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RESUMO

Pela primeira vez incéndios florestais séo identificados em uma associacdo de facies
contendo a Flora Dicroidium nos sedimentos avermelhados do Triassico Médio
(Ladiniano) na parte sul da Bacia do Paran& (Formacgédo Santa Maria, Rio Grande do
Sul). A extensdo geografica dessa assembleia de plantas foi, assim, estendida no
Gondwana brasileiro. As analises por petrografia organica, fluorescéncia,
microscopia eletronica de varredura (MEV) e microscopia eletronica de varredura
(tipo field emission gun - MEV-FEG) revelaram a presenca recorrente de carvao
vegetal (charcoal) na sucessdo vertical de facies relacionadas a um modelo
deposicional de fluxos efémeros de baixa densidade do tipo inunditos. O carvdo
microscopico (micro-charcoal) ocorre como fragmentos comuns em diferentes facies,
enguanto que o carvao vegetal macroscopico (macro-charcoal) é representado por
espécimes tridimensionais de lenhos atribuidos a gimnospermas (Pinaceae?) e por
fragmentos achatados, finos e alongados atribuidos a pteridospermas (rachises de
Dicroidium?). Os valores médios de reflectancia da inertinita entre 2,80-6,61 %Ro
medidos nos fragmentos de macro-charcoal evidenciaram processos de queima de
alta temperatura, envolvendo tanto incéndios na copa quanto na interface copa-
superficie. A recorréncia de fragmentos queimados em varias facies do perfil
estudado indica a ocorréncia de incéndios regionais que afetaram tanto as
comunidades meso-xerdéfilas distais quanto as associacdes proximais higro-
mesodfilas, compostas majoritariamente por espécimes da Flora Dicroidium. A
integracdo dos resultados obtidos a partir das multiplas analises dos fragmentos de

charcoal é consistente com um teor de oxigénio atmosférico superior a 20%.

Palavras-chave: Petrografia Organica, Microscopia Eletrdnica de Varredura, Carvao
Vegetal Macroscopico, Carvao Vegetal Microscopico, Paleoincéndios, Sedimentos

avermelhados.



ABSTRACT

For the first time wildfires are reported from an association of different facies
containing a Dicroidium flora from the Middle Triassic (Ladinian) red beds in the
southern part of the Parana Basin (Santa Maria Formation, Rio Grande do Sul state).
The geographical extension of the Dicroidium plant assemblage has thus been
extended in the Brazilian Gondwana. Analyses through petrography, fluorescence
microscopy, scanning (SEM) and field emission gun scanning electron microscopy
(FEG-SEM) revealed recurrent charcoal presence in a vertical facies succession of
depositional cycles related to ephemeral prograding low density flows. Microscopic
charcoal occurs as common fragments within different facies whereas macroscopic
charcoal is represented by tridimensional wood specimens assigned to
gymnosperms (Pinaceae?) and by flattened, thin, elongated remains assigned to
pteridospermophytes (rachises of Dicroidium?). Average reflectance values between
2.80-6.61 %Ro measured in the macro-charcoals evidenced burning processes of
high temperature, involving fires both in the crown and in the crown-surface interface.
The recurrence of charcoal in several facies of the studied profile indicates regional
wildfires, which affected hinterland, meso-xerophyllous coniferous assemblages and
marginal hygro-mesophyllous Dicroidium-like assemblages. The integration of results
obtained from the multiple charcoal analyses is consistent with atmospheric oxygen
content higher than 20%.

Key-words: Organic Petrography, Scanning Electron Microscopy, Micro-charcoal,

Macro-charcoal, Paleowildfires, Red Beds.
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PREAMBULO:

Esta dissertacdo de mestrado esta estruturada em torno do artigo: Extensive

wildfires in Triassic (Ladinian) Dicroidium Flora of South Brazilian Parana

Basin, submetido ao periddico internacional Palaeogeography, Palaeoclimatology,

Palaeoecology. Desta forma, a estruturagdo deste trabalho compreende as

seguintes partes:

1)

2)
3)

4)

5)

Introducdo sobre o tema da dissertacdo e o0s objetivos a serem
desenvolvidos no trabalho, localizacdo da area de estudo e revisao dos
principais trabalhos que abordam a importancia do charcoal no registro
geoldgico e a sua utilizacdo em paleoambientais, na inferéncia de teores
de gases paleoatmosféricos e na vinculacdo com fatores climéticos;
Contexto geoldgico da area de estudo;

Breve descricdo das técnicas e métodos utilizados para o desenvolvimento
desse estudo;

Artigo  cientifico  submetido ao  periddico  Palaeogeography,
Palaeoclimatology, Palaeoecology;

Conclusbes da presente dissertacéo.



1. INTRODUCAO

O carvéo vegetal (charcoal sensu Scott & Damblon, 2010) é produzido em
incéndios naturais (Kuhlbusch & Crutzen, 1996; Schmitd & Noack, 2000) e
representa a combustdo incompleta de matéria vegetal. Dada a sua resisténcia a
oxidacdo ou decomposicao, e sua capacidade de flutuacéo, fragmentos de carvéo
vegetal (charcoal) sdo preservados in situ ou podem ser transportados a longas
distancias antes de serem incorporados aos sedimentos. Assim, fragmentos de
carvao vegetal podem ser reconhecidos ndo somente em sedimentos terrestres,
mas também em sedimentos costeiros, marinhos rasos e até em marinhos profundos
(Forbes et al., 2006; Power et al., 2010). A presenca de charcoal em estratos
geoldgicos indica a ocorréncia de incéndios florestais desde o Siluriano (Glasspool
et al., 2004) até o Quaternario em diversos ambientes (Glasspool et al., 2004,
MacDonald et al., 1991; Scott, 1989, 2000, 2010; Scott & Glasspool, 2006).

No Gondwana brasileiro, fragmentos dispersos de charcoal sdo muito comuns
em niveis clasticos associados a camadas de carvdo a partir do intervalo
transgressivo basal da Bacia do Parana, nos estratos carvdao do Permiano
(Formacéao Rio Bonito, Sakmariano-Artinskiano) ao longo das bordas norte e sul da
bacia (Degani-Schmidt et al.,, 2015; Jasper et al., 2013). A presenca desses
fragmentos queimados também é registrada em “bonebeds” do ultimo ciclo
progradacional relacionado a completa continentalizacdo do grande lago confinado
gue ocupou a area no Permiano (Formacéo Rio do Rastro) (Manfroi et al., 2015).

Em relagcdo ao Triassico, afloramentos de quase todas as sequéncias
triassicas da bacia do Parana, que se restringem a regiao sul do Brasil, foram
investigados em busca de evidéncia de incéndios florestais, porém, até o momento,
fragmentos de charcoal estavam ausentes. Contudo, através de mapeamentos
regionais na regido sul do estado do Rio Grande do Sul, mais precisamente na
regidao do Graben Arroio Moirdo, considerado como um relicto da Bacia do Parana
no Escudo Sul-Rio-Grandense, foi possivel a identificacdo, coleta e caracterizagédo
de fragmentos de charcoal e de uma associacdo vegetal compativel com a Flora
Dicroidium, registrada pioneiramente para a bacia do Parana por Bortoluzzi et al.
(1985) e até o presente restrita a afloramentos da regido central do estado
(Afloramento Passo das Tropas e adjacéncias).



A presenca desses fragmentos dentro dos estratos mapeados indica a
ocorréncia de incéndios florestais durante o Triassico Médio na regido sul da Bacia
do Parana. Adicionalmente, através da descoberta de abundantes impressdes
vegetais da Flora Dicroidium e através de correlacbes estratigraficas é possivel
associar as rochas mapeadas a Sequéncia Santa Maria | (Zerfass et al., 2003), além
de estender a ocorréncia geografica desta associacao paoleofloristica.

Portanto, levando em consideracdo estas recentes descobertas, o objetivo
principal deste trabalho foi a identificacdo e caracterizacdo do charcoal e a inferéncia
paleoambiental estabelecida a partir dos resultados obtidos pela presenca desses
fragmentos queimados nos sedimentos triassicos dos relictos, em especifico, 0

Graben do Arroio Moirdo da Bacia do Parana no Escudo Sul-Rio-Grandense.

1.1. Objetivos Especificos

O presente estudo tem como objetivos (1) descrever, identificar e caracterizar
o carvao vegetal (charcoal), através da utilizacdo de distintas técnicas analiticas; (2)
definir a intensidade dos incéndios vegetacionais com base em parametros de
petrografia organica; (3) correlacionar os resultados obtidos com curvas estimadas
de O, atmosférico para o intervalo estudado; (4) caracterizar as impressoes vegetais
da Flora Dicroidium e estender sua ocorréncia geografica no Gondwana brasileiro;
(5) estabelecer uma interpretacdo paleoambiental para o intervalo estudado em um
contexto regional com base nos resultados obtidos em analises paleobotanicas e de
charcoal, associados aos dados faciolégicos.

Os dados produzidos através do levantamento de campo e das diversas
técnicas analiticas utilizadas poderdo, no futuro, ser integrados aos dados
publicados para o Triassico de bacias distintas, para que seja possivel uma melhor
compreensao sobre intensidade de eventos de incéndio e concentracdo de O na

atmosfera em escala global no Mesozoico.

1.2. Localizac&o da Area de Estudo

O trabalho foi realizado na regido do Graben Arroio Moirdo, que se encontra
situado no Escudo Sul-Rio-Grandense, entre as cidades de Santana da Boa Vista e
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Cangucu no estado do Rio Grande do Sul. O graben (Figura 1) € uma depresséo de
forma alongada com 30 km x 95 km na direcdo N30°E, balizada por falhas com
orientacdo NE-SW. No seu limite leste, ocorre a Zona de Cisalhamento Dorsal de
Cangucgu (Zona de Falha Dom Feliciano) e, no oeste, a Zona de Falha Acotéia —
Piquiri. Supbe-se que o conjunto destas falhas NE-SW tenha sido herdado do
embasamento e, posteriormente, sofrido reativacdo, gerando assim a atual
estruturacdo. Nesta regido, unidades triassicas da Bacia do Parand se encontram
preservadas sobre o embasamento, os denominados relictos da porcdo sul da
Bacia.

38700

LEGENDA

[ | Depositos Quaternarios [+ * ] Grupos Guaritas e Marica A
Sequéncia Santa Marial [ | Embasamento N
@ Perfil colunar /" Falhas - Drenagens

Figura 1. Mapa de localizagéo da area de estudo e do perfil colunar descrito (modificado de Borsa, 2015).
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1.3. Estado da Arte: uma sintese

O charcoal ou carvdo vegetal € onipresente no registro fossil, com uma
histéria que remonta ao Siluriano (Glasspool et al., 2004). Dado que eventos
extensivos de incéndio atualmente alteram o equilibrio de muitos ecossistemas
terrestres, a analise integrada de diferentes parametros paleoambientais e a
interacdo destes com eventos de incéndio durante a historia da Terra oferecem
indicativos sobre a evolucdo de padrdes, regionais ou globais, de umidade e
ressecamento e a mudanca relativa na concentracdo de gases atmosféricos
(Kuhlbusch & Crutzen, 1996; Schmitd & Noack, 2000)

As Unicas evidéncias diretas para caracterizar a ocorréncia de paleoincéndios
sdo obtidas a partir da andlise de carvdo vegetal féssil, da inertinita e de
hidrocarbonetos aromaticos policiclicos pirogénicos (Abu Hamad et al., 2012). A
grande maioria dos carvbes vegetais sdo produtos de incéndios provocados por
descargas elétricas relacionadas a relampagos, porém, alguns tipos sédo gerados a
partir da ignicdo por atividade vulcanica (Kemp, 1981; Réssler & Sterzeleanum,
2001; Scott et al., 2000, 2003). A atribuicdo de grandes incéndios e consequente
modificacdo de paisagem por causas antrépicas a partir do Quaternario tem sido
defendida por diferentes autores. Para o sul do Brasil Bheling et al. (2005) atribuem
as populacdes indigenas a origem de grandes incéndios que teriam alterado a
composicao de associagdes vegetais no Holoceno.

A producdo de carvao vegetal € resultado da combustdo incompleta de
vegetais. No entanto, partes de animais, preferencialmente invertebrados, também
podem se preservar como carvao vegetal (Scott et al., 2000). Segundo Gutsell &
Jonhson (2007) para que exista a combustéo, € necessaria a acao conjunta de trés
elementos basicos: oxigénio, fonte de ignicdo e material combustivel, formando o
chamado triangulo do fogo.

No processo de queima, a planta € submetida a um aquecimento rapido que
provoca o colapso da celulose nos tecidos, produzindo volateis como CO, CO,, CH,
gue se misturam a atmosfera e queimam (Pyne et al., 1996). Essa reacdo aumenta o
aquecimento e perpetua o fogo. O aquecimento atinge os tecidos vegetais, onde ndo
existe praticamente oxigénio, em reacao de pirdlise. O colapso das moléculas libera

gases volateis que entram em combustdo ao entrarem em contato com o oxigénio.
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Se essa reacao € interrompida antes da completa combustéo, fragmentos de carvéao
vegetal sdo deixados como residuo (Scott, 2010).

Entre as temperaturas de 20 e 110 °C, o lenho absorve calor, é ressecado,
emitindo vapor umido. Entre 100 e 270 °C, os tracos finais de agua séo liberados e o
lenho comecga a se decompor, liberando monéxido de carbono, dioxido de carbono,
acido ascético e metanol. A decomposicdo exotérmica do lenho inicia entre 270 e
290 °C, com a continua liberacdo de gases mistos e de betume. Entre 290 e 400 °C,
o dominio de alcatrdo comeca a predominar a medida que a temperatura aumenta
(McParland et al., 2007).

A transformacao de lenho em carvao vegetal completa-se aos 400°C, quando
ainda sdo encontrados apreciaveis teores de alcatrdo (aproximadamente 30%)
(Beaumont, 1985). Os fragmentos perdem massa durante o processo, e reduzem
consideravelmente seu peso e dimensfes (McParland et al., 2007; Lupia, 1995). Os
dominios de carbono na parede celular se ordenam, tornando o tecido mais
resistente a degradacao (Ascough et al., 2010).

Scott (2010) define trés tipos béasicos de fragmentos de carvao vegetal com
base em suas dimensdes (Quadro 1):

Quadro 1 Dimensdes de fragmentos carvado vegetal segundo os critérios de Scott, 2010. * Fragmentos
reconheciveis a vista desarmada (extraido de Ribeiro, 2015).

Carvéo vegetal
macroscopico*

Carvao vegetal
mesoscopico*

Carvao vegetal
microscopico

Carvéo vegetal
macroscopico*- maior do
que 1 mm

Carvéao vegetal
mesoscopico* - 180 um
atée 1 mm

Carvéao vegetal
microscopico - menor do
que 180 pm

Experimentos desenvolvidos por Clark & Patterson (1997) concluiram que o
transporte de carvdo vegetal microscopico pelo vento € muito efetivo e em um
contexto interpretativo, refletem dados regionais, enquanto que carvbes vegetais
macroscopicos estdo relacionados a incéndios de carater mais local. O carvao
vegetal microscépico (menor do que 180 um) € geralmente originado a partir da
combustdo de vegetacdo viva e também de serapilheira (Peters & Higuera, 2007),
enguanto que a producéo e dispersao de carvao vegetal macroscopico (maior 1 mm)
€ mais intensa em florestas (Eckmeier et al., 2007a, 2007b).

Nos sistemas florestais, a producdo de carvao vegetal depende de dois

fatores: combustivel e natureza do incéndio. Dessa forma, podem ocorrer, de forma
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independente ou mesmo continuada: (i) incéndios de dossel, que se propagam a
partir dos caules em direcdo a copa das arvores; (ii) incéndios de superficie,
atingindo a vegetacdo herbacea e arbustiva além da folhada, que pode atingir
também a copa das &rvores e (iii) incéndios subterrdneos ocorrem em nivel de
raizes (Figura 2).

Em incéndios de dossel sédo produzidas grandes quantidades de carvéo vegetal
microscopico (Figura 2), enquanto que a producdo de carvao vegetal macroscopico
é reduzida (Pyne et al., 1996). Estudos desenvolvidos em incéndios vegetais e em
experimentos acompanharam o deslocamento do carvdo vegetal microscépico por
acao do vento. Esses estudos comprovaram que particulas maiores precipitam antes
que as menores e diferentes particulas podem ser transportadas a distancias
oceanicas (Peters & Higuera, 2007). Nesse contexto, pode-se considerar que
carvoes vegetais microscépicos refletem dados regionais (Clark & Patterson, 1997),
enguanto que os macroscoépicos refletem dados mais locais.

A &gua constitui 0 meio de transporte mais efetivo de carvao vegetal
macroscopico; chuvas associadas a tempestades podem transportar grandes
quantidades desses fragmentos e sedimento por fluxos superficiais até sistemas
fluviais (Scott, 2010). Uma associacdo composta exclusivamente por fragmentos
equidimensionais de carvao vegetal indica selecédo no transporte. J4, a composicao
heteromorfa e heterodimensional compreendendo diferentes tipos e tamanhos de
fragmentos incluindo carvdo macroscépico (<1 mm) mesoscopico (180 um a 1 mm)

e microscopico (>180 um) indica proximidade da area fonte do incéndio.
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Incéndio

. C.Incéndios subterraneos

Figura 2. Tipos de incéndios e de combustivel. A) Incéndios de superficie. B) Incéndios de dossel. C)
Incéndios subterraneos (Extraido de Scott, 2000).
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A distincdo entre fragmentos queimados e ndo queimados é estabelecida com
base na preservacdo de paredes celulares, utilizando-se Microscopia Eletrénica de
Varredura. Apenas quando a parede celular esta homogeneizada pode-se afirmar
que um fragmento € carvao vegetal e se este passou por temperaturas superiores a
325 °C. E possivel, entretanto, que apenas partes externas dos lenhos estejam
carbonizadas, enquanto que as internas permanecem inalteradas (Jones, 1993).
Esse processo ocorre frequentemente em caules de grande porte em incéndios de

florestas.

Fragmentos de carvao vegetal sdo encontrados em muitos tipos de rochas,
mas sdo mais comumente encontrados em rochas sedimentares (Scott, 1989).
Observa-se que, pela sua resisténcia a oxidagdo ou decomposicdo e pela sua
capacidade de flutuacdo, fragmentos de charcoal sdo preservados in situ ou podem
ser transportados a longas distancias antes de serem incorporados aos sedimentos.
Assim, fragmentos de carvdo vegetal podem ser reconhecidos ndo somente em
sedimentos terrestres, mas também em sedimentos costeiros, marinhos rasos e até
em marinhos profundos (Forbes et al., 2006; Power et al., 2010).

Apesar de carvbes vegetais serem comuns, a sua distribuicdo ao longo do
tempo geoldgico € variavel. Evidéncias de incéndios vegetacionais sao detectadas
desde o Siluriano expandindo-se até o Eo-Devoniano (Scott & Glasspool 2006). E
embora registros mais antigos afirmem uma baixissima ocorréncia de incéndios no
Mesodevoniano (Scott & Glasspool, 2006), estudos mais recentes tem demonstrado
uma dramatica ascensao de incéndios no final do Devoniano, estimando tores de O,
mais significativos que os atuais (Glasspool et al, 2015).

De acordo com Scott (2000), a partir do Carbonifero inferior, ha o registro de
extensos depdositos de charcoal que evidenciam a ocorréncia de incéndios florestais
significativos e generalizados. No Carbonifero superior, o carvdo vegetal era comum
ou abundante em uma ampla gama de facies, especialmente aquelas relacionadas a
depositos de carvdo na provincia Euramericana (mais raramente em Cataisia e
Angara).

De acordo com Glasspool (2000), os incéndios eram parte integral dos
ecossistemas de turfeiras gondwanicos de latitudes médias a altas, sendo
registrados em todos o0s continentes. Na ultima década, especificamente nas
sequéncias gondwanicas brasileiras, tem sido gerada uma base importante de

dados sobre charcoal macroscopico nos estratos carvao do Permiano ao longo das
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bordas norte e sul da bacia, na Formacdo Rio Bonito (Sakmariano-Artinskiano)
(Degani-Schmidt et al., 2015; Jasper et al., 2013), e em camadas do ultimo ciclo
progradacional relacionado a completa continentalizacdo do grande lago confinado
gue ocupou a area no Permiano, na Formacao Rio do Rastro (Manfroi et al., 2015).

Entre o final do Paleozoico e estagios iniciais do Mesozoico poucos registros
de carvdo vegetal podem ser observados. Entretanto, importantes depdsitos dos
estagios finais do Mesozoico sdao encontrados globalmente. A ocorréncia desses
fragmentos tem sido amplamente relatada a partir de sedimentos terciarios. De
acordo com Scott (2000) sua presenca no Quaternario e Recente ndo é apenas
resultado da ocorréncia de incéndios por influéncia antropica, mas consequéncia de
eventos resultantes de diferentes eventos ciclicos de alteracdo de padrdo climatico
regional ou global.

A distribuicdo desigual de carvdo ao longo do tempo geoldgico, e sua quase
auséncia em determinados intervalos, tem levado a pesquisadores a indicar a
ocorréncia de “charcoal gaps” em determinados intervalos (Retallack et al., 1996;
Veevers et al., 1994).

Especificamente para o Triassico inferior e médio, os registros publicados
sobre carvao vegetal como prova direta de paleoincéndios florestais eram muito
escassas até recentemente (Belcher & McElwain, 2008; Scott, 2000; Uhl et al., 2008,
2010). Esses dados levaram a uma auséncia global de carvao vegetal (“global gap”)
gue teria vigorado do Induano inferior ao Carniano (Retallack et al., 1996; Veevers et
al., 1994).

Durante muito tempo, especulou-se que uma suposta falta de evidéncia para
os incéndios durante esse intervalo possa ser explicada por uma grande queda na
concentracdo de oxigénio atmosférico, apos ou durante o evento de extingdo em
massa, no final do Permiano, impedindo a ocorréncia de incéndios vegetacionais
(Abu Hamad et al. 2012). Diferentes modelos geoquimicos (Berner, 2001, 2005;
Berner & Canfield, 1989) sugeriram que as concentracdes de oxigénio foram
inferiores 12-13% durante o Eo e Meso Triassico, e que tais baixas concentracdes
de oxigénio atmosférico podem ter impedido a ignicdo e a propagacao de incéndios
de forma eficaz (Robinson, 1989, 1991; Scott, 2000). Contudo, 0 crescente
reconhecimento de registros de carvao vegetal em sedimentos Triassicos em todo o

mundo ndo corrobora esse modelo, principalmente porque a ocorréncia de incéndios
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significativos € incompativel com a previsdo de intervalos prolongados de baixos
niveis atmosfeéricos de O, (Tanner & Lucas, 2016).

Estudos prévios de Abu Hamad et al. (2012) consideram que diversos fatores
integrados podem ter gerado a auséncia ou depressao de carvdo vegetal. Tais
fatores estariam relacionados, além das predicbes de baixos teores de O,, a
peculiaridades do processo tafonémico, a auséncia de sedimentos adequados para
a preservacdo do carvdo vegetal macroscopico (dada a ocorréncia macica de red
beds), e a escassez de material combustivel (baixa densidade de florestas).

Por outro lado, a desatencao dos cientistas em reconhecer caracteristicas de
gueima em fragmentos vegetais no campo constitui um fator importante, que
influencia na recuperacéo de evidéncias de fogos durante este periodo (Abu Hamad
et al., 2012; Scott, 2010). Dessa forma, segundo Abu Hamad et al. (2012), com base
em evidéncias geoldgicas, esta auséncia ou reducéo de carvao vegetal inferida para
Triassico inferior e médio ndo deve ser, necessariamente, interpretada como uma
auséncia ou reducdo do numero de incéndios.

Registros recentes sobre a ocorréncia de incéndios no Tridssico da Argentina,
Alemanha e Jordania tem ampliado o reconhecimento da ocorréncia de incéndios
expressivos durante esse intervalo de tempo (Colombi & Parrish, 2008; Uhl et al.,
2010; Abu Hamad et al., 2012). Isto corrobora com as inferéncias de Abu Hamad et
al. (2012), sobre a extenséo de tais eventos no inicio do Mesozoico, a repercussao
dessas evidencias na estimativa de O, atmosférico, e a sua influéncia no

desenvolvimento da vida em ambiente terrestre.
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2. CONTEXTO GEOLOGICO DA AREA DE ESTUDO

2.1. Bacia do Parana

A sucessao estudada neste trabalho compreende as rochas tridssicas que
ocorrem na Bacia do Parana. A Bacia do Parana (Figura 3) é uma bacia sedimentar
intracratonica, que se desenvolveu do Paleozoico ao Mesozoico (Figura 4) no
supercontinente Gondwana. Atualmente, engloba &areas geograficamente situadas
no continente sul-americano, incluindo porcdes territoriais do Brasil meridional,
Paraguai oriental, nordeste da Argentina e norte do Uruguai, totalizando uma area
gue se aproxima dos 1.5 milh8es de quildbmetros quadrados (Milani et al., 2007).

O registro estratigrafico da Bacia do Parana compreende um pacote
sedimentar-magmatico com uma espessura maxima de em torno dos sete mil metros
(Milani et al., 2007). Milani (1997) reconheceu no registro estratigrafico da Bacia do
Parana seis unidades de ampla escala ou Supersequéncias: Rio Ivai (Ordoviciano-
Siluriano), Parana (Devoniano), Gondwana | (Carbonifero-Eotriassico), Gondwana Il
(Meso a Neotriassico), Gondwana Il (Neojurassico-Eocretaceo) e Bauru
(Neocretaceo) (Figura 3). Cada supersequéncia representa um intervalo de dezenas
de milhdes de anos, controlados por superficies de discordancia de carater inter-
regional (Milani et al., 2007; Reis et al., 2013).

Relictos da Supersequéncia Gondwana Il sdo observados sobre as unidades
do Escudo Sul-Rio-Grandense seguindo estruturas geotecténicas herdadas do Pré-
Cambriano e reativadas no Triassico. Os relictos, também denominados como
“registro estratigrafico gonduanico” preservados sobre o Escudo Sul-Rio-Grandense
- ESRG, tém idade sugerida como sendo triassica, e sdo correlacionaveis com a
Bacia do Parana (Jost, 1981; Faccini, 1989, 2000; Menegat & Scherer, 1993; Horn et
al., 2014; Lima, 2016).

Milani (1997) discute que durante o Tridssico ocorreu uma distenséo
generalizada na porcdo sul do Gondwana onde teria se depositado a
Supersequéncia Gondwana Il. Essa Supersequéncia tem uma ocorréncia restrita
aflorando somente nas por¢gbes gaucha e uruguaia da bacia. Seu registro
sedimentar é caracteristico e preservado em bacias tipo graben, como por exemplo,

o Graben Arroio Moirdo, onde dominam sedimentos peliticos-arenosos de cor
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avermelhada. Para Zerfass et al. (2003), o Tridssico caracterizou-se por um nivel de

base relativamente baixo, clima arido e semiarido, e uma sedimentacao continental.

48°W

+ o4+ + +
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[ condwanan
D Gondwana |
m Parana
I Ro vai
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—34°S

Figura 3. Arcaboucgo estratigrafico da Bacia do Parand com a area de estudo destacada em vermelho
(modificado de Milani & Ramos, 1998).
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2.2. Supersequéncia Gondwana |l

A Supersequéncia Gondwana Il, objeto do presente estudo, € representada
pela unidade sedimentar triassica denominada Formacdo Santa Maria. Zerfass et al.
(2003, 2004) caracterizou, com base em dados regionais, duas sequéncias de
deposicdo de segunda ordem na sucessao continental do Sul do Brasil: Sanga do
Cabral (Tridssico Inferior) e Santa Maria (Tridssico Médio a Triassico Superior).

A Sequéncia Santa Maria é composta por trés sequéncias de terceira ordem
(Zerfass et al., 2003). Na base, a Sequéncia Santa Maria | (SMSI) compreende
conglomerados suportados por clastos e arenitos cruzados, sobrepostos por
mudstones laminados. Esta associacdo de facies foi interpretada como passagem
fluvial para depdsitos superficiais lacustres. A Sequéncia Santa Maria Il (SMSII) é
composta de arenitos de granulometria média a fina, arenitos com estratificacdo
cruzada e lentes de mudstones na base, que foram interpretados como depésitos
fluviais de alta sinuosidade. A porcdo superior da SMSIlI exibe uma sucesséo
granocrescente ascendente composta por ritmitos (siltito-argilito) intercalados com
lentes de arenitos de granulacdo fina, com estratificagcdo cruzada ou acanalada,
depositados em um sistema lacustre-deltaico. A Sequéncia Santa Maria 11l (SMSIII) é
constituida por arenitos estratificados e conglomeraticos, com abundantes troncos
silicificados. Litoestratigraficamente, as sequéncias SMSI e SMSII correspondem as
Formacdes Santa Maria e Caturrita, € SMSIII corresponde a Formacdo Mata
(Zerfass et al., 2003).

A primeira subdivisdo bioestratigrafica proposta para a Formacao Santa Maria
€ apresentada por Barberena & Bortoluzzi (1977), quando foram reconhecidas trés
cenozonas: Therapsida, Rhynchocephalia e Dicroidium. As duas primeiras foram
baseadas em répteis, enquanto que a cenozona Dicroidium foi baseada no dominio
desse género em densas associagfes de impressdes vegetais fosseis. Através da
correlacdo de fauna argentina tridssica com a Formacdo Santa Maria, 0s autores
propuseram 0 posicionamente destas cenozonas entre o0 Mesotridssico e
Neotriassico.

Guerra-Sommer et al. (1999) e Guerra-Sommer & Cazzulo-Klepzig (2000)
realizaram o detalhamento taxonémico das associa¢cdes megafloristicas inclusas na
Formacéo Santa Maria na regido central do estado do Rio Grande do Sul. Tendo em

vista as ocorréncias restritas a um unico nivel estratigrafico, e o caréater local das
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ocorréncias, foi proposto um intervalo floristico informal denominado de Flora
Dicroidium odontopteroides (Anisiano superior a Ladiniano superior), comparavel a
fitoassociacbes dominadas por pteridospermas do género Dicroidium diagnosticadas
em intervalos temporais e nichos ecoldgico distintos para o Tridssico da Austrédlia
(Retallack, 1977).
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3. METODOLOGIA

O presente estudo centrou-se na descri¢cdo e caracterizagdo dos fragmentos
de carvao vegetal macroscopico e microscopico, realizadas através das dos itens

citados a sequir.

3.1. Levantamento Bibliografico

A etapa de levantamento bibliografico desenvolveu-se até o final da presente
dissertacdo e incluiu a selecdo de artigos técnico-cientificos nacionais e
internacionais, monografias, dissertacdes e teses que discutem a identificagcéo,
caracterizacdo e modelos que explicam a presenca de charcoal e suas implicacdes
ambientais. Paralelamente, também foi realizado um levantamento bibliografico
sobre a Bacia do Parana, a Formacdo Santa Maria, o Graben Arroio Moirdo e o
Triassico. Nesta etapa ainda foram realizadas as selecdes de fotos aéreas, das

imagens de satélite e dos mapas topogréficos da regido selecionada para o estudo.

3.2. Campo e Amostragem

Para a realizacdo da etapa de campo na regido do Graben do Arroio Moirdo
(RS), utilizou-se a técnica de mapeamento geologico de Lisle (2014). Durante o
mapeamento, foi levantado um perfil colunar de detalhe que, por sua vez, foi
identificado como PGM-B10. A espessura total desse perfil colunar é
aproximadamente 50 m.

No perfil colunar, apés a identificacdo das facies representativas, foram
selecionados os pontos de amostragem com base na presenca de fragmentos de
cor escura, semelhantes a carvdo, e de dimensfGes variadas (milimétricos a
centimétricos), que posteriormente foram identificados como charcoal.

Ao todo, 10 amostras representativas dos fragmentos de charcoal foram
coletadas, tombadas e identificadas como: Pb-5258, Pb-5259, Pb-5260, Pb-5261,
Pb-5262, Pb-5270, Pb-5271, Pb-5272, Pb-5273 e Pb-5274. Posteriormente, 0sS

espécimes foram descritos macroscopicamente com o auxilio de lupa (aumento de
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10 vezes), fotografados para registro, e armazenados na colecéo de paleobotanica

do Instituto de Geociéncias da Universidade Federal do Rio Grande do Sul.

3.3. Microscopia Eletrénica de Varredura (MEV-FEG)

Experimentos controlados, desenvolvidos por diferentes autores (Bustin &
Guo, 1999; Poole et al., 2002; Hammes et al., 2006; Scott & Glasspool, 2005, 2007;
Braadbaart & Pooole, 2008), elucidaram processos fisicos e quimicos ocorrentes
durante a combustdo. Dessa forma, a utilizagdo de técnica de observacdo em
Microscopia Eletrénica de Varredura (MEV) permite observar modificacdes
fundamentais que ocorrem na estrutura da parede celular, como por exemplo a
homogeneizacdo da lamela media em temperaturas a partir de 300 a 325°C.
Portanto, para a observacéo e identificacdo da ocorréncia, ou néo, de incéndios e de
homogeneizacdo das lamelas médias, as amostras foram submetidas a analises
através de Microscopia Eletrénica de Varredura (MEV) convencional e de
Microscopia Eletronica de Varredura de Alta Resolucao (tipo field emission gun -
MEV-FEG).

A preparacado dos fragmentos seguiu o procedimento descrito por Mizusaki
(1986) onde os fragmentos sdo colados (com fita dupla face) em porta amostras
especiais (stub) (com raio de aproximadamente 5 mm) e posteriormente metalizados
com ouro (espessura média de 100 A) tornando assim a amostra condutora.

Para a andlise através do MEV foi utilizado, as amostras foram preparadas e
observadas com um microscopio Zeiss EVO 50, do Centro de Microscopia Eletronica
da Universidade Federal do Rio Grande do Sul. Ja para a realizacdo das analises no
MEV-FEG,foi utilizado um microscoépio Inspect F50 FEI, do Centro de Microscopia e
Microandlises-IDEIA, da Pontificia Universidade Catélica do Rio Grande do Sul
(PUCRS).

3.4. Petrografia Organica

As andlises de petrografia organica foram realizadas no Laboratério de
Andlises de Carvdo e Rochas Geradoras de Petroleo da Universidade Federal do
Rio Grande do Sul.
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A analise petrografica para a identificacdo de inertinita foi realizada em trés
blocos de amostras de carvao vegetal macroscopico, polidos. Para obtencdo dos
blocos, as amostras inicialmente foram incorporadas em resina em orientacao
longitudinal e transversal, seguida de tratamento por vacuo para evitar a
fragmentacao (Jones & Rowe, 1999). Posteriormente, estes blocos foram polidos
utilizando-se 6xido de aluminio em pd, para obtencdo de uma superficie altamente
reflexiva (Collinson, 1999).

Apls a preparacdo, as amostras foram observadas com um microscopio
Leica DM 6000, com camera digital acoplada a um monitor de resolucdo de 256
pixels e a um computador utilizando o software Diskus Fossil. O material foi
submetido a preparacdo padrédo para andlise dptica como descrito por Bustin et al.
(1989). Foi utilizada luz refletida, com lente objetiva de 20x, em 6leo de imerséo
Immersol 518F e oculares de 20x padrédo Yttrium-Aluminum-Garnet, em refletancia
nominal de 0,895 R random (%) (ISO 7404/5, 1984).

3.5. Fluorescéncia

A identificacdo e caracterizagcdo de inertinita nos fragmentos de carvao
vegetal, tanto macroscopico (descritos como fragmentos alongados e achatados),
como microscépicos (dispersos no sedimento) foram realizadas através da técnica
analitica Fluorescéncia de Raios-X. O equipamento utilizado foi um microscépio de
luz transmitida Zeiss Axioplan equipado com filtro verde (AF488), do Instituto de
Geociéncias da Universidade Federal do Rio Grande do Sul. As fotografias foram
obtidas com uma camera AxioCam MRc e as imagens foram analisadas e as

medicdes efetuadas com o software Zeiss Axio Vision 4.8.1.
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ABSTRACT

For the first time wildfires are reported from an association of different facies
containing a Dicroidium flora from the Middle Triassic (Ladinian) red beds in the
southern part of the Parana Basin (Santa Maria Formation, Rio Grande do Sul state).
The geographical extension of the Dicroidium plant assemblage has thus been
extended in the Brazilian Gondwana. Analyses through petrography, fluorescence
microscopy, scanning (SEM) and field emission gun scanning electron microscopy
(FEG-SEM) revealed recurrent charcoal presence in a vertical facies succession of
depositional cycles related to ephemeral prograding low density flows. Microscopic
charcoal occurs as common fragments within different facies whereas macroscopic

charcoal is represented by tridimensional wood specimens assigned to
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gymnosperms (Pinaceae?) and by flattened, thin, elongated remains assigned to
pteridospermophytes (rachises of Dicroidium?). Average reflectance values between
2.80-6.61 %R0 measured in the macro-charcoals evidenced burning processes of
high temperature, involving fires both in the crown and in the crown-surface interface.
The recurrence of charcoal in several facies of the studied profile indicates regional
wildfires, which affected hinterland, meso-xerophyllous coniferous assemblages and
marginal hygro-mesophyllous Dicroidium-like assemblages. The integration of results
obtained from the multiple charcoal analyses is consistent with an atmospheric
oxygen content higher than 20 %.

Key-words: organic petrography, scanning electron microscopy, micro-charcoal,

macro-charcoal, paleowildfires, red beds.

1 INTRODUCTION

The presence of charcoal in geological strata indicates the occurrence of wildfires
since the Silurian (Glasspool et al., 2004) up to the Quaternary in various
environments (Flannigan et al., 2009; MacDonald et al., 1991; Scott, 1989, 2000,
2010; Scott and Glasspool, 2006).

In the Brazilian Gondwana macroscopic charcoal has been recovered from the
basal transgressive interval of the intracratonic Parand Basin in the coal-bearing
strata at the waning of the Permian icehouse stage (Rio Bonito Formation,
Sakmarian-Artinskian) along the northern and southern borders of the basin (Degani-
Schmidt et al., 2015; Jasper et al., 2013 and citations therein). Those findings ratified
biogeochemical models (Berner, 2006; Berner et al., 2003; Glasspool and Scott,
2010) that predicted the occurrence of atmospheric oxygen levels peaks (up to 28 %)
during the early Permian (Scott and Glasspool, 2006). Manfroi et al. (2015) also
identified charcoal fragments in the Parana Basin from a bonebed included in the last
progradational cycle related to the complete continentalization of the large confined
sea that occupied the area in the middle Permian Rio do Rasto Formation.

Fire evidence from the late Triassic (Belcher and McElwain, 2008; Tanner et al.,
2006) disproved the early Mesozoic p(O2) minimum of 10 % predicted by the
geochemical models (Berner, 2006; Falkowski et al., 2005). The presence of

charcoal remains in the late Triassic of western Germany (Uhl and Montenari, 2011)
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suggests that wildfires occurred more or less frequently, although the atmospheric
oxygen concentration may have been relatively low during the Triassic (Berner, 2002,
2006, 2009). Colombi and Parrish (2008) also reported the presence of charcoal
during a seasonally dry interval in a general context of monsoonal climate in the
Ischigualasto Formation (middle Carnian) of Argentina.

Triassic rocks containing fossil plants are very scarce in the Brazilian Parana
Basin, and paleobotanical data are mainly restricted to silicified woods (Guerra-
Sommer et al.,, 1999). The recognition of a Dicroidium flora concentrated in a
confined area in the central region of the Rio Grande do Sul state (Santa Maria
region) led to the identification of an informal floristic interval named “Dicroidium
odontopteroides flora” of late Anisian to late Ladinian age (Guerra-Sommer et al.,
1999). Outcrops in almost all Triassic sequences from the southern Parana Basin
have been thoroughly investigated for wildfire evidence, but obvious microscopic and
macroscopic charcoals were absent. This has partly been attributed to the nature of
sedimentation that would have occurred under semi-arid conditions according to
studies of Holz and Scherer (2000).

In the present study, the finding of abundant plant impressions of the Dicroidium
flora in an outcrop of the Santa Maria Formation in the southern part of the Rio
Grande do Sul state (area of Arroio Moirdo Graben in Pinheiro Machado municipality)
extended the geographic occurrence of this pteridospermous association. The
presence of charcoal within these strata indicates the occurrence of wildfires during
the middle Triassic in the southern part of the Parana Basin. The present study aims
to establish a paleoenvironmental interpretation in a regional context and an

extended geographical extension of the Dicroidium flora in the Brazilian Gondwana.

2 GEOLOGICAL SETTING AND SOURCE STRATA

The Parana Basin is a large intracratonic basin located in South America,
covering southern Brazil, eastern Paraguay, northeastern Argentina and northern
Uruguay regions, totaling an area of approximately 1.7 million km2 (Milani et al.,
2007) (Fig. 1). Its stratigraphic record comprises a sedimentary-magmatic package
with a maximum total thickness of around 7.000 meters that developed during the
Paleozoic and Mesozoic, with the deposition spanning from the Upper Ordovician to

the Upper Cretaceous (Milani et al., 2007). Using criteria of sequence stratigraphy,
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Milani et al. (2007) identified six supersequences, which were named from base to
top as Rio Ivai (Ordovician/Silurian), Parana (Devonian), Gondwana |
(Carboniferous/Lower Triassic), Gondwana Il (Middle/Upper Triassic), Gondwana Il
(Jurassic/Lower Cretaceous) and Bauru (Upper Cretaceous). The Gondwana Il
Supersequence, subject of the present study, is represented by the Triassic
sedimentary unit named Santa Maria Formation.

Zerfass et al. (2003, 2004), based on regional data, characterized two second-
order depositional sequences in the continental Triassic succession of southernmost
Brazil, Sanga do Cabral (Lower Triassic) and Santa Maria (Middle to Upper Triassic)
Supersequences. The Santa Maria Supersequence is composed of three third-order
sequences (Zerfass et al., 2003). At the base, the Santa Maria Sequence | (SMSI)
comprises clast-supported conglomerates and cross-bedded sandstones, overlain by
laminated mudstones. This facies association was interpreted as fluvial passing to
shallow lacustrine deposits (Zerfass et al., 2003). Santa Maria Il Sequence (SMSII) is
composed of medium to fine-grained, cross-bedded sandstones and mudstones
lenses at the base, grading to thick mudstones in the middle part. They were
interpreted as high-sinuosity fluvial and over-bank deposits (Zerfass et al., 2003).
The top portion of SMSII displays a coarsening-upward succession composed of
rhythmites (siltstone-mudstone) intercalated with lenses of fine-grained, cross-
bedded or climbing cross-laminated sandstones, deposited in a lacustrine-deltaic
system (Zerfass et al., 2003). Santa Maria Il (SMSIII) consists of cross-stratified,
conglomeratic sandstones with abundant silicified logs. Lithostratigraphically, the
SMSI and SMSII correspond to the Santa Maria and Caturrita Formations, and

SMSIII corresponds to the Mata Formation (Zerfass et al., 2003).
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FIGURE 1. Stratigraphic framework of the Brazilian Parana Basin (modified from
Milani and Ramos, 1998). The original geographic occurrence of the Dicroidium flora,
Passo das Tropas Outcrop (Da Rosa et al., 2013) is highlighted in green. The study

area overlying the basement is highlighted in blue.

The studied profile (Fig. 2) is included in the SMSI of the second-order
depositional sequence, and occurs as an isolated sedimentary unit overlying the
basement (Ketzer and Ferreira, 1997; Machado et al., 2015) (Fig. 2). In this profile 16

different facies were identified which commonly present tabular geometry, reddish
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color, poor selection, quartz-feldspar composition and cementation by iron oxide.
Through systematic and regional mapping, a depositional model of ephemeral
prograding low density flows was identified (personal communication L.G. Lima),
which had previously been classified as braided fluvial by Ketzer and Ferreira (1997).
Similarly McKee et al. (1967) assigned the facies assemblage of Bijou Creek
deposits (Colorado, United States of America) to braided-stream deposits, which
could be related to ephemeral stream subject to catastrophic floods in arid
environments (Miall, 1977). In the present study, the facies were grouped in three
associations, which represent depositional cycles of ephemeral prograding low
density flows (Zavala et al., 2011). The paleobotanical and charcoal analyses have
been carried out in the basal siltstone-sandstone facies (Fig. 2).

Through systematic and regional mapping and key-surfaces correlation, two
repeated system tracts along the profile and five high frequency sequences were
identified (personal communication of G.N.O. Borsa). The studied interval is included

in the first basal sequence (S1, Fig. 2).
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FIGURE 2. Studied profile. (A) Outcrop detailed location (after Borsa personal
communication) showing the geological units occurring in the study area. (B) Detail of
Sequence 1 with the occurrence of tridimensional logs (macro-charcoal) within the
basal sandstone facies (Sh), the plant impressions of Dicroidium flora and flattened
(macro-charcoal) within the Sh facies (siltstone). Micro-charcoal was dispersed in all
three facies (Sh-Fs-Sh).

The floral assemblage from Santa Maria region (Passo das Tropas outcrop,
central part of Rio Grande do Sul state, Fig. 1) referenced to the SMSI by Zerfass et
al. (2003) corresponds to the Dicroidium odontopteroides flora (Guerra-Sommer et
al., 1999) of Ladinian age. This relative age agrees with the radiometric minimum
absolute age 236 + 1.5 Ma for the maximum deposition of SMSI (Philipp et al., 2013)
corresponding to the top of the Ladinian (Cohen et al., 2013 updated 2016).

3 MATERIAL AND METHODS

Plant remains preserved as leaf impressions (Fig. 3) and flattened elongate
macro-charcoal fragments (Fig. 4) were collected in the field from a siltstone level
(Fig. 2). The tridimensional wood fragments (Fig. 4) were recovered from the
sandstone facies (Fig. 2). The material is stored under the code numbers Pb-5263 to
Pb-5269 at the paleobotanical collection of the Instituto de Geociéncias/Universidade
Federal do Rio Grande do Sul (IGeo/UFRGS).

The material was firstly observed under stereomicroscope (LEICA S8APO) and
digital photographs were taken with the aid of a connected digital camera (LEICA
EC3).

The hand samples containing the tridimensional logs were cut with a diamond
saw. Two additional thin, flattened, elongated specimens were extracted from the
sediment with needles.

For the Scanning Electron Microscopy (SEM) analysis, samples were mounted on
standard stubs with adhesive tabs, metalized with gold and observed with a Zeiss
EVO 50 at Centro de Microscopia Eletrénica/UFRGS and for the Field Emission Gun
Scanning Electron Microscopy (FEG-SEM) analysis, samples were mounted on

standard stubs with adhesive tabs, metalized with gold and observed with a Inspect
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F50 FEI at Centro de Microscopia e microanalises-IDEIA at Pontificia Universidade
Catolica do Rio Grande do Sul (PUCRS).

Petrographic analysis was undertaken in three polished blocks of charred
samples. To obtain the blocks, the samples were embedded in epoxy resin in
longitudinal and transversal orientation, followed by vacuum treatment to prevent
fragmentation (Jones and Rowe, 1999). They were then polished using aluminum
oxide powder to obtain a highly reflective surface (Collinson, 1999).

The tridimentional logs were observed at the Laboratorio de Analises de Carvao e
Rochas Geradoras de Petréleo/UFRGS, with a Leica DM 6000 reflected light
microscope through a 20x objective under oil (Immersol 518F). For the microscope
calibration it was employed a standard Yttrium-Aluminum-Garnet, in nominal
reflectance of 0,895 R random (%) (ISO 7404/5, 1984). The material was submitted
to the standard preparation for optical analysis as described by Bustin et al. (1989).

The inertinite reflectance measurements were conducted in three specimens
(tridimensionals Pb-5258 and Pb-5259; flattened Pb-5260) using the Diskus Fossil
system. A total of 36 to 50 measurements were taken per sample to obtain the
reflectance data as a proxy for estimating burning temperature. Different burning
temperatures were calculated from selected reflectance populations from the total
reflectance histograms. The interval definition was according to the inertinite
reflectance-temperature-fire type relationships as defined by Jones et al. (1991),
Scott (2000) and Scott and Jones (1994).

The correlation between inertinite reflectance and burning temperature is not
completely linear, and has been described by the linear regression equation (1):

T=184.10 + 117.76 x %Ro (r* = 0.91) (2)
where T is the burning temperature and %Ro is the measured inertinite reflectance
(Jones, 1997).

Micro-charcoal and fragments of flattened macro-charcoals were identified by
observation of petrographic slides of the rock matrix under transmitted light (Zeiss
Axioplan 2). The same equipment was used for fluorescence observation with green
(AF488) filter. Pictures were taken using an AxioCam MRc camera and the images
were analyzed and measurements taken with Zeiss Axio Vision 4.8.1 software.

Additionally, a cross-section of the Pb-5258 sample was analyzed using

microscope Axioskop 2 Plus Zeiss equipped with spectrometer J&M (MSP 200)
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through a x50 objective. The microscope, located at Universidade Federal do Rio de
Janeiro (UFRJ), was calibrated with a Sapphire standard (0.595 %Ro).

4 RESULTS

4.1 GENERAL ASPECTS OF THE MEGAFLORA

The megaflora is characterized by the presence of impressions of plant remains in
high density, in no preferential orientation, showing different sizes and lacking
evidence of charring. The fossil plant impressions are mostly Dicroidium fronds
(sensu Petriella, 1979; Retallack, 1977).

The apical end of the fronds, with the typical bifurcation of the Dicroidium genus,
is rarely preserved. The plant assemblage is mainly composed of incomplete
fragments of bipinnate fronds ranging from 3.5-6.5 cm to 5-7.5 cm long (Fig. 3A, E),
followed in abundance by fragments of simply pinnate forms (Fig. 3C), presenting
longitudinally striated rachis, varying from 0.5 mm to 1.5 mm in width. The pinnulae
are rhombic to elongate, have entire margins and are often decurrent, the arched
veins are typically odontopteroid radiating directly from the rachis (Fig. 3C). A single
fragmentary specimen of Neocalamites sp. measuring 7 mm x 10 mm was also
identified (Fig. 3D).

Evidence of herbivory, which is distinct from mechanical damage produced by
water transport, is commonly observed in curved cropping patterns at the margins of

some Dicroidium pinnae (Fig. 3B).
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FIGURE 3. Leaf impressions. (A, E) Dicroidium sp. bipinnate frond showing
elongated, decurrent pinnules with entire margin. (B) Detail of (A), evidencing curved
cropping patterns at the pinnule margins (arrows). (C) Dicroidium sp. pinnules,
rhombic to elongate, decurrent, with entire margins and arched venation radiating
directly from the rachis (odontopteroid venation). (D) Fragment of Neocalamites sp.
internode with longitudinal furrows bound by nodes.



45

4.2 CHARCOAL ANALYSES

The tridimensional logs occur randomly dispersed and are included in the
sandstone level (Fig. 4A-D). The outer surfaces show abrasion (Fig. 4A, B) in both
width and length. The irregular blackened surface areas of the samples (Fig. 4A) do
not show the usual black luster commonly seen in charcoal (fusain), and cannot be
crushed by finger pressure (contrary to a common feature of macro-charcoal
fragments according to Scott, 2000, 2010).

In the cross-section of a specimen a dark-colored area can be observed mainly at
the periphery of the logs (Fig. 4C). There is a growth ring 4 mm wide and a brown
area mainly restricted to the center of the log (Fig. 4C). Longitudinal sections
evidenced that the fragments correspond to abraded (thus anatomically incomplete)
logs (Fig. 4D).

Dark elongate fragments showing superficial, irregular striations (Fig. 4E, F) are
randomly dispersed in the association of Dicroidium fronds. These samples show

black luster and can be crushed by finger pressure.
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FIGURE 4. Macro-charcoal. (A, B) External view of the tridimensional logs (Pb-5258
and Pb-5259) included in the sediment showing abrasion in both width and length
and irregular blackened areas (arrow). (C) Cross-section of wood fragment (Pb-5258)
showing growth rings; dark, charred areas mainly in the periphery of the wood
(arrows). (D) Polished longitudinal section of the superficially charred areas (Pb-
5259). (E) Flattened macro-charcoal fragment dispersed within the Dicroidium frond
assemblage showing superficial, irregular striation. (F) Longitudinal section of an

elongate charred fragment (Pb-5260) showing black surface.
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SEM and FEG observation of inner regions of the tridimensional logs
evidenced some shattered, mostly rounded (Fig. 5A, B) and also square tracheid
casts (Fig. 5C).

The cell walls are sometimes absent, represented by longitudinal lacunae (Fig.
5B, C) or by spaces infilled with clay minerals (Fig. 5E). In some regions it is clearly
evidenced the presence of layered cell walls (Fig. 5D), as well as open lumens (Fig.
5D).

Anatomical characters include isolated casts of uniseriate circular bordered
pits (10 um mean diameter) on the mineralized radial lumen (Fig. 5C, E) evidencing
tori (Fig. 5C, E).

In the darker, more peripheral portion of the logs, the tracheid cell walls are
homogenized and highly fragmented (Fig. 5F-H). In this area the infilling of the open

lumens with clay minerals can be better observed (Fig. 5F-H).
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FIGURE 5. Longitudinal sections of the tridimensional logs under SEM-FEG. (A)
Uncharred tissue; rounded tracheid lumen filled with clay minerals (arrow). (B) Cell
wall showing fragments of isolated pitting (white arrow); cell lumen filled with clay
minerals (black arrow). (C) Square tracheid lumen; cell walls absent represented by
lacunae (arrow). (C, E) Isolated uniseriate, circular bordered pits featuring tori
preserved as casts on the mineralized radial wall surface. (D) Open tracheid lumen
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(white arrow) and adjacent secondary cell wall layers of neighboring cells (black
arrow). (E) Cell wall replaced by clay minerals (arrow). (F, G, H) Charred tissue
showing homogenization of tracheid cell wall (white arrows); cell lumen filled with clay
minerals (black arrows). (G) Detail of F (white arrow).

Organic petrography analysis under reflected light revealed that this outer
xylem region of the tridimensional logs, as well as some partially preserved outer
bark tissue (Fig. 6A, B), correspond to inertinite. In the bark region there are sharp
transitions between areas clearly showing both charred and uncharred cell walls (Fig.
6B) and the presence of a longitudinal duct with uncharred walls surrounded by
charred parenchyma tissue (Fig. 6C).

Under SEM the dark elongate fragments exhibit partially homogenized cell
walls (Fig. 6D). Organic petrography analysis also indicated that these fragments
correspond to inertinite (Fig. 6E).

Micro-charcoal fragments occur dispersed through the sandstone, are not
concentrated on bedding-planes and mostly show similar size and shape (5 um
mean diameter) with no evident cellular organization (Fig. 6F). Rare fragments of
micro-charcoal feature acute, non-abraded edges (Fig. 6G, H), irregular shape and

sizes (10-100 um) and cell wall homogenization.
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FIGURE 6. Organic petrography analysis. (A) Tangential view of tridimensional log;
cell walls preserved as inertinite under reflected light. (B) Cross-section of
tridimensional log showing sharp transition between charred (inertinite) and
uncharred cell wall (arrow). (C) Tridimensional log in cross-section featuring an
uncharred duct surrounded by charred tissue (inertinite). (D, E) Longitudinal views of
a thin, flattened macro-charcoal fragment observed under SEM showing
homogenized cell wall and observed under fluorescence microscopy as inertinite. (F)
Petrography of dispersed micro-charcoal fragments (inertinite) in the sandstone rock
matrix. (G, H) Fluorescence of micro-charcoal (inertinite) with irregular shape and

size, dispersed in the sandstone rock matrix.
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The reflectance distribution of the macroscopic charred fragments reveal
several reflectance populations (Figs. 7, 8 and 9).

Measured maximum reflectance values exceed 8 %Ro. They are characterized by
three pronounced levels of high-reflecting inertinite with average reflectance. These
levels range from 2.83 to 5.51 %Ro in the sample Pb-5258 (Fig. 7) and from 3.01 to
4.79 %Ro in the sample Pb-5259 (Fig. 8), both corresponding to tridimensional logs
included in sandstones beds. Average values between 2.80 and 6.61 %Ro were
obtained from the thin, flattened fragment (Pb-5260, Fig. 9), preserved in the

siltstones containing the impressions of Dicroidium flora.
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FIGURE 7. Inertinite reflectance histogram of Pb-5258 sample showing calculated

burning temperature of selected intervals (after Petersen and Lindstrom, 2012).
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FIGURE 8.Inertinite reflectance histogram of Pb-5259 sample showing calculated
burning temperature of selected intervals (after Petersen and Lindstrom, 2012).
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FIGURE 9. Inertinite reflectance histogram of Pb-5260 sample showing calculated
burning temperature of selected intervals (after Petersen and Lindstrom, 2012).
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5 DISCUSSION

The studied plant fragments dominated by Dicrodium fronds in heterogeneous
sizes are preserved as densely packed impressions of vegetative organs in no
preferred orientation in the siltstones facies (Fig. 2). Such compositional and
taphonomic characteristics could indicate limited transport before deposition and
burial.

The Dicroidium morphogenus is included in the Pteridospermophyta (sensu
Taylor et al., 2009) and appeared in the late Permian of northern Gondwana (Abu
Hamad et al.,, 2008; Kerp et al., 2006), diversified exclusively during the middle
Triassic of Gondwana and declined in the late Triassic (Bomfleur et al., 2007;
Zamuner et al., 2001). The presence of Neocalamites sp. has been previously
recorded for the Dicroidium flora of southern Brazil (Guerra-Sommer et al., 1999).
Their joint occurrence has been related with lagoon-margin swamp vegetation
(Retallack, 1977).

Based on the anatomical features, the charred tridimensional wood specimens
(Pb-5258 and Pb-5259) can be assigned to gymnosperms. Some similarities with the
conifer group, probably pinacean conifers known from the Triassic, are indicated by
the abietoid type of pitting (Fig. 5C, E) and by the identification of longitudinal ducts
within the bark (Fig. 6C). The presence of conifers (Podozamites) as elements of the
Dicroidium flora from southern Brazil was previously documented by Bortoluzzi et al.
(1985).

The shattered, homogenized xylem cell walls (Fig. 5F-H) preserved in the
peripheral portion of the stem could have been produced by attrition or compression
after burning. In this case, total crushing was prevented by the presence of
mineralized lumens (Fig. 5F) which conferred protection against further degradation.
The mineralization process of the material here studied is very similar to that
documented by Uhl and Montenari (2011) in charred woods from the Triassic of SW
Germany. Indeed, their “mineralized” nature (sensu Jones et al., 2002) was probably
a decisive factor in keeping the logs together after transport.

The reflectance data (Fig. 10) indicate that the burning process occurred
predominantly under high temperatures (from 748 to 962 °C), accounting for 58 % to
69 % of the measurements. Such high temperature values indicate the dominance of
crown fires (Clark et al., 1998; Scott, 2010). Additionally, based on the size of the
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studied material, the charcoal fragments could correspond to twigs of pinacean
plants (Willis and McElwain, 2002). It is therefore inferred here that the material could
correspond to partially charred twigs detached from the crown during intense fires.
The infilling of cell lumens by clay minerals took place immediately after burning, in
the primary deposition process in aquatic environment. In some cases, the empty

spaces left by degraded cell walls were also replaced by minerals (Fig. 5E).

~2.10-3.30%Ro  ~3.30-4.10%Ro ~>4.10%Ro Included

Samples ~400-550°C ~550-650°C ~650 - >800°C Beds
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uNwl b 2.83%Ro 3.61%Ro 5.82%Ro Sandstone

= c 517°C 609°C 869°C

A a 2% 40% 58%

uNwl b 3.09%Ro 3.78%Ro 4.79%Ro Sandstone

-g c 547°C 629°C 748°C

3 a  35% 7% 58%

Sl b 2.80%Ro 3.65%Ro 6.61%Ro Siltstone

s c 513°C 613°C 962°C

Ground/surface fire
Fire Type Surface fire
Crown fire

aPercentage of all measurements.

CAverage inertinite reflectance of selected population.
Estimated burning temperature (T) range based on the equation
T=184.10+117.76x%Ro.

FIGURE 10. Measurements of inertinite reflectance, assumed burning temperatures

and possible corresponding fire types (after Petersen and Lindstréom, 2012).

As demonstrated by Skjemstad et al. (1996), charcoal mechanically breaks down
rapidly in modern sediments deposited under semi-arid conditions. The process of
impregnation acting as cement at an early stage increased the density of charcoal
particles. Thus, although macro-charcoals have been interpreted as evidence of local

fires (Clark and Patterson, 1997) the three-dimensional, partially charred logs
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dispersed in the sandy matrix could have been transported from a probable original
meso-xerophyllous habitat by water and buried at some distance from the burning
site.

The presence of a conspicuous, wide growth ring in the tridimensional charred
specimens (Fig. 4C) can be an evidence of regional seasonal climate conditions.
This is in agreement with the conclusions of Pierini et al. (2002) who, based on
analytical methods, suggested an increasingly humid climate towards the top of the
Santa Maria-Caturrita lithostratigraphic units, presently included in the Santa Maria |
Sequence (Zerfass, 2003, 2004).

The flattened, thin, elongated charred samples (Fig. 4E, F) frequently found in
association with the Dicroiduim assemblage probably represent the burnt basal parts
of the pinnate rachises of sub-arborescent Dicroidium plants of meso-higrophyllous
habitat (Petriella, 1979; Retallack, 1977). The preservation of their fragile structure
suggests a very restricted transport from the original site after burning. Charred
rachises were previously reported from a burnt filicopsid assemblage from the Albian
of Spain, preserved by the action of wildfires in the vegetation growing in freshwater
swamp plains (Sender et al., 2015).

Based on the experimental work of Jones et al. (1991), the high-reflecting
inertinite in the three-dimensional logs can be estimated to have been formed at
temperatures between 517and 832 °C (sample Pb-5258) and 539-748 °C (sample
Pb-5259). The homogenized cell walls observed under FEG confirm that these
fragments were partially charred (Fig. 5F-H). In the flattened specimens from the
siltstones (sample Pb-5260) the inertinite was formed under temperature values
estimated between 513 and 962 °C (Fig. 10).

The organic petrography analysis of the flattened samples ratified the conclusions
drawn from SEM observations (Fig. 6D), confirming that the studied material is
inertinite (Fig. 6E). The occurrence of lower reflecting inertinite (2.80 %R0) accounts
for 35 % of the measurements and indicates a burning temperature of 513 °C that
can be related to ground-surface fires (Scott, 1989, 2000; Scott and Jones, 1994).
However, since high temperature fires of 962 °C account for 58 % of the
measurements, it suggests that the fire spread up from trunks of sub-arborescent
Dicroidium plants to the crown (Fig. 10).

Considering the reflectance values of the flattened samples, it can be suggested

the burning of fronds from the litter in early stages of surface fires and a rapid
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transition from surface to crown fires. The charred material was then subsequently
transported for a short distance (hypoautochthonous charcoal) immediately after
burning and included in the sedimentary environment together with
hypoautochthonous, unburnt Dicroidium fronds (Fig. 4F).

The abundance of micro-charcoal (smaller than 180 um) suggests a long-distance
dispersal by transport. The micro-fragment dispersion through the fine sand facies,
scattered in bedding planes, indicates that, in addition to the aerial transport by the
smoke plume from crown fires during large wildfire events (Clark et al., 1998), a
sedimentological transport and deposition by low density flows was also an active
process. This evidence agrees with the facies association described here of fine
sandstone facies representing shallow hyperpycnal deposits into lakes triggered by
seasonal floods. In a regional context, the present data add new information to the
paleoenvironmental interpretation for the deposition of the top of the Santa Maria |
Sequence related by Zerfass et al. (2003) to shallow lacustrine deposits.

The suite of charcoal analyses in distinct stratigraphic horizons throughout the
studied profile revealed the occurrence of frequent regional wildfires affecting
hinterland, meso-xerophyllous coniferous assemblages and marginal hygro-
mesophyllous Dicroidium-like assemblages. The burning process involved both high
temperature crown and crown-surface interface wildfires. The present data are
consistent with those presented by Tanner and Lucas (2016), who reported the
presence of charcoal in multiple stratigraphic horizons of the late Triassic (Carnian?)
in northern Arizona, southern Utah and northern New Mexico as evidence that
wildfires were not unusual occurrences during the Triassic.

The paucity of fusain in Triassic sediments detected by different authors
(Chaloner, 1989; Jones et al., 2002; Scott, 2000) was considered as an evidence of
low atmospheric O, (13 %) for this time interval and subsidized the model of
atmospheric gases for the Phanerozoic constructed by Berner (2006). However, the
increasing recognition of charcoal records in Triassic sediments around the world
(Tanner and Lucas, 2016) does not corroborate this model, mainly because the
occurrence of significant wildfires is incompatible with the prediction of prolonged
intervals of low atmospheric O, levels.

Experimental analysis of Belcher and McElwain (2008) associated with the record

of Mesozoic charcoals indicated that the lowest atmospheric O limit of 15-17 % for
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combustion should be increased. More recently, the lowest oxygen limit for the
spread of wildfires has been raised to 18.5 % (Belcher et al., 2010).

Abu Hamad et al. (2012) discussed possible reasons for the scarce evidence of
paleowildfires during the early and middle Triassic worldwide involving different
factors such as atmospheric oxygen levels, taphonomic reasons or lack of potential
fuel. They considered that none of these factors could presently be identified as
being relevant. Based on geological evidence they concluded that the “charcoal gap”
or “charcoal depression” inferred for the Lower-Middle Triassic must not necessarily
be interpreted as a “wildfire gap” (Uhl et al., 2010).

The results obtained in the present study suggest atmospheric oxygen levels very
similar to the model proposed by Bergman et al. (2004) and Glasspool and Scott
(2010), being significantly higher than the levels indicated by Berner (2006) through
the history reconstruction of the atmospheric oxygen changes across most of the
Triassic (Fig. 11).
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FIGURE 11. Comparison of models for variations in paleoatmospheric p(O,) for the

Triassic (modified from Tanner et al.,, 2012). The approximate age of the studied

stratigraphic level is represented by the grey vertical bar.

6 CONCLUSIONS

The recognition of micro- and macro-charcoal in a vertical facies succession

indicates that wildfires were common during the deposition of the Middle Triassic in

southern Parana Basin (Santa Maria Sequence ).

The suite of charcoal data implies wildfire occurrence of regional impact, affecting

hinterland, meso-xerophyllous and marginal hygro-mesophyllous habitats of the

Dicroidium Flora.
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The extensive occurrence of charcoal originated by different biomass fuels from
distinct paleoenvironments and the expanded geographic distribution of the
Dicroidium flora point to a higher vegetation density during the middle Triassic in the
southern Brazilian Parana Basin than it was supposed in previous studies. The high
concentration of micro-charcoal along of the facies succession indicates regional
wildfires derived from seasonal climate conditions. Seasonal floods triggered shallow
hyperpycnal flows into the lake depositing the charcoal into distinct facies - the
sandstone and the siltstone facies.

The integration of results here obtained through multiple charcoal analyses is

consistent with an atmospheric oxygen content over 20 %.
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