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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 Parana 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-Brazilian
macro-charcoal remains is presented. The hitherto unpublished samples were anatomically analyzed under Scanning Electron
Microscope and a gymnosperm affinity could be established. The data presented here reinforce the relevance of paleo-wildfire
as a source of environmental disturbance over large areas of Gondwana during the Late Paleozoic.

Keywords: Macro-charcoal; Gymnosperms; Parana Basin; Damodar Basin; Permian.

Resumo

Carvao vegetal macroscopico ¢ amplamente aceito como um indicador direto da ocorréncia de paleo-incéndios vegetacionais,
sendo relativamente bem estudado e distribuido de forma homogénea em depositos do Paleozoico Superior da Euramérica
e Cataisia. Por outro lado, apenas alguns registros deste tipo de material foram publicados para o Paleozoico Superior do
Gondwana e, somente recentemente foi demonstrado que carvdo vegetal macroscopico (e, portanto, incéndios) também é
comum no continente meridional. Os mais importantes registros do Gondwana se constituem em fragmentos carbonizados
de lenhos gimnospérmicos e estdo associados, principalmente, a depdsitos de carvdo mineral. Registros de macro-charcoal
(carvdo vegetal macroscopico) foram descritos para niveis do Paleozoico Superior da Bacia Damodar (india) e da Bacia do
Parana (Brasil), demonstrando que paleo-incéndios vegetacionais ocorriam em sequéncias e intervalos estratigraficos variados
no Gondwana durante esse periodo. Com base nos registros publicados até o momento ¢ em novos exemplares provenientes
do nivel de carvio Seam-IV, Formagio Raniganj, Bacia Damodar (Lopingiano da India), uma revisdo acerca dos registros
indo-brasileiros de carvdo vegetal macroscopico em niveis do Paleozoico Superior sdo apresentados. O material inédito foi

Disponivel on-line no enderego www.igc.usp.br/geologiausp -87 -



Jasper, A. et al.

analisado sob Microscopio Eletronico de Varredura para a defini¢do de caracteristicas anatomicas, sendo estabelecida uma afinidade
gimnospérmica para os fragmentos. Os dados apresentados reforgam a importancia dos paleo-incéndios vegetacionais como elemento
perturbador dos diferentes paleoambientes gondvanicos durante o Paleozoico Superior.

Palavras-chave: Macro-charcoal; Gimnospermas; Bacia do Parana; Bacia Damodar; Permiano.

INTRODUCTION

Although widely studied and regionally and stratigraphically
more or less homogeneously distributed in Euromerican
and Cathaysian Late Paleozoic sequences (Sander, 1987,
Sander and Gee, 1990; Scott, 1990; Scott and Jones, 1994;
Falcon-Lang, 2000; Wang and Chen, 2001; Uhl and Kerp,
2003; DiMichele et al., 2004; Uhl et al., 2004, 2008;
Shen et al., 2011), macroscopic charcoal of this time interval
was only recently described in detail for the Gondwanan
area (Jasper et al., 2008, 2011a, 2013). Considering that
many scientists accept these remains as a direct indicator
for the occurrence of paleo-wildfires (Jones and Chaloner,
1991; Scott, 2010), and that they are common in the southern
continent, a scenario in which fire was a more or less common
event in many Late Paleozoic ecosystems of Gondwana has
also to be considered.

Such a paleobotanical approach partially contradicts earlier
assumptions (e.g., Falcon, 1989; Hunt, 1989; Taylor et al.,
1989) which considered that occurrences of paleo-wildfires
were not common in the Gondwanan Late Paleozoic mires
and surroundings. A debate about this topic persists in
recent literature (e.g. Hower et al., 2011; Richardson et al.,
2012) where arguments against the pyrogenic origin of the
Gondwanan inertinites (group of macerals) in coal layers
are presented.

In a comparative review of the then known occurrences
of fossil macro- and micro-charcoals as well as inertinite
occurrences all over the Late Paleozoic of Gondwana,
Jasper et al. (2013) demonstrated that the paleobotanical
evidences are mostly spatially and temporally coincident
with the occurrence of inertinites, supporting that a pyrogenic
origin for them has to be considered. In addition, several
localities showed positive result for macroscopic charcoal
in diverse Permian sequences in the Gondwanan area
(Jasper et al., 2011b, 2011c, 2012) reinforcing that, despite
abundant occurrences, this kind of remains were obviously
partially neglected in previous Late Paleozoic paleobotanical
studies (Abu Hamad et al., 2012).

With the aim to improve the concept of a Gondwanan
paleo-wildfire scenario during the Permian and to show
the lack of information about macroscopic charcoal of that
age, this paper reviews the so far described macroscopic
charcoal occurrences for India and Brazil, two significant
parts of this ancient continent. Moreover, complementary
data of the Damodar Basin (Raniganj Formation — India)

are presented, enabling a more detailed evaluation of the
paleo-wildfire dynamics on the area than previously suggested
by Jasper et al. (2012).

THE LATE PALEOZOIC INDO-BRAZILIAN
MACROSCOPIC CHARCOAL RECORD

Macroscopic charcoal (sensu Jones and Chaloner, 1991;
Scott, 2010) in sediments is widely accepted as a direct
indicator for the occurrence of paleo-wildfires (Scott, 1989,
2000, 2010; MacDonald et al., 1991; Scott and Glasspool,
2006; Glasspool et al., 2004; Flannigan et al., 2009) and was
considered as absent or rare in Gondwanan late Paleozoic
sediments until the last decade (Jasper et al., 2013). Besides
some short reports (e.g. Cazzulo-Klepzig et al., 1999;
Jasper et al., 2006; Guerra-Sommer et al., 2008a), the first
detailed description of this kind of material was made for a
Permian exposure at the southern border of the Parana Basin,
Rio Bonito Formation, Rio Grande do Sul State, Brazil, by
Jasper et al. (2008). These authors described charred woods
related to gymnosperms and charred barks with lycopsid
characteristics for two different coal facies of the Quitéria
Outcrop. Those first results highlighted that macroscopic
charcoal (hence paleo-wildfires) could in fact be formed in
the Late Paleozoic ecosystems from Gondwana.

Additional findings from the Permian of the Parana Basin
were described by Jasper et al. (2008). In total, seven localities
distributed on Parana Basin’s southern and eastern borders
were studied and several macroscopic charcoal presenting
anatomical features supporting a taxonomic affiliation to the
morphogenus Agathoxylon (Philippe and Bamford, 2008)
could be identified. The authors reinforced that this type of
wood is very common for Late Paleozoic gymnosperms in
Gondwana, deriving from different phylogenetic affinities and
diverse taxa, including the widely distributed Glossopteridales
(Prevec et al., 2009). However, the presence of tracheids
with spiral thickening of the tertiary wall associated with
uniseriate isolated pits in one of the samples (see Figures
6F-H and 7A-C of Jasper et al., 2011a), allowed a relation
of that material in particular to conifers.

Although not the main aim of the paper, Manfroi et al.
(2012) confirmed with Scanning Electron Microscope
(SEM) images the presence of charred parenchyma cells
associated to leaf cushions of Brasilodendron pedroanum
(Chaloner et al., 1979). The studied samples came from

- 88 -

Geol. USP, Sér. cient., Sao Paulo, v. 16, n. 4, p. 87-97, Dezembro 2016



Indo-Brazilian Late Paleozoic wildfires

the coal-bearing strata from the Artinskian of the Santa
Catarina Coalfield, Rio Bonito Formation, Parana Basin,
Santa Catarina State, Brazil. These results reinforced the
statement made by Jasper et al. (2008), according to which,
sub-arborescent Lycophytes could also be preserved as
macroscopic charcoal in Gondwana.

In case of India, macroscopic charcoal has been described
for carbonaceous shale associated with Seam-VI of the
Raniganj Formation, Upper Permian, Damodar Basin
by Jasper et al. (2012, 2016, In press) and Mahesh et al.
(2015). The anatomical features demonstrated that plants

with a pycnoxylic gymnospermous wood were submitted
to paleo-wildfire events in that area during the late Permian,
demonstrating that not only the western part of Gondwana,
but also the eastern, was subject to burning.

Jasper et al. (2013), provided a review of the Gondwanan
macroscopic charcoal occurrences and showed that, despite a
few exceptions (e.g. Jasper et al., 2008; Manfroi et al., 2012)
the most important Gondwanan records are predominantly
charred gymnosperm woods, mainly related to coal-bearing
strata (Table 1). The remains are spread out in different
sequences and also in distinct stratigraphic Permian intervals

Table 1. Published records of Permian charcoal. Data based on Abu Hamad et al. (2012), Jasper et al. (2013, In press).

Localities Country Age Evidence type References
Candiota coalfield Brazil Sakmarian Macroscopic  Jasper et al. (2011a)
Ledo-Butia coal-field Brazil Sakmarian Macroscopic  Jasper et al. (2011a)
Faxinal coalfield Brazil Sakmarian Macroscopic ~ Degani-Schmidt et al. (2015), Jasper et al.
(2011b),
Guerra-Sommer et al. (2008b)
Morro Papaléo outcrop Brazil Sakmarian Macroscopic  Jasper et al. (2011b), Jasper et al. (2011c¢)
Quitéria outcrop Brazil Sakmarian Macroscopic ~ Costa et al. (2016), Jasper et al. (2006,
2008),
Cazzulo-Klepzig et al. (1999),
Guerra- Sommer et al. (2008a)
Santa Catarina Coal Basin Brazil Artinskian Macroscopic  Jasper et al. (2011a)
Figueira coalfield Brazil Artinskian Macroscopic  Jasper et al. (2011a)
Bonito coal seam, Santa Catarina state Artinskian Macroscopic ~ Manfroi et al. (2012)
Barro Alto Outcrop Brazil Guadalupian Macroscopic ~ Manfroi et al. (2015)
Prince Charles Mountains Antarctica  Rodian — Wordian Macroscopic  Slater et al. (2015)
Andradina outcrop, Parnaiba Brazil Lopingian Macroscopic ~ Kauffmann et al. (2016)
Sohagpur Coalfield, Barakar Formation India Early Permian Macroscopic  Jasper et al. (In press)
(Cisuralian)
Seam-VI, Raniganj Formation India Late Permian Macroscopic ~ Present study
Weller Formation, Allan Hills, South Antarctica Late Permian Macroscopic ~ Tewari et al. (2015)
Victoria Land
Bore core SKB-1, Karanpura Coalfield, India Late Permian Macroscopic ~ Mahesh et al. (2015)
Raniganj Formation
Bore core SKB-1, Karanpura Coalfield, India Late Permian Macroscopic ~ Mahesh et al. (2015)
Barren Measure Formation
Lower Whybrow coal Australia Wuchiapingian Macroscopic  Glasspool (2000)
South Island, Kuriwao group New Zealand  Wuchiapingian — Microscopic ~ Crosbie (1985), Campbell et al. (2001)
Changhsingian
Perth Basin Australia Changhsingian Microscopic Foster et al. (1997),
Tibet, North Indian margin China Changhsingian Microscopic ~ Schneebeli-Hermann et al. (2012)
Wadi Himara Jordan Changhsingian Macroscopic ~ Uhl et al. (2007)
Damodar Valley Basin India Changhsingian Macroscopic  Jasper et al. (2012)
Zewan Formation, Kashmir India Changhsingian Macroscopic  Jasper et al. (2016)
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[e.g. Parand Basin (Sakmarian/Artinskian of Brazil), Karoo
Basin (Artinskian of South Africa), Damodar Basin (Lopingian
of India) and Wadi Himara (Lopingian of Jordan)]. According
to the authors, they range from periglacial/postglacial
to warm temperate climatic conditions and, if compared
to known occurrences of inertinites, the macro-charcoal
support the pyrogenic origin for these coal macerals also
for the Gondwana.

Considering the so far restricted data about Late Paleozoic
Gondwanan macroscopic charcoal which, as shown before,
also occurs in India and Brazil, the constant mapping of
new occurrences will provide an up to date overview on the
distribution dynamics of paleo-wildfires in space and time.
As stated by Abu Hamad et al. (2012), the interpretation of the
so far established “Gondwanan late Paleozoic macroscopic
charcoal gap” could be difficult, considering that many factors
(including non-compliance by Gondwanan scientists) may
have influenced the recovery of evidence for paleo-wildfires
for this area and time interval.

GENERAL GEOLOGICAL CONTEXT OF THE
INDO-BRAZILIAN STUDIED SEQUENCES

The comparative overview presented here is restricted
to the Late Paleozoic macroscopic charcoal remains so far
described from India and Brazil and to the new occurrence

86745’

presented here for the first time. Considering that those
remains are yet restricted to the Damodar Basin, in India,
and to the Parand Basin, in Brazil, the geological context of
both areas is described in a general approach.

The Damodar Basin (Figure 1) includes the Permian
deposits of the Talchir, Karharbari, Barakar, Barren Measures
and Raniganj formations (Murthy et al., 2010). Specifically
the Raniganj Formation, from where the macroscopic charcoal
has so far been studied and the new remains presented here
originate, is lithologically characterized by the association
of coals, organic rich carbonaceous shales, siltstones and
sandstones (Mukhopadhyay et al., 2010). However, the coal
seams are usually thinner and less frequent and sandstones
vary from fine to coarse grained.

The Raniganj Formation, which overlies the sandstones
of the Barren Measures Formation and underlies the
claystones of the Panchet Formation, was deposited under
a warm, temperate, humid paleoenvironment (Lele, 1976;
Chandra, 1992; Tiwari and Tripathi, 1992; Ghosh, 2002).
Its coaly sediments were deposited during a regressive phase,
representing an anoxic floodplain enabling the deposition
of significant peat (Mukhopadhyay et al., 2010).

The Parana Basin (Figure 2) occupies approximately
1,700,000 km? in southeastern South America covering
parts of southern Brazil, Paraguay, Uruguay and Argentina.
Six depositional super-sequences that resulted from second-
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Figure 1. Simplified map of the Damodar Basin with the position of the sampling location of the new macroscopic charcoal

remains described here (modified from Jasper et al., 2012,

Figure 2).
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Figure 2. Simplified map of the Parana Basin with the sedimentary units and the distribution of the Gondwana | Supersequence
outcropping area where the macro-charcoal remains occur (modified from Milani et al., 1998).

order eustatic and tectonic events can be observed from
the base to the top, comprising Ordovician to Cretaceous
sediments (Milani et al., 2007).

So far, macroscopic charcoal was described only for the
Permian coal-bearing strata of the Rio Bonito Formation,
which constitutes a second-order transgressive-regressive
cycle (Milani et al., 2007; Holz et al., 2010). The Rio Bonito
paleoenvironmental context is related to fluvio-paralic and
lagoon back-barrier systems, which were deposited under
a fluctuation between relatively dry and humid conditions,
reflecting climatic seasonality (Guerra-Sommer et al., 2008b;
Holz et al., 2010).

MATERIAL AND METHODS

Considering that the present paper aims to show the
current status of the aleo-wildfire studies for the Indian and
Brazilian Late Paleozoic strata, the data mostly summarize

the results published so far about the issue. On the other
hand, a new occurrence of macroscopic charcoal is also
presented, demonstrating the continuing need for research
on such remains.

The material studied here in more detail was collected
from the shale associated with the Seam-VI of the Raniganj
Formation. The samples are complementary to those analyzed
by Jasper et al. (2012) and were provided by subsequent
sampling made in the area by the Birbal Sahni Institute of
Paleosciences staff in different layers from the same area.
They are permanently stored in the Paleobotany Collection
of the Botany and Paleobotany Sector — Natural Science
Museum, at UNIVATES, Brazil (specimens PbU 918 to 922).

The material was identified as macroscopic charcoal based
on the characteristics established by Jones and Chaloner
(1991) and Scott (2010): black color and streak; silky luster;
homogenized cell walls; well-preserved anatomical details.
The material was extracted mechanically from sediment
samples with the aid of preparation needles and tweezers,

Geol. USP, Sér. cient., S&o Paulo, v. 16, n. 4, p. 87-97, Dezembro 2016
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under a binocular microscope. Due to the very fragile nature
of all of the specimens, they could not be cleaned with
water or any acids to remove adhering mineral remains.
The fragments were mounted on standard stubs with LeitC
(Plano GmbH, www.plano-em.de).

Subsequently, the samples were examined with the aid
ofaZeiss EVO LS15 Scanning Electron Microscope (SEM)
at the TECNOVATES (Parque Cientifico e Tecnologico do
Vale do Taquari) in UNIVATES, for morpho-anatomical
descriptions. Considering the absence of conclusive anatomical
features, the taxonomical inferences were maintained in a

general view, which did not affect the final remarks presented
here given that they are of a paleoenvironmental nature.

RESULTS

Eight macroscopic charcoal fragments, measuring between
0.1 x0.2x0.2and 0.2 x 0.4 x 0.6 cm were recovered from
the sediment samples. They have no abraded edges and, under
SEM analysis, they present well-preserved anatomical details
(Figure 3A, B) and homogenized cell-walls (Figure 3C, D).

A 10 pm

G ‘ 10 um
—

H 10 um
—

Figure 3. SEM images of additional macro-charcoal remains from the Seam-IV coalfield (Raniganj Formation, Damodar
Basin, India). (A, B) general view of tracheids with preserved cell features; (C, D) detail of the cell-walls homogenization
(arrow) observed in the samples; (E, F) detail of the woody tissues shattering observed in some of the samples; (G) tracheids
exhibiting uniseriate and tri-seriate circular pitting; (H) tracheids exhibiting uniseriate circular pitting.
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The woody tissues are shattered into more or less small
pieces, preventing the visualization of complete tissue
characteristics (Figure 3E, F). Tracheids are 15-25 pm in
width, exhibiting uniseriate and tri-seriate circular pitting
[with 1-4 um in diameter (Figure 3G, H)]. Rays, cross-field
pits, leaf traces or growth rings are not visible.

DISCUSSION

The presence of homogenized cell-walls in the studied
material confirms that the samples are macroscopic charcoal,
a direct indicator for the occurrence of paleo-wildfires (Jones
and Chaloner, 1991; Scott, 2010). The tracheids have typical
gymnosperm affinities, with clear uniseriate and tri-seriate
circular pitting (Philippe and Bamford, 2008).

Despite the restricted taxonomical inferences, prevented by
the absence of more characteristic features, the macroscopic
charcoal samples described here demonstrate the occurrence
of paleo-wildfires in more than one layer of the Seam-VI
of the Raniganj Formation. That reinforces the suggested
“Late Paleozoic burning Gondwana” (Jasper et al., 2013) in
contradiction with previous assumptions which considered
paleo-wildfires as an unusual event in that time and area
(Falcon, 1989; Hunt, 1989; Taylor et al., 1989).

The repetitive association of macroscopic charcoal
samples to Permian coal and coal-bearing strata all around
Gondwana demonstrates that areas around the mire systems
could burn. Modern mires and swamps can burn if they are
submitted to a severe dry season (Cypert, 1961; Richardson,
2010; Wu et al., 1996), such fire events during Permian times
may have been intensified by the high atmospheric oxygen
levels (Berner, 2006). In that context, the increasing recovery
of macroscopic charcoal in late Paleozoic Gondwanan
deposits fits with the increase in paleoatmospheric oxygen
concentration (pO,) reconstructed during the Permian on
Earth (Glasspool and Scott, 2010).

In addition, the pyrogenic origin for the Gondwanan
coals high inertinite concentrations have to be considered.
If the pO, levels reached 30% during the Permian (Berner,
2006; Glasspool and Scott, 2010), it is fully plausible that
mires in the area burned regularly, allowing the deposition
of the macerals over longer periods of time. Thus “frequent
fire in the Gondwanan mires” during the Late Paleozoic
(Uhl and Jasper, 2011; Jasper et al., 2013) has to be considered
as an important source of disturbance in the paleoecological
reconstructions for that ancient continent.

In view of recent findings as in the present study, further
studies on late Paleozoic wildfires is needed, focusing on
the macroscopic charcoal remains, concentrating the efforts
on the macroscopic charcoal remains from peat-forming
as well as non-peat-forming environments. If compared
with the sampling/descriptions so far carried out for this

period in Euramerica and Cathaysia, it becomes evident
that the Gondwana database for Permian paleo-wildfires
needs enlargement. Only such an effort will enable a global
comparative evaluation about those paleo-wildfires in space
(Northern and Southern Hemisphere) and time (during the
entire Phanerozoic).

CONCLUSIONS

From the evidence presented here, it is possible to draw
the following conclusions:

1. New macroscopic charcoal with gymnosperm affinity
from the Raniganj Formation (Damodar Basin) coal-
bearing strata could be identified;

2. Paleo-wildfires occurred more than once during the
Permian in the Raniganj Formation Seam-VTI area;

3. Both Damodar and Parana basins demonstrate repetitive
paleo-wildfire events during the Permian;

4. Constant and repetitive paleo-wildfire events in
Gondwanan Permian mire systems can be related to
high pO, levels registered for that period,;

5. Pyrogenic origin for the high inertinite macerals
concentration in some Gondwanan Permian coals has
to be seriously considered,;

6. More macroscopic charcoal sampling from Gondwanan
Late Paleozoic deposits is necessary to furnish the
construction of a global paleo-wildfires scenario for
the Phanerozoic.

ACKNOWLEDGEMENTS

The authors acknowledge the financial support by the
Brazilian [FAPERGS (11/1307-0), CAPES (PROSUP
and A072/2013) and CNPq (400972/2013-1)] and Indian
[DST (INT/Brazil/P-06/2013)] agencies. The research was
carried out within the Binational Cooperation Agreement
— Brazil/India. A. Jasper, D. Uhl, M. Guerra-Sommer,
R. Spiekermann, J. Manfroi, I.C. Osterkamp and J.R.W.
Benicio acknowledge the financial support by, CAPES
(A072/2013), and CNPq (400972/2013-1, 444330/2014-3),
Brazil. A. Jasper acknowledges CNPq (301585/2012-1;
305436/2015-5), CAPES (BEX 8107-14-9) and Alexander
von Humboldt Foundation (Germany — BRA 1137359
STPCAPES). M.E. Bernardes-de-Oliveira also acknowledges
CNPq (490829/2007-4) and India (DST RPO 24/2007) and
CNPq (PQ 304978/ 2013-2).

Geol. USP, Sér. cient., S&o Paulo, v. 16, n. 4, p. 87-97, Dezembro 2016

-03 -



Jasper, A. et al.

REFERENCES

Abu Hamad, A. M. B., Jasper, A., Uhl, D. (2012). The record
of Triassic charcoal and other evidence for paleo-wildfires:
signal for atmospheric oxygen levels, taphonomic bias or lack
of fuel? International Journal of Coal Geology, 96-97, 60-71.

Berner, R. A. (2006). GEOCARBSULF: a combined model
for Phanerozoic atmospheric O, and CO,. Geochimica et
Cosmochimica Acta, 70, 5653-5664.

Campbell, H. J., Mortimer, N., Raine, J. . (2001). Geology of
the Permian Kuriwao Group, Murihiku Terrane, Southland,
New Zealand. New Zealand Journal of Geology and
Geophysics, 44, 485-500.

Cazzulo-Klepzig, M., Mendonga-Filho, J. G., Peralba,
M. C. R., Jasper, A. (1999). Caracterizagdo do carvdo da
localidade de Quitéria, Encruzilhada do Sul, RS através de
métodos palinologicos, petrograficos e organogeoquimicos.
51 Reunido Nacional da Sociedade Brasileira para o

Progresso da Ciéncia. Anais da Academia Brasileira de
Ciencias, 71, 812-820.

Chaloner, W. G., Leistikow, K. U., Hill, A. (1979).
Brasilodendron gen. nov. and B. pedroanum (Carruthers)
comb. nov., a Permian Lycopod from Brazil. Review of
Palaeobotany and Palynology, 28, 117-136.

Chandra, S. (1992). Changing patterns of the Permian
Gondwana vegetation. Palaeobotanist, 40, 73-100.

Costa, O. L., Kionka, D. C. O., Périco, E., Jasper, A. (2016).
Identificagdo de carvao vegetal macroscopico no nivel de
roof-shale do afloramento Quitéria, Formacao Rio Bonito,
Permiano inferior da Bacia do Parana. Geosul, 31(61),
133-154.

Crosbie, Y. M. (1985). Permian palynomorphs from the
Kuriwao Group, Southland, New Zealand. New Zealand
Geological Survey Record, 8, 109-119.

Cypert, E. (1961). The Effects of Fires in the Okefenokee
Swamp in 1954 and 1955. American Midland Naturalist,
66(2), 485-503.

Degani-Schmidt, 1., Guerra-Sommer, M., Mendonga, J.
0., Mendonga Filho, J. G., Jasper, A., Cazzulo-Klepzig,
M., lannuzzi, R. (2015). Charcoalified logs as evidence of
hypautochthonous/autochthonous wildfire events in a peat-
forming environment from the Permian of southern Parana
Basin (Brazil). International Journal of Coal Geology,
146, 55-67.

DiMichele, W. A., Hook, R. W., Nelson, W. J., Chaney, D.
S. (2004). An unusual Middle Permian flora from the Blaine
Formation (Pease River Group: Leonardian-Guadalupian

series) of King County, West Texas. Journal of Paleontology,
78(4), 765-782.

Falcon, R. M. S. (1989). Macro- and micro-factors affecting
coal-seam quality and distribution in southern Africa with
particular reference to the No. 2 seam, Witbank coalfield,
South Africa. International Journal of Coal Geology, 12(1-
4), 681-731.

Falcon-Lang, H. J. (2000). Fire ecology of the Carboniferous
tropical zone. Palaeogeography, Palaeoclimatology,
Palaeoecology, 164(1-4), 339-355.

Flannigan, M. D., Krawchuk, M. A., Groot, W. J., Wotton,
B. M., Gowman, L. M. (2009). Implications of changing
climate for global wildland fire. International Journal of
Wildland Fire, 18, 483-507.

Foster, C. B., Logan, G. A., Summons, R. E., Gorter, J. D.,
Edwards, D. S. (1997). Carbon isotopes, kerogen types and
the Permian-Triassic boundary in Australia: implications for
exploration. APPEA Journal, 37, 472-489.

Glasspool, 1. J. (2000). A major fire event recorded in the
mesofossils and petrology of the late Permian, Lower Whybrow
coal seam, Sydney Basin, Australia. Palaeogeography,
Palaeoclimatology, Palaeoecology, 164, 357-380.

Glasspool, I. J., Edwards, D., Axe, L. (2004). Charcoal in
the Silurian as evidence for the earliest wildfire. Geology,
32,381-383.

Glasspool, I. J., Scott, A. C. (2010). Phanerozoic concentrations
of atmospheric oxygen reconstructed from sedimentary
charcoal. Nature, 3, 627-630.

Ghosh, S. C. (2002). The Raniganj Coal Basin: an example
of an Indian Gondwana Rift. Sedimentary Geology, 147(1-
2), 155-176.

Guerra-Sommer, M., Cazzulo-Klepzig, M., Jasper, A.,
Kalkreuth, W., Menegat, R., Barboza, E. G. (2008a).
Paleoecological patterns at the coal-roof shale transition
in an outcrop of the Permian Brazilian Gondwana. Revista
Brasileira de Paleontologia, 11(1), 11-26.

Guerra-Sommer, M., Cazzulo-Klepzig, M., Santos, J. O. S.,
Hartmann, L. A., Ketzer, J. M., Formoso, M. L. L. (2008b).
Radiometric age determination of tonstein and stratigraphic
constrains for the lower Permian coal succession in southern
Parand Basin, Brazil. International Journal of Coal Geology,
74(1), 13-27.

Holz, M., Franga, A. B., Souza, P. A., lannuzzi, R., Rohn,
R. (2010). Stratigraphic chart of the Late Carboniferous/
Permian succession of the eastern border of the Parana
Basin, Brazil, South America. Journal of South American
Earth Sciences, 29(2), 382-399.

-94 -

Geol. USP, Sér. cient., Sao Paulo, v. 16, n. 4, p. 87-97, Dezembro 2016



Indo-Brazilian Late Paleozoic wildfires

Hower, J. C., O’Keefe, J. M. K., Eble, C. F., Raymond, A.,
Valentin, B., Volk, T. J., Richardson, A. R., Sattherwhite, A.
B., Hatch, R. S., Stucker, J. D., Watt, M. A. (2011). Notes
on the origin of inertinite macerals in coal: evidence for
fungal and arthropod transformations of degraded macerals.
International Journal of Coal Geology, 86(2-3), 231-240.

Hunt, J. W. (1989). Permian coals of eastern Australia:
geological control of petrographic variation. International
Journal of Coal Geology, 12(1-4), 589-634.

Jasper, A., Agnihotri, D., Tewari, D., Spiekermann, R., Pires,
E. F, Da Rosa, A. A. S., Uhl, D. (In press). Fires in the
mire: Repeated fire events in Early Permian ‘peat forming’
vegetation of India. Geological Journal.

Jasper, A., Menegat, R., Guerra-Sommer, M., Cazzulo-
Klepzig, M., Souza, P. A. (2006). Depositional cyclicity
and paleoecological variability in an outcrop of Rio Bonito
Formation, early Permian, Parana Basin, Rio Grande do
Sul, Brazil. Journal of South American Earth Sciences,
21(3), 276-293.

Jasper, A., Uhl, D., Guerra-Sommer, M., Mosbrugger, V.
(2008). Palaeobotanical evidence of wildfires in the Late
Paleozoic of South America: early Permian, Rio Bonito
Formation, Parané Basin, Rio Grande do Sul State, Brazil.
Journal of South American Earth Sciences,26(4),435-444.

Jasper, A., Uhl, D., Guerra-Sommer, M., Bernardes-de-
Oliveira, M. E. C., Machado, N. T. G. (2011a). Upper
Paleozoic charcoal remains from South America: multiple
evidences of fire events in the coal bearing strata of the
Parand Basin, Brazil. Palaeogeography, Palaeoclimatology,
Palaeoecology, 306(3-4), 205-218.

Jasper, A., Uhl, D., Guerra-Sommer, M., Abu Hamad, A. M.
B.,Machado, N. T. G. (2011b). Palacowildfires in Gondwana:
remains from a tonstein in the Faxinal coalfield, a lower
Permian coal succession in Southern Parana Basin, Brazil.
Anais da Academia Brasileira de Ciencias, 83(2),471-481.

Jasper, A., Manfroi, J., Schmidt, E. O., Machado, N. T. G.,
Konrad, O., Uhl, D. (2011¢). Evidéncias paleobotanicas de
incéndios vegetacionais no Afloramento Morro Papaléo,
Paleozoico Superior do Rio Grande do Sul, Brasil. Geonomos,
19(1), 18-27.

Jasper, A., Guerra-Sommer, M., Uhl, D., Bernardes-de-
Oliveira, M. E. C., Ghosh, A. K., Tewari, R., Secchi, M.
1. (2012). Palaeobotanical evidence of wildfires in the
Upper Permian of India: macroscopic charcoal remains
from the Raniganj Formation, Damodar Valley Basin. The
Palaeobotanist, 61, 75-82.

Jasper, A., Guerra-Sommer, M., Hamad, A., Abdalla, M.
B., Bamford, M., Bernardes-de-Oliveira, M. E. C., Tewari,
R., Uhl, D. (2013). The burning of Gondwana: permian

fires on the southern continent: a palacobotanical approach.
Gondwana Research, 24(1), 148-160.

Jasper, A., Uhl, D., Agnihotri, D., Tewari, R., Pandita, S.
K., Benicio, J. R. W, Pires, E. F., Da Rosa, A. A. S., Bhat,
G. D,, Pillai, S. K. (2016). Evidence of wildfires in the late
Permian (Changsinghian) Zewan Formation of Kashmir,
India. Current Science, 110(3), 419-423.

Jones, T. P., Chaloner, W. (1991). Charcoal, its recognition
and palaeoatmospheric significance. Palaecogeography,
Palaeoclimatology, Palaeoecology, 97(1-2), 29-50.

Kauffmann, M., Jasper, A., Uhl, D., Meneghini, J., Osterkamp, I.
C., Zvirtes, G., Pires, E. F. (2016). Evidence for palaco-wildfire
in the late Permian palaeotropics: charcoal from the Motuca
Formation in the Parnaiba Basin, Brazil. Palaeogeography,
Palaeoclimatology, Palaeoecology, 450, 122-128.

Lele, K. M. (1976). Palacoclimatic implications of Gondwana
flora. Geophytology, 6, 207-229.

MacDonald, G. M., Larsen, C. P. S., Szeicz, J. M., Moser,
K. A. (1991). The reconstruction of boreal forest fire history
from lake sediments: a comparison of charcoal, pollen,
sedimentological, and geochemical indices. Quaternary
Science Reviews, 10(1), 53-71.

Mabhesh, S., Murthy, S., Chakraborty, B., Roy, M. D. (2015).
Fossil charcoal as palaeofire indicators: taphonomy and
morphology of charcoal remains in Sub-Surface Gondwana
Sediments of South Karanpura Coalfield. Journal of the
Geological Society of India, 85, 1-10.

Manfroi, J., Jasper, A., Guerra-Sommer, M., Uhl, D. (2012).
Sub-arborescent lycophytes in coal-bearings strata from the
Artinskian (early Permian/Cisuralian) of the Santa Catarina
coalfield (Parana Basin, SC, Brazil). Revista Brasileira de
Paleontologia, 15(2), 135-140.

Manfroi, J., Uhl, D., Guerra-Sommer, M., Francischini, H.,
Martinelli, A. G., Soares, M. B., Jasper, A. (2015). Extending
the database of Permian palaco-wildfire on Gondwana:
charcoal remains from the Rio do Rasto Formation (Parana
Basin), middle Permian, Rio Grande do Sul State, Brazil.
Palaeogeography, Palaeoclimatology, Palaeoecology,
436, 77-84.

Milani, E. J., Faccini, U. F., Scherer, C. M., Aratjo, L. M.,
Cupertino, J. A. (1998). Sequences and Stratigraphy hierarchy
of the Parana Basin (Ordovician to Cretaceous), Southern
Brazil. Boletim do Instituto de Geociéncias da USP: Série
Cientifica, 29, 119-173.

Milani, E. J., Melo, J. H. G., Souza, P. A., Fernandes, L. A.,
Franca, A. B. (2007). Bacia do Parana. Boletim Geociéncias
Petrobras, 15(2), 265-287.

Geol. USP, Sér. cient., S&o Paulo, v. 16, n. 4, p. 87-97, Dezembro 2016

-905-



Jasper, A. et al.

Mukhopadhyay, G., Mukhopadhyay, S. K., Roychowdhury,
M., Parui, P. K. (2010). Stratigraphic correlation between
different Gondwana basins of India. Journal of the Geological
Society of India, 76(3), 251-266.

Murthy, S., Chakraborti, B., Roy, M. D. (2010). Palynodating
of subsurface sediments, Raniganj Coalfield, Damodar
Basin, West Bengal. Journal of Earth System Science,
119(5), 701-710.

Philippe, M., Bamford, M. K. (2008). A key to morphogenera
used for Mesozoic conifer-like woods. Review of Palaeobotany
and Palynology, 148(2-4), 184-207.

Prevec, R., Labandeira, C. C., Neveling, J., Gastaldo, R. A.,
Looy, C. V., Bamford, M. (2009). Portraid of a Gondwanan
ecossystem: a new Late Permian fossil locality from
KwaZulu-Natal, South Africa. Review of Palaeobotany and
Palynology, 156(3-4), 454-493.

Richardson, A. L., Eble, C. F., Hower, J. C., O’Keefe, J. M.
K. (2012). A critical re-examination of the petrology of the
No. 5 block coal in eastern Kentucky with special attention
to the origin of inertinite macerals in the splint lithotypes.
International Journal of Coal Geology, 98, 41-49.

Richardson, C. J. (2010). The Everglades: North America’s
subtropical wetland. Wetlands Ecology and Management,
18, 517-542.

Sander, P. M. (1987). Taphonomy of the Lower Permian
Geraldine bonebed in Archer County, Texas. Palaeogeography,
Palaeoclimatology, Palaeoecology, 61, 221-236.

Sander, P. M., Gee, C. T. (1990). Fossil charcoal: techniques
and applications. Review of Palaeobotany and Palynology,
63(3-4), 269-279.

Schneebeli-Hermann, E., Hochuli, P. A., Bucher, H., Goudemand,
N., Brithwiler, N., Galfetti, T. (2012). Palynology of the
Lower Triassic succession of Tulong, South Tibet: evidence
for early recovery of gymnosperms. Palaeogeography,
Palaeoclimatology, Palaeoecology, 339-341, 12-24.

Scott, A. C. (1989). Observations on the nature and origin
of fusain. International Journal of Coal Geology, 12(1-4),
443-475.

Scott, A. C. (1990). Preservation, evolution and extinction
of plants in Lower Carboniferous volcanic sequences in
Scotland. In: M. G. Lockley, A. Rice (Eds.), Volcanism and
fossil biotas, v. 244, 25-38. Boulder: Geological Society
of America.

Scott, A. C. (2000). The pre-Quaternary history of fire.
Palaeogeography, Palaeoclimatology, Palaeoecology,
164(1-4), 297-345.

Scott, A. C. (2010). Charcoal recognition, taphonomy and
uses in palacoenvironmental analysis. Palaeogeography,
Palaeoclimatology, Palaeoecology, 291(1-2), 11-39.

Scott, A. C., Glasspool, I. J. (2006). The diversification
of Paleozoic fire systems and fluctuations in atmospheric
oxygen concentration. Proceedings of the National Academy
of Sciences of the United States of America, 103(29), 10861-
10865.

Scott, A. C., Jones, T. P. (1994). The nature and influence
of fires in Carboniferous ecosystems. Palaeogeography,
Palaeoclimatology, Palaeoecology, 106(1-4), 91-112.

Shen, S. Z., Crowley, J. L., Wang, Y., Bowring, S. A., Erwin,
D. H., Sadler, P. M., Cao, C. Q., Rothman, D. H., Henderson,
C. M., Ramezani, J., Zhang, H., Shen, Y., Wang, X. D.,
Wang, W., Mu, L., Li, W. Z., Tang, Y. G., Liu, X. L., Liu,
L.J., Zeng, Y., Jiang, Y. F., Jin, Y. G. (2011). Calibrating
the end-Permian mass extinction. Science, 334, 1367-1372.

Slater, B. J., McLoughlin, S., Hilton, J. (2015). A high-
latitude Gondwanan lagerstétte: the Permian permineralized
peat biota of the Prince Charles Mountains, Antarctica.
Gondwana Research, 27, 1446-1473.

Taylor, G. H., Liu, S. Y., Diessel, C. F. K. (1989). The cold
climate origin of inertinite-rich Gondwana coals. International
Journal of Coal Geology, 11(1), 1-22.

Tewari, R., Chatterjee, S., Agnihotri, D., Pandita, S. K.
(2015). Glossopteris flora in the Permian Weller Formation
of Allan Hills, South Victoria Land, Antarctica: implications
for paleogeography, paleoclimatology, and biostratigraphic
correlation. Gondwana Research, 28, 905-932.

Tiwari, R. S., Tripathi, A. (1992). Marker assemblage zone
of spore and pollen species through Gondwana Paleozoic
and Mesozoic sequence in India. The Palacobotanist, 40,
194-236.

Uhl, D., Abu Hamad, A. M. B., Kerp, H., Bandel, K. (2007).
Evidence for palaco-wildfire in the late Permian palaeotropics:
charcoalified wood from the Um Irna Formation of Jordan.
Review of Palaeobotany and Palynology, 144, 221-230.

Uhl, D., Jasper, A. (2011). Fire in the mire: evidence of
paleowildfires in Early Permian coal swamps of the Parand
Basin, Brazil. Gaea Heidelbergensis, 18,206-207.

Uhl, D., Jasper, A., Abu Hamad, A. M. B., Montenari, M.
(2008). Permian and Triassic wildfires and atmospheric
oxygen levels. Proceedings of the WSEAS Conferences:
Special Issues, 13, 179-187. Malta: WSEAS.

Uhl, D., Kerp, H. (2003). Wildfires in the late Palacozoic
of Central Europe-the Zechstein (Upper Permian) of NW-
Hesse (Germany). Palaeogeography, Palaeoclimatology,
Palaeoecology, 199(1-2), 1-15.

-906 -

Geol. USP, Sér. cient., Sao Paulo, v. 16, n. 4, p. 87-97, Dezembro 2016



Indo-Brazilian Late Paleozoic wildfires

Uhl, D., Lausberg, S., Noll, R., Stapf, K. R. G. (2004).
Wildfires in the late Palaeozoic of Central Europe: an overview
of the Rotliegend (Upper Carboniferous-Lower Permian)
of the Saar-Nahe Basin (SW-Germany). Palacogeography,
Palaeoclimatology, Palaeoecology, 207(1-2), 23-35.

Wang, Z. Q., Chen, A. S. (2001). Traces of arborescent
lycopsids and dieback of the forest vegetation in relation

to the terminal Permian mass extinction in North China.

Review of Palaeobotany and Palynology, 117(4), 217-243.

Wu, Y., Sklar, F. H., Gopu, K., Rutchey, K. (1996). Fire
simulations in the Everglades Landscape using parallel

programming. Ecological Modelling, 93, 113-124.

Geol. USP, Sér. cient., S&o Paulo, v. 16, n. 4, p. 87-97, Dezembro 2016

-97-



