglaciais,
correspondentes em grande parte a vegetagdo das turfeiras. Na fase interglacial
subsequente ocorreria nova expansao dessa vegetagao. As floras glaciais, por sua
vez, durante intervalo interglacial, ficariam restritas a possiveis nichos em terras
altas (e.g. CLEAL; THOMAS, 2005; DIMICHELE; PFEFFERKORN; GASTALDO,
2001; DIMICHELE et al., 2009; GASTALDO; DIMICHELE; PFEFFERKORN, 1996).
No final do Eopermiano (Asseliano-Sakmariano), as camadas de gelo retrairam-se
dramaticamente, abrindo novos ambientes para que as plantas colonizassem as
altas latitudes no hemisfério sul (GASTALDO; DIMICHELE; PFEFFERKORN, 1996).

As rochas sedimentares sao chave para a precisao das reconstrugdes
paloclimaticas. Por serem diretamente influenciadas pelo clima, sdo excelentes
indicadores de suas variacbes (FLUTEAU et al., 2001). Os carvdes indicam o
desenvolvimento de antigas turfeiras e historicamente foram utilizados como
indicadores de um clima permanentemente umido, com uma forte dependéncia de
subsidéncia e niveis freaticos regionalmente altos (FALCON-LANG; DIMICHELE,
2010). No entanto, incéndios recorrentes sido registrados para esses sistemas,
indicando frequentes ciclos de dessecagao ambiental com rebaixamento temporario
do lencol freatico (GLASSPOOL; SCOTT, 2010).

Sao, portanto, diversas as evidéncias que apontam para uma ldade do
Gelo neopaleozoica dindmica, que consistia em uma série de glaciacbes

descontinuas no espago e no tempo de duragao entre menos de 1 Ma até 8 Ma,
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expandindo-se a partir de diversos nucleos (FIG. 2) (FIELDING; FRANK; ISBELL,
2008; ISBELL et al., 2012; MONTANEZ; POULSEN, 2013).

FIGURA 2 — Mapa paleogeografico e paleoclimatico do Gondwana durante a Idade do Gelo do
Neopaleozoico. Linhas tracejadas e interrogagdes indicam as melhores estimativas
(porém incertas) para as posi¢cbes geograficas e extensdes das capas de gelo.

FONTE: MONTANEZ; POULSEN, 2013, p. 634, FIG. 3.

Processos relacionados a subsidéncia, alteracdo nas taxas de
sedimentacdo, paleotopografia, modificacdes paleofloristicas, de ambientes
deposicionais, de alteragdes do nivel de base e transgressdes marinhas, além das
alteragdes expressivas nos niveis de gases atmosféricos, foram os principais fatores
atuantes no desaparecimento das extensivas turfeiras que ocorreram nas faixas
climaticas umidas temperadas ao sul (Gondwana) e também ao norte (Angara) de
Pangeia durante o Permiano (LANGFORD, 1991).

Para Fielding et al. (2010) é pouco provavel que as glaciagdes
neopaleozoicas fossem globalmente sincronas. Ao invés disso, 0 registro
estratigrafico aponta para um mosaico de eventos assincronos no espago e no
tempo. Isso fez com que a visdo do Neopaleozoico evoluisse de um modelo estavel
em longo termo para um novo modelo de mudangas dinamicas com respostas
bioldgicas e climaticas a intensas oscilagdes glaciais-interglaciais de forma analoga
a recente transigdo que marca o inicio do Holoceno (MONTANEZ; POULSEN, 2013).
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1.3 INCENDIOS EM TURFEIRAS DO NEODEVONIANO

Eventos de incéndios que se intensificaram desde o Siluriano até o
Eodevoniano detectados por Scott e Glasspool (2006) correlacionam-se com os
elevados niveis de oxigénio paleoatmosférico estimados por Berner (2006) para
esse intervalo. A auséncia de registros significativos de carvao vegetal no
Mesodevoniano durante o desenvolvimento das primeiras florestas caracterizou
essa época como um hiato no registro do carvao vegetal (charcoal gap), o qual tem
sido mais recentemente atribuido a baixos teores paleoatmosféricos de oxigénio do
que a auséncia de combustivel (GLASSPOOL; SCOTT, 2010).

Todavia, analises petrograficas recentes em carvoes devonianos
euramericanos indicaram que, durante o Neopaleozoico, incéndios eram mais
prevalentes do que no presente em ambiente de turfeira (GLASSPOOL et al., 2015).
Adicionalmente, a abundancia de carvao vegetal (charcoallinertinita) indica um
aumento dramatico nos teores atmosféricos de oxigénio (pO) durante os ultimos 10
a 15 milhdes de anos do Devoniano, sendo estimados como superiores aos niveis
atuais (GLASSPOOL et al., 2015).

A presencga de carvao vegetal (inertinita) como elemento aléctone em
folhelhos negros marinhos do Devoniano sugere a disseminagdo de sistemas de
incéndios de superficie em vegetagcdo dominada por pteridofitas e licéfitas. Com
base em resultados de refletédncia da inertinita, temperaturas moderadamente altas
(550°C) foram estimadas (RIMMER et al., 2015).

1.4 INCENDIOS EM TURFEIRAS TROPICAIS DO CARBONIFERO
EURAMERICANO

A ocorréncia de incéndios em turfeiras do Carbonifero na Provincia
Euramericana tem sido fartamente registrada em bacias da Europa (e.g. SCOTT,
1990; SCOTT; JONES, 1994; FALCON-LANG, 2000; UHL; KERP, 2003; UHL et al.,
2004) e América do Norte (e.g. SANDER, 1987; SANDER; GEE, 1990; FALCON-
LANG, 2000; DIMICHELE et al., 2004). As evidéncias fornecidas pela presencga de

carvao vegetal como indicador de incéndios tém sido usadas para inferéncias de
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carater paleoecologico, paleoambiental e paleoclimatico (e.g. BELCHER et al.,
2010a; BOND; SCOTT, 2010; UHL et al., 2010; UHL; JASPER; SCHWEIGERT;
2012).

1.5 INCENDIOS EM TURFEIRAS DA CATAISIA

Nado existem relatos de evidéncias de incéndios em turfeiras da
Cataisia, todavia, Wang e Chen (2001) referiram abundante carvao vegetal ao final
do Permiano apds o desaparecimento dos sistemas deposicionais de turfeiras no
norte da China e relacionaram os incéndios com o desaparecimento das florestas de

licofitas que teriam ainda persistido na regido até o final do periodo.

1.6 INCENDIOS EM TURFEIRAS DE ANGARA

Lenhos gimnospérmicos atribuidos a cordaiteanas sobressaem-se no
registro sob a forma de carvao vegetal (HUDSPITH, 2012a). Apesar de diferencas
taxondmicas na composigao da vegetacado — Flora de Glossopteris no sul e Flora de
Rufloria no norte (e.g. DIMICHELE; PFEFFERKORN; GASTALDO, 2001) — a
anatomia do carvao vegetal e os altos teores de inertinita nos carvoes de Gondwana
e Angara nesse periodo sugerem a ocorréncia de tipos de incéndios similares
(HUDSPITH, 2012b).

1.7 AS TURFEIRAS TEMPERADAS DO GONDWANA NO PERMIANO

Paralelamente a constituicdo de Pangeia, os ultimos vestigios da Idade
do Gelo do Neopaleozoico (335-260 Ma) sao evidenciados no hemisfério sul durante
o Eopermiano. O supercontinente de Gondwana estendia-se desde o equador até a
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regidao polar (FIG. 3) e sofreu influéncia de extremas oscilagbes climaticas
(MONTANEZ; POULSEN, 2013).

FIGURA 3 — Mapa paleoclimatico e paleofitogeografico do Eopermiano (280 Ma). Chave: Verde=
carvao; azul= bauxita/laterita; vermelho= calcrete; amarelo= evaporito
FONTE: SCOTESE, 2000.

Indicadores litolégicos, entre eles os carvdes, foram utilizados para
mapear a localizagao aproximada de quatro zonas climaticas caracterizadas no
Gondwana como 1) tropical umida, 2) subtropical quente e seca, 3) temperada e 4)
polar, de forma analoga aos modernos gradientes latitudinais que ocorrem
atualmente no Hemisfério Norte (ARCHANGELSKY, 1996; CUNEO, 1996; LI; WU,
1996). No entanto, tem-se demonstrado que essas faixas climaticas néo
permaneceram estaveis e que ndo havia uma calota polar permanente e unica
durante a Idade do Gelo do Neopaleozoico (FIG. 2; MONTANEZ; POULSEN, 2013;
DIMICHELE, 2014; GLASSPOOL et al., 2015).

No Gondwana como um todo no Eopermiano, a composicao floristica
das turfeiras temperadas, onde as gimnospermas, principalmente as
glossopterideas, tornaram-se importantes componentes, € nitidamente distinta
daquela da Euramérica no Pensilvaniano e da Cataisia no Eopermiano, que eram
dominadas por licofitas arborescentes e pteridofitas. (GREB; DIMICHELE;
GASTALDO, 2006). As turfeiras de climas temperados em Angara, embora também
eminentemente gimnospérmicas, eram compostas principalmente por plantas
cordaiteanas de tipo Rufloria (DIMICHELE; PFEFFERKORN; GASTALDO, 2001).
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A composicdo das turfeiras gondwanicas, desenvolvidas em uma
grande variedade de tipos de ambientes umidos, também incluia esfendfitas
dominantemente herbaceas, pteridofitas, licéfitas herbaceas e semi-arborecentes e
bridfitas (GREB; DIMICHELE; GASTALDO, 2006) em diversos ambientes fluviais,

deltaicos e de laguna-barreira.

1.7.1 Incéndios em turfeiras da Antartica

McLoughlin e Drinnan (1996) relataram a ocorréncia comum de carvao
vegetal em distintos horizontes de carvdao do Permiano Superior na Antartica,
indicando periodos de seca no ecossistema gerador de turfa. Tal constatagao foi
subsequentemente confirmada por presenga de carvao vegetal nos estratos das
Montanhas Transantarticas e Principe Charles (MCLOUGHLIN; DRINNAN, 1997;
LINDSTROM; MCLOUGHLIN, 2007; SLATER; MCLOUGHLIN; HILTON, 2015).

Slater, McLoughlin e Hilton (2015) relatam que um ambiente
marcadamente sazonal influenciou as turfeiras silicificadas da Antartica no
Mesopermiano (silex do Membro Toploje, jazida de carvao Bainmedart, Montanhas
Principe Charles, Antartica oriental, Roadiano-Wordiano), evidenciado por distintas
bandas de carvao vegetal em meio a turfa. Em algumas amostras, a quantidade de
inertinita chega a 50%. A queima favoreceu a preservacéo de delicados 6érgaos de
glossopterideas e licofitas que aparecem bastante danificados quando nao
queimados, levando a inferir baixas temperaturas de queima, entre 240 e 370°C.
Fragmentos de carvao vegetal tanto macro quanto microscopicos ocorrem em

abundancia, com fragmentos de lenho acima de 5 centimetros.

1.7.2 Incéndios em turfeiras da Australia

Para o carvdao Whybrow Inferior (Neopermiano da Nova Gales do Sul,
Australia), Glasspool (2000) identificou que o padrdao comum a diversas jazidas
australianas e gondwanicas (carvao brilhante na base seguido por carvao opaco e,

apos, aumento na matéria mineral) reflete a ocorréncia de incéndios (carvao opaco)
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e consequente alteragdo da sedimentagdo e hidrologia no ambiente de deposigcao
(entrada de matéria mineral), com implicagbes nas taxas de acumulagdo dos
carvoes permianos. Um evento principal de incéndio foi relacionado com uma
mudanga importante na vegetagéo, representada pelo desaparecimento de podlen,
esporangios e sementes de afinidade glossopteridea no nivel de inertinita.
Seguindo-se ao evento de incéndio, esporos de afinidade pteridofitica passam a
dominar, interpretados como colonizagdo por vegetagdo pioneira, ocorrendo
novamente, também, as sementes do nivel inferior. Glasspool (2000) concluiu que
os incéndios eram parte integral dos ecossistemas de turfeiras gondwénicos de
latitudes médias a altas.

A devastacdo causada pelo fogo nas glossopterideas, entretanto,
sugeriu que, embora essas pteridospermas fossem tolerantes a tal tipo de
perturbacao e até mesmo tivessem se beneficiado competitivamente com incéndios
sistémicos, eventos de incéndios de maiores proporgdes tinham o potencial de
causar um impacto negativo na sua prevaléncia na comunidade

A presenca de camadas de carvao no topo do Permiano Superior
australiano originada em turfeiras sob condi¢des de clima temperado contrasta com
os climas quentes, até aridos, vigentes em outros subcontinentes do Gondwana
durante o Wuchiapingiano. Isso é explicado pela rotagdo do Gondwana sobre o Polo
Sul, localizado perto da Australia durante o Permiano, permitindo a manutencao de
condicdes de clima temperado e desenvolvimento de turfeiras (ROSCHER,;
STORDAL; SVENSEN, 2011; EMBLETON, 1984; GLASSPOOL, 2000; JASPER et
al., 2013).

A presenca de carvao vegetal macroscopico em camadas de tufos
vulcéanicos intercalados em camadas de carvao indicou que atividades vulcanicas
poderiam ter atuado como fonte de ignicao de paleoincéndios na regido leste da
bacia de Sydney (GLASSPOOL, 2000).

1.7.3 Incéndios em turfeiras da india peninsular

Jasper et al. (2012) descreveram carvao vegetal macroscépico
gimnospérmico de niveis ricos em matéria organica associados a Sequéncia VI da

Formacao Raniganj, Permiano Superior, Bacia do Vale do Damodar, india, indicando
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a ocorréncia de paleoincéndios na area durante o Neopermiano (Lopingiano). Para a
Formagdo Raniganj existem relatos de ocorréncia de inertinita (de origem
pirogénica) em niveis de carvao (MISHRA; CHANDRA; VERMA, 1990; NAVALE;
SAXENA, 1989), demostrando que paleoincéndios foram eventos comuns durante a
deposicdo dos carvdes também na india no Neopermiano.

Cabe ressaltar que a dominancia de inertinita (até 48%) em carvdes
caracterizados como fusicos para o intervalo Karharbari (NAVALE; SAXENA, 1989),
de acordo com os conceitos de Scott (2010), indica alta incidéncia de incéndios nas
terras baixas associadas as turfeiras e deposi¢cao hipoautdctone desses fragmentos

gueimados nos locais de acumulagao da turfa.

1.7.4 Incéndios em turfeiras da Africa do Sul

A alta concentracdo de macerais do grupo da inertinita em todas as
amostras de carvao de diferentes localidades na Africa do Sul (Bacia Witbank) e
Transvaal Oriental (Tanzénia) é relacionada por Glasspool (2003a, 2003b) a
incéndios, de acordo com as hipdteses de Scott (2000, 2002) de que fusénio e
carvao vegetal seriam equivalentes.

Amostras de carvdo da Formacgao Vryheid (Eopermiano da Bacia do
Karoo, Africa do Sul) contendo entre 48 e 77% de inertinita indicaram que incéndios
sazonais desempenharam um papel importante naqueles sistemas de turfeiras. O
acumulo de carvao vegetal ocorreu tanto de forma autéctone quanto
hipoautdctone/aloctone, refletindo diferentes condigdes de inundagao e dessecacgao.

De maneira geral, o aumento de inertinita € seguido por um aumento
de matéria mineral, refletindo condicdbes de maior escoamento superficial. A
vegetacdo era dominada por gimnospermas lenhosas e licofitas, sendo que estas
eram mais abundantes e diversas onde o conteudo de vitrinita era maior. Evidéncias
de incéndios de dossel e de sub-superficie (queima da turfa) foram relatadas. A
auséncia de carvao vegetal de afinidade com licofitas, apesar da abundéancia de
seus megasporos, indicou que essas plantas eram menos suscetiveis a queima e,
se queimavam, tinham um baixo potencial de preservacédo. Mais provavelmente as
licdfitas ocupariam um nicho permanentemente saturado, escapando, assim, ao fogo
(GLASSPOOL, 2003a, 2003b).
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A presencga de carvao vegetal em sedimentos Permianos associados a
niveis de carvao em diferentes localidades do Gondwana confirma, portanto, que
esse tipo de evento foi amplamente disseminado no continente nos sistemas de

turfeiras.

1.8 CARVOES DA BACIA DO PARANA (BRASIL)

Com a tendéncia de deglaciagdo que se estabelece a partir do
Eopermiano na porcao sul da América do Sul, os diamictitos glaciais ndo sao mais
registrados e camadas de carvao ocorrem na por¢ao brasileira da Bacia do Parana
durante o Cisuraliano-Eoguadalupiano, em periodo climatico pds-glacial definido
com base em indicadores litolégicos, bioestratigraficos e cronoestratigraficos
(LIMARINO et al., 2014). A andlise integrada dos dados disponiveis concorda com
os resultados de Langford (1991), que indicaram que os maiores fatores que
controlaram a acumulagao, distribuicdo e preservacdao das turfeiras permianas
gondwanicas (incluindo-se ai as jazidas brasileiras) foram o paleoclima e a tecténica.

Camadas continuas e exploraveis de carvdo de até 2,5 metros de
espessura concentram-se na margem direita da Bacia do Parana e sao incluidas em
uma sucessao de sedimentos de origem deltaica e marinha (HOLZ et al., 2010) na
faixa climatica temperada em latitude aproximada de 50° (ZIEGLER et al., 2003)
durante periodo climatico poés-glacial (LIMARINO et al., 2014). O conjunto das
caracteristicas faciolégicas do pacote sedimentar aponta, segundo Holz (2003), para
um sistema estuarino influenciado por agdo de ondas que evoluiu para um sistema
deposicional laguna-barreira, onde as turfeiras se formaram protegidas das
variagoes eustaticas pelas ilhas de barreira.

As mais significativas jazidas de carvao da Formacao Rio Bonito
ocorrem no Rio Grande do Sul — jazidas de Candiota, Ledo-Butia e Faxinal
(exaurida), Santa Catarina — bacia carbonifera de Santa Catarina e Parana — regiao
de Figueira — e se depositaram no intervalo pés-glacial do Sakmariano-Artinskiano
(HOLZ et al., 2010).
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1.8.1 Carvoes do Rio Grande do Sul

As maiores jazidas de carvao da porgéo meridional da Bacia do Parana
s&o Candiota (a mais extensa de toda a bacia), Faxinal e Ledo-Butia (FIG. 4). As
distintas caracteristicas composicionais da flora identificadas entre essas trés jazidas
representam condi¢des paleocambientais locais sem conotagdo estratigrafica
significativa (SIMAS et al., 2012). Essas inferéncias concordam com a carta
cronoestratigrafica de Holz et al. (2010), que vincula o carvao no Rio Grande do Sul
a uma unica sequéncia estratigrafica de idade sakmariana, com idade média de 291
t+ 1,3 Ma obtida com base em datacdo de zircbes em tonsteins das trés jazidas
(SIMAS et al., 2012).
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FIGURA 4 — Mapa dos estados Rio Grande do Sul e Santa Catarina e designagéo das jazidas de
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FONTE: KALKREUTH et al., 2013, p. 486, FIG. 1.
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1.8.1.1 Carvoes de Faxinal

A jazida de Faxinal, localizada a aproximadamente 100 km a oeste de
Porto Alegre (RS), foi explorada no periodo de 1984 a 2009 como uma mina a céu
aberto. A jazida inclui 5 camadas de carvdo nomeadas desde a base até o topo
como I, IM, M, MS, S. Uma camada de tonstein ocorre intercalada a camada
superior S com idade média de 291 £ 1.3 Ma (Sakmariano de acordo com COHEN et
al., 2013; atualizado em 2015) e € testemunho de deposi¢do de cinza vulcanica
sobre a turfeira (SIMAS et al., 2013), um evento geologicamente instantaneo
(PROTHERO, 1990; DIMICHELE; FALCON-LANG, 2011). Essa camada, com
espessura média de 10 cm, contém uma associagdo bem preservada de fitofésseis
da Flora de Glossopteris (Guerra-Sommer, 1988).

A macroflora, preservada como compressdes carbonificadas, &
predominantemete gimnospérmica (GUERRA-SOMMER, 1992), e as folhas de
glossopterideas correspondem a 78% da associacdo (BOARDMAN et al., 2012).
Morfograficamente, foram reconhecidos os taxons Sphenopteris cf. S. ischanovensis
Zalesky 1934, Glossopteris communis Feistmantel 1876, G. indica Schimper 1869,
G. leptoneura Bunbury 1861, G. occidentalis White emend. Tybusch and lannuzzi,
2010, Glossopteris spp., Rufloria gondwanensis Guerra-Sommer, 1989, Cordaites
sp., Plumsteadia semnes Rigby 1963 e Cordaicarpus sp. Com base em analise
cuticular, foram identificados os taxons Glossopteris brasiliensis, G. papillosa e G.
similis-intermittens Guerra-Sommer (1992). A cordaiteana R. gondwanensis e a
pteriddfita (?) Sphenopteris cf. ischanovensis sao elementos sub-dominantes
(GUERRA-SOMMER, 1988).

Frequéncias estomaticas em cuticulas de glossopterideas procedentes
do tonstein de Faxinal e da regidao de Figueira (PR) calculadas por Degani-Schmidt,
Guerra-Sommer e Bernardes-de-Oliveira (2011) indicaram maior teor de CO,
paleoatmosférico para o climax do intervalo formador de carvao na jazida de Faxinal,
que possivelmente poderia ser atribuido a atividade vulcanica regional representada
pela presenca do tonstein.

A palinoflora do carvdo de Faxinal é distinta da composicao
palinologica de outros carvdes brasileiros de dominio de vegetagao pteridofitica em
relagao a gimnospérmica. O predominio de gréos de pdlen bissacados e estriados,

(Alisporites, Limitisporites, Scheuringipollenites, Vesicaspora e Protohaploxypinus)
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em Faxinal reflete a presenga de uma vegetagao formadora das turfeiras constituida
principalmente por glossopterideas, cordaitaleanas e coniferas (FIG. 5). Esporos
triletes derivados de licdfitas, esfendfitas e pteridofitas (sensu TAYLOR; TAYLOR;
KRINGS, 2009), abundantes na maioria das palinofloras dos carvdes sul-brasileiros,
como Lundbladispora, Punctatisporites, Granulatisporites, Leiotriletes, Calamospora,
Deltoidospora, Cristatisporites e Vallatisporites ocorrem em baixa propor¢ao
(CAZZULO-KLEPZIG et al., 2007).

O conjunto de informagdes tanto de carater bidtico quanto abidtico da
jazida de Faxinal remete a uma comunidade vegetal de tipo floresta turfosa em um
cenario que se distingue dos demais descritos para as turfeiras brasileiras do
Eopermiano (CAZZULO-KLEPZIG et al., 2007).

Figura 5 - Reconstrucdo da comunidade vegetal geradora do depésito de carvdo da Mina de Faxinal
com base em palinologia e paleobotéanica:
1. Elementos algalicos (associagao hidrdfila)
2. Plantas herbaceas e arbustivas (licéfitas, pteriddfitas e esfendfitas (associagado higrofila)
3. Licdfitas arborescentes (associagdo higro-mesdfila)
4. Cordaiteanas e glossopterideas (associagao higro-mesdfila)
5. Coniferas (associagéo xerdfila)

FONTE: CAZZULO-KLEPZIG et al., 2007, p. 125, FIG. 6.
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1.8.2 Incéndios em turfeiras gondwanicas brasileiras

A presenca de carvao vegetal macroscopico em sedimentos clasticos
associados a camadas de carvao tem sido registrada na grande maioria das jazidas,
desde a porgédo norte, na regido de Figueira (PR) até a porgao sul da Bacia do
Parana (JASPER et al. 2008, 2011a, 2011b, 2011c) durante o intervalo Sakmariano-
Artinskiano.

Os padrées anatdomicos preservados nos fragmentos de carvao
vegetal, identificados por observacdo em microscopio eletrbnico de varredura,
revelaram a dominéncia de xilema secundario relacionado ao tipo Agathoxylon
Hartig, o qual é comum em glossopterideas, ndo sendo, porém, exclusivo desse
grupo vegetal no Permiano. Os dados indicaram, portanto, que a vegetacao
queimada nas areas de geragdao de turfa corresponde a gimnospermas
arborescentes. Glasspool (2003b), ao registrar paleoincéndios em areas de turfeira
na Bacia do Karoo (Formagao Vryheid), identificou situagdo similar e considerou a
possibilidade de tendenciamento tafonémico, dado que esporos de licéfitas sao
identificados como elementos importantes na composi¢gao palinoldgica, enquanto
que a evidéncia fornecida pela presenga de grdaos de pdlen gimnospérmicos é mais
modesta. Possibilidades que justifiquem essas evidéncias de queima seletiva seriam
a baixa susceptibilidade das licofitas ao fogo ou, entdo, baixo potencial de
preservagao, dada a estrutura delicada de seus tecidos. A preservacao de
megasporos associada a fragmentos queimados de gimnospermas poderia indicar
que as licofitas ndo ocorrem como carvao vegetal por ocuparem ambientes
permanentemente saturados, enquanto que as gimnospermas ocupavam nichos
suscetiveis a seca ciclica ou sazonal onde incéndios ocorreriam mais facilmente
(GLASSPOOL, 2003b).

Na Bacia do Parana, evidéncias de incéndios em turfeiras que
envolveram a comunidade de licofitas arborescentes restringem-se a caules
horizontalizados e comprimidos de Brasilodendron (Carruthers) Chaloner, Leistikow
et Hill que ocorrem no teto da camada de carvao Bonito, na mina subterranea Bonito
(jazida carbonifera de Santa Catarina) onde se observou queima parcial e superficial
de tecido parenquimatico das almofadas foliares na totalidade dos fragmentos
analisados. Essa evidéncia sugeriu a ocorréncia de incéndios em densas

associagdes de licofitas subarborescentes, pouco intensos, durante estagios finais
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da deposicao de turfa, em fase de exaustdo da turfeira, provavelmente por seca
ambiental. Fragmentos de carvao vegetal macroscépico de gimnospermas ocorrem
também na base da mesma camada, detectados pela analise palinolégica que
caracterizou a dominancia de elementos gimnospérmicos na composi¢cdo da
biomassa da turfeira (MENDONCA FILHO et al., 2013).

A presenca de carvao vegetal macroscopico relacionado a tecido
condutor de licofitas subarborescentes é registrada também no afloramento Quitéria
(RS), em uma sucessao de niveis de conglomerado associados a centimétricas
camadas de carvdo e a um paleossolo onde se preservaram as bases de caules e
radicelas de Brasilodendron pedroanum (Carruthers) Chaloner, Leistikow et Hill em
posicao de crescimento (JASPER et al, 2008).

Elevado conteudo de inertinita detectado em analises petrograficas de
diversas camadas de carvdes da Bacia do Parana (KALKREUTH et al., 2006; SILVA
et al., 2008; COSTA et al.; 2014) também foi considerado por Jasper et al. (2013)
como evidéncia de paleoincéndios na area de deposicado da turfa e em terras baixas
circundantes. Para o tonstein intercalado a camada S da mina de Faxinal, Jasper et
al. (2011a) observaram que a presenca de inertinita no carvdo acima e abaixo do
tonstein poderia indicar que os incéndios ndo estariam unicamente relacionados ao
evento gerador da cinza vulcanica.

As evidéncias fornecidas pela presenca de carvao vegetal macro e
microscopico em ambientes de geracao de turfa na Bacia do Parana indicam que
incéndios eram eventos sistémicos e comuns nesses ambientes ao final de periodo
climatico glacial de longa duracdo em intervalo pos-glacial. Tais resultados
sugeriram a ocorréncia de incéndios nas terras baixas muito proximas a area de
deposigao da turfa.

Incéndios seriam potencializados pela ocorréncia de perturbagdes
ambientais que se traduziam em fases de seca periddica em regides de terras
baixas costeiras, sob condigdes climaticas transicionais entre climas umidos e
sazonalmente secos. A instalagao e intensificacao desse regime climatico culminaria
com o desaparecimento das extensivas turfeiras gondwanicas e ndo gondwanicas
de latitudes temperadas em Pangeia, com condigdes ambientais muito secas no final
do Permiano.

Considerando a importancia dos dados indicadores de incéndios em
turfeiras que afetaram todo o Gondwana (JASPER et al.,, 2013), é possivel

correlacionar a ocorréncia de incéndios a crises recorrentes de aquecimento global
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durante o declinio do periodo glacial permiano conforme detectado por Retallack
(2013) (FIG. 6). Muito embora os eventos glaciais-interglaciais neopaleozoicos
tenham sido provavelmente assincronos (FIELDING; FRANK.; ISBELL, 2008),
Retallack (2013) considerou que picos paleoatmosféricos de dioxido de carbono em
escala global, estabelecidos através de multiplos indicadores, teriam afetado o clima
em todo o planeta (FIG. X). Um importante evento de aquecimento detectado
durante o Sakmariano no Gondwana (GASTALDO; DIMICHELE; PFEFFERKORN,
1996; MONTANEZ et al. 2007), indicado também por Retallack (2013) (FIG. 6),
marca uma grande mudanga floristica, refletida pelo dominio das glossopterideas
(IANNUZZI, 2010).

FIGURA 6 — Correlagdes globais de crises de efeito estufa (greenhouse) durante o Permiano e
Triassico. Destaque feito para o Sakmariano (seta). Idades baseadas em Gradstein et
al. (2004).

FONTE: RETALLACK, 2013, p. 100, FIG. 9.
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1.9 INCENDIOS E GERAGAO DE CARVAO VEGETAL

O fogo € um dos elementos de perturbagao inerentes as comunidades
vegetais, com papel na renovagéo e evolugdo de individuos, espécies e populagdes
(RAUP, 1981). Enquanto perturbagdo ecoldgica, o fogo envolve fatores fisicos e
biologicos. A disponibilidade de material combustivel depende da produtividade
biolégica de uma comunidade vegetal. As variaveis que influenciam a ocorréncia de
incéndios na vegetagdo abrangem o acumulo de combustivel na forma de material
vegetal produzido por fixagdo fotossintética de carbono, clima favoravel a
dessecacdo ao menos sazonal para que haja ignicdo do material, composigao
atmosférica propicia a combustdo (abundancia de oxigénio) e mecanismo de igni¢ao
(COPE; CHALONER, 1985).

Entretanto, observou-se uma correlacdo entre alta frequéncia de
carvao vegetal no registro geolégico em ambientes permanentemente alagados
(turfeiras) e picos de teores estimados de oxigénio atmosférico nos periodos Permo-
Cabonifero e Cretaceo (SCOTT, 2000, 2002; SCOTT; GLASSPOOL 2006, 2007;
SCOTT et al. 2000; BELCHER et al., 2010b; DIESSEL, 2010; GLASSPOOL; SCOTT,
2010; BELCHER; COLLINSON; SCOTT, 2013; GLASSPOOL et al., 2015). Em
comparagao com os niveis atuais de oxigénio na atmosfera (21% pO.), teores de 25-
30% aumentariam a combustibilidade de material vegetal mesmo umido (SCOTT et
al., 2014).

Com base em dados experimentais, Scott e Glasspool (2006)
estabeleceram limites que definem a 4anela de incéndios” (FIG. 7), confirmando as
estimativas feitas anteriormente por Jones e Chaloner (1991). Sob pO, abaixo de
13%, geralmente ndo ha ignigdo e propagacao de incéndios, mesmo que o
combustivel esteja seco. Entre 13% e 16%, incéndios seriam raros, ocorrendo
somente com combustivel muito seco. Entre 18% e 23% a ocorréncia de incéndios é
semelhante ao que ocorre atualmente sob 21% pO,, facilitada por estagbes secas.
Acima de 25%, incéndios tornam-se amplamente disseminados, principalmente em
regides de clima mais umido devido a prevaléncia de descargas elétricas
atmosféricas. Acima de 30% pO,, a atividade de incéndios ocorreria globalmente e,
a partir de 35%, nao seria possivel extinguir os incéndios (SCOTT; GLASSPOOL,
2006; BELCHER; COLLINSON; SCOTT, 2013). Watson e Lovelock (2013)

demonstraram que, sob 25% pO,, ocorre queima de matéria vegetal contendo até
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72% de umidade e, sob 30% pO,, até mesmo material coberto por agua pode
queimar. Isso significa que em periodos de pO, muito alta, a dessecacdo ambiental

é praticamente irrelevante para a ocorréncia de incéndios (HE et al., 2015).

FIGURA 7 — A —gnela de incéndios”’. Probabilidades de queima estimadas em fungido da
concentragao atmosférica de oxigénio.
FONTE: BELCHER; COLLINSON; SCOTT, 2013, p. 232, FIG. 12.3.

Entre as inumeras variaveis que influenciam o inicio e propaga¢ao do
fogo, trés sao essenciais, denominadas como -tidngulo do fogo” (FIG. 8): 1) energia
suficiente para ignicdo e manutengdo do calor, 2) combustivel em quantidade
suficiente para propagacao do fogo e 3) pronta disponibilidade de oxigénio (SCOTT
et al., 2014).

Combustivel

FIGURA 8 — O —ridngulo do fogo”: elementos necessarios para ignicédo e manutengao do fogo.
FONTE: BELCHER; COLLINSON; SCOTT, 2013, 2013, p. 232, FIG. 12.2.

Cope e Chaloner (1985) relacionaram as seguintes cinco principais
fontes naturais de ignicdo de incéndios: descargas elétricas atmosféricas (raios),

atividades vulcanicas, faiscas por atrito de deslizamento de rochas, combustao



34

espontanea e impactos de meteoritos. A alta frequéncia de raios era o principal fator
que controlava a ocorréncia de incéndios no passado geologico, tendo sido
suplantada pela agao antrépica no Holoceno (SCOTT, 2000).

Os tipos de incéndios podem ser de superficie, de dossel e de sub-
superficie (FIG. 9). Frequentemente os incéndios naturais iniciam-se pela superficie,
onde ha grande quantidade de material depositado (serapilheira). De maneira geral,
a temperatura desse tipo de incéndio € de até 400°C. Se o nivel do lencol freatico
estiver muito baixo, o fogo pode atingir a sub-superficie que, no caso de turfeiras, é
a turfa propriamente dita. Estando a turfa suficientemente seca, ela queimara muito
lentamente em um incéndio sem chamas e com pouca fumaga, pois a
disponibilidade de oxigénio ali € baixa. O fogo de sub-superficie também pode se
propagar para a superficie, gerando chamas e aumento de temperatura. Se houver
suficiente acumulo de matéria combustivel em um ambiente de floresta, o fogo pode
alcancar os caules e a copa das arvores, propagando-se como incéndio de dossel. A
temperatura do fogo de dossel pode atingir 800-900°C e, se houver vento
alimentando o fogo com oxigénio, até 1200°C (SCOTT et al., 2014).

FIGURA 9 — Tipos de incéndio e transporte de carvéo vegetal.
FONTE: SCOTT et al., 2014, p. 59, FIG. 2.13.

O carvao vegetal é gerado por meio de pirdlise (aquecimento na
auséncia de ar) na escassez de oxigénio, ndao sendo, portanto, um produto de
oxidagao (SCOTT; GLASSPOOL, 2007). Esse processo consiste em combustdo

incompleta de material vegetal cujos compostos sao volatilizados, remanescendo um
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residuo de alto conteudo de carbono, tornando o material vegetal menos
biodegradavel e promovendo sua preservagdo durante a diagénese (COPE;
CHALONER, 1985). O carvao vegetal, por ser inerte, caracteristicamente apresenta
boa preservabilidade no registro geologico e a preservagdo da anatomia vegetal
permite identificacdo taxonémica do material (SCOTT, 2010).
Scott (2010) definiu trés tipos de carvdo vegetal com base nas
dimensdes dos fragmentos. S&o eles:
1) carvao vegetal macroscopico - maiores do que 1 mm
2) carvao vegetal mesoscopico - 180 ym até 1 mm
3) carvao vegetal microscépico - menores do que 180 um
A maior parte de carvdo vegetal macroscépico é produzida por
incéndios de superficie. Geralmente, particulas menores de carvao vegetal sao
resultado de incéndios que atingem maiores temperaturas (incéndios de dossel) ou
de material queimado aldctone.
A identificacdo de carvao vegetal deve atender os seguintes requisitos
(SCOTT, 2010): sujar as maos ao toque, coloragéo preta, brilho acetinado, textura
quebradica ou de po, fraturamento de material lenhoso em cubos (macroscépico),
farpas/fibras alongadas ou pulverizado (microscopico), apresentar anatomia
preservada (observagdo sob lupa de mao ou microscopio estereoscopico) e
homogeneizacdo da lamela média com as paredes celulares (sob microscopia

eletrbnica de varredura) (FIG. 10).

Figura 10 — Micrografias de lenho de Sequoia queimado em experimento controlado.
a) Lamela média ainda presente entre as células (seta) apds queima a 300°C por 1 hora
b) Paredes celulares e lamela média homogeneizadas apds queima a 500°C por 1 hora
FONTE: SCOTT, 2010, p.18, FIG. 8.

Através da observacdo de incéndios naturais e de experimentos,
verificou-se que grande parte do carvao vegetal microscopico desloca-se por agao
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do vento, mas o principal agente de transporte € a agua. Chuvas podem transportar
o material junto com sedimento por escoamento superficial, que podera chegar a
sistemas fluviais e sofrer transporte também por esse meio e, por apresentar
flutuabilidade, pode percorrer grandes disténcias e ser depositado em sedimentos
marinhos (FIG. 9). Dessa forma, o achado de fragmentos macro e mesoscépicos
ndo significa necessariamente autoctonia ou hipoautoctonia do material no local de
deposigao (SCOTT, 2010).

Experimentos de combustao inicialmente conduzidos pela industria de
carvao vegetal (e.g. MCGINNES; KANDEEL; SZOPA, 1971) permitiram estabelecer
que a homogeneizacdo das paredes celulares em lenhos ocorre sob temperaturas
de queima acima de 300-325°C. Observou-se também que o carvao vegetal gerado
sob temperaturas mais altas resultou mais fragil e quebradigo, consequentemente
com menor resisténcia a processos de transporte e soterramento. Em experimentos
subsequentes, constatou-se que maiores temperaturas de queima estavam
relacionadas a maiores indices de refletdncia do material queimado (SCOTT, 2010).

Portanto, a observagao de caracteristicas dos fragmentos de carvao
vegetal, tais como tamanho, formato, integridade anatdmica, revela informagdes a
respeito da temperatura de queima, intensidade de dessecacao ambiental, tipo de
incéndio, histéria de transporte, composicao e afinidade taxonémica de espécies e
comunidades.

Troncos caidos parcialmente queimados, por exemplo, s&o
encontrados com frequéncia em locais onde ocorrem incéndios naturais. De maneira
geral, eles ocorrem parcialmente soterrados no solo, apresentando a superficie
superior queimada e a inferior, ndo queimada. Em caules ou ramos queimados em
posicao de crescimento, todo o perimetro externo apresenta-se queimado, enquanto
que o centro permanece nao queimado. A proporgao de espécimes com todo o
perimetro queimado indica a propor¢ao de individuos queimados em posi¢cao de
crescimento na associagao, e pode oferecer informagdes a respeito da comunidade
vegetal e ecossistema onde ocorreu o incéndio. Jones, Scott e Mattey (1993)
designaram como -fésseis de fusénio transicional” tal configuracdo de lenhos
parcialmente queimados, em que 0s processos de queima se restringiram a
superficie externa (microscopicamente observavel como fusinita/semifusinita) com
porcdes internas do xilema e medula carbonificados (vitrinita, ndo queimada) (FIG.
11).
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a) Caule levemente b) Caule intensamente c) Caule completamente
queimado queimado queimado

1 + +
+ + +

Prevaléncia de compresséo
fossil com revestimento Sanduiche de vitrinita entre

de fusénio espessas camada de fusénio. . .
As extremidades s&o perdidas O fusénio _m_antem
devido a dano mecanico a forma original do
e subsequente erosao caule completamente
queimado

FIGURA 11 — Diagrama esquematico demonstrando diferentes processos tafonémicos em caules
queimados. As imagens da linha superior representam caules anteriormente ao
soterramento e, as das linhas inferiores, os processos de compressdao e
carbonificacdo subsequentes.

Fonte: JONES, SCOTT; MATTEY, 1993, Fig. 4, p. 48.

1.10 CARVAO VEGETAL COMO SINONIMO DE INERTINITA

Stopes (1919) descreveu o fusénio como um dos elementos
constituintes do carvao. Esse elemento macroscoépico foi definido como porgdes de
material preto, fibroso e opaco, apresentando estrutura celular de madeira, com
lumens celulares geralmente vazios. Bastante fragil e inerte, esse macrolitotipo esta

presente em rochas de diversas litologias (SCOTT, 1989).
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Em contrapartida a composicao parcial do carvao por minerais, Stopes
(1935) estabeleceu o termo -waceral” para designar sua porgao organica, que, em
ultima instancia, consiste em fragmentos macerados de vegetagdo acumulados sob
agua. Esse conceito, ao mesmo tempo em que diferenciou os componentes néo
minerais dos minerais do carvao, prestou-se também a descrever e classificar as
diversas unidades organicas que compdem o carvao como um todo.

Subsequentes analises de blocos polidos sob microscopia de luz
refletida revelaram que o fusénio € composto predominantemente por dois macerais,
fusinita e semifusinita, incluidos no grupo de macerais inertinita, com valores
geralmente altos de refletdncia quando comparados aos grupos da vitrinita e liptinita.
A longa controvérsia que cerca a determinagado da origem do fusénio por incéndios
ou alteragdes bioquimicas foi sumarizada por Scott (1989, 2002) Guo e Bustin
(1998) e Scott e Glasspool (2007).

A homologia das caracteristicas fisicas e quimicas entre fusénio féssil e
carvao vegetal atual levou ao reconhecimento de que ambos sao equivalentes. No
entanto, a aceitagdo dessa afinidade tem ocorrido gradualmente (SCOTT;
GLASSPOOL, 2007). A presenca de grandes quantidades de inertinita em carvdes
do Neopaleozoico ja foi atribuida a diferentes fatores, tais como exposigao subaérea,
deposig¢ao em clima frio e atividade fungica (GLASSPOOL, 2003a).

Atualmente, € amplamente aceito que a toda a inertinita representa
carvao vegetal originado por paleoincéndios (SCOTT; GLASSPOOL, 2007;
DIESSEL, 2010; GLASSPOOL; SCOTT, 2010; SCOTT, 2010; HUDSPITH, 2012a,
2012b; GLASSPOOL et al., 2015), embora para alguns autores, como Hower et al.
(2011, 2013) e O'Keefe et al. (2013), interagdes bidticas (atividade bacteriana,
fungica ou de invertebrados) ou abidticas (exposicdo aerdébica ou alteragdes
quimicas) possam ter sido relevantes para a formagdo de macerais no grupo da
inertinita, particularmente da macrinita.

A quantidade de inertinita no carvao pode ser utilizada para interpretar
a historia de paleoincéndios em escala local. Horizontes de fragmentos
macroscopicos de fusinita e semifusinita provavelmente representam incéndios de
superficie localmente dentro do ambiente gerador da turfa, com histéria de curto
transporte (hipoautéctone/autéctone), enquanto que carvao vegetal microscépico
disperso geralmente representa material aléctone de incéndios regionais
transportado pelo ar (HUDSPITH et al., 2012b).
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Segundo McParland et al. (2009), existe uma correlagéo positiva entre
temperatura de formagao do carvao vegetal e valor de refletancia da parede celular
(inertinita) que permite estimar a temperatura de queima (FIG. 12). Essa correlagéo
foi demonstrada experimentalmente por Guo e Bustin (1998) e Scott e Glasspool
(2007). A determinacédo da temperatura de queima, em conjunto com as demais
caracteristicas do carvao vegetal, possibilita inferir informagdes relacionadas ao tipo
predominante de queima e demais informagdes ecoldgicas associadas, como grau

de dessecagédo ambiental e 6rgaos vegetais preferencialmente queimados.
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FIGURA 12 — Relacdo entre temperatura de queima e refletdncia. Resultados obtidos em
experimento controlado das relagbes entre valores de refletancia (em 6leo) e
temperatura na formacao de carvao vegetal em queima de 24 horas.

FONTE: SCOTT, 2010, p. 18, FIG. 7.

Carvdes vegetais com valores de refletdncia maiores do que 5% Ro
requerem altas temperaturas de queima ou tempo de exposicdo prolongado ao
calor. Carvboes com refletédncias abaixo de 1% Ro podem ter sido formados sob
temperaturas entre 300 e 400°C. A temperatura de muitos tipos de incéndios cai
nesse intervalo, concluindo-se que os carvoes produzidos por temperaturas mais
baixas terao valores de refletdncia menores, no intervalo da semifusinita. Logo, a
refletdncia da fusinita € adquirida antes do processo de carbonificagédo e, portanto,

independe da idade, litologia ou diagénese/ambiente geoldgico (SCOTT, 1989).
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1.11 INCENDIOS NO NEOPALEOZOICO E TEORES DE OXIGENIO
ATMOSFERICO

Os argumentos aqui sintetizados basearam-se em evidéncias de que
expressivos incéndios de carater global ocorreram em areas de deposigédo de turfa
nas diferentes fases da Idade do Gelo do Neopaleozoico. Esses incéndios sao
identificados pela ocorréncia de carvdo vegetal macro e microscépico em
sedimentos associados a carvdes e, também, pela presenca abundante de fusénio
na composi¢cdo dos carvdes. Os incéndios ocorreram tanto em sistemas climaticos
peri e péds-glaciais quanto em sistemas tropicais ao longo do intervalo
Neodevoniano-Neopermiano durante a fase de agregacdo do supercontinente
Pangeia.

Especificamente para o Gondwana, Jasper et al. (2013) integraram
registros de carvao vegetal, inertinita e hidrocarbonetos aromaticos policiclicos e
concluiram que a grande maioria do carvao vegetal macroscopico do Permiano
gondwanico € de afinidade gimnospérmica e proveniente de estratos de carvdes ou
a eles associados. As principais ocorréncias estendem-se por diferentes sequéncias
e intervalos estratigraficos tais como Bacia do Parana (Sakmariano-Artinskian do
Brazil), Bacia do Karoo (Artinskiano da Africa do Sul), Bacia de Damodar
(Lopingiano da india), Lopingiano da Antartica oriental e bacias neopaleozoicas da
Australia e Nova Zelandia, abrangendo sistemas climaticos desde peri e pds-glaciais
até temperado ao longo de todo o Permiano.

Através do levantamento de dados referentes ao percentual de
inertinita por volume (Inert%) em carvoes de todo o Fanerozoico, Glasspool e Scott
(2010) demonstraram que a abundancia de carvao vegetal/inertinita em ambientes
de turfeira é controlada pela pO,, e que a quantidade de carvao vegetal pode ser
utilizada como indicador (proxy) para estimar a pO,. Para turfeiras do Pleistoceno,
observou-se uma média de 4,3% de carvdo vegetal (maximo de 11%). Para os
periodos do Carbonifero e Permiano, para os quais ha uma ocorréncia de carvao
vegetal de até 83% (média de 44% para o Eopermiano em 280 Ma), Glasspool e
Scott (2010), estimaram que a pO, permaneceu invariavelmente acima de 26%.

Glasspool et al. (2015) analisaram os dados de volume de carvao
vegetal/inertinita em carvdées do mundo inteiro depositados durante o Neopaleozoico

e compararam com turfas atuais, linhitos e carvoes do Cenozoico e argumentaram
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que os dados de petrografia de carvao indicam que o elemento que determinou altos
indices de incéndios durante o Neopaleozoico foi a concentragcdo atmosférica de

oxigénio (pO2), e n&o clima ou temperaturas globais (FIG. 13).

FIGURA 13 — Evolugdo dos sistemas de incéndios do Neopaleozoico. O calculo das curvas de
oxigénio foi baseado em teores de inertinita em carvées agrupados a cada 10 milhdes
(linha preta) e 15 milhdes (tracejado vermelho) de anos.

FONTE: GLASSPOOL et al. 2015, p. 6, FIG. 3.

Para Diessel (2010), o padrao da distribuicao estratigrafica da inertinita
indica que a combustao incompleta da matéria vegetal teria sido a principal origem
desse maceral. Com relagdo a maior proporcdo de inertinita em carvdées do
Neopermiano e do limite Cretaceo-Paleogeno, Diessel (2010) reconheceu que uma
influéncia global se sobrepujou a variabilidade local em sistemas geradores de
carvdes, destacando-se a elevagao da concentragdo de oxigénio atmosférico (pO2)
entre as variaveis analisadas.

O intervalo de tempo de quase 70 milhdes de anos desde o
Eopensilvaniano até o final do Neopermiano evidencia uma diversificagao impar no
reino vegetal, ocupando uma variedade imensa de biétopos. O padrdo universal de
aumento e diminui¢cdo na proporgao de inertinita observado nos carvdes paleozoicos

em diferentes continentes sugere que a formagao de inertinita respondeu a
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influéncias globais, muito além de uma resposta a influéncias ambientais locais e de
suas floras especificas (DIESSEL, 2010).

Analises em ambientes de turfeira para obter estimativas de pO, sdo
especialmente interessantes porque esses sao sistemas permanentemente
inundados, com o lengol freatico sempre acima ou proximo da superficie. Tais
ambientes, portanto, minimizam a influéncia de varia¢des climaticas sobre o acumulo
de carvao vegetal em longo prazo (GLASSPOOL; SCOTT, 2010).

Cope e Chaloner (1985) identificaram que incéndios na vegetacéo
ocorreram com frequéncia no passado geoldégico e que esse longo historico
estimulou respostas adaptativas em plantas e comunidades vegetais. Incéndios
assumiram um papel ambiental importante ao mesmo tempo em que as plantas
terrestres enriqueceram a atmosfera com oxigénio a partir do Carbonifero (SCOTT,
1989, 2000; SLATER et al., 2015)

A pressao parcial atmosférica de didxido de carbono (pCO;) tem sido
considerada a principal forgante de mudangas climaticas no Fanerozoico, sendo os
periodos quentes correlacionados com alta pCO, e os frios, com baixa pCO..
Entretanto, os modelamentos paleoclimaticos falham em conciliar os dados de
diversos indicadores ambientais se ndo forem alimentados com valores irreais de
pCO; (PEPPE; ROYER, 2015).

Modelamentos baseados em variagdes da pO, mostraram que, mesmo
0 oxigénio ndao sendo um gas-estufa, através de sua influéncia significativa (e
subestimada) na densidade atmosférica e dispersédo da luz solar, a pO, amplifica os
efeitos da pCO, (PEPPE; ROYER, 2015; POULSEN et al., 2015). Alta pO- intensifica
a dispersdo da radiagao ultravioleta, enfraquecendo o efeito estufa e reduzindo o
vapor d’agua atmosférico, a precipitagdo global e a temperatura superficial. O
inverso € observado em modelamentos com baixa pO,. Esse novo modelo podera
explicar, ao menos em parte, os resultados de diversos indicadores paleoambientais
que detectam baixas temperaturas durante as glaciagcbes do final do Carbonifero e
inicio do Permiano, bem como altas temperaturas durante o Cenomaniano e inicio
do Paleogeno (PEPPE; ROYER, 2015).

Estudos de perturbagdes ambientais durante o final do Paleozoico tém
especial relevancia porque, nesse intervalo, vigoravam condi¢cdes ambientais
analogas aquelas ocorrentes na atualidade nas diferentes paleolatitudes,
relacionadas principalmente a alternancia de periodos glaciais e interglaciais
(DIMICHELE et al., 2009).
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2 ESTABELECIMENTO DA HIPOTESE E OBJETIVOS

Evidéncias bidticas e abidticas de perturbagdes no ambiente de
deposigao de turfa registradas na jazida de Faxinal compéem as premissas para a

delimitacdo da hipotese. Séo elas:

e deteccdo de perturbacdes vulcanicas através da presenca de camada de
tonstein (cinza vulcanica);

e ocorréncia de macroflora preservada em uma camada de tonstein intercalada
ao carvao com especializacdes epidérmicas xeromorficas;

e registro de carvdo vegetal macroscopico no tonstein e de conteudo de

inertinita no carvao adjacente.

O seguinte conjunto de referenciais bio e geocientificos serviu como

embasamento da hipotese:

e amplas evidéncias de paleoincéndios nos ambientes geradores de carvdes
durante a Idade do Gelo do Neopaleozoico;

¢ alta plasticidade fenotipica de plantas como resposta a estimulos ambientais,
especialmente dos 6rgaos foliares;

e correlacdo estabelecida entre a frequéncia de incéndios e elevada

concentragao de oxigénio paleoatmosférico durante o Neopaleozoico.

2.1 HIPOTESE

Os principais fatores ambientais responsaveis pelas variagdes
composicionais da comunidade geradora da turfa de Faxinal e pelas especializagbes
cuticulares endémicas na glossopteridea dominante seriam paleoincéndios
sistémicos e influéncia de atividades vulcanicas, traduzidos pelas ocorréncias de

carvao vegetal e de cinza vulcanica sedimentada associados ao carvao.
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2.2 OBJETIVO GERAL

Verificar a recorréncia de incéndios na area de deposicao da turfa e
identificar, em nivel de espécie e de comunidade, respostas a perturbacoes

ambientais através de diferentes técnicas de microscopia.

2.3 OBJETIVOS ESPECIFICOS

e Identificar a ocorréncia de incéndios por meio de microscopia eletronica de
varredura em amostras metalizadas de fragmentos organicos procedentes da
camada de carvdo e por meio microscopia petrografica de luz refletida e
fluorescéncia em blocos polidos de carvao;

e determinar a refletdncia sob 6leo de macerais do grupo da inertinita
(fusinita/semifusinita) em blocos polidos de carvao para confirmar a presenca
de carvao vegetal macroscopico, precisar temperatura de queima e tipos de
incéndios na turfeira;

e identificar o padrdao anatdmico e estabelecer a afinidade taxonémica do
carvao vegetal através de microscopia eletrénica de varredura;

e identificar grupos de palinomorfos em laminas palinofaciolégicas sob luz
transmitida e fluorescéncia refletida;

e retificar a denominacado e a descricdo da espécie glossopteridea dominante
na orictocenose por meio de analise cuticular em microscopia de luz
transmitida;

e identificar as possiveis fungbes das especializagdes epidérmicas através de

comparagdes com material similar na literatura.
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Evidences of paleowildfires from the upper coal seam S from the Faxinal Coalfield have been analyzed through
petrographic, fluorescence, and scanning electron microscopy (SEM) specifically at the base (1) and top
(2) boundaries of an interlayered tonstein bed and revealed recurrent charcoal deposition in the peat-forming
environment. An unusual accumulation of adjacent, large-sized (21.8 x 13.4 cm and larger) charred logs occurs
throughout the coal seam area (1.6 km?) beneath the tonstein bed (boundary 1) reflecting an extensive wildfire
event in hypautochthonous/autochthonous conditions. The logs display a semifusinite-vitrinite-semifusinite
sandwich-like structure (sensu Jones et al., 1993) indicating burning in growth position, and reflectance measure-
ments below 1%Ro suggest that this was a low-temperature fire. Dryness in the peatland during the fire event
was clearly detected by altered fluorescence of spores and algae. Corroborating previous studies, the paleoecolog-
ical setting can be characterized as a swamp forest based on the presence of pollen clusters and organs observed
under fluorescent light and on the identification under SEM of the morphogenus Agathoxylon Hartig as a single
wood type, reflecting the dominance of arborescent gymnosperms (glossopterids) in the peatland. Homogenized
cell walls observed under SEM ratified the recognition of the material as charcoal. The reestablishment of regular
conditions of peat deposition following the major fire episode is represented by alternate bands of vitrinite and
semifusinite in both boundaries 1 and 2, suggesting an oscillation from dry to wet conditions in the climate pat-
tern and the occurrence of wildfires as common and systemic events. Fire ignition, activity, and spread in the
peat-forming environment resulted from a combination of lightning strikes, dryness, fuel abundance, and high
atmospheric oxygen levels.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

experiments lead to the confirmation of fusain (inertinite) as charcoal,
a product of wildfire (Scott, 1989; Scott and Glasspool, 2007). However,

Wildfire events play important roles in different terrestrial environ-
ments (Belcher, 2013; Scott, 1989 and references therein; Scott and
Glasspool, 2006; Scott et al., 2014) and charcoal fragments are present
in the fossil record since the Silurian in different settings, from terrestri-
al to marine (e.g. Glasspool et al., 2004; Scott, 2010).

In addition to reflectance measurements of coal macerals and scan-
ning electron microscopy (SEM) in extant and fossil material, charring
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according to Hower et al. (2013) and O'Keefe et al. (2013), biotic (bac-
terial, fungal, or invertebrate) or abiotic interactions (aerobic exposure
or biochemical alteration) may have been relevant for the maceral for-
mation in the inertinite group, in particular macrinite.

In Recent peat-forming swamps, fires have affected extensive areas,
as observed by Hudspith et al. (2014); Page et al. (2002), Prat et al.
(2015), Rein et al. (2008), and Turetsky et al. (2015). According to
Scott et al. (2014), while charcoal corresponds to roughly 4% of the
total volume in modern peat, in the Late Paleozoic it could reach 70%.
Based on fossil evidence and experimental observations, several authors
(Belcher et al., 2013; Bergman et al., 2004; Chaloner, 1989; Cope and
Chaloner, 1985; Glasspool and Scott, 2010) concluded that the percent-
age of charcoal in coals through the geologic record can be considered as
a proxy for atmospheric oxygen levels.
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In the Early Permian, atmospheric oxygen levels were estimated to
have reached a peak of 35% (Scott and Glasspool, 2006). Therefore, if
the percentage of charcoal in coal (inertinite) is indeed a proxy for atmo-
spheric oxygen content, then Early Permian coals should have high
inertinite contents. In coals from the southern Parana Basin, inertinite
contents can be larger than 50% (Kalkreuth et al., 2006). In addition,
Jasper et al. (2011a) reported the occurrence of macroscopic charcoal
(sensu Jones and Chaloner, 1991; Scott, 2010) in clastic sediments associ-
ated with hypautochthonous coal seams in Brazilian coalfields. The study
therefore demonstrated that fires were relatively common events in and
around peat-forming environments in the Early Permian Parana Basin.

Along the five coal seams of the Faxinal Coalfield inertinite contents
range from 6 to 15% (Henz and Corréa-da-Silva, 1987). For the
interlayered tonstein bed in the coal seam S, Jasper et al. (2011b) report-
ed macroscopic charcoal fragments of gymnospermous affinities. Un-
abraded edges and dimensions up to 3.5 cm indicated low-energy
transport, pointing to a hypautochthonous deposition. It was observed
that the presence of fusain in the coal both overlying and underlying

the tonstein bed could indicate that fire events were not restricted to
the ash-fall interval.

For the present study, a reassessment of the upper coal seam S
(Fig. 1A) from the Faxinal Coalfield (Fig. 2) is carried out, specifically
at the base (1) and top (2) boundaries of the interbedded tonstein ply
(Fig. 1B). Aiming to investigate wildfire events in the peat-forming
environment, analyses were conducted through petrographic, fluores-
cence, and scanning electron microscopy in inertinite-rich levels associ-
ated with the tonstein ply. Logs, branch, and twig fragments occurring
in the coal at the tonstein contacts had previously been considered as
coalified in nature by Guerra-Sommer (1992). Here they are recognized
as an impressive charcoalified wood assemblage of unusually large
dimensions (Fig. 1C-G) occurring continuously over the entire exploita-
tion area of the Faxinal open cast mine (ca. 1.6 km?).

To support paleoenvironmental inferences, the present study inves-
tigates fire temperature, type, and ignition sources and identifies
charcoalified and coalified biomass components, complementing previ-
ous studies on paleowildfires in various Permian ecosystems.

Fig. 1. Field and hand sample photographs. A) Pit bench exposure of coal seam S; B) close up of the interbedded tonstein ply in upper coal seam S; arrows indicate the coal-tonstein bound-
aries 1 and 2 here analyzed; C, D) large fragments of charred logs from boundary 1; E) charred stem fragment from the boundary 1 (PB2684); F) charcoal clasts from the boundary 2
(Pb4629); G) sample from boundary 2 showing high vitrain content (Pb4618); H) coalified leaves of the Glossopteris Flora preserved in the tonstein bed (Pb4762a).
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Fig. 2. Map of the Brazilian Parana Basin with stratigraphic framework, geographic references (after Santos et al., 2006), and location of the Faxinal Coalfield.

2. Geological and paleontological context

In the Parana Basin, the Gondwana I Supersequence (Fig. 2), with
sediments spanning from the Upper Pennsylvannian through the
Lower Triassic, represents a second-order transgressive/regressive
cycle and includes the coal-bearing strata of the Rio Bonito Formation
(Milani et al., 2007). These strata are related to a paralic setting,
i.e., adjacent to estuarine, deltaic, backshore, foreshore, and shoreface
siliciclastic depositional environments (Holz et al., 2010). Strata deposi-
tion occurred in the cool temperate climatic belt at a paleolatitude of ap-
proximately 50° (Ziegler et al., 2003).

The study area comprises the Faxinal Coalfield, an opencast mine
located at the southeastern outcrop belt of the Rio Bonito Formation of
the Parana Basin, southern Brazil (Fig. 2, 30°15’52.6"S, 51°41'53.8"W).
The area is situated in an elongated structure trending SE-NW, referred
by Guerra-Sommer et al. (2008) as a graben. The mine closure took
place in 2009 after the coal was exhausted, and the site has been
rehabilitated.

The Faxinal succession includes five coal seams, named from base to
top I, IM, M, MS, and S (Fig. 3). A tonstein ply dated at 291 + 1.3 Ma
(Simas et al., 2012) corresponding to the late Sakmarian (Cohen et al.,
2013; updated 2015) is interbedded in the upper coal seam (S) and con-
tains abundant compressed fossil leaves of the Glossopteris Flora
(Fig. 1H). The prevalent lithotype composition in this coal seam is of
banded and thin-banded coal, with predominance of dull coal (Henz
and Corréa-da-Silva, 1987).

Petrographic analysis under both reflected and transmitted light
conducted by Henz and Corréa-da-Silva (1987) in the Faxinal coal
seams showed a high vitrinite/mineral matter ratio and a predominance
of mono and bimaceral microlithotypes (vitrite, vitrinertite and inertite)

over trimacerite. The upper coal seam (S) subject of the present study
has a mean vitrinite content of 57%, inertinite 13.75%, liptinite 2.25%,
and 27% mineral matter.

Paleobotanical data from the tonstein bed was originally obtained by
Guerra-Sommer (1992) from an abundant compressed hypautoch-
thonous taphoflora, predominantly gymnospermous. Boardman et al.
(2012) reported relative abundances of 78% of glossopterid leaves,
followed by 17.6% of coradaitalean leaves, 2% of reproductive axes,
1.4% of pteridophyte fronds and 1% of seeds. In spite of the occurrence
of paleosols at the base of the coal seam, stems in growth position
have not been found. The presence of cordaitalean plants and the dom-
inance of glossopterid leaves occurring in horizontal layers occasionally
still attached to short shoots with well-preserved epidermal patterns
(Degani-Schmidt et al., 2011; Guerra-Sommer, 1992) point to a forested
association (Simas et al., 2013).

Previous palynological and palynofaciological analyses inferred
changes in the microfloristic relative frequencies along the coal seam
S, i.e. a decrease in lycopsids and filicopsids spores and an increase
from 56% to 80% in the frequency of gymnosperm pollen grains from
base to top (Cazzulo-Klepzig et al., 2009). However, Boardman et al.
(2012) reported a relative frequency of 24% of Zygnemaphyceae algae
for the coal underlying the tonstein. Additionally, Simas et al. (2013) ob-
served well-preserved pollen clusters (mainly bisaccates) along the
profile of the tonstein bed, especially at its base, and Botryococcus
algae at the top.

The studied interval is included in the Protohaploxypinus
goraiensis Subzone within the palynostratigraphic framework
for the Lower Permian of Brazilian Parand Basin and in the
phytostratigraphic Glossopteris-Rhodeopteridium Zone (Boardman
et al., 2012; Simas et al., 2012).
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Fig. 3. Geochronology, radiometric age, lithological log, and facies of the Faxinal Coalfield (after Simas et al., 2012).

3. Material and methods

Tonstein samples were collected between 1984 and 2009
(Boardman et al., 2012; Degani-Schmidt et al., 2011; Guerra-Sommer,
1992; Jasper et al., 2011b; Simas et al., 2012). Slabs were removed
from the coal seam with pickaxe or hammer and chisel. Large-sized
charcoalified specimens of brittle nature could have only been retrieved
because they were attached to the highly silicified tonstein rock, which
held the specimens together (Fig. 1C-G).

Twenty coal samples were analyzed in this study. All samples show
constant attributes for either the tonstein base (boundary 1) or top
(boundary 2) surfaces. At the base of boundary 1, a dense concentration
of highly compressed, partially charred logs can be observed (Fig. 1C-E),
followed by banded coal and the tonstein rock. At boundary 2, vitrain
predominates at the contact with the underlying tonstein, with subse-
quent alternation of mineral matter and thin-banded coal. Branch and
twig fragments (charcoal clasts) are abundant and occur together
with coalified stem fragments and leaves (Fig. 1F-G).

3.1. Polished block preparation

To make the blocks, the slabs were broken down to smaller, manage-
able sizes, surface embedded in epoxy resin followed by vacuum treat-
ment to prevent fragmentation (Jones and Rowe, 1999), sawn
perpendicular to bedding into slices of appropriated size for reflectance
analysis, and then polished using aluminum oxide powder to obtain a
highly reflective surface (Collinson et al., 2007).

3.1.1. Petrographic analysis

To interpret the microscopic appearance of the specimens and to ob-
tain reflectance data as a proxy for estimating charring temperature
(e.g. McParland et al., 2009), petrographic analysis was carried out in
polished blocks under oil (Immersol 518 F) using microscope Axioskop
2 Plus Zeiss equipped with spectrophotometer J&M (MSP 200) through
a x50 objective. The microscope was calibrated with a Sapphire stan-
dard (0.595%Ro).
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3.2. Slide preparation

The preparation technique employed was the non-oxidative proce-
dure for sedimentary organic matter according to Mendonca Filho
et al. (2010). Coal samples have been fragmented and first treated
with HCl and HF, followed by heavy liquid (ZnCl,) in order to concen-
trate the organic matter, which was then mounted on 12 slides.

3.2.1. Fluorescence observation

The analysis of the dispersed organic matter involved the identifica-
tion of morphogroups, their relative abundances and preservation state
of selected particulate components (palynomorphs and phytoclasts)
under fluorescence. Due to the goal constraints of the present study,
palynomorph relative abundances were based on broad morphological
groups (algae, spores, and saccate pollen grains), enough to allow a
gross reconstruction of the parent vegetation and comparison with pre-
vious studies of the coal seam S from the Faxinal Coalfield. A total of 100
palynomorphs were counted per slide for frequency determination.

3.3. Scanning electron microscopy

For observation of the homogenization status of cell walls and anat-
omy of the wood types, the material was examined under scanning
electron microscopy (Collinson, 1999; Figueiral, 1999; Scott, 2001).
Small pieces, often fragmented into elongated laths, were sampled
from the compressed, charred wood specimens with aid of dissecting
needles under a Leica S8 APO stereoscopic microscope. The fragments
were then mounted on standard stubs with double-sided tape, gold
coated, and subsequently examined and photographed with a JEOL
JSM 6060 Scanning Electron Microscope (SEM).

4. Results

All features described by Jones and Chaloner (1991) and Scott (1989,
2000, 2010) as typical of macroscopic charcoal (black color, silky luster,

well preserved anatomical details and homogenized cell walls) are
present.

4.1. Appearance in hand specimen

At the base of boundary 1, the opaque and fibrous appearance of the
partially charred logs is perceptible to the naked eye, in an obvious
sandwich-like organization (sensu Jones et al., 1993) of vitrain cores
surrounded by an outer layer composed by fusain (Fig. 4), with aspects
of lustrous sheen and brittle surface, with a black streak (Scott, 2010).
As a rule, the surface of the logs shows a splitting pattern (Fig. 1C-E)
similar to modern charred stems (Cope and Chaloner, 1985; Scott,
1989). The logs are overlain by 8 mm of alternate bands of vitrain and
fusain, with a dominance of vitrain, and followed by the tonstein bed
(Fig. 4).

The boundary 2 above the tonstein consists of bands of fusain and
vitrain just like the top sequence of boundary 1. The charcoal fragments
are generally smaller, narrower, thinner, and more loosely spaced, cor-
responding to dispersed branch fragments (Fig. 1F, G), without vitrain
cores.

The minimum and maximum measurements of the studied frag-
ments in each boundary are shown in Table 1.

4.2. Petrographic analysis

Analysis on polished blocks of the boundary 1 showed that the
compressed logs up to 8-mm thickness at the base are composed of
a clear inertinite-vitrinite-inertinite transition (Fig. 5). In the
inertinite zones, the cell lumina are generally not well defined.
“Bogen-struktur” produced by shattering of the cell walls are pres-
ent, indicating high compaction of the tissues. Reflectance measure-
ments characterize the maceral as semifusinite. The transition
between the structured semifusinite and the homogeneous vitrinite
is sharp (Fig. 5). Reflectance values across the transition decreased
from the basal outermost semifusinite (0.84-0.61%Ro) to the

Fig. 4. Visual aspects of a sample. A) Polished block from the boundary 1 with the horizon of charred logs (*) at the base; B) “sandwich-like” sequence of inertinite-vitrinite-inertinite (*)
visible by naked eye (outlined); followed by thinner coal bands (b) and tonstein (t), arrowhead = vitrain core (Pb4587a).
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Table 1
Maximum and minimum dimensions of the charcoal fragments. Number of samples
(slabs) = 20. Measurements in cm.

Max length Max width Min length Min width Mean thickness

Boundary 2 16.4 5.7 0.3 0.3 0.3
Boundary 1 21.8 134 35 0.3 0.8

Fig. 5. Composite image of the inertinite-vitrinite-inertinite transition of a compressed
log from the boundary 1 and corresponding reflectance results (Pb4587a).

innermost vitrinite (0.55-0.59%Ro), increasing in the top outermost
semifusinite (0.63-0.83%Ro). At the top of boundary 1, vitrinite is the
dominant maceral at the contact with the overlying tonstein, alter-
nating with inertinite bands between the charred log horizon and
the mineral matter (tonstein). In the top section of boundary 1, the
inertinite bands are also composed of semifusinite, and the organiza-
tion of the cellular structure is clear.

A coal section of 15-mm thickness perpendicular to the bedding in
the boundary 2 showed an alternation of thin bands of inertinite and
vitrinite interlayered by bands of mineral matter (Fig. 6). From the con-
tact with the massive tonstein at the base of the section towards the top
the following reflectance readings have been obtained: Vitrinite 0.36-
0.43%Ro; inertinite 0.82-0.99%Ro; vitrinite 0.42-0.48%Ro; inertinite
0.68-0.85%Ro; and vitrinite 0.37-0.59%Ro. Thicker bands of vitrinite
predominate at the contact with the underlying tonstein bed.

Liptinite is also present in both boundaries and has been observed in
high detail under fluorescent light (Fig. 7).

4.3. Fluorescence observation of dispersed organic matter

In the polished blocks from both boundaries 1 and 2 liptinite is rep-
resented by dispersed palynomorphs and fragments of sporangia/pollen
organs and cuticle (Fig. 7). Dense sporinite masses composed by both
mature (pollen clusters) and immature (sporangial content?) unidenti-
fiable bisaccate pollen grains can be observed in discrete areas under
fluorescence microscopy. At boundary 1, cutin and pollen clusters
(Fig. 7B, E) showed altered pattern of fluorescence color and intensity
in relation to the sporangial (?) content (Fig. 7C, D).

Slide observation under fluorescent light showed differences be-
tween the two associations. At the boundary 1, a relative deviation
from the normal pattern in fluorescence color and intensity was ob-
served in the dispersed algal and pteridophytic spores which showed
color change and weaker fluorescence in comparison to the pollen
grains. At the boundary 2, all palynomorphs showed the same pattern
of unaltered fluorescence color and intensity (Fig. 8).

Bisaccate pollen grains predominate in both boundaries and an in-
crease from base to top was detected along with a corresponding de-
crease in the abundance of algae and spores. Zygnemaphyceae was
the major group in the observed algae (Table 2).

4.4. SEM observation

Homogenized cell walls can be observed in axial and cross-section
views in all samples (Fig. 9A, B, G) and confirmed the categorization of
the material as charcoal (Jones, 1993; Scott and Jones, 1991). Due to
the high compression after burial (Fig. 9C), the integrity of the xylem
cell walls is not always preserved. Cell walls are fractured, both perpen-
dicularly across the weakest or thinnest part of the wall and lengthwise
(Fig. 9D). Nevertheless, the SEM observation revealed gymnospermous
secondary anatomy in tangential (Fig. 9E) and radial (Fig. 9F) views, and
in rarely preserved cross-sections (Fig. 9G). The organization of both
secondary xylem and phloem is evident, which are equally preserved
in both boundaries.

Tracheids exhibit a mixed type of pitting in single specimens
(Fig. 9H-K). Uniseriate, biseriate, and triseriate pitting were fre-
quently observed in a single tracheid as well (Fig. 9H). Cross-field
pitting (Fig. 9L) is rarely preserved but cross-fields are frequently
present and are of the Araucarian type with numerous, contiguous,
unordered cupressoid to taxodioid oculipores (sensu Philippe and
Bamford, 2008).

Secondary phloem (Fig. 9M-0) was identified by the presence
of well-preserved sieve areas in tangential view and thick-walled fibers
in cross-section. A detailed study of wood anatomy is under
preparation.
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Fig. 6. Composite image of petrographic observation and reflectance values of boundary 2
(Pb467T). \\ = content of mineral matter has been omitted from the image composition
due to space constraints.

5. Discussion
5.1. Physical and petrographic analyses

Physical analysis of the charred logs from the base of boundary 1 re-
vealed specimens charred all around with a vitrain core (Figs. 1C-E, 4),

indicating burning in growth position (sensu Jones et al., 1993) prior to
their collapse. The dominance of vitrain following this horizon indicates
the return to regular conditions of peat formation, while thin bands of
interlayered inertinite (Fig. 4) attest that fire events were recurrent.

In the charcoal assemblage from boundary 2, a persistence of smaller
and thinner fragments of charred wood associated with abundant
coalified material (Fig. 1F, G) can be observed. This indicates a different
transport history, suggesting that in situ events as the one recorded at
the base of boundary 1 were infrequent.

The distinct maceral organization (Figs. 4, 5, 6) observed after the log
horizon reflects the dominance of coalification process of the organic
matter over charcoalification, showing that the conditions of peat-
deposition have not been altered by the fire regime.

Organic petrography of the transition from structured semifusinite
to the inner core of unstructured, homogenous vitrinite in a single log
(Fig. 5) reflects a process where the outer portion of the wood stem is
burnt and the uncharred inner portion was later coalified to vitrinite
Jones et al. (1993).

The low reflectance values below 1%Ro found for the semifusinite in
both boundaries (Figs. 5 and 6) are an indication that the wood burned
in cool temperature fires (330 to 460 °C according to Jones et al., 1991).
Additionally, the partially charred logs from boundary 1 with vitrinite
cores point to a short fire duration (Jones et al., 1993) and a surface
type of fire within a forested ecosystem (Scott et al., 2014).

In Jasper et al. (2011b), the occurrence of charcoalified remains in
the tonstein bed suggested that fire ignition was generated under the
influence of volcanic activities. The gradual decrease of charcoal con-
tent observed towards the top of the tonstein has been correlated
with a reduction in fuel quantity and in fire ignition source at the
end of the ash deposition. Likewise, Glasspool (2000) observed
in Permian Australian coals that a general correlation between
tonsteins and inertinite-rich coal layers indicates a possible fire igni-
tion provided by the proximity to explosive volcanic activity. Never-
theless, the low fire temperature detected here by quantitative
reflectance and the presence of vitrinite inside the superficially
charred stems point to potential ignition sources such as lightning
strikes, which are the most common cause of ignition (Cope and
Chaloner, 1985; Glasspool and Scott, 2013). Moreover, for the
tonstein ply interbedded in the coal seam S, Simas et al. (2013) con-
cluded that the ash has been deposited on the peat surface at a cool
temperature, and no evidence of thermal-induced alteration has
been observed through leaf cuticle analyses (Degani-Schmidt et al.,
2011; Guerra-Sommer, 1992).

The continuous presence of charcoal before, during, and after the
ash fall indicates that fire ignition occurred independently of volcanic
activity and constituted a cyclical mechanism in this peat-forming
environment.

5.2. Fluorescence observation of dispersed organic matter

Uncharred dispersed structures are preserved as cutinite and
sporinite, and can be observed in both boundaries 1 and 2 (Fig. 7).
Some sporinite masses, showing a very homogenous pattern and
displaying a characteristic shape of sporangia (Fig. 7C, F), are probable
pollen organs/sporangial content. The relative integrity of reproductive
structures indicates the growth of parent vegetation close to the site of
peat accumulation (Glasspool, 2003; Scott and King, 1981). Their pres-
ence in inertinite rich levels implies the occurrence of a fire type with
little effect on the crown. This hypothesis accounts for the presence of
sporangial content in the coal, and also of coalified reproductive axes
and abundant leaf whorls preserved in the tonstein bed.

The dispersed palynomorph count indicated a co-dominance of pol-
len grains and spores in the boundary 1, revealing the proximity of both
gymnospermous and pteridophytic groups to the peat accumulation
site. The weak fluorescence shown by spores in comparison to pollen
grains (Fig. 8B, D) can be related to prolonged oxidation of organic
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Fig. 7. Polished blocks seen through fluorescence microscopy under oil. A-E) Sample from boundary 1 (Pb4587a); F-H) sample from boundary 2 (Pb467T). A and B) cutinite under
reflected and fluorescent light; C) composite image of pollen organ (?) fragment; D) detail from (C); E) pollen cluster; F) composite image of pollen organ (?) fragment; G) detail from

(F); H) cutinite. Scale bars = 10 pm.

matter. The presence of zygospores (zygnematacean algae) is an indica-
tor of conditions related to lacustrine shallow margins, sloughs, and tree
islands in swamp environments (Chmura et al., 2006; Grenfell, 1995; Yi,
1997). The oxidation observed for both spores and zygospores points to
lowering of the water table (Hutton et al.,, 1980; Livingstone and
Melack, 1984) and a drought event (Fig. 10A).

At the boundary 2, the unaltered fluorescence (Fig. 8F, H, ]) observed
in all palynomorphs (pollen grains, spores, and algal elements)
indicates the reestablishment of moisture and peat-forming conditions,
even though episodes of wildfires occurred. The severe decrease in the
number of dispersed trilete spores in relation to the lower level suggests
a change in the proportion of the main vegetation groups immediately
following ash fall, and is in agreement with previous palynological
and palynofaciological analyses of the coal seam S (Cazzulo-Klepzig
et al., 2009; Simas et al., 2013). The increased dominance of bissacate
pollen grains over pteridophytic spores after the ash fall indicates that
the glossopterid vegetation was not suppressed by the fire, and a
new niche was not opened for recolonization. Furthermore, the

increased dominance of mesophylous seed-bearing over hygrophilous
pteridophytic vegetation could be a response to changes in the peat-
deposition environment.

5.3. SEM observation

The homogenization of cell walls (Fig. 9A, B, G) confirms that the
wood has been charred to a minimum temperature of 300-325°C
(Scott, 2010).

Anatomical parameters of the wood assemblage are those of the
fossil-genus Agathoxylon Hartig (Philippe and Bamford, 2008; RéRBler
et al,, 2014), pointing to a predominantly monotypical association
(Fig. 9). This wood pattern is often found in Late Paleozoic gymno-
sperms from both northern and southern hemispheres, having been for-
merly identified as Dadoxylon Endlicher, which is an illegitimate name
(Philippe, 1993; Vogellehner, 1964). According to Philippe (2011), the
name Agathoxylon seems to be the most appropriate for the correspond-
ing morphogenus. This pattern is known from several gymnosperm
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Fig. 8. Slides seen under white and fluorescent light. A-D) Palynomorphs from boundary 1 (Pb4587a); E-K) palynomorphs and phytoclasts from boundary 2 (Pb467T). A, B) trilete spore
and bisaccate pollen grain; C, D) bisaccate pollen grains and zygospore; E, F) bisaccate pollen grain; G, H) zygospore; 1, ]) trilete spore; K, L) opaque and non-opaque phytoclasts composed

of tracheid fragments. Scale bars = 10 pum.

groups of different phylogenetic affinities and has been assigned to taxa
with different stratigraphic age ranges, including the Glossopteridales
(Prevec et al., 2009). Its occurrence in both boundaries and the domi-
nance of glossopterid leaves in the interbedded tonstein ply testify to
the proximity of these plants to the accumulation site.

Considering that upon charring the resultant material, although re-
silient, is highly friable, the anatomical integrity of the charred logs
and branches attests to a short or almost non-existent transport dis-
tance (Ohlson and Tryterud, 2000) and low-temperature fires (Scott,
2010). The outstanding preservation of the extremely delicate phloem
tissue (Fig. 9M-0) in the stems and branches from both boundaries
also supports these inferences. The phloem very rarely survives the
charring process, and would not resist transportation, nor high-
temperature fire, given its superficial position in the wood underneath
the bark. According to Hather (2000), during wildfire the phloem tissue
either deteriorates, or solidifies leaving a formless mass of glassy
charred tissue. However, good preservation occurs if it has been slowly
dried prior to charring.

5.4. Environmental factors

The wildfire history emerging from the evidences gathered here
involves hypautochthonous to autochthonous charcoal input and a sur-
face type of fire that burned at low temperature (325-400 °C),

Table 2
Relative abundances of the gross palynomorph morphogroups are given in %. A total of
100 palynomorphs were counted on each slide.

Pollen grains Spores Algae
Boundary 2 71 18 9
Boundary 1 49 27 24

supported by low reflectance readings <1%Ro and exceptional integrity
of fragile plant tissues (Scott, 2010) along the whole studied profile.

In the basal level of boundary 1, even though no stems in growth po-
sition, stumps, or roots are present, the size and preservation state of the
logs point to proximity of the trees and the deposition site. This event is
maybe related to a more extended drought episode and consequent
lowering of the water table, which allowed the fire to get closer to the
catchment basin (Fig. 10A).

At the return of peat accumulation after the autochthonous wildfire
event there is a change in the charcoal characteristics from large charred
logs to smaller charcoal clasts accumulated in thin inertinite bands,
which can be related to an increased distance between the fire and
the depositional site (Fig. 10B-D). Even large logs can be transported
because they are buoyant (Glasspool and Scott, 2013). Yet the preserva-
tion of vascular tissue, the integrity of associated coalified sporangia/
pollen organs, and the presence of palynomorph clusters and oxidized
but not burned pteridophytic and algal spores indicate that the crown
and the peat itself have not been significantly affected by the fire and
transport was very limited for all plant parts. All evidences assembled
here suggest the dominance of surface fire events at the margin and
short distances from the peat depositional site.

According to Diessel (1992), the growth of a swamp forest com-
posed by gymnosperms as the main element of the peat-forming vege-
tation under the influence of systemic wildfires is typical of Gondwana
coals. The lack of macroscopic fragments of the pteridophytic compo-
nents could be attributed to their occurrence in distal plant communi-
ties dependent on wetness and less liable to combustion (Glasspool,
2003), or preservational bias.

Wildfires in modern peat-forming environments (Bowman et al.,
2009; Flannigan et al., 2009; Glasspool and Scott, 2010; Hudspith
et al.,, 2014; Page et al., 2002; Pierce et al., 2004; Prat et al., 2015; Rein
etal., 2008; Turetsky et al., 2015) are an important source of disturbance
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Fig. 9. SEM micrographs of gymnospermous secondary wood anatomy preserved as charcoal. A, B) Homogenized cell walls (arrows): A) in axial view (4587a-04-04); B) in B) in axial and
oblique section (4587b-56-09); C) wood cross-section showing compression (5128-71-009); D) common fracturing pattern of tracheid radial walls (5126-27-08); E) wood pattern in
tangential view (4639-45-04); F) radial view of tracheids (5126-27-04); G) homogenized cell walls (arrow) of secondary phloem in cross-section (4587b-56-02); H, 1) single specimen
5126-26: H) uniseriate and biseriate mixed type of tracheid pitting (5126-26-56); I) uniseriate pitting (5126-26-34). ], K) single specimen 4587a-04: ]) biseriate pitting (4587a-04-15);
K) triseriate pitting (4587a-04-14); L) cross-field with poorly preserved pitting (5126-26-13); M-0) secondary phloem in tangential view (4629-01-04; 4629-01-03; 4587b-56-03).

for renewal of plant cover. However, a delay in the disturbance recur-
rence leads to a reduction in diversity (Attiwill, 1994), and extended in-
tervals between fires with prolonged dryness could be one of the
reasons to the long lasting dominance exerted by the glossopterid
woody species in this restrict setting.

The Sakmarian global warming previously detected by Gastaldo
et al. (1996) and Montafiez et al. (2007) after the end of the earliest
Permian glacial phase in Gondwana has been correlated for the
Parana Basin by lannuzzi (2010). With atmospheric oxygen levels
at >25%, the widespread occurrence of fires in wet environments

can be reconciled by the prevalence of lightning strikes and abun-
dant fuel (Scott and Glasspool, 2006). Nevertheless, the peat-
forming conditions continued further in the Faxinal Coalfield after
the first fire horizon here analyzed, indicating a persistence of a
humid trend in climate.

6. Conclusions

The occurrence of in situ charred stems deposited in a coal layer,
followed by multiple horizons of charcoal supports the view that
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Fig. 10. Schematic paleoecological reconstruction of the Faxinal Coalfield. A) Major wildfire event; B) regular conditions of peat deposition; C) ash fall event; and D) like (B).

wildfires were common and systemic events in this Early Permian peat-
forming environment in Gondwanaland. The charred logs indicate that
woody gymnosperms, probably of glossopterid affinity, were important
elements of the hypautochthonous/autochthonous peat-forming vege-
tation. The woody vegetation burned in growth position during superfi-
cial, extensive, low temperature wildfires most likely ignited by
lightning strikes. The increased dominance of gymnospermous vegeta-
tion after the ash fall indicates that a climate regime with extreme oscil-
lations between humidity and dryness with wildfires was favorable to
the seed-bearing plants.
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For the first time, secondary phloem tissue of Agathoxylon Hartig (sensu RoRler et al. 2014) is described from
Permian charcoalified wood remains. Large (up to 13.4 x 21.8 cm), highly compressed, charred logs and branches
were collected from the lower and upper boundaries of a tonstein bed (U/Pb age 291 + 1.3 Ma) interlayered in a
Sakmarian coal seam in the Faxinal Coalfield, Rio Grande do Sul, Brazil (Rio Bonito Formation). Small pieces were

sampled with a dissecting knife and needles, mounted on standard stubs, gold-coated, and photographed under a
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scanning electron microscope. The phloem tissue is composed of thin-walled sieve cells, thick-walled fibers, and
axial and radial uniseriate parenchyma. The extraordinary preservation shows sieve cells with pores grouped in
conspicuous sieve areas occurring on lateral cell walls. Sieve cells are inferred to be arranged in tangential layers
alternating with mixed rows of fibers and scarce parenchyma. Conclusions are drawn about preservation condi-
tions involving cyclic environmental dryness and possible affinities with pteridosperms and cordaitaleans.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Land plants underwent a rapid diversification after the emergence of
conductive tissue approximately 400 million years ago (Niklas, 1997),
and the knowledge of the evolution of the vascular tissue through geo-
logic time comes predominantly from secondary xylem (Taylor, 1990).
Even though bifacial vascular cambium yielding both secondary xylem
and secondary phloem is already present in the Devonian (Raven and
Andrews, 2010), for a long time, contributions to phloem phylogeny
were mainly based on inferences from extant groups due to its rarity
in the fossil record (Van Bel, 1999).

The preservation of phloem tissue is influenced by its generally in-
substantial production by the cambium, the thin-walled structure of
the conducting cells, and physical instability on account of the function-
al hydrostatic pressure to which they are subjected, favoring the col-
lapse of the sieve cells following damage (Esau et al., 1953; Smoot and
Taylor, 1978; Taylor, 1990; Beck, 2005). Furthermore, Paleozoic stems
are in most cases decorticated, precluding secondary phloem observa-
tion (Decombeix et al., 2014).

The charcoalification process can potentially preserve most cellular
structures three-dimensionally (Lupia, 1995), but the resultant material
is brittle and susceptible to breakage from transport and compression;
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additionally, the fire temperature can either preserve or destroy delicate
tissues (Scott, 2010). According to Hather (2000), during a wildfire, the
phloem tissue can deteriorate or solidify, generating a formless mass of
glassy charred tissue. However, good preservation occurs if the plant tis-
sues have been slowly dried prior to charring. Specific environmental
conditions are thus required to yield informative charcoalified plant
material.

The present study documents the occurrence of charcoalified
Agathoxylon-type wood and describes the organically associated
secondary phloem tissue from large, exceptionally well-preserved spec-
imens resulting from autochthonous/hypautochthonous charcoal input
to Permian peat (Degani-Schmidt et al., 2015). Conclusions about the
preservation conditions are drawn and anatomical affinities are briefly
discussed based on xylem and phloem features.

2. Geologic and paleontological context

The study area comprises the Faxinal Coalfield, an opencast coal
mine located at the southeastern outcrop belt of the Rio Bonito Forma-
tion of the Parana Basin, southern Brazil (Fig. 1A, 30°15'52.6"S, 51°41’
53.8"W).

The top coal seam S interlayers with a tonstein bed (Plate [, 1, 2)
dated at 291 4 1.3 Ma (radiometric age after Simas et al., 2012) thus
being of late Sakmarian age (Cohen et al., 2013; updated 2015)
(Fig. 1B, C). The tonstein occurs throughout the coal seam area
(1.6 km?) and contains abundant compressed plant organs of the
Glossopteris Flora (Plate I, 3).
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Fig. 1. Map and stratigraphic framework. A) Location map (modified from Santos et al., 2006); B) geochronology (after Cohen et al., 2013; updated 2015), and radiometric age (Simas et al.,
2012); C) lithostratigraphy of the coal seam S and overlying layers (after Guerra-Sommer et al., 2008). “Radiometric age obtained through SHRIMP (Sensitive High Resolution lon
Microprobe) in zircons from the tonstein bed.
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In their most recent revision of the tonstein coalified macroflora,
Boardman et al. (2012) reported relative abundances in glossopterid
leaves of 78%, followed by cordaitalean leaves 17.6%, reproductive
axes 2%, pteridophyte fronds 1.4%, and seeds 1%, and confirmed the
low plant diversity previously reported by Cazzulo-Klepzig et al.
(2007). It is important to highlight that there is no record of conifer
macrofossils in the Faxinal Coalfield.

Palynological and palynofacies analyses conducted by Cazzulo-
Klepzig et al. (2009) found that bisaccate pollen grains are the most
abundant components (41%) in the palynoassemblage from the coal be-
neath the tonstein and include Protohaploxypinus, Vittatina, and
Fusacolpites (according to Boardman et al., 2012), providing strong evi-
dence of glossopterid proximity to the catchment basin. Monosaccate
pollen grains of cordaitaleans (9%) and striate pollen grains (6%) indi-
cate that conifers were less significant constituents of the original
peat-forming community. In the coal above the tonstein a frequency
of 57% glossopterid-related palynomorphs has been found (Cazzulo-
Klepzig et al., 2009).

3. Material and methods

Charcoalified wood fragments come from the coal associated with
the base and the top of the tonstein bed (Plate [, 2). Large, highly com-
pressed, brittle specimens (Plate I, 4-6) could be retrieved because
they were attached to the tonstein, which held the specimens together.

The lower charcoal horizon contains highly compressed charred logs
up to 21.8 x 13.4 cm in size (Plate I, 4, 6). The upper charcoalified mate-
rial is mostly composed of branch and twig fragments up to
16.4 x 5.7 cmin size (Plate I, 5).

Small pieces were collected with a dissecting knife and needles from
tonstein slabs under a Leica S8 APO stereoscopic microscope. The unpre-
pared material, often fragmented into elongated laths, was then
mounted on standard stubs with double-sided tape, gold coated and

Plate L. Field and hand sample photographs. Scale bars 1) 5 m; 2-6) 5 cm.

Pit bench exposure of coal seam S (arrowhead).
Close up of the interbedded tonstein ply in upper coal seam S.

Charcoalified branch fragments (Pb5122A).
Charred log fragment (Pb2684).

Uk WN =

Plate II. Xylem tissue. Scale bars 1) 10 um; 2-14) 20 pm. (see on page 6)

subsequently examined and photographed with a JEOL JSM 6060 Scan-
ning Electron Microscope (Collinson, 1999; Figueiral, 1999; Scott,
2001). Measurements were taken with the Zeiss Axio Vision 4.8.1 soft-
ware. Plates were composed with Adobe Photoshop CS3 Extended.

Ten stubs have been analyzed from a total of six specimens, all of
which are deposited at the Paleobotanical Collection of the Universidade
Federal do Rio Grande do Sul (UFRGS), Brazil. The phloem tissue is de-
scribed from the specimens Pb4587B, Pb4629, and Pb5122A, and the
xylem tissue from Pb4587A, Pb4626A, Pb4629, Pb5122A, Pb5126, and
Pb5128.

4. Description

Attributes like black color, silky luster, well-preserved anatomical
details, and homogenized cell walls (Plate II, 1; Plate III; 1-3) are present
in the xylem and phloem tissues of the analyzed material and are
according to Jones and Chaloner (1991) and Scott (1989, 2000, 2010)
diagnostic of macroscopic charcoal.

Cell measurements are not given because longitudinal cell walls are
mostly inconspicuous due to homogenization and cell ends can only
rarely be seen in ?parenchyma cells of the phloem tissue. General cell
proportions can, however, be observed on the present images.

4.1. Secondary xylem anatomy

The secondary xylem is composed of tracheids and parenchymatous
rays. Tracheids exhibit a mixed pattern of pitting in a single specimen
(Plate 1, 2). When uniseriate, the disposition of the areolate pitting is
rounded, separated, rarely contiguous but not flattened, with distances
between neighboring pitting from uniform to irregular (Plate I, 2, 3).
Biseriate pitting is arranged from sub-opposite to alternate, flattened
when crowded (Plate I, 4, 5, 7), and when triseriate, they are opposite
to sub-opposite, sometimes flattened (Plate II, 6). Cell walls are

Coalified leaves of the Glossopteris Flora preserved in the tonstein bed (Pb4762A).
Large fragments of a probably branched log associated to the tonstein rock.

1. Homogenized cell wall (Pb4587A-05-07).

2. Mixed type of pitting in a single specimen. “Uniseriate contiguous; “*biseriate (Ph4587A-84-04).
3. Uniseriate, separated pitting (Pb4587A-05-04).

4, Biseriate, alternate pitting (Pb4587A-04-04).

5. Biseriate, alternate, crowded and flattened pitting (Pb5128-54-21).

6. Triseriate type of pitting (Pb4587A-04-14).

7,8. *Wall corrugation on the inside of tracheids (Pb4587A-04-15; Pb4587A-04-03).

9,10. Cross-fields with unordered oculipores (arrows) (Pb5126-26-19; Pb5126-26-13).

11. Uniseriate rays of varying heights (arrows) (Pb5128-54-16; Pb5128-71-08).

12. Crushed tracheids in tangential/cross-section (Pb5128-72-13). “Ray; ““tracheid radial wall broken along the pitting due to compression.
13. Fungal hypha (Pb4587A-04-06).

Plate III. Phloem tissue. Scale bars 20 pm. (see on page 7)

1. Composite image of tangential and cross-section featuring all phloem elements, i.e. sieve cells, axial fibers and parenchyma and parenchymatous ray; “homogenized cell

walls; probable bundle of fibers (white arrow) (Pb4587B-56-03).
Colorized version of image 1 (see color key below).

Goh W

highlighted fungal hypha (Pb4587B-56-53).

Probable fungal haustorium (Pb5122A-08-21).

SO R ND

o

Homogenized cell wall of thick-walled fiber in axial and oblique section; fiber lumen (black arrow); probable intercellular space (white arrow) (Pb4587B-56-09).
Detail of sieve areas; fungal hypha (white arrow). Axial wall of sieve cell is inconspicuous due to homogenization (Pb4587B-56-14).
Transverse end walls of parenchyma cells (white arrow); row of simple pits on the inner side of the sieve cell at the place where it attaches to a fiber (black arrow);

Composite image featuring long strands of sieve cells and ray in tangential view (Pb4587B-57-08).
Tangential tearing pattern of sieve cells and vesicles on the parenchymatous walls (arrow) (Pb4587B-57-03).

Branching and anastomosing fungal hyphae (black arrow); sieve area (white arrow) (Pb4587B-56-32).

Probable fungal sclerotia (white arrow) located between transverse end walls of parenchymatous cells (Pb4587B-56-01).

Color key: yellow = sieve cells; red = fibers; blue = axial parenchyma; green = parenchymatous ray; orange = fungal hyphae.
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Plate Il (caption on page 22).
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Plate IIl (caption on page 22).
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sometimes corrugated on the inside (Plate II, 7, 8). Cross-fields are fre-
quently present but cross-field pitting is rarely preserved, being of the
araucarian type with numerous contiguous unordered cupressoid to
taxodioid oculipores (Plate II, 9, 10). Tangential views show uniseriate
parenchymatous rays 1-11 cells high, more frequently 1-8 (Plate II,
11). Cross-section views are not informative because specimens are
compressed and tracheids are crushed (Plate II, 12).

4.2. Secondary phloem anatomy

Phloem tissue is preserved in very superficial areas of the charred
wood fragments. It is similar in all observed specimens, organized in
axial and transversal cell systems, which are composed by thin-walled
sieve cells, axial parenchyma, fibers, and uniseriate parenchymatous
rays. While thick-walled cells of the phloem tissue are homogenized
(Plate III, 1-3), the sieve cells are found more often detached or adhered
to the secondary walls of the adjacent cells, but sometimes also homog-
enized (Plate III, 1, 2, 4, 6, 7). Probable intercellular spaces can be
observed in the homogenized walls in cross-section view (Plate III, 3).

Limited cross-section and tangential views suggest that sieve cells
are arranged in continuous tangential layers alternating with mixed
rows of parenchyma and fibers (PlateIl, 1, 2, 6). The sieve cells are elon-
gated, contiguous, noticeably composed of thin primary wall only,
shrunk, and collapsed so that the radial sieve areas are seen in tangential
view, being narrower than the rectangular molds formed by a matrix of
adjacent and homogenized secondary walls of axial parenchyma and fi-
bers (Plate III, 1, 2). Sometimes, the sieve cells are attached to the sec-
ondary wall matrix by one side and torn longitudinally (Plate III, 5, 7).
Simple pits can be observed inside the sieve cells at the site where
they attach to the fibers (Plate III, 5).

Sieve areas occur on lateral (radial) walls, are sub-elliptical to sub-
rectangular in shape, range from 4.9 to 13.3 pm high, with a mean
width of 17.2 um (60 sieve areas measured; Plate III, 4), and are nearly
as wide as the sieve cell. Distances between sieve areas range from 0.4
to 12.7 um. Sieve pores are round to elliptical, occasionally septate or co-
alesced (Plate III, 4), with sizes ranging from 0.5 to 1.9 um high and 0.4
to 1.0 pm wide. The number of pores per area ranges from 34 to 70. Gen-
erally, the pores seem to spread centrifugally from several origin centers
in a single sieve area.

In cross-section, thick-walled cells can be observed and are
interpreted as fibers. They have sub-triangular to oval lumen, and
their thick walls are homogenized with adjacent parenchyma and
other fiber walls (Plate III, 1, 2, 3). They sometimes occur in bundles.

Cells of the axial parenchyma are identified by having a round, larger
lumen than the fibers (Plate III, 1, 2), and transverse cell ends (Plate III, 5).
Vesicles can be frequently observed in the parenchyma walls (Plate III, 7).

Parenchymatous rays are frequent, uniseriate and from 1 to 10 cells
high, mostly 1-6 (Plate III, 6).

4.3. Fungal hyphae

Fungal hyphae are rare in the xylem and frequent in the phloem tis-
sue, where they are associated with the sieve cells and parenchymatous
rays (Plate II, 13; Plate I1I, 2, 4, 5, 8, 9). Filaments are collapsed (flat) and
adhered to the cell walls, anastomosing and branching, and their width
ranges from 0.84 to 2.41 um. Occasional groupings of subspherical bod-
ies could correspond to fungal sclerotia (Plate III, 10).

5. Discussion
5.1. Paleoenvironmental context

The studied material comes from an environment where peat accu-
mulated in a wet woodland setting with understory shrubs. Previous

palynological, palynofacies, and organic petrographic analyses showed
that woody gymnosperms (mainly glossopterids) in a forested

environment were the main producers of the original coal biomass in
the Faxinal Coalfield (Henz and Corréa-da-Silva, 1987; Cazzulo-
Klepzig et al., 2007, 2009; Boardman et al., 2012; Simas et al., 2013).
This particular scenario differs from other Brazilian coalfields, which
are characterized by a herbaceous and shrub-like vegetation, with a pre-
dominance of sub-arborescent and herbaceous lycophytes, subordinate
filicophytes and sphenophytes, and less abundant gymnospermous
groups of glossopterids, cordaitaleans, and conifers from the hinterland
(e.g. Cazzulo-Klepzig et al., 1993, 2005; Ricardi-Branco and Résler,
2004; Mendonga Filho et al,, 2013).

Evidences of wildfires have been reported from Gondwanan coal-
bearing strata based on the presence of macroscopic charcoal (Jasper
et al., 2013; Slater et al., 2015) and occur in different Permian sequences,
e.g., the Sakmarian-Artinskian of the Parana Basin (Brazil), the Artinskian
of the Karoo Basin (South Africa), the Lopingian of the Damodar Basin
(India), the Roadian-Wordian of East Antarctic Toploje Member. Macro-
scopic charcoal fragments, mostly of gymnospermous anatomy, are gen-
erally found as small pieces (up to about 5 cm long), with abraded edges.
In the material here analyzed, the extremely delicate primary walls of the
sieve cells (Evert, 1977, 2006), preserved in the large charred logs and
branches, indicate particular autochthonous/hypautochthonous deposi-
tional conditions in the peat-forming environment, such as low-
temperature wildfires following cyclic environmental dryness. This is
confirmed by low values of inertinite reflectance measurements
(Degani-Schmidt et al., 2015). Fire susceptibility in this swamp forest of
temperate southern latitude was explained by the combination of dry
events, large fuel supply, and atmospheric oxygen levels higher than in
present. Fires were probably ignited by lightning strikes.

5.2. General anatomical aspects

Given the naturally fragile constitution of charcoalified tissue, the ra-
dial walls in the secondary phloem are frequently folded over the tan-
gential walls due to high compression from the sedimentation process
and have been preferentially preserved (Plates II, 12; 11, 1, 2).

A study conducted by Lupia (1995) showed that fire introduces
preservational bias, and structures undergo differential shrinkage dur-
ing charcoalification, which is reflected in the observed longitudinal
tearing pattern of the thin-walled sieve cells (Plate III, 2, 7). Despite
the shrinkage, the distribution of sieve areas and sieve pores do not ap-
pear to be artifacts of the preservation process and seem to have held
sizes and distances proportionally. Marked fluctuations in sieve pore
size, as well as in the spacing between sieve areas are observed in single
specimens and could be attributed to distinct maturation status of the
sieve cell. Sieve cell ends are not discernible in the analyzed material,
but it is possible that the crowding of sieve areas occurs at sites of over-
lapping ends (Plate III, 6, 7).

The absence of callose structures suggests that either the phloem was
still active at the moment of the fire or, due to its polysaccharidic compo-
sition (Boureau, 1954), the callose has been selectively destroyed by the
fire. The presence of few axial parenchyma cells could mean that the ob-
served sections belong to old phloem, where thin-walled cells are mostly
collapsed and compressed against fibers towards the cortex region, as
sometimes observed by Decombeix et al., 2014. On the other hand,
Decombeix et al. (2015) reported a proliferation of axial parenchyma in
the old (outer) phloem of glossopterid wood, associated with bark shed-
ding. Considering the good preservation of the here described material
and absence of bark, it is more likely that the observed sections belong
to the inner part of the (active) phloem tissue and that the outer part
would have probably been damaged by the fire. However, not enough
layer repetitions have been observed in order to ascertain this.

The occurrence of corrugated walls in the xylem (Plate II, 7, 8) and ves-
icles in the secondary walls of phloem cells (Plate III, 7) could be attributed
to thermal deformation rather than being actual anatomical features.

Fungal hyphae are more abundant in the phloem than in the xylem,
and scarce signs of tissue decay suggest that the fungal infestation may
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have been interrupted early on by the fire. Hyphae are preferentially ad-
hered to the walls of axial and radial parenchyma and sieve cells (Plate
11, 2, 4, 5, 8). Petrographic analysis indicated that the plants burned in
growth position (Degani-Schmidt et al., 2015), and the fungi probably
colonized the plants shortly before the fire event. Fungal hyphae and
spores associated to charcoals in the fossil record have also been men-
tioned by Harris (1958), Scott (2000), and Uhl et al. (2007). Harris
(1958) observed chlamydospores on mixed charred and uncharred fos-
sil remains, concluding that the plant shoots begun to rot before the fire,
while Uhl et al. (2007) could not be certain if the wood infestation
began in living or dead tissue.

5.3. Secondary xylem

The mixed type of araucarian pitting occurring in single specimens
corresponds to the fossil genus Agathoxylon Hartig (sensu Bamford and
Philippe, 2001; Philippe, 2011; RoRler et al., 2014). This anatomical
wood pattern is characterized by the occurrence in the tracheids of bor-
dered pits both contiguous uniseriate and alternate multiseriate, cross-
field pitting of araucarian type showing contiguous cupressoid to
taxodioid oculipores, uniseriate rays, and absence of axial parenchyma.
This wood pattern is widespread among late Paleozoic and Mesozoic
gymnosperms of different phylogenetic affinities (Prevec et al., 2009;
Taylor et al., 2009) from both the northern and southern hemispheres,
most of which had previously been identified as Dadoxylon Endlicher (ac-
cording to Gothan, 1905; Vogellehner, 1964; Philippe, 1993). After ana-
lyzing more than 400 morphospecies designated as Araucarioxylon-type
of wood, Philippe (2011) concluded that Agathoxylon seems to be the
most appropriate name for the corresponding fossil genus. R6Rler et al.
(2014) advocate the use of Agathoxylon rather than Dadoxylon or
Araucarioxylon Kraus.

The main differences between Agathoxylon and Australoxylon
Marguerier, defined for Permian Gondwanan woods (Marguerier,
1973), are the co-occurrence in the latter of three types of radial pitting
on the tracheids, namely, araucarioid, abietinean, and the conspicuous
arrangements in groups of 2-5 pits. Such a pattern is frequently attrib-
uted to glossopterid pteridosperms (e.g., Gulbranson et al., 2014). Char-
coal fragments identified as Agathoxylon have been reported several
times from the Permian of Gondwanaland associated with the
Glossopteris Flora (Jasper et al., 2013 and citations therein), and the
dominance of glossopterid pollen grains both in the coal and the
tonstein of Faxinal Coalfield, and abundant coalified glossopterid leaves
found in the interlayered tonstein bed are indirect evidences of a possi-
ble glossopterid affinity for the studied charred woods. However, other
affinities with cordaitaleans, which occur in the assemblage in lower
frequency, cannot be excluded.

5.4. Secondary phloem

Descriptions of secondary phloem tissue in fossil stems are rare and
illustrations showing details at cellular level are usually not possible due
to poor preservation or impaired by preparation techniques. The record
of phloem tissue in charcoalified material which yields exquisite details
is especially rare.

Little attention has been paid to phloem tissue in most descriptions
of fossil wood, but the information it contains can contribute to eluci-
date diversification at species level and growth strategies, while xylem
yields more generic information. In a review of the phloem tissue in
Paleozoic and Mesozoic plants, Taylor (1990) pointed out that the pres-
ence of fibers and the layered arrangement of phloem cells can be of tax-
onomic value for both fossil and extant plant groups. Decombeix et al.
(2014) observed that the arrangement in successive tangential layers
was already present in Devonian-Carboniferous lignophytes and creat-
ed four categories for the different structural types of secondary phloem
tissue found in Paleozoic plants. Their “Model C” includes gymnosper-
mous phloem types featuring regular alternation of tangential layers

of the different cell types, fibers in generally continuous tangential
layers of 1-2 cell thickness, and axial parenchyma. The apparent regular
arrangement of the secondary phloem here described for Agathoxylon-
type wood, inferred as an alternation of uniseriate tangential rows of
sieve cells and mixed rows of fibers and scarce axial parenchyma, with
uniseriate radial parenchyma, could be a variation of this model. The
taxa listed by Decombeix et al. (2014) under this category, which also
include most extant gymnosperms, are Devonian-Mississippian
progymnosperms and seed ferns, Pennsylvanian arborescent
medullosalean seed ferns, and a species of Permian cordaitaleans. In ad-
dition to considering phloem patterns, in the following discussion the
co-occurrence of araucarian pitting in the secondary xylem tissue is
also taken into account for establishing comparisons.

5.5. Anatomical comparisons

The general rhythmicity in the production of different secondary
phloem cells is less conspicuous in the older Devonian progymnosperms
and Mississippian seed ferns included by Decombeix et al. (2014) in the
“Model C,” but it is clearly seen in the gymnosperms, i.e. the arborescent
medullosaleans and one cordaitalean species, characterized by continu-
ous rows of sieve cells.

The secondary phloem tissues of the arborescent medullosaleans
from the tropical Pennsylvanian peat swamps of Euramerica described
by Smoot (1984) for Medullosa anglica Scott, M. endocentrica Baxter,
and M. noei Steidtmann feature distinctive multiseriate rays and
uniseriate tangential layers of sieve cells (with elliptical sieve areas
nearly as wide as the cell on the lateral walls, like the ones observed
here), alternating with fibers and thin-walled cells. This phloem tissue
organization has been referred by Decombeix et al. (2014) as a repeti-
tion of continuous layers of fibers, axial parenchyma, and one-cell-
thick tangential layers of sieve cells. In the secondary xylem tissue,
tracheids are characterized by multisseriate, alternate, frequently
flattened areolate pitting. Unlike other Carboniferous seed ferns,
the pitting pattern in the medullosalean tracheids presents up to
12 rows of bordered pits on the radial walls and shows araucarioid
affinity (sensu Stewart and Rothwell, 1993) and could be an ances-
tral form of Agathoxylon-type wood. In the secondary phloem, the
uninterrupted layer of sieve cells with wide sieve areas supported
by adjacent fibers is the most evident similarity between the
medullosaleans and Agathoxylon.

Due to their similar composition and organization of the phloem tis-
sue, the medullosaleans have been compared to Mesozoic cycadophytes
(Cycadeoidea Buckland) by Smoot (1984) and Ryberg et al. (2007). The
main difference at cellular level is the extended length of the
medullosalean sieve cells, reflecting the leaning tendency in the growth
habit in some of the pteridosperm species. The Cycadeoidea xylem tis-
sue, however, in addition to being manoxylic like the medullosaleans,
is characterized by scalariform tracheids and uni- to biseriate rays, and
in this regard, these plant groups are extremely dissimilar from
Agathoxylon.

For the secondary xylem of the cordaitalean included in the “Model
C,” Shanxioxylon sinense Wang et al. from early Permian strata of China,
Cathaysia, tracheids with a mixed type of araucarian pitting
(Agathoxylon-type of wood) have been described, and for the secondary
phloem tissue, the presence of thick-walled, nearly isodiametric fiber
cells, thin-walled parenchyma cells, and moderately thick-walled
sieve cells is reported (Wang et al., 2003). As referred by Decombeix
etal. (2014), the cross-section of the inner part of the secondary phloem
of S. sinense reveals one-cell thick tangential layers of fibers, alternating
with two to four thick layers of thin-walled cells and sieve cells. Even
though the repetition pattern in the phloem organization of S. sinense
is not the same as the one inferred for Agathoxylon, the secondary
xylem and phloem patterns of the here described Agathoxylon-type
wood from wet peatland environments of the Permian of Gondwana
points to a comparable organization as in cordaitalean-like plants
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from analogous environments of Cathaysia because they reflect adapta-
tions of these woods to peat-forming environments.

It should be emphasized, however, that Agathoxylon is a xylem-
based fossil genus encompassing distinct groups of gymnosperms,
while Shanxioxylon sinense is reconstructed as a nearly complete plant
with well-established cordaitalean affinities. Interestingly, Taylor et al.
(2009) refer to S. sinense as a cordaitalean with shared traits with coni-
fers, such as the helical arrangement of the secondary fertile shoots
(Cathayanthus) and small needle-like leaves. The compositional and or-
ganizational similarity between the vascular tissue of S. sinensis and
Agathoxylon seems to point to a probable common ancestor, but such
observations are rather speculative as other associated plant organs
from the Faxinal Coalfield have not been investigated yet.

From the upper Permian of Antarctica (Skaar Ridge), Decombeix
etal. (2015) reported preserved bark of glossopterid specimens from si-
licified peat. Just like in the specimens described here, the fiber layers
are discontinuous, but only one cell thick. The presence of successive
periderms in the older (outer) phloem with proliferation of axial paren-
chyma, retained as an insulating layer with a spongy aspect, suggests
that the glossopterids shed the oldest bark as large scales and is an
evidence of the adaptation of these plants to the strong environmental
oscillations (e.g., dry/wet fire and flooding conditions) to which they
were widely subjected throughout Gondwanaland.

The Gondwanan Mesozoic seed fern Cuneumxylon spallettii Artabe et
Brea (Middle Triassic), with araucarian pitting and a polyxylic wood
type, shows a poorly preserved phloem in which sieve cells, abundant
parenchymatous cells, and fibers have been recognized, but the cell or-
ganization has neither been described nor figured (Artabe and Brea,
2003), impeding a more detailed comparison, although from the sample
fragments here described it is possible to affirm that it differs quantita-
tively in the parenchyma abundance.

In the phloem of the Upper Cretaceous conifer Taxodioxylon
Ramanujam and Stewart, 1969, all the cell types occurring in
Agathoxylon have been observed, and the phloem pattern is arranged
in alternating, tangential uniseriate layers (fiber/sieve cell/axial paren-
chymay/sieve cell/fiber). Taylor et al. (2009) included this taxon in the
Cupressaceae based on the tracheid pitting of abietinian type in the sec-
ondary xylem.

Taking into account the general evolutionary trend in modern coni-
fers, the secondary phloem pattern found in the studied material can be
considered as typical for most extant conifers other than Pinaceae
(sensu Esau, 1969). In more complex groups such as Cupressaceae,
Taxodiaceae, and parts of Podocarpaceae and Taxaceae, fibers are con-
sistently present, and the typical pattern is based on a regular sequence
of alternating tangential uniseriate bands of fibers, parenchyma, and
sieve cells (Evert, 2006). Nevertheless, in those groups, the patterns of
secondary xylem, which have been considered of phylogenetic value,
are of the mixed, mainly abietinian type, contrasting with the typical ar-
aucarian type found in Agathoxylon. However, a close conifer affinity is
unlikely because conifer macrofossils have not been reported from the
Faxinal Coalfield.

The features here described from a Gondwanan gymnosperm cor-
respond to a tissue with well differentiated cell functions, ratifying
the conservatism observed by Taylor (1990) and Decombeix et al.
(2014) for the phloem tissue during the Paleozoic. The remarkable
structural uniformity of mature sieve cells in fossil and extant gym-
nosperms from different plant groups contrasts with the varied pat-
terns found in the tracheids of secondary xylem. Cell characteristics
are mainly attributed to genetic factors but can also be influenced
by ecological constraints (Bosshard, 1974; Schweingruber, 2007).
While the new data presented here do not allow definitive phyloge-
netic or taxonomic inferences, they suggest that diversity in phloem
architecture could reflect adaptations to environmental pressures,
allowing the plants of Agathoxylon-type of wood to thrive in an envi-
ronment marked by extreme oscillations from flooded to dry and
prone to wildfires.

6. Final considerations

For the first time, secondary phloem tissue in organic connection
with Agathoxylon-type wood is described from charcoalified specimens
from a Permian peat-forming environment in western Gondwana. The
preservation of such delicate tissue occurred under cyclic, low-
temperature wildfires following environmental dryness and
hypautochthonous/autochthonous depositional conditions.

The xylem pattern here described is characterized by the occurrence
in the tracheids of bordered pits of both the contiguous uniseriate and
alternate multiseriate, cross-field pitting of araucarian type showing
contiguous cupressoid to taxodioid oculipores, uniseriate rays, and the
absence of axial parenchyma.

The phloem pattern is defined as having uniseriate parenchymatous
rays and alternating unicellular tangential layers of thin-walled sieve
cells featuring clearly defined sieve areas and sieve pores with mixed
layers of thick-walled axial fibers and scarce parenchyma.

Possible affinities for the charred logs established through previous
palynological and paleobotanical data from the same coal seam are
probably with glossopterids or cordaitaleans.

Despite Agathoxylon being a fossil genus related with different gym-
nospermous groups and even though the fragmentary preservation
does not allow a formal diagnosis, the results here reported about the
secondary phloem constitution and its organization provide new data
for Permian gymnosperm forms from Gondwanaland.

The compositional similarity between the secondary phloem and
xylem patterns of the Cathaysian species Shanxioxylon sinensis and the
here described gymnosperm genus Agathoxylon from western Gondwa-
na seems to point to probable adaptative convergence to similar envi-
ronmental conditions.

Even though direct correlation with extant gymnosperm groups
cannot be established from the fragmentary observations made here,
there is no doubt that the building blocks of vascular tissue carry conser-
vative attributes since the late Paleozoic.

Should the vascular tissue from other plant organs from the Faxinal
Coalfield be investigated in the future, a progress could be made in com-
pleting the description and establishing affinities for the tissues report-
ed here.
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Abstract

Redescription of a Brazilian glossopterid species is done based on cuticular analysis. The
original description (Guerra-Sommer, 1992) is illegitimate because it is a later homonym of
Glossopteris papillosa Srivastava (1969). The material comes from a tonstein layer
interbedded in a Sakmarian coal seam (U/Pb age 291 + 1.3 Ma) of the Faxinal Coalfield,
southern Parand Basin, Brazil (Rio Bonito Formation). Cuticle fragments have been
macerated in Schulzes solution yielding larger cuticle fragments than those previously
described, totalizing over 100 analyzed specimens. The new species name Glossopteris
pubescens is erected as a replacement name and refers to the hairy lower epidermis. The
unique set of characters of the elaborate indumentum of the abaxial lamina comprises
subsidiary cells with papillae overarching the stomatal pore, papillate epidermal cells, simple
trichomes and trichome base complexes apparently homologous to stomatal apparati densely
concentrated on the venation system. The epidermal structures are compared to that of fossil

and extant plants and interpreted under the light of new paleoecological data for the Faxinal



Coalfield which include humidity oscillations with wildfire occurrences and influence of

volcanic activity.

Keywords

trichome base complex, fossil cuticles, pteridosperms, Permian, Glossopteris Flora,

Gondwana

Highlights

e Redescription of a glossopterid species based on cuticular analysis

e (Cuticular analysis has been performed in over 100 leaves from a single locality
e The lower epidermis features elaborate indumentum

e Trichome base complexes are apparently homologous to stomatal apparati

e Environmental cyclicity is inferred to have influenced epidermal plasticity
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1. Introduction

The Gondwana Realm is essentially identified based on the presence of the
Glossopteris Flora of which the leaf genus Glossopteris Brogniart is the main constituent,
being the dominant fossil in Permian sediments (e.g., Gould and Delevoryas, 1977; Pigg,
1990; Taylor et al., 1992; Cuneo, 1996; Tewari et al. 2015).

Based on its various organs, the affinities of glossopterids have been suggested to be
with varied groups such as cordaitaleans (Schopf, 1973), Gnetales (Schopf, 1976),
»Lcycadophytes ™ (Rigby, 1978), and Pinophyta (Meyen, 1987). Pant and Singh (1974) and
Pigg and Nishida (2006) recognize similarities of the Glossopteris plant with the extant
Ginkgo. Some authors have suggested a separate class or order (Archangelsky, 1970; Surange
and Chandra, 1975), the Glossopteridopsida or Glossopteridales, at the same rank as the
Pteridospermopsida or Pteridospermales. Others are inclined to relate them to the seed ferns
as Glossopteridales, at the same rank as the Medullosales or Lyginopteridales (Gould and
Delevoryas, 1977; Taylor and Taylor, 1993); for Boureau (1967) they constituted the phyllum
Glossopteridophyta. A glossopterid ancestry has been suggested for the flowering plants (e.g.,
Plumstead, 1956; Krassilov, 1977; Retallack and Dilcher, 1981; Melville, 1983), and
phylogenetic analyses considering ovule-bearing structures of fossil and extant plants placed
the group at the base of Angiosperm origins (Doyle, 2006).

The form genus Glossopteris occurs abundantly, but not exclusively, in clastic levels
directly associated with coal seams, which are considered to be climate-sensitive sediments
(Gibbs et al., 2002). The taxon is important in wetlands and swampy habitats (Anderson and
Anderson, 1985; Pigg, 1990; Guerra-Sommer et al., 1991; Pigg and McLoughlin, 1997;
Banerjee, 2005) in cool temperate biomes (Rees, 2002).

In the Brazilian Gondwana, assemblages with abundant specimens and well preserved

compressions of glossopterid leaves have been described from mud and silty-sandy layers
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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 Paranad Basin (Fittipaldi and
Rosler, 1985 for Parana State; Guerra-Sommer, 1992 for Rio Grande do Sul State) (Fig. 1A).

In addition to its presence in the coal-bearing Rio Bonito Formation, Glossopteris
leaves are also known from gangampoterid-glossopterid leaf assemblages collected from
older periglacial environments of the Itararé Group from the lower Permian (Asselian to
Sakmarian). The leaves are also present in fluvial and lacustrine deposits from younger strata
of Irati, Teresina and Rio do Rasto formations (Fig. 1B) throughout the Middle and Late
Permian (Late Artinskian to Wuchiapingian), during the transitional icehouse-hot house
conditions, suggesting that these plants could also occur at wetter areas of seasonally dry
environments. However, such specimens are preserved as impressions only (e.g., Rosler,
1975, 1978; Corréa-da-Silva and Arrondo, 1977; Bernardes-de-Oliveira et al., 1978; Perinotto
and Rosler, 1984; Rohn, 1984; Rohn and Résler, 1989, 2000; Rohn et al., 1997; Ricardi-
Branco et al., 1999; Guerra-Sommer and Cazzulo-Klepzig, 2000; Iannuzzi, 2000; Boardman
et al., 2006; Tybusch and Iannuzzi, 2008, 2010; Tybusch et al., 2012).

About 200 species of the genus Glossopteris have been described from the lower
Permian to the lower Triassic rocks of the Gondwanan continents, viz. Africa, Antarctica,
Australia, South America, peninsular India (Pigg, 1990 and references therein; Srivastava and
Agnihotri, 2010; Goswami and Singh, 2013) and even from the Arabian plate (Archangelsky
and Wagner, 1983; Berthelin et al., 2006), most frequently based on the morphography of the
impression leaves. The main difficulty posed by leaf morphography consists in delimiting
species based on the variation of venation patterns and shape, which frequently intergrade
subtly from one fossil to the next (Bernardes-de-Oliveira, 1978; Kovacs-Endrédy, 1979;
Srivastava, 1991; McLaughlin, 1994; Pigg and Nishida, 2006).

Epidermal micromorphology of leaf adpressions has been used to distinguish a

number of Glossopteris species in material recovered mainly from roof shale levels (e.g.,
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Zeiller, 1896; Sahni, 1923; Srivastava, 1956; Surange and Srivastava, 1956; Pant, 1958; Hoeg
and Bose, 1960; Surange, 1966; Pant and Gupta, 1968, 1971; Srivastava, 1969; Pant and
Singh, 1971, 1974; Pant and Choudhury, 1977; Chandra and Srivastava, 1981; Fittipaldi and
Rosler, 1985; Bajpai, 1986; Pant and Pant, 1987; Guerra-Sommer, 1992; Maheshwari and
Tewari, 1992; Singh and Maheshwari, 2000; Srivastava et al., 2010), however, some
descriptions are based on a limited number of specimens and/or small-sized cuticle fragments
and led to a proliferation of species.

The interpretation of anatomically preserved leaves has influenced the understanding
of this group by providing information that would be unknowable from compressions alone
(e.g., Gould and Delevoryas, 1977; Pigg, 1990; Pigg and Taylor, 1990, 1993; Taylor, 1996;
Pigg and McLaughlin, 1997). Upon review of anatomical features described for petrified
glossopterids of Late Permian silicified cherts from Antarctica and Australia, Pigg and Trivett
(1994) reported distinctive variation in leaf-stem attachment among glossopterids with similar
venation patterns. Nevertheless, this kind of preservation for glossopterid leaves seems to be
very rare in the geological record.

A well preserved assemblage of compressed Glossopteris leaves, collected from an
ash fall level (tonstein) interbedded in a coal seam from the Faxinal Coalfield, southern
Brazil, lead Guerra-Sommer (1992) to identify a predominantly monotypic cuticular pattern.
Based on the epidermal architecture, the leaf assemblage was considered as mostly composed
by a single biological entity identified as Glossopteris papillosa (illegitimate name). Its lower
cuticle pattern is characterized by haplocheilic stomata with papillate subsidiary cells
overarching sunken guard cells, dispersed epidermal papillae and single elongated unicellular
trichomes, presenting also peculiar cuticular appendages densely concentrated mainly in the
costal fields. Such pattern is unique to the glossopterids preserved in the tonstein of the

Faxinal Coalfield.
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The aims of the present study are to rectify the taxonomic identity of the glossopterid
species previously described by Guerra-Sommer (1992) by means of cuticular analysis as
Glossopteris papillosa (illegitimate), renaming it and emending the original description, and
to discuss the micromorphological features, comparing them to those of fossil and extant
plants, and interpreting their meaning under the light of new paleoecological data for the

Faxinal Coalfield.

2. Geologic and paleontological context

The study area comprises the Faxinal Coalfield, a former opencast coal mine located at
the southeastern outcrop belt of the coal-bearing Rio Bonito Formation of the Parand Basin,
southern Brazil (Fig. 1A). The mine closure took place in 2009 after the coal has been
exhausted and the mine site has been rehabilitated.

The top coal seam S is interlayered with a 10 cm thick (mean) fossiliferous tonstein
ply (Fig. 1C; Plate I, 1, 2) dated at 291 + 1.3 Ma (radiometric age after Simas et al., 2012)
corresponding to the late Sakmarian (Cohen et al., 2013; updated 2015) (Fig. 1B, C). The
tonstein occurs throughout the coalfield area (ca. 1.6 km?®) and contains abundant plant organ

adpressions of the Glossopteris Flora (Plate I, 3-7).

FIGURE 1 - PLATE I

Autochthonous/parautochthonous adpression floras in peat-forming environments are
uncommon (Gastaldo et al., 1995). However, the ash-fall layer (tonstein) is considered a
typical entombing facies (DiMichele and Falcon-Lang, 2011) yielding excellent fossil
preservation (e.g., Wang et al., 2012). The presence of the tonstein reflects an instantaneous

geological event (sensu Prothero, 1990) and played an important role in the plant preservation
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in the Faxinal Coalfield due to the rapid inclusion of the plant organs in the falling ash. This
kind of process also favors the obtaining of paleoecological data because it can be considered
as a snapshot of minutes to days of the plant assemblage (DiMichele and Falcon-Lang, 2011).

According to sequence stratigraphy, the coal deposition in the southern Parana Basin
is inferred to have occurred in a lagoon-barrier depositional system, where the mires were
formed behind a barrier island (Holz, 2003; Holz et al., 2010).

Palynological data from the coal seams and the tonstein rock (Cazzulo-Klepzig et al.,
2007, 2009) supported the occurrence of paralic conditions in lowland coastal plains and
corroborated the sequence stratigraphy model established by Holz (2003). Monosaccate and
bisaccate pollen grains (Cannanoropollis and Scheuringipollenites) comprise approximately
33% of the whole palynological assemblage in the tonstein layer, followed by
Protohaploxypinus 8% (Cazzulo-Klepzig et al., 2009). Abundance of trilete spores of
lycopsid and filicopsid affinities is 9%. Fragments of the colonial alga Botryococcus were
identified (less than 2%), as well as scarce algae-like elements belonging to the genus
Portalites (less than 2%). The palynoassemblage reflects a plant community dominated by
gymnosperms (glossopterids, cordaitaleans and conifers) in a forest swamp habitat with
periods of standing water.

Palynofacies analyses showed the presence of amalgamated sporomorphs at the base
level of the tonstein layer and algal colonies of Botryococcus at the top. Environmental
conditions have been associated with a subaqueous deposition of the ash-fall layer, pointing to
a rapid burial process (Cazzulo-Klepzig et al., 2009). Zygospores of zygnematacean algae
from the contacts of the coal with the tonstein were observed under fluorescence microscopy
and have been reported by Degani-Schmidt et al. (2015), suggesting conditions related to
lacustrine shallow margins, sloughs, and tree islands in swamp environments (Grenfell, 1995;

Yi, 1997; Chmura et al., 2006).
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Petrographic analysis of polished blocks under fluorescent light revealed probable
pollen organs and abundant pollen clusters at the lower and the upper coal boundaries with the
tonstein, suggesting autochthonous/hypautochthonous deposition of gymnosperm organs
(Degani-Schmidt et al., 2015).

Simas et al. (2013) inferred a rapid and intense leaf deposition process during the ash-
fall, mostly corresponding to leaves organically attached to short shoots in apparent whorls.
Analysis of dispersed organic matter along the tonstein layer showed that the organic matter
succession reflects the composition of different plant strata (herbaceous pteridophytes and
arboreal glossopterids/cordaitaleans) around the deposition site (Simas et al., 2013).

In their most recent revision of the tonstein coalified macroflora, Boardman et al.
(2012) reported a dominance of glossopterid leaves at 78%, followed by cordaitalean leaves
17.6%, reproductive axes 2%, pteridophyte fronds 1.4% and seeds 1%.

Stomatal counts found lower numbers in the glossopterid leaves from the tonstein of
the Faxinal Coalfield when compared to the results from the northern of the Parana Basin
(Cambui coal mines in Parana State) pointing to higher atmospheric CO; levels, perhaps due
to the influence of volcanic activities and revealing probable atmospheric fluctuations within
the Sakmarian—Artinskian interval during the development of peat-forming systems in
Brazilian sequences (Degani-Schmidt et al., 2011). However, the compared glossopterid
leaves probably do not belong to the same species as will be discussed herein.

Charcoal analyses in the tonstein layer (Jasper et al., 2011) showed a progressive
reduction of gymnosperm macroscopic charcoal towards to the layer top, indicating a
reduction in fire activity. Volcanic events were suggested as ignition source for wildfires in
this peat-forming environment. Subsequent studies, however, indicated that the ash has been
deposited at a cool temperature on the peat surface (Simas et al., 2013). Additionally, no
evidence of thermal-induced alteration has been observed in the cuticles included in the

tonstein (Guerra-Sommer, 1992; Degani-Schmidt et al., 2011).
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Analysis of large autochthonous/hypautochthonous charcoalified logs included in the
lower and upper coal boundaries with the tonstein considered that fire ignition, activity and
spread were more often related to extreme wet-dry recurrent climatic oscillations (Degani-

Schmidt et al., 2015).

4. Material and Methods

Abundant Glossopteris leaves occur haphazardly in horizontal disposition, frequently
stacked in several planes along the tonstein layer. Most of the compressions are fragments of
isolated leaves; however, leaves organically attached to short shoots in apparent whorls are
also present (Plate I, 4-7).

Tonstein samples were collected between 1984 and 2009 (Guerra-Sommer, 1992;
Degani-Schmidt et al., 2011; Jasper et al., 2011; Boardman et al., 2012; Simas et al., 2012).
Slabs were removed from the coal seam with pickaxe or hammer and chisel and also with the
help of a mechanical excavator where the tonstein was at ground level (Plate I, 1).

Cuticle samples from 9 whorls/short shoots containing 4 to several leaves in organic or
inferred connection and 20 unattached leaves have been collected and individually macerated.
At least 2 leaves from each whorl had their cuticles prepared individually to ascertain they
carried the same cuticular pattern Additional 59 fragmented leaves, whose morphography is
sometimes indiscernible, had their cuticles collected and macerated in bulk. The number of
analyzed leaves exceeds 100 individual specimens.

Cuticles are firmly adhered to the rock matrix and are cracked (Plate X, 3). Small
chips were broken off and treated with hydrofluoric acid (HF) 45% for 24-48 hours according
to Kerp (1990). After rinsing with distilled water, cuticles have been immersed for two hours
in a saturated dry Schulzes solution in a concentration similar to that proposed by Gray

(1965) for palynology of coals (70% HNO; and KCIOs 4 : 1). Next, the cuticles were
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repeatedly washed and put in 5% KOH solution for 5-10 minutes and washed again with
distilled water (Kerp, 1990; Krings and Kerp, 1997; Kerp and Krings, 1999). All cuticles were
dehydrated in glycerin (Krings and Kerp, 1997) and mounted in glycerin jelly slides with the
help of a Leica S8 APO stereoscopic microscope.

It is important to emphasize that differently from the methods described in the
literature to prepare the glossopterid cuticles from the northern Parana Basin and from India,
and pteridosperm cuticles from the northern hemisphere, long maceration times in a low
concentrated Schulzes solution resulted in excessively eroded cuticles.

A few cuticle fragments have been prepared for observation under fluorescent light by
maceration in HF only for 24-48h for freeing the adhered sediments.

Trichomes, which are mostly trapped in the rock matrix, have been extracted by
dissolving small chips in HF for 24 hours. After decanting and rinsing in water, the plant
material was filtered and picked with a dropper and put on glass slides with a drop of cellosize
and then covered with glycerin jelly and cover slips.

Slides were examined under transmitted light using a Zeiss Axioplan 2 microscope
with Plan-Neofluar objectives, H/DIC II differential interference contrast filter and dark-field
microscopy. The same equipment has been used for fluorescence observation with blue
(DAPI) and green (AF488) filters. Pictures were taken using an AxioCam MRc camera, and
the images were analyzed and measurements taken with Zeiss Axio Vision 4.8.1 software.

Plates were composed with Adobe Photoshop CS3 Extended. Transformations made
to the images consist of cropping, rotation, contrast adjustment, focus stacking and image
composition.

The fossils from the Faxinal Coalfield and the corresponding slides are housed at the
collection of the Paleobotanical Section of the Departamento de Paleontologia e Estratigrafia,
Instituto de Geociéncias, Universidade Federal do Rio Grande do Sul (DPE-IG/UFRGS) in

Porto Alegre, Brazil.
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Whorl codes PB-4694, 4760-67; individual leaves PB-4770-72, 4775-78, 4780-85,
4789, 4791, 4793-95, 4797, 4800-01, 4804, 4807, 4809-10, 4812, 4814, 4816-18, 4820-22,
4825, 4828, 4830-31, 4833, 4835, 4839.

The original material prepared (published and unpublished) and described by Guerra-
Sommer (1992) has been reexamined and new pictures were taken. Codes of 16 hand

specimens are PB2703, 2767, 2768-71, 2776, 2777, 2779, 2789-91, 2793, 2794, 2800, 2802.

5. Systematic paleobotany

Phylum Pteridospermophyta (sensu Taylor et al., 2009)

Order Glossopteridales

Genus Glossopteris Brogniart

Glossopteris pubescens nom. nov.

Homonym: 1992 Glossopteris papillosa Guerra-Sommer 1992 (illegitimate)

Lectotype: PB-2777 (Plate II)

Paratypes: PB-4764-E (Plate I1I); PB-4765-G (Plate IV)

Type locality: Faxinal Coalfield, Arroio dos Ratos, RS, Brazil

Type stratum: Rio Bonito Formation, Guata Group, Gondwana I Supersequence, Parana Basin
Etymology: Latin, hairy.

Emended diagnosis: Leaf shape from lanceolate, oblanceolate to obovate in whorls/short
shoots, elliptic to oblong in single leaves; apex from acute to obtuse, sometimes rounded; base
tapers gradually; margins entire. Midvein narrow, conspicuous, persistent and tapering.
Lateral venation narrow and gently arched. Hypostomatic epidermis with glabrate upper and
pubescent lower cuticle. On lower cuticle single central, hollow, domed papillae present on
most costal and all intercostal cells and lacking from midvein. Stomata crowded, haplocheilic,

monocyclic, stephanocytic to actinocytic with sunken guard cells and 4-8 subsidiary cells
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with papillae overarching the stomatal pore. Single simple, short trichomes sometimes
bordering costal fields, borne centrally on epidermal cells; long trichomes emerging from
intercellular spaces on venation. Complex, thick, 4 to 8-celled papillate trichome bases
abundant on costal fields, scattered on intercostal fields; non-papillate abundant over midvein;

thin, non-papillate on petiole.

5.1 Description

Leaves are frequently borne in apparent whorls, with lanceolate, oblanceolate to
obovate shape, elliptic to oblong when isolated, margins entire. Specimens are mostly
fragmentary and apex and base are rarely present in the same leaf. Whole leaf dimensions
range from 11 cm to 32 cm long and 3.8 cm to 7.2 cm wide. Apex varies from acute to obtuse,
sometimes rounded (Plate II, 1, 2, 5). Leaf tapers gradually towards base when in whorls,
acute when isolated. Midvein narrow (mean width 0.4 cm), conspicuous and persistent,
tapering slightly towards the apex. Departing angle of the lateral veins from midvein varies
along the leaf being narrower at the base and top than in the middle, from 12-45°, continuing
in arches, reaching the margins at an angle of 50-80°, generally at wider angles at mid-length
of leaf. Mean venation density is 19/cm between midvein and margin and 24/cm at the
margin. Dichotomies and anastomoses of veins are mostly obscured by the coalified nature of
the cuticles on unprepared material, but appear to be infrequent.

Epidermis is hypostomatic. The upper cuticle is thick, glabrate while the lower one is
pubescent and less cutinized, being profusely covered by papillae, simple hairs and complex
trichome bases (Plate V).

The margins of the lamina in both upper and lower cuticles feature a border composed

of undifferentiated, glabrous, 3-4 cell wide (78.6 pm mean total width) with more or less
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isodiametric, squarish, triangular or polygonal cells, with straight, thick anticlinal walls (Plate
V, 4).

The midvein of upper lamina is several cells wide, with straight-walled, squarish cells
arranged end to end, vertically oriented along the vascular system and features some vertical
folds (Plate XI, 1). Very sparse trichome bases (35-53 um in diameter) (type 1b, Table 1) and
apparently structured apertures (105 um mean diameter) with an occasional bordering hollow
papilla can be observed in the upper midvein area (Plate XI, 1-3).

The secondary venation of the upper cuticle is generally indistinct, epidermal cells are
mostly elongated in the venation direction, arranged end to end, sub-rectangular, with straight,
oblique or curved end walls (Plate 11, 6; Plate 111, 3; Plate V, 1,4; Plate XI, 6, 7), rarely
sinuous (Plate XI, 7). Sometimes cells show short filamentous projections from the corners
(Plate X1, 4, 5). Sparse round flat cells (mean diameter 50 um) with dark content can be
observed on the area of lateral venation. Their surrounding cells show no special features or
arrangement (Plate V, 1; Plate XI, 5).

In the lower cuticle the midvein is several cells wide, with heavier cutinization in the
central area than close to lateral venation (Plate V, 3). Cells are arranged end to end in rows,
with straight walls, square to rectangular (mean 29 pm length x 14.8 um width), non papillate
and profusely covered with heavily cutinized, non-papillate trichome bases (Plate III, 5; Plate
IV, 4; Plate VIII, 1-7; Plate XI, 8-11). Very narrow intercostal fields have been observed
containing uniseriate stomata rows with heavily cutinized papillae in the subsidiary cells
overarching the stomatal pore. Occasionally a few costal cells present papillae adjacent to the
intercostal fields of the midvein (Plate III, 4; Plate IV, 5). Cells of lower midvein are
frequently observed in what appears to be interrupted cell divisions (Plate III, 6,7; Plate 11, 8-
11).

Secondary venation is organized in costal and thin stomatiferous intercostal fields

(Plate II1, 9; Plate V, 2, 5, 6; Plate VI, 10). Costal fields are mostly 6-11 cells wide (69-230
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pum in width) composed of elongated cells with straight or oblique end walls, medium
cutinization, frequently bordered by simple short to elongated papillae/ (Plate IX, 10, 11).
Cells of costal fields are frequently covered by single, centralized, domed papillae (Plate V, 2,
5, 6, Plate VII, 1), or glabrous (Plate III, 9). Simple, long trichomes frequently emerge from
intercellular contacts on costal fields (Plate X, 5, 9, 10).

Intercostal fields are 217-288 um wide with generally isodiametric cells, being most of
them subsidiary cells, sometimes subtriangular, subquadrangular, oval or irregular in shape
(Plate VI). Non-specialized epidermal cells are very rare (Plate VI, 9). Anticlinal walls are
straight or curved.

Stomata are crowded, haplocheilic, monocyclic, stephanocytic to actinocytic (sensu
Carpenter, 2005), sometimes loosely oriented parallel to venation (Plate VI, 7) to irregularly
oriented, with 4-8 (generally 5-7) subsidiary cells arranged in irregular rings, each bearing a
prominent hollow, hood-shaped papilla arching over the stomatal pore in the center (mean
papillae length 11.1 pm; mean width 11.8 um). Subsidiary cells are frequently shared
between adjacent stomata (Plate VI, 5). Guard cells are sunken and not seen. Stomatal density
is 234.7 mm™ and stomatal index is 15.7. Stomatal pore mean length 25.6 um, stomatal

apparatus mean diameter 74 pm.

Trichome bases and trichomes

Multicellular trichome bases are of three types: (1a) heavily cutinized with papillae
occurring on costal (density 77 mm~) and intercostal (density 26 mm) fields of the
secondary venation (Plate VII); (1b) heavily cutinized without papillae on the midvein
(density from 103 mm™ at the borders to 296 mm™ in the center) (Plate VIII, 1-7) and (Ic)
thin without papillae on the stalk/petiole (density 177 mm™) (Plate VIII, 8). Very rare

unicellular trichomes remain attached to such bases after treatment with Schulze®s solution
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(Plate VII, 8, 9). In the material treated with HF only, the basal part of the broken off
trichomes is still attached to the bases (Plate VII, 12-15).

Type 1a heavily cutinized, multicellular trichome bases with protruding papillae (46.2
um mean diameter) occur on the lower cuticle randomly distributed and irregularly
concentrated, sometimes clustered, exclusively on costal (abundant) and intercostal (sparse)
fields where the cells are papillate (Plate VII). Bases of various shapes (distinct
?developmental stages), similar to stomata, can be observed on a single cuticle fragment
(Plate VII, 1-7, Plate XI, 12-14). They are composed by 4-8 adjacent cells over which a thick
ring-shaped pedestal (sensu Payne, 1978) or foot cell (sensu Carpenter, 2006) develops and
fuses with the centripetally elongating and then centrifugally, outward protruding central
papillae of each cell composing the base (Plate VII, 2-7). Sometimes papillae fuse with only
half of the ring-shaped pedestal (Plate XI, 13). In profile view, the papillae appear to hold
some type of content (Plate VII, 10-11). A heavier cutinization of the intercellular spaces in
the center of the base (at the place where the stomatal pore would be) can frequently be
observed. Sometimes trichome bases appear to be connected to each other by thickened
strands of cuticle (?canals) (Plate V, 5, Plate VI, 10). Occasionally stomata are arranged
radially around an isolated trichome base on the intercostal field (Plate VI, 3).

Type 1b trichome bases of the lower midvein seem to be composed and to develop
like the ones from the secondary venation, except that there are no papillae protruding from
the bulging, heavily cutinized foot cell (Plate VIII). Mean diameter of bases is 54 um, being
larger at the leaf base (38-60 um at the leaf top; 47-88 pum at the leaf base). Like with type 1a,
bases type 1b of distinct shapes (?developmental stages) can be observed on a single cuticle
fragment, usually with a small round cell in the center that could be the foot cell meristematic
precursor (sensu Carpenter, 2006) (Plate I11, 7, Plate XI, 9, 10). The bases appear to hold a
small globule or vesicle with content that should have been protected by the hair when it was

in place (Plate VIII, 1-3, Plate XI, 14).
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Type 1c thin-walled trichome bases without papillae occurring on the stalk/petiole are
very similar to the ones described above, but without the bulging foot cell or papillae (57.7
pm mean diameter). The cutinization of these bases is weaker, forming a modest pedestal
(Plate VIII, 8).

Abundant trichomes both with and without complex bases occur on the surface of the
lower cuticle, however they are mostly adhered to the tonstein matrix and could only be
retrieved separately from the cuticle (Plate X, 1,2).

Trichomes without complex bases are of two types: (2a) resembles an elongate papilla
emerging from the center of the periclinal wall of a single epidermal cell, usually bordering
the costal fields (43.4-135.2 um long, mean length 85.2 pm) (Plate IX, 3-11). This type of
trichome, although not belonging to subsidiary cells, has frequently been observed at
extending towards a stomatal pore (Plate IX, 7, 8-10). The abaxial lamina bears numerous
type 2a short trichomes/elongated papillae close to the leaf margin (Plate I1X, 1, 2).

Type 2b seems to emerge from the contact between anticlinal walls of two adjacent
epidermal cells, and its occurrence is ubiquitous on the costal fields of secondary venation,
midvein of lower lamina and petiole areas (Plate VIII, 8; Plate X).

Cuticles observed under fluorescence microscopy after treatment with HF only
showed a larger number of trichomes still attached to bases, which are opaque, contrasting
markedly with the highly fluorescing bases (Plate VII, 8, 9, 12-15). Trichomes are fragmented
and damaged, and their possible celullarization or septation could not be ascertained.

In their disposition, trichomes seem to point towards midvein and petiole and measure
mostly between 400-500 um (Plate X, 2, 4). Trichome apices unknown.

The trichome and trichome base types are summarized in Table 1.

TABLE 1- PLATES II - XI
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5.2. Description remarks

The specific epithet Glossopteris papillosa was already erected to designate a
glossopterid species from India by Srivastava (1969), consequently the designation by
Guerra-Sommer (1992) remained illegitimate. The holotype (PB-2779) is missing and had not
been originally illustrated; therefore a lectotype has been selected. The hand specimen PB-
2777 has been chosen because, although the leaf bases are missing, the two different apices
illustrate well how the morphography variation corresponds to a single cuticle pattern;
additionally, it had been intended to be the holotype in Guerra-Sommer (1988). New
paratypes have been selected because the newly prepared material yielded larger cuticle

fragments which better represent the many cuticular features from single specimens.

5.3. Comparisons

Regarding cuticular patterns, Barclay et al. (2007) emphasize on distinguishing
between anatomically conservative (genetically determined) and environmentally controlled
(ecophenotypic plasticity) characters. The distinguishing features of Glossopteris pubescens
are straight to arched anticlinal walls (rarely sinuous, never undulate), stomatal complex with
subsidiary cells bearing papillae overarching the stomatal pore and trichome occurrence with
complex bases. The common occurrence of papillae on subsidiary cells or also occurring on
the ordinary epidermal cells has been assigned to several Glossopteris species, however, a
large part of them have undulate/sinuous anticlinal walls. Other leaf characters such as
amphistomy or hypostomy should not be considered for comparison because they have been
shown to be environmentally influenced (Barclay et al., 2007). Attention will be given to

species described with trichome occurrence.
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The previous descriptions of the present material (Guerra-Sommer; 1992; Degani-
Schmidt et al., 2011) have identified the morphographic set of characteristics as
predominantly being that of Glossopteris communis Feistmantel (= G. pseudocommunis P.
Srivastava in Maheshwari and Tewari, 1992) from the Early Permian of India (base of
Barakar Formation).

For the upper cuticle of G. communis, Srivastava (1956) described a well
differentiated secondary venation into costal and intercostal fields with elongated and
polygonal cells respectively. For the lower cuticle, probably papillate stomata occur in groups
of four to five, sometimes partly dicyclic, traits that have not been observed in G. pubescens,
in which practically all epidermal cells of the intercostal fields have a subsidiary function.
Describing a different specimen from a different locality, Singh and Maheshwari (2000)
defined the cells of the upper cuticle as having "a dense central region". The lower cuticle is
thin and cells have a more conspicuous “dense central region”. It is not clear if the cells are
papillate or not. The stomatal apparatus is like the one described for G. pubescens, with
papillae overhanging the stomatal pore. There is no evidence of trichome occurrence. The
papillate nature of the subsidiary cells, their orientation and crowding are similar to G.
pubescens.

Upon re-examination, the material described by Fittipaldi and Rosler (1985) from the
Sakmarian-Artinskian of northern Parand Basin (Cambui coal mines, Parana State, Brazil)
identified as G. communis indicates an overall similarity with G. pubescens in regard to the
epidermal micromorphology, particularly the crowded stomatal apparati with overarching
papillae and the clear delimitation of costal and intercostal zones on one of the leaf faces.
However, the stomatal pattern remained insufficiently known due to the misinterpretation of
upper and lower cuticles and stomatal description was based on the sparse stomata from the
adaxial leaf surface (described as lower lamina) and no stomatal counts were carried out. The

intercostal fields from the actual abaxial surface should have been recognized as having
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stomatiferous intercostal fields, rather than papillate ones. Microscopic observation of slides
of this material confirmed the photograph interpretation and revealed crowded stomata
oriented in rows parallel to venation. An additional marked difference between that material
and G. pubescens is the absence of papillac on the costal fieclds from the secondary venation in
the lower lamina.

Although G. papillosa S. Srivastava (from the Lower Triassic of India - Nidpur, Sidhi
District, Madhya Pradesh) does not bear trichomes, it will also be mentioned here for the
disambiguation of the previous description of G. pubescens as G. papillosa by Guerra-
Sommer (1992). Differently from G. pubescens, this species is heavily papillate on both
surfaces. Papillae are solid and dome-shaped, occurring on most cells from both costal and
intercostal fields; stomata sparse. Anticlinal walls are straight to curved like in G. pubescens
and subsidiary cells have overarching papillae (Srivastava, 1969).

For G. subtilis Pant et Gupta (Early Permian of India, Raniganj Coalfield - Ranigan;j
Stage) sparse hair pedestals have been described in the lower cuticle on intercostal fields
(Pant and Gupta, 1971). This species differs from G. pubescens in having sinuous anticlinal
walls in the cells of intercostal fields and no papillae at all.

G. kusumiae Maheshwari et Tewari (Early Permian of India, Barakar Formation,
Churulia area, Raniganj Coalfield), with papillae from subsidiary cells overarching the
stomatal pore, has undulate anticlinal walls (Maheshwari and Tewari, 1992). This species
presents multicellular circular hair bases on the midvein which are very similar to the type 1c
described for the petiole of G. pubescens.

G. hispida Pant (Early Permian of Tanzania, Mhukuru Coalfield) bears the most
striking similarity with G. pubescens in relation to trichome occurrence in the lower
epidermis. Non-papillate, multicellular ring-shaped trichome bases (foot cell/pedestal) are
observed on the midvein and well-preserved hairs have been recovered from the matrix in

contact with the lower side of the leaf (Pant, 1958, Fig. 4A, B, pp.137; Fig. 5 pp. 138; Fig. 6
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pp.140). Trichomes occur on lateral venation (like in G. pubescens) and are simple, three- to
six-celled, tapering, cells short or long, apex of end cell acutely pointed. Trichomes point in
different directions but usually outwards and backwards on the midvein and backwards on the
lamina. The main differences to G. Pubescens are mottling or occurrence of several small
papillae on cells of upper cuticle, sinuous anticlinal walls on the lower cuticle with non-
papillate ordinary cells and occurrence of trichomes with simple, non-papillate bases only.

It 1s worth mentioning that a few gangamopterid species feature similar cuticular
structures as the ones here described for Glossopteris pubescens, for instance Gangamopteris
cyclopteroides Feistmantel, G. papillosa, G. media and G. hispida Pant et Singh (from
Madhya Pradesh and Bihar, India), which present elongated papillae and trichomes similar to

the types 2a and 2b here described (Pant and Singh, 1968).

6. Discussion

The distinctive architecture of the indumentum of the lower cuticle of G. pubescens
comprises haplocheilic, monocyclic, stephanocytic to actinocytic stomata with sunken guard
cells and subsidiary cells with papillae overarching the stomatal pore, anticlinal walls straight
or curved, sometimes sinuous, never undulated, epidermal cells frequently papillate, some
elongated papillae, and trichomes with and without complex bases concentrated mainly on
venation areas. This set of characters has not been reported before, warranting the creation of
a new specific epithet, Glosspteris pubescens.

Based on these micromorphological features, Guerra-Sommer (1992) erected a new
glossopterid species from the Faxinal Coalfield, G. papillosa (illegitimate name, now
rectified). However, very small cuticle fragments obtained through chemical preparation led
to a limited understanding of the newly described structures, which had been hypothesized to

be complete secretory complexes, and no trichomes had been observed.
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6.1. Morphography

Shape and venation are mostly similar to G. communis. Variations in morphography of
incomplete specimens which yielded one and the same cuticular pattern possibly reflect
phenotypic plasticity and might correspond to leaves from different positions in the canopy or
on the branches. The varied apex shapes from acute to obtuse, sometimes rounded, occur
commonly in the Lower Permian of India and Africa (Karoo Basin), and do not seem to be a
species specific character but rather a leaf polymorphism. According to Stewart and Rothwell
(1993), where many specimens are available, possibly much of the variability observed from
specimen to specimen represents stages in development of a single species.

The morphographic pattern of G. communis is typical from the Karharbari/Barakar
Stages in India and its abundance decreases in the later periods (Chandra and Surange, 1979),
but it is also widespread in Gondwana (e.g., Bernardes-de-Oliveira and Pons, 1975; Fittipaldi
and Rosler 1985; Guerra-Sommer, 1992).

Leaves with acute bases when in whorls and elliptic when isolated as in the material
studied here could be attributed to the occurrence of leaves borne in tight helices on short
shoots, and single leaves on long shoots (Pant and Singh, 1974). Pigg and Trivett (1994)
consider that variations in internodal length could simply represent the expected variation in a

temperate plant.

6.2. Micromorphology

Cuticles have been collected from practically all available hand specimens from the
most recent field gatherings and the bulk maceration yielded meager 5.8% of cuticle
fragments with different cuticular patterns, such as the ones described by Guerra-Sommer

(1992).
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Genotypic traits (Barclay et al., 2007) like occurrence of papillae and a fairly
homogenous stomatal architecture have been described for a large group of glossopterids, and
thus have not been useful to assess the species diversity (Chandra and Singh, 1992). The
common occurrence of papillae on subsidiary cells and on the ordinary epidermal cells of the
lower epidermis has been assigned to about 60% of Glossopteris species from India (Pant and
Singh, 1971). Differences in papillae length here observed are attributed to probable
continuous growth in older leaves rather than different species bearing short or long papillae.
The trichome type 2a (Table 1), for instance, seems to originate from continuous growth
(Cleal and Shute, 1992) of selected papillae (Plate IX).

According to Barclay et al. (2007), a larger suite of epidermal characters, including
trichome type and arrangement, in addition to stomatal complex attributes and presence or
absence of papillae, provide a more robust approach for constraining the taxonomy of modern
and fossil cuticle specimens.

As observed by Pigg and Nishida (2006), cuticular analysis lead to the proliferation of
new names for leaves and increased the taxonomic indistinctness, making it difficult to get an
accurate idea of the diversity within glossopterid leaf forms. Probable causes to such
fragmentary descriptions are the organic maturation or desiccation of the cuticles leading to
material disintegration during the oxidation treatment (Kerp and Barthel, 1993; McLaughlin,
1994), generating cuticular fragments too small to detect natural pattern variations on a single
leaf. Additionally, ornamentation can be lost also due to preservational and/or preparation
factors. For instance, prolonged maceration in diluted alkali solution might yield larger
fragments but with eroded structures and obscure cell outlines. In the present study, skipping
the oxidation treatment allowed for the observation of trichome fragments still attached to the
bases on the thin abaxial surface using florescence microscopy (Plate VII, 12-15).

The upper cuticle of G. pubescens features sparse dark round structures (Plate V, 1;

Plate XI, 5) which resemble the secretory cavities identified through chemical analysis for
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neuropterid pteridosperms (D“Angelo and Zodrow, 2016, Fig. 8, pp. 24). The short
filamentous projections from the cell corners (Plate XI, 4, 5) have also been observed by Kerp
and Barthel (1993) on the cuticles of the pteridosperm Alethopteris zeilleri (Ragot) Wagner.

These characters could be part of a pattern trend in some Paleozoic pteridosperm groups.

Trichome bases

The lower cuticle of G. pubescens shows heavy ornamentation with profuse papillae
and outstanding, elaborate trichome bases. Cuticles bearing abundant papillae, trichomes and
specialized structures with probable glandular function have been described for numerous
Paleozoic pteridosperms (e.g., Cleal and Zodrow, 1989; Poort and Kerp, 1990; Cleal and
Shute, 1992; Kerp and Barthel, 1993; Krings and Kerp, 1997a, 1997b, 1998, 1999; Krings et
al., 2003; Hamad et al., 2008; Zodrow et al., 2014).

Kerp (1990) observed that the hair bases of late Paleozoic conifers and many
pteridosperms resemble stomatal complexes lacking guard cells, and illustrated a trichome
base (Fig. 4A, pp. 562) similar to the multicellular non-papillate types described here (Table
1, types 1b and 1c).

Carpenter (2006) investigated epidermal structures in the basal angiosperms and
hypothesized that a number of “specialized leaf epidermal complexes are homologous with
and evolutionarily derived from stomatal complexes, with a portion of the specialized
structure itself (e.g., [...] the trichome foot cell) possibly homologous to the guard cell pair or
guard mother cell”. In fact, the trichome foot cell in G. pubescens (Table 1, types la and 1b),
seems to originate from a “poorly developed pair of guard cells” (as per Carpenter, 2006).

Cleal and Zodrow (1989) and Cleal and Shute (1992) described the presence of
trichomes for some neuropterid pteridosperms. Like in G. pubescens, they are frequent on the

abaxial surface, concentrate mostly on the costal fields and are sparser on the intercostal
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fields. Some very long trichome fragments have been reported (up to 550 um). Papillae are
not always present. Neuropteris flexuosa Sternberg showed numerous trichome bases close to
the edge of the lower cuticle (Cleal and Zodrow, 1989, Plate 102, 4, pp. 859) which is an
aspect similarly present in G. pubescens (Plate IX, 1, 2).

Hamad et al. (2008) pointed out that in the Dicroidium species from the Upper
Permian of Jordan the presence and density of trichomes is apparently related to the presence
and density of papillae, thick anticlinal walls and highly cutinized subsidiary cells, similarly
to the papillate trichome bases of G. pubescens (Table 1, type 1a).

In the late Paleozoic seed fern from Central France Barthelopteris germarii (Giebel
1857) Zodrow et Cleal, rosette-like structures occur associated to the secondary venation and
are interpreted as peltate glandular trichomes, i.e., as having a secretory function (Krings and
Kerp, 1998). It is possible that the trichome types here described for G. pubescens also had a
chemical/physiological function in addition to a mechanical one considering their high
concentration on vascular areas. Due to the poor preservation of the long trichomes in the
tonstein matrix, no evidence has been found for multicellular trichomes with specialized
glandular or secretory tips. Similarly, among the structures homologous to stomata observed
by Carpenter (2006) in the basal angiosperms, there are secretory oil cells, meaning that a
developmental homology for such structures could also be possible.

The absence of fluorescence of the trichomes contrasts with the high fluorescence of
the bases, indicating a non-lipidic, subcuticular origin for the trichome (Plate 7, 12-15).

The interaction observed between the papillae and the trichome foot cell (?originated
from the guard cell pair) could mean that the guard cell would have some secretory function
considering that the papillae appear to hold some type of content. It is interesting to note that,
in extant conifers, the guard cells have a function of secreting stomatal plugs (Jeffree et al.,
1971), which act as water repellant devices in species from environments with high

precipitation (Haworth and McElwain, 2008). It cannot be discarded that the bases themselves
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could have been secretory structures that would expel their contents upon breakage of the
trichome, especially the ones from the lower midvein which frequently bear a vesicle (Plate

VIIL 1-3).

6.3. Ecological factors

Considering the limitations inherent to an analysis based on morphotaxonomy, the
large leaf assemblage here identified as mostly belonging to a single species raises hypotheses
involving a peculiar set of ecological conditions occurring in the peat-forming environment of
the Faxinal Coalfield in comparison with other habitats with glossopterid assemblages in the
Gondwana. The type of indumentum produced by the plant is genotipically determined
(DiMichele et al., 1987; Barclay et al., 2007; Haworth and McElwain, 2008), and the
phenotypic identity of a taxon is flexible to a certain degree, allowing the plants to react to
different site conditions and short-term environmental changes (DiMichele et al., 1987).
According to Johnson (1975), strong selection forces are operative in the development of leaf
indumenta and the elaborate ornamentation of G. pubescens suggests an ecologic adaptation
to specific environmental factors.

Alternative or additional functions to the most obvious transpiration reduction and
herbivory repellence conferred by heavy pubescence include decreased leaf wettability,
reduction of pathogen germination, improvement of freezing resistance in a highly seasonal
environment (Cordell et al., 1998; Roy et al., 1999), and even as waste repositories
(Payne,1978).

The possible ecological significance of overarching stomatal papillae and great density
of papillae and trichomes in fossil and extant plants has been mainly related to stressful
conditions such as phytophagy. Pant and Singh (1971), recognizing the difficulties of linking

any particular ecological condition with the papillate cuticles, considered a number of
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functions, among them protection against insects and other harmful animals. However,
glossopterid leaves are associated with low indices of phytophagy (Cleal and Zodrow, 1989;
Slater et al., 2012, 2015 and references therein), be it due to low incidence of herbivores or
efficient chemical defense.

Further possible explanations for the frequent occurrence of papillate cuticles among
the glossopterids (e.g., Pant, 1958; Pant and Singh, 1971) include environmental draught or
physiological water stress (e.g., Kerp, 1990; Haworth and McElwain, 2008;). However, the
large leaf size of G. pubescens (up to 32 cm in length) indicates otherwise. Leaf size is a
genetic factor that is also strongly environmentally controlled (Roy et al., 1999). In extant
plants, responses to water limitation are often characterized by development of small leaves
(Haworth and McElwain, 2008). Thus, the exuberance of the glossopterid foliage preserved in
the Faxinal tonstein points to water and nutrient availability rather than to physiologically
stressful conditions.

Nevertheless, charcoal occurrence associated to the sediments bearing the Glossopteris
Flora suggests that the glossopterids were indeed under generally environmental pressures of
cyclical environmental disturbance. Charcoal studies carried out in recent decades established
a wildfire origin for fusain (Scott, 1989; 2010), allowing for the recognition of regular fire
events in Permian peatlands at high latitudes as systemic events in western and eastern
Gondwana during Permian (Jasper et al., 2013; Slater et al., 2015). Degani-Schmidt et al.
(2015) analyzed charcoalified logs occurring in the upper coal seam S from the Faxinal
Coalfield at the base and top boundaries of the interbedded tonstein ply and identified
autochthonous/hypautochthonous charcoal input from wildfire events in which fire intensity
was apparently controlled by humidity oscillations. The apparent conflicting occurrence of
fire events in peat-forming environments, which require a permanent moist setting, was
explained through evidences of cyclical conditions from wet to drying intervals with a

possible lower water table along the coal seam S, in addition to the high paleoatmospheric O,
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levels estimated for the Early Permian (Berner, 2009) that allowed for the burning of plant
matter with high moisture (He et al., in press).

These wildfires were relevant in the Gondwana continent during the Sakmarian global
warming event previously detected by Gastaldo et al. (1996) and Montafiez et al. (2007) after
the end of the earliest Permian glacial phase in Gondwana. Considering the importance of the
fire data, there could be a correlation of these events with the recurrent Permian global
greenhouse crises during the waning of the ice house age, more specifically with the one
signaled for the Sakmarian by Retallack (2013).

The one specific environmental factor distinguishing the Faxinal Coalfield from other
coeval Gondwanan peatlands is the ash-fall event recorded by the tonstein interbedded in the
top coalseam S. The proximity of the south Brazilian Sakmarian peatlands to a hypothesized
source of volcanic activity close to the southern margin of the Parana Basin (Rocha Campos
et al., 2011) could be associated with an increase in atmospheric aerosols and gases. An
environmental disturbance like this could have stimulated the development of the trichome
complex to carry out functions such as protection of the stomata against dust and toxic gases
(Haworth and McElwain, 2008); the ongoing multiplication of the trichome bases here
observed (Plate II1, 6, 7; Plate XI, 8-14) could be a response triggered by the ash-fall itself.
However, even though there are multiple interbedded ash-fall layers in other nearby coal
deposits from the southern Parana Basin (Guerra-Sommer et al., 2008; Rocha Campos et al.,
2011; Simas et al., 2012), in the Faxinal Coalfield there is only one tonstein layer, leaving a
hypothesis of ash-fall recurrence unsupported.

These hypotheses seem to conciliate the development of an elaborate epidermal
indumentum with multiple functions of protection against seasonal herbivory, cyclical
desiccation and moisture excess, dust and gas pollution.

Ultimately, the indumentum is a primary recipient of environmental stimuli and

forces, and it can be influential on the development of organs upon which they mature (Payne,
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1978; Roy et al., 1999). The trichome bases reveal extraordinary plasticity of the stomata
initial cells, comparable to that of the Angiosperm cuticle evolution documented by Upchurch
(1984) and extant basal angiosperms (Carpenter, 2006). Structures like these occurring in
Paleozoic pteridosperms can bring new supporting insights to the discussion about an
ancestral affinity of the Glossopteridales with the flowering plants.

Like in a few extant plants from disturbed environments (e.g., Cordell et al., 1998), the
ability of Glossopteris pubescens to dominate its habitat probably derived from a combination
of genetic factors with an environmentally driven plasticity (e.g., Barthélémy and Caraglio,

2007).

7. Final considerations

The remarkable adaptative plasticity of Glossopteris pubescens is represented by the
elaborate indumentum preserved in the leaf cuticles and resulted in the dominance of this
species in the swamp forest that generated the Faxinal Coalfied, where it thrived and
dominated in an environment heavily disturbed by extreme climate oscillations.

The lower leaf surface of G. pubescens bears an indumentum composed of
overarching stomatal papillae, papillate epidermal cells, simple trichomes and complex
trichome bases densely concentrated under the vascular system of the leaf. This epidermal
architecture is unique to G. pubescens and apparently endemic to the locality of Faxinal
Coalfield, southern Parana Basin.

The varying morphology of trichome bases here observed is considered to reflect the
developmental stages of this genetically determined structure. Trichome base development is
strikingly similar to that of extant basal angiosperms.

The dominance of one micromorphological pattern in a large leaf assemblage suggests

that there is a great level of so far undetected leaf polymorphism among glossopterids.
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Such elaborate indumentum is inferred to be a response triggered by environmental
cyclicity from dry to wet conditions detected through wildfire evidences (charcoal analyses)
as common and systemic events in the peat-forming environment during climate oscillations
at the waning of the Permian icehouse stage.

These evidences seem to conciliate the presence of the epidermal indumentum with
multiple functions of protection essentially against cyclical environmental disturbance. The
occurrence of the peculiar trichome complexes mainly under the venation system implies that
they were most likely connected with the vascular physiology or having a secretory function.

Additionally, the peculiar entombment in ash-fall suggests an influence of regional
volcanic processes in the swamp forest, and the development of the trichome complexes could

be linked to protection against air pollution.
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Legends

Table 1.
Types of trichome bases and their distribution on the lower cuticle of Glossopteris pubescens.

The multicellular bases are composed of 4-8 cells.

Figure 1. Map and stratigraphic framework.

A) Location map (modified from Santos et al., 2006), coalfield coordinates 30°15'52.6" S,
51°41'53.8" W; B) geochronology (after Cohen et al., 2013; updated 2015), lithostratigraphy
of the Parana Basin (after Milani et al., 2007) and *radiometric age of the tonstein from the
Faxinal Coalfield (after Simas et al., 2012); C) lithological log of the coal seam S and
overlying layers (after Guerra-Sommer et al., 2008). *Radiometric age obtained through

SHRIMP (Sensitive High Resolution Ion Microprobe) in zircons from the tonstein bed.

Plate I. Field and hand sample photographs. Scale bars 5 cm.

1. Pit bench exposure of coal seam S with the tonstein at ground level. The samples have
frequently been sampled after breakage with the mechanical excavator.

2. Close up of the interbedded tonstein ply in upper coal seam S (photo courtesy of M. W.
Simas).

3. Ottokaria sp. adpression (PB-4820a).

4. Glossopteris leaves in organic connection (PB-4694F-a).

5. Leaves with inferred organic connection (PB-4762C-a).

6, 7. Isolated leaves (PB-2769; PB-2790-I).
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Plate II. Lectotype PB-2777. Scale bars 5 cm (hand specimens), 50 um (cuticle fragments).

1. Hand specimen bearing leaves with different apices (specimens a and b).

2. Detail of specimen PB-2777-a.

3, 4. Cuticle fragments from lower epidermis of specimen PB-2777-a. Intercostal fields with
stomata with papillate subsidiary cells and scattered papillate, heavily cutinized trichome base
complexes (type 1a) (slides 2777-a-1, 2777-a-2).

5. Detail of specimen PB-2777-b.

6. Glabrate upper epidermis of specimen PB-2777-b (slide 2777-b-2).

7. Clustered, heavily cutinized trichome base complexes (type 1a) on costal field from lower
epidermis, and one isolated base of the same type on intercostal field where stomata can also

be seen (slide 2777-b-1).

Plate I1I. Paratype PB-4764-E. Scale bars 5 cm (hand specimen), 50 um (cuticle fragments).
1. Leaves in whorl/short shoot.

2. Leaf detail.

3. Cuticle from upper epidermis, lateral venation area (slide 4764E-10).

4. Midvein of lower epidermis with non-papillate trichome bases (type 1b) showing a very
narrow intercostal field with uniseriate row of stomata (slide 4764E-16).

5. Possibly immature trichome base complex from the midvein region of lower epidermis
(type 1b) (slide 4764E-5).

6. Cell divisions in the midvein area of lower epidermis (slide 4764E-6).

7. Possible trichome foot mother cell in the midvein area of lower epidermis (slide 4764E-17).
8. Intercostal field of lower epidermis showing subsidiary cells with upright papillae (slide

4764E-8).
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9. Costal and intercostal fields of lower epidermis. Stomatiferous intercostal field showing
two clustered immature trichome bases and adjacent non-papillate costal field with trichome

bases in different developmental stages with cutinized extensions (?canals) (slide 4764E-21).

Plate IV. Paratype PB-4765G. Scale bars 5 cm (hand specimens), 50 um (cuticle fragments).
1. Leaves in whorl/short shoot.

2. Leaf detail.

3. Cuticle from upper epidermis, lateral venation area (slide 4765G-8).

4. Non-papillate trichome bases (type 1b) from the midvein of lower epidermis (slide 4765G-
8).

5. Narrow stomatiferous, papillate intercostal zone in the lower midvein with stomata
arranged in an uniseriate row (slide 4765G-3).

6. Intercostal field of lower epidermis showing scattered trichome bases type 1a (slide 4765G-
5).

7. Intercostal field of lower epidermis showing scattered trichome bases type 1a and costal

field with elongate bordering trichome type 2a.

Plate V. General cuticular features. Scale bars 100 pm.

1. Cuticle from upper epidermis, lateral venation area showing a round cell with dark content
(?secretory cavity) (slide 4797-9).

2. General view of alternation between costal and intercostal fields with scattered trichome
bases (slide 4775-4).

3. Midvein area from lower epidermis profusely covered with trichome bases type 1b. Note
the heavier cutinization towards the center of the leaf (slide 4765G-6).

4. Attachment of upper and lower cuticles showing the border with thick-walled geometric

cells (slide 4766H-2).
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5-6. Papillate costal field showing connected and clustered trichome bases (type 1a) (slides
FXB-37, FXB-84-1).

7. View of midvein-lateral venation transition (slide 4775-3).

8. Detail of trichome bases (type 1a) under DIC filter (slide FXB-70-1).

9. Typical papillate trichome base on intercostal field with the papillae fused to the foot cell

(type 1a) (slide FXB-72-1).

Plate VI. General aspect of the stomatiferous intercostal fields of the abaxial surface of the
leaves. Note that many stomata share one or several subsidiary cells. Scale bars 50 pm.

1. Intercostal and adjacent costal field (slide FXB-55).

2. Dark-field view of (2).

3. Stomata radially arranged around an isolated trichome base (type 1a) (slide FXB-37).

4. Intercostal and adjacent papillate costal field bearing trichome bases in different
developmental stages (slide FXB-61).

5. Detail of (4) showing stomata sharing multiple subsidiary cells.

6. Intercostal field under DIC filter (slide FXB-78-1).

7. Intercostal field with clustered trichome bases (type 1a) (slide FXB-66).

8. Intercostal field showing subsidiary cells with long upright papillae and connected
trichome bases (slide FXB-55).

9. Intercostal field showing rare epidermal cells which do not belong to stomatal apparati
(slide FXB-12).

10. General view of alternation between papillate costal and intercostal fields. Intercostal
fields show scattered trichome bases and costal fields are papillate with connected (?canals)

trichome bases (slide FXB-7).
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Plate VII. Trichome bases type 1a (see Table 1). Scale bars 50 pm.

1. Composite image of a cuticle fragment from the lower epidermis showing trichome bases
in different developmental stages. The center of the fragment shows a papillate intercostal
field (slide FXB-72-1).

2-7. Details of (1).

8, 9. Complete trichome base with attached trichome on intercostal field under white and
fluorescent light showing lower fluorescence of the trichome in comparison to the base (slide
FXB-16).

10, 11. Composite image (stacked focus) of trichome bases in profile view (slide FXA-19).
12-15. Cuticle fragments macerated in hydrofluoric acid and observed under fluorescence.
Cutine of trichome bases is highly fluorescent, while trichomes are opaque (PB-4830; photo

courtesy of J.O. Mendonga).

PlateVIII. Trichome bases type 1b and 1c (see Table 1). Scale bars 50 um.

1-3. Trichome bases of the midvein from lower epidermis under DIC filter (slides 4694F-5, -
4, -3). Note the vesicles inside the bases.

4, 5. General aspect of the midvein from lower epidermis (slides FXB-6, 4765G-5).

6. Detail of (5).

7. A few trichomes type 2a can be seen interspersed with the base complexes (type 1b) (slide
FXB31-1).

8. Trichome bases type 1c from leaf attachment (slide 4763-c). Note trichome type 2b (circle)

emerging from intercellular contact between two epidermal cells.
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Plate IX. Trichomes type 2a (see Table 1). Scale bars 50 um.

1. Leaf margin showing several empty unicelullar trichome bases (slide 4766H-2).

2. Trichomes type 2a close to the leaf margin (slide FXA-3).

3. Trichome type 2a bordering costal field under DIC filter (slide FXB78-1).

4. Trichome type 2a on costal field (slide 4765G-7).

5. Trichome type 2a bordering costal field (slide 4765G-3).

6. Broken off trichome type 2a under DIC filter (slide FXB70-1).

7, 8. Trichome type 2a extending from costal field to a stomatal pore (slides FXB31-3, 4781-
1).

9. Two trichomes extendingtowards a stomatal pore and another one in upright position (type
2a) under DIC filter (slide FXB-59).

10. Trichomes type 2a bordering costal field (slide FXB35-2).

11. Dark-field view of (10).

Plate X. Trichomes type 2b (see Table 1). Scale bars (1) 1cm; (2, 3) 1 mm; (4-9) 50 um.

1. Hand specimen PB-4830.

2. Detail of (1) showing trichomes adhered to the rock matrix.

3. Cuticle after maceration in hydrofluoric acid (HF) (PB-4813).

4. Trichomes extracted from the rock matrix with HF (PB-4830).

5. Creased, broken trichome type 2b. Its simple base emerges from intercelullar contact on
costal area (slide FXB-66).

6. Dark-field view of (5).

7. Trichome base emerging from intercelullar contact on midvein area from lower epidermis
(slide FXB-58).

8. Cuticle fragment with long papillae and trichomes type 2a and 2b (slide FXB-31-3).
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9. Multiple trichomes type 2b wrapped around a trichome base type 1a under DIC filter (slide
FXB-83-3).
10. Trichome type 2b on the left and type 2a on the right costal field (slide 4818-2). Several

pollen grains remained adhered to the cuticle fragment.

Plate XI. 1-7 Features of upper epidermis; 8-14 celullar divisions and maturating trichome
bases from lower epidermis. Scale bars 50 pm.

1. General view of midvein area of upper epidermis (slide 4694E-2).

2. Detail of (1) showing a trichome base type 1b with a vesicle inside (under DIC filter).

3. Detail of (1) showing a ?secretory canal bordered by a ?papilla (under DIC filter).

4. Detail of (1) showing short filamentous projections from the cell corners (under DIC filter).
5. Round ?secretory cavity with dark content under DIC filter (slide 4694E-1). Note short
filamentous projections from the cell corners.

6. Secondary venation area of upper epidermis showing folds (slide 4775-2).

7. Secondary venation area of upper epidermis showing sinuous anticlinal walls and a cell
with ?ruptured anticlinal wall with dark content (slide 4694E-17).

8. Maturating trichome bases from lower midvein type 1b (slide 4694E-16).

9. Dividing cells and ?trichome foot mother cell in the center (slide 4818-12).

10. Detail from (9).

11. Early formation stages of trichome bases type 1b (slide 4818-4). Note vesicles and a base
of trichome type 2a.

12. Trichome bases in different developmental stages (slide FXB-61).

13, 14. Details of (12). Note the base at the bottom bears a vesicle.
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Table 1
Trkl)chome Description Size Location lllustration
ases
both costal
a) Heavily and
cgtlnlzed fogt cell 46.2 um intercostal Plate VII
with protruding areas of
papillae secondary
1. multicellular venation
b) Heavily
cutinized footcell 54 ym  midvein Plate VI
without papillae
c¢) Thin foot cell ,
without papillae 57.7 um petiole Plate VIII
a) Centralized on
the periclinal wall
of a single
) usually
epidermal cell, :
bearing a bordering
) 85.2 um costal areas, Plate IX
trichome
. and at leaf
resembling an :
elongated papilla margin
2. unicellular ! '
sometimes with
?content
b) Emerges from
the contact 450 ym  costal areas,
between cells, .
. and midvein and Plate X
usually bearing a :
longer  petiole

well-developed
trichome
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Figure 1
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Plate I
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Plate 11
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Plate III
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Plate IV
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Plate V
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Plate VI
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Plate VII
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Plate VIII
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Plate IX
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Plate X
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Plate X1



CAPITULO 3
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6 INTEGRAGAO DE RESULTADOS

Analises na camada de carvdo S e no nivel de tonstein intercalado
foram conduzidas com a finalidade de investigar respostas, em nivel de espécie e de
comunidade formadora da turfeira, a perturbagcdbes ambientais relacionadas a
ocorréncia de incéndios e vulcanismo durante o Sakmariano na jazida de Faxinal,
sul da Bacia do Parana.

Na secdo analisada foram detectadas evidéncias de incéndios
sistémicos de baixa temperatura, controlados essencialmente por mudangas no
padrdo de umidade, que poderiam estar localmente relacionadas a variacbes do
nivel do lengol freatico. Altos teores de oxigénio atmosférico estimados para o
periodo e descargas elétricas atmosféricas (GLASSPOOL et al., 2015) contribuiram
para a combustdo do abundante material vegetal ainda umido. Adicionalmente, o
nivel de tonstein € um registro de perturbag¢ao vulcanica na comunidade em estudo
(SIMAS, 2008) que introduz, de forma pontual ou frequente, particulas e aerosséis
na atmosfera, afetando regides proximas ou mesmo distantes da fonte (SIMAS et al.,
2013).

A analise petrografica em blocos polidos sob 6leo demonstrou que
grandes fragmentos comprimidos de lenhos queimados dispostos horizontalmente
no limite inferior do carvdo com o tonstein apresentam uma organizagdo em
“sanduiche” em secdo transversal (fusénio transicional sensu JONES; SCOTT;
MATTEY, 1993), sendo compostos por uma clara sequéncia de inertinita-vitrinita-
inertinita (FIG. 14). A transicdo entre a semifusinita estruturada e a Vvitrinita
homogénea é brusca, e os valores de refletdncia na transicao decrescem desde a
porcao inferior de semifusinita (%Ro= 0.840-0.609) até a vitrinita interna (%Ro=
0.554-0.596), aumentando novamente na transicdo para semifusinita superior
(%Ro= 0.632-0.834). Foram analisados espécimes de até 13,4 cm de didmetro antes

da fragmentagao em blocos e espessura média 8 mm.
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FIGURA 14 — Perfil de lenho comprimido em
bloco polido sob observagao
petrografica com objetiva de
10x. Imagem montada com 9
fotos, correspondendo a 1,8 cm
da segdo em luz branca
refletida (PB4587A).
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O refinamento do quadro paleoambiental com atividade de incéndios
na turfeira incluiu observagcdo em fluorescéncia da matéria organica dispersa em
blocos polidos e laminas palinofaciolédgicas.

Os blocos polidos revelaram fluorescéncia inalterada em fragmentos de
cutinita, aglomerados de polens maduros e massulas de esporinita (provaveis polens
imaturos em microesporangios (GLASSPOOL, 2003) para ambos os horizontes
abaixo e acima do tonstein (FIG. 15). O testemunho oferecido pela presencga dessas
massulas é muito mais contundente do que o dos graos dispersos para inferéncias
de parametros tafondmicos e ecoldgicos, e a sua relativa integridade e abundéancia
indicam proximidade das plantas-mae gimnospérmicas ao local de acumulagéo da
turfa. Além disso, a preservacdo dessas estruturas como compressdes nao
queimadas indica a ocorréncia de incéndios que nao teriam afetado o dossel ou a
turfa.

FIGURA 15 — Imagem composta de provavel 6rgao polinico (PB4587A).

Dadas as caracteristicas do material analisado, composto por
fragmentos de lenho queimado e fragmentos de possiveis estruturas reprodutivas
nao queimadas, as projegdes de temperatura de queima (325-400°C) obtidas a partir
de baixos valores de refletdncia da inertinita sdo tipicas de queima superficial (sensu
SCOTT, 2010), indicando a ocorréncia de incéndios autdoctones, de superficie, em
baixa temperatura.

Em ambos os limites inferior e superior do carvdo com o tonstein, a
baixa fluorescéncia observada nos esporos em comparagdo aos graos de podlen
dispersos (FIG. 16) foi relacionada a um rebaixamento do lencol freatico e
consequente oxidagao dos esporos (que requerem elevada umidade para dispersao)
devido a condi¢cbes de dessecacdo ambiental. Os graos de pdlen gimnospérmicos,

adaptados a dispersao pelo ar, ndo foram afetados pela oxidacao.
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FIGURA 16 — Esporo e pdlen do carvao do limite inferior com o tonstein (PB4587A):
a) Em luz branca transmitida
b) Sob fluorescéncia. A baixa fluorescéncia do esporo revelou dessecagdo no seu
ambiente de dispersao.

No nivel de carvao abaixo do tonstein foi detectada fluorescéncia de
intensidade reduzida em zigdésporos de algas zignemataceas (FIG. 17), que séao
indicadoras ambientais de margens de corpos lacustres rasos e “ilhas” de vegetacao
arborea em pantanos (GRENFELL, 1995; YI, 1997; CHMURA; STONE; ROSS,
2006). Esse resultado € compativel com as evidéncias de maior severidade na
dessecacgao ambiental no nivel inferior onde foi inferido incéndio de maior impacto e
raseamento do nivel de agua superficial, que posteriormente retornou a condigbes
de maior umidade. Os resultados quantitativos permitiram concluir que houve um
aumento na dominancia de graos de polen bissacados em relagcdo a esporos
pteridofiticos apés a queda da cinza vulcanica, sugerindo que a vegetacao
gimnospérmica foi revigorada pela agcédo do fogo e pela perturbagao vulcanica e nao
se abriu um novo nicho para recolonizagdo. O reestabelecimento, ou continuidade,
das comunidades de plantas apds a ocorréncia de expressivo incéndio autoctone e
apods o evento de queda da cinza vulcanica indica a ocorréncia de impacto de curto

alcance das perturbagdes ambientais.
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FIGURA 17 — Zigbsporos dos niveis inferior e superior do carvao com o tonstein:
a, b) Oxidacdo de zigdésporo no nivel inferior ao tonstein, vistas em luz branca
transmitida e fluorescéncia (PB4587A)
¢, d) Zigésporo do nivel superior ao tonstein com fluorescéncia inalterada (PB467-T)

A observacdo sob microscopia eletrdbnica de varredura (MEV)
evidenciou paredes celulares homogeneizadas em todos os espécimes (FIG. 18, a),
confirmando a categorizagdo do material como carvao vegetal (charcoal) de acordo
com os critérios de Scott (2010). A preservagao de delicadas estruturas celulares
como células crivadas do floema secundario ratifica a conclusdo de que as
temperaturas de queima mantiveram-se brandas, apenas altas o suficiente para
promover a homogeneizagdao da lamela média com as paredes celulares (SCOTT,
2010).
Os detalhes anatdmicos preservados nos fragmentos de lenhos queimados (FIG. 18)
permitiram a identificacdo de uma associacdo monotipica com afinidade taxonémica
ao género Agathoxylon, que corresponde a um padrao encontrado em diferentes

grupos gimnospérmicos tais como Cordaitales, Glossopteridales e Coniferales.
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Todavia, o dominio de polens com afinidade glossopteridea nas associagdes
palinologicas (CAZZULO-KLEPZIG et al., 2007, 2009) e a presengca dominante de
folhas de Glossopteris spp. na associacado paleobotanica procedente do tonstein da
Mina do Faxinal (BOARDMAN et al., 2012) constituem evidéncias indiretas de que
os lenhos parcialmente queimados, identificados como de tipo Agathoxylon,
corresponderiam com maior probabilidade a fragmentos de caules e ramos de
glossopterideas e, secundariamente, de cordaitaleanas. Nesse caso, o padréo
anatdmico comum a todos os espécimes analisados esta indicando a presenca de

uma associagao predominantemente monotipica de plantas.

FIGURA 18 — Tecido vascular secundario queimado:
a) Xilema secundario evidenciando parede celular homogeneizada (seta) (PB4587A-
04-15)
b) Floema secundario (PB4629-01-04)

A preservacdo de floema constitui-se em uma relevante evidéncia
paleoecoldgica. As delgadas paredes celulares das células crivadas estao
constantemente sujeitas a pressdes hidrostaticas ao longo da vida da planta,
favorecendo seu colapso instantdneo mediante injuria (VAN BEL, 1999). Portanto, a
preservagao de tecido tdo delicado ratifica as inferéncias relacionadas a baixas
temperaturas de queima em condi¢cdes de relativa seca ambiental (HATHER, 2000)
e deposicao relacionada a pouco ou nenhum transporte (SCOTT, 2010).

A similaridade composicional entre o tecido vascular secundario de
Shanxioxylon sinense Wang et al. (2003), uma cordaitaleana da provincia de
Cataisia, e o material gondwéanico procedente de Faxinal, identificado como
Agathoxylon, parece apontar para uma provavel convergéncia adaptativa a
condi¢cbes ambientais semelhantes, uma vez que ambos os taxons sao procedentes
de sequéncias portadoras de carvdoes no hemisfério norte e sul respectivamente. Os

padrdes celulares encontrados no tecido vascular atestam que o conservadorismo
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anatbmico gimnospérmico ja estava presente nas pteridospermas paleozoicas
(TAYLOR, 1990).

Os padrdes epidérmicos da associagao de folhas glossopterideas
comprimidas no tonstein da Mina de Faxinal corroboram as inferéncias de uma
comunidade arborea predominantemente monotipica (GUERRA-SOMMER, 1992). O
processo tafonbmico que gerou as compressodes foliares € considerado um “evento
geoldgico instantdneo” (sensu PROTHERO, 1990) capaz refletir as condi¢des
ambientais vigentes na turfeira no exato momento em que a cinza precipitou
(DIMICHELE; FALCON-LANG, 2011).

O padréo cuticular dominante (95% da associagao foliar) caracteriza a
espécie Glossopteris pubescens nom. nov. como endémica da Mina de Faxinal,
portando um conjunto exclusivo de caracteristicas. Na face abaxial, ocorrem
estdmatos com células subsidiarias portadoras de papilas que se encurvam em
direcdo ao poro estomatico, papilas nas células epidérmicas ndo especializadas,
pelos com base unicelular (também comuns a outras glossopterideas) e multicelular
(FIG. 19, a) concentrados na regidao vascular. A face adaxial apresenta cavidades
secretoras.

Tais atributos sdo resultado de interagdo entre fatores genéticos e
ambientais e tém sido identificados em plantas atuais que vivem em condi¢cdes
estressantes, frequentemente vinculados a aridez e perturbagées ambientais, tendo
sido tradicionalmente utilizados como indicadores de aridez em plantas fésseis
(HAWORTH; MCELWAIN, 2008).

A presencga de tao elaborado indumento poderia estar relacionada com
multiplas fungdes, desde defesa mecanica contra dessecacgao ciclica e herbivoria
sazonal por artropodes que, entre outros, tinham por habito alimentar a sucgéo de
seiva diretamente do sistema de venacdo, até protecdo dos estdbmatos contra
dessecagao ou umidade excessiva, poeira e gases toxicos oriundos da propria
turfeira ou de influéncia vulcanica proxima ou distante. Adicionalmente, haveria a
possibilidade de funcao secretora dada a ocorréncia de possiveis canais interligando
as bases (FIG. 19, b) e de cavidades secretoras na face adaxial. Em especial, o
aumento de gases, particulas e aerossoéis atmosféricos em regides proximas a
vulcanismo poderia ser um fator potencializador do desenvolvimento de tais tricomas
complexos conforme referido por Haworth e McElwain (2008) para plantas atuais
que, por exemplo, passam por fumigagdo com gases toxicos. O grande numero de

divisbes celulares e bases imaturas de tricomas observados nas cuticulas de G.
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pubescens sugere que a queda de cinzas teria sido um fator que promoveu a

necessidade de multiplicacdo das estruturas de protecao (FIG. 19, c, d).

FIGURA 19 — Bases complexas de tricomas:
a) Base no campo intercostal com tricoma conectado (FXB-16)
b) Base com prolongamento cutinizado (?canal) no campo costal (4764E-21)
c) Células iniciais de base de tricoma em divisdo na venagdo média e célula-mae do
pedestal do tricoma (seta) (4818-12)
d) Bases de tricomas em maturagao no campo costal (FXB-61)

Essa ornamentada arquitetura epidérmica teria sido mais
provavelmente uma adaptagcdo a fatores predominantemente abidticos que
distinguem as turfeiras permianas do sul do Brasil de outras turfeiras
contemporaneas do norte da Bacia do Parana e do Gondwana como um todo. Para
o sul da Bacia do Parana, ha evidéncias da ocorréncia de processos vulcanicos
contemporaneamente em diversas jazidas pela presenga de camadas de tonstein
associadas as camadas de carvao (GUERRA-SOMMER et al., 2008; ROCHA
CAMPOS et al., 2011; SIMAS et al., 2012). Essa peculiaridade ambiental poderia ter
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estimulado a plasticidade adaptativa de G. pubescens a uma resposta fenotipica
para marcadas oscilagdes no padrdo de umidade durante a fase interglacial no
Sakmariano (MONTANEZ; POULSEN, 2013).

Glasspool et al. (2015) relacionam algumas caracteristicas
desenvolvidas pelas plantas que podem ser consideradas vantajosas em sistemas
onde incéndios sédo frequentemente registrados. O sistema clonal de propagacgao
através de rizomas subterraneos existente desde o Devoniano (BATEMAN et al.,
1998) propicia a regeneracao rapida em ambientes de turfeira onde incéndios de
superficie ocorriam frequentemente (ROBINSON, 1989; SCOTT, 2010). Pteriddfitas
com esse sistema radicular recuperam-se mais rapidamente apds incéndios mesmo
que a folhagem tenha sido destruida pelo fogo (SCOTT et al., 2000). As pequenas e
espessas aciculas de coniferas sdo particularmente inflamaveis, e a perda dos
ramos mais baixos em alguns grupos também pode ter sido uma resposta a
incéndios frequentes (BELCHER et al., 2010; LOOY, 2013). Similarmente, a grande
distdncia entre a base do caule e a copa ramificada em licofitas arborescentes
impediria a expansao do fogo até o topo da planta onde se concentravam os 6rgaos
reprodutivos (GLASSPOOL et al., 2015). Por outro lado, as grandes frondes pinadas
com cuticulas espessas de pteridospermas que se depositavam profusamente na
superficie das turfeiras (DIMICHELE et al., 2006; DIMICHELE, 2014) facilitavam a
propagacdo de incéndios de superficie (SCOTT, 1978, 1984, 2000, 2010;
DIMICHELE; PHILLIPS; PFEFFERKORN, 2006; GLASSPOOL et al.,, 2015) e
provavelmente teriam como funcdo inibir o estabelecimento de espécies
competidoras.

Os incéndios seriam regulados pelas oscilagdes no regime de umidade
(evaporacao/precipitacao/nivel do lencgol freatico), dado que as condicbes de
deposicao de turfa permaneceram inalteradas, indicando a persisténcia de clima
predominantemente umido, correlacionada com a tendéncia de aquecimento global
detectada por Gastaldo, DiMichele e Pfefferkorn (1996) e Montafnez et al. (2007) no
declinio da glaciacao permiana.

Evidéncias de incéndios em terras baixas associadas a turfeiras
gondwanicas foram detectadas de forma geral no Sakmariano em latitudes
semelhantes (aprox. 50°). Considerando que carvbes sdo rochas marcadoras de
condi¢des climaticas umidas, pode-se inferir que oscilagbes climaticas ocorreram
durante esse intervalo de forma ampla no Gondwana. Desse modo, tomando-se

como referéncia as evidéncias de incéndios autdctones e hipoautdctones no local de
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deposicdo da turfa, fica constatado que os ambientes de turfeira eram altamente
suscetiveis a ocorréncia de incéndios.

Ficou evidenciado, também, que as glossopterideas possuiam grande
plasticidade adaptativa para sobreviver a condigbes extremas em ambientes
altamente perturbados e que os incéndios teriam servido como fator de dispersao do
grupo (GLASSPOOL et al., 2015).

6.1 CONCLUSOES

A integracéo dos resultados das diferentes analises realizadas permitiu
investigar a ocorréncia de perturbagdes ambientais durante o intervalo de deposi¢ao
dos carvdes na jazida do Faxinal e sua influéncia na comunidade vegetal. As
perturbacdes relacionam-se com baixa diversidade de espécies no ambiente de
turfeira, e extensos intervalos de incéndios poderiam ter reforcado a dominancia de
G. pubescens nesse ambiente restrito.

A histéria de incéndios sistémicos, de baixas temperaturas (325-
400°C), em ambiente umido, que emerge das evidéncias levantadas, envolve aporte
de carvao vegetal macroscopico na turfeira de origem autdctone/hipoautédctone.
Apos o episddio de incéndio mais intenso registrado no carvao abaixo do tonstein
pelos caules comprimidos, as caracteristicas do carvao vegetal mudam para
fragmentos menores, restritos principalmente a porgdes de floema secundario que
correspondem a finas bandas de inertinita. Essas caracteristicas foram interpretadas
como condi¢cdes hipoautdctones, indicando alguma distancia entre os incéndios e o
local de deposicdo dos fragmentos queimados e como tendo baixo impacto na
comunidade vegetal de predominancia gimnospérmica, dado que nao foram
observados palinomorfos ou outros 6rgaos queimados (DEGANI-SCHMIDT et al.,
2015).

A preservacdo de tecido floematico muito delicado (DEGANI-
SCHMIDT; GUERRA-SOMMER, 2016), a presenca de massulas de palinomorfos
imaturos e a ocorréncia de zigésporos algalicos e esporos pteridofiticos oxidados,
mas nao queimados, indicam que nem a turfeira propriamente dita nem o dossel
entraram em combustao (DEGANI-SCHMIDT et al., 2015).
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A elaborada arquitetura epidérmica, com bases de tricomas complexas
homologas a estdmatos distinguem as folhas de Glossopteris pubescens nom. nov.
de todas as demais glossopterideas e sugerem que sua grande plasticidade
fenotipica desempenhou um papel importante no dominio e manutencéao da espécie
na comunidade do Faxinal sob as extremas oscilacbes ambientais as quais estava
sujeita (DEGANI-SCHMIDT; GUERRA-SOMMER, submetido).

O conjunto dessas evidéncias indicou que os incéndios foram de
superficie, em baixas temperaturas, o transporte do carvao vegetal foi praticamente
inexistente no grande incéndio registrado na base do tonstein e que os demais
incéndios tiveram pouco efeito na comunidade proximal, ocorrendo regularmente
nas areas de entorno da turfeira, dado o aporte de carvdo vegetal de menores
dimensbes (FIG. 20).

Generalizacbes que podem ser feitas para o Gondwana sao de que,
sob os altos teores de O, vigentes durante o final do Paleozoico, os ambientes de
turfeira eram altamente suscetiveis a ocorréncia de incéndios dos quais as
glossopterideas se beneficiavam para manter sua dominéncia e/ou abundancia
nessas comunidades, por possuirem grande plasticidade adaptativa para sobreviver

a condicdes extremas em ambientes altamente perturbados.
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FIGURA 20 — Reconstituicdo esquematica das perturbagcdes ambientais analisadas na Mina de
Faxinal:
a) Incéndio de maior impacto na comunidade
b) Condigbes regulared de acumulagéao de turfa
¢) Queda de cinza vulcanica
d) Igual a (b)
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ANEXO A — Artigo publicado (2011)
Variation in stomatal numbers of Glossopteris leaves from the lower
Permian of Parana Basin, Brazil
Disponivel em < http://www.sbpbrasil.org >
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VARIATION IN STOMATAL NUMBERS OF GLOSSOPTERIS LEAVES FROM THE
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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 the possible
relationship with modeled global changes in atmospheric CO, during the Phanerozoic. The obtained parameters show that
the genus Glossopteris from the Cool Temperate biome can be used as CO,-proxy, despite the impossibility of being
compared with living relatives or equival ents. When confronted with already published data for the Tropical Summer Wet
biome, the present results confirm the detection of low levels of atmospheric CO, during the Early Permian, as predicted
by the modeled curve. Nevertheless, the lower stomatal numbers 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 Coafield,
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 subsequent greenhouse gases emissions from this environment
may have been enough to reverse regionally and temporarily the reduction trend in atmospheric CO,. Additionally, the
Faxinal floraispreservedin atonstein layer, whichisarecord of volcanic activity that could also cause arisein atmospheric
CO,. During theArtinskian, the scarce generation of peat mires, asrevealed 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.

Key words: paleo-CO, proxy, pteridosperms, fossil cuticles, Rio Bonito Formation, peat-forming floras, Gondwana.

RESUMO - Frequéncias estométicas foram calculadas em cuticulas de Glossopteris communis, procedentes de dois
afloramentos do Permiano Inferior na bacia do Parand, com o objetivo de relacionélas com variagdes na concentragéo
atmosféricade CO, modeladas para o Fanerozoico. Os resultados indicam que as glossopterideas do bioma Temperado Frio
podem ser utilizadas como equivalentes climéticos parainferéncia de niveis de CO, paleoatmosférico, apesar daimpossibi-
lidade de estabelecer um equivalente ecol 6gico atual. Quando confrontados com dados obtidos para o bioma Tropical de
Ver&o Umido, os resultados agui apresentados confirmam a detecgio 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 carvéo (jazida de Faxinal, Sakmariano), quando comparadas as frequéncias mais altas obtidas nas
folhas de intervalo mais jovem (jazida de Figueira, Artinskiano), poderiam ser atribuidas a nivei s temporariamente altos de
CO, na atmosfera. A ocorréncia de extenso evento gerador de turfa na parte sul da bacia, com a consequente emissdo de
gases-estufa deste ambiente, poderia ter sido suficiente para reverter a tendéncia de queda de CO, atmosférico em ambito
regional aindaque deformatemporaria. Além disso, aflorade Faxinal esta preservadaem uma camada de tonstein, registro
de atividade vul canica que poderia ter afetado os niveis de CO,. No Artinskiano, a formag&o de turfeiras em menor escala,
evidenciada por camadas de carvao descontinuas e delgadas, sem registro de vulcanismo, teria sido insuficiente para afetar
atendénciade baixo CO,.

Palavras-chave: equivalente paleoclimatico para CO,, pteridospermas, cuticulas fosseis, Formagéo Rio Bonito, floras
formadoras de turfa, Gondwana.

INTRODUCTION stomatal numbers (stomatal density and index) of fossil, living

and herbarium material (McElwain, 1998; Kouwenberg et al .,

The applicability of fossil plant leaves as biosensors of 2003; Wagner et al ., 2005) since Woodward (1987) observed
Earth’s paleoatmospheric CO, fluctuations is being an inverse correlation between stomatal frequency in extant
increasingly ratified through the comparisons between the plants and the concentration of atmospheric CO,. Even
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ANEXO B — Artigo publicado em coautoria (2011)
Lenhos de coniferas do Mesocretaceo do norte do Maranhao, Brasil
Disponivel em < http://www.sbpbrasil.org >
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ABSTRACT — CONIFER WOODS FROM THE MIDDLE CRETACEOUS OF NORTHERN MARANHAOQO STATE,
BRAZIL. In the present work, 13 dilicified logs collected in the fossiliferous levels of the Alcantara Formation (Upper Albian-
Lower Cenomanian estuarine deposits in northern Maranh@ State, NE Brazil) were analyzed through petrographic dides
applying parataxonomic approach. The gymnospermous araucarioid pattern is the prevailing pattern observed in the wood
association, suggesting a possible relation to the Araucariaceae. Considering that pollen grains of Araucariacites australis were
previoudly reported from the same sedimentary deposits where the sample came from, the presence of Araucariaceais assumed,
mainly in the estuarine environment inferred for the region of Alcantaraand S&o L uis. Coniferswith abietoid wood pattern may be
related to Taxaceae and probably throvein inland areas. The absence of angiospermous woods in the assemblage, opposed to the
expressive representation in palynologica analyses, can be attributed to a combination of taphonomic factors or, aternatively, to
the development of conifer and angiosperm plantsin distinct pal eoenvironment during the middle Creataceous. The predominance
of uninterrupted wood growth and rare evidences of partialy interrupted wood growth patterns and the presence of radia
desiccation cracksled to theinference of astable paleoclimate, but with sporadic drought epi sodes during growing season, included
in global scalein the equatoria humid belt in the boundary with the northern hot arid belt.

Key words: xylotypes, araucarioid, abietoid, Alcantara Formation, Upper Albian-Lower Cenomanian.

RESUMO — No presente trabal ho, 13 fragmentos de lenhos silicificados coletados nos niveis fossiliferos da Formagéo Alcantara
(Albiano superior-Cenomaniano inferior do norte do Estado do Maranh&o, NE Brasil) foram estudados a partir da andlise de
|aminas petrogréficas, utilizando critérios parataxondmicos. O padréo gimnospérmico € exclusivo nas amostras, com dominancia
de xilema de coniferas de tipo araucarioide, sugerindo, de forma ampla, uma possivel relacdo com a familia Araucariaceae.
Considerando que Araucariacites australis € um gréo de pdlen abundantemente reportado nesses mesmos depésitos sedimentares
de onde provém aamostra, apresencadeAraucari aceae € assumidano ambiente estuarino que existiu naregido deAlcantarae Sdo
L uis. Coniferasrepresentadas por formas com padréo abietdide, tal vez relacionado a Taxaceae, medravam provavelmenteem areas
mais interiores. A auséncia de lenho de Angiospermae, que se contrapde a sua expressiva diversidade nos registros fosseis
palinol 6gicos, é atribuidaaumacombinacgo de circunstanci astafonémicas ou, aternativamente, ao desenvolvimento de coniferas
e angiospermas em pal eoambientes diferenciados no interval o estudado. A dominéncia de padrdes de crescimento ininterrupto do
lenho, com registro de padrdes de crescimento parcia mente interrompido em raros espécimes, associado apresencadelacunasde
ressecamento no xilema, levou ainferénciade um paleoclimaestavel com ocorréncia esporadica de secas nafase de crescimento,
incluido em escaaglobal no cinturdo equatorial Umido na arealimitrofe com o cinturéo quente e &ido do Norte.

Palavr as-chave: xilotipos, araucarioide, abietoide, Formago Alcantara, Albiano superior-Cenomaniano inferior.

INTRODUCAO sistema estuarino datado como Eocenomaniano. Todo o con-
junto pés-Aptiano do norte maranhense originamente era
No norte do Estado do Maranh&o, nordeste do Brasil, incluido naent&@o chamada Formac&o | tapecuru, mas posteri-

rochas cretaceas afloram nas falésias litoraneas revelando ormente essa designac&o passou a definir um grupo de for-
uma associagdo de facies sedimentares depositadas por um macOes (Grupo Itapecuru) e as rochas aflorantes nas praias
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ANEXO C — Capitulo de livro publicado em coautoria (2011) in: CARVALHO, I. S. et
al. (Org.). Paleontologia: Cenarios de Vida. Rio de Janeiro: Interciéncia,
v.4, p. 95-107.

Mesophytic Gondwanan paleofloras from Brazil and India: composition
and paleoclimatical approach
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MESOPHYTIC GONDWANAN PALEOFLORAS
FROM BRAZIL AND INDIA: COMPOSITION
AND PALEOCLIMATICAL APPROACH

PALEOFLORAS MESOFITICAS GONDVANICAS DO BRASIL E iNDIA:
COMPOSICAO E CONSIDERACOES PALEOCLIMATICAS
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RESUMO

Apresenta-se aqui uma sintese da composigio geral de floras mesofiticas das bacias gondvanicas
brasileiras e indianas. Dados paleobotinicos evidenciaram que o mesofitico indiano tem
implicagées paleoclimdticas e bioestratigrificas. A presenca de importantes marcadores
paleofloristicos como Flora de Ptilophyllum ndo é observada na bacia do Parand, Brasil.
Associagbes de plantas mesofiticas no Brasil ndo estdo bem preservadas, sio homogéneas
na composi¢io e principalmente representadas por lenhos fésseis. A presenca de floras de
Dicroidium no Gondwana oriental e ocidental permanece como uma tnica e forte fei¢io,
comum entre as floras dos dois paises. Considerando os recentes dados sobre a ancestralidade da
flora de Dicroidium no Eopermiano gondvéanico indiano e sua ocorréncia em provincias extra-
gondvinicas neopermianas, estudos mais detalhados nesta flora poderiam dar informagdes
importantes envolvendo filogenias, paleobiogeografia e paleoclimatologia vegetais.

Palavras-chave: Mesozéico, Fitofésseis, India, Brasil, Floras de Ptilophyllum e de Dicroidium

ABSTRACT

A synthesis from the general composition of mesophytic floras from the Brazilian and
Indian Gondwana basins here is presented. Paleobotanical data evidenced that the Indian
mesophytic have biostratigraphic and paleoclimatic significance. The presence of important
paleofloristic markers as the Ptilophyllum Flora it is not represented in Brazilian Parand
Basin. Plant associations from Brazil are poorly preserved, homogeneous in composition and
mainly represented by fossil woods. The presence of Dicroidium floras in Eastern and Western
Gondwana remains, as a unique strong, and a common character between Indian and Brazilian
Gondwana floras. Considering the recent data about the ancestry of Dicroidium Flora in
Early Permian Gondwana, and its occurrence in extra Gondwanian provinces at Late Permian,
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ANEXO D - Capitulo de livro publicado em coautoria (2012)
Integration of geochronologic, paleobotanical and organic matter
studies in Gondwanan tonstein (Sakmarian, Parana Basin, Brazil)”
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INTEGRATION OF GEOCHRONOLOGIC,
PALEOBOTANICAL AND ORGANIC MATTER
STUDIES IN GONDWANAN TONSTEIN
(SAKMARIAN, PARANA BASIN, BRAZIL)

INTEGRACAO DE ESTUDOS GEOCRONOLOGICOS,
PALEOBOTANICOS E DE MATERIA ORGANICA
DISPERSA EM TONSTEIN GONDWANICO
(SAKMARIANO, BACIA DO PARANA, BRASIL)

M. Guerra-Sommer', M. Cazzulo-Klepzig?, J. G. Mendonga Filho?®,
L. Degani-Schmidt?, A. Jasper’, R. Menegat® & M. W. Simas’

Abstract — Integration of petrographic, paleobotanic and dispersed organic matter stud-
ies, associated to radiometric data (Tuffzir age of 290.15 + 2.45/-0.85 Ma) in a tonstein bed
interbedded in a coal seam in Faxinal Coalfield (Sakmarian) in Brazilian Southern Parand
Basin (Brazil), evidenced that the rapid volcanic ash fall deposition must be taken into account
to interpret the composition, taphonomic process and consequently, preservation of the organic
matter which is identified in different stages of deposition of a forested plant-association.
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ANEXO E - Resumo publicado XV Simposio Argentino de Paleobotanica y
Palinologia, Corrientes, 2012

Stomatal numbers of Glossopteris communis respond to variations in
CO2 levels of the Permiam paleoatmosphere



XV Simposio Argentino de Paleobotanica y Palinologia
II Simposio Argentino de Melisopalinologia
10 al 13 de julio de 2012 — Corrientes, Argentina

Stomatal numbers of Glossopteris communis respond to variations in CO,
levels of the Permiam paleoatmosphere

. DEGANI-SCHMIDT'; M. GUERRA-SOMMER'y M. E. C. BERNARDES-
DE-OLIVEIRA?

The use of fossil plant cuticles for estimating levels of CO, in the
paleoatmosphere is based on an observed inverse correlation between
atmospheric CO; and stomatal density (number of stomata per mm? leaf area)
of vascular plant leaves. The stomatal density in compressed leaves of the
pteridosperm Glossopteris communis from two different roof shales from the
Lower Permian Parana Basin, Brazil (Rio Bonito Formation) were investigated
to test the possible relationship with global changes in atmospheric CO, during
the late Paleozoic in the western Gondwana. Samples from Figueira coal mines,
Parand state (Artinskian according to sequence stratigraphy relative dating),
yielded a mean stomatal density of 284 mm™ and from Faxinal Coalfield, Rio
Grande do Sul state, 235 mm™ (290.6 = 1.5 Ma, middle Sakmarian, based on
radiometric absolute dating). The statistically significant difference (P= 0,0018)
is consistent with the hypothesis of changing atmospheric CO, concentrations
during the Permian due to glaciation-deglaciation cycles. Despite the
impossibility of comparing pteridosperms with living relatives or equivalents,
the obtained results could help to refine global paleoclimate reconstructions
based on modeling and other proxies of lower resolution. The present results
support the use of pteridosperms as a proxy for CO; in the paleoatmosphere of
Gondwana, as already shown for Euramerica. Stomatal parameters of Permian
conifers from the Paranéd Basin are being currently investigated to estimate CO,
levels in the paleoatmosphere using the nearest living equivalent comparison
method.

'Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil
*Universidade de Sdo Paulo (USP), Sio Paulo, SP, Brazil
*degani.schmidt@ufrgs.br; margot.sommer@ufrgs.br; maryeliz@usp.br
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ANEXO F — Artigo publicado em coautoria (2012)
Geochronological correlation of the main coal interval in Brazilian Lower

Permian: Radiometric dating of tonstein and calibration of

biostratigraphic framework
Disponivel em < http://dx.doi.org/10.1016/j.jsames.2012.06.001 >
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Geochronological correlation of the main coal interval in Brazilian Lower Permian:
Radiometric dating of tonstein and calibration of biostratigraphic framework
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ARTICLE INFO ABSTRACT

Article history:
Received 26 July 2011
Accepted 5 June 2012

The radiometric age of 291 + 1.2 Ma obtained through single-crystal zircon U—Pb ages (Sensitive High
Resolution Ion MicroProbe — SHRIMP II) of tonsteins from the Ledo-Butia Coalfield, southern Parana
Basin (Rio Grande do Sul state), associated with previous SHRIMP II radiometric data obtained from
tonsteins from the western (Candiota Coalfield) and eastern (Faxinal and Ledo-Butia coalfields) borders of

Keywords: the basin indicate that the mean age of the main peat-forming interval is 291.0 &+ 1.3 Ma. In a regional
?lf[rllllfl?/llll’ U—Pb context, the mean age represents a consistent geochronological correlation for the uppermost and more

important coal seams in southern Brazilian coalfields, but this assumption does not establish an ash fall
origin from a single volcanic event. According to the International Stratigraphic Chart, the interval is
dated as middle Sakmarian. The coal palynofloras are included in the Protohaploxypinus goraiensis
Subzone within the palynostratigraphic framework for the Brazilian Parand Basin. Formal relationships
are also established with the Glossopteris—Rhodeopteridium Zone within the phytostratigraphic chart for
the Lower Permian of southern Brazilian Parana Basin.

Biostratigraphic framework
Gondwana coals

© 2012 Published by Elsevier Ltd.

1. Introduction

Tonsteins are volcanic ash falls in coal-bearing sequences that
have altered to kaolinite (Spears, 2012) and are recognized as
reliable marker beds for stratigraphic analysis (Bouroz, 1972; Lyons
et al,, 2006). These clay beds can extend over large distances and
usually contain relict volcanic minerals that can be dated by
radiometric analyses. As the geographical distribution of the
marker beds is restricted to sites with favorable preservation
potential (such as lacustrine and swamp environments), their
occurrence in coal sequences reflects particular sedimentary
conditions in peat-forming areas and constitutes possible target of
reliable geochronological data (Way et al., 1986; Saylor et al., 2005).
Air fall volcanic ash deposited during a short-term eruptive event
helps identify tonstein beds as chronostratigraphic markers and,
consequently, as useful stratigraphic tools in both regional and
global correlations (Huff et al., 1992).

* Corresponding author. Tel.: +55 51 33086378; fax: +55 51 33313590.
E-mail address: margot.sommer@ufrgs.br (M. Guerra-Sommer).

0895-9811/$ — see front matter © 2012 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.jsames.2012.06.001

Evidence of Early Permian explosive volcanic activity (Formoso
et al, 1999), represented by tonstein beds, is widespread in
various coal successions in the Cisuralian of the southern Brazilian
Parana Basin (Fig. 1). These coal-bearing rocks are related to a par-
alic setting (assigned to the Rio Bonito Formation), that is, adjacent
to estuarine, deltaic, backshore, foreshore and shoreface siliciclastic
sedimentary facies and most of the peat-forming areas in the basin
have been identified as part of a back-barrier lagoonal paleoenvir-
onment (Alves and Ade, 1996; Holz, 1998; Milani et al., 2007).

The resolution of a stratigraphic framework for the coal-bearing
interval in southernmost Parand Basin has presented difficulties
due to the discontinuity of strata and the apparently isolated,
discontinuous coalfields placed at different tectonic blocks and the
distance of approximately 300 km between the coalfields located at
the western and eastern borders of the basin (Fig. 1).

Nevertheless, in the last decade, tonstein beds have been used as
a geochronological correlation tool for the coal-bearing strata in the
southern Parand Basin (Guerra-Sommer et al., 2008a,b,c; Rocha-
Campos et al., 2007; Mori et al., 2012) because they enable high
resolution calibration with other paleontological and stratigraphic
tools for the study interval.
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ANEXO G - Resumo publicado XIV Simpédsio Brasileiro de Paleobotanica e
Palinologia, Rio de Janeiro, 2013
Concepgbes tafonébmicas para a Flora Glossopteris preservada em
leito de tonstein na jazida de carvao de Faxinal (Formagdo Rio Bonito,
Bacia do Parana, RS, Brasil)
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ANEXO H - Resumo publicado XXIII Congresso Brasileiro de Paleontologia,
Gramado, 2013
Epidermal structures of Glossopteris communis from the Faxinal
Coalfield (Lower Permian, Rio Bonito Formation, Parana Basin)
Disponivel em < http://www.sbpbrasil.org >
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que representa o substrato para o processo fotossintético de aut6trofos. Registros confirmam que
folhas fdsseis do Quaternario demonstram que o decrescimo de CO, aumenta a densidade estomatica.
Tal adaptacdo € creditada a tentativa da planta em evitar a perda d"agua, ja que sob elevados indices de
CO, atmosférico € possivel alcancar altas taxas fotossintéticas com menor condutancia estomatica,
portanto, menor transpiracdo. Evidéncias de alteragdes climaticas sdo reveladas na anélise de amostras
de fragmentos vegetais fdsseis coletados nas Formagfes Ramon e Solimdes, pelo alto indice de
densidade estomética, indicando provaveis condi¢cbes ambientais xerofiticas, ou ainda podendo ser
associado a condigdes climaticas de periodo frio com menor indice de CO, atmosférico, ou seja
épocas frias denunciadas pelo elevado nimero de estdbmatos. As analises seguem focadas em mais
coletas nas regides da Serra do Divisor e Vale do Jurua para elucidacdo de possiveis alteracbes
climéticas durante o Paledgeno e Nedgeno através do registro de fitofosseis em afloramentos das
FormagBes Ramon e Solim@es. [Projeto MCTI1 — 01200.001631/2010-32]

EPIDERMAL STRUCTURES OF GLOSSOPTERIS COMMUNIS FROM THE
FAXINAL COALFIELD (LOWER PERMIAN, RIO BONITO FORMATION,
PARANA BASIN)

ISABELA DEGANI-SCHMIDT & MARGOT GUERRA-SOMMER

Laboratorio de Paleobotanica, UFRGS, Porto Alegre, RS, Brasil. degani.schmidt@ufrgs.br, margot.sommer@ufrgs.br

Cuticular analysis conducted in leaf fragments identified as Glossopteris communis Feistmantel
evidenced the presence of complex, highly cutinized, crown-shaped trichome bases dispersed on the
abaxial (lower) leaf surface. Leaf compressions were recovered from an ash-fall level of late
Sakmarian age (290.6 + 1.5 Ma) interbedded in a coal seam in the Faxinal Coalfield (Rio Bonito
Formation, southern Parand Basin). Leaf fragments were mechanically lifted from the matrix rock,
macerated in hydrofluoric acid and bleached in Schulze's solution. Cuticles were then mounted on
glass slides with glycerin jelly and observed in transmitted light microscopy. Considering that cuticle
coverage carries unique information regarding physiological responses of plants to paleoclimate
changes, leaf epidermal analysis has been one of the most widely used techniques in paleobotanical
and paleoclimatological research. Glossopteris leaves, which are the most abundant macrofossils in
the Permian of Gondwana, became important to the discussion of past high latitude climates. Their
cuticle descriptions comprise presence or absence of epidermal papillae, simple trichomes, stomatal
papillae and sunken or superficial stomata. The fragments here analyzed differ from specimens
described from wet, peat-forming habitats from the same coal-prone interval in the northern part of the
basin (coalfields in the Figueira region, Parana state) with papillate stomata but lacking dispersed
multicellular trichomes. Furthermore, trichomes are poorly documented in glossopterids, and their
abundance is apparently endemic to the paleoflora preserved in the tonstein of the Faxinal Coalfield.
This suggests that they are a functional trait and their presence is most probably an ecological
adaptation giving a selective advantage in certain environmental conditions as in many modern plants.
[CAPES, CNPqg 159690/2012-9, 470315/2010-5]
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ANEXO I — Artigo publicado em coautoria (2013)

An accurate record of volcanic ash fall deposition as characterized by

dispersed organic matter in a lower Permian tonstein layer (Faxinal
Coalfield, Parana Basin, Brazil)

Disponivel em < http://www.geologica-acta.com >
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An accurate record of volcanic ash fall deposition as
characterized by dispersed organic matter in a lower Permian
tonstein layer (Faxinal Coalfield, Parana Basin, Brazil)
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| ABSTRACT |

For the first time, the dispersed organic matter in the tonstein layer interbedded with a coal seam in the Faxinal
Codfield (Sakmarian, Southern Parana Basin, Brazil) is characterized. The deposition of clusters of pollen
grains was highly influenced by the intense ash fall process that probably occurred during seasonal dehiscence
of reproductive structures. The well-preserved phytoclasts with their upper and lower leaf cuticles stuck together
indicate that the rapid fall of ash on this material hindered organic biodegradation. The preservation of seemingly
autochthonous Botryococcus colonies at the top of the tonstein layer is evidence of the subagueous deposition
of this layer. The darkening in cuticles and xylem phytoclasts can be attributed to different causes: the thermal
influence of ash fall during deposition, chemical effects of the ash, prolonged oxidation of organic matter in low
water level conditions or the burning of plant organs by wildfires. Analyses of dispersed organic matter along
the tonstein layer showed that the organic matter succession reflects the composition of different plant strata
(herbaceous pteridophytes and arboreal glossopterids-cordaitaleans) around the deposition site.

KEYWORDS | Tonstein. Organic matter. Volcanic ash fall. Southern Parana Basin.

INTRODUCTION

Tonsteins are atered volcanic ash layers (Bohor and
Triplehorn, 1993) that extend over largedistancesand usual ly
contain minerals that can be dated by isotopic analyses.
Their occurrenceis limited to coal-bearing sequences.

Evidence of volcanic activity iswidespreed in different codl
successions of southern Brazil, which are higtorically assgned

to the Rio Bonito Formation, afluvid-marine lithostratigraphic
unit condtituted by sandstones and shaes. This unit contains
discrete and continuous clay bed horizons, identified as
tongteins, interbedded within the coa seams from the western
to the eastern portion of the southern Brazilian cod basins (Fig.
1; 2) (Formoso et al., 1999; Guerra-Sommer et al., 20083).

Corréa da Siva (1973) suggested, on the bads of fidd
relationships and prdiminary minerdogicd and chemicd andyses,

| 45 |
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ANEXO J — Artigo publicado em coautoria (2014)
The stratigraphic significance of the Solenoid Complex in the Permian of
Gondwana
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The stratigraphic significance of the Solenoid Complex in the

Permian of Gondwana
O significado estratigrdfico do Complexo Solenoide no Permiano do Gondwana
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Abstract

The Solenoid Complex comprises a fossil wood assemblage with stratigraphic distribution restricted to the middle-late
Kungurian, present in Western (Irati Formation, Parana Basin, Brazil) and Eastern (Upper Barakar Interval of the Indian
basins) Gondwana. Its occurrence seems to be related to the adaptation of certain plant groups to paleoenvironmental stress
in lowland niches of coastal areas subject to salinity variation. The disappearance of these forms in the latest Kungurian is
probably linked to the cessation of these conditions, which is confirmed by the sedimentary record. The here designated
“Solenoid Complex Zone” correlates with the acme in diversification of striate and taeniate patterns especially in bisacatte
pollen grains, but also in monosacatte ones, reflecting important tectonically and climatically driven changes in the veg-
etational pattern. The waning icehouse stage during the Permian was an important factor to the development of similar
vegetation patterns in Western and Eastern Gondwana in the latitudinal belt of 40° — 55°.

Keywords: Stratigraphic correlation; Biostratigraphy; Fossil wood; Kungurian; India; Brazil.

Resumo

O Complexo Solenoide compreende um conjunto de lenhos fosseis com distribuigdo estratigrafica restrita ao Kunguriano
médio-superior, presente no Gondwana Ocidental (Formag&o Irati, Bacia do Parand, Brasil) e Oriental (Intervalo Barakar
Superior de bacias da India). A sua ocorréncia parece estar relacionada & adaptagio de determinados grupos vegetais ao
estresse paleoambiental em terras baixas de areas costeiras sujeitas a variagdes de salinidade. O desaparecimento dessas
formas no topo do Kunguriano esta provavelmente relacionado a cessagdo de tais condigdes, o que ¢ confirmado pelo
registro sedimentar. A “Zona do Complexo Solenoide” aqui designada correlaciona-se com o climax na diversificagao de
padrdes estriados e teniados principalmente em polens bissacados, mas também em monossacados, refletindo importantes
modificagdes no padrdo vegetacional relacionadas a evolugdo climatica e a processos tectdnicos. O declinio do estagio
icehouse durante o Permiano foi um fator importante para o desenvolvimento de padrdes floristicos similares no leste e
oeste do Gondwana em uma faixa latitudinal entre 40° — 55°.

Palavras-chave: Correlagdo estratigrafica; Bioestratigrafia; Lenhos fosseis; Kunguriano; india; Brasil.

Disponivel on-line no enderego www.igc.usp.br/geologiausp -139 -
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ANEXO K — Reportagem em revista de divulgagao cientifica (2015)
A floresta da agua e do fogo
Disponivel em < http://revistapesquisa.fapesp.br >



http://revistapesquisa.fapesp.br/2015/08/13/a-floresta-da-agua-e-do-fogo/

PALEOBOTANICA

oresta
da dgua e

do fogo

Fésseis em mina de carvdo no

Rio Grande do Sul revelam paisagem
pantanosa sujeita a incéndios
frequentes ha 290 milh&es de anos

Maria Guimaraes

56 = AGOSTO DE 2015

uito mudou na paisagem da
regido Sul do Brasil nos ulti-
mos 290 milhdes de anos. A

América do Sul se separou da
Africa e ergueu-se a serra Geral, cujas
montanhas acompanham de perto o que
hoje é a costa dos estados do Parana, de
Santa Catarina e do Rio Grande do Sul.
Registros preservados nas rochas su-
gerem que, antes disso, a regido tinha
areas alagadas onde brotavam arvores de
cerca de 15 metros de altura do grupo das
pteridospermas, coniferas ancestrais que
dominavam o que hoje sdo ambientes
geradores de carvio no hemisfério Sul. O
grupo da paleobotinica Margot Guerra-
-Sommer, da Universidade Federal do
Rio Grande do Sul (UFRGS), obteve mais
do que fdsseis em expedicGes a mina de
carvio de Faxinal, no municipio gaticho
de Arroio dos Ratos. As rochas dali pre-
servaram informacdes paleoecoldgicas
que contam uma historia de incéndios
recorrentes em um ambiente onde se
imaginava uma umidade constante.
“No meio do carvdo mineral encon-
tramos fragmentos de troncos com cerca
de 20 centimetros de diAmetro”, con-
ta a bidloga Isabela Degani-Schmidt,
doutoranda no laboratério de Margot.
O achado é incomum porque a matéria
orgénica vegetal queimada é extrema-
mente delicada e costuma quebrar-se em
fragmentos de no maximo 4 a 5 centime-
tros no caminho até o local no qual fica
acumulada e encontra condicdes de ser
preservada para a posteridade. Néo foi
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0 que aconteceu na regido estudada pelo
grupo de Margot. Os fésseis de dimen-
sbes incomuns indicam que as drvores
da regido foram queimadas em pé. Os
troncos, depois de caidos, permaneceram
no mesmo lugar em que seriam encon-
trados bem mais tarde por mineradores
e pesquisadores.

O material guarda registros importan-
tes do ambiente da época (inicio do pe-
riodo geoldgico conhecido como Permia-
no) naquela regifio, que agora podem ser
interpretados. A fossiliza¢do dos troncos
e das folhas indica que eram florestas
em ambiente pantanoso. “Sdo condicoes
propicias a fossiliza¢io porque o mate-
rial vegetal que cai na dgua acumula-
-se em um ambiente acido indspito para
as bactérias e fungos responsaveis pela
decomposicdo”, explica Isabela. Por is-
so, a ideia até agora era de um pantano
permanente na regido. “Nessa turfei-
ra alagada em todas as esta¢des, néo se
imaginaria que ocorressem incéndios.”

Os achados recentes, publicados na
edi¢do de julho da revista International
Journal of Coal Geology, pintam, porém,
um quadro mais complexo. “O ambiente
provavelmente nunca ficava seco”, pro-
pode a pesquisadora, “mas haveria um pe-
riodo suficientemente seco para permitir
incéndios naturais, que indicam nessas
ocasifes uma atmosfera muito mais rica
em oxigénio do que a atual”.

O estudo de amostras de troncos e po-
len por microscopia de fluorescéncia e
eletronica de varredura revelou também

1 Possivel estrutura
produtora de pélen ao
microscépio de fluorescéncia

2 Brilho indica que pélen
nao foi queimado

3e4 Vistasaolhonu:
folhas carbonificadas

que ndo eram incéndios avassaladores.
A medula dos troncos e os pélens néo
foram carbonizados, revelando tempe-
raturas relativamente baixas. Isabela
interpreta o achado como indicacéo de
que as estacGes secas nunca eliminavam
por completo a umidade e o solo prova-
velmente ficava sempre recoberto por
um filme d’agua, favorecendo a fossi-
lizacéio no proprio local e pela queima
incompleta.

FLORA ESPECIALIZADA
A hip6tese mais plausivel para a origem
dos incéndios, segundo Isabela, é que
seriam causados por raios. Outra pos-
sibilidade aventada seria vulcanismo,
reforcada pela presenca de uma camada
de rocha de cor branca, rica em folhas
fossilizadas, em meio ao carvio, interpre-
tada como cinza vulcinica. Examinando
essa camada de rocha, o grupo de Margot
concluiu que as cinzas ja teriam caido
frias sobre a regifio e devem ter vindo de
longe. Ainda nfo se sabe de onde. “Néo
ha indicios de fontes de atividade vul-
cénica por ali”, afirma Isabela.

Mais do que uma flora carbonizada, os
achados revelam uma dinimica ecoldgi-
ca. A pesquisadora defende que a mata

era adaptada ao fogo. “Encontramos a
deposicéo de fosseis de pteridospermas
em camadas diferentes, indicando que
essas plantas permaneciam ali ao longo
do tempo”, explica. Falta determinar se
tinham recursos para subsistir nessas
condic¢des. “Estamos analisando estru-
turas nas folhas para ver se tinham es-
pecializa¢Ges nesse sentido.”

Os fésseis encontrados, assim como
as condicdes ambientais que eles per-
mitem inferir, podem ser uma pista de
que a diversidade vegetal era um tanto
limitada por ali, determinada pela ca-
pacidade de resistir aos incéndios cons-
tantes. Sdo estudos curiosos porque re-
velam uma paisagem da qual ja ndo ha
vestigios vivos, com protagonistas com-
pletamente extintos. Antes vistas como
um elo evolutivo entre as samambaias
e as coniferas, as pteridospermas per-
tenciam a um grupo de gimnospermas
ancestrais cujos parentes mais proximos
atuais sdo, provavelmente, as cicas e o
ginkgo. “N4o ha nada parecido hoje no
local”, conta a pesquisadora, que nio
conhece nenhuma paisagem como a que
vé desenhar-se a partir dos fésseis. “Sé
analisando as rochas para extrair o que
esta preservado.”
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