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RESUMO

Nas Ciéncias Ambientais, a construgcdo do conhecimento ambiental deve integrar
diferentes areas, entre elas a adequada compreensdo das caracteristicas dos
ecossistemas preteéritos. Estudos que analisem as caracteristicas basicas da evolucao
do Sistema Terra ao longo do tempo, contribuem de forma significativa para
entendimento das dinamicas atuais. Tendo em vista que as plantas séo excelentes
marcadores ecoldgicos, a paleobotanica tem muito a contribuir nesse sentido, e 0s
dados produzidos sédo fundamentais para um enfoque conceitual ampliado da area.
Dentre as diferentes avaliacbes possiveis, 0 estudo das caracteristicas de lenhos,
constitui-se em excelente ferramenta para a inferéncia de variaveis paleoambientais
predominantes quando do crescimento da planta. Neste contexto, o presente estudo
investigou as caracteristicas anatémicas de lenhos preservados por permineralizacao
ou carbonizacéo provenientes do Permiano das bacias do Parnaiba e do Parana, além
de um lenho permineralizado do Plioceno-Pleistoceno do Rio Grande do Sul com a
finalidade de construir inferéncias paleoambientais para os sistemas deposicionais em
gue se formaram. O material proveniente da Formacéo Touro Passo, foi associado a
Subfamilia Mimosoideae (Fabaceae), e nomeado como Itaquixylon heterogenum. Ja
o material proveniente do Permiano da Bacia do Paranaiba, tem afinidades
gimnospérmicas, e permitiu confirmar a predominancia de um clima semi-arido para a
area de estudo. Por fim, o material proveniente do Permiano da Bacia do Parand, se
constituem de fragmentos de macro-charcoal investigados para o afloramento
Porongos, e fornecem a primeira evidéncia da ocorréncia de recorrentes
paleoincéndios vegetacionais durante os depdsitos da camada de carvao Barro
Branco. Ja os fragmentos carbonizados coletados no afloramento Barrocada,
fornecem a primeira evidéncia de paleoincéndios vegetacionais para o Grupo ltararé.
A integracéo dos dados advindos das diferentes areas e idades, permitiu estabelecer
que o estudo da anatomia de lenhos fésseis, independente da sua forma de
preservacdo, € uma ferramenta imprescindivel para a definicdo das caracteristicas
dos sistemas em que foram depositados e, portanto, sempre que possivel devem ser
considerados em estudos voltados a compreensao da evolu¢do do Sistema Terra ao

longo do tempo. Além disso, independentemente da idade e origem dos registros,



reforca-se a necessidade de utilizagdo de dados advindos da paleobotanica para a

compreensao dos processos envolvidos nas dinamicas dos ambientes atuais.

Palavras-chaves: charcoal; lenhos permineralizados; evolucdo de biomas;
paleobotanica; paleoambiente; paleoecologia; Gondwana



ABSTRACT

In Environmental Sciences, the construction of environmental knowledge must
integrate different areas, among them the proper understanding of the characteristics
of the past ecosystems. Studies that analyze the basic characteristics of the evolution
of the Earth System over time, contribute significantly to understanding the current
dynamics. Considering that plants are excellent ecological markers, paleobotany has
much to contribute in this sense, and the data produced are fundamental to an
extended conceptual approach of the area. Among the different possible evaluations,
the study of wood characteristics is an excellent tool for the inference of
paleoenvironmental variables predominant when plant growth occurs. In this context,
the present study investigated the anatomical characteristics of woodlands preserved
by permineralization or carbonization from Permian of the Parnaiba and Parana
basins, as well as a permineralized wood from Pliocene-Pleistocene Rio Grande do
Sul in order to construct paleoenvironmental inferences for the depositional systems
in which they were formed. The material coming from the Touro Passo Formation, was
associated to the Subfamily Mimosoideae (Fabaceae), and named as Itaquixylon
heterogenum. On the other hand, the material from Permian of the Paranaiba Basin
has gymnospermic affinities, and confirmed the predominance of a semi-arid climate
for the study area. Finally, the material coming from the Permian of the Parana Basin,
consisted of macro-charcoal fragments investigated for the Porongos outcrop, and
provide the first evidence of the occurrence of recurrent vegetation paleoincences
during the deposits of the Barro Branco coal layer. The carbonized fragments collected
in the Barrocada outcrop provide the first evidence of vegetative paleoincences for the
Itararé Group. The integration of data from different areas and ages allowed us to
establish that the study of the anatomy of fossil wood, regardless of its form of
preservation, is an essential tool for defining the characteristics of the systems in which
they were deposited and, therefore, whenever should be considered in studies aimed
at understanding the evolution of the Earth System over time. In addition, regardless
of the age and origin of the records, the need to use data from paleobotany to
understand the processes involved in the dynamics of current environments is

reinforced.
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Field impressions from the Northern Tocantins Petrified Forest: a overview of
the Tocantins Fossil Natural Monument showing the fossil loosely on the
ground, b sample UFT 668 before collection. The gymnosperm stem was lying
loosely on the ground, characteristic for the majority of the fossils from the
Northern Tocantins Petrified Forest (256)

Map of Tocantins, showing the location of the Tocantins Fossil Trees Natural
Monument area (TFTNM, rectangle in northeastern of Tocantins). MA
Maranhdo, PA Para, MT Mato Grosso, GO Goias, BA Bahia (adapted from
Tavares et al. 2014) (257)

Lithological units exposed in the Tocantins Fossil Trees Natural Monument
(adapted from Goées and Feij6o 1994) (258)

The Tocantins Fossil Natural Monument (TFTNM) showing position of the
individual sampling points (259)

Permineralized gymnosperms from Northern Tocantins Petrified. Forest
presenting well preserved growth increments: a UFT 1001; b UFT 978; ¢ UFT
978; d UFT 941 (261)

Microscopic images of growth zones; a UFT 976; b UFT 947; ¢ UFT 1001:
arrows point to boundaries of growth zones; d UFT 1001: no abrupt transition
from late wood and early wood visible (arrow) (262)

*Numeracdo entre parénteses refere-se a paginagao do periddico
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A NEW FOSSIL FABACEAE WOOD FROM THE PLEISTOCENE TOURO PASSO
FORMATION OF RIO GRANDE DO SUL, BRAZIL

Map of westernmost part of Rio Grande do Sul showing the position of the
sampling locality (star). Adaptedfrom Oliveira and Kerber (2009)
(252)

Field photograph of the sampling locality, together with a schematic profile.
Stratigraphic horizon from which the fossil wood fragment was extracted (white
arrow) (Modified from Pires and Da Rosa 2000)
(253)

Longitudinal (A) and lateral (B) views of the féssil wood (UFSM 12032),
highlighting the preservation of growth rings (253)

Wood anatomical details of Itaquixylon heterogenum gen. nov.et sp. nov. Cross
sections 1. Small core with fractures incrusted by quartz; distinct growth rings
and diffuse porosity. 2. Solitary to multiple vessels, some of them with tyloses
(arrow indicates twin vessel). 3. Detail of vessels with scanty paratracheal and
vasicentric axial parenchyma (arrow). Tangential section 4. Small alternate
vestured intervessel pits. 5. Detail of the alternate vestured intervessel pits, with
lenticular aperture (arrow) Cross section 6. Presence of tyloses (arrow)
(263)

Wood anatomical details of Itaquixylon heterogenum gen. nov.et sp. nov.
Tangential sections 1. Uniseriate (low and narrow rays) and biseriate rays
(arrow). 2. Rectangular axial parenchyma cells directly adjacent to a vessel
(arrow). 3. Detail of rays. Radial sections 4. Heterocellular ray with one or two
rows of square/upright marginal cells. 5. Detail of the heterocellular ray showing
prismatic crystals (arrow). 6. Detail of prismatic crystal in the marginal square

ray cells (arrow) (264)
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1 Map showing the location of the Parana Basin in South America (A). Simplified
geological map of the Parand Basin, Brazil with major tectonic elements
indicating the studied locality (B) (adapted from [89]. Detail of (Fig 1B) with the

position of the Porongos Outcrop and adjacent areas (C)

2 General stratigraphical framework of the Rio Bonito Formation in Santa Catarina

state (A) (extracted from [14]. Stratigraphicalcolumn of the Barro Branco locality

(B)

3 Samples from the studied site containing macro-charcoal remains (White
arrows): PBUMCN 1167 (A, B, C), 1164 (D), 1168 (E) and 1166 (F)

4 General views from the studiedmacro-charcoal under SEM: impregnation by
pyrite, fragments extracted from samples PBUMCN 1165 (A) and 1164 (B).
Well-preserved anatomical details, fragments extracted from samples PBUMCN
1168 (C, D). Homogenized cell walls, fragments extracted from PBUMCN 1165
(E) and 1168 (F)

5 Anatomical details of Porongos Charcoalified Wood Type 1. Tracheidsexhibiting
1-2 seriate sub-oppositely to alternately arranged pitting (A, B, C). Bordered
pits withanelliptical to narrow elongate elliptical shape (B, C). Apertures
damaged by charring process, however apparently elliptical (B). Uniseriate rays
with 2-7 cells in height (D). Homocellular rays bearing apparently procumbent
cells (E). Homogenized cell walls (F). All fragments extracted PBUMCN 1168



Anatomical details of Porongos Charcoalified Wood Type 2. Tracheidswith 1-4
seriate alternately arranged pitting (A, B). Bordered pits ranging in shape from
circular to elliptical (A, B). Homocelular rays are homocellular with 3-12
procumbent cells in height (C, D). Araucarioid cross-field pitting composed of
5-8 pits per field (E). Homogenized cell walls (F). Fragments extracted
PBUMCN 1163 (A, B, D, E, F) and 1167 (C)

Anatomical details of Porongos Charcoalified Wood Type 3. Transition between
primary and secondary xylem (A). Primary xylem tracheids exhibiting
contiguous narrow elongate scalariform pitting, and homogenized cell walls (B).
Secondary xylem tracheidsexhibiting 1-2 alternately arranged seriatepitting (C).
Bordered pits ranging in shape from circular to elliptical (A, C). Homocellular
rays with 2-4 procumbent cells in height (D). Araucarioid cross-field pitting
composed of 5-8 alternately arranged bordered pits per field (E). Secondary
xylem homogenized cell walls (F). Fragments extracted PBUMCN 1165 (A, C,
D, E, F) and 1168 (B)

Maceral content of the six coal levels of the BarroBranco coal seam studied site
(values available in Supplementary Material 1)

Global distribution of sedimentary charcoal and inertinites during the Lower
Permian (adapted from [90], fig 3A). Dots represent number of described
occurrences by basin and diameter varies according scale (detail of each

occurrence in Supplementary Material 2 and 3)
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CAPITULO 5
Location and profile of the Barrocada outcrop; (a) map showing the
geographical location of the Barrocada outcrop; (b) lithostratigraphic profile of

the Barrocada outcrop. Adapted from Cagliari et al., (2014)

Macro-charcoal remains from the Itararé Group. (a) small macro-charcoal
fragment in medium-grey siltstone (white arrow); (b) tracheids bearing circular
pitting (white arrow); (c and d) homogenized cell walls (white arrow); (d and e)
shoot-like holes which might have been produced by fungal hyphae activity; (f)
detail of the shoot-like holes (yellow arrow)

CAPITULO 6

Lenho gimnospérmico féssil, com crescimento lenhoso evidente (anéis de

crescimento)
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CAPITULO 1




1 INTRODUCAO

Considerando a concepcao ampla de ambiente, baseada na visdo noosférica
de Wernadsky (1926) e na abordagem egocéntrica de Leopold (1949), a adequada
compreensao das varidveis do meio (Biosfera), depende de estudos acerca das
caracteristicas dos ecossistemas pretéritos. A construcao cientifica do conhecimento
ambiental deve integrar diferentes areas, cada uma contribuindo para o entendimento
dos elementos que compdem as diversas esferas que constituem o Sistema Terra.
Consequentemente, resultados basicos produzidos por segmentos que podem ser
considerados pouco proximos as Ciéncias Ambientais, sdo de fundamental
importancia para o embasamento e consolidagcdo das concepcdes acerca das

condicdes globais atuais.

Nesse sentido, a paleobotanica €, originalmente, uma ciéncia multidisciplinar
gue se utiliza de fundamentos geologicos e bioldgicos para o estudo dos vegetais
fosseis (TAYLOR; TAYLOR; KRINGS, 2009). Os resultados produzidos pelos estudos
da area, incluindo aqueles que descrevem as caracteristicas basicas das plantas que
ocuparam os ambientes pretéritos do planeta, a transformam em uma ferramenta
imprescindivel para a compreenséo das variacfes do Sistema Terra, principalmente
ao longo do tempo (BEERLING, 2007).

Autores como Chaloner e Creber (1990), assim bem como Uhl e Mosbrugger
(1999), argumentam que, desde os primordios da paleobotanica, o potencial da
utilizacao dos registros de plantas fosseis como proxies para a inferéncia de condi¢bes
paleoambientais € reconhecido. Consequentemente, a definicdo de caracteristicas
morfoldgicas, anatdémicas, fisioldgicas e ecoldgicas desses organismos vem servindo
de base para a compreensdo das condi¢cdes ambientais (locais, regionais, globais)

atuais e pretéritas.

Um exemplo pratico da importancia dos estudos paleobotanicos para as
Ciéncias Ambientais estd relacionado aos desafios impostos pelas mudancas
climaticas a comunidade global. Blois et al., (2013) destaca que o registro fossil se
constitui em oportunidade impar para o estudo dos ecossistemas, tendo em vista que
0 mesmo permite a ampliacdo das escalas temporal e geografica dos processos
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envolvidos. De forma mais enfatica, Gastaldo, DiMichelle e Pfefferkorn, (1996) e Isbell
et al., (2008), defendem que o Unico modelo confiavel para as alteracdes climaticas
atuais sdo os eventos registrados regional e globalmente em niveis do Paleozoico
Superior. Conforme Gastaldo, DiMichelle e Pfefferkorn, (1996), apenas nesse
intervalo a biodiversidade terrestre experimentou algo semelhante ao que o planeta

podera enfrentar em um futuro préximo.

Assim, além de subsidiar interpretacdes paleoambientais, o estudo detalhado
dos registros fitofossiliferos possibilita a compreensdao de processos evolutivos
envolvidos nas origens da biodiversidade terrestre. A andlise de plantas fésseis €,
portanto, fundamental para o esclarecimento da origem dos grupos vegetais atuais,
permitindo definir, na escala de tempo geoldgico, quais 0s momentos mais
significativos para os diferentes grupos taxonémicos atuais (TAYLOR; TAYLOR;
KRINGS, 2009).

White (1990) descreve a paleobotanica como a “...) janela por onde é possivel
olhar os corredores do tempo (...)”, e defende que, por fornecer informacdes
estruturais dos organismos vegetais, permite a definicdo do surgimento dos principais
taxa. Ainda de acordo com White (1990), essa area da paleontologia serve de alicerce
para a analise das sucessdes floristicas e subsidia reconstituicoes

paleobiogeograficas.

Neste contexto, o presente trabalho apresenta informacdes acerca dos padrdes
anatébmicos de lenhos fosseis de diferentes idades, preservados sob a forma de
macro-charcoal e permineralizacdes. Estes dados permitiram a reconstrucdo das
condi¢Bes paleoambientais predominantes nas areas de estudo quando da deposicéo
do material, contribuindo, portanto, para a efetiva aplicacdo do conceito amplo de

ambiente anteriormente citado.
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2 PRESERVACAO DE CARACTERISTICAS ANATOMICAS EM
LENHOS FOSSEIS

Apesar de os conceitos tedricos e metodologicos utilizados estarem descritos
em cada um dos artigos e manuscritos apresentados, séo referidos aqui 0s processos
envolvidos na preservacdo de caracteristicas anatdmicas estudadas ao longo do
desenvolvimento do projeto de tese.

2.1 Lenhos permineralizados ou petrificados

A madeira secundaria produzida por gimnospermas e angiospermas € uma
importante fonte de informacbes sobre ambientes passados e condi¢coes
Paleoclimaticas, e, por muito, tempo tem sido utilizada como proxy para reconstrucoes
paleoambientais (CREBER; CHALONER, 1985; CREBER; FRANCIS, 1999;
SCHWEINGRUBER, 2001). A preservac¢ao das caracteristicas anatdmicas dos lenhos
permineralizados mantem o registro das condicdes que ocorreram antes dos
processos tafondmicos, ou mesmo durante o processo de permineralizacdo (NOLL et
al., 2003; UHL, 2004). Um bem conhecido exemplo € a presenca ou auséncia de
incrementos de crescimento (Figura 1), que fornecem informacdes sobre mudancas
sazonais das condi¢cdes ambientais de onde a planta cresceu (SCHWEITZER, 1962;
FALCON-LANG, 2003; FRANCIS; POOLE, 2002), ou mudancas ndo sazonais de
condi¢Bes, como as secas ocasionais (CREBER; FRANCIS, 1999; FALCON-LANG,
2003, PIRES et al., 2005, 2011, BENICIO et al., 2016a).
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Figura 1. Lenho gimnospérmico féssil, com crescimento lenhoso evidente (zonas de

crescimento).

Fonte: Do Autor.

A interpretacdo literal para o termo petrification seria: espécime submetido a
progressiva agao de litificagdo (MUSSA, 2004). Desta forma, a “petrificagdo” sensu

stricto seria a total substituicdo da matéria organica por minerais (BUURMAN, 1972).

Os processos tafonbmicos que permitem a permineralizacdo celular (sensu
SCHOPF, 1975) ocorre por meio da silica, através de solucdes saturadas em
determinados ions, comumente carbonatos ou silicatos, que penetra nos espacos
intercelulares e no lumen da célula apés o evento de deposicdo da madeira. Por
processos intempéricos e microbiolégicos, as células e os tecidos vdo sendo
decompostos; porém, antes da decomposicdo completa das paredes celulares, ocorre
a precipitacdo de substancias, a partir dos ions em solugéo, preservando a estrutura

tridimensional do corpo vegetal sedimentado.

7

Para Carson (1991) a silicificacdo é um processo que se da por meio do
aumento da concentracéo de silica com o tempo, ap0s o sepultamento dos restos

vegetais. Para o autor, a silicificacdo ndo € uma substituicho, mas uma
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permineralizagédo de fato, na qual a estrutura organica age como uma “férma” para a
deposicao da silica nas cavidades celulares. Para RoBler (2006) o processo de
silicificagdo dos fosseis encontrados em Chemnitz Alemanha, se deu por meio da
acdo de fluidos ricos em silica, origindrios dos sedimentos vulcanicos, que
preencheram as células dos fragmentos caulinares, tendo como consequéncia a
geracdo de formas de polimorfos de quartzo densos, preservando estruturas

anatbmicas tridimensionais.

Um dos importantes repositorios naturais de lenhos fossilizados s@o as
Florestas Fossilizadas, as quais, por beleza e importancia cientifica, tém sido
convertidas em areas de protecdo, unidades de conservacdo, monumentos estaduais
e hacionais, além de parques nacionais. Estes vém sendo criados em diversos paises,
o que reflete o nivel de importancia que as diferentes sociedades dao a estas
ocorréncias (DIAS-BRITO et al., 2007).

No Brasil, merecem especial interesse e atencdo (devido a quantidade e

gualidade de preservacéao dos fosseis) dois registros de florestas petrificadas:

a) A Floresta Petrificada de Mata, localizada no Rio Grande do Sul e que aflora
principalmente nos municipios de Sdo Pedro do Sul e Mata, ao sul da Bacia do
Parana. Os fosseis sdo encontrados inclusos no Arenito Mata, relacionado a um
sistema fluvial entrelacado, ou encontram-se rolados sobre sedimentos de diferentes
idades, na forma de fragmentos de pequeno e grande porte (GUERRA-SOMMER,;
SCHERER, 2002). Os lenhos fdsseis consistem em formas gimnospérmicas,
relacionadas a coniferas representando provavelmente uma flora mesofitica,
originada por mudancas climaticas iniciadas na passagem Meso-Neotridssica
(GUERRA-SOMMER; SCHERER, 2002; PIRES; GUERRA-SOMMER; SCHERER,
2005).

b) A Floresta Petrificada do Tocantins Setentrional (FPTS), localizada no estado
do Tocantins, possui uma singular assembleia fitofossilifera permiana, com espécies
comuns a diferentes provincias paleofitogeograficas, como a Flora Euramericana e
Gondwanica (ROBLER; GALTIER, 2003; ROBLER 2006), em especial a Flora
Glossopteris, na Bacia do Parana (ROHN; ROBLER 1986; TAVARES et al., 2006).
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Em relagdo aos fragmentos lenhosos que compdem estas florestas
petrificadas, algumas caracteristicas anatbmicas destas plantas podem ser
preservadas, uma delas, que se constitui em uma importante ferramenta para
inferéncias paleocliméticas, sdo os anéis ou zonas de crescimento. Os fatores que
influenciam a geragao destes incrementos de crescimento ainda ndo estéo totalmente
esclarecidos (KUMAGAI; MATSUNASA, 1995). O crescimento lenhoso € controlado
por uma combinacdo complexa de fatores relacionados ao clima, dessa forma,
analises quantitativas e qualitativas do crescimento arbéreo sao informacdes de alta
resolucédo de ambientes pretéritos (GERARDS; YANS; GERRIENE, 2007).

Segundo Vaartaja (1959) e Larson (1969), os anéis de crescimento em
madeiras sdo gerados no xilema secundario, através da regulacdo da atividade
cambial, apos um periodo de dorméncia relacionada a ritmos enddégenos associados
a respostas ao foto-periodo. A presenca desses anéis constitui um padrdo constante
em zonas temperadas durante amplos ciclos globais de icehouse, quando os polos

estavam recobertos por calotas polares.

Para Schweingruber (1992, 1996), anéis de crescimento podem ser registrados
em todos os climas, sendo que a frequéncia de espécimes que 0s apresentam nas
diferentes latitudes esta relacionada a sazonalidade. Schweingruber (1996) relaciona
tipos de climas e a formacao de anéis de crescimento ou incrementos de crescimento

através de estudos com lenhos atuais da Europa, Africa, Australia e América do Norte.

Na Formacédo Rio Bonito, na Bacia do Parana no estado de Santa Catarina,
Mayer (1989) analisou o0s aspectos anatdémicos de lenhos gimnospérmicos
gondwanicos com base no crescimento lenhoso e em parametros de "sensibilidade
anual" e "sensibilidade média". O autor verificou as condi¢cdes paleoclimaticas
predominantes, levando-se em conta o posicionamento amplo das associacfes

estudadas, dentro das gimnospermas, sem a hecessidade de classificacdo especifica.

2.2 Lenhos carbonizados

2.2.1 Inertinitas como proxy de paleoincéndios
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As Inertinitas sado definidas como um grupo maceral que apresenta alta
refletdncia, pouca ou nenhuma fluorescéncia, forte aromatizacdo, alto conteudo de
carbono e baixo contetdo de hidrogénio (TEICHMULLER, 1989). Os carvdes
permianos, especialmente no Gondwana, mostram um alto conteddo de inertinitas
(HUNT, 1989; TAYLOR et al., 1998; DIESEL, 2010). A maioria destas inertinitas s&o
fusinita e semifusinita (DIESSEL, 2010) e apresentam as mesmas caracteristicas
anatbmicas que o macro-charcoal (SCOTT, 2010). Embora uma origem de
paleoincéndios tenha sido amplamente aceita (e.g. SCOTT, 1989; DIESEL, 2010;
GLASSPOOL e SCOTT, 2010; JASPER et al., 2013; BENICIO et al., submetido, a)
ainda existem controvérsias sobre a génese deste grupo maceral (TAYLOR et al.,
1989; HUNT, 1989; HOWER et al., 2009).

A presenca de grandes quantidades de inertinitas em carves do Paleozoico
Superior ja foi atribuida a diferentes fatores, tais como exposi¢cao subaérea, deposicao
em clima frio e atividade fungica (GLASSPOOL, 2003). Todavia, a homologia das
caracteristicas fisicas e quimicas entre inertinitas e macro-charcoal atual levou ao
reconhecimento de que ambos séo equivalentes. Apesar das controversias, até agora
nenhum outro processo além da carbonizacédo foi demonstrado experimentalmente
como capaz de produzir macro-charcoal (JASPER et al. 2013). Desta forma,
considerando experimentos recentes que mostram as semelhancas entre inertinitas e
macro-charcoal (SCOTT e GLASSPOOL, 2007; MORGA; JELONEK; KRUSZEWSKA,
2014), além da estreita ligacdo entre a distribuicdo estratigrafica das inertinitas e a
variacdo dos niveis de oxigénio paleoatmosféricos (SCOTT, 2000; DIESEL, 2010;
GLASSPOOL e SCOTT, 2010), tem-se argumentado com propriedade que a maioria
das inertinitas, especialmente fusinita e semifusinita, sado originados pela atividade do

fogo.

No entanto, a aceitacdo dessa afinidade tem ocorrido de forma gradual
(SCOTT; GLASSPOOL, 2007). Na atualidade, é amplamente aceita a ideia de que
toda a inertinita representa macro-charcoal originado por paleoincéndios (e.g. SCOTT;
GLASSPOOL, 2007; DIESSEL, 2010; GLASSPOOL; SCOTT, 2010; SCOTT, 2010;
HUDSPITH, 2012; GLASSPOOL et al., 2015; JASPER et al., 2013; BENICIO et al.,

submetido, a).
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A quantidade de inertinita no carvao pode ser utilizada para interpretar a histéria
de paleoincéndios em escala local. Horizontes de fragmentos macroscopicos de
fusinita e semifusinita provavelmente representam incéndios de superficie dentro do
ambiente gerador da turfa, podendo gerar informagbes de curto transporte - por
exemplo, hipoautoctone/autoctone - enquanto que macro-charcoal e micro-charcoal,
disperso no sedimento, geralmente representam material al6ctone de incéndios

regionais transportados pelo ar ou pela 4gua (HUDSPITH et al., 2012).

Segundo McParland et al., (2009), existe uma correlacdo positiva entre
temperatura de formagcéo do macro-charcoal e o valor de refletancia da parede celular
para inertinitas que permite estimar a temperatura de queima (Figura 2). Essa
correlagéo foi mostrada experimentalmente por Guo e Bustin (1998) e Scott (2010). A
determinacao da temperatura de queima, em conjunto com as demais caracteristicas
do macro-charcoal, possibilita inferir informagdes relacionadas ao tipo predominante
de queima e demais informacdes ecologicas relacionadas, como grau de dessecacéao

ambiental e érgéos vegetais, preferencialmente.
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Figura 2. Relagéo entre temperatura de queima e refletancia. Dados obtidos por meio
de experimento controlado da relagéo entre valores de temperatura e refletancia (em

6leo) na formacdo de macro-charcoal para 24 horas de queima.
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Fonte: Scott (2010), Fig. 7, p. 18.

Macro-charcoal apresentado valores de refletancia maiores que 5 Ro%
requerem altas temperaturas de queima ou tempo de exposi¢do prolongado ao calor.
Carvdes com refletancias 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 carvles produzidos por temperaturas mais baixas teréo valores
de refletancia menores, no intervalo da semifusinita. Logo, a refletancia da fusinita é
adquirida antes do processo de carbonificacdo e, portanto, independe da idade,

litologia ou diagénese/ambiente geoldgico (SCOTT, 1989).
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Contudo, quando relacionados os registros de inertinitas a presenca de macro-
charcoal (sensu Scott, 2000, 2010 - inertinitas e macro-charcoal) em niveis
carbonosos de diferentes idades, esta se constitui em uma ferramenta confiavel para
a definicdo da ocorréncia de eventos de paleoincéndios vegetacionais em sistemas
formadores de carvao de diferentes idades e distribuicdo paleogeografica (SCOTT,
2010). Considerando os condicionantes envolvidos na ocorréncia desses eventos
[fonte de ignicéo, disponibilidade de combustivel (=biomassa) e niveis adequados de
pO2] (Figura 3), o estudo detalhado desse tipo de evento contribui consideravelmente
para intepretacdes das condigbes paleoambientais predominantes no momento de
sua formacao (ABU HAMAD et al., 2012).

Figura 3. Elementos necessarios para ignicdo e manutencéao do fogo. (Tridngulo do

fogo).

Combustivel

Fonte: BERNER; COLLINSON; SCOTT, 2013, Fig. 12.2, p. 232.
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2.2.2 Macro-charcoal

O fogo € um importante elemento que atua na dindmica e modificacdo de
diferentes ecossistemas desde o surgimento das primeiras plantas terricolas, atuando
como modelador da vegetacao (e.g. PYNE, 1982; GLASSPOOL; EDWARDS; AXE,
2004; BOWMANN et al, 2009; PAUSAS; KEELEY, 2009). Os incéndios sé&o
importantes modeladores de diferentes ambientes modernos, podendo ser
comparados a herbivoria em termos de impacto sobre a vegetacao (BOWMAN et al.,
2009; FLANNIGAN et al., 2009; PRESTON; SCHMIDT, 2006; BOND; KEELEY, 2005).

Van Bellen et al., (2012), analisando carvdes Holocénicos do Hemisfério Norte,
concluiram que as florestas boreais sofreram forte influéncia dos incéndios, que foram
pouco frequentes, mas grandes em extenséo, diminuindo em dire¢cdo ao presente, e
relacionam a ecologia do fogo aos fatores ambientais como regimes de precipitacao
e temperaturas. Para Crutzen, Goldammer (1993) e Pyne (1995), os efeitos do fogo
nos ambientes terricolas sdo muitas vezes devastadores, levando a destruicdo de
habitats e ao aumento de erosdo, os quais, por outro lado, podem ser igualmente

necessarios para manutencao e crescimento especializado de algumas espécies.

A forma direta de deteccdo da ocorréncia de eventos de paleoincéndios
vegetacionais em ambientes pretéritos se da por meio de analises paleobotéanicas pela
presenca de macro-charcoal (Figura 4) (sensu JONES e CHALONER, 1991; SCOTT,
2000, 2010) em depositos sedimentares. Os registros mais antigos desse tipo de
material foram descritos por Schreiter (1931) para exposicdes do
Ordoviciano/Siluriano da Bacia de Vastergétland, na Suécia, e a sua presenca esta
confirmada para praticamente todos os demais intervalos Pré-Quaternarios
posteriores (EL AFTY et al., in press). Portanto, é correto afirmar que o fogo foi um
elemento constante nas comunidades vegetais desde o advento das primeiras plantas
vasculares (GLASSPOOL et al., 2015).

36



Figura 4. Macro-charcoal, visto a olho nu. a) fragmento de macro-charcoal proveniente

do afloramento Porongos, em Santa Catarina (seta branca), b) macro-charcoal visto

sob lupa.

Fonte: Do autor.

Em contraste ao carvdo mineral, formado pelo processo de carbonificacdo a
partir de matéria organica por meio do processo de soterramento e da acao de fatores
fisicos, como pressao e temperatura (BORBA, 2001), o macro-charcoal, caracteriza-
se macroscopicamente pela coloracdo negra, brilho sedoso e pinta ao toque, e,
microscopicamente pela presenca de paredes celulares homogeneizadas (Figura 5).
O macro-charcoal é o produto da combustdo incompleta dos fragmentos vegetais
atribuidos a um processo de carbonizacdo (JONES; CHALONER, 1991; SCOTT,
2010).
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Figura 5. Macro-charcoal visto sob microscopia eletrénica de varredura (a - b), corte

transversal, com detalhes das paredes celulares homogeneizadas (setas brancas).

Fonte: Do Autor.

Do ponto de vista paleobotanico, o macro-charcoal € uma ferramenta util para
entender a vegetacao pretérita (SCOTT, 1974; GLASSPOOL; EDWARDS; AXE,
2004), e, por ser composto por um elevado teor de carbono (60-90%), é relativamente
inerte e facilmente preservado no registro fossil, de forma que tem o potencial para
preservar tridimensionalmente as caracteristicas anatdbmicas das plantas, permitindo
a identificacéo taxonémica (SCOTT, 2010).

A tafonomia e a preservacdo do macro-charcoal podem ser avaliadas de
diferentes formas, sendo importante levar em consideracéo que os fragmentos podem
ser transportados por distancias consideraveis por meio de correntes de ar ou agua e
para fora das areas dos incéndios de origem (e.g. HERRING, 1985; CLARK, 1988;
BRADBURY, 1996; SCOTT, 2000; ALl et al., 2009) (Figura 6). Com tais
caracteristicas, este tipo de registro ocorre nos mais diferentes tipos de ambiente.
Uma vez depositado, o carvdo vegetal pode ser exposto a acéo fisica, podendo
auxiliar na avaliacdo da variada gama de processos tafondmicos ocorridos em
associacOes fossilifera caracterizadas por sua presenca (e.g. BIRD et al., 1999;
NICHOLS et al., 2000; ASCOUGH et al., 2010; ZIMMERMAN, 2010).

38



Figura 6. Tipos de incéndios e formas de transporte para o macro-charcoal.

Emissées de fumacga: macro-charcoal, fuligem,
hidrocarbonetos aromaticos policiclicos, CO2

Arvores com cicatrizes
de incéndios

Incéndio
® de dossel

vy
LN | A
: ST rrm w

Macro-charcoal (inertinita)
em turfeiras [——
Corpo d’agua
(registro sedimentar)

Incéndio de
superficie/
sub-superficie

Macro-charcoal transportado
por escoamento superficial
e rios

‘".
r
‘.‘ r'r.:!'

-
* s

' e

Fonte: Modificado de Scott et al., (2014) p. 59, Fig. 2.13.

Desta forma, o estudo do macro-charcoal inserido em rochas sedimentares é
uma ferramenta essencial para a compressao floristica e ambiental da Terra em
periodos passados (SCOTT, 2000, 2010). Devido a relevancia do estudo dos
vegetacionais para a compreensao da histéria do planeta Terra, durante as ultimas
décadas, ocorréncias de macro-charcoal foram amplamente descritas para depositos
sedimentares do Permiano do Hemisfério Norte (SANDER; GEE, 1990; WANG,;
CHEN, 2001; UHL; KERP, 2003; NOLL; UHL; LAUSBERG, 2003; UHL et al., 2004,
2008, 2012; DIMICHELE et al., 2004; SHEN et al., 2011, 2012; HUDPSITH et al., 2012,
2014).

Em contraste ao Hemisfério Norte, a ocorréncia de paleoincéndios
vegetacionais no Gondwana era desconsiderada. Este fato esta relacionado a
abordagens prévias que refutavam a ocorréncia de carvao vegetal macroscopico no
Gondwana (FALCON, 1989; HUNT, 1989; TAYLOR; LIU; DIESSEL, 1989). Porém,
nos ultimos anos, diversos estudos descrevem a ocorréncia de carvdo vegetal
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macroscopico para América do Sul (JASPER et al., 2008, 2011a, 2011b, 2011c, 2013;
MANFROI et al., 2012, 2015; MENDONCA FILHO et., al 2013; DEGANI-SCHMIDT et
al., 2015; JASPER at al., 2016), Africa (UHL et al., 2007), Australia (VAN DE
WETERING; MENDONCA FILHO; ESTERLE, 2013), Antartica (SLATER;
MCLOUGHLIN; HILTON, 2015; TEWARI et al., 2015; MANFROI et al., 2015) e india
(JASPER et al., 2012, 2016, 2017; MAHESH et al., 2015).

Esses estudos sugerem que paleoincéndios vegetacionais eram eventos
comuns no Gondwana durante o Permiano, e que a controvérsia em relacdo a
ocorréncia deste fendbmeno no Gondwana estava relacionada a falta de pesquisa
especializada na area, gerando um reduzido nimero de publica¢6es especificas (ABU
HAMAD; JASPER; UHL, 2012). Entretanto, embora diversas evidéncias destes
eventos tenham sido descritas, os padroes que definem a distribuicdo geografica dos
paleoincéndios vegetacionais ainda n&o estdo claros tanto na esfera regional (Bacia

do Parana) quanto paleocontinental (Gondwana).

Watson, Lovelock e Margulis (1978) afirmam que a ignicdo do fogo sobre a
vegetacao esta diretamente relacionada aos niveis de oxigénio atmosférico, agindo,
segundo Scott (2000), Preston e Schmidt (2006), como um fenédmeno comum na
modelagem de ambientes atuais e pretéritos. Flannigan et al., (2009), afirmam que
nao é surpresa que a producdo de macro-charcoal seja também controlada pelas

mudancas climaticas e ambientais, mesmo em longas escalas de tempo.

Confirmando tal teoria, Glasspool e Scott (2010) afirmam que as variacdes das
concentracfes de oxigénio na atmosfera tém sido, ao longo do tempo, responsaveis
diretamente pela ocorréncia dos paleoincéndios. Nesse contexto € necessario que 0s
niveis de Oz sejam superiores ao limite inferior da “janela de fogo” para que a queima
ocorra, necessitando estar acima de 12-15% (UHL; JASPER, 2011). Considerando
gue os niveis de O2 atmosférico dependem de um conjunto de variaveis baseadas no
equilibrio ambiental global e regional, o simples registro de paleoincéndios é um

indicativo importante de condi¢des paleoambientais.
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3 OBJETIVOS

3.1 Objetivo geral

Avaliar as caracteristicas anatbmicas preservadas em elementos vegetais
fésseis permineralizados e carbonizados, a fim de contribuir para a reconstrucao
do panorama ambiental relacionado as paleofloras de diferentes unidades

litoestratigraficas do Gondwana.

3.2 Objetivos especificos

a) Avaliar as caracteristicas do crescimento arbdéreo de plantas lenhosas do
Permiano da Bacia do Parnaiba, identificando quando possivel caracteristicas

em incrementos de crescimento;

b) relacionar o padréo de crescimento dos lenhos fésseis do Permiano da Bacia
do Parnaiba com as variacfes climaticas, a fim de inferir o paleoclimas vigente

na regido durante o ciclo de vida destas plantas;

c) definir os padrdes anatdomicos gerais (xilotipos) e especificos para os lenhos
fésseis da Bacia do Parnaiba e do Parana, e estabelecer afinidades taxonémicas

para este material;

d) correlacionar os resultados obtidos com padrdes paleobiogeograficos ja

estabelecidos com base em outros dados de natureza geoldgica/paleontoldgica;

e) aprimorar as andlises das evidéncias de macro-charcoal referidas até o

momento para o Gondwana da Bacia do Parang;

f) inferir as condicbes paleoambientais e os padrdes tafonbmicos para o0s

sistemas deposicionais estudados;

i) integrar os dados coletados a rede de informacdes sobre a ocorréncia de

paleoincéndios vegetacionais no Gondwana.
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Abstract The Northern Tocantins Petrified Forest is classi-
fied in the scientific literature as one of the most important
Permian assemblages of permineralized plant remains from
the warm temperate palacobiome of the Southern Hemi-
sphere. Part of this forest is located in the Tocantins Fossil
Trees Natural Monument, which is a Full Protection
Conservation Unit in the northeastern part of the Brazilian
state of Tocantins. Geologically, the Petrified Forest is part
of the Parnaiba Basin, and the studied stems originate from
the Permian Motuca Formation. The aim of the present work
is to reconstruct aspects of the regional climate during the
Permian by using proxy data obtained from the analysis of
gymnospermous fossil stems preserved in the Northern
Tocantins Petrified Forest. The material analysed comes from
32 gymnospermous fossil wood fragments derived from nine
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sampling points located inside and outside the park area. In
order to determine climatic influence on wood growth, a total
number of 682 growth increments were investigated using
mean sensibility and annual sensibility analysis. Moreover,
thin sections were made and the anatomical details of the
growth patterns of the stems were investigated. The results
obtained from these analyses allowed the establishment of
the presence of growth zones in the gymnospermous fossil
stems. Detailed analysis of these growth zones led to the re-
construction of a seasonal climate with periods of high precip-
itation alternating with periods of more or less severe dryness,
probably in a semi-arid palacoenvironment. This result is in
agreement with previous reconstructions for the Northern
Tocantins Petrified Forest area, which postulated a kind of
monsoonal climate, characterised by marked seasonality, with
strong rains and distinct dry periods.

Keywords Permian - Parnaiba Basin - Tocantins - Growth
zones - Dendrology - Palaeoclimate - Gondwana - Semi-arid

Introduction

The Northern Tocantins Petrified Forest is classified in the
scientific literature as one of the most beautiful and important
Permian assemblages of permineralized plant remains from
the warm temperate palaecobiome of the entire Southern
Hemisphere (Dernbach 1996; RoBler 2006; Dias-Brito et al.
2009). Considering the significance of this Petrified Forest
from a scientific point of view as well as a world-class
palacontological heritage, in 2000 the Tocantins State
Government implemented a Full Protection Conservation
Unit called “Tocantins Fossil Trees Natural Monument”, with
the aim of protecting this singular palacobotanical assemblage
for science and society (Dias-Brito and Castro 2005).
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The palaeobotanical assemblage preserved in this area
is composed of three-dimensionally permineralized re-
mains of tree ferns (e.g. Herbst 1985, 1992, 1999;
RoBler and Galtier 2002a, b, 2003; Tavares et al. 2014),
sphenophytes (e.g. Coimbra and Mussa 1984; Neregato
et al. 2015) and gymnosperms (e.g. Coimbra and Mussa
1984; Mussa and Coimbra 1987; Pires et al. 2011;
Kurzawe et al. 2013a, b). The majority of the fossils are
dispersed loosely on the ground (Fig. 1.) and only a few
specimens have been found within the original sediments
(Capretz and Rohn 2013). The fossil-bearing strata consist
of fluvial beds at the basal level of the Motuca Formation

Fig. 1 Field impressions from
the Northern Tocantins Petrified
Forest: a overview of the
Tocantins Fossil Natural
Monument showing the fossils
loosely on the ground, b sample
UFT 668 before collection. The
gymnosperm stem was lying
loosely on the ground,
characteristic for the majority of
the fossils from the Northern
Tocantins Petrified Forest

@ Springer

(Pinto and Sad 1986; Dias-Brito et al. 2007; Faria et al.
2009; Capretz and Rohn 2013).

Although several palacobotanical studies have been carried
out on material from the Northern Tocantins Petrified forest
(e.g. Coimbra and Mussa 1984; Mussa and Coimbra 1987;
RoBler and Galtier 2002a, b, 2003; Tavares et al. 2014;
Neregato et al. 2015), palacoclimatic studies based on growth
patterns of fossil gymnosperm wood are still scarce, and so far
only a single detailed study has been published on this topic,
by Pires et al. (2011).

Studies on growth patterns of fossil wood may provide,
under certain conditions, the recognition of regional
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climate conditions that can be used to reconstruct palaeo-
environment conditions during the lifetime of a plant
(e.g. Creber and Chaloner 1984; Creber and Francis
1999; Parrish 1999; Falcon-Lang 2005).

The aim of the present study is to use such growth patterns
in fossil gymnospermous wood from the Northern Tocantins
Petrified Forest to reconstruct climatic conditions during the
deposition of the Permian Motuca Formation in the Parnaiba
Basin in Brazil.

Geological setting

Geologically, the Natural Monument of the Tocantins
Fossil Trees is part of the Parnaiba Basin, geographically
located in the northeast of Tocantins State, near the border
to Maranhdo State (Fig. 2) (Dias-Brito and Castro 2005).
Developed over a continental basement during the plateau

Fig. 2 Map of Tocantins, showing
the location of the Tocantins Fossil
Trees Natural Monument area
(TFTNM, rectangle in
northeastern of Tocantins).

MA Maranhdo, PA Para, MT Mato
Grosso, GO Goias, BA Bahia

(adapted from Tavares et al. 2014) Parnaiba Basin

Brazil

stage of the South American Platform, the Parnaiba Basin
stretches across 6,000,000 km? and contains sediments
from the Silurian up to the Cretaceous (Petri and Fulfaro
1983; Almeida and Carneiro 2004).

The lithological units exposed in the Natural Monument of
the Tocantins Fossil Trees are the Pedra de Fogo, the Motuca
and the Sambaiba formations (Fig. 3). These formations form
the Permo-Triassic Balsas Group (Dias-Brito and Castro
2005; Dias-Brito et al. 2009).

Based on the fact that the majority of the fossils are lying
loosely on the surface (Capretz and Rohn 2013), there are
some controversies about the exact stratigraphic position of
the horizon from which the stems originate (e.g. R68ler 20006).
Traditionally, the permineralized stems have been ascribed to
the Pedra de Fogo Formation (Coimbra and Mussa 1984;
Mussa and Coimbra 1987; Herbst 1992, 1999; Goes and
Feij6 1994; Dino et al. 2002). However, in the area of the
Natural Monument of Tocantins Fossil Trees and surrounding
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Fig. 3 Lithological units exposed in the Tocantins Fossil Trees Natural
Monument (adapted from Goées and Feijo 1994)

areas, the fossils may be found embedded in sandstones of the
basal level of the Motuca Formation (Faria et al. 2009; Pinto
and Sad 1986; Dias-Brito and Castro 2005; Dias-Brito et al.
2007; Capretz and Rohn 2013).

The base of the Motuca Formation, which reaches a total
thickness of 300 m, consists of sandstones, passing upwards
into red pelites, limestone lenses and anhydrite, covered again
by sandstone (Petri and Fulfaro 1983; Godes and Feijo 1994).
Based on this lithology, the Motuca Formation is usually
interpreted to have been deposited in a relatively dry
palacoenvironment with sabkha plains (Goes and Feijo
1994; Lima Filho 1999; Capretz and Rohn 2013).

With regard to the age, the Motuca Formation has usually
been interpreted to be of Early to Middle Permian age (Petri
and Fulfaro 1983; Dias-Brito et al. 2007; RoBler and Galtier
2002a). In contrast, some studies consider a Late Permian age
(Mesner and Wooldridge 1964; Goes and Feijo 1994; Faria
and Truckenbrodt 1980; Vaz et al. 2007). These controversies
are mostly due to the lack of fossiliferous sedimentary layers
and to the absence of biostratigraphically meaningful marker
fossils (Dias-Brito et al. 2007). Thus, at the moment, there is
no unequivocal age assessment for the Motuca Formation
beyond an assignment to the Permian, and further geological
studies are needed to clarify its stratigraphic position.

Material and methods

For the present study, 317 fossil gymnosperm stems, deriving
from nine sampling points located inside and outside the
Tocantins Fossil Trees Natural Monument area (Fig. 4), were
collected by the Palacobiology Laboratory of the Federal
University of Tocantins staff during a field expedition in
August 2013.

Although lying loosely on the ground, the collected fossil
stems are all ascribed to the sandstones of the basal level of the
Motuca Formation (Faria et al. 2009; Pinto and Sad 1986;
Dias-Brito et al. 2007; Capretz and Rohn 2013). The fossils
are deposited in the Palacobiology Laboratory of the Federal

@ Springer

University of Tocantins, Porto Nacional city, Tocantins state
under the acronym UFT.

Due to the good anatomical preservation of their wood,
exhibiting growth increments, 32 fossil stems (deriving from
7 localities; cf. Table 1) were selected for a detailed dendro-
logical analysis. These fossils are permineralized by silicates,
and only the secondary xylem is preserved (Fig. 5). So far,
these woods have not been studied taxonomically, but it is
considered that they represent a kind of random sample (al-
though it should be clear that preservation could be taxon-
specific), which is more or less representative of the gymno-
spermous component of this flora.

All the growth increments widths were measured, from a
peripheral portion to the inner portion, directly on the radial
section of each specimen using an analogue caliper (Starrett
799). Statistical data for each fossil stem were obtained fol-
lowing Fritts (1976) (based on Douglass 1928), using mean
sensitivity (MS) and annual sensitivity (AS). According to
Fritts (1976), MS is a measure of the variability of wood
growth in a year. Mathematically, it represents the mean vari-
ability of the ring widths over a series of rings:

t=n—1
2(Xr17xs

Mean sentivity = — g
X1+ X¢

n—1 —

With x = ring width, t = year of the ring and n = number of
rings in the sequence. The theoretical values range from 0 (no
variability) to a maximum of 2 (high variability). An arbitrary
value of 0.3 was taken to separate “complacent” trees that
grow under a favorable and uniform climate (MS<0.3) from
those which are “sensitive” to fluctuating climatic parameters
(MS>0.3).

The AS, which represents the climatic variability along the
sequence of growth rings, was calculated for each specimen
and represented in histograms using Microsoft Excel
[Electronic Supplementary Material (ESM) 1].

Moreover, thin sections were made at the Thin Sectioning
Laboratory of Federal University of Rio de Janeiro, and the
anatomical details of the growth patterns (size of the tracheid
lumina and cell wall thickness) of the stems were observed qual-
itatively with an optical microscope (Carl Zeiss Model MC-80).

Although not frequently used, this methodology (based on
Douglass 1928) has already provided important contributions
to the understanding of palacoclimates (e.g. Creber and
Chaloner 1984; Francis 1984; Brea 1998; Francis and Poole
2002; Pires et al. 2005). Although MS and AS have originally
been introduced for the study of true growth rings (cf.
Douglass 1928; Creber and Francis 1999), it has previously
been used for the analysis of modern wood from semiarid
climates (e.g. Nicolini et al. 2010), which exhibits only
growths zones lacking a clear transition from late wood to
early wood (Schweingruber 1996). Therefore, these
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Fig. 4 The Tocantins Fossil Natural Monument (7F7NM) showing position of the individual sampling points

techniques have been used in the present study to test whether
they can be used for the analysis of fossil wood exhibiting
growth zones and not true growth rings (see below).

Results

By microscopic analysis of the thin sections, it was possible to
observe that there is a decrease in the size of the tracheid
lumina (range from 16 to 28 wm) in late wood without an
increase of the cell wall thickness. However, differing from
true growth rings, the reduction of the lumina does not cease
abruptly, and, thus, there is no sudden transition from late
wood to early wood. As there is no sharp delimitation between
late wood and early wood due to a total cessation of cambial
activity, there is no formation of true growth rings but so-
called growth zones were formed, which nevertheless reflect
significant changes in cambial activity (see below) (Fig. 6).
Measurements were obtained from a total of 682 growth
zones observed in the 32 specimens. Growth zone boundaries

were defined by a decrease of the diameter of the cell lumina
at the contact between late wood and early wood (cf. Fig. 6).

The minimum number of growth zones observed for the
specimens was 11 and the maximum was 37 (Table 1). The
minimum width of the growth zones ranged from 0.4 to
1.45 mm and the maximum width ranged 3.05 to 18.80 mm.
The average of minimum and maximum growth zones width
ranged from 0.558 to 0.778 (Fig. 6; Table 1). MS ranged from
0.367 to 1.475 (average 0.778). The minimum value of the
annual sensibility was 0.004 and the maximum was 1.749
(Table 1). According to Fritts (1976), all specimens investi-
gated show a numerical value of MS considered as sensitive.

Discussion
Quantitative and qualitative analysis of wood growth provides
high-resolution information about ancient environments, and

this aids in understanding past climates (e.g. Falcon-Lang
2005; Gerards et al. 2007). Wood growth is influenced by a
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Table 1  Results of the analysis of the growth zones
Samples Locality Number of Average of ring Mean Minimum annual Maximum annual
growth zones widths [mm] sensitivity sensitivity sensitivity
1 UFT 946 Spot 1 26 4.147 0.704 0.050 1.734
2 UFT 947 Spot 1 17 0.558 1475 0.017 1.496
3 UFT 954 Spot 1 31 2.525 0.661 0.081 1.329
4 UFT 955-1 Spot 1 16 4.430 0.870 0.163 1.749
4 UFT 979-1 Spot 1 19 3.306 0.781 0.004 1.484
4 UFT 981-1 Spot 1 24 2.390 0.596 0.060 1.582
7 UFT 984-4 Spot 1 17 2.876 0.719 0.133 1.282
8 UFT 985 Spot 1 21 3.937 0.651 0.077 1.472
9 UFT 996 Spot 2 19 3.816 0.595 0.133 1.554
10 UFT 1001 Spot 2 26 3.593 0.860 0.045 1.625
11 UFT 1013 Spot 2 12 2314 0.367 0.016 1.366
12 UFT 851-9 Spot 3 17 2.554 0.705 0.184 1.464
13 UFT 854-10 Spot 3 26 4.058 0.554 0.028 1.117
14 UFT 855-3 Spot 3 20 3.686 1.136 0.035 1.642
15 UFT 860 Spot 3 29 3.008 1.243 0.072 1.617
16 UFT 861 Spot 3 14 8.436 1.013 1.094 1.537
17 UFT 867 Spot 3 21 3.540 0.637 0.141 1.363
18 UFT 880 Spot 3 25 4.945 0.838 0.156 1.462
19 UFT 870-3 Spot 3 37 2.755 0.722 0.075 1.518
20 UFT 848 Spot 3 25 4.656 0.665 0.284 1.413
21 UFT 882 Spot 3 18 4.057 0.646 0.131 1.562
22 UFT 883 Spot 3 15 4.885 1.040 0.352 1.419
23 UFT 978-1 Spot 6 18 0.645 0.645 0.147 1.577
24 UFT 1040 Spot 6 27 3.433 0.614 0.158 1.116
25 UFT 1041 Spot 6 1 6.178 0.713 0.061 1.430
26 UFT 668 Spot 7 21 2.829 0.638 0.033 1.690
27 UFT 976 Spot 8 22 4.618 1.073 0.055 1.683
28 UFT 974-1 Spot 8 15 2.558 0.798 0.063 1.342
29 UFT 975 Spot 8 23 0.661 0.671 0.090 1.405
30 UFT 928-1 Spot 9 24 2.673 0.863 0.050 1.378
31 UFT 941 Spot 9 21 4.140 0.943 0.282 1.562
32 UFT 925 Spot 9 25 3.505 0.478 0.042 1.275
Total/Average 682 3.49 0.778 0.134 1.529

Minimum and maximum values are in bold

range of abiotic and biotic factors, amongst which climate has
a key role (e.g. Schweingruber 1996; Falcon-Lang 2000;
Brison et al. 2001). Although some taxa present uniform
woody growth even under fluctuating climates, the majority of
trees present a growth pattern controlled by the climatic season-
ality (Schweingruber 1996, 2007). This climatic seasonality
may generate growth rings, which can occur in different cli-
mates (Creber and Chaloner 1984; Schweingruber 1992, 1996).

However, under certain climatic conditions, the formation of
growth zones occurs, which differ from true growth rings by
the fact that they lack a clear transition from late wood to early
wood (Schweingruber 1996). Through microscopic analysis of
the fossil woods from Tocantins, it was possible to observe
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such a growth pattern, as there is an absence of a clear transition
between late wood and early wood in all specimens investigat-
ed. According to Schweingruber (1996), such a growth pattern
is typically characteristic of trees growing in arid regions.

For the Petrified Forest of Tocantins, fossil gymnosperm
wood with “weak growth rings” has been previously described
(Coimbra and Mussa 1984; Mussa and Coimbra 1987). This
growth pattern was subsequently characterised as growth zones
by Pires et al. (2011). Recently, Neregato et al. (2015) mentioned

Fig. 5 Permineralized gymnosperms from Northern Tocantins Petrified p>

Forest presenting well preserved growth increments: a UFT 1001; b UFT
978; ¢ UFT 978; d UFT 941
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Fig. 6 Microscopic images of growth zones; a UFT 976; b UFT 947; ¢ UFT 1001: arrows point to boundaries of growth zones; d UFT 1001: no abrupt

transition from late wood and early wood visible (arrow)

the occurrence of growth rings in sphenophyte wood from the
Permian of Tocantins. All these authors associated such growth
patterns with the occurrence of hydric stress that commonly oc-
curs in arid and semi-arid regions of the tropical-subtropical belt.
This interpretation is strengthened by lithological interpretations
of a semi-arid to arid climate during deposition of the Motuca
Formation (Lima and Leite 1978; Pinto and Sad 1986; Gées and
Feij6 1994; Dias-Brito et al. 2007; Matysova et al. 2010).
Based on our results and existing palacoclimatic interpre-
tations, it is thus possible to support previous reconstructions
of an arid to semiarid climate for the Tocantins Petrified
Forest. Furthermore, the data from MS analyses indicate os-
cillating environmental conditions, since all the specimens are
sensitive with respect to this parameter. The average value for
the mean sensitivity was 0.778, pointing to the occurrence of
extreme climatic events according to Schweingruber (2007).
Such a seasonality may be related to monsoonal climates with
seasonally occurring torrential rains and droughts (Lodge
et al. 1994; Borchert 1999), as previously suggested for the
western part of Pangea (e.g. Rees et al. 1999; Gibbs et al.
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2002; Tabor and Montafiez 2002; DiMichele et al. 2006;
Schneider et al. 2006). These results also indicate that AS
and MS can in fact be used for the analysis of fossil wood
exhibiting only growth zones and no true growth rings. On a
landscape scale, no pattern of AS and MS values is visible,
which could reflect regional differences in environmental con-
ditions (cf. Table 1). Considering the variation of both param-
eters in the entire sample studied here (32 specimens from 7
localities), it has to be emphasised that comparable studies
which are only based on single or a few specimens should
be interpreted with great care.

All in all, our data support reconstructions of a semi-arid
climate with monsoonal torrential rainfall for the Northern
Tocantins Petrified Forest. In addition, this interpretation is
reinforced by the fact that the plants from Tocantins are
permineralized, as the permineralization process of the fossil
stems most likely involved periods with high evaporation
(Tavares and Rohn 2009; Matysova et al. 2010; Tavares
2012). It is also congruent with the observation of xeromorphic
features in remains of Marattiales (Tavares et al. 2014).
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Conclusions

Based on our new and existing data, we can draw the follow-
ing conclusions concerning permineralized wood from
Tocantins and its palacoclimatic implications:

1. The wood from Northern Tocantins Petrified Forest,
Parnaiba Basin, Brazil, exhibits growth zones and not
growth rings sensu stricto;

2. AS and MS can be used for the analysis of fossil woods
with growth zones and no true growth rings;

3. the growth zones were probably caused by seasonal
climatic conditions, i.e. periods of high precipitation al-
ternating with periods of drought, in a semi-arid
palacoenvironment;

4. previous interpretations of a monsoonal climate during
deposition of the sediments of the Motuca Formation
can be supported.
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Introduction

The Touro Passo Formation (Pleistocene — Holocene)
in the northwestern part of the Rio Grande do Sul State, is
one of the most important sources of information about
Late Pleistocene palaecobiodiversity in Southern Brazil.
The recorded fossil content of the formation includes
vertebrates (e.g. Scherer and Da Rosa 2003, Kerber and
Oliveira 2007, 2008, Hsiou 2007, Ribeiro et al. 2009,
Oliveira and Kerber 2009), invertebrates (Oliveira and
Milder 1990, Kotzian and Simdes 2006, Erthal et al. 2015)
and wood (Bolzon et al. 1991, Bolzon 1997, 1999, Bolzon
and Oliveira 2000, Pires and Da Rosa 2000, Bolzon and
Marchiori 2002).

The taxonomic studies of fossil woods recorded from the
Cenozoic of South America, together with information about
geology, climate and plant geography, allows us to infer

DOI 10.14446/F1.2016.251

patterns of taxonomic similarities and endemisms, which can
be used to reconstruct palacoenvironmental patterns as well
as changes in plant diversity over time (e.g. Franco and Brea
2013, Moya and Brea 2015). The occurrence of Cenozoic
fossil angiosperm wood is documented in several regions of
South America, with published records from Argentina (e.g.
Krausel 1925, Brea 1995, Franco and Brea 2010, Moya and
Brea 2015) Colombia (e.g. Schonfeld 1947, Mirioni 1965,
Pons 1969), Chile (e.g. Gonzalez 1981, Torres and Rallo
1981, Nishida et al. 1990), Peru (Salard 1961, 1963), and
Uruguay (e.g. Gros 1992). In Brazil 21 fossil-genera based
on angiosperm wood have been so far recognized from
Cenozoic deposits (e.g. Silva-Curvello 1935, Mussa 1958,
1959, Suguiu 1971, Suguiu and Mussa 1978, Bolzon 1999,
Bolzon and Marchiori 2002). These fossils are distributed in
11 botanical families and several of them belong to the family
Fabaceae.
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The Fabaceae or Leguminosae includes approximately
730 genera and 19,400 species of trees, shrubs, herbs and
vines with a worldwide geographical distribution (Lewis et
al. 2005). The fossil record of Fabaceae is composed of
permineralized wood, leaves, flowers, fruits and pollen,
and the oldest (questionable) fossils of the family are
permineralized stems from the Upper Cretaceous of Sudan
(Giraud and Lejal-Nicol 1989). In the Rio Grande do Sul
State, southernmost portion of Brazil, four fossil-species
of wood related to Fabaceae (Santanoxylon marchiorii,
Santanoxylon guerrasommeri, Quaraoxylon gracillis,
Ramboxylon sanpedrensis) were described by Bolzon (1999).

The aim of the present study is the anatomical description
and characterization of a large fragment of well-preserved
fossil wood, collected in the Northwest of Rio Grande do Sul
State, in order to improve and extend the existing information
about Quaternary fossil wood occurring in sediments of the
southern part of Brazil.

Geological setting

According to Da Rosa (2009), the continental Pleistocene
and Holocene sediments of Rio Grande do Sul State consist
of alluvial deposits occurring in isolated and thus difficult to
correlate terraces. These deposits are generally related
to recent and sub-recent drainages, and they are usually
considered in the context of two separate basins, i.e. the
Uruguay and the South Atlantic Basin.

The post-Cretaceous geological history of Rio Grande do
Sul consists of river deposits, on top of the magmatic rocks
of the Serra Geral Formation (Lisboa and Schuck 1990).
Over the past few thousand years, several alluvial cycles
produced superimposed sediments, resulting in extensive
plains in the western part of Rio Grande do Sul, usually
covered by vegetation. These deposits are equivalent to the
plaining surfaces described by Ab’Saber (1969), Lisboa and
Schuck (1990) and Lisboa (1990).

The material studied here comes from an outcrop
located in the Itaqui municipality, in the Northwest of Rio
Grande do Sul State, at 29°23'55.9"S/56°42'05.9"W (Text-
fig. 1). The geological profile of the outcrop demonstrates
the occurrence of a palaeo-river cycle followed by a modern
river and soil formation (Text-fig. 2). The outcropping
levels in the study area can be correlated to the Touro Passo
Formation, as described by Bombin (1976), which is
recognized in several drainages in the Uruguaiana region,
belonging to the Uruguay River Basin. Da Rosa (2009)
characterizes the Touro Passo Formation as a sedimentary
deposit over magmatic rocks on the top of the Serra Geral
(Parana Basin).

According to Bombin (1976), the Touro Passo For-
mation consists of conglomeratic deposits (Rudaceo
Member) and mudstone (Lamitico Member), deposited by
the so called Touro Passo river after the Last Glacial
Maximum (LGM). The Rudaceo Member consists of a
polymictic ortho-cluster with metaquartzitic phenocrysts,
basalt, chalcedony and calcium carbonate concretions. The
Lamitico Member consists of silt-clay sediments and siltic
sand lenses. The Rudaceo Member probably represents an
accumulation of palaeosoils and soil removed by rain
during a period of transition to more humid climates,
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Text-fig. 1. Map of westernmost part of Rio Grande do Sul
showing the position of the sampling locality (star). Adapted
from Oliveira and Kerber (2009).

during which the deposition of the Lamitico Member took
place.

Further studies by Oliveira and Lavina (2000) considered
that the members defined by Bombin (1976) characterize
only a local sedimentation episode. Nevertheless, the formal
name Touro Passo Formation has been widely used in the
literature for comparable deposits (cf. Oliveira and Kerber
2009).

The Touro Passo Formation was proposed formally by
Bombin (1975, 1976) as well as Bombin and Klamt (1976),
and was assigned to the Late Pleistocene — Holocene.
Deposits from a similar age are also known from northern
Argentina (Tonni et al. 2003). Considering the age of
the formation, data obtained by Milder (2000) suggested
a multicyclic and diachronous sedimentary regime, as
indicated by ages ranging up to 42,000 years BP.

Pires and Da Rosa (2000) used thermoluminescence to
date sediments assigned to the Touro Passo Formation, and
reported an age of 14,600 years (Pleistocene) for the fossil
bearing conglomerate layer of the locality studied here and
8,200 years (Holocene) for the sandy-silty-clay layer (+ 4.6%
SD). Da Rosa (2009) also used the same technique to date
the sandstones and conglomerates from the Touro Passo
Formation in the Itaqui municipality, suggesting ages
between 6,400 and 42,900 years BP.

Materials and methods

The material studied consists of a fragment of fossil
wood, stored in the Palacontological Collection of the Uni-
versidade Federal de Santa Maria (UFSM), under accession
number UFSM 12032. The fossil wood was recovered from
a conglomeratic matrix, with horizontal orientation (Text-fig.
2). This specimen was mentioned previously by Pires and Da
Rosa (2000), while dealing with mineralogical aspects of the
specimen and the age of the source sediments.



|:{>Fossll wood

Text-fig. 2. Field photograph of the sampling locality, together
with a schematic profile. Stratigraphic horizon from which the
fossil wood fragment was extracted (white arrow) (Modified
from Pires and Da Rosa 2000).

The fossil wood is silicified (sensu Schopf 1975), and has
a diameter of 9.9 cm and a length of 16.6 cm. The primary
xylem, external cortex and phloem are not preserved. The
surface is irregular, yellowish to black, and the inner surface
exhibits yellowish to beige colors (Text-fig. 3).

According to standard methodology for the analysis of
fossil woods, a total of seven thin sections were prepared in
transverse, tangential longitudinal and radial longitudinal
orientation. These are deposited in the Paleontology
Collection (CPALEOUFT) at the Universidade Federal do
Tocantins (UFT) under accession numbers UFT 0456, 0457,
0458, 0459, 0460, 0461 and 0462. The anatomical details
were observed and photographed using a light microscope
coupled to a digital camera (Leica DM LB2).

The description of the anatomical features of the wood
followed the procedures recommended by the International
Association of Wood Anatomists, list of microscopic features
for hardwood identification (IAWA Committee 1989). The
identification and classification of the fossil wood was made
following Metcalfe and Chalk (1950), Cozzo (1951),
Tortorelli (1956), Baretta-Kuipers (1981), Wheeler and Bass
(1992), Carlquist (2001), Evans et al. (2006) in addition to
the InsideWood web site (http:insidewood.lib.ncsu.edu/

Text-fig. 3. Longitudinal (A) and lateral (B) views of the fossil
wood (UFSM 12032), highlighting the preservation of growth
rings.

search, accessed:15/10/2016). The systematic assignment
followed the Angiosperm Phylogeny Group (APG III 2009).

Due to the varying states of tissue preservation in the
different sections, it was not possible to perform the sa-
me number of measurements for all anatomical characters
analyzed. Nevertheless, we made at least 25 measurements
on each thin section analyzed, for all quantitative values
utilized to produce the anatomical description.

Systematic palaebotany

Order Fabales BROMHEAD, 1938
Family Fabaceae LINDLEY, 1836
Subfamily Mimosoideae CANDOLLE, 1825
Genus Itaquixylon BENICIO, PIRES, DA ROSA,
SPIEKERMANN, UHL et JASPER gen. nov.

Type species. ltaquixylon heterogenum BENICIO,
PIRES, DA ROSA, SPIEKERMANN, UHL et JASPER Sp. nov.

Etymology. Generic name, ltaquixylon, refers to
Itaqui city, where the type species was found.

Diagnosis. The same as for species.
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Itaquixylon heterogenum BENICIO, PIRES, DA ROSA,
SPIEKERMANN, UHL et JASPER sp. nov.

Holotype. UFSM 12032 (Repository: Colecao Paleo-
ntoldgica da Universidade Federal de Santa Maria, Rio
Grande do Sul, Brazil).

Etymology. The specific name, heterogenum, is due
to the presence of heterocellular rays.

Type horizon. Touro Passo Formation.
A ge. Late Pleistocene, 14,600 years (TL).

Type locality. (29°23'55.9"S/56°42'05.9"W), Itaqui
city, Rio Grande do Sul State, Brazil.

Diagnosis. Angiosperm wood, diffuse porosity,
numerous vessels in tangential bands; vessels generally
solitary, sometimes in radial multiples of 3 to 5, circular to
oval in outline, with narrow diameter and short length, helical
thickenings absent, tyloses present; simple perforation plates;
alternate intervessel pits, vestured, circular, small with
lenticular irregular aperture slightly oblique; vessel-ray pits
and vessel-parenchyma pits bordered; libriform fibres,
non-septate, extremely short and narrow, with simple minute
pits; paratracheal axial parenchyma, vasicentric and scanty
and apotracheal axial parenchyma diffuse; rays are nume.
rous, exclusively heterocellular, composed of procumbent
and square marginal cells, short and extremely narrow,
simple pits of minute size; mostly uniseriate, less frequently
biseriate and triseriate, rarely tetraseriate; aggregate rays are
absent.

Description. Distinctive growth rings, alternately
separated by light and dark bands (P1. 1, Fig. 1), marked by
radially flattened thick-walled latewood fibres versus
thin-walled earlywood fibers. Absence of stratification in
secondary xylem elements. Wood diffuse-porous (PI. 1, Figs
1-2). Vessels in tangential bands (P1. 1, Figs 1-2), numerous
(16-36/mm?), occupying 25.6% of the cross section (Pl. 1,
Figs 1-2). Vessels generally solitary, sometimes in radial
multiples of 3 to 5, circular to oval in outline (P1. 1, Figs 2-3).
Mean tangential diameter 65.5 (32-96) um, mean length
186.5 (48-360) um. Helical thickenings in vessel elements
are absent. Simple perforation plates (Pl. 2, Fig. 4),
intervessel pits alternate, small 4.1 (2—8) pum, vestured, with
lenticular irregular slightly oblique apertures (P1. 1, Figs
4-5). Vessel-ray pits with distinct borders, rounded and
bordered (P. 1, Figs 4-5). Vessel-parenchyma pits are similar
to vessel-ray pits. Tyloses (Pl. 1, Figs 2—6) and prismatic
crystals are present in the marginal square ray cells (Pl. 2,
Figs 4-6). Fibres libriform, non-septate, with simple and
minutely bordered pits 2.3 (1-4) um (Pl. 2, Figs 1-4),
occupying 45% of the wood. The fibres are extremely short,
mean length 162 (30-360) um, narrow 3.2 (1-8) um and
thin-walled 1.9 (1-4) pum, with a narrow diameter of 3.9
(2-8) um. The paratracheal axial parenchyma is vasicentric
and scanty, occupying only 5.45% of total wood volume (PL.
1, Figs 2-3). The apotracheal axial parenchyma is diffuse,
with dispersed cells between the fibers (Pl. 1, Fig. 2-3). Axial
parenchyma cells are rectangular (P1. 2, Fig. 2), mean length
369 (16-80) um and mean width 18.5 (8-32) um,
constituting a series with mean length 364.8 (176-896) pum,
composed of 13 (3—6) cells. Rays are numerous, occupying
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24% of the volume of the wood (Pl. 1, Figs 1-2). They are
mostly uniseriate (44%), less frequent biseriate (27%),
triseriate (21%) and tetraseriate (8%) (PL. 2, Figs 1-3).
Aggregate rays are absent. Rays are heterocellular, composed
of procumbent cells and 14 rows of square marginal cells,
most commonly 2 rows (PL. 2, Figs 4-5). Uniseriate rays
extremely short, mean length 204.9 (112-424) pum, and
extremely narrow, mean width 12.4 (8-24) um, 7 to 27 cells
high (P1. 2, Figs 1-3). The multiseriate rays are narrow, mean
width 26.8 (16-40) um, 1 to 4 cells wide, and very short,
mean length 241.5 (120-556) um, 8 to 27 cells high (PL. 2,
Figs 1-3). In tangential section, the ray cells are circular to
oval (Pl. 2, Figs 1-3) with minute simple pits, ranging from
1 to4 pm.

Comparison

Comparisons with extant taxa. The syna-
pomorphies that connect the fossil wood described here with
the Fabales are the presence of vestured intervessel pits and
vessel elements with simple perforation plates (Judd et al.
2007). Moreover, the combination of anatomical characte-
ristics such as diffuse porous, short vessels solitary and in
radial multiples, simple perforation plates, alternate and
vestured intervessel pits, non-septate libriform fibres with
simple small pits are synapomorphies which suggest that the
fossil here investigated has an affinity with the Fabaceae
(Metcalfe and Chalk 1950, Cozzo 1951, Tortorelli 1956,
Baretta-Kuipers 1981, Wheeler and Baas 1992, Barros and
Callado 1997, Evans et al. 2006).

The Fabaceae have been traditionally considered as a
monophyletic family, composed of three subfamilies, Caesal-
pinioideae, Mimosoideae and Papilionoideae (Metcalfe and
Chalk 1950, Polhill et al. 1981, Thorne 1992, Judd et al.
2007). Considering the combination of anatomical features,
diffuse porosity, solitary to multiple vessels, simple perfo-
ration plates, alternate and vestured intervessel pits, vessel-ray
and vessel-parenchymal bordered pits, parenchyma para-
tracheal vasicentric scanty, and extremely short fibres with
simple pits, it is possible to assign this fossil wood to the
Mimosoideae. This subfamily has a global geographical
distribution and is composed of approximately 60 genera,
with Acacia, Mimosa and Inga the most species-rich genera
(Elias 1981).

The fossil wood analyzed here is most similar to taxa of
the tribe Mimoseae, especially to the Piptadenia group,
which is considered as monophyletic and consists of eight
genera (Luckow et al. 2003, Evans et al. 2006, Jobson and
Luckow 2007) (Tab. 1). Despite such a grouping there is
considerable variation in wood anatomy between species
of the same genus, the main diagnostic features of the
Piptadenia group are: vessels mostly small to medium in
size, with high density, radial multiples and clusters ranging
from rare to common, which can be large or small, variable
intervessel pit size, septate and non-septate fibres, axial
parenchyma ranging from scanty to banded, and in many
cases confluent parenchyma linking many vessels leading to
an almost banded appearance, rays are commonly 2-3 cells
wide and uniseriate rays are always present (Evans et al.
2000).



Table 1. Anatomical features of Piptadenia group (Tortorelli 1956, Evans et al 2006 and InsideWood — on-line database at
insidewood.lib.ncsu.edu/search; available sice 2004, accessed on 15/10/2016)).

Abbreviations: Growth rings. A — absent, D — distinct, I — indistinct, Radial multiples: R - rare (<10%), O — occasional (10-30%),
F - frequent (30-60%), C — common (60-80%), VC - very common (>80%), Clusters: R — rare (<10%), O — occasional (10-30%),
F - frequent (30-60%), C — common (60-80%), N — not observed, Septate fibers: P — present, N — not present, Axial parenchyma:
A - aliform, V - vasicentric, S — scanty paratracheal, C — confluent, B — banded, Axial parenchyma confluent: N — not observed, R —
rare, O — occasional, F - frequent, C — common, VC - very common, Number of vessels linked: number of vessels or groups of tangential
vessels included in confluent parenchyma, Ray type: H — homocellular, He — heterocellular, Crystals: F — present in the fibers, A —

present in axial parenchyma, R — present in rays cells.
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Although the anatomy of wood is heterocellular in the
subfamily Mimosoideae, the combination of anatomical
features of the fossil wood described here suggest a strong
affinity with the genus Mimosa (Tab. 1). The wood anatomy
of this genus is poorly investigated, probably due the limi-
ted economic interest in these plants (Marchiori 1996a).
However, it is well established that the genus Mimosa
presents a wide variation in wood anatomy, being classified
as “structurally heterocellular”, due to the absence of a
common set of anatomical characters (Cozzo 1951).

The genus Mimosa currently comprises ca. 510 species.
These plants are predominantly American, with a few
representatives in Africa and Asia. In the Americas the genus
is present in all warm regions, from the southern United States
to Uruguay and central Argentina (Burkart 1952). For the
extant Brazilian species, descriptive studies have so far been
published for Mimosa scabrella (Richter and Charvet 1973,
Marchiori 1980), Mimosa bimucronata (Marchiori 1980,
1993), Mimosa daleoides (Marchiori 1982), Mimosa cruenta
(Marchiori 1985), Mimosa eriocarpa (Carnieletto and
Marchiori 1993), Mimosa sparsa (Maccari and Marchiori
1994), Mimosa artemisiana (Paula 1995), Mimosa incana
(Marchiori 1996a), Mimosa berroi (Marchiori 1996b),
Mimosa uruguensis (Marchiori 1996c¢), Mimosa trachycarpa
(Marchiori and Muiiiz 1997a), Mimosa pilulifera (Marchiori

and Mudiz 1997b), Mimosa ophthalmocentra (Dias-Leme
etal. 2010, Silva et al. 2011), Mimosa tenuiflora (Dias-Leme
etal. 2010, Silva et al. 2011), Mimosa micropteris (Pereira et
al. 2013), Mimosa flocculosa (Pereira et al. 2014), Mimosa
ramulosa (Tomasi et al. 2015, Machado and Marchiori 2016)
and Mimosa parvipinna (Machado and Marchiori 2016). Of
these species, this fossil wood has a close affinity to the
southern Brazilian species M. flocculosa, M. micropteris,
M. ramulosa and M. parvipinna, which share several
secondary xylem anatomical features, such as diffuse
porosity, numerous vessels which are solitary and in radial
multiples, simple perforation plates, alternate vestured
intervessel pits, scanty paratracheal and vasicentric axial
parenchyma, heterocellular rays, and extremely short
libriform fibres with simple pits.

Comparisons with fossil woods. The fossil
record of Mimosoideac wood is currently represented by
24 fossil-taxa (Tab. 2). The fossil-genera Euacacioxylon,
Metacacioxylon, Mimosaceoxylon and Dichrostachyoxylon
differ from the fossil here investigated by the presence of
wide homocellular rays, medium-sized intervascular pitting as
well as axial parenchyma pattern (Tab. 2). The fossil-genera
Ingoxylon, Albizzinium and Cathormion differ from the fossil
here investigated by the presence of slightly wider homocellular
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Tabela 2. Comparison of the characters of the Mimosoideae fossil genera. Adapted from Gros (1992).

Intervascular
Fossil 1 R R idth Axial h; Fil
'ossil genus Vassels pitting size ay type ay widt xial parenchyma type iber type

Adenanteroxylon Mostly solitar N Homocellular 123 seriate Diffuse, vasicentric to aliform, Nonseptate
PrakasH et TRIPATHI, 1968 y y confluent P

o Diff . . 1
Albizzinium Mostly solitary Medium Homocellular 1-6 seriate puse, vastcgntnc o m0§t J Septate
PrakasH, 1975 aliform, occasionally terminal
Cathormion . . . . S
Gros. 1994 Predominantly solitary - Homocellular 1-6 seriate Vasicentric aliform to confluent Generally septate
Albizzioxylon Solitary, some in radial _ B _ Paratracheal _
NIkITIN, 1935 groups

Narrow vasicentric; frequently

Dichrostachyoxylon Homocellular, slightly

MULLER-STOLL et MADEL, 1967 Solitary; radial small groups Medium heterocellular 1-10 seriate sligh'tly alifx‘)rfn‘; rarely confluent; Nonseptate
terminal or initial
Ei i Solitary and in radial small Alif £t fluent and small
uqcactoxylon ) olitary and in radial smal Medium Homocellular 1-10 seriate 1form, often ?DH uent and smal Nonseptate
MULLER-STOLL et MADEL, 1967 | groups or long tangential bands
Ingoxylon . . . . . Vasicentric, wide aliform; rarely
MULLER-STOLL et MADEL, 1967 Solitary or in radial groups Medium Homocellular 1-5 seriate confluent, mostly diffuse Septate
Metacacioxylon Mostly solitary, and small Vasicentric to aliform, and in
Gros, 1981 (apud Kloster et Y s Medium Homocellular 1-18 seriate . ? Nonseptate
groups oblique bands
al. 2015)
Mimosaceoxylon Solitary, radial multiples . . Usually paratracheal and diffuse N
MULLER-STOLL et MADEL, 1967 | and clusters Medium Homocellular 129 seriate strands Septate?
Prosopisinoxvion Vassels of two distinct diam- Paratracheal vasicentric, aliform
,p V eter classes; solitary, radial Small to medium Homocellular 1-9 seriate and confluent to banded; Nonseptate
MARTINEZ, 2010 . .
multiplex and clusters apotracheal diffuse
Anadenantheroxylon Solitary, radial multiplex of . Paratracheal vasicentric and
Brea etal., 2001 2—4 and clusters B Homocellular 1-2 seriate confluent Nonseptate
Piptadenioxylon Solitary, rarely radial . . .
11 2-! 1 tr] N tats
SuGUIO ef Mussa, 1978 multiple Smal Homocellular 3 seriate Vasicentric onseptate
Paraalbizzioxylon . . . . . Paratracheal, in some cases Septate and
Gros, 1992 Solitary and radial multiple Small to medium Homocellular 1-6 seriate apotracheal, diffuse, terminal nonseptate
Paracacioxylon Solitary, radial multiplex of . . Paratracheal vasicentric, aliform, Septate and
11 1 t
MULLER-STOLL et MADEL, 1967 | 2—4 and clusters Small to medium Homocellular 6 seriate confluent; apotracheal diffuse nonseptate
Acacioxylon . . . Paratracheal, uniseriate oo
SciEnk, 1883 Predominantly solitary - Homocellular 1-3 seriate apotracheal in bands Libriform
" Narrow vasicentric, partly weakly
Mimosoxylon . . . . Homocellular, rarely . . .
1 I multipl 1l ’ 1- lifc fl 1 N
MULLER-STOLL et MADEL, 1967 Solitary, radial multiple Small to medium weakly heterocellular 3 seriate al 1(01(1'(n, rare confluent, terminal onseptate
or initial
Te li ial i ic alift 1
e?’apleuroxylon ) So! 1tf1ry and radial Medium Homocellular to weakly 15 seriate Vasicentric ali orm, paArtAY Nonseptate
MULLER-STOLL et MADEL, 1967 | multiplex heterocellular confluent, terminal or initial
Menendoxylon Prc'dommafltly solitary, Small to medium Homocellular 1-3 seriate Vasicentric aliform, shorts bands Nqnscptatc,
Lutz, 1979 radial multiplex of 2-3 to heterocellular sporadically septate

Paratracheal vasicentric, aliform
Solitary and multiples Small to medium Homocellular 1-2 seriate to confluent forming irregularly Nonseptate
wide bands of 4-10 cells height

Zygiaxylon
KLosTER et al., 2015

Abaremaxylon Solitary, radial multiples Paratracheal vasicentric, aliform,

Mova et Brea, 2015 of 2-4 and clusters Small to Medium Homocellular I seriate unilateral aliform and confluent Nonseptate

(et 1909, nom, )| Mosty sl Smal tomedhun | Homocelhiar 15| Content, sporchent e | nomsepate

(et 1900 nom, )| Mot sty Small to medium | Homocelular 15| content apomchest e | somsepate

(ot 1999 nom. gy | Mosty sl Small o laree Homocelule | o ot st

Itaquixylon gen. nov. Solitary to multiple Small Homocellular 1-4 :sg:;;i;};?l d\i/;ifsli::ntric scanty, i‘::;fg;?é
rays and septate fibres (Tab. 2). Moreover, Adenantheroxylon arrangement (Tab. 2). A comparison with the fossil-genus
and Acacioxylon differ from the fossil here studied by the Albizzioxylon was impossible, due to incomplete anatomical
presence of homocellular rays, 1-3 seriate and by parenchyma information.
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In South America, the fossil wood record of the subfamily
Mimosoideae is represented by the fossil-genera Mimoso-
xylon, Tetrapleuroxylon, Paracacioxylon, Piptadenioxylon,
Menendoxylon, Anadenantheroxylon, Prosopisinoxylon, Micro-
lobiusxylon, Paraalbizioxylon, Zygiaxylon, Abaremaxylon and
Cylicodiscuxylon. Moreover, Bolzon (1999) described three
new fossil-genera (Santanoxylon, Quaraoxylon, Ramboxylon)
related to Mimosoideae. However, according to the Inter-
national Code of Nomenclature (ICN) for algae, fungi, and
plants (McNeill et al. 2012), these fossil-genera attributed to
Mimosoideae have to be considered as nomina nuda, since the
description of these fossil-taxa is part of an unpublished
doctoral thesis (Tab. 2).

The fossil-genera Paraalbizzioxylon and Paracacio-
xylon differ from the fossil here investigated by the
presence of homocellular rays, 1-6 seriate, small and
medium size intervascular pitting and septate to non-septate
fibres (Tab. 2). Prosopisinoxylon differs from the fossil here
investigated by the presence of vessels of two distinct
diameters, small to medium-sized intervascular pitting and
homocellular rays 1-9 seriate (Tab. 2), while Piptadenio-
xylon differs from the fossil here studied by the presence of
homocellular rays 2—3 seriate (Tab. 2). The fossil-genera
Mimosoxylon and Menendoxylon differ from the fossil by
the presence of small to medium-sized intervessel pitting,
homocellular to heterocellular (heterocellular only rarely in
Mimosoxylon) rays 1-3 seriate and by parenchyma pattern
(Tab. 2), while Cylicodiscuxylon differs from the fossil
studied by the presence of small to medium-sized interve-
ssel pitting, exclusively homocellular rays 1-3 seriate and
parenchyma arrangement (Tab. 2). Anadenantheroxylon,
Abaremaxylon, Zygiaxylon differ from the fossil studied by
the presence of small to medium-sized intervessel pitting,
exclusively homocellular narrow rays and parenchyma
arrangement (Tab. 2). Moreover, the fossil-genus Tetra-
pleuroxylon differs from the fossil studied by the presence
of medium-sized intervessel pitting, homocellular, weakly
heterocellular 1-5 seriate rays, and by parenchyma arran-
gement (Tab. 2).

The fossil woods described by Bolzon (1999) and the
fossil wood described here are from the same region of the
Rio Grande do Sul State, the southernmost part of Brazil.
They were extracted from a similar depositional environ-
ment which might present similar or at least comparable
age. The three fossil-genera proposed by Bolzon (1999),
Quaraoxylon, Ramboxylon and Santanoxylon are similar to
each other, with predominantly solitary vessels, alternate
intervascular pitting, homocellular rays 1-3 seriate and
libriform non-septate fibres, differing in intervascular
pitting size and parenchyma type (Tab. 2). The fossil
studied here differs from Ramboxylon, Santanoxylon and
Quaraoxylon in particular by the presence of exclusively
well-defined heterocellular rays 1-4 seriate, exclusively
small intervascular pitting and by parenchyma arrangement
(Tab. 2).

Although the fossil wood studied here shares anatomical
elements with the fossil Mimosoideae fossil-genera that
have already been described, the unique set of anatomical
characters and the presence of exclusively heterocellular
rays, allow the erection of the new fossil-genus and
fossil-species ltaquixylon heterogenum from the Pleisto-
cene of the Rio Grande do Sul State in Brazil.

Final remarks

Silicified angiosperm fossils from the Cenozoic of South
America are abundant, and several species related to
Fabaceae have been described based on wood anatomical
patterns, demonstrating that this family had a relatively high
palacobiodiversity (i.e. species richness) during this time
(Pujana et al. 2011). The family is widely distributed in South
America, ranging from the southernmost region of Patagonia
to northern Colombia, and is mostly represented by fossil
wood from the subfamily Mimosoideae (61%) rather than
Caesalpinioideae and Papilionoideae (39%) (Pujana et al.
2011, Moya and Brea 2015). In Rio Grande do Sul Cenozoic
fossil woods, assigned to the Touro Passo Formation, have
been known for more than two decades (Bolzon et al. 1991,
Bolzon 1997, 1999, Pires and Da Rosa 2000, Bolzon and
Marchiori 2002). Until now only four fossil-species and three
fossil-genera of Fabaceae (Santanoxylon marchiorii, S.
guerrasommeri, Quaraoxylon gracillis, Ramboxylon sanpe-
drensis) are known from Rio Grande do Sul (Bolzon 1999).
However, these fossil genera are invalid, since their formal
and nomenclaturally valid descriptions have still not been
published in the scientific literature.

The fossil wood investigated here shows anatomical
characters which are related to the Fabaceae, especially to
the subfamily Mimosoideae. Due the unique combination
of anatomical characteristics, especially the well-defined
heterocellular rays, the fossil studied here differs from all the
Mimosoideae fossil woods described until now, and thus is
interpreted as the new fossil-taxon ltaquixylon heterogenum
gen. nov. et sp. nov. According to Baretta-Kuipers (1981),
the presence of heterocellular rays is not a common
characteristic of the subfamily Mimosoideae, since ray
heterogeneity is considered as an anatomical character related
to the low ray specialization, and probably assigned to a more
primitive group. However, the frequent occurrence of hete-
rocellular rays is well documented in the scientific litera-
ture in extant Brazilian Mimosoideae, such as M. daleo-
ides, M. eriocarpa, M. pilulifea, M. incana, M. sparsa, M.
micropteris, M. flocculosa, M. ramulosa and M. parvipinna
(Marchiori 1982, Carnieletto and Marchiori 1993, Maccari
and Marchiori 1994, Marchiori 1996a, Marchiori and Muniz
1997a, Pereira et al. 2013, 2014, Tomasi et al. 2015, Machado
and Marchiori 2016).

Pires and Da Rosa (2000) identified the permineralization
agent of the wood described herein as opal-CT using
X-ray-diffraction. This mineral corresponds to a form of
silica, with crystallinity intermediate between opal, cristo-
balite and tridymite (Brindley and Brown 1980). The
fossilization of the wood described here corroborates the
observations made by Buurman (1972) and Mussa and
Coimbra (1984), who concluded that the degree of
preservation of cellular structures in opalized fossils is higher
than in specimens with quartz microcrystalline structure.
The horizontal position of the wood in the polycyclic
conglomerate, which represents a high-energy depositional
system, as well as the absence of phloem and external cortex,
indicates transport prior to deposition and thus allochthonous
deposition. Moreover, the presence of well-defined grow
rings suggests that ltaquixylon heterogenum probably
grew in an environment with marked seasonality (see
Schweingruber 1996). However, considering that only a
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single fossil was discovered and studied, and the allocht-
honous condition of the fossil, we cannot infer meaningful
palacoclimatic patterns.

This fossil wood adds another fossil-taxon to the
Fabaceae subfamily Mimosoideae, and supports previous
records which demonstrated the presence of the family in the
Pliocene — Pleistocene of Rio Grande do Sul State based on
fossil wood (e.g. Bolzon 1999) and pollen (Behling et al.
2005).
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Explanations of the plates

PLATE 1

Wood anatomical details of ltaquixylon heterogenum gen.

nov. et sp. nov.

Cross sections

1. Small core with fractures incrusted by quartz; distinct
growth rings and diffuse porosity.

2. Solitary to multiple vessels, some of them with tyloses
(arrow indicates twin vessel).

3. Detail of vessels with scanty paratracheal and vasicentric
axial parenchyma (arrow).

Tangential section

4. Small alternate vestured intervessel pits.

5. Detail of the alternate vestured intervessel pits, with
lenticular aperture (arrow).

Cross section
6. Presence of tyloses (arrow).

PLATE 2

Wood anatomical details of ltaquixylon heterogenum gen.

nov. et sp. nov.

Tangential sections

1. Uniseriate (low and narrow rays) and biseriate rays
(arrow).

2. Rectangular axial parenchyma cells directly adjacent to a
vessel (arrow).

3. Detail of rays.

Radial sections

4. Heterocellular ray with one or two rows of square/upright
marginal cells.

5. Detail of the heterocellular ray showing prismatic crystals
(arrow).

6. Detail of prismatic crystal in the marginal square ray cells
(arrow).
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Abstract

Distribution and abundance of charcoal in coal seams (in form of pyrogenic macerals of the
inertinites group) have been considered as a reliable tool to interpret the local and regional
palaeo-wildfire regimes in peat-forming depositional environments. Although the occurrence
of inertinites is globally well documented for the Late Palaeozoic, the description of palaeo-
botanical evidence concerning the source plants of such charcoal is so far largely missing.
In the present study, we provide the first detailed analysis of macro-charcoal preserved in
the Barro Branco coal seam, Rio Bonito Formation, Cisuralian of the Parana Basin, Santa
Catarina State, Brazil. Charcoal, in form of macro-charcoal and inertinites, was documented
in all the six coal-bearing strata that compose the succession, confirming the occurrence of
recurrent palaeo-wildfires during its deposition. Reflectance values indicated a mean char-
ring temperature reaching ~515°C (and up to 1,045°C in excess) and the macro-charcoal
exhibits anatomical features of secondary xylem of Agathoxylon. Combination of results
derived from palaeobotanical and petrological data demonstrates that gymnosperm-domi-
nated vegetation was repeatedly submitted to fire events and reinforced the hypothesis that
Gondwanan mires were high-fire systems during the Cisuralian.

Introduction

The distribution and abundance of fossil charcoal in coal seams, which is well documented for
the Late Palaeozoic in form of pyrogenic inertinites [1], is a reliable tool to understand palaeo-
wildfire events and interpret certain palaeoenvironmental conditions of the original peat-
forming systems [2, 3]. However, compared to coal petrological studies on inertinites, studies
on palaeo-wildfire records based on palaeobotanical evidence (like anatomical analysis of
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charcoal) are still scarce for Gondwana, where entire Permian lithostratigraphic units have not
been examined so far [1, 4, 5, 6].

For the Parana Basin in Brazil, known macro-charcoal occurrences are mostly restricted to
the southernmost levels of the Triunfo Member, a basal package of the Early Permian Rio
Bonito Formation [4, 7, 8]. Except for some reports for the Bonito coal seam [4, 9], so far, the
younger Paraguacu and Sideropolis Members of the Rio Bonito Formation have not been stud-
ied in detail to examine the presence of macro-charcoal remains.

In the present study, we provide the first detailed description of macro-charcoal from the
Barro Branco coal seam, Siderdpolis Member of the Rio Bonito Formation. Besides providing
anatomical descriptions and interpreting taxonomical affinities, we compared the presence of
macro-charcoal remains to coal maceral contents in each studied carbonaceous level, aiming
to demonstrate the importance of combining methods for a reliable reconstruction of palaeo-
wildfire occurrences in peat-forming vegetation through the Late Palaeozoic in Gondwana.

Geological context

The Parana Basin (Fig 1A) is an extensive intracratonic sedimentary basin covering
~1,700,000 km?, of the central portion of South America. The basin floor subsidence, associ-
ated with Palaeozoic and Mesozoic sea-level variations, generated six second-order super
sequences deposited from the Ordovician to the Late Cretaceous. The major Palaeozoic trans-
gressive-regressive cycles are exposed in the Rio Ivai (Ordovician-Silurian), Parana (Devo-
nian), and Gondwana I (Carboniferous-Early Triassic) supersequences, including the
Cisuralian coal-bearing strata of the Rio Bonito Formation [10, 11].

The Rio Bonito Formation has been formally divided into three lithostratigraphic members,
named from the base to the top as Triunfo Member, Paraguagu Member and Sideropolis
Member [12]. The Triunfo Member is composed of coastal and fluvial sandstones as well as
coal deposits, the Paraguacu Member comprises mudstones, coal deposits and fine-grained
marine sandstones, and the Siderdpolis Member consists of coastal and fluvial sandstones and
coal deposits [12, 13].

At the south-eastern part of the distributional area of the Rio Bonito Formation, the Sidero-
polis Member contains the thickest coal seams, which are informally named, from the base to
the top, as Bonito, Ponte Alta (A and B), Irapua, Barro Branco and Treviso coal seams [14, 15]
(Fig 2A). These were formed in an estuarine-barrier shore-face depositional context, and peat
accumulation occurred during high stand system tract (Bonito), low stand system tract (Ponte
Alta A and B) and transgressive system tract (Irapua, Barro Branco and Treviso) [15].

The Barro Branco coal seam is composed of a coal layer (informally named as Banco) at the
base, siltstones and sandstones, interbedded with thin coal layers (informally named as Coringa or
Quadragdo) at the middle, and a carbonaceous layer of variable thickness (informally named as
Forro) at the top. The seam has been extensively exploited and has a wide and continuous geo-
graphical distribution, with an average thickness ranging from 1.66 to 2.27 m. However, its net
coal contents are less thick (0.47 to 1.40 m) due to interbedded levels of shales and siltstones [15].

Considering sequence stratigraphy as well as palaeontological and lithostratigraphic crite-
ria, the Rio Bonito Formation was divided into two third-order sequences (LPTS-3 and LPTS-
4) [13]. The Sideropolis Member was included in the LPTS-4 sequence and an Artinskian age
for the coal seams was suggested [13].

Material and methods

The material was collected at the Porongos outcrop, located in the municipality of Lauro
Miiller, Santa Catarina state, Brazil, at the coordinates 28° 25’ 21.4” S 49° 26’ 24.0” W (Fig 1B).
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Fig 1. Location of the Parana Basin and Porongos outcrop. A) Simplified geological map of the Parana Basin, showing the major tectonic elements and
indicating the studied locality (adapted from [11]). B) Geographical position of the Porongos outcrop and adjacent areas.

https://doi.org/10.1371/journal.pone.0213854.9001

Overlying a medium-grained sandstone (0.40 m), the Barro Branco coal seam is exposed as a
2.85 m succession consisting of 6 carbonaceous levels, each only a few centimetres thick
(named here as Carbonaceous 1-6) interbedded by 5 medium-grey siltstones (Fig 2B).

In the field, 10 hand samples were collected from each outcropping level and taken to the
Laboratério de Paleobotdnica e Evolugio de Biomas, Museu de Ciéncias, Universidade do Vale
do Taquari-Univates (LPEB/MCN/Univates) for analysis under stereomicroscope (Zeiss Stemi
2000-C). Plant remains exhibiting characteristics of macro-charcoal (> 2.0 mm; black colour;
silky lustre and; black streak on touch) [16, 17, 18], were mechanically extracted with the aid of
forceps and needles. Subsequently, the plant remains were mounted on stubs with adhesive
tabs, coated with gold, and investigated under Scanning Electron Microscope (SEM-Zeiss
EVO LS15) at the Parque Cientifico e Tecnoldgico do Vale do Taquari (TECNOVATES-
Univates).

Anatomical features were measured with the use of the software ImageJ [19] from digital
images. All the macro-charcoal and inertinite bearing rock samples collected are stored in the
LPEB/MCN/Univates Palaeobotanical Collection under accession numbers PP UMCN1163-
1168.

Maceral and reflectance analyses were conducted on the macro-charcoal containing sam-
ples at the Laboratério de Andlise de Carvdo e Rochas Geradoras de Petréleo of the Universidade
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Fig 2. Stratigraphy of the Rio Bonito Formation and stratigraphic column of the Porongos outcrop. A) General stratigraphical framework of the Rio
Bonito Formation in Santa Catarina state (adapted from [15]). B) Stratigraphical column of the Porongos outcrop showing the six macro-charcoal bearing

layers.

https://doi.org/10.1371/journal.pone.0213854.9002

Federal do Rio Grande do Sul (UFRGS) by using the standard preparations for optical analysis
[20]. The maceral analysis was based on 500 observation points [21] and classified according
to the International Committee for Coal Petrology [22, 23, 24] standards. The reflectance val-
ues were determined according to [25] and charring temperature was estimated based on the
inertinite reflectance average, calculated by the mathematical formula [°C = 184 + 118 x (light
reflectance %)] [26].

Results

Macro-charcoal overview

Macro-charcoal, ranging between 3-49 mm in width and 5-111 mm in length, was recovered
from each of the six carbonaceous levels exposed at the Porongos outcrop (Fig 2B). The frag-
ments show slightly abraded edges (Fig 3A) and are impregnated by pyrite (Fig 3B). Compres-
sion is slight and no Bogenstrukturen could be observed. No macro-charcoal was found in the
greyish siltstones.
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Fig 3. Overview of the macro-charcoal remains from Porongos outcrop. A) Fragment showing slightly abraded edges (sample PBUMCN 1167). B) Macro-
charcoal impregnated by pyrite (fragment extracted from PBUMCN 1165). C) Well-preserved anatomical details (fragment extracted from PBUMCN 1168).
D) Homogenized cell walls (fragment extracted from PBUMCN 1165).

https://doi.org/10.1371/journal.pone.0213854.9003

Macro-charcoal anatomy

Under SEM, the fragments show well-preserved anatomical details (Fig 3C) as well as homoge-
nized cell walls (Fig 3D). It was possible to differentiate three anatomical patterns named as
Porongos Charcoalified Wood Type 1, 2 and 3 (Table 1).

Porongos Charcoalified Wood Type 1 (S1 Fig). Pycnoxylic secondary wood with
16.7 um (11.3-21.1 pm) wide tracheids, showing 1-2 seriate, sub-oppositely to alternately
arranged pitting. Pits are bordered and contiguously distributed, ranging in shape from ellipti-
cal with 6.4 um (4.3-9.6 um) in width and 5.2 pm (4.1-6.5 pm) in height, to narrow elongate
elliptical with 7.1 pm (5.3-10.1 pm) in width and 2.6 um (1.9-3.3 pm) in height. Apertures are
elliptical and damaged by charring. Axial parenchyma absent. Rays are homocellular and uni-
seriate, 2-7 cells in height. Ray-cells are apparently procumbent and 24.6 um (17.8-31.9 um)
in height, with non-measurable width due the fragmentation. Cell walls are homogenized with
2.2 pm (1.2-3.3 pm) in width. Cross-field pits are inconspicuous, and growth rings are not vis-
ible. This charcoalified wood type occurs in carbonaceous levels 2, 4, 5 and 6.
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Table 1. Summary of the anatomical characteristics of the Porongos Charcoalified Wood Types 1, 2 and 3.

Wood tissue
Primary xylem
Tracheids width
Pitting

Pits

Homogenised cell wall
width

Secondary xylem
Taxonomic affinity
Axial parenchyma
Tracheids width
Pitting

Pits

Ray type
Ray width
Ray height
Ray cells

Cross-field pitting

Homogenised cell wall
width

Level of occurrence

Porongos Charcoalified Wood Type 2 (52 Fig). Pycnoxylic secondary wood, tracheids
20.1 pm (12.1-33 um) wide, exhibiting 1-4 seriate alternately arranged pitting. Pits are bor-

dered and contiguous to semi-contiguous, ranging in shape from circular with 4.5 ym (3.3-
6.5 um) in diameter, to elliptical with 5.8 pm (4.1-6.7 pm) in width and 3.6 um (2.9-4.5 pm) in
height. Apertures are damaged by charring and are not clearly visible. Axial parenchyma
absent. Rays with 3-12 cells in height and presence of radial parenchyma. Tangential view of
rays not observed. Ray-cells are procumbent with 22.7 um (17.5-29.9 um) in height and
75.9 um (50.3-98.5 pm) in width. Cross-field pitting is araucarioid, composed of 5-8 pits
[10.8 um (7.9-12.5 pym) in width and 7.6 pum (6.5-8.6 um) in height] per field. Cell walls are
homogenized with 1.9 um (1.3-2.9um) in width. Growth rings are not visible. This charcoali-
fied wood type occurs in carbonaceous levels 1, 5 and 6.

Porongos Charcoalified Wood Type 3 (S3 Fig). Wood exhibiting the transition between
primary and secondary xylem. Primary xylem containing tracheids with 19.9 um (14.4-

23.5 um) in width, showing contiguous narrow elongate scalariform pitting with 15.1 um (8.2-
22.6 ym) in width and 1.9 pm (11.1-3.9 um) in height. Secondary wood is pycnoxylic and
bears tracheids with 19.6 um (13.5-26.4 um) in width, exhibiting 1-2 alternately arranged seri-
ate pitting. Pits are bordered, ranging in shape from circular with 7.2 um (6.4-8.6 um) in
diameter, to elliptical with 8.1 pm (5.9-11.1 um) in width and 5.6 pm (4.7-7 pm) in height.
Apertures are damaged by charring and not clearly observable. Radial parenchyma. Tangential

view of rays is not seen. Ray-cells are procumbent with 26.4 um (21.9-30.7 um) in height and

92.4 um (79.4-105.7 um) in length. Cross-field pitting is araucarioid and composed of 5-8
alternately arranged bordered pits [6.7 um (4.1-8.7 pm) in width and 4.8 pm (3.6-5.5 um) in

Wood type 1

Non-preserved

Pycnoxylic
Agathoxylon sp.
Absent

16.7um (average)

1-2 seriate, sub-oppositely to
alternately arranged

Bordered, elliptical to narrow
elongate elliptical

Apparently homocelular
Uniseriate
2-7 cells

Apparently procumbent, 24.6um
(average) high

Non-preserved

2.2um

2,4,5and 6

https://doi.org/10.1371/journal.pone.0213854.t001

Wood type 2

Non-preserved

Pycnoxylic
Agathoxylon sp.
Absent

20.1um (average)

1-4 seriate, alternately arranged
Bordered, circular to elliptical

Homocelular
Non-preserved
3-12 cells

Procumbent, 22.7um (average) high, and
75.9um (average) in length.

Araucarioid, 5-8 pits per field
1.9um

1,5and 6

Wood type 3

Preserved

19.9um (average)
Contiguous, scalariform

Narrow elongate, with 15.1um (average) of width,
and 1.9um (average) high

2.2pum

Pycnoxylic
Agathoxylon sp.
Absent

19.6um (average)

1-2 seriate, alternately arranged
Bordered, circular to elliptical

Homocelular
Non-preserved
2-4 cells

Procumbent, 26.4um (average) high, and 92.4um
(average) in length.

Araucarioid, 5-8 pits per field
1.9um

3and 6
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Fig 4. Maceral content of the six carbonaceous levels of the Barro Branco coal seam studied site. Values available on S1 Table.

https://doi.org/10.1371/journal.

pone.0213854.9004

height] per field. Cell walls are homogenized and 2.2 pm (1.2-3.2 um) wide. Growth rings are
not visible. This charcoalified wood type occurs in carbonaceous levels 3 and 6.

Coal petrography

Carbonaceous Level 1. Organic content (57%) is mainly composed of macerals of the
vitrinite (26.8%) and liptinite (exclusively sporinite) groups (25%). The inertinite group is
composed of fusinite (0.6%), semifusinite (0.8%) and inertodetrinite (3.8%). Mineral content
(43%) is composed of clay (38.4%), pyrite (4.4%) and quartz (0.2%) (Fig 4). The reflectance
value of vitrinite ranges from 0.619% to 0.86% (average 0.727%) and the reflectance value of
inertinites ranges from 1.10% to 5.20% (average 2.00%) (Table 2).

Carbonaceous Level 2. Organic content (51%) is mainly composed of macerals of the
vitrinite (41.4%) and liptinite (exclusively sporinite) groups (4.2%). The inertinite group is
composed of fusinite (1.4%), semifusinite (2.2%) and inertodetrinite (2%). Mineral content
(48.8%) is composed of clay (35.6%), pyrite (13%) and quartz (0.2%) (Fig 4). The reflectance
values of vitrinite range from 0.558% to 0.853% (average 0.723%) and the reflectance values of
inertinites range from 0.9% to 6.6% (average 2.40%) (Table 2).

Carbonaceous Level 3. Organic content (87%) comprises macerals of the vitrinite
(61.8%) and liptinite (exclusively sporinite) groups (7.6%). The inertinite group is composed
of fusinite (3%), semifusinite (8.2%) and inertodetrinite (7%). Mineral content (12.4%) is com-
posed of clay (10%), pyrite (1.8%) and quartz (0.6%) (Fig 4). The reflectance values of vitrinite
range from 0.57% to 0.895% (average 0.753%) and the reflectance values of inertinites range
from 1.10% to 5.80% (average 2.79%) (Table 2).
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Table 2. Reflectance values of vitrinites and inertinites of the six carbonaceous levels studied. Carbonaceous level (CL), Average (Avg), Standard deviation (SD), Mini-
mum (Min), Maximum (Max) and number of measurements (n).

Level
CL1
CL2
CL3
CL4
CL5
CL6

Avg
0.727
0.723
0.753
0.692

0.77
0.791

Vitrinite reflectance (%) Inertinite reflectance (%) Charring temp. (°C)

SD Min Max n Avg SD Min Max n Avg Min Max
0.052 0.619 0.86 100 2.00 0.79 1.10 5.20 50 420 313 797
0.069 0.558 0.853 100 2.40 1.05 0.90 6.60 50 467 290 962
0.064 0.57 0.895 100 2.79 1.08 1.10 5.80 50 513 313 868
0.006 0.509 0.827 100 1.88 0.60 0.90 3.40 50 405 290 585

0.07 0.584 0.927 100 1.92 0.56 1.00 3.20 50 410 302 561
0.073 0.626 0.982 100 2.58 1.37 0.90 7.30 50 488 290 1,045

https://doi.org/10.1371/journal.pone.0213854.t1002

Carbonaceous Level 4. Organic content (6%) consists macerals of the vitrinite (2.4%) and
liptinite (exclusively sporinite) groups (2.6%). The inertinite group is composed of fusinite
(0.6%), and inertodetrinite (0.4%). Mineral content (94%) is composed exclusively of clay (Fig
4). The reflectance values of vitrinite range from 0.509% to 0.827% (average 0.692%) and the
reflectance values of inertinites range from 0.90% to 3.40% (average 1.88%) (Table 2).

Carbonaceous Level 5. Organic content (21%) contains macerals of the vitrinite (11.4%)
and liptinite (exclusively sporinite) groups (8%). The inertinite group is composed of fusinite
(0.6%), semifusinite (0.2%) and inertodetrinite (0.8%). Mineral content (79%) comprises clay
(76.4%) and pyrite (2.6%) (Fig 4). The reflectance value of vitrinite ranges from 0.584% to
0.927% (average of 0.77%) and the reflectance values of inertinites ranges from 1.00% to 3.20%
(average of 1.92%) (Table 2).

Carbonaceous Level 6. Organic content (57%) is mainly composed of macerals of the
vitrinite (36.2%) and liptinite (exclusively sporinite) groups (7.8%). The inertinite group is
composed of fusinite (2.2%), semifusinite (7.2%) and inertodetrinite (3.6%). Mineral content
(43%) is composed of clay (40.6%) and pyrite (2.4%) (Fig 4). The reflectance values of vitrinite
range from 0.626% to 0.982% (average 0.791%) and the reflectance values of inertinites range
from 0.90% to 7.30% (average 2.58%) (Table 2).

Discussion
Palaeoenvironment and taphonomy

High inertinite contents in coals have frequently been reported from several Cisuralian coal
deposits all over Gondwana (Fig 5) and in the Parand Basin coal seams contents are variable,
reaching >70% in some cases [1, 27, 28]. For the Barro Branco coal seam, a medium inertinite
value of 14.6% was reported [15].

Macro-charcoal occurrences are also increasingly being reported for Gondwana (Fig 5), con-
firming that fire was a significant component of many terrestrial ecosystems on this palaeo-con-
tinent during the Cisuralian [4, 5, 6, 29]. In general, the Late Palaeozoic is considered a high-fire
period of Earth’s history, as, due to considerably elevated atmospheric oxygen concentrations,
the ignition and spread of wildfires were primarily controlled by atmospheric composition and
not as during other periods by climate [2, 6, 30, 31, 32, 33, 34]. Under such conditions, fire
events would have been frequent events even in ever-wet biomes such as mires [2, 3, 6, 33].

The co-occurrence between high-inertinite contents and macro-charcoal has been demon-
strated in Gondwanan coal-bearing strata [4, 5], but analysis of both types of data for the same
samples are still rare. Examples of such analysis come from the Cisuralian deposits of the
Bonito mine I (Bonito coal seam, Rio Bonito Formation, Santa Catarina State, Brazil) [36] and
Dhanpuri Coal Mine (Barakar Formation, Sohagpur Coalfield, Madhya Pradesh, India) [6].
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Cisuralian (298 - 272 Ma)

30°N 30° N
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Charcoal Inertinite

Fig 5. Global distribution of sedimentary charcoal and inertinites during the Cisuralian. Dots represent the number of described charcoal occurrences by
basin and diameter varies according scale (detail of each occurrence in S2 Table and S3 Table). Map adapted from [35].

https://doi.org/10.1371/journal.pone.0213854.9005

Although a pyrogenic origin of fossil charcoal, or fusain, in clastic sediments as well as in coals
and lignites has been widely accepted for the northern continents [37, 38, 39], the origin of the
high-inertinite contents in the Permian Gondwanan coal-bearing strata remained an unresolved
matter of debate amongst many coal-petrologists and palaeobotanists. Using integrated methods,
it was demonstrated that the medium content of 42.2% inertinites in coals from the Dhanpuri
Coal Mine in India was coincident with the occurrence of macro-charcoal, indicating that palaeo-
wildfires reached the mire during the deposition of this peat [6]. The occurrence of macro-char-
coal in the six carbonaceous levels of the Porongos outcrop indicates that fire was a recurrent ele-
ment in the depositional system studied here. However, inertinite contents vary from 1.0% in
Carbonaceous Level 4 up to 18.2% in Carbonaceous Level 3 (= 7.4% medium).

Modern peat-forming environments are susceptible to surface or smouldering ground
wildfires, especially during seasons of severe drought or during longer periods of reduced
water tables [40, 41, 42, 43, 44]. Under these conditions, surficial burning of previously depos-
ited peat layers can be represented by a continuous layer of charred material [45]. Such surface
fires might ignite smouldering ground fires [46] and produce large quantities of charred
remains [17, 18]. Such continuous bands, rich in charred material, including abundant macro-
charcoal and inertinites have not been found in any of the six carbonaceous levels investigated
here. Therefore, in the studied area, there is no clear evidence to support an autochthonous
surface or a smouldering ground burning of peat-forming material inside the mire.
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The slightly abrasions observed on the edges of most macro-charcoal recovered from the
six carbonaceous levels might indicate that such charred material was transported into the
mire. This suggests that the fire events occurred some distance away from the place of final
deposition. As the size of the macro-charcoal remains investigated here ranges from fragments
of 3 mm x 5 mm to relatively larger fragments of 49 mm x 111 mm, they were transported
inside the depositional environment via hydraulic flow and not by wind [18, 47]. That water
transport may have resulted in a selective bias in favour of macroscopic charred wood remains,
as no other charred plant organs were recorded in the six carbonaceous levels studied here [17,
48]. This taphonomical interpretation is congruent with the high mineral content present in
all six carbonaceous levels, which suggest that the water influxes frequently transported sedi-
ments from an external source into the mire. Although macro-charcoal was transported by
water and wind might also have acted and transported the minor charcoal particles into or
within the mire. Such particles are petrographically represented by inertodetrinites, which are
present in all the six carbonaceous levels. These fine charcoal particles can be lifted into the air
and transported over the long distances, and might be formed by crown fires [17, 49, 50].

A reliable determination of the transport distance of the charred remains studied here is
difficult. In modern environments, the presence of macro-charcoal in forest soils as well as
lake and peat-forming deposits is usually considered as an indicator of a local wildfire event
[51, 52, 53, 54, 55, 56, 57]. As the fossil assemblages studied here are composed predominantly
of macro-charcoal remains (some of them of relatively large size), a hypautochthonous origin
for such charred material might be suggested. This interpretation may be supported by the
presence of only slight abrasions on the edges of the macro-charcoal from all six carbonaceous
levels, which suggest that these fossils were transported only over the short distances [58].
Therefore, it seems that these recurrent palaco-wildfires events occurred in the vicinity of the
Barro Branco coal seam peat-forming environment. The lack of charred remains in the mas-
sive shale levels might be the result of an absence of palaeo-wildfires during the deposition of
these sedimentary horizons or it might be a result of a taphonomical bias, since no other plant
fossil remains where documented in these sedimentary layers. However, it is well-know that
charcoal can be preserved in non-carbonaceous silty-grained sediments [18, 58].

Charring temperature and palaeo-wildfire classification

Experimental studies demonstrated that the reflectance values of charred plant tissues increase
with increasing of charring temperatures [18, 59, 60, 61, 62]. Therefore, reflectance values of
charcoal and inertinites have been used to estimate palaco-wildfire temperatures [3, 6, 60, 63,
64, 65]. The average of the inertinite reflectance values from the six carbonaceous levels studied
ranged from 1.88 (%) to 2.79 (%), and this indicates an estimated medium charring temperature
that range from 405 to 513°C for these recurrent palaeo-wildfires (Table 2). As the average of
the vitrinite reflectance values from the six carbonaceous levels are relatively low, ranging from
0,692 (%) to 0,791 (%) (Table 2), coalification did not affect inertinite reflectance [63]. However,
the maximum reflectance value of 7.3%, indicates a charring temperature of 1,045°C.

Traditionally, wildfires have been classified into surface, ground and crown fires [17, 46, 66,
67]. Surface fire burns dead plant material derived from litter as well as living shrubby and her-
baceous plants, and have a comparably low temperature [17, 46, 66, 68]. This type of fire pro-
duce most of the macro-charcoal [18], and might ignite smouldering ground fires, which burn
organic-rich soil layers beneath the surface litter at low temperatures [17, 46, 69] and can last
from days to years [70]. In contrast, crown fires have high temperatures, burn living vegetation
from canopy as well as understorey trees [17, 46, 66, 71], and produce less macro-charcoal
[18].
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As the charred remains from the six carbonaceous levels studied here were transported, an in-
situ observation of the depositional characteristics of these repeated wildfire events is not possible.
Therefore, it is difficult to classify the fire type that produced the charred materials as well as indi-
cate the fire intensity. However, maximum burning temperatures reached up to 1,045°C and sug-
gest that at least in some cases intensive heat acted on the wood. Based on the predominance and
relatively large size of the macro-charcoal remains in the six carbonaceous levels studied here, we
speculate that they are result of repetitive surface palaco-wildfires, as such a fire type produce
most of the macro-charcoal [18, 72]. However, high-temperature crown fires might have also
played a (subordinate) role in forming the macro-charcoal within the six carbonaceous levels.

Considering the taphonomical interpretation presented above, these charred remains pro-
duced by such palaeo-wildfires were transported and hydrodynamically sorted only over a
short distance into the mire. This might explain the low abundance of macro-charcoal and
inertinites in the six carbonaceous levels studied here, as not all charred remains produced by
these fires may have reached the mire. It has been suggested that much of the inertinites pres-
ent in Permian Gondwana coals resulted from low temperature surface palaco-wildfires [17].
Some of these palaeo-wildfires occurred outside the mire and may have been followed by
increased soil erosion, which could explain the high mineral content present not only in the
coal seams analysed here, but also in many other Permian Gondwana coal deposits [17].

Taxonomical affinities and palaeoecological considerations

Although the charcoalified remains exhibit exceptional well-preserved internal anatomical
details, due to their fragmentation and possible alterations at the time of charring, it is possible
to establish a general taxonomic affinity for them. In charcoalified wood types 1 and 2 only the
secondary xylem is preserved. In contrast, charcoalified wood type 3 exhibits part of the pri-
mary xylem, which is rarely preserved in Late Palacozoic Gondwana woods [73]. This pre-
served part is small, and therefore, it seems more appropriate to establish the taxonomic
affinity of charcoalified wood type 3 on the basis of secondary xylem, as more anatomical fea-
tures such as tracheid pitting, rays and cross-field pitting are preserved in this tissue.

The three wood types identified here are rather similar in their secondary xylem character-
istics and exhibit a typical gygmnospermous anatomical pattern. The major anatomical differ-
ences between the secondary xylem of charcoalified wood types identified here, is that wood
type 1 has tracheids with 1-2 seriate pitting and rays which are 2-7 cells high, while wood type
2 has tracheids with 1-4 seriate pitting and rays which are 3-12 cells high and wood type 3 has
rays with 2—4 cells high (Table 1). These charcoalified wood types may not represent natural
taxa, and it is quite possible that they are different morphological stages of distinct parts or
ontogenetic stages of the same taxon [74]

The presence of tracheids bearing contiguous uniseriate and alternate multiseriate bordered
pitting and the absence of axial parenchyma, allows for a generic classification of the secondary
xylem of three wood types as Agathoxylon Hartig [75, 76, 77]. This taxonomical definition is
more reliable for wood type 2 and 3 as both have araucarioid cross-field pitting, which is a typ-
ical anatomical pattern of Agathoxylon fossil wood secondary xylem [75, 76, 77]. This wood
anatomical pattern is widespread in Late Palaeozoic and Mesozoic deposits of different geo-
graphical regions of the both hemispheres [5, 73, 77, 78, 79, 80]. It is related to several gymno-
sperm groups such as Cycadales, Caytoniales, Glossopteridales, Cordaitales, Voltziales,
Ullmanniales, Cheirolepidiaceae and Araucariaceae [81, 82].

Macro-charcoal remains presenting secondary xylem with an Agathoxylon anatomical pattern
have already been reported from several Lower Permian coal-bearing deposits of the Rio Bonito
Formation [4, 7, 8, 83, 84]. In the Faxinal coalfield (a locality of the Rio Bonito Formation),
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macro-charcoal remains with such an anatomy occur in association with abundant Glossopteris
leaves, suggesting a biological connection between both [8, 84]. However, until now there is no
unequivocal evidence, which could definitively indicate that to which group or groups of gymno-
sperms these Agathoxylon-like charcoals from the Rio Bonito Formation might really belong.

As the charcoalified assemblages of the six carbonaceous levels studied here are composed
exclusively of the Agathoxylon type of wood, it is possible to infer that plants possessing such an
anatomical pattern were the most important components of the biomass responsible for the main-
tenance of these repetitive palaeo-wildfires. The uniformity of the vegetation in the charcoalified
assemblages of the six carbonaceous levels might suggest that these plants were well adapted to
grow in an environmental, experiencing the repeated and recurrent palaeo-wildfires events.

Fire-adaptation is an ecological-evolutionary trend, observed in modern environment vegeta-
tion that is submitted to regular wildfires [85, 86, 87, 88], and has been considered as a key-factor
in the evolution of Palaeozoic early conifers [89]. In the Faxinal coalfield, which can be considered
as a palaeoenvironment disturbed by palaeo-wildfires and volcanic activity [8, 90], the presence of
an abaxial trichome complex on Glossopteris pubescens leaves, a general xeromorphic feature of
leaves in a wide variety of taxa, has been mentioned as a possible mechanism providing insulation
against the heat produced by fire [91]. However, until now there is no clear evidence of any fire-
adapted morphological structure in wood remains from Rio Bonito Formation, and further dis-
coveries of fossil wood might shed some light about this complex ecological-evolutionary relation.

Conclusions

Based on the data and interpretations presented here, the following conclusions regarding the
charcoalified assemblages from the six Barro Branco coal seams can be drawn:

1. The presence of macro-charcoal as well as inertinites in all six carbonaceous levels, pro-
vide the first evidence of the occurrence of repeated palaco-wildfires during the deposition of
the Barro Branco coal seam.

2. These recurrent palaco-wildfires are related to the high palaeo-atmospheric O, concen-
trations proposed for the Lower Permian.

3. The macro-charcoal remains were transported inside the mire depositional system via
hydraulic flow, and such water transport may have resulted in a selective bias in favour of
charred wood remains. However, wind blow could also have acted and transported minor
charcoal particles (inertodetrinites) inside the mire.

4. A hypoautochtonous origin for the macro-charcoal of all six levels might be suggested,
and therefore, these repeated palaeo-wildfires events occurred in the vicinity of the Barro
Branco coal seam peat-forming.

5. The reflectance values from the inertinites of all six levels indicate an estimated charring
temperature reaching up to 1,045°C. This high charring temperature represents intense fire
acting in the depositional system.

6. The study of the macro-charcoal from the six carbonaceous levels indicates the presence
of secondary xylem with an Agathoxylon-like anatomical pattern.

7. The non-significant variation of the wood anatomy in the charcoalified assemblages
throughout the six levels suggest that gymnospermous plants bearing Agathoxylon-like sec-
ondary xylem were one of the most important components of the biomass responsible for the
maintenance of these recurrent palaeo-wildfires.

Supporting information

S1 Fig. Anatomical details of Porongos Charcoalified Wood Type 1. A, B and C) Tracheids
exhibiting 1-2 seriate sub-oppositely to alternately arranged pitting. B and C) Bordered pits
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with an elliptical to narrow elongate elliptical shape. B) Apertures damaged by charring pro-
cess, however apparently elliptical. D) Uniseriate rays with 2-7 cells in height. E) Homocellular
rays bearing apparently procumbent cells. F) Homogenized cell walls. All fragments were
extracted from rock sample PBUMCN 1168.

(TTF)

S2 Fig. Anatomical details of Porongos Charcoalified Wood Type 2. A and B) Tracheids
with 1-4 seriate alternately arranged pitting; pits are bordered ranging in shape from circular
to elliptical. C and D) Rays with 3-12 cells in height and presence of radial parenchyma. E)
Procumbent ray cells with araucarioid cross-field pitting composed of 5-8 pits per field. F)
Homogenized cell walls. Fragments (A, B, D, E and F) extracted from PBUMCN 1163, and
fragment (C) extracted from PBUMCN 1167.

(TIF)

S3 Fig. Anatomical details of Porongos Charcoalified Wood Type 3. A) Transition between
primary and secondary xylem. B) Primary xylem tracheids exhibiting contiguous narrow elon-
gate scalariform pitting, and homogenized cell walls. C) Secondary xylem tracheids exhibiting
1-2 alternately arranged seriate pitting; pits ranging in shape from circular to elliptical. D)
Rays with procumbent cells and presence of radial parenchyma. E) Araucarioid cross-field pit-
ting composed of 5-8 alternately arranged bordered pits per field. F) Secondary xylem homog-
enized cell walls. Fragments (A, C, D, E and F) extracted from rock sample PBUMCN 1165,
and fragment (B) extracted from sample PBUMCN 1168.

(TIF)

S1 Table. Maceral content of the six carbonaceous levels of the Barro Branco coal seam
studied site.
(DOCX)

S2 Table. Published records of charcoal in Lower Permian. Data based on [1,2,3,4], and
additional sources not mentioned in these previous compilations.
(DOCX)

S3 Table. Published records of inertinites in Lower Permian coals. Data based on
[1,2,3,4,5], and additional sources not mentioned in these previous compilations.
(DOCX)
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Abstract

Fossil charcoal is usually considered as the most reliable tool for the recognition of palaeo-
wildfires. In the present communication, we provide the first detailed description of macro-
charcoal from the Itararé Group, Parana Basin, Brazil. These fragments were transported prior
to final deposition and only limited anatomical details are recognizable, preventing a
taxonomical establishment. As a Pennsylvanian age is assumed for the Itararé Group, these
macro-charcoals probably represent the first unequivocal macroscopic evidence of palaeo-
wildfires for the Carboniferous of Gondwana. Further discoveries of macro-charcoals in the
Itararé Group as well as in contemporaneous deposits from other regions of Gondwana, are
necessary to shed a light on the fire dynamics during the Late Palaeozoic Ice Age.
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1. Introduction

Fire is a rapid oxidative reaction that has an important influence on the dynamics,
modification and evolution of terrestrial vegetation ecosystems, at least since the Late Silurian
(Glasspool et al., 2004; Bowman et al., 2009; Pausas and Keely, 2009). Macro-charcoal, which
is produced during combustion of vegetative matter, is a widely used tool to reconstruct palaeo-
wildfires during Earth's history (Scott, 2010).

For the Early Permian of the Parana Basin (Rio Bonito Formation) and also for other
areas of Gondwana there is an increasing number of reports of macro-charcoal demonstrating
that palaeo-wildfires were common events in many ecosystems during this period on the
southern continent (e.g. Mendonca-Filho et al., 2013; Degani-Schmidt et al., 2015; Manfroi et
al., 2015; Jasper et al., 2011, 2013, 2016, 2017). However, there are still large stratigraphic gaps
in our knowledge about the occurrence of palaeo-wildfires during the Late Palaeozoic in the
Parana Basin and so far no such data have been provided from the sediments of the Itararé
Group in this basin.

The Itararé Group deposits represent the glaciation and deglaciation stages of the Late
Palaeozoic Ice Age in the Parana Basin (e.g. Rocha-Campos et al., 2008). In the present study,
we provide the first detailed description of macro-charcoal preserved in deposits of the Itararé
Group at the Barrocada outcrop, Cachoeira do Sul municipality, Rio Grande do Sul state,

southernmost portion of the Parana Basin, Brazil (Fig. 1a).

2. Geological setting

The Parana Basin is a large intracratonic basin, which covers the southern-central part
of Brazil as well as parts of Argentina, Uruguay and Paraguay. Milani et al. (1998) divided the
basin into six supersequences defined as Rio Ivai (Ordovician/Silurian), Parana (Devonian),

Gondwana | (Carboniferous/Early Triassic), Gondwana Il (Late Triassic), Gondwana IlI
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(Jurassic/Early Cretaceous) and Bauru (Late Cretaceous). The three first supersequences
represent major transgressive-regressive cycles of the Palaeozoic Sea, while the other ones
comprise continental sedimentary successions and Mesozoic magmatic rocks (Milani et al.,

1998, 2007).

According to Cagliari et al. (2014), the Barrocada outcrop located in the southern Parana
Basin is inserted in the Gondwana I supersequence and is stratigraphically characterised by two
major lithological intervals. The lower interval is assigned to the Itararé Group and is mostly
composed of dark grey siltstones and rhythmites with dropstones, deposited in a glacial-
influenced environment. The upper interval corresponds to the Rio Bonito Formation and
comprises conglomerate, arkosic and quartz sandstones, siltstones, carbonaceous siltstone, and
coal, deposited in coastal and shallow marine environments. Two ash-fall layers occur
interbedded with the carbonaceous siltstone and coal-bearing deposits inserted in the middle

portion of the Rio Bonito Formation at the Barrocada outcrop (Fig. 1b).

Radiometric dating indicates that the Rio Bonito Formation ash-fall layers preserved at
the Barrocada outcrop were deposited between Sakmarian and Kungurian (Cagliari et al.,
2014). In the vicinities of the Barrocada outcrop, Cagliari et al. (2016) radiometrically dated an
ash-fall horizon from the uppermost portion of the Itararé Group and another from the Rio
Bonito Formation, and the age obtained by the authors was Kasimovian—Moscovian for the first
and Ghzelian—Asselian for the latter. A recent reevaluation of the Rio Bonito Formation U-Pb
framework in the southern portion of the Parana Basin indicates an Asselian age for this
lithostratigraphic unit and suggest that Itararé Group glaciation and terminal deglaciation in this

region have occurred during the Pennsylvanian (Griffis et al., 2018).
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3. Material and methods

Rock samples were extracted from a horizontally bedded mica-rich medium- to dark-
grey siltstone in the uppermost portion of the Itararé Group at the Barrocada outcrop (Fig. 1b).
The siltstone samples were investigated at the Laboratorio de Paleobotanica e Evolucdo de
Biomas of the Universidade do Vale do Taquari — Univates with the use of a stereomicroscope
(Zeiss Stemi 2000 - C), and a total of 22 wood remains were mechanically extracted with the
use of forceps and preparation needles. These fragments were mounted on stubs with adhesive
tabs, coated with gold, and anatomically investigated under a Scanning Electron Microscope
(SEM - Zeiss EVO LS15) at the Parque Cientifico e Tecnoldgico do Vale do Taquari
(TECNOVATES) of the Universidade do Vale do Taquari — Univates.

The studied material is stored in the Palaeobotanical Collection of the Laboratério de
Paleobotanica e Evolucéo de Biomas, Museu de Ciéncias Naturais of the Universidade do Vale
do Taquari — Univates; the siltstone samples are stored under accession numbers PoUMCN
1186 to 1190, and the analysed stubs are stored under accession numbers SEMUMCN 044 and

045.

4. Results and discussion

All the investigated wood remains exhibit the following characteristics: black color and
streak on touch, splintery fracture, silky luster, size larger than 1 mm, preservation of internal
anatomical details, and homogenized cell walls (Fig. 2). These characteristics are considered as
diagnostic for macro-charcoal (e.g. Jones and Chaloner, 1991; Scott, 1989, 2000, 2010).
Therefore, the palaeobotanical material described here can unambiguously be interpreted as

macro-charcoal produced by palaeo-wildfire.
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Although by definition macroscopic (cf. Scott, 2010), the charcoalified fragments
documented here are small (Fig. 2a) and their size range from 2.5 x 7.4 mm to 3.2 x 12 mm.
The specimens are highly compressed and severely shattered, and their edges are abraded. The
latter could suggest transport over some distance prior to final deposition (e.g. Nichols et al.,
2000; Uhl and Kerp, 2003; Uhl and Montenari, 2011, Uhl et al., 2012), and the mechanical
stress experienced during such transport may have resulted in the fragmentation of these charred
wood remains. A possible reworking of the macro-charcoal fragments should not be completely
excluded, and they might originally belong to older deposits that are also related to the Itararé
Group. However, clear evidence of erosional reworking such as intraclasts and rip-up clasts

were not observed in the horizontally bedded siltstone from which the charcoal was extracted.

As the investigated macro-charcoal remains are very shattered and poorly preserved,
only limited anatomical details can be observed, and thus, it is not possible to establish a
taxonomic affiliation for them. In some specimens it is possible to observe shot-like holes in
the tracheids cell walls (Fig. 2d, e, ), which might have been produced by microorganism such
as fungal hyphae during the wood decomposition process (see El Atfy et al., in press, Fig. 1c,
d and f). As charcoal is highly resistant against biodegradation, these structures were probably

formed prior to charring (El Atfy et al., in press).

The macro-charcoal fragments described here, provide the first evidence for the
occurrence of palaeo-wildfires during the deposition of the Itararé Group in the Parana Basin.
Charcoalified remains have been reported from several Carboniferous deposits of the Northern
Hemisphere, indicating that palaeo-wildfires frequently occurred in the Euramerican
palaeoecosystems during this geological period (e.g. Nichols and Jones, 1992; Cunningham et
al., 1993; Scott and Jones, 1994; Falcon-Lang, 1999; Falcon-Lang, 2000; Uhl et al., 2004; Scott,
2000; Scott and Glasspool, 2006; Scott et al., 2010). This high-fire scenario is probably related

to the elevated palaeo-atmospheric concentrations of O reconstructed for the Late Palaezoic
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(e.g. Scott, 2000; Scott and Glasspool, 2006; Glasspool et al., 2015). However, in contrast to
the Northern Hemisphere, no detailed description of macro-charcoal was published for the
Carboniferous of Gondwana until now, and also reports of pyrogenic inertinites in
Carboniferous coal seams from Gondwana are extremely rare (e.g. Diessel, 2010). Assuming a
Pennsylvanian age for the Itararé Group (Cagliari et al., 2014, 2016; Griffis et al., 2018), the
macro-charcoal remains described here are probably the first unequivocal macroscopic

evidence for palaeo-wildfires for the Carboniferous of Gondwana.

So far, it is not possible to interpret whether the macro-charcoal assemblage represents
a single or more than one palaeo-wildfire event. Thus, nothing can be stated about the extent
and frequency of the palaeo-wildfires occurring during deposition of the Itararé Group. It is
only possible to state that the necessary environmental conditions for the occurrence of fire,
such as an ignition source, biomass and appropriate oxygen levels, were available during the
deposition of this lithostratigraphic unit. Further explorations in the field and discoveries of
charcoalified assemblages in the Itararé Group as wells as in contemporaneous deposits from
other regions of Gondwana are clearly necessary to understand the fire dynamics during the end

of the Late Palaeozoic Ice Age in the Parana Basin.

5. Conclusions

Based on the data presented above we can draw the following conclusions: (1) the
presence of macro-charcoal preserved in deposits of the Itararé Group at the Barrocada outcrop
provides the first evidence for the occurrence of palaeo-wildfire during the deposition of this
lithostratigraphic unit; (2) the macro-charcoal remains were probably transported over some
distance prior to final deposition; (3) necessary preconditions for the occurrence of fire, such
as an ignition source, biomass and appropriate oxygen levels, were available during the

deposition of the Itararé Group; (4) as a Pennsylvanian age is assumed for the Itararé Group,
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the macro-charcoal remains described here are probably the first unequivocal macroscopic
evidence for palaeo-wildfire for the Carboniferous of Gondwana.
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Figure captions
Figure 1. Location and profile of the Barrocada outcrop; (a) map showing the geographical
location of the Barrocada outcrop; (b) lithostratigraphic profile of the Barrocada outcrop.

Adapted from Cagliari et al., (2014).

Figure 2. Macro-charcoal remains from the Itararé Group. (a) small macro-charcoal fragment
in medium-grey siltstone (white arrow); (b) tracheids bearing circular pitting (white arrow); (c
and d) homogenized cell walls (white arrow); (d and e) shoot-like holes which might have been

produced by fungal hyphae activity; (f) detail of the shoot-like holes (yellow arrow).
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Figure 2
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8 CONSIDERACOES FINAIS

Com a finalidade de compreender os efeitos e 0s impactos das acgles
vinculadas ao intitulado “desenvolvimento humano” sobre o meio ambiente, é
necessario levar em consideracao a premissa de que 0s sistemas ndo sédo imutaveis
e, portanto, estdo sujeitos a variagées naturais. O entendimento destas dinamicas
passa, invariavelmente, pela analise de suas caracteristicas e por avaliacdes de base,
vinculadas aos varios ambientes. A vista disto, as pesquisas a respeito dos biomas
terrestres tém se retornado cada vez mais importantes para se compreender 0s
processos ambientais envolvidos na sua formacgédo, conservacdo e equilibrio. Da
mesma forma, observa-se que ocorre uma progressiva expansao de interesse para
discussfes que buscam esclarecer a evolugdo dos multiplos ambientes ao longo do

tempo geoldgico, nos diferentes regimes globais.

O entendimento dos processos ligados as mudancas ambientais ocorridas
durante o tempo profundo € fundamental para a compreenséo da evolucao do planeta.
Para tanto, é necesséria a integracdo de multiplas areas do conhecimento, a fim de
embasar a reconstrucdo de cenarios paleoambientais confiaveis que possam auxiliar
como ferramentas preditivas (ROYER et al., 2001). As oscilacfes climaticas globais
sdo um exemplo que podemos utilizar para construcado de abordagens integradas e
sistémicas dos ambientes atuais e pretéritos (LOMBARDO, 1994; TARDY, 1997). As
causas destas flutuacfes nos paleoambientes, por exemplo, sdo exclusivamente de
origem natural, viabilizando uma abordagem critica e comparativa dos meios
observados na atualidade (TARDY, 1997).

Um periodo de grande interesse para o estudo da interacdo entre clima e
vegetacdo, é o Permiano [entre + 298 e 252 milhdes de anos atras (GASTALDO et
al., 1996; RETALLACK, 2013). Conforme Gastaldo et al., (1996), este é o Unico
periodo da histéria da Terra que experimentou uma mudanca climética global
comparavel aquela que a Terra podera experimentar em um futuro préximo. Os
autores alegam que, por mais que as plantas do Paleozoico Superior e a geografia da
desse periodo foram completamente diferentes dos padrdes atuais, 0s taxa, a sua

distribuicdo geografica e a natureza das mudancas dessa vegetacdo podem servir
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como base para a compreensao dos eventos de transicdo global icehouse-

greenhouse.

Posto isso, a presente tese buscou algumas destas respostas por meio de
analises baseadas em caracteristicas preservadas em lenhos permineralizados e
carbonizados da Bacia do Parana e Parnaiba relacionados a diferentes idades para o

Gondwana.

A andlise quantitativa e qualitativa do crescimento de xilema secundario de
lenhos atuais e fésseis podem fornecer informacfes de alta resolucdo sobre os
ambientes atuais e pretéritos. O crescimento da madeira é influenciado por uma gama
de fatores abidticos e bidticos, entre os quais o clima tem um papel chave (e.g.
GERARDS et al. 2007; SCHWEINGRUBER, 1996; FALCON-LANG, 2000; BRISON et
al., 2001).

A partir disso, com o0 objetivo de avaliar as caracteristicas do crescimento
arboreo de plantas lenhosas da Bacia do Parnaiba, no trabalho de Benicio et al.,
(2016a), foram estudados 32 lenhos gimnospérmicos fosseis da Floresta Petrificada
do Tocantins Setentrional; destes, um total de 682 incrementos de crescimento foram
analisados usando padrdes de sensibilidade média e anual, para determinar a
influéncia climatica no crescimento destes lenhos. Os resultados obtidos a partir
destas analises permitiram o estabelecimento de zonas de crescimento preservadas
nos lenhos gimnospérmicos. Estas zonas de crescimento foram provavelmente
causadas por condi¢des climaticas, ou seja, periodos de alta precipitacdo alternados

com periodos de seca, de paleoambientes semiarido

Por meio das andlises microscépicas dos lenhos fésseis do Tocantins, foi
possivel observar que had uma auséncia clara de transicdo entre o lenho inicial e tardio
em todos os espécimes estudados, estes dados confirmam os resultados obtidos por
Pires et al., (2011), e, segundo Schweingruber (1996), tal padrédo de crescimento é

tipicamente caracteristico de arvores que crescem em regides aridas

Quanto as correlagcfes dos resultados de natureza geolégicas/paleontolégicas
obtidos por Benicio et al., (2016a),demonstrou-se que eles suportam interpretacoes
litologicas de um clima semiéarido a arido durante a deposi¢cdo da Formacao Motuca,
propostos por trabalhos publicados anteriormente (e.g. LIMA; LEITE, 1978; PINTO;
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SAD, 1986; GOES; FEIJO 1994; MATYSOVA et al., 2010).Além disso, essa
interpretacéo é reforcada pelo fato de os lenhos estudados serem permineralizados,
processo esse que geralmente envolve periodos com alta taxa evaporacdo
(TAVARES E ROHN 2009; MATYSOVA et al., 2010; TAVARES 2012).

Portanto, os resultados obtidos por Benicio et al., (2016a) demostraram que €
possivel correlacionar padrdes de crescimento em lenhos fosseis permineralizados

com as variacdes climaticas vigentes durante o ciclo de vida das plantas.

No Cenozoico do Rio Grande do Sul, lenhos fosseis atribuidos a Formacgéao
Touro Passo, sdo conhecidos hd mais de duas décadas (BOLZON et al., 1991,
BOLZON, 1997, 1999; PIRES; DA ROSA, 2000, BOLZON; MARCHIORI, 2002).
Entretanto, esses géneros fosseis séo invalidos, uma vez que suas descricbes ainda

nao foram publicadas na literatura cientifica.

Com o intuito de estabelecer afinidades taxondémicas e padrdes gerais e
especificos (xilotipos) para lenhos, Benicio et al., (2016b) investigaram um fragmento
lenhoso permineralizado pertencente a Formacdo Touro Passo (Plioceno-
Pleistoceno) do Rio Grande do Sul. Com base em um conjunto de analises dos
caracteres celulares preservados, um novo fossil-taxon foi descrito para a subfamilia
Mimosoideae. O fossil-taxon proposto foi nomeado de Itaquixylon heterogenum, por
diferir de todos os lenhos anteriormente estudados para essa unidade
litoestratigraficas (BOLZON, 1991, 1997, 1999). Em relacdo aos processos de
fossilizagcdo do fragmento estudado, este corrobora com observacbes feitas por
Buurman (1972) e Mussa e Coimbra (1984), que concluiram que o grau de
preservacao de estruturas celulares em lenhos opalizados € maior que em espécimes

preservados sob estruturas microcristalinos de quartzo.

Este fragmento lenhoso coletado estava incorporado a um conglomerado de
depdsitos de sistemas de alta energia, com floema e cortex externo ausentes. Com
base nisso, considerou-se que o fragmento sofreu transporte antes da deposicéo final.
A presenca de incrementos de crescimento bem definidos sugeriu que o Itaquixylon
heterogenum provavelmente cresceu em um ambiente com acentuada sazonalidade
(SCHWEINGRUBER, 1996). No entanto, considerando que apenas um Unico
fragmento féssil foi coletado e estudado, e sob condi¢cdes deposicionais aléctones,

nao foi possivel inferir padrbes palaeoclimaticos mais precisos. Entretanto, esta
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descricao amplia os registros de lenhos fésseis descritos por Bolzon (1991,1999) para

a formacéo Touro Passo (Plioceno-Pleistoceno) do Rio Grande do Sul.

Apesar de publicacBes prévias sobre o macro-charcoal e inertinitas para o
Gondwana da Bacia do Parana (e.g. JASPER et al., 2011, 2013, 2016; MENDONCA-
FILHO et al., 2013; DEGANI-SCHMIDT et al., 2015; MANFROI et al., 2015), existe
uma lacuna de andlises paleoboténicas acerca destes eventos para o paleocontinente
durante alguns intervalos geolégicos. Isto pode estar relacionado a necessidade da
analise integrada de dados, além da descoberta de novos registros de macro-charcoal
e inertinitas. Reconstrucdes paleoambientais classicas propostas para o
paleocontinente estdo, em sua maioria, baseadas exclusivamente em analises
petrogréficas, ficando evidente a lacuna de estudos paleobotanicos, como € o caso

do Cisuraliano do Gondwana (Figura 7).

Figura 7. Distribuicdo das descricdes de ocorréncia de paleoincéndios vegetacionais
durante o Permiano do Gondwana (Cisuraliano).

Cisuralian (298 - 272 Ma)

Charcoal Inertinite

Fonte:

(Benicio et al., submetido, a).
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Benicio et al., (submetido, a), analisaram fragmentos de macro-
charcoal/inertinitas para seis niveis do afloramento Porongos, norte da Bacia do
Parand. Isto demonstra que os paleoincéndios eram eventos recorrentes nesta bacia
sedimentar durante Permiano Inferior. Os dados de refletancia indicaram
paleoincéndios de baixas temperaturas, que provavelmente ocorriam mesmo em
ambientes humidos formadores de turfeiras, e que possivelmente estavam vinculados
aos altos teores de O2 paleoatmosféricos. Além disso, uma afinidade taxonémica com
0 padrédo do tipo Agathoxylon foi sugerida com base nas analises anatomicas dos
fragmentos carbonizados. A variacdo nao significativa da anatomia da madeira indica
gue as gimnospermas foram um dos componentes mais importantes da biomassa
responsavel pela manutencao destes paleoincéndios vegetacionais recorrentes para

o Permiano inferior da bacia do Parana

Considerando que o fogo depende de condi¢cdes ambientais adequadas para
gue a queima ocorra, € possivel afirmar que existiam condicbes necessarias para a
ocorréncia de paleoincéndios para o Grupo Itararé como fonte de ignicao, biomassa e
niveis adequados de oxigénio estavam disponiveis durante a deposicdo sedimentar
desta unidade litoestratigrafica (BENICIO et al., (submetido, b). Estes novos dados
ampliam o panorama de paleoincéndios vegetacionais para Gondwana, visto que
descricOes detalhadas ainda ndo foram documentadas para esta unidade geoldgica.
Considerando que o Pensilvaniano € marcado por uma glaciacdo e deglaciacao,
entender as dinamicas do fogo para este periodo, € uma importante contribuicdo
adicionando mais informacdes acercada dindmica do fogo nos paleoambientes ao

longo do tempo

Desta forma, a utilizacdo de macro-charcoal como proxy para a definicdo de
caracteristicas paleoambientais se constitui em uma ferramenta extremamente Uutil,
servindo ainda de suporte para inferéncias acerca da composi¢cao da paleoatmosfera
e da existéncia de fontes de ignicao (e.g. vulcanismo, descargas elétricas) (JONES,
CHALONER, 1991; GLASSPOOL e SCOTT, 2010; GLASSPOOL et al., 2015; BAKER
etal., 2017). Além disso, a correlacdo com informacdes de cunho geoldgico, permitem
inferir condicBes paleoambientais confidveis das condi¢cbes paleoatmosféricas e
paleoclimaticas vigentes dos sistemas em que esses registros foram preservados (e.g.
SCOTT, GLASSPOOL, 2006; MACDONALD et al., 1991; ABU HAMAD et al., 2012).

Portando, o estudo da anatomia de lenhos ou mesmo de qualquer registro fossil
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vegetal, como os descritos por Uhl et al., (2016), independente de sua idade e
localizacdo, constitui-se em ferramenta de grande valor para a definicdo dos

parametros paleoambientais.
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CONCLUSOES

Seguem as principais conclusdes, obtidas a partir da integracao dos resultados:

» As principais conclusdes advindas do estudo dos lenhos fésseis gimnospérmicos
da Floresta Petrificada do Tocantins Setentrional (FPTS) séo:

Pdde-se confirmar que o método de sensibilidade média e anual podem ser

usados para analises de lenhos fésseis com formacéo de zonas de crescimentos.

A formacéo de zonas de crescimento foi provavelmente causada por condi¢des
climaticas, em periodos de precipitacdo aperiodicos, intercalados com um periodo de

restricdo hidrica, em um paleoambientes de clima semiarido.

Os dados dendrologicos obtidos foram congruentes com modelos
palaeoclimaticos previamente estabelecidos por estudos anteriores para o Permiano
da (FPTS), com um clima de monc¢des caracterizado por marcada sazonalidade, e

chuvas aperiodicas com periodos marcadamente secos.

» A principal conclusdo obtida com a investigacdo do fragmento fassil

permineralizados pertencente a Formacao Touro passo, do Rio Grande do Sul foi:

O lenho fossil descrito como Itaquixylon heterogenum, adiciona mais um fossil-
taxon a Subfamilia Mimosoideae (Fabaceae), e corrobora na ampliacdo de registros

para essa Subfamilia no Plioceno-Pleistoceno do Rio Grande do Sul.
» As principais conclusdes alcancadas com as investigacdes de fragmentos fésseis

carbonizados de macro-charcoall/inertinita, para o Gondwana da Bacia do parana de

Santa Catarina e Rio Grande do Sul foram:
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A presenca de macro-charcoal dos seis niveis de carvdo investigados do
afloramento Porongos, fornecem a primeira evidéncia da ocorréncia de recorrentes
paleoincéndios vegetacionais durante os depésitos da camada de carvao Barro

Branco.

Estes paleoincéndios vegetacionais recorrentes estdo provavelmente
relacionados as altas concentracbes de O paleoatmosféricos, propostas para o

Permiano Inferior do Gondwana.

Os fragmentos de macro-charcoal foram transportados dentro do sistema
deposicional através do fluxo hidraulico, esse transporte pode ter resultado em uma
tendéncia seletiva em favor de restos de madeira carbonizada. No entanto, o
transporte eolico poderia ter atuado no transporte de pequenas particulas de macro-

charcoal (inertinitas) dentro da area fonte.

Uma origem parautoctones para os fragmentos carbonizados do afloramento
Porongos é sugerida e, portanto, esses recorrentes eventos ocorreram nas

proximidades dos ambientes formadores de turfa da Camada Barro Branco.

As analises detalhadas dos macro-charcoal para indicaram um padrdo
anatémico do tipo Agathoxylon. A variacdo néo significativa da anatomia da madeira
sugere que essas plantas gimnospérmicas com xilema secundario do tipo
Agathoxylon foram um dos componentes mais importantes da biomassa responsavel

pela manutencédo destes paleoincéndios vegetacionais recorrentes.

A confirmacédo da presenca de macro-charcoal preservados nos depdésitos do
Grupo Itararé, do afloramento da Barrocada fornecem a primeira evidéncia detalhada

de paleoincéndios vegetacionais durante a deposicdo desta unidade litoestratigrafica.

Os fragmentos carbonizados descritos para o Grupo Itararé sugerem que
provavelmente foram transportados antes da deposicdo final, e que condi¢cdes
necessarias para a ocorréncia de paleoincéndios, estavam disponiveis durante a

deposicao.

Se uma idade Pensilvaniano for suportada para os depdésitos do Grupo lItararé,
os fragmentos aqui descritos sdo provavelmente, a primeira evidéncia detalhada de

macro-charcoal para o Carbonifero do Gondwana.
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Indo-Brazilian Late Palaeozoic wildfires: an overview on
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Abstract

Sedimentary charcoal is widely accepted as a direct indicator for the occurrence of paleo-wildfires and, in Upper Paleozoic
sediments of Euramerica and Cathaysia, reports on such remains are relatively common and (regionally and stratigraphically)
more or less homogeneously distributed. On the contrary, just a few reliable records have been published for the Late Paleozoic
of Gondwana and only recently it has been demonstrated that macroscopic charcoals (and thus fires) were also common in
the southern continent during this period. The most important Gondwanan records are predominantly charred gymnosperm
woods mainly related to coal bearing strata. Late Paleozoic macro-charcoal occurs in both, the Damodar Basin (India) and
the Parand Basin (Brazil), demonstrating that paleo-wildfires were spread out in different sequences and distinct stratigraphic
intervals during this period in Gondwana. Based on the so far published records as well as new samples from the Seam-VI
coalfield, Raniganj Formation (Damodar Basin — Lopingian of India), an overview of the Late Paleozoic Indo-Brazilia

USP, Sér. cient., Sdo Paulo, v. 16, n. 4, p. 87-97, Dezembro 2016
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ANEXO B — Artigo publicado em coautoria (2016)
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Evidence of wildfires in the Late Permian (Changsinghian) Zewan
Formation of Kashmir, India
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The first record of palaeo-wildfire evidence in the form of charcoal is documented from the Late
Permian Zewan Formation of the Kashmir region, northwest Himalaya. This evidence is in the form of
fragments of tracheids that show homogenized cell walls, a charac- teristic feature of charcoal.
Considering that palaeo- wildfire studies provide important palaeoecological in- formation, the present
study is significant, as it allows reconstructing new information about environmental conditions during
the deposition of the sediments of the Late Permian Zewan Formation.

Keywords: Charcoal, Gondwana, Himalayan region, Late Palaeozoic, marine environment.

THE Tethyan realm has been globally accepted as a hub for geoscientific studies, and Kashmir — a part of north
west Himalayan region, in particular, has been considera- bly explored for its wealth of data on various
geoscien- tific aspects including stratigraphy, geochemistry and palaeontology of its Carboniferous, Permian
and Triassic sediments®. However, palaeo-wildfire studies have so far never been carried out for this area.
Although numerous Late Palaeozoic palaeo-wildfire
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Abstract Arborescent and sub-arborescent lycopsids are im- ! AN ;
supplementary material, which is available to authorized users.

portant floristic elements of the Brazilian early Permian post-

glacial environments. However, the taxonomy and systematic * André Jasper
position as well as the biology and ecology of these plants are ajasper@univa
poorly understood. The present study describes a remarkable tes.br

assemblage of Brasilodendron cf. pedroanum axes preserved in

the plant bearing sub-level N8b of the Morro do Papaléo 1 Universidade do Vale do Taquari — Univates, Lajeado, Rio
outcrop, Rio Bonito Formation, early Permian of the Parana Grande do Sul, Brazi
Basin, Rio Grande do Sul state, Brazil. These axes are mas- 2 Senckenberg Forschungsinstitut und Naturmuseum,
sively concentrated, without any preferential depositional ori- Frankfurt am Main, Germany
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entation, forming a monotypical assemblage. They are un-
branched and preserved as impressions. Three morphological
patterns, occurring on distinct axes, were described for leaf
cushions. This mass-assemblage is probably a result of alloch-
thonous deposition and hydraulic size-sorting. The massive
concentration of B. cf. pedroanum suggests that this fossil
taxon was an important floristic element somewhere in the

upstream area of the braided river system studied here..

Universidade Federal do Rio Grande do Sul, Porto
Alegre, Rio Grande do Sul, Brazil

Keywords Glossopteris flora  Western Gondwana

lycopsids Brasilodendron pedroanum  [eaf cushion

morphology Morro do Papaléo outcrop
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ANEXO D — Resumo expandido publicado (2015)
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ANALISE DENDROLOGICA QUALITATIVA EM LENHOS GIMNOSPERMICOS
FOSSEIS DA FLORESTA PETRIFICADA DO TOCANTINS SETENTRIONAL,
PERMIANO DA BACIA DO PARNAIBA

José R. W. Benicio?; Rafael Spiekermann?; Joseline Manfroi®; Etiene F. Pires?; Dieter
Uhl®; André Jasper®.

Resumo

O crescimento lenhoso é influenciado por uma gama de fatores biéticos e abiéticos, dentre os quais o clima é um fator
chave. Desta forma, andlises quantitativas e qualitativas de lenhos fosseis sdo uma importante ferramenta para a
compreensdo dos padrdes climaticos pretéritos. Considerando tal premissa, uma area de destague para estudos
paleoclimaticos baseados em padrées de crescimento lenhoso é a Floresta Petrificada do Tocantins Setentrional (FPTS).
Esta floresta é citada na literatura cientifica como uma das mais importantes associag6es lignofloristicas de paleobioma
subtropical do Hemisfério Sul. Parte desta floresta encontra-se preservada no Monumento Natural das Arvores Fossilizadas
do Tocantins (MNAFTO), uma unidade de conservacao integral, localizada na porcéo setentrional do estado brasileiro do
Tocantins. Geologicamente, esta floresta petrificada encontra-se inserida na Bacia doParnaiba, e os lenhos estudados no
presente trabalho estéo associados a Formagao Motuca, cuja idade inferida é permiana. A vista disto, o presente estudo
pretende inferir aspectos paleoclimaticos regionais durante o Permiano, por meio de dados proxy obtidos de analises de
lenhos fosseis de origem gimnospérmica, preservados na FPTS. O material analisado corresponde a 32 fragmentos de
lenhos oriundos de nove pontos de coleta localizados dentro e no entorno da unidade de conservagéo. Visando determinar
a influéncia climatica sob o crescimento lenhoso, foram confeccionadas laminas petrograficas e os detalhes anatdmicos
dos incrementos de crescimento foram investigados qualitativamente. Os resultados da investigagdo anatémica permitiram
estabelecer a presenca de zonas de crescimento nos lenhos gimnospérmicos. Estas zonas de crescimento provavelmente
se originaram em um paleoambiente semiarido com precipitagdes aperiédicas. Tal inferéncia coaduna com reconstrugdes
paleocliméaticas prévias paraa FPTS. Além disso os fragmentos fésseis coletados fora da &rea do MNAFTO demonstram que
esta unidade de conservacao ndo esta contemplando todo o potencial fossilifero desta floresta petrificada.
Palavras-chave: Gondwana, Dendrologia, Zonas de crescimento
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ANEXO E — Resumo publicado em coautoria (2015)
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Paleoincéndios vegetacionais no Permiano Inferior do Gondwana: uma
ferramenta para a compreensdo da evolucéo dos incéndios naturais

atuais.
Rafael Spiekermann-LL]
André Jasper-2]
Dieter Uhl [2]
José Rafael Wanderley Benicio-4]
Joseline Manfroi-L21

O fogo é uma expressao da vida na Terra, sendo que é esta que produz o oxigénio e 0s
hidrocarbonetos necessarios para a combustdo. Este elemento age com diferente
intensidade e frequéncia em diversos ecossistemas desde o advento das plantas vasculares,
sendo um fator chave na evolugdo dos biomas terrestres. Embora humanos sempre
conviveram com o fogo, a ubiquidade de incéndios vegetacionais incontrolaveis durante
as Ultimas décadas revelaram nosso limitado conhecimento cientifico sobre tal fenémeno.
Esta lacuna cientifica pode acarretar em sérios riscos futuros, uma vez que modelos
quantitativos apontam que um aumento na temperatura, relacionado as mudangas
climéticas globais, pode mudar dramaticamente a frequéncia dos incéndios vegetacionais
naturais. Considerando esta postulacéo, o interesse no entendimento da ecologia do fogo
tem aumentado e diversos estudos relacionados a incéndios vegetacionais vem sendo
desenvolvidos. Entretanto, para o pleno entendimento desta dindmica é necessario
compreender a acdo do fogo ao longo da histéria da Terra. A vista disto, uma importante
época geoldgica que deve ser considerada para o estudo da ecologia do fogo é o Permiano
Inferior, sendo que este experimentou uma transicdo climatica similar a qual a Terra em
breve poderd experimentar. Desta forma, visando compreender o cenério dos
paleoincéndios vegetacionais no Permiano Inferior gondwanico, uma criteriosa reviséo
bibliogréfica incluindo carvdo vegetal macroscépico e inertinitas, proxies para o estudo
dos paleoincéndios vegetacionais, foi realizada. Por meio desta revisdo foi possivel
observar um drastico aumento dos paleoincéndios vegetacionais em diferentes partes do
Gondwana durante esta época geoldgica. Considerando o elevado nivel de oxigénio
atmosférico e a existéncia de vegetacdo propensa ao fogo durante todo o Permiano
Inferior, este aumento de paleoincéndios pode estar associado a elevacdo de temperatura
global. Entretanto, em contraste a estudos de incéndios vegetacionais atuais, o estudo dos
paleoincéndios depende do registro fossil, o qual contem hiatos. Estes hiatos podem estar
relacionados a questdes tafondmicas ou a falta de pesquisas na area. Desta forma, para
reconstruir o panorama dos paleoincéndios vegetacionais durante o Permiano Inferior,
mais pesquisas e novos registros destes eventos Sao Necessarios.

Palavras-chaves: Carvao vegetal macroscopico. Inertinitas. Paleozoico superior.
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Successive PalaeowildfireseventsinRioBonito Formationlevels, LowerPermian,
Parana Basin

Manfroi, J*; Spiekermann, R?; Benicio, J.R.W?*; Guerra-Sommer, M?; Uhl, D3; Jasper, A!
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3: Senckenberg Forschungsinstitut und Naturmuseum e Senckenberg Center for Human Evolution and

Palaeoenvironment, Institut fir Geowissenschaften, Universitat Tubingen, Frankfurt, Germany

Integrated studies of paleontological and faciological nature, focused on the Quitéria outcrop, Rio
Bonito Formation - ParanaBasin, Rio Grande do Sul, Brazil, hasbeen generating significantdataforthe
understanding the of the development and deployment process of the wet biomes in the Lower
Permian of Gondwana. The outcropping section of the Quitéria outcrop is characterized by two
depositional intervals, which represent different conditions of a dynamic coastal system. The basal
interval, from light gray to dark gray in color, contains significant amounts of organic matter and is
characterized by fine levels of coal and carbonaceous shales. In contrast, the top interval, yellowish in
color, is characterized by clastic sediments and presents a singular fitofossil assemblage preservedin
a roof-shale level. It is inferred that an episodic deposit, associated with a washover system,
reconfigured the morphology of the depositional system, generating the relatively abrupt gradation of
a peatland system to a sandy soils poor in nutrients system. In previous studies related to the organic-
rich interval of the outcrop, the occurrence of macroscopic charcoal was described. Hovewer this
occurence was restricted to only one of the outcropping facies. Despite the relevance of previous
studies to confirm definitively the occurrence of Palaeowildfires in the Lower Permian of the Parana
Basin, in recent detailed analyses of the outcropping section, macroscopic charcoal fragments were
found in all exposed levels, including the roof-shale. In this way, this new data allow to infer that,
differently to what was thought until now, the palaeowildfires events in Quitéria outcrop depositional
systemwere successive, reaching constantandrecurrentlythe peatsand surrounding areasduringthe

Lower Permian.
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ANEXO G — Resumo publicado em coautoria (2015)
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) Modalidade: EXTENSAO

Area de conhecimento: Ciéncias Bioldgicas

Autor(es): Jéssica Meneghini, Thais Zeferino Laux, Rafael Spiekermann, Talyssa Valerius, Angélica
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CONHECENDO O SETOR DE BOTANICA E
PALEOBOTANICA DO MUSEU DE CIENCIAS NATURAIS
DA UNIVATES, LAJEADO-RS, BRASIL

Resumo: Criado em 1995, o Setor de Botanica e Paleobotanica do Museu de Ciéncias Naturais da UNIVATES
(SBP/MCN/UNIVATES) integra colegdes didaticas e cientificas de fosseis. O acervo didatico, com 930 exemplares,
objetiva suprir demandas especificas e agregar valor educativo as aulas praticas dos cursos de Ciéncias Bioldgicas da
UNIVATES, enquanto o acervo cientifico, com 1380 amostras atualmente, alberga material proveniente de diferentes
bacias sedimentares. Além de atender os cursos de graduacdo e 0 PPGAD/UNIVATES, a estrutura disponibilizada e as
colecdes suportam os projetos relacionados a paleoecologia e permitem a atuacdo de pesquisadores e bolsistas. O
principal foco das pesquisas realizadas no SBP/MCN/UNIVATES é o estudo de carvao vegetal (charcoal) macroscopico
como indicativo direto da ocorréncia de paleoincéndios vegetacionais. Além disso, o setor tem como objetivo ampliar
parcerias, incrementar acervos e atuar em novas ac¢des de investigacdo cientifica. O setor possui vinculos com outras
instituicGes de ensino superior e institutos de pesquisa nacionais e internacionais, viabilizando inser¢des na comunidade
cientifica. O SBP/MCN/UNIVATES cumpre as exigéncias de um nlcleo de pesquisa em paleobotanica, permitindo tanto
o estudo do patrimdnio fitofossilifero e a sua salvaguarda, quanto a formacao de recursos humanos especializados. Os
investimentos refletem o grande numero de pesquisadores ja formados e em formagé&o dentro das areas de interesse do
setor. Mesmo em processo de consolidacdo, seu principal objetivo - contribuir de forma significativa com a pesquisa
paleobotanica em seus diferentes niveis - vem sendo cumprido. Como consequéncia, espera-se constante crescimento e
ampliacéo dos objetos de estudo.

Palavras-chave: Acervo didatico e cientifico. Amostras significativas. Ampliacdo de estudos em paleontologia.
Colaboragéo entre institutos de pesquisa. SBP/MCN/UNIVATES.
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LENHOS GIMNOSPERMICOS FOSSEIS COMO PROXY
PARA INFERENCIAS PALEOCLIMATICAS DA FLORESTA
PETRIFICADA DO TOCANTINS SETENTRIONAL,
PERMIANO DA BACIA DO PARNAIBA, BRASIL

Resumo: O crescimento lenhoso é influenciado por uma gama de fatores bidticos e abidticos, dentre os quais o
clima é um fator chave. Desta forma, analises quantitativas e qualitativas de lenhos fosseis sdo uma importante
ferramenta para a compreenséo dos padrdes climaticos pretéritos. Considerando tal premissa, uma area de destaque
para estudos paleoclimaticos baseados em padrBes de crescimento lenhoso é a Floresta Petrificada do Tocantins
Setentrional. Esta floresta é citada na literatura cientifica como uma das mais importantes associaces
lignofloristicas de paleobioma subtropical do Hemisfério Sul. Parte desta floresta encontra-se preservada no
Monumento Natural das Arvores Fossilizadas do Tocantins, uma unidade de conservagéo integral, localizada na
porcdo setentrional do estado brasileiro do Tocantins. Geologicamente, esta floresta petrificada encontra-se
inserida na Bacia do Parnaiba, e os lenhos estudados no presente trabalho estdo associados a Formagao Motuca,
cuja idade inferida é permiana. A vista disto, o presente estudo pretende inferir aspectos paleoclimaticos regionais
durante o Permiano, por meio de dados proxy obtidos de anlises de lenhos gimnospérmicos fésseis preservados
na Floresta Petrificada do Tocantins Setentrional. O material analisado corresponde a 32 fragmentos de lenhos
fosseis oriundos de nove pontos de coleta localizados dentro e no entorno da unidade de preservacdo. Visando a
determinar a influéncia climética sob o crescimento lenhoso, 682 incrementos de crescimento foram investigados
em secdo plana, e dados quantitativos foram obtidos atraves do célculo de sensibilidade média e sensibilidade
anual, oriundos deste material. Além disso, ldminas petrograficas foram feitas e os detalhes anatdmicos dos
incrementos de crescimento dos lenhos foram investigados qualitativamente. Os resultados obtidos por meio das
analises estatisticas demonstraram que estas plantas eram sensitivas e cresciam em um ambiente oscilante. Além
disso, os resultados da investigacdo anatdmica permitiram estabelecer a presenca de zonas de crescimento nos
lenhos gimnospérmicos fosseis. Analises detalhadas destas zonas de crescimento, associadas aos resultados
estatisticos, permitiram a reconstrugdo de um clima semiarido com regime de mongdes, onde periodos de grande
precipitacdo eram sucedidos por severas secas. Esta inferéncia coaduna com reconstrucdes paleoclimaticas prévias
para a Floresta Petrificada do Tocantins.

Palavras-chave: Dendrologia. Paleoclimatologia. Paleozoico Superior. Gondwana. Gimnospermas.
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INFERENCIAS PALEOCLIMATICAS BASEADAS EM ANALISES DE CRESCIMENTO
LENHOSO DE GIMNOSPERMAS DA FLORESTA PETRIFICADA DO TOCANTINS
SETENTRIONAL, PERMIANO, BACIA DO PARNAIBA: RESULTADOS PRELIMINARES

JOSE RAFAEL WANDERLEY BENICIO*? TALYSSA VALERIUS!, ETIENE FABBRIN PIRES?, ANDRE JASPER!
'Setor de Botanica e Paleobotancia, Museu de Ciéncias Naturais, Centro Universitario UNIVATES; ® Laboratério de
Paleobiologia, Universidade Federal do Tocantins.
jose.benicio@universo.univates.br, tvalerius@universo.univates.br, etienefabbrin@uft.edu.br, ajasper@univates.br

A Floresta Petrificada de Tocantins Setentrional (FPTS) é citada na literatura cientifica como uma das
mais importantes associacdes lignofloristicas permianas de paleobioma Temperado Quente no
Hemisfério Sul. Esta floresta estd em partes preservadas pelo Monumento Natural das Arvores
Fossilizadas do Tocantins (MNAFTO), uma unidade de preservacdo integral localizada a nordeste do
Estado do Tocantins. Geologicamente, 0 Monumento esta inserido na Bacia do Parnaiba, sendo que
os afloramentos sdo atribuidos a Formacdo Motuca, de idade Permiano Superior. Os objetivos deste
trabalho foram: apresentar novos afloramentos fossiliferos para a area do Monumento e entorno, e
estabelecer a influéncia dos processos climaticos ocorridos durante o Permiano com a utilizagédo de
dados proxy obtidos através da anélise de elementos vegetacionais preservados na FPTS. O material
analisado correspondeu a 32 fragmentos de lenhos gimnospérmicos provenientes de nove pontos de
coleta de cinco diferentes fazendas localizadas dentro da area do parque. Foram feitas sessdes planas
e laminas petrogréaficas, para fins de determinacdo de padrdes climaticos com base no crescimento do
lenho, através da Sensibilidade Média e Sensibilidade Anual. Dos pontos amostrados, quatro sdo
considerados pontos inéditos de coleta, que aumenta a area de incidéncia dos fosseis na regiao,
contribuindo assim para 0 mapeamento da ocorréncia dos mesmos. Com relagdo as analises de
crescimento arboreo, os dados estatisticos foram obtidos de um total de 682 incrementos de
crescimento observados dentre os espécimes analisados. Os resultados preliminares apontam que a
sensibilidade média variou de 0.367 a 1.475, sendo que a média foi de 0.778. O valor minimo de
sensibilidade anual é 0.004 e o maximo é 1.749. Todos os espécimes mostram valores considerados
sensitivos, que indicam a vigéncia de um clima de mong6es caracterizado por marcada sazonalidade,
com chuvas fortes em periodos definidos. Durante o periodo seco, este tipo de clima pode apresentar
caracteristicas tipicas de regiGes semiaridas.
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SUPOSTO ESTROBILO DE LICOFITA DO AFLORAMENTO MORRO PAPALEO,
FORMAGCAO RIO BONITO, BACIA DO PARANA

R. SPIEKERMANN?, J. MANFROI*, J. R. W. BENICIO*, D. UHL?, A. JASPER*

'Centro Universitario Univates, Setor de Botanica e Paleobotanica, Museu de Ciéncias Naturais, Avenida Avelino
Tallini, n° 171, Bairro Universitario, CEP 95900-000 Lajeado, Rio Grande do Sul, Brasil; 2Senckenberg
Forschungsinstitut und Naturmuseum, Senckenberganlage 25, 60325 Frankfurt am Main, Germany.
rspiekermann@universo.univates.br, joselinemanfroi@universo.univates.br, jose.benicio@universo.univates.br,
dieter.uhl@senckenberg.de, ajasper@univates.br

Embora contemporaneamente representadas por um modesto grupo de plantas herbaceas, as licofitas
atingiram formas arborescentes e desempenharam um papel ecoldgico crucial no Gondwana durante
o Permiano Inferior. Entretanto, estudos relacionados a este grupo de plantas na Bacia do Parana séo
escassos, permanecendo assim diversas lacunas relacionadas as suas caracteristicas morfoldgicas.
Considerando tal premissa, uma area de especial interesse para o estudo destas plantas é o afloramento
Morro Papaléo, sendo que este preserva sob a forma de impresséo, grande quantidade de licéfitas
relacionadas ao morfogénero Brasilodendron. Localizado no municipio de Mariana Pimentel, este
singular afloramento de idade Eopermiana, apresenta a clara delimitacdo entre o Grupo Itararé e a
Formacdo Rio Bonito. Desta forma, visando contribuir para o conhecimento deste enigmatico grupo
de plantas, o presente estudo reporta um provavel estrobilo de licéfita proveniente do nivel 7 do
Afloramento Morro Papaléo, Formacdo Rio Bonito, Permiano Inferior da Bacia do Parana, Rio
Grande do Sul, Brasil. Este fitofossil é oriundo de coletas realizadas pela equipe do Setor de Boténica
e Paleoboténica da Univates e esta tombado sob o acrénimo PbUMCN 955A, no acervo
paleontolégico do Museu de Ciéncias Naturais da Univates. O fragmento foi analisado sob
estereomicroscopio (Zeiss Stemi-2000C) com aumento de 6,5 a 40 vezes e fotografado. Por meio
desta analise foi possivel observar sua morfologia cbnica, assim como escamas levemente
sobrepostas. Estas caracteristicas sdo marcantes em estrébilos de Lycopodiales. Embora encontrado
isolado, tal fragmento esta associado a impressdes de Brasilodendron sp., sendo possivel assim inferir
suposta relacdo entre ambos. Entretanto analises mais detalhadas e novas coletas de material sdo
necessarias para suportar tal hipotese. [CNPq]
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Integrated studies of paleontological and faciological nature, focused on the Quitéria outcrop, Rio
Bonito Formation - Parana Basin, Rio Grande do Sul, Brazil, has been generating significant data for
the understanding the of the development and deployment process of the wet biomes in the Lower
Permian of Gondwana. The outcropping section of the Quitéria outcrop is characterized by two
depositional intervals, which represent different conditions of a dynamic coastal system. The basal
interval, from light gray to dark gray in color, contains significant amounts of organic matter and is
characterized by fine levels of coal and carbonaceous shales. In contrast, the top interval, yellowish
in color, is characterized by clastic sediments and presents a singular fitofossil assemblage preserved
in a roof-shale level. It is inferred that an episodic deposit, associated with a washover system,
reconfigured the morphology of the depositional system, generating the relatively abrupt gradation
of a peatland system to a sandy soils poor in nutrients system. In previous studies related to the
organic-rich interval of the outcrop, the occurrence of macroscopic charcoal was described. However
this occurrence was restricted to only one of the facies cropping out. Despite the relevance of previous
studies to confirm definitively the occurrence of Palaeowildfires in the Lower Permian of the Parana
Basin, in recent detailed analyses of the section cropping out, macroscopic charcoal fragments were
found in all exposed levels, including the roof-shale. In this way, this new data allow to infer that,
differently to what was thought until now, the palaeowildfires events in Quitéria outcrop depositional
system were successive, reaching constant and recurrently the peats and surrounding areas during the
Lower Permian. [CNPq & Capes]
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NOVO REGISTRO FOSSIL DE MONILOFITA
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PERMIANO INFE-RIOR DA BACIA DO
PARANA, RIO GRANDE DO SUL, BRASIL

TALYSSA VALERIUS:;, JOSELINE MANFROI:12, JOSE
RAFAEL WANDERLEY BENICIO12, MARGOT GUERRA-
SOMMER4, DIETER UHLs, ANDRE JASPER:.2 <right>

1Setor de Boténica e Paleobotanica do Museu de Ciéncias
Naturais, Centro Universitario UNIVATES, 2Programa de Pés-
Graduagdo em Ambiente e Desenvolvimento, Centro
Universitario UNIVATES (PPGAD/UNIVATES), alnstituto de
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O Afloramento Quitéria esta localizado no Municipio de
Encruzilhada do Sul, Rio Grande do Sul, Brasil, com
coordenadas geograficas 30°17°'S — 52°11'W. E conside-
rado como um dos mais importantes sitios paleonto-
I6gicos do Permiano da porcéo sul da Bacia do Parana. A
ocorréncia de registros fitofossiliferos UGnicos, ajuda na
compreensdo dos processos ocorridos na formacédo das
camadas de carvdo do supercontinente? Gondwana
durante o Paleozoico Superior. Para as camadas estuda-
das, ja foram descritos fésseis de briéfitas (Hepaticites
iporangae), licofitas sub-arborecentes (Brasilodendron
pedroanum), licofitas herbaceas (Lycopodites riogranden-
sis), pteridospermas (Botrychiopsis plantiana) e conife-ras
(Cloricladus quiteriensis). Além disso, o nivel basal do
afloramento, rico em matéria organica, serviu para
comprovar a presenga de carvdo vegetal macroscopico e,
consequentemente, a ocorréncia de paleoincéndios
vegetacionais para o Gondwana durante o Permiano.
Todavia, apesar de estar amplamente estudado, foi pos-
sivel encontrar materiais inéditos em coletas de campo
recentemente desenvolvidas. Neste sentido o presente
trabalho teve como objetivo identificar impressdes fo- liares
provenientes do nivel de roof-shale do afloramento
Quitéria, onde foram coletadas amostras-de-médo que
continham impressdes de fragmentos foliares diversos,
ndo descritos para a ciéncia. O material foi depositado na
Colecdo Paleobotanica do Setor de Botanica e Paleo-
botanica do Museu de Ciéncias Naturais da Univates, sob
a sigla Pbu (Pbu 254, Pbu 255). Realizou-se a andlise dos

fésseis a olho nu e sob estereomicroscépico, com re-
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presentacdo morfolégica em camera-clara. As frondes
estudadas constituem-se em folhas compostas, com
nervuras principais proeminente na raquis e nos folio-los.
Os foliolos possuem bordos fortemente recortados e estdo
distribuidos de forma plana e alterna ao longo da raquis.
A impressdo possui morfologia que as aproxi-ma das
moniléfitas, todavia, a auséncia de vestigios de epiderme
e o reduzido nimero de exemplares disponi- veis,
previnem uma associagao direta, com este grupo até o
momento. Assim, apesar de estar confirmado que se trata
de um novo taxon a ser descrito, novas coletas serdo
realizadas para contemplar uma diagnose com- pleta.
[CAPES; CNPq 125153/2014-7; FAPERGS].
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CARVAO VEGETAL MACROSCOPICO EM ESTRATOS DO
PALEOZOICO SUPERIOR DO ESTADO DE SANTA
CATARINA, BRASIL

José Rafael Wanderley Benicio, Rafael Spiekermann, Etiene F. Pires, Dieter Uhl, André
Jasper

Introducéo: O fogo é uma importante fonte de perturbacdo em uma variedade de ecossistemas
modernos e desempenha um papel chave na evolugao dos biomas terrestres. Embora a espécie
humanatenha convividocomofogodesde osseus primordios, aocorrénciarecorrente deincéndios
vegetacionais de dificil controle e que geraram prejuizos expressivos durante as ultimas décadas,
revela o limitado conhecimento do homem acerca deste tipo de fenomeno. Para tornar possivel o
estudo dos paleoincéndios vegetacionais em diferentes momentos da historia da Terra, utiliza-se
como ferramenta o carvao vegetal macroscopico (CVM), considerado indicativo direto das
ocorréncias destes eventos. Objetivo: Destaforma, com o intuito de contribuir paraa compreensao
dos eventos associados a dindmica ambiental do Permiano, o presente estudo pretende avaliar a
ocorréncia de paleoincéndios vegetacionais em depositos de idade Permiana Inferior do estado de
Santa Catarina, Formacao Rio Bonito, Bacia do Parana. Procedimentos metodoldgicos: Para tanto,
as amostras de rocha coletadas serdo submetidas a anélises em estereomicroscopio (Zeiss Stemi
2000C) no laboratério do Setor de Botanica e Paleobotanica vinculado ao Museu de Ciéncias
Naturais (Univates). Os fragmentos que apresentarem as caracteristicas de CVM serao extraidos
mecanicamentedasrochas com auxilio depincas e agulhashistolégicase montadossobre stubs que
serao analisados sob microscopio eletronico de varredura (Zeiss EVO LS15) disponivel no Parque
CientificoeTecnologicodoValedoTaquari(TECNOVATES/UNIVATES). Resultadosesperados: Com
base nas imagens obtidas sob MEV, serao definidas as caracteristicas anatdomicas mais relevantes
observadas (e.g. morfologia e distribuicdo dos traqueideos, grau de conservagdo/degradacao das
paredes celulares e presenca de outros tipos de tecidos vegetais preservados). Mediante estas
anélises, pretende-seconfirmarapresencade CVM em estratos deposicionaisdo Permiano Inferior
da Bacia do Parané na regiao carbonifera do estado de Santa Catarina. Além disto, pretende-se
correlacionar os eventos de paleoincéndios ocorridos naquela area durante o Permiano com as
condi¢oespaleoambientaisdas areasde producaodebiomassacircundantes. Taisdados permitirao
uma melhor compreensao da dindmica do fogo no Permiano gondwanico, servindo de base para a
construcao de cenarios de evolucao paleoambiental e, consequentemente, de modelos acerca de
eventos futuros relacionados a este tipo de evento.

Palavras-chave: Paleoincéndios. Gondwana. Formacao Rio Bonito. Reconstrucgoes
paleoambientais.

ISBN 978-85-8167-176-5
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PADRAO MORFOLOGICO DE ALMOFADAS FOLIARES DE LICOFITAS
SUB-ARBORESCENTES DO AFLORAMENTO MORRO DO PAPALEO,
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PADRAOMORFOLOGICODEALMOFADASFOLIARESDE
LICOFITAS SUBARBORESCENTES DO AFLORAMENTO MORRO DO
PAPALEO, PERMIANO INFERIOR DA BACIA DO PARANA

Rafael Spiekermann,José Rafael Benicio Wanderley, Joseline Manfroi, Dieter Uhl, André
Jasper

Introducdo: Embora atualmente representadas por um modesto grupo de plantas herbaceas, as licofitas
atingiram formas arborescentes e desempenharam um importante papel ecologico durante o Paleozoico. No
Gondwana, licofitas arborescentes e subarborescentes colonizaram os ambientes pos-glaciais do Permiano
Inferior sendo que diversas morfoespécies foram descritas para este periodo. Tais descri¢coes taxonémicas
baseiam-se especialmente na morfologia de almofadas foliares, que correspondem a porcaobasaldomicréfilo
quepermanece preservadanocaulemesmo ap0s a abscisao foliar. Estas almofadas recobrem os caules destas
plantas, fornecendo diversas informac6es taxondmicas, como presenca ou nao de cicatriz foliar, feixe vascular,
paricnos e ligula. Entretanto, a maioria dos taxa de licofitas gondwanicas é descrita com base em fosseis
incompletos e mal preservados, sendo desta forma a defini¢ao do padrao morfolégico das almofadas foliares
e, consequentemente, a taxonomia destas plantas, uma enigmatica discussao. Objetivo: O presente estudo
possui o objetivo de investigar o padrao morfolégico de almofadas foliares de licofitas preservadas no
afloramento Morro do Papaléo, municipio de Mariana Pimentel, Permiano Inferior do Rio Grande do Sul.
Procedimentos metodolégicos: Para tanto, impressdes caulinares de licofitas subarborescentes foram
extraidas do Nivel 8 deste afloramento. Tal nivel fossilifero esta inserido na Formagao Rio Bonito, Permiano
Inferior da Bacia do Parani. Os exemplarescoletadosforam investigados efotografados por meio
deestereomicroscopiocomcamera acoplada (Leica EZ4D). Resultados: Com base nestas analises foi possivel
observar que as almofadas foliares estao dispostas em filotaxia lepidodendroide, possuem formato fusiforme
(2,3 por 4,0 mm) e apresentam extensdes sigmoides em sua parte superior e basal. Nao foi observada a
presenca de abscisdo foliar, ligula e paricnos. Estas caracteristicas sao tipicas da morfoespécie
Brasilodendron pedroanum. Entretanto, uma grande gama de variacoes na morfologia das almofadas
foliares foi observada. Estas variacoes ainda estdo sendo investigadas, porém, é possivel inferir que elas
representam diferentes graus de decorticacao caulinar gerados durante o processo tafonémico. Conclusao:
Destaforma, énecessariaarevisaodascaracteristicasmorfolégicas destas plantas, pois a mesma espécie pode
apresentar diversos padroes morfologicos de almofadas foliares, o que pode acarretar em definicoes
taxonOmicas equivocadas e gerar uma interpretacao incorreta da diversidade de plantas durante o Permiano
Inferior da Bacia do Parana.

Palavras-chave: Licofitas arborescentes. Licofitas subarborescentes. Morfologia de almofadas foliares.
Gondwana ocidental. Paleozoicosuperior
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ANALISE MORFOLOGICA DE LICOFITAS
SUBARBORESCENTES DO AFLORAMENTO
MORRO DO PAPALEQ, PERMIANO INFERIOR DA
BACIA DO PARANA

Resumo: Embora atualmente representadas por um modesto grupo de plantas
herbaceas, as licofitas atingiram formas arborescentes e desempenharam um
importante papel ecologico durante o Paleozoico. Estas plantas surgiram no final do
Siluriano, ha aproximadamente 420 m.a. atras, sendo que atingiram seu apogeu
durante o Carbonifero Superior (aproximadamente 310 m.a. atras), onde alcancaram
grandes dimensoes e formaram extensas florestas tropicais na provincia
Euroamericana. No Gondwana, licéfitas arborescentes e subarborescentes
colonizaram os ambientes pds-glaciais do Permiano Inferior (aproximadamente 290
m.a. atras), sendo que diversas morfoespécies foram descritas para este periodo. Tais
descricoes taxonOmicas estao baseadas especialmente na morfologia de almofadas
foliares, que correspondem a porc¢ao basal do micréfilo que permanece preservada no
cortex externo do caule mesmo apos abscisao foliar. Estas almofadas recobrem os
caules de licofitas arborescente e subarborescentes, fornecendo diversas informacoes
taxonomicamente relevantes, como presenca ou nao de cicatriz foliar, feixe vascular,
paricnos e ligula. Entretanto, a grande maioria das taxas de licéfitas gondwanicas é
descrita com base em fbsseis incompletos e mal preservados, sendo desta forma a
definicido do padrdao morfologico das almofadas foliares e, consequentemente, a
taxonomia destas plantas uma enigmatica discussao. Com base nesta problematica, o
presente estudo possui o objetivo de investigar o padrao morfologico de almofadas
foliares de licéfitas preservadas na porcao superior do afloramento Morro do Papaléo,
municipio de Mariana Pimentel, Permiano Inferior do estado do Rio Grande do Sul.
Para tanto, 160 impressoes caulinares de licoéfitas subarborescentes foram
mecanicamente extraidas do Nivel 8 deste afloramento, o qual é rico em diferentes
registros fitofossiliferos e esta descrito como geologicamente inserido na Formacao Rio
Bonito, Bacia do Parana. Os exemplares coletados foram investigados e fotografados
por meio de estereomicroscépio com camera acoplada (Leica EZ4D), no Laboratoério
de Luparia e Microscopia Digital do Setor de Botanica e Paleobotanica da Univates.
Com base nestas andlises foi possivel observar que as almofadas foliares estao
dispostas em filotaxia lepidodendroide, possuem formato fusiforme e apresentam
extensoes sigmoides em sua parte superior e basal. Seu tamanho médio é 2,3 mm de
comprimento por 4,0 mm de largura. Nao foi observada a presenca de abscisao foliar,
ligula e paricnos. Estas caracteristicas sao tipicas da morfoespécie Brasilodendron
pedroanum. Entretanto uma grande gama de variacoes na morfologia das almofadas
foliares foi observada. Estas variacoes ainda estao sendo investigadas, porém, foi
possivel inferir que elas representam diferentes graus de decorticacao dos caules
destes organismos, o que pode ter sido gerado pelos processos tafonémicos
relacionados a sua deposicdao. Assim, confirma-se que € necessaria a revisao em
detalhe de algumas das caracteristicas morfologicas atualmente utilizadas para a
identificacao de licofitas arborescentes e subarborescentes da area de estudo, tendo
em vista que a mesma espécie pode apresentar diversos padroes morfolégicos de
almofadas foliares, o que pode acarretar em interpretacoes taxonémicas equivocadas.
Tais incorrec¢oes podem, ainda, gerar uma interpretacao incorreta da diversidade de
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plantas durante o Permiano Inferior da Bacia do Parana, gerando um
aumento expressivo no nimero de espécies descritas.

Palavras-chave:Licofitas arborescentes. Licofitas subarborescentes. Morfologia
de almofadas foliares. Gondwana Ocidental. Paleozoico Superior.

Instituicao: Centro Universitario UNIVATES/Senckemberg Forschung Institute and
Naturmuseum

Financiador: FUVATES/FAPERGS/CAPES/CNPq/Alexander von Humboldt
Foundation
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NATURALISTA POR UM DIA: APROXIMANDO ALUNOS DE ESCOLAS PUBLICAS E
PRIVADAS AO ENSINO DE PALEONTOLOGIA

G.F. LORENZON, J.R.W. BENICIO, G.S. REBELATO, A.S. BRUGNERA, C.I. ROCKENBACH, L.J. VARGAS, R.
SPIEKERMANN, A. JASPER
Laboratdrio de Paleobotanica e Evolucdo de Biomas, Univates
gabriel.lorenzon@universo.univates.br, jose.benicio@universo.univates.br, gisele.rebelato@universo.univates.br,
allana.brugnera@universo.univates.br, crockenbach2@universo.univates.br, leo.vargas@universo.univates.br,
rspiekermann@universo.univates.br

O ensino da paleontologia € de extrema importancia para que os alunos da educacao basica desenvolvam
uma percepcao sobre a formacgao, desenvolvimento e evolugdo da vida na Terra. O projeto “Naturalista por
um dia” ¢ uma acdo de insercdo social desenvolvida pelo Museu de Ciéncias Naturais (MCN) da
Universidade do Vale do Taquari — Univates, que engloba minicursos relacionados a diferentes areas das
ciéncias naturais, incluindo a paleontologia. Desenvolvido desde 2002, o projeto é constituido por oficinas
ministradas por bolsistas de iniciacdo cientifica, sendo que mais de 12.000 alunos de escolas dos niveis
Fundamental e Médio das redes publica e privada de diferentes regifes do Rio Grande do Sul. O Laboratério
de Paleontologia e Evolugdo de Biomas (LPEB/MCN/Univates), ¢ responsavel pela oficina “... E a terra
virou mar e o mar virou terra...”, onde busca-se contribuir para uma melhor formacdo do publico-alvo,
divulgando o trabalho cientifico desenvolvido pelo grupo de trabalho a ele vinculado. Além disso, pretende-
se despertar o interesse dos jovens estudantes sobre a paleontologia com a utilizagédo de atividades ludicas
(e.g. teatro interativo), praticas (e.g. manuseio e observacao de fosseis) e teoricas (e.g. apresentacdo dos
conceitos basicos como: O que é um fossil, diferenca entre paleontologia e arqueologia, dimensdo de tempo
e processos de fossilizagéo.). Com o intuito de avaliar os potenciais impactos da atividade na compreensédo
da paleontologia por parte dos estudantes, pretende-se utilizar ferramentas (e.g. questionarios, entrevistas)
que permitam tal andlise. Acredita-se que a oficina desperta o interesse dos estudantes acerca da
paleontologia por, também, permitir o seu contato com bolsistas. Estes que relatam como é o dia-a-dia de
trabalho em um laboratdrio de pesquisa, deixando os alunos mais informados e proximos do meio académico
e cientifico. [Universidade do Vale do Taquari, CNPq, FAPERGS]
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ANEXO Q — Resumo publicado em coautoria (2017)
PALEOWILDFIRES: USUAL EVENTS IN LATE
PALEOZOIC OF GONDWANA
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Paleowildfires: usual events late Paleozoic of Gondwana

Gongalves, CV1; Benicio, JRW1; Rebelato, GS1; Brugnera, AS1;
Rockenbach, CI; Vargas, LJ1; Lorenzon, GF1; Spiekerman, R1; Jasper,
AL.2: unhl, D2

luniversidade do Vale do Taquari — UNIVATES, Lajeado/RS, Brazil,
biologacatia@univates.br;

2senckenberg Forschungsinstitut und Naturmuseum.

Macro-charcoal is widely accepted as a direct evidence of the occurrence of
paleowildfires and, in Upper Paleozoic sediments of Euramerica and Cathaysia,
records of these remains are relatively common and more or less homogeneously
distributed. On the other hand, only recently the records for the Gondwana
increased. The studies demonstrated that, like Cathaysia, paleowildfires were
also common in the Late Paleozoic of the continent. The most important
Gondwanic records are related specially to coal bearing strata and are spread out
in different sequences and stratigraphic intervals in the Permian. The records
occur on Cool- Temperate areas [e.g. Parana Basin (Sakmarian/Artinskian of
Brazil), Karoo Basin (Guadalupian of South Africa), Damodar Valley Basin
(Lopingian of India)]. The abundance of evidences for Permian macro-charcoal in
Southern Permian areas, seems to prove that paleowildfires occurred at different
spatial and temporal scales during the course of the Permian in Gondwana, during
the transition from a cold to cool and warm climate interval. The estimated high
atmospheric oxygen concentration which peaked during the Early Permian
probably made vegetation highly flammable even under wet conditions. The
macroscopic charcoal remains confirmed that paleowildfires occurred in high
latitudes and promptly after the deglaciation. The scarcity of charcoal remains
after the cessation of peat deposition in the warm topmost Permian, besides
estimations of elevated O2 levels until at least the latest Permian could be
attributed to climatic change that may bring about directional changes in the
frequencies and magnitude of these fire events. Furthermore, the high incidence
of charcoal indicates that the paleoenvironmental conditions in Western and
Eastern Gondwana during the Late Paleozoic were adequate for fire occurrence.

FAPERGS, CAPES, CNPq, Alexander von Humboldt Foundation.
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A REMARKABLE MASS-ASSEMBLAGE OF THE LYCOPSID BRASILODENDRON PEDROANUM
CHALONER ET AL. 1979 FROM THE RIO BONITO FORMATION, LOWER PERMIAN OF
THE PARANA BASIN, RIO GRANDE DO SUL, BRAZIL

Rafael Spiekermann’, Dieter Uhl?, José Rafael Wanderley Benicio!, André Jasper'

Univates, Lajeado, Brazil. 2Senckenberg Research Institute and Natural History Museum, Frankfurt am Main, Germany

In Brazil, arborescent and sub-arborescent lycopsids are con-
sidered as important floristic components of the early Permian
peat-forming vegetation of the Parana Basin and have generally
been assigned to Brasilodendron pedroanum Chaloner et al. 1979.
However, fossil genera such as Lycopodiophloios and Cyclodendron
have also been described from the lower Permian deposits of the
Parana Basin. These plants are mostly preserved as impressions
and compressions, which are very fragmented, incompletely pre-
served and lack reproductive structure. Consequently, the taxon-
omy and systematic position as well as the biology and ecology of
the early Permian arborescent and sub-arborescent lycopsids from
Brazil are still poorlyunderstood.

During recent fieldwork a remarkable mass assemblage of Brasilo-

dendron pedroanum axes has been discovered. These axes are pre-
served in the plant bearing sub-level N8b of the Morro do Papaléo
outcrop, Rio Bonito Formation, early Permian of the Parana Basin,
Rio Grande do Sul state, Brazil. They are massively concentrat- ed,
without any preferential depositional orientation, forming a
monotypical assemblage. They are unbranched and preserved as
impressions. Three morphological patterns, occurring on dis-
tinct axes, were described for leaf cushions. This mass-assemblage
is probably a result of allochthonous deposition and hydraulic
size-sorting. The massive concentration of Brasilodendron pedroa-
num suggests that this fossil taxon was an important floristic ele-
ment somewhere in the upstream area of the braided river system
preserved in the Morro do Papaléo outcrop.
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PRESENCA DE MACRO-CHARCOAL ASSOCIADO A INERTINITAS EM NIVEIS SUCESSIVOS DO AFLORAMENTO CURVA
DO BELVEDERE, PERMIANO INFERIOR DA BACIA DO PARANA, BRASIL

C.l. Rockenbacht?, J.R.W. Benicio?, R. Spiekermann?, A. Brugnera?, G.F.Lorenzon?, D. Uhl 2e A. Jaspert2*
1Universidade do Vale do Taquari. 95914-014, Lajeado, Brasil crockenbach2@universo.univates.br
2Senckenberg Forschungsinstitut und Naturmuseum Frankfurt. Frankfurt, Germany

A ocorréncia de incéndios vegetacionais para o periodo Permiano podem ser comprovadas pela
ocorréncia de macro-charcoal em diferentes niveis sedimentares da Bacia do Parana. Todavia, a presenca
de inertinitas (macerais detectados em andlises petrograficas e advindos de fragmentos de plantas) em
niveis de carvao tem gerado discussdes acerca de sua origem pirogénica. Estudo realizado em material
daFormagc&o Barakar (Cisulariano), Bacia de South Rewa, india, demonstrou que sedimentos com
presenca de macro-charcoal do Gondwana também apresentam altas concentragdes de inertinitas.

Porém, estudos comparativos para os estratos da Bacia do Parand ainda sao restritos. Com
0 objetivo de contribuir para discussao acerca origem pirogénica das inertinitas gondwanicas, o
presente estudo avaliou a presenca destes macerais em diferentes niveis do Afloramento Curva do
Belvedere, Rio Grande do Sul, Brasil. Os niveis estudados s&o ricos em macro- charcoal e as
concentragdes de intertinitas sdo igualmente altas. A caracteristicas anatdbmicas do macro-charcoal
encontrado permite uma associagdo ao morfotipo Agathoxylon, o qual representa um amplo espectro
de grupos taxondmicos da flora gimnospérmica do Permiano do Gondwana, incluindo as
glossopterideas. Considerando as altas concentragdes de inertinitas nos carvées gondwanicos, é
possivel inferir que os ambientes de turfeiras responséaveis pela formacdo dessas camadas ao longo
do Paleozoico tardio estiveram submetidos a paleoincéndios de forma constante.

Projeto subsidiado por UNIVATES, CNPq, CAPES, FAPERGS.
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Taxonomy and taphonomy of a remarkable lycopsid mass-assemblage from the Morro
do Papaleo outcrop (Rio Bonito Formation, lower Permian, Parané Basin, Rio Grande
do Sul, Brazil)

Rafael Spiekermann?, José Rafael Wanderley Benicio!, André Jasper?, Dieter Uh|?

'UNIVATES, RS, Brasil, 2Senckenberg Forschungsinstitut und Naturmuseum Frankfurt, Germany

In Brazil, arborescent and sub-arborescent lycopsids are considered as important floristic components
of the early Permianpeat-forming vegetation of the Parana Basin and have generally been assigned to
Brasilodendron pedroanum Chaloner et al. 1979. However, fossil genera such as Lycopodiophloios and
Cyclodendron have also been described from the lower Permian deposits of the Parana Basin. These
plants are mostly preserved as impressions and compressions, which are very fragmented, incompletely
preserved and lack reproductive structure. Consequently, the taxonomy and systematic position as well
as the biology and ecology of the early Permian arborescent and sub-arborescent lycopsids from Brazil
are still poorly understood. During recent fieldwork a remarkable mass assemblage of Brasilodendron
pedroanum axes has been discovered. These axes are preserved in the plant bearing sub-level N8b of
the Morro do Papaléo outcrop, Rio Bonito Formation, early Permian of the Parana Basin, Rio Grande
do Sul state, Brazil. They are massively concentrated, without any preferential depositional orientation,
forming a monotypical assemblage. They are unbranched and preserved as impressions. Three
morphological patterns, occurring on distinct axes, were described for leaf cushions. This mass-
assemblage is probably a result of allochthonous deposition and hydraulic size-sorting, within an 80 cm
thick, fluvially (re-)deposited ash layer/tuffite. The massive concentration of Brasilodendron pedroanum
suggests that this fossil taxon was an important floristic element somewhere in the upstream area of the
braided river system preserved in the Morro do Papaléo outcrop.
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Nome da Instituigio: Universidade do Vale do Taquari - Univates Area de conhecimento:
Ciéncias Exatas e da Terra

DELIMITACAO TAXONOMICA E INTERPRETACAO
TAFONOMICA DE UMA ASSOCIACAO DE
LICOFITAS DO PERMIANO INFERIOR DA BACIA
DO PARANA, RIOGRANDE DO SUL, BRASIL

Resumo: Licofitas arborescentes e sub-arborescentes sao consideradas importantes elementos
floristicos dos ambientes pds-glaciais do Permiano Inferior do Gondwana. Entretanto, em
funcéo de seu registro fossil ser fragmentado, lacunas relacionadas a taxonomia, biologia e
ecologia deste grupo de plantas permanecem. O presente estudo possuiu o objetivo de delimitar
a taxonomia e interpretar a tafonomia de uma associagdo de licofitas fosseis preservada no
afloramento Morro do Papaléo, municipio de Mariana Pimentel, Rio Grande do Sul, Brasil.
Para tanto, analisou-se as caracteristicas deposicionais e coletou-se 150 fosseis de licéfitas do
nivel 8b do afloramento, que esté inserido na Formacéao Rio Bonito, Permiano Inferior da Bacia
do Parand. Os fosseis coletados foram morfologicamente analisados sob estereomicroscépio no
Laboratério de Paleobotanica e Evolugdo de Biomas da Universidade do Vale do Taquari-
Univates. Alémdisto, medi¢cGes morfométricas (tamanho das almofadas foliares, distancia entre
almofadas foliares, filotaxia e espessura e comprimento dos caules) foram realizadas em todos
os fdésseis com o uso de paquimetro digital. Com o intuito de comparar estas medidas, 0s dados
obtidos por meio das analises morfométricas foram submetidos aos testes de estatistica
multivariada PERMANOVA e PCA. Tamanho das almofadas foliares e comprimento dos
fésseis ndo foram incluidos nestas analises estatisticas, pois estes encontram- se preservados
de maneira incompleta em diversos espécimes. Por meio destes procedimentos, definiu-se que
a associacao fossil do subnivel N8b é majoritariamente composta por impressdes de licofitas,
que estdo massivamente concentradas e homogeneamente distribuidas sem nenhuma orientacéo
deposicional preferencial. Estes fosseis possuem largura completa (12,6 mm a 46,0 mm) e
comprimento incompleto (24,6 mm a 460,0 mm), e estdo cobertos por almofadas foliares
distribuidas em filotaxia lepidodendroide, que apresentam falsas cicatrizes foliares e nao
apresentam ligula e paricnos. Apesar de apresentarem caracteristicas em comum, trés diferentes
padrdes morfologicos de almofadas foliares foram observados em fosseis distintos. Entretanto,
0 PERMANOVA demonstrou que ndo existe diferenca estatistica significativa entre as medidas
morfométricas dos trés diferentes padrdes morfoldgicos de almofadas foliares (p = 0,6917), e
0 PCA revelou a auséncia de agrupamentos distintos entre os dados, demonstrando que existe
grande similaridade estatistica entre a morfometria dos fosseis. Além disso, trés fosseis
apresentando transicdo entre os diferentes padrdes morfoldgicos de almofadas foliares
comprovam que todo o material estudado pertence a um Unico taxon-féssil, Brasilodendron cf.
pedroanum. Estes diferentes padrées morfol6gicos de almofadas foliares provavelmente sdo
oriundos de processos de decorticacdo e alteragdes tafondmicas. Esta massiva associagdo de
licofitas fosseis foi formada por meio de transporte e selecionamento em um fluxo hidrico
decrescente, que culminou em uma deposicdo aloctone. Embora aléctone, a expressiva
concentracao de Brasilodendron cf. pedroanum, indica que este taxon-fossil foi um significante
elemento floristico em areas localizadas acima do paleoambiente preservado no Morro do
Papaléo.

Palavras-chave: Gondwana. Formacao Rio Bonito. Licofitas sub-arborescentes.
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EVENTOS CICLICOS DE PALEOINCENDIOS NA
CAMADA BARRO BRANCO, PERMIANO INFERIOR
DO ESTADO DE SANTA CATARINA, BRASIL

Resumo: O fogo é uma répida reagdo quimica oxidativa que apresenta uma influéncia
importante na dindmica, modificagcdo e evolugdo dos ecossistemas vegetais terrestres, pelo
menos desde o Siluriano, quandoas plantas vasculares comecaramadominar o ambienteterrestre.
NasUltimastrésdécadasforam relatadas variacdes significativas na frequéncia e intensidade dos
incéndios em varios ecossistemas modernos, ealteragdesexpressivas nadindmicados regimes de
fogo sdo projetadas para diversas regides do mundo devido as mudangas climaticas globais. Os
estudos sobre os efeitos de climas em ambientes passados sdo extremamente significativos, pois
podem melhorar nossa compreensdo dos impactos das mudangas climéticas na ocorréncia de
incéndios florestais naturais e suas consequéncias para a biodiversidade e os ecossistemas. Para
tornar possivel o estudo dos paleoincéndios vegetacionais em diferentes momentos da historia
da Terra, utiliza-se como ferramenta o carvdo vegetal macroscopico, considerado indicativo
direto das ocorréncias destes eventos. Desta forma, com o intuito de contribuir para a
compreensdo dos eventos associados a dindmica ambiental do Permiano, o presente estudo
investigou a ocorréncia de paleoincéndios vegetacionais em seis niveis de carvdo da camada
Barro Branco Permiano Inferior do estado de Santa Catarina, Formacao Rio Bonito, Bacia do
Parand. As amostras coletadas foram submetidas a analises em estereomicroscopio (Zeiss Stemi
2000C) no laboratorio do Setor de Paleoboténica e Evolugcdo de Biomas vinculado ao Museu
de Ciéncias Naturais (Univates). Os fragmentos que apresentaram caracteristicas de carvdo
vegetal macroscopico foram extraidos mecanicamente das rochas com auxilio de pingas e
agulhas histologicas e montados sobre stubs, e posteriormente analisados sob microscépio
eletronico de varredura (Zeiss EVO LS15) disponivel no Parque Cientifico e Tecnoldgico do
Vale do Taquari (TECNOVATES). Com base nas imagens obtidas sob MEV, foram definidas as
caracteristicas anatémicas mais relevantes observadas (e.g. morfologia e distribuicdo dos
traqueideos, grau de conservacdo/degradacao das paredes celulares e presenca de outros tipos
de tecidos vegetais preservados). Por meio destas analises foi possivel comprovar a presenca
de carvao vegetal macroscopico para os seis niveis de carvdo estudados. As comparagdes
anatémicas, sugerem afinidades gimnospérmicas por apresentarem caracteristicas como (e.g.
traqueideos simples, pontuacdes uniseriadas). Estes dados permitem sugerir que os eventos de
paleoincéndios vegetacionais na &rea eram sucessivos durante a deposi¢do dos niveis
formadores de turfeiras.

Palavras-chave: Gondwana. Formacéo Rio Bonito. Reconstruc6es paleoambientaiS
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