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ABSTRACT — The paleoecology of the depositional interval at the transition from a peat-forming to a clastic environment
in an outcrop of the Rio Bonito Formation (Sakmarian) of the southern Parana Basin (Rio Grande do Sul State, Brazil) is
outlined here. The autochtonous roof shale flora is dominated by a homogeneous assemblage of in situ arborescent lycopsid
casts (Brasilodendron pedroanum), associated with understorey forms (Botrychiopsis valida, Lycopodites sp., thodeopterid
forms) and hypoauthochtonous conifers (Coricladus quiteriensis), as well as leaves of Rubidgea and Cordaites, transported
from nearby lowland areas. Palynological observations in the underlying coal bed combined with studies of the roof shale
indicate that the roof shale plant assemblage reflects partly the plants that grew in peat-forming swamps which originated
the hypoauthochtonous coal. Quantitative and qualitative differences between peat-forming and clastic paleofloras are
linked to changes in paleosoil characteristics. Episodic flooding by washover fans was the dominant controlling process in
the evolution of facies in the vegetated coastal area, over a relatively short time scale. High levels of structured fusinite and
inertodetrinite, shown by petrographic analysis in carbonaceous shales, as well as the presence of charcoal in the clastic
entisoil, reflect frequent fires disturbing nearby lowland areas. Paleoecological characteristics of the megaflora indicate wet-
dry oscillations during the depositional interval, which should be related to climatic seasonality. A framework is proposed
for the development of peat and subsequent process of colonization, succession and burial of a clastic plant-community
preserved as roof shale flora.
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RESUMO - Sao delineados cenarios para o intervalo deposicional correspondente a transicdo de um leito de carvio, para
niveis de roof shale, em afloramento da Formagdo Rio Bonito (Sakmariano), sul da bacia do Parana. A flora autdctone
identificada no roof shale ¢ dominada por moldes de licofitas arborescentes preservados in situ (Brasilodendron), formas
desenvolvidas sob o dossel (Botrychiopsis valida, Lycopodites sp., frondes rodopterideas), coniferas (Coricladus quiteriensis)
e folhas de Rubidgea e Cordaites transportadas de areas marginais baixas. A comparag¢ao entre dados palinoldgicos obtidos
nos niveis carbonosos subjacentes e informacdes paleobotanicas vindas do roof shale, evidencia similaridade composicional.
Afogamentos episodicos de pequena escala, causados por leques de washover, controlaram o processo de evolugdo de facies
nas areas costeiras. Altos niveis de fusinita estruturada e inertodetrinita, evidenciados por estudos petrograficos nos carvdes
e folhelhos carbonosos, e a abundéancia de charcoal, relacionado principalmente a fragmentos de lenho, refletem a freqiiéncia
de incéndios como importante processo de perturbagao na vegetagdo em areas proximais baixas. Estas evidéncias, associadas
ao carater autdctone de formas desenvolvidas sob o dossel, parecem indicar oscilagdes de condi¢cdes umidas e secas,
relacionadas com sazonalidade climatica. Foi estabelecido um arcabougo para o processo de formagao da turfeira geradora e
a subseqiiente colonizagdo, sucessdo e sepultamento da vegetacdo clastica preservada como flora de roof shale.

Palavras-chave: transi¢do carvao-roof shale, paleoecologia, Permiano Inferior, Gondwana, incéndios florestais.

INTRODUCTION to be barren because concentrated megafloras are not present.

However, in some coal successions well-preserved roof shale

In the Lower Permian coal-bearing strata of South Brazilian floras are present and are an important source of information
Gondwana, common adpression floras occur in beds, which concerning Early Permian Gondwana flora (e.g., Faxinal
have no direct or indirect relationships with coal beds. Most Coalfield described by Guerra-Sommer, 1988). The term “roof
roof shales lack megafloral remains and others are considered shale flora” refers to a plant-bearing bed just above a coal
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seam; these rocks can be siltstones or sandstones, though
mudstones are the most common (Martin-Closas & Gomez,
2004).

An exceptionally well-preserved roof shale flora was
found in the Quitéria outcrop, a fragmented sedimentary
exposure of the Rio Bonito Formation preserved as a faulted
block, in Rio Grande do Sul State (Figure 1). The extraction of
kaolinite in an open pit exposed a section interval of 6.40 m
thick and 30 m wide on the northern slope of the outcropping
area (Figure 2). Two sedimentary sections are evident: the
basal light to dark grayish section is composed of
conglomerates and thin coal layers, (1 to 10 cm thick,

continuous) and associated with carbonaceous shales. The
overlying clastic yellow-reddish color section is demarcated
by an autochtonous assemblage of basal flared casts of
arborescent lycophytes, characterized as a “roof shale flora.”
Multidisciplinary studies encompassing analyses of
sedimentary facies based on sequence stratigraphy concepts,
paleobotany and palynology (Jasper ef al., 2006) have aimed
at establishing the relationships between depositional
cyclicity and changes in paleoecological patterns.

The present paper focuses specifically on the transition
coal to roof shale in the Quitéria outcropping sequence with
the purpose of: (i) establishing a framework to explain the
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Figure 1. A, simplified geological map of the Parana Basin in Brazil with major tectonic elements and geographic references (after Milani,

2003); B, location map of Quitéria area.
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Figure 2. Quitéria outcrop (squares indicate the roof shale level): A, in situ basal lycophyte stem cast (Zone 1); B, Botrychiopsis valida

frond; C, Coricladus quiteriensis shoot (Zone 2).

process of colonization, succession and burial of a clastic
plant community preserved as a roof shale flora; (ii) clarifying
the relationships between this clastic floristic assemblage
with the underlying coal-generating flora; (iii) outlining the
paleoecological evolution which occurred during the
depositional interval, linked to a coastal depositional system;
(iv) investigating the influence of wildfires as important
disturbance processes in the vegetation that grew in peat-
coastal systems, the charcoal/inertodetrinite.

The present analyses were developed in a single case
study and it is beyond the scope of this paper to discuss in
detail large climatic controls; nevertheless, some of the factors
that probably controlled dry-wet oscillations in the studied
sequence discussed.

MATERIAL AND METHODS

Depositional model and facies cyclicity patterns

The depositional environment of roof shales and
underlying coal sequence in the Quitéria Outcrop was
identified by Jasper et al. (2006). The study was developed
according to facies analysis in the conceptual framework by
Walker & James (1992), which postulates the subdivision of
a sedimentary package into basic units, the facies. Criteria
such as geometry, lithology, sedimentary structures,
fossiliferous content and paleocurrent patterns were used to
identify facies. Subsequently, the facies were grouped into
nine vertical facies successions (FS), using criteria such as
textural variation as well as kinds of contact surfaces. The
facies succession allows the identification of depositional
models. The present study focused on the upper FS V to FS
Vlinterval (Figure 3).

Megafloristic analyses

Quadrat analysis was undertaken of compressed plant
remains preserved on bedding surfaces associated with the
upright basal stumps. Sampling of hypoauthochtonous
specimens was carried out using a technique modified from
Scott (1977) and Hughes (1986). Ecological analyses of
percentage cover data are given by Simpson’s diversity index.
The distribution of the in sifu basal lycophyte stems in
different diameter classes was used to infer the maturity level
of the arborescent forms.

The paleoecological reconstructions in the transition coal-
roof shale were also based on the taxonomic identification of
different plant fragments which allowed the identification of
the parent plants. Paleoecological and taphonomic data such
as organic connection between fertile/sterile organs, stage
of preservation and orientation were also used to reconstitute
the vegetation patterns.

Palynological analyses

The recognition of plant communities in the coaly facies
subjacent to the roof shale level was based on botanical
affinities of spores and pollen grains and their preferential
environment, following the concepts of Balme (1995). The
palynological analyses developed by Jasper et al. (2006),
followed the procedures outlined by Phipps & Playford (1984)
with minor modifications to achieve the best fraction.
Palynological groups were considered abundant if they
constituted more than 60% in the assemblage, frequent
(between 30 and 60%), less frequent (30 and 10%) and scarce
and rare (under 10%). Paleoecological interpretation for the
algae and algae-like elements (acritarchs) followed the criteria
of Cazzulo-Klepzig et al. (2005) for coal palynofloras of the
southernmost Parana Basin in Brazil.



14 REVISTA BRASILEIRA DE PALEONTOLOGIA, 11(1), 2008

Coal petrography

For petrographic analytical procedures in carbonaceous
shales, blocks were made using epoxy for optical analyses,
following standard procedures (Bustin et al., 1989).
Petrographic composition was determined by analyzing the
sample from the base to the top in 0.05-mm increments. At
each 0.05-mm increment, a line parallel to the bedding of 20
mm length was analyzed in 1.0-mm steps, thus giving a total
of twenty points for each line, from which the percentage of
maceral or mineral was calculated. Since a total of 22 lines
were analyzed, the petrographic analysis was based on 400
points. The classification of organic matter followed the
maceral concept of the ICCP (1963, 1998,2001).

All illustrated specimens are housed in the paleobotany
collection, Museu de Ciéncias Naturais, Centro Universitario
UNIVATES (PbU) and in the Setor de Paleobotanica,
Departamento de Paleontologia e Estratigrafia (Pb), UFRGS.
Palynological slides are housed at the palynology collection
(MP-P) of the Departamento de Paleontologia e Estratigrafia,
Universidade Federal do Rio Grande do Sul .

STRATIGRAPHIC FRAMEWORK OF COAL-
BEARING

The Parana Basin is a large (1,400,000 km?) intracratonic
sag basin covering part of southern Brazil, Paraguay,

Uruguay and Argentina. Basin floor subsidence, in addition
to Palacozoic sea-level changes, created six second-order
sequences deposited from the Ordovician to Late Cretaceous,
separated by regional unconformities (Figure 1A). The coal-
bearing Rio Bonito Formation, the object of this study, is part
of two third-order depositional sequences of the
Carboniferous-Early Triassic second-order sequence, named
S2 and S3 (Holz et al., 2002).

Coal deposits of the Rio Bonito Formation occur in back-
barrier environments adjacent to paralic (i.e., estuarine,
deltaic), backshore, foreshore and shoreface siliciclastic
deposits (Holz, 1998). Tissue preservation and gelification
index corroborate deposition in a coastal swamp environment
(Alves & Ade, 1996). Deposition occurred in the cool
temperate climatic belt (Scotese, 2000) or, according to the
criteria of Rees et al. (1999), in the cool temperate bioma, at a
paleolatitude of approximately 50° S (Scotese, 2000).

Geochronological schemes (Milani, 2003) proposed an
Artinskian-Kungurian age for the coal deposition in the
southern Parana Basin, based mainly on palynostratigraphic
data (Daemon & Quadros, 1970; Marques-Toigo, 1991; Souza
& Marques-Toigo, 2003). However, correlation dificulties
arise from the extension of the basin, the endemism of the
Gondwana flora and the poor resolution of facies correlations
in contiguous areas of the same basin. Hence, a new
chronostratigraphic approach was needed.

Table 1. Facies and facies succession key (modified from Jasper et al., 2006). Svpc, very coarse sandstone with planar cross-bedding;
Svtc, very coarse sandstone with through cross bedding; Sh, shale to coaly shale; Gmo, matrix-supported conglomerate; Sirm, Siltstone
with root marks; Sil, siltstone with lamination; Si, Siltstone; Sm, medium sand; Sibr, Siltstone with B. pedroanum roots; She, coaly shale
and coal; Gmco, coaly matrix-supported conglomerate; Sicrm, coaly siltstone with root marks; Gme, coaly matrix-supported conglomerate

with dispersed organic matter; Sic, coaly siltstone.

Facles_ Facies Description
succession
Svpc
FS IX S‘\Ilfc Facies Svpc (55 cm thick) at the base, superimposed by Svtc (30 cm) followed by Svpc facies (62
cm).
Svpc )
FS VI Sh  |Fining upward succession of tabular beds. From base to top, facies are: Gmo (45 cm thick),
Gmo |superimposed by Sh (15 cm); bounded with next succession by an erosional surface.
Sirm
sil Fining upward succession of tabular beds. From base to top, facies are: Sh (12 cm thick), Sim (15
FS VI . cm), Sil (15 cm), and at the top, Sirm (55 cm); bounded with next succession by an erosional
Sim Isurface.
Sh
Si
FS VI Sm Fining upward succession of tabular beds. From base to top, facies are: Sibr (4 cm thick), Sm (37
Sib cm), Si (4 cm), bounded with next succession by sharp surface.
ibr
FSV Shc  |Fining upward succession of tabular beds. From base to top, facies are: Gmco (20 cm thick), flat
Gmco |contact with Shc (20 cm), bounded with next succession by an erosional surface.
Sicrm  |Fining upward succession of tabular beds. From base to top, facies are: Gmc (13 cm thick), flat
FS IV Shc |contact with Shc (20 cm), flat contact with Sicrm (30 cm); bounded with next succession by an
Gmec |erosional surface.
FS Shc  |Fining upward succession of tabular beds. From base to top, facies are: Gmc (12 cm thick), flat
Gme |contact with Shc (8 cm); bounded with next succession by an erosional surface.
FS i Shc  |Fining upward succession of tabular beds. From base to top, facies are: Gmc (60 cm thick), flat
Gmce |contact with Shc (15 cm); bounded with next succession by an erosional surface.
She  |Fining upward succession of tabular beds. From base to top, facies are: Sic (50 cm thick), flat
FSI si contact with Shc (15 cm). The lowermost contact is covered and the contact with next succession is
¢ lerosional flat surface.
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Figure 3. Columnar section of the Quitéria Outcrop. Dotted lines indicate the studied interval. Key for facies succession in Table 1.
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The first attempt to establish radiometric data in claybeds
characterized as tonsteins in the southern Brazilian coal
succession was made by Matos et al. (2001). They used the
IDTIMS U-Pb method to date zircons of the Tonstein A,
interbedded with the Lower Candiota coal seam The U-Pb
age of 267.1 + 3.4 Ma confined the interval of deposition to
the top of the Kungurian, base of the Roadian, according to
the chronostratigraphic framework of Jin ef al. (1997). The
radiometric data possess problems related to the Permian
depositional model and its effect on the palynostratigraphic
schemes established for the Parana Basin, and this dating
has been questioned by different authors. U-Pb SHRIMP
analysis of zircons from samples of tonstein beds intercalated
in the Candiota coal seams furnished an age 0f298.5+2.6 Ma
(Rocha-Campos et al., 2006). Guerra-Sommer et al. (2008a)
performed radiometric analyses in tonsteins of the Candiota
Coalfield (IDTIMS U-Pb) and the age of crystallization of the
zircons from the Tonstein A was interpreted as 296 +4.2 Ma
(Asselian). Radiometric data were also obtained by Guerra-
Sommer et al. (2008b) from the tonstein layer interbedded in
the upper coal seam (S) in the Faxinal Coalfield. The zircon
age 0f 285.4+ 8.6 Ma (IDTIMS U-Pb) confined its deposition
to the Sakmarian. Nevertheless, the zircon mean age 0f 290.6
+ 1.5 Ma, obtained by U-Pb SHRIMP zircon dating of tonstein
layers interbedded with coal seams from the Candiota and
Faxinal coalfields, in the southern Parana Basin (Brazil), led
Guerra-Sommer et al. (2008c) to the conclusion that the
formation of the main coal seams occurred during a time
interval confined to the Middle Sakmarian. The + 2 Ma time
interval of deposition supports the hypothesis that this
process involved a single depositional event.

The study area comprises the Quitéria outcrop which is
located in the vicinity of the southeastern outcrop belt of the
Rio Bonito Formation of the Parana Basin in southern Brazil

(Figure 1B). The nine vertical facies successions (FS; Table
1) identified in the Quitéria Outcrop (Jasper et al., 2006)
represent cycles of relative variations of the water level in a
lagoon, ranging from markedly water level (FS I) to relatively
falling rising water level (FS VI to FS IX). The basal section
represents a coastal depositional system associated with a
restricted lagoon protected by barrier/island in micro-tide
conditions (Leeder, 1999; Reison, 1992). These facies are
interbedded with a matrix supported by conglomerates (Figure
3) interpreted as distal alluvial fans. Petrographic analyses
identified low-weathered glass fragments, represented by
vitreous, vesicular and laminar shaped fragments, in a reddish
silt-sandy matrix, indicate the proximity to the source, probably
related to close hinterlands.

The clastic overlying yellow-reddish section (identified
by FS VI to IX) represents washover facies (FS VI)
corresponding to the breakage of the barrier brought about
by washover fans. The episodic event recorded by FS VI
drove the ingression of sandy material in the flooded
lowlands from marine provenance. The ecology of the former
environment changed, with the generation of a clastic sandy
soil. The definition of the facies and facies succession,
previously detailed by Jasper et al. (2000), is synthesized in
Table 1, and the columnar section of the outcrop is presented
in Figure 3.

COAL-ROOF SHALE TRANSITION

The transition from a peat-forming to a clastic environment
in the Quitéria outcrop is represented by a peculiar peat-
clastic interface. Coal palynofloras, being mainly
hypoauthochtonous, give a good quantitative estimate and
certainly a good qualitative view of the coal-forming floras
(Figure 4).
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Figure 4. Relative abundance of plant groups represented in the mire based on palynological analysis of the coal/carbonaceous shale

level.
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Figure 5. A, dispersed charcoal fragments in the carbonaceous
shale; B, SEM microscopic view of a charcoal fragment (photo
from Jasper et al., 2008).

The palynofloras identified in carbonaceous shales and
coals in Quitéria reflect the regional vegetation of coal-forming
plant communities, transported from nearby areas to the mire
developed in a restricted lagoon protected by a barrier island.
Some algae-like elements, such as Brazilea, Tetraporina
Maculatasporites and Portalites, are commonly found in
south Brazilian coal palynofloras together with terrestrial
spores and pollen. For Tiwari ef al. (1994), these organic-
walled microfossils of doubtful origin are good indicators of
depositional environments under marine influence. In south
Brazilian coal palynofloras, they were linked to freshwater
conditions (Marques-Toigo & Corréa da Silva, 1984). In
relation to the paleoecology of the Botryococcus alga,
although it has been traditionally related to fresh to brackish
conditions (Batten & Grenfell, 1996), in some south Brazilian
coal palynofloras it has been identified together with Navifusa
and Cymatiosphaera (Meyer, 1999; Meyer & Marques-Toigo,
2000), both belonging to the Acritarch group (Strother, 1996),
which indicates transgressive conditions. Richardson &
Rasul (1990) also related these forms to depositional settings
with marine influence. On the other hand, Grice et al. (1998),
and Versteegh et al. (2004) linked Botryococcus to
hypersaline systems. These records allow the inference that
these palynomorphs, common in the south Brazilian coals,
could tolerate greater salinity conditions. Cazzulo-Klepzig
(2002) and Cazzulo-Klepzig et al. (2005) emphasized the
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Figure 6. Petrographic composition of sample from the
carbonaceous shale showing proportions of mineral matter,
inertinite, liptinite and vitrinite in a polished section perpendicular to
bedding (see text for details), associated with vitrinite (collotelinite,
medium gray). Length of long-axis approximately 200 pm.

Figure 7. A, enrichment of inertodetrinite in basal section of the
sample, showing “bogen” structure typical for fusinite derived
organic matter. Length of long-axis approximately 200 ym. B,
inertodetrinite (white).

paleoecological significance of these palynomorphs for peat-
forming reconstruction, particularly their relation to a gradient
from fresh to brackish and up to marine conditions. The
authors suggested that they had been carried to the mire by
episodic flooding and deposited together with the terrestrial
material and fragments of the alga Botryoccocus. Spores
derived from pteridophytic vegetation which flourished at
the mire edges (herbaceous lycopsids and small ferns) and
pollen grains produced by hygrophilous, mesophilous
arborescent vegetation inhabiting nearby areas (Cordaites
and glossopterids) were also transported to the mire (Remy,
1975). The presence of conifers is reflected by rare striate
pollen grains such as Vittatina.

The dominance of the genus Lundbladispora, reflecting
the significant presence of arborescent lycopsid trees in the
original plant community (Archangelsky & Césari, 1990;
Cazzulo-Klepzig et al., 2005), with a percentage exceeding
60%, are found frequently grouped into tetrads. This indicates
their short transport from nearby lowland areas to the mire,
considering that the propagules of arborescent lycopsids
had a rather limited dispersal range and are less susceptible
to transport, particularly when compared with dispersed
miospores (Hemsley et al., 1999). The high frequency of

Figure 8. (Mega)-sporinite associated with inertodetrinite (white)
and mineral matter (clay minerals and quartz). Length of long-axis
approximately 200 pm.
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Figure 9. Brasilodendron pedroanum radiating roots and charcoal
fragments in paleosol.

masses of lycopsid tetrads has been used for
paleoenvironmental interpretation, indicating low energy
depositional settings, besides short duration of transport
(Tyson, 1995). The presence of megaspores of arborescent
lycopsids (Scott & King, 1981) was detected only under
petrographic analyses from carbonaceous shales (Figure 8)
and confirms that these plants were an important part of the
coal-bearing vegetation.

Charcoal fragments up to 2 mm in diameter are particularly
common as mesofossils in carbonaceous shales (Figure 5A).
Jasper et al. (2007) illustrated the anatomical characters of
this charcoal association, which can be mainly identified with
gymnosperm wood (Figure 5B).

Results from petrographic analysis of continuous
carbonaceous shale bands interbedded with the thin coal
layer underlying the roof shale flora show at the basal level
an enrichment of inertinite macerals, ranging from 55 to 90
vol. % and mineral matter (Figure 6, interval 1-7). At this level
the inertinite is composed almost entirely of inertodetrinite,
forming agglomerations parallel to the bedding (Figure 7A).

The center part of the analyzed block (Figure 6, interval 8-
16) is characterized by an increase in mineral matter (70 to
90% vol. %) with only minor contributions of organic matter
in the form of macerals of the inertinite, vitrinite and liptinite
groups. A representative image for vitrinite (collotelinite)
associated with inertinite (inertodetrinite) is shown in Figure
6B, whereas Figure 8 shows liptinite (mega-sporinite)
associated with mineral matter and inertodetrinite.

The top of the analyzed interval (Figure 6, interval 17-21)
shows a return to elevated inertinite contents reaching
maximum values of 35 vol. %.

Enrichment of inertinite macerals in Early Permian coal
seams in the Parana Basin is not an uncommon feature and
has been reported in Candiota coals (Holz & Kalkreuth, 2004;
Silva & Kalkreuth, 2005). In the present study, the inertinite
occurs in the form of inertodetrinite, genetically linked to
fusinite, with the development of a typical “bogen” structure

Figure 10. A, C, basal stump of Brasilodendron pedroanum with
flared rings, established in a clastic entisoil; B, D. Brasilodendron
pedroanum fallen trunk represented by compressed cast; cross-
cutting of the sediments in angle of 45°.

(Figure 7A). The dominance of detrital inertinite
(inertodetrinite) suggests a mechanical breakdown of the
precursor material (fusinite) before final deposition in the
mire. Fusinite is believed to originate for its major part from
forest fires (Scott, 1989; Jones et al., 1993), and the
degradation to inertodetrinite most likely occurred during
transportation from the site of the forest fire to the final
depositional site in the mire (the incompletely burned material
being transported by wind and/or water).

The presence of charcoal fragments, combined with the
significant content of inertodetrinite in carbonaceous shales
and the acceptance of their wildfire origin, indicates that fires
occurred in nearby areas and woody charcoalized fragments
could have been transported to the peat-generating areas.
Significant wildfire activity would be encouraged by periodic
dryness.

A very sharp, but otherwise conformable boundary is
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Figure 11. A, fusiform, sigmoid leaf cushion with lepidodendroid
phyllotaxis from Brasilodendron pedroanum horizontal compressed
stem; B, vertically compressed leaf cushions with lepidodendroid
phyllotaxis from Brasilodendron pedroanum basal cast (in situ).

observable at the coal/clastic interface. A mechanism to explain
the evolution from peat mire to clastic soil environments was
the breakage of the barrier brought about by washover fans,
generating the washover plain (Jasper ef al., 2006).

The paleosuccession in the roof shale interval was based
on statistical analyses (percent cover, diversity index) from
the hypoauthochtonous/authochtonous adpressions
(Tables 2 and 3). Diameter measurement of the standing
lycopsid was also used to infer paleoecological data from the
paleoflora (Figure 12). Synthetic description of the plant
material from the roof shale facies (Sibr, Sm, Sm with sandy
lenses) is presented in Table 4.

The integration of sedimentologic and paleontologic data
indicates that the pioneer lycopsid community established
on the surface originated from the ingression of sediments
on the peat surface but not on the peat itself (Figure 10A).
This evidence indicates a span of time between the last phase
of coaly swamp plant deposition and the colonization of the
paleosoil. The tree bearing paleosoil was very poorly
developed, immature, composed of thin siltstone layers,
showing alteration represented by charcoal fragments and
the presence of 3-5 mm diameter roots (Figure 9). The paleosoil

>30 1

25-29 1

20 - 24 1

15-191

Diameter (cm)

10 - 14 1

<10 1

30 20 10 0 10 20 30
Specimens (n)

Figure 12. Pyramid of class diameter taken from 30 fossil trunks.

Table 2. Quantitative quadrat analysis in different facies of the
roof shale level expressed in terms of percent cover. Zone 1 and
2 refer to Figures 2A and 2B, respectively.

FACIES FACIES SI
Sibr (Fﬁggf_:tss% (sandy lenses)
(quadrat:1) q ’ (quadrat:1)
Lycophyte ac. root 48.38 25.64 A
(Brasilodendron)
Lycophyte ac. leaf A 15.38 A
(Brasilodendron)
Lycophyte comp.stem A 17.94 A
« |(Brasilodendron)
2 |Lycopodites A 2.56 A
| Cordaites leaf A A 26
Rubidgea leaf A 12.82 A
Coricladus shoot A A A
Botrychiopsis frond A 5.12 A
Rhodeopterid frond A A A
Charcoal 19.35 A A
Total cover area(%) 67.73 79,46 26
FACIES FACIES Sm
Sibr (Fﬁg:ﬁ:tss_’;‘) (sandy lenses)
(quadrat:1) q ’ (quadrat:1)
Lycophyte ac. root
(Brasilodendron) 385 A A
Lycophyte ac. leaf
(Brasilodendron) A 13.33 A
Lycophyte comp.stem
(Brasilodendron) A 3.33 A
Lycopodites A 6.67 A
o~ | Cordaites leaf A A 24
2 |Rubidgea leaf A A A
3 | Coricladus shoot A 30 A
Botrychiopsis A 3.33 A
frond '
Rhodeopterid A 20 A
frond
Charcoal 12 A A
Total cover area(%) 50 76.66 24

would be classified as entisoil using modern soil taxonomy
nomenclature (Brady, 1974). Charcoal could suggest the
occurrence of forest fires in lowlands near the study area,
contemporaneous to the soil formation.

Burial of basal sandstone cast of lycopsid trees in growth
position is evidence of sudden deposition. The basal casts
are flared, leafless, decorticated or with poorly preserved
scars, sometimes in organic connection to a rooting system
that can extend radially up to 16 cm (Figure 9). These basal
casts are frequently tilted (Figure 10A,C), and in some cases
are attached to inclined ellipsoid compressed logs up to 30
cm long (Figure 10B,D). Logs highly compressed

Table 3. Ecological analyses of percent cover data given in Table
2. Zone 1 and 2 refers to Figures 2A and 2B, respectively.

FACIES ronmess | Index (B)
— | FACIES Sibr 2 0,376
g FACIES Sm 4 0,183
N | FACIES Sm (sandy lenses) 1 1
~ | FACIES Sibr 1 0,556
g FACIES Sm 6 0,196
N | FACIES Sm (sandy lenses) 1 1
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Figure 13. Understorey forms. A, Botrychiopsis valida frond; B; Rhodeopterid frond; C, fertile Lycopodites shoot.

longitudinally (1 cm thickness) are common at this basal level.

The best preserved specimens from both in situ and
lycopsid stems highly compressed longitudinally (Figure
11A,B) were attributable by Jasper & Guerra-Sommer (1998)
to Brasilodendron pedroanum Chaloner, Leistikow & Hill.
Dispersed acicular leaves were also attributed to that genus
and represent detritus from the lycopsid aerial canopy (Figure
14B2).

The lack of taxonomic diversity and the abundance of
Brasilodendron specimens at the site can probably be
attributed to restricted paleoenvironmental conditions. Based
on available plant fragments, these plants have been
tentatively described with reduced crown by Jasper & Guerra-
Sommer (1998). Diameter measurement taken from the lycopsid
casts showed a negatively skewed diameter population,
possessing a larger number of plants with smaller-diameter

Figure 14. A, Rubidgea; B1, Coricladus shoot; B2, Brasilodendron
leaves.

trunks (Figure 12). The distribution of class diameter shows
a small number of plants with a diameter greater than 30 cm,
reflecting an immature plant association, with no gaps
between older and younger cohort of trees. These data
suggest an uninterrupted colonization, not evidencing
paleoenvironmental changes; the environmental disturbance
provoked by cyclical washover flows appears to be lethal to
almost all the arborescent lycopsids. Detailed statistical
analysis of tree spatial distribution was not performed because
few data are available. However, quantitative observations
indicate a random spatial distribution; consequently, the light
competition would not have been a significant factor to
determine the self thinning threshold.

Paleoecological data suggest that the arborescent
lycopsid assemblage from the Quitéria roof shale has a habit
similar to the assemblage described by Falcon-Lang (2004)
from an Early Mississippian delta plain setting in New
Brunswick, Canada. The trees of the Protostigmaria-
Lepidodendropsis type are rooted in the interdistributary
wetland deposits of prograding wave dominant deltas
disturbed by flood.

The state of preservation of delicate structures such as
fertile Lycopodites sp. as well as the presence of delicate
Botrychiopsis valida Archangelsky & Arrondo and
rhodeopterid fronds (Figure 13) among the in sifu basal

Figure 15. Fragmented impressions of Cordaites leaves scattered,
non orientated, in sandy sediment.
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@ Zone 1

4
Lycophyte trees Herbaceous — Cordaitales Glossopteridales Ferns? Charcoal
Brasilodendron  lycophyte Cordaites Rubidgea  Pteridosperms?
Lycopodites Botrychiopsis
Zone2

35
30 |-

Lycophyte trees Herbaceous Cordaitales ~ Coniferales Fems? Fers? Charcoal
Brasilodendron  lycophyte  Cordaites  Coricladus Pteridosperms?  Pteridosperms?
Lycopodites Botrychiopsis - Rhodeopterid frond

Figure 16. Relative abundance of plant groups represented in the
roof shale based in megafloristic analysis. A, zone 1 (see Figure
2A); B, zone 2 (see Figure 2B,C).

lycopsid casts, suggests that the plant debris corresponds
to groundcover forms and barely endured any transport
(autochthonous/parautochthonous origin according to:
DiMichele & DeMaris, 1987; DiMichele & Nelson, 1989;
Gastaldo et al., 1990; Gastaldo et al., 1995; Martin-Closas &
Gomez, 2004). These data also suggest the absence of

standing water in the area, allowing the growth of
groundcover vegetation. Some fluctuation between relatively
dry and humid conditions could have occurred, reflecting
climatic seasonality.

Large fragments of conifers (Coricladus quiteriensis
Jasper, Ricardi-Branco & Guerra-Sommer, Figure 14B1),
frequently with branches and female cones in organic
connection, are found in dense associations with
groundcover forms. This record suggests an arbustive habit
for the plant and a local deposition or minimal transport. This
evidence agrees with findings of Palacozoic fossil plants
referring to conifers in southern Brazilian Gondwana (Guerra-
Sommer, 1982) and in Argentina, deposited in extensive plains
with meandering rivers (Archangelsky, 1981; Clneo, 1983;
Archangelsky & Cuneo, 1987). Interbedding with horizons
containing marine invertebrates indicates proximity to the
sea. Moreover, they are associated with Glossopteridales,
ferns, and lycophytes in coal-bearing sequences, suggesting
that their habitat was probably mesophilous to hygro-
mesophilous sensu Remy & Remy (1977). A preferential
lowland habitat for the conifers in the southern Brazilian
Gondwana was also mentioned by Guerra-Sommer (1982),
which suggests their growth within the catchment basin. The
phylogenetic implications, reproductive biology and
paleoecology of these plants suggest that these conifer types
differ from equatorial belt coeval conifers. At the Quitéria
roof shale level, the lateral contact between vegetation
dominated by conifer shoots (Coricladus quiteriensis and
Brasilodendron pedroanum) and assemblages where

i?g.“;‘,m‘.
o,

Figure 17. Reconstruction of a coastal ecosystem dominated by washover fans. A, palaeoecological reconstruction for the coal
deposition interval; A1, detail of the peat-forming plant community (Shc facies, see Figure 3); B, palaeoecological reconstruction for the
overlying clastic deposition interval; B1, detail of the clastic plant community ( Sibr, Sm facies, see Figure 3).
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Phase || Stage ¢ | INGRESSION OF DRYLAND CORDAITES BY ALLUVIAL FANS Key

CORMOSE LYCOPHYTE
(BRASILODENDRON)

GLOSSOPTERID BURNING

CONIFER

CONIFER BURNING

—1| &% GLOSSOPTERID

Sm

Sibr

Stage ¢

GROUND COVER AND ARBUSTIVE COMMUNITIES

CORDAITES

LYCOPHYTE BASAL STUMP
"5 WITH FLARED RINGS

LYCOPHYTE BASAL STUMP
ORGANICALLY CONECTED
WITH COMPRESSED STEM

—1Shc %@
8

BOTRYCHIOPSIS

CONIFER FERTILE SHOOT

RHODEOPTERID FROND

Stage b

PIONER CLASTIC LOWLAND CORMOSE LYCOPHYTE COMMUNITY

FERTILE HERBACEOUS

LYCOPODITES
CONIFER STERILE SHOOT
FROND (RHODEOPTERIDS)

FROND (BOTRYCHIOPSIS)

LYCOPHYTE COMPRESSED
CAST

RUBIDGEA LEAF

el

CORDAITES LEAF

LYCOPHYTE ACICULAR
LEAF

CHARCOAL
INERTODETRINITE

CASTING PROCESS OF
LYCOPHYTE BASAL STUMP

Figure 18. Schematic evolution of the process of colonization, succession and burial of the clastic plant community and its relation to
underlying peat-generating floras. Key for facies succession in Table 1.

conifers are absent, indicates that two vegetation types were
segregated in a restricted area (Figure 2).

Glossopterids, represented mainly by median parts of
leaves (apical and basal parts are rare) of Rubidgea
(Figure14A) may indicate their transport from surrounding
lands related to a washover flat area. The random distribution
of the hypoauthochtonous rubidgeoid isolated leaves
throughout the site demonstrate that glossopterids were
adapted to the larger coastal depositional system where

arborescent lycopsid communities flourished and that they
were transported to the site of deposition by episodic
flooding.

Fragmented Cordaites leaves, scattered exclusively in
extensive lenses of coarse sandstones at the top of the roof
shale level (Figure 15) represent a significant paleoecological
marker. Cordaites trees constituted a diverse group in coal-
forming floras in the Euramerican Kingdom. This plant
assemblage included mangrove-like plants and understorey
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Table 4. Synthetic description on taxonomy and preservation type of the plant fossil remains in the roof shale level.

Casts of highly longitudinally compressed stems: Fragments with 0.5-6.0 cm in diameter,
4.0-15 cm long and 3.0-20.0 cm wide, with fusiform, heliptical or sigmoid leaf cushions (0.3-
0.4 cm large and 0.5-0.9 cm long) and lepidodendroid phyllotaxis. Parichnos and ligule not

Casts of stems with elpsoidal diameter, with superficial fusiform, sigmoid leaf cushions (0.3-
0.4 cm large and 0.5-0.9 cm long) and lepidodendroid phyllotaxis. Parichnos and ligule not

Basal cilindric casts with 1.5-25.0 cm long and 9.0-20.0 cm in diameter with basal flared
rings. Basal portions with elongated acicular roots (0.4 cm in diameter). At the top rhombic-
helicoidal leaf cushions (0.3- 0.4 cm large and 0.5-0.7 cm long) and lepidodendroid
phyllotaxis. Parichnos and ligule not visible. Detailed description in Jasper & Guerra-

Impression/adpression of shoots with 0.5-2.3 cm long and 0.4 cm wide presenting acicular
leaves (0.1-0.2 cm long) with a spiral and alternate-opposite disposition. Ovoid sporanges

Impression of frond fragments (3.8-9.0 cm long and 0.6-7.9 wide) with a robust main rachis
presenting strong longitudinal nervures. Pines rhomboidal-ovoid to rhomboidal-elongated
(0.8-1.8 cm long and 1.3-1.8 cm wide) presenting an open venation derived from the rachis

Delicately dichotomized fronds (0.5-5.6 cm long and 0.1-0.2 cm wide), presenting a parallel

Ramified vegetative and fertile branches (6.1-84.3 cm long and 2.4-6.5 cm wide), leafless,
other with homomorphic, acicular and sessil leaves (0.1-0.5 cm long and 0.1 cm wide) with
parallel venation. Ovuliferous scales and seeds adpressed to the main axis. Detailed

Medial and rounded apical parts of leaves with parallel veination at the central part of the

Strap-like leaves (5.2-23.0 cm long and 3.8-4.1 cm wide), with pronounced parallel

23

Material Description
Brasilodendron
pedroanum
visible. Detailed description in Jasper & Guerra-Sommer (1998).
Brasilodendron
pedroanum visible.
Brasilodendron
pedroanum
Sommer (1998).
Lycopodites sp.
with (0.2 long and 0.1 cm wide) adpressed at the basal portion of leaves.
Botrychiopsis
valida
nervures. Detailed description in Jasper et al. (2003).
Rhodeopterid
fronds venation.
Coricladus
quiteriensis
description by Jasper et al. (2005).
Rubidgea sp. lamina, recurvered in the peripherical region, rarely dichotomized at the base.
Cordaltes sp. venation, not anastomosed.
Charcoal Fusinised gimnospermic wood fragments.

shrubs, inhabiting well-drained clastic lowlands but also peat-
forming swamps (Cridland, 1964; Scott, 1977; Raymond &
Phillips, 1983; Rothwell & Warner, 1984; Costanza, 1985;
Raymond, 1988; Taylor & Taylor, 1993). Its presence in the
top of the Quitéria roof shale was interpreted as the ingression
of remains of a parauthochtonous seasonal dryland flora
within the depositional system. It is not possible to determine
with certainty their site of growth due to the fact that they
were transported to the site probably by distal washover
fans; nevertheless, their habit could be similar to those forms
described by Falcon-Lang (2005) for the Pennsylvanian of
Canada. Cordaites remains were preserved at that site in
microtidal deposits inferred to have been formed in the close
proximity of the sea coast, on the shore_of a brackish
epicontinental sea.

The low diversity index of taxa (Table 2) observed in the
hypoauthochtonous plant assemblage can be even
overestimated because each organic taxon was counted as
an individual species. In the overall association, only seven
biological species were identified (Table 3). These parameters
have been interpreted as indicative of communities that exist
in a seasonally stressed biome (Pryor & Gastaldo, 2000).

Comparing the quantitative results obtained from roof
shale floras expressed in Figure 16 to those based on data
from the underlying coal palynofloras (Figure 4), it is clear
that the roof shale community reflects in part the plant
community growing in the lowland areas and constitutes the

peat-forming plant communities. The dominance of
arborescent lycophytes among other plants is remarkable.
The distribution of other plant groups could have been
controlled by different factors such as soil composition,
differential stage of maturity presented by the vegetation
and also by probable taphonomic bias.

The evolution of the_local paleoecological environment
at both the coaly (Shc facies, Figure 3) and the clastic (Sibr,
Sm facies, Figure 3) intervals is represented in Figure 17. A
framework representing the process of colonization,
succession and burial of the clastic plant community and its
relation to the underlying peat-generating floras is presented
in Figure 18.

CONCLUSIONS

The present study, based on the transition from a peat-
forming to a clastic environment in the Quitéria outcrop,
allowed the conclusions presented below.

The deposition process was controlled by
paleonvironmental changes due to the break of the barrier
brought about by washover fans, generating a washover
plain. The burial of the mire by washover fans terminated the
hypoauthochtonous peat accumulation. The lowland mineral
substrate habitats that were deposited in the same site, after
the cessation of peat formation generated an immature sandy
soil, colonized by a pioneer arborescent lycopsid community,
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composed by an assemblage of Brasilodedron pedroanum
type of plants. After the stabilization of the entisoil, arborecent
lycopsids were joined by lowland conifers (Coricladus
quiteriensis) and other understorey taxa such as
Botrychiopsis plantiana, Lycopodites sp. and other
groundcover forms adapted to life in lowland, mineral-poor
sandy soils. The presence of hypoauthochtonous
glossopterids (Rubidgea) demonstrates that these plants
were also adapted to coastal depositional systems. Cordaites
trees were also present in this marine-influenced coastal
habitat, but adapted to a nearly different habitat.

The immature nature of the arborescent lycopsids from
the roof shale resulted from environmental disturbance that
killed the whole plant association, preventing the
establishment of climax vegetation. The most important cause
of disturbance was cyclical washover flows, which appear to
have been lethal to the understorey vegetation and also to
the arborescent lycopsids.

The development of the authochtonous roof shale flora
was not linked to severe changes in relation to the
hypoauthochtonous coal-generating floras, but rather to
changes in paleosoil characteristics; it can be assumed,
consequently, that some surviving members of the plant
communities originating the hypoauthochtonous peat mire
may also have played a role in the new clastic community,
but with a different dominance pattern. The soil surface was
free of standing water, at least in some periods; this evidence
is consistent with a seasonally stressed biome and reconciles
the accumulation of the studied sequence with some periodic
dryness of the environment, suggesting seasonality during
the Early Permian of the southern Parana Basin.

The wildfires had important impacts on the type of organic
matter accumulated in the coastal mire systems, as evidenced
by the presence of mesoscopic charcoal fragments and
charcoal-like inertinite macerals (fusinite, inertodetrinite).
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