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

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

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

intervalo de tempo, sob efeito da deposicéo de cinza vulcanica

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

INTRODUCTION

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

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

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

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

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

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

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

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

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

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

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

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

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

GEOLOGICAL AND STRATIGRAPHICAL
SETTING

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

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

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

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

Palynology: sampling and analytical procedures

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

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

Palynofacies; sampling and analytical procedures

For palynofacies studies, samples were collected from
the different cutbanks of the open pit areas aiming to compa-
re the distribution of the particulate organic matter (POM)
along the succession coal profile. Inthecoals, six levelswere
considered for the study, three of them corresponding to the
coal bed below the tonstein and the other one to the coal bed
aboveit. Inthetonstein, three different levels were analyzed
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Figure 1. Location map of the study area (from Simas et al., 2009).
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independently, corresponding to the basal, intermediate and
top levels(detailedin Simaset al., 2009).

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

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

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

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

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

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

RESULTS

Although palynological and palynofacies results
obtained for both coal beds show acertain similarity between
them, mainly intermsof the quaitative composition, important
floristic changeswere detected, mainly inthe coal bed above
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thetonstein, which showsa weak presence of pteridophytic
vegetation (Figure 2).

Coal bed below thetonstein

Palynology. Palynological analyses demonstrated abundant
and well-preserved palynomorphs showing a dominance of
trilete sporesrelated to pteridophytic vegetation. Arborescent
lycopsids arerepresented by Lundbladispora (approximately
22% of the whole palynological assemblage) while
herbaceous lycopsids are evidenced by the presence of
Vallatisporites, Cristatisporites, Kraeuselisporites, making
up approximately 19%. Forms of Apiculatisporis,
Cyclogranisporites, Horriditriletes, Granulatisporites,
Punctatisporites, Leiotriletes and Convolutispora (6%)
reflect the presence of filicopsids. Scarce sphenopsids (2%)
are represented by Calamospora and Retusotriletes. This
coa palynoflora shows a compositional similarity to that
previously recognized for the southernmost Parana Basin in
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Figure 2. Lithostratigraphy of the Faxinal coal succession, indicating the uppermost coal seam (from Simas et al. 2009) displaying the coal
bed above the tonstein (a), tonstein (b) and the coal below the tonstein (c).



184 REVISTABRASLEIRA DE PALEONTOLOGIA, 12(3), 2009

Brazil, although the bissacate pollen grains appear in this case
as the most important components in the palynoassemblage
(41%). Within this group, the dominant forms are
Scheuringipollenites, Alisporites and Vesicaspora reflecting,
according to Gould & Delevoryas (1977), a conspicuous
presence of glossopteridsin the peat-forming plant community.
These taxa are followed by some monosaccate pollen grains
with botanical affinity to Cordaites, such as Cannanoropollis
and Plicatipollenites (9%) and striate pollen grains (e.g.
Protohaploxypinus and Vittatina) comprising approximately
6%), indicating that the conifers were also significant
constituents of the original plant community (Balme, 1995;
Quadroset al., 1995). Algae-like elements, commonly found
in other coal palynofloras (Cazzulo-Klepzig, 2001), are
represented mainly by Portalites, Maculatasporites and
Tetraporina (5%). Rarefragmentsof thea gaBotryococcuswere
identified (less than 1%) together with the algae-like forms
and spores derived from the terrestrial material.

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

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

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

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

Tonstein

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

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

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

4244 29.3/105; B, Alisporites splendens

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

Protohaploxypinus sp.

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

22.4/98.0; H, Portalites

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

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

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

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

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

R—

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

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

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

Thebrown color of several cuticlefragmentsand tracheids
waslinked to thermal alteration.

Coal bed abovethetonstein

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

A

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

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

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

The dominance of subarborescent/arborescent

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

FINAL REMARKS

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

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

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

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

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

100%

Phytoclast @ Cos b o e flourishing in the marginal areas of the mire (Figure 13,

s stage C).

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

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

_ . _ . nal interpretation. A tentative reconstruction of the
Figure 12. Ternary graphic representing relative frequency of the floristic evolution in the coal succession is outlined in
main constituents of coals and tonstein (phytoclasts, palynomorphs .
and amorphous organic matter). Figure 13.
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Figure 13. Reconstruction of the floristic evolution of peat-forming plant communities in a coal succession at the Faxinal coalfield. Stage
A, representing the hypautochthonous flora composed of herbaceous and arborescent lycopsids, glossopterids, Cordaites and conifers,
growing around the mire besides algal elements (filicopsids and sphenopsids not shown in reconstruction). Stage B, representing a
compressed flora preserved in tonstein (glossopterids, Cordaites, conifers, pteridophylls, scarce lycopsids; sphenopsids not shown in
reconstruction) and algal elements. Stage C, consisting of a peat-forming plant community dominated by arborescent plants (glossopterids,
Cordaites and conifers), growing in marginal areas around the mire (coastal mires in inland areas), with lower representation of pioneer
vegetation (herbaceous lycopsids and ferns) and scarce algal elements.
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