










R. IANNUZZI ET AL.

 by guest on July 20, 2018http://sp.lyellcollection.org/Downloaded from 



Artinskian stages (Cohen et al. 2013; updated on
the website).

Two other genera of plants from the MF are of
biostratigraphic interest: Botryopteris and Tietea.
Botryopteris is a filicalean fern stem typically
found in Euramerica, ranging from the latest Missis-
sippian up to the early Permian, and it is most abun-
dant in Pennsylvanian equatorial floras (Rößler &
Galtier 2002b). At the beginning of the Permian it
became rarer, but during this period the genus radi-
ated and expanded beyond the Euramerican region
to the Döhlen Basin, in Germany, and one deposit
in China (Hilton et al. 2001), in addition to the pre-
sent record in the Parnaíba Basin.

Despite the fact that the tree-fern stem Tietea is
the most abundant taxon of the rich fossiliferous
region of northern Tocantins State, it is an endemic
South American taxon and has a limited geographi-
cal range. Besides its presence in the Parnaíba
Basin, Tietea stems only occur in Permian strata of
Paraguay (Herbst 1986), and in the Tatuí and Corum-
bataí formations of the northern Paraná Basin in SE
Brazil (Chahud & Petri 2009; Tavares 2011). The
Tatuí crops out in the northern portion of basin and
is equivalent to the Rio Bonito Formation (Holz
et al. 2010). Radiometric ages obtained from distinct
tonstein layers found in the middle Rio Bonito sug-
gest a time of deposition between the early Sakmar-
ian and the mid-Artinskian (see Simas et al. 2012).
The Corumbataí Formation is equivalent to the Tere-
sina Formation that overlies, in stratigraphic order,
the Irati (early Kungurian) and the Serra Alta forma-
tions. Its tentative age is estimated to be early Guada-
lupian, varying from the Wordian to the Roadian
(Holz et al. 2010).

Palaeoenvironmental interpretation

The fossil plant-bearing horizons of the PFF have
been interpreted by Andrade et al. (2014) as terres-
trial, deposited in nearshore regions of large conti-
nental lakes that were affected by high-energy,
non-channelized flows generated by associated flu-
vial systems. These flows formed suspension lobes

after reaching the flat bottoms of the lake basins,
splaying extensively and producing tabular-bedded
successions with sheet-like geometries. These
deposits were subsequently covered by suspension-
deposited mudstones, following an aggradational
arrangement as energy in the depositional system
decreased (Andrade et al. 2014). The presence of
horizontal silicified gymnosperm stems within the
sandstone beds is compelling evidence of high-
energy events in the associated fluvial systems.
Autochthonous plant assemblages are likely to
have accumulated on the lake-shore areas, which
facilitated rapid burial of the material by episodic
sedimentation associated with permanent and/or
ephemeral fluvial systems.

There are few good outcrops of the MF in the
Araguaína–Fildelfia region because of the relatively
low relief, vegetation cover and intense weathering.
The most typical facies are white to reddish fine
sandstones with tabular or trough cross-stratification,
which may be stacked to form up to 10 m-thick sand-
stone intervals (Rößler 2006; Dias-Brito et al. 2007).
Siltstones (up to 5–10 m thick) may occur as lateral
equivalents of some sandstones (Dias-Brito et al.
2007) or overlie upwards-fining sandstones (Rößler
2006). According to Rößler (2006), the facies are
arranged as approximately 10 m-thick fluvial cycles.
The sandstones at the base of the cycles correspond
to single or stacked channel bodies. They are
succeeded by mottled sandstones with muddy inter-
calations, which represent floodplain deposits and, in
part, palaeosols, indicating seasonally-alternating
wet and dry conditions. The siltstones, especially
some beds with bivalve mollusks, are considered
lacustrine. The upper part of the MF in the TFTNM
region, above the fossiliferous interval, includes a
2–3 m-thick gypsum bed (Dias-Brito et al. 2007).
Evaporites and aeolian sandstones also are known
in other areas of the Parnaíba Basin (Lima Filho
1998), and these lithologies substantiate interpreta-
tions that theMF represents sabkha or playa environ-
ments (Faria 1984; Lima Filho 1998).

There are several indicators in the Permian floral
record from Parnaíba Basin pointing to a seasonally

Fig. 6. Petrified gymnosperms from the Motuca Formations. (a) MN-Pb 1655, Carolinapitys maranhensis (Coimbra
& Mussa 1984), longitudinal view. (b) MN-Pb 1751, Cyclomedulloxylon parnaibense (Mussa & Coimbra 1987),
transverse section. (c) K 5503aTS, Ductoabietoxylon solis (Kurzawe et al. 2013a), transverse section showing pith
with ducts and secretory cells (black dots), projections of the pith and secondary xylem. (d) TOF 195, Damudoxylon
roessleri (Kurzawe et al. 2013b), longitudinal view. (e) K 5869, Scleroabietoxylon chordas (Kurzawe et al. 2013a),
transverse section. (f ) TOF 125TR, Damudoxylon buritiranaense (Kurzawe et al. 2013b), transverse section showing
pith and secondary xylem with growth rings and shear zones. (g) TOF 221, Parnaiboxylon rohnae (Kurzawe et al.
2013a), transverse section showing pith with canals and secondary xylem with shear zones. (h) K4861a,
Parnaiboxylon sp. 1 (Kurzawe et al. 2013a), transverse section. Specimens in (a) & (b) are stored at Museu Nacional,
UFRJ, Rio de Janeiro, Brazil; specimens in (c), (e) & (h) are at the Museum für Naturkunde Chemintz, Germany;
specimens in (d), (f ) & (g) are at the Museu de Paleontologia e Estratigrafia Professor Dr Paulo Milton Barbosa
Landim, UNESP – Rio Claro, Brazil. (a) Scale bar = 2 cm; (b) scale bar = 1 cm; (c) scale bar = 2 mm; (d) & (e) scale
bar = 1 cm; (f) & (g) scale bar = 2 mm; (h) scale bar = 1 cm.
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dry climate, such as: (a) the probable occurrence of
climate-driven silicification processes (Matysová
et al. 2010); (b) the presence of flash-type fluvial sys-
tems (Capretz & Rohn 2013; Andrade et al. 2014);
(c) the occurrence of evaporites and gypsum deposits
(Faria & Truckenbrodt 1980a); (d) the prominent
xeromorphic characteristics of the fronds of the
fern Buritiranopteris costata (Tavares et al. 2014);
and (e) the growth-ring-like patterns found in
Arthropitys stems (Neregato et al. 2015), roots
(Rößler et al. 2012) and in associated gymnosperms
(Kurzawe et al. 2013a, b; Benício et al. 2015). How-
ever, it is also clear that a reliable water supply must
have been available annually to support the diversity
of plant groups observed and the arborescent growth
forms of the tree-ferns, arborescent calamitaleans
and most of the gymnosperms. The majority of
those trees likely grew over several years to attain
their large dimensions, both in diameter (e.g. gymno-
sperm logs more than one metre in diameter) and in
height (e.g. some tree-fern stems are c. 10 m long).
Moreover, the diverse aquatic vertebrate community
described by Cisneros et al. (2015) would have
required permanent water sources. Based on all
these considerations, the Permian palaeoflora and
vertebrate faunal assemblage of the Parnaíba Basin
fits best with the modern ‘tropical summerwet’
biome of Rees et al. (2002). However, this conclu-
sion contradicts the predictions of climate models
for this region of northern South America during
the Permian. Model results suggest that the region
should have experienced a semi-arid climate regime
unsuitable for the development of forests comprised
of mostly spore-producing plants (Rees et al. 1999,
2002). The richness of plant types and the number
of arborescent taxa is also not fully compatible
with the palaeoenvironmental interpretations made
from the facies analysis, because they appear to over-
estimate the aridity of the environments, whereas
the plants and animals indicate the existence of
milder, more humid environmental conditions that
allowed continuous growth of plants throughout
their lives. In this scenario, dry episodes associated

with deposition of evaporites and gypsum may not
have been annual but instead followed multi-year
cycles. This would permit the development of arbo-
rescent growth forms in plants that colonized the
coastal plains adjacent to lakes and along river
courses, and the aquatic vertebrates that lived in
these bodies of water.

Palaeobiogeography

During the early Permian, the Parnaíba Basin was
positioned between two major floristic provinces,
the Euramerican to the north and the Gondwanan
to the south (Fig. 8). Mussa & Coimbra (1987)
noted that interactions between the Parnaíba Basin
floral assemblage and the classical Gondwanan
assemblages are to be expected, but it is also impor-
tant to investigate the potential influences of the Eur-
american and/or Cathaysian floral assemblages on
the Parnaíba Basin floras. The cluster analysis per-
formed by Neregato et al. (2017) showed that the
Parnaíba Basin Permian palaeoxylofloras (i.e. petri-
fied wood from the PFF and MF) do not have strong
similarities to any other anatomically-preserved
palaeoflora from the Pennsylvanian–Permian inter-
val. This result reflects the fact that although the
Parnaíba flora shares a considerable number of
higher taxa with palaeoxylofloras from the Euramer-
ican tropics and the Gondwanan floristic province,
it also has a high degree of endemism at the spe-
cific and generic levels. The Parnaíba Basin palaeox-
yloflora was even quite distinct from that of the
Irati Formation from the Paraná Basin, the most
geographically proximate fossil xyloflora in
Gondwana.

One possible explanation for this dissimilarity
may lie in differences in the palaeoclimatic regimes
in the respective basins. Whereas the Parnaíba
Basin was located in the palaeotropical belt in the
early Permian, the Paraná Basin was characterized
by a mid-latitude temperate climate based on the cli-
mate modelling of Rees et al. (2002), which would
have limited the exchange of taxa between the two

Fig. 7. Petrified sphenophytes from the Motuca Formation. (a) K 5266, Arthropitys tocantinensis (Neregato et al.
2017), longitudinal view. (b) K 5394, Arthropitys iannuzzii (Neregato et al. 2015), transverse section showing
secondary body. (c) K 5867, Arthropitys iannuzzii (Neregato et al. 2015), longitudinal view. (d) K 4486, Arthropitys
isoramis (Neregato et al. 2015), transverse section showing the carinal canals. (e) K 5787, Arthropitys barthelii
(Neregato et al. 2017), longitudinal view showing nodes with branch scars (red dots). (f ) K 4874, Arthropitys
barthelii (Neregato et al. 2017), transverse section showing secondary body and the reduced pith cavity. (g) K 5407,
Arthropitys isoramis (Neregato et al. 2015), longitudinal view showing pith cavity and nodal diaphragms.
(h) K 4552, Arthropitys isoramis (Neregato et al. 2015), longitudinal view showing branch scars. (i) TOF 187,
Arthropitys isoramis (Neregato et al. 2015), lowermost stem portion showing the root system. (j) K 6040,
Sphenophyllum sp. (Neregato et al. 2017). Specimens in (a)–(h) & ( j) stored at the Museum für Naturkunde
Chemnitz, Germany; specimen in (i) is at the Museu de Paleontologia e Estratigrafia Professor Dr Paulo Milton
Barbosa Landim, UNESP – Rio Claro, Brazil. Scale bars: (a) Scale bar = 10 cm; (b) scale bar = 1 cm; (c) scale bar =
30 mm; (d) scale bar = 250 µm; (e) scale bar = 5 cm; (f) scale bar = 1 cm; (g) scale bar = 2.5 cm; (h) scale bar = 2 cm;
(i) scale bar = 5 cm; ( j) scale bar = 1 mm.
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basins. At the same time, it is important to emphasize
that palaeobiogeographical interpretations based on
comparisons of palaeoxylofloras must be undertaken
with caution because fossil wood taxonomy is highly
artificial for gymnosperms and ferns as well. The dis-
covery of reproductive structures or fructifications
would help to refine our picture of the botanical
affinities of taxa established on the basis of vegeta-
tive portions. To date, only a few fertile pinnules
attached to the stems of the tree-fern Tietea and
unpublished fragments of callipterid sporangia
have been identified among the plant fossils collec-
tions from the Parnaíba Basin. Therefore, further col-
lecting and research are needed to determine whether
the endemism of the Parnaíba Basin palaeoflora is a
real signal or an artefact of collection effort.

In addition to the unique character of the Parnaíba
Basin Permian fossil wood assemblage described by
Neregato et al. (2017), it is noteworthy that no glos-
sopterids have been identified to date, which argues
against the inclusion of the assemblage in the Gond-
wanan Floral Province. Although there are some
links to the Euramerican Floral Province, the overall

composition of the flora seems best interpreted as a
distinct phytogeographical unit instead of simply
being a transitional assemblagebetween theEuramer-
ican andGondwanan realms.Thepalaeogeographical
position (c. 30°S in north-centralGondwana), and cli-
matic (tropical summerwet) and sedimentary (braided
fluvial systems and playa lakes associated with evap-
oritic and gypsum deposits) data support this conclu-
sion, indicating a set of biotic and abiotic features
exclusive to this region of the South American conti-
nent. In this context, the evolution of a diverse flora
adapted to these unique conditions is not surprising.
Neregato et al. (2017) proposed a new formal phyto-
geographical unit, the ‘Mid-North Brazilian Region’
(MNBR), on the basis of the Parnaíba Basin palaeo-
flora, representing the plant community that existed
in tropical summerwet climates in the southern low
latitudes of northern Gondwana during the Cisura-
lian. We endorse this conclusion, and propose that
the links with the Euramerican Floral Province
could indicate that the MNBR diverged from the
southernmost part of the former province, in the trop-
ical portion of Gondwana.
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Fig. 8. The supercontinent Pangaea during the Cisuralian, showing the intermediate geographical position of the
‘Mid-North Brazilian Region’ between the Euramerican and Gondwanan floristic provinces. Neregato et al. (2017)
recently proposed this phytogeographical unit based on the high endemism of the Permian petrified floras from the
Parnaíba Basin.
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As with the palaeoflora, the PFF tetrapod assem-
blage has highly significant biogeographical impli-
cations because it represents a unique snapshot of
tropical Gondwanan terrestrial ecosystems during
the early Permian (Cisuralian). Nearly all other
Cisuralian tetrapod assemblages are found in a nar-
row equatorial band stretching from SW USA,
through maritime Canada and into Western Europe
(e.g. Anderson & Cruickshank 1978; Berman et al.
1997; Lucas 2006). The presence of the early-
diverging dvinosaur Timonya, the trimerorhachid
dvinosaur Procuhy and the captorhinid reptile Cap-
torhinikos in the PFF parallels contemporary North
American communities, which include the dvino-
saurs Trimerorhachis (Milner & Schoch 2013), Iso-
dectes (Sequeira 1998) and Slaugenhopia (Milner &
Sequeira 2004), as well asCaptorhinikos and several
other captorhinid species. This similarity suggests
that the equatorial tetrapod assemblage best known
from the Cisuralian of North America extended
into the Gondwanan tropics, lending credence to
Sidor et al.’s (2005) hypothesis that the anachronis-
tic faunal assemblage from late Permian (Lopingian)
Moradi Formation of Niger is, in part, a relict of a
formerly more widespread tetrapod community
type (see also Bernardi et al. 2017). However,
given their diversity and abundance in the Cisuralian
of North America (e.g. Romer & Price 1940; Reisz
1986; Brocklehurst et al. 2013), non-mammalian
synapsids are conspicuous by their absence from
the PFF. It is unclear whether this is a real absence,
perhaps driven by unfavourable environmental con-
ditions or unsuitable habitat types, or an artefact
resulting from the comparatively minor amount of
collecting effort that has been expended on the PFF.

The occurrence of rhinesuchid temnospondyls in
the PFF represents both the oldest and most northerly
record of the clade, which is otherwise known from
middle Permian to Early Triassic higher latitude
assemblages in southern Gondwana (e.g. Schoch &
Milner 2000; Marsicano et al. 2017). When com-
bined with the fact that early-diverging dvinosaurs,
such as Trimerorhachis, Procuhy, Slaugenhopia
and Timonya, are known from the early Permian
tropics, but more derived taxa such as Dvinosaurus,
Thabanchuia and Tupilakosaurus are found in
higher latitude areas in Greenland, Russia and south-
ern Africa, it is tempting to suggest that the early
Permian tropics served as an important cradle for
temnospondyl diversity. Additional discoveries will
be needed to determine whether this is a real biogeo-
graphical pattern or simply an artefact of poor sam-
pling. Nevertheless, this intriguing possibility
emphasizes the growing importance of the PFF for
our understanding of Permian tetrapod evolution,
and the continued need for palaeontological explora-
tion in traditionally poorly studied geographical
areas.

Final remarks

Although the Permian PFF and MF have produced a
well-studied fossil record that is of growing scientific
importance, there is still much to be discovered about
the palaeontology of these units. This is particularly
true when considering the outcrop area that remains
unexplored, especially in the southern parts of the
states of Piauí and Maranhão, and the western part
of Tocantins. Nevertheless, the data obtained so far
allow the following conclusions:

• The ages suggested by the fossils of the PFF and
MF fall within the Cisuralian, particularly in the
Artinskian–Kungurian interval. In spite of the
recent efforts to discover rocks that could be
radiometrically dated, no radiometric age has
been obtained so far. This supports the hypothesis
that the high concentration of silica found in these
formations results from syndepositional and/or
early-diagenetic processes (Matysová et al.
2010), not volcanic events as suggested by some
authors (Faria & Truckenbrodt 1980a). We
encourage further study of the microfossil record
of the PFF and MF because of the potential such
work holds for refining relative age estimates for
the formations. Besides the traditional sporo-
morphs, we recommend searching for other
microfossils that can be employed for biostratigra-
phy, such as conodonts in sediments of suppos-
edly marine origin (black shales) that are
concentrated in the SW portion of the basin.

• There are multiple fossiliferous horizons in the
PFF and MF. Composite sections compiled from
exposures along the eastern and SE margins of
the basin (i.e. near the municipalities of Timón,
Monsenhor Gil, Pastos Bons and Nova Iorque)
show a clear fossiliferous succession. From bot-
tom up, this succession is composed of animal
remains (fishes and amphibians), often associated
with ichnofossils, followed by occurrences of
stromatolites or algal/microbial mats in associa-
tion with silicified plant remains in the upper por-
tion of the rocky packages. These sequences
seem to corroborate the existence of complete
transgressive–regressive sequences in the forma-
tions, but it is still unclear is whether there is
more than one of these sequences distributed
throughout the basin. Based on the tripartite divi-
sion of the PFF and the occurrence of petrified
plant fossils in at least two well-defined intervals
within the Permian rocks (in the Basal SilexMem-
ber of the PFF and in the lowermost MF), it
appears likely that there are at least two of these
sedimentary sequences. Whereas the basal strata
crop out in the eastern and SE parts of the basin,
the highest strata are best exposed in the SW
region. However, the exact durations and
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temporal distribution of these sequences is not yet
known. They could be concentrated in a short time
span, or they could extend through much of the
Artinskian–Kungurian time interval.

• Although sedimentologists have repeatedly men-
tioned the occurrence of marine deposits in the
PFF (Faria & Truckenbrodt 1980a; Pinto & Sad
1986), the fossils collected from the formation
do not clearly demonstrate the existence of typical
marine environments. Instead, the fossils are
related to continental environments, which sup-
ported communities comprised of terrestrial
(plants) and freshwater (fishes and amphibians)
organisms; marine invertebrates and vertebrates
are conspicuously absent. Sharks and closely
related forms are present, but the ability of Paleo-
zoic chondrichthyans to live in freshwater and
brackish conditions in inland water bodies is
well known. Their occurrence, therefore, does
not necessarily indicate a marine depositional
environment for vertebrate-bearing horizons.
Stromatolites are also ambiguous environmental
indicators because they can be found either in
the margins of freshwater and brackish water bod-
ies, or in nearshore marine environments. Rößler
(2006) reported stromatolites encrusting plant
axes, which points to their formation in terrestrial
conditions (e.g. lake shorelines, ponds) in the
PFF. Among the fossils discovered to date, only
undescribed, high-diversity ichnological assem-
blages found in Pastos Bons suggest salinity lev-
els close to marine conditions. Geochemical and
microfossil analyses of black shales and calcare-
ous rocks of putative marine origin, which are dis-
tributed in the SW portion of the basin (Tocantins
and Maranhão states), are highly recommended
because of their potential to confirm the existence
of higher-salinity environments. The high diver-
sity of chondrichthyans signals that at some
point there was a connection between the Parnaíba
Basin and other surrounding basins which
allowed the dispersal of taxa that gave rise to the
endemic species mentioned here (Table 2). This
implies that at least one transgressive event must
have occurred. The transgression may have
come from the SW, where it is potentially indi-
cated by the presence of carbonates and carbona-
ceous shales. The supposedly marine facies
become thinner to the east, and seem to disappear
entirely near the ENE rim of the basin. This trans-
gression might be related to the event that gener-
ated the carbonaceous platform deposits of the
early Permian Copacabana Formation of Bolivia
(di Pasquo et al. 2014), located to the SW in the
Peru–Bolivia Basin, whereas in the Brazilian
basin of Amazonas, to the NW, only terrestrial
sediments were depositied at this time (Andirá
Formation: Cunha et al. 2007). Alternatively, it

is possible that this transgressive event is related
to the deposition of the carbonates and black
shales of the Irati Formation in the Paraná Basin
(Holz et al. 2010). This would fit with the possible
Kungurian age we posit for the PFF, and the pres-
ence of shared taxa such as Itapyrodus punctatus
and Tietea spp. However, the connection between
the basins would necessarily pass through parts of
either the Parecis Basin or by the São Francisco
Basin, where deposits of probable Permian age
are present but have not been studied (Silva
et al. 2003). A final possibility is that a connection
existed to the north, which is suggested by the
presence of taxa such as Glikmanius andxena-
canth sharks that are shared with Euramerica.

• The palaeogeographical position of the Parnaíba
Basin (c. 30°S), climatic modelling (tropical
warm semi-arid) and sedimentary indicators
(evaporitic and gypsum deposits, flash-type flu-
vial systems) support a seasonally dry climate
for the basin during Permian times. Although
the fossil plants display a number of structures
related to withstanding dry conditions, they also
present features that favour sufficient water
availability to support the continuous growth of
arborescent pteridophytes (tree-ferns and calami-
taleans) and large gymnosperms over multiple
years. The majority of fossil vertebrates known
from the PFF would require permanent bodies of
water as well as the gigant amphibian Prionosu-
chus plummeri. This argues against a semi-arid
climate and favours the existence of milder condi-
tions with rather humid summers, more consistent
with a ‘tropical summerwet climate’ (Neregato
et al. 2017). Although the basin was located in
the Permian desertic belt, evidence of wetter envi-
ronmental conditions can be explained by the
local climatic effects of an epireic sea or a large
lake system in the basin, or the presence of
dense riparian vegetation along major river
courses. There is also the possibility that there
were highland areas adjacent to the coastal plains
and shorelines where sedimentation was taking
place. This hypothesis is especially relevant for
the plant record of the MF, where tree-ferns such
as Tietea predominate. The combination of large
water bodies and mountainous topography can
result in wetter local–regional climates due to the
effects of mountains on atmospheric circulation,
as in modern orobiomes (Cox & Moore 2005).

• Palaeogeographically, the Parnaíba Basin was
positioned in the southern limit for low latitudes
of the southern hemisphere, between the Euramer-
ican Floristic Province situated in the palaeotropi-
cal belt to the north and the Gondwanan Floristic
Province to the south, in temperate to cold higher
latitudes. This intermediate position allowed the
region to function as a dispersal corridor or
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landscape linkage (Beier &Loe 1992) between the
tropics and northern Gondwana. Such corridors or
linkages are regions of connectivity that facilitate
the movement of multiple species and maintain
ecological processes between two or more signifi-
cant habitat areas (Beier et al. 2008). The linkage
allowed taxa from the tropics, such as Psaronius,
callipterid pteridosperms, trimerorhachid temno-
spondyls and captorhinid reptiles, to reach north-
ern Gondwana (Tables 1 & 2), and probably took
the form of a moisture corridor that crossed NE
Africa and connected the basin to the tropics of SE
North America and Western Europe (UK, France
and Germany). According to updated palaeogeo-
graphical reconstructions for the Permian (Blakey
2008), the orogeny resulting from the collision of
Gondwana (NW Africa) and Laurentia (eastern
North America) could have generated a moisture
corridor by diverting moisture-laden easterly
atmospheric circulation towards the continent.
The tectonic processes involved in the final stages
of uplift may also have given rise to a system of
potentially interconnected epeiric seas or large
lakes that facilitated the dispersal of plants and ani-
mals, especially amphibians, towards the Parnaíba
Basin. A similar corridor is expected to the south,
connecting the Parnaíba and Paraná basins and
explaining therefore, the occurrence of shared
taxa (see Tables 1 & 2). Nevertheless, similarity
analyses have underscored the high degree of
endemism of the Parnaíba Basin biota (Neregato
et al. 2017) (Tables 1 & 2). These data have been
used to distinguish this area from other biogeo-
graphical regions, justifying Neregato et al.’s
(2017) recent naming of the ‘Mid-North Brazilian
Region’ as a newphytogeographical unit. Depend-
ing on the exact age of the Permian fossils, the Par-
naíba Basin was likely to have been not only a
dispersal corridor for animals and plants, but also
a centre of origin for someof the taxa such as rhine-
suchid temnospondyls (Cisneros et al. 2015) or
tree-fern Tietea.

The fossil record of terrestrial ecosystems from
northern Gondwana has long been very poorly
known, creating a significant gap in our knowledge
of Permian biogeography. In this contribution, we
emphasize how recent work in the Parnaíba Basin
is helping to close this gap. Through the collabora-
tion of researchers at institutions located within the
basin with other Brazilian and international col-
leagues, a new picture is emerging of a highly dis-
tinctive biota with broad evolutionary significance.
Nevertheless, further stratigraphic, sedimentological
and palaeontological studies are needed to solve per-
sistent problems and test hypotheses related to the
geochronology, palaeoenvironment, palaeoclimate
and palaeobiogeography of the Parnaíba Basin.

Acknowledgements We are grateful to the editors for
the invitation to participate to this Geological Society of
London Special Publication. We thank Cristianini Trescas-
tro Bergue for reviewing the English in the first draft of the
manuscript and Mário G. F. Esperança-Júnior for his col-
laboration in drawing up the geological map.

Funding Our research was funded by the National
Geographic Society Committee for Research and
Exploration, the Grainger Foundation, the Negaunee
Foundation, the Field Museum of Natural History, the
Brazilian National Council for Scientific and
Technological Development (CNPq); the Universidad de
Buenos Aires Ciencia y Técnica (UBACyT); the Sofja
Kovalevskaja Award of the Alexander von Humboldt
Foundation; and the Natural History Museum of London.

References

AGUIAR, G.A. 1971. Revisão geológica da Bacia Paleozoica
do Maranhão [Geological review of the Paleozoic
Maranhão Basin]. In: Anais do XXV Congresso Brasi-
leiro de Geologia, São Paulo, 1971, Volume 3. Socie-
dade Brasileira de Geologia, Rio de Janeiro, Brazil,
113–122.

ALVES, Y.M. 2010. Report on the Upper Permian and
Lower Cretaceous fossiliferous localities vertebrates-
bearing in the central-north of Tocantins State, Brazil.
Brazilian Geographical Journal: Geosciences and
Humanities Research Medium, 1, 372–386.

ANDERSON, J.M. & CRUICKSHANK, A.R.I. 1978. The biostra-
tigraphyof thePermian and theTriassic. Part 5.A review
of the classification and distribution of Permo-Triassic
tetrapods. Palaeontologia Africana, 21, 15–44.

ANDRADE, L.S., NOGUEIRA, A.C.R. & SILVA JUNIOR, J.B.C.
2014. Evolução de um sistema lacustre árido Permiano,
parte superior da Formação Pedra de Fogo, Borda Oeste
da Bacia do Parnaíba [Evolution of a Permian arid
lacustrine system, the uppermost Pedra de Fogo Forma-
tion, West Edge of the Parnaíba Basin]. Geologia USP
Série Científica, 14, 39–60.

ARAÚJO, R.N., NOGUEIRA, A.C.R., BANDEIRA, J. &ANGÉLICA,
R.S. 2016. Shallow lacustrine system of the Permian
Pedra de Fogo Formation, Western Gondwana, Parna-
íba Basin, Brazil. Journal of South American Earth Sci-
ences, 67, 57–70, https://doi.org/10.1016/j.jsames.
2016.01.009

BARBOSA, O. & GOMES, F.A. 1957. Carvão mineral na
Bacia Tocantins–Araguaia [Mineral coal in the Tocan-
tins–Araguaia Basin]. Boletim do Ministério da Agri-
cultura, Departamento de Produção Mineral, Divisão
de Geologia e Mineralogia, 174.

BEIER, P. & LOE, S. 1992. A checklist for evaluating impacts
to wildlife movement corridors. Wildlife Society Bulle-
tin, 2, 434–440.

BEIER, P., MAJKA, D.R. & SPENCER, W.D. 2008. Forks in the
road: choices and procedures for designing wildland
linkages. Conservation Biology, 22, 836–851.

BENÍCIO, J.R.W., SPIEKERMANN, R., MANFROI, J., UHL, D.,
PIRES, E.F. & JASPER, A. 2015. Paleoclimatic inferences
based on dendrological patterns of permineralized
wood from the Permian of the northern Tocantins Petri-
fied Forest, Parnaíba Basin, Brazil. Palaeobiodiversity

PERMIAN MACROFOSSILS OF THE PARNAÍBA BASIN

 by guest on July 20, 2018http://sp.lyellcollection.org/Downloaded from 

https://doi.org/10.1016/j.jsames.2016.01.009
https://doi.org/10.1016/j.jsames.2016.01.009
https://doi.org/10.1016/j.jsames.2016.01.009
http://sp.lyellcollection.org/


and Palaeoenvironments, 96, 255–264, https://doi.
org/10.1007/s12549-015-0218-8

BERMAN, D.S., SUMIDA, S.S. & LOMBARD, R.E. 1997. Bio-
geography of primitive amniotes. In: SUMIDA, S. &
MARTIN, K.L.M. (eds) Amniote Origins: Completing
the Transition to Land. Academic Press, San Diego,
CA, 85–139.

BERNARDI, M., PETTI, F.M. ET AL. 2017. Late Permian
(Lopingian) terrestrial ecosystems: a global comparison
with new data from the low-latitude Bletterbach Biota.
Earth-Science Reviews, 175, 18–43.

BLAKEY, R.C. 2008. Gondwana paleogeography from
assembly to breakup – a 500 m.y. odyssey. In: FIELDING,
C.R., FRANK, T.D. & ISBELL, J.L. (eds) Resolving the
Late Paleozoic Ice Age in Time and Space. Geological
Society of America, Special Papers, 441, 1–28.

BOOI, M., WAVEREN, I.M. & KONIJNENBURG-VAN CITTERT,
J.A. 2009. Comia and Rhachiphyllum from the early
Permian of Sumatra, Indonesia. Review of Palaeobo-
tany and Palynology, 156, 418–435, https://doi.org/
10.1016/j.revpalbo.2009.04.007

BROCKLEHURST, N., KAMMERER, C.F. & FRÖBISCH, J. 2013.
The early evolution of synapsids, and the influence
of sampling on their fossil record. Paleobiology, 39,
470–490, https://doi.org/10.1666/12049

BRONGNIART, A. 1872. Notice sur le Psaronius brasiliensis
[Notice on Psaronius brasiliensis]. Bulletin de la
Societé Botanique de France, Series 5, 19, 3–10.

CALDAS, E.B., MUSSA, D., LIMA-FILHO, F.P. & RÖSLER, O.
1989. Nota sobre a ocorrência de uma floresta petrifi-
cada de idade permiana em Teresina, Piauí [Note on
the occurrence of a petrified forest of the Permian age
in Teresina, Piauí]. Boletim IG-USPPublicação Espe-
cial, 7, 69–87.

CANDEIRO, C.R., ALVES, Y.M., SOUZA, F.E., TAVARES, L.,
RODRIGUES, K., SOUZA, L.B. & MORAIS, F. 2015. Note
on the paleobiota from the Paleozoic Pimenteiras and
Pedra de Fogo formations of the Central Tocantins
State, Brazil. Terr@ Plural, 9, 84–101, https://doi.
org/10.5212/TerraPlural

CAPRETZ, R.L. & ROHN, R. 2013. Lower Permian stems as
fluvial paleocurrent indicators of the Parnaíba Basin,
northern Brazil. Journal of South American Earth Sci-
ences, 45, 69–82, https://doi.org/10.1016/j.jsames.
2012.12.007

CAPUTO, M.V., IANNUZZI, R. & FONSECA, V.M.M. 2005.
Bacias sedimentares brasileiras: Bacia do Parnaíba
[Brazilian sedimentary basins: Parnaíba Basin]. Phoe-
nix, 81, 1–6.

CHAHUD, A. & PETRI, S. 2009. Levantamento inicial dos
fósseis vegetais da fácies Ibicatu, Formação Tatuí (Per-
miano) do Estado de São Paulo [Initial survey of the
fossils from Ibicatu facies, Tatuí Formation (Permian)
in the state of São Paulo]. In: Reunião Anual da Socie-
dade Brasileira de Paleontologia – Núcleo São Paulo,
2009, Guarulhos. Sociedade Brasileira de Paleontolo-
gia, São Paulo, Brazil, 43.

CHAHUD, A. & PETRI, S. 2010. O tubarão Taquaralodus albu-
querquei (Silva Santos, 1946) doMembroTaquaral (Per-
miano, Formação Irati) no Estado de São Paulo [The
shark Taquaralodus albuquerquei (Silva Santos, 1946)
of the Taquaral Member (Permian, Irati Formation) in
the state of São Paulo]. Acta Biológica Paranaense, 39,
1–17, https://doi.org/10.5380/abpr.v39i0.20236

CHAHUD, A., FAIRCHILD, T.R. & PETRI, S. 2010. Chon-
drichthyans from the base of the Irati Formation
(Early Permian, Paraná Basin), São Paulo, Brazil.
Gondwana Research, 18, 528–537, https://doi.org/
10.1016/j.gr.2010.01.006

CISNEROS, J.C., MARSICANO, C. ET AL. 2015. New Perm-
ian fauna from tropical Gondwana. Nature communi-
cations, 6, 8676, https://doi.org/10.1038/ncomm
s9676

COHEN, K.M., FINNEY, S.C., GIBBARD, P.L. & FAN, J.-X.
2013. The ICS International chronostratigraphic chart.
Episodes, 36, 199–204, updated on http://stratigra
phy.org/index.php/ics-chart-timescale

COIMBRA, A.M. & MUSSA, D. 1984. Associação lignitafo-
florística na Formação Pedra-de-Fogo (Arenito
Cacunda), Bacia do Maranhão – Piauí, Brasil [Lignita-
phofloristic Association in the Pedra-de-Fogo Forma-
tion, (Cacunda Sandstone), Maranhão Basin – Piauí,
Brazil]. In: Anais do 33 Congresso Brasileiro de Geo-
logia, Rio do Janeiro, 1984. Sociedade Brasileira de
Geologia, Rio de Janeiro, Brazil, 591–605.

CONCEIÇÃO, D.M., ANDRADE, L.S., CISNEROS, J.C., IANNUZZI,
R., PEREIRA, A.A. & MACHADO, F.C. 2016a. New petri-
fied forest inMaranhão, Permian (Cisuralian) of the Par-
naíba Basin, Brazil. Jornal of South America Earth
Sciences, 70, 308–323, https://doi.org/10.1016/j.
jsames.2016.05.015

CONCEIÇÃO, D.M., CISNEROS, J.C. & IANNUZZI, R. 2016b.
Novo registro de uma Floresta Petrificada em Altos,
Piauí: relevância e estratégias para geoconservação
[New record of a petrified forest in Altos, Piauí: rele-
vance and strategies for geoconservation]. Pesquisas
em Geociências, 43, 311–324.

COX, C.B. & HUTCHINSON, P. 1991. Fishes and amphibians
from the Late Permian Pedra de Fogo Formation of
Northern Brazil. Palaeontology, 34, 561–573.

COX, C.B. &MOORE, P.D. 2005. Biogeography: An Ecolog-
ical and Evolutionary Approach. 7th edn. Blackwell,
Oxford.

CUNHA, P.R.C., MELLO, J.H.G. & SILVA, O.B. 2007. Bacia
do Amazonas [The Amazon Basin]. Boletim de Geo-
ciências da Petrobras, 15, 227–251.

DALY, M.C., ANDRADE, V., BAROUSSE, C.A., COSTA, R.,
MCDOWELL, K., PIGGOTT, N. & POOLE, A.J. 2014. Brasi-
liano crustal structure and the tectonic setting of the Par-
naíba Basin of NE Brazil: results of a deep seismic
reflection profile. Tectonics, 33, 2102–2120.

DIAS-BRITO, D., ROHN, R., CASTRO, J.C., DIAS, R.R. &
RÖSSLER, R. 2007. Floresta Petrificada do Tocantins
Setentrional – O mais exuberante e importante registro
florístico tropical–subtropical permiano no Hemisfério
Sul [The Northern Tocantins Petrified Forest, State
of Tocantins – The most luxuriant and important Per-
mian tropical–subtropical floristic record in the South-
ern Hemisphere]. In: WINGE, M., SCHOBBENHAUS, C.,
BERBERT-BORN, M., QUEIROZ, E.T., CAMPOS, D.A.,
SOUZA, C.R.G. & FERNANDES, A.C.S. (eds) Sítios
Geológicos e Paleontológicos do Brasil, 2, CPRM/
SIGEP, Brasília, http://sigep.cprm.gov.br/sitio104/
sitio104.pdf

DIMICHELE, W.A., KERP, H., KRINGS, M. & CHANEY, D.
2005. The Permian peltasperm radiation: evidence
from the southwestern United States. In: LUCAS, S.G.
& ZEIGLER, K.E. (eds) The Nonmarine Permian. New

R. IANNUZZI ET AL.

 by guest on July 20, 2018http://sp.lyellcollection.org/Downloaded from 

https://doi.org/10.1007/s12549-015-0218-8
https://doi.org/10.1007/s12549-015-0218-8
https://doi.org/10.1007/s12549-015-0218-8
https://doi.org/10.1007/s12549-015-0218-8
https://doi.org/10.1007/s12549-015-0218-8
https://doi.org/10.1007/s12549-015-0218-8
https://doi.org/10.1016/j.revpalbo.2009.04.007
https://doi.org/10.1016/j.revpalbo.2009.04.007
https://doi.org/10.1016/j.revpalbo.2009.04.007
https://doi.org/10.1666/12049
https://doi.org/10.1666/12049
https://doi.org/10.5212/TerraPlural
https://doi.org/10.5212/TerraPlural
https://doi.org/10.5212/TerraPlural
https://doi.org/10.1016/j.jsames.2012.12.007
https://doi.org/10.1016/j.jsames.2012.12.007
https://doi.org/10.1016/j.jsames.2012.12.007
https://doi.org/10.5380/abpr.v39i0.20236
https://doi.org/10.5380/abpr.v39i0.20236
https://doi.org/10.1016/j.gr.2010.01.006
https://doi.org/10.1016/j.gr.2010.01.006
https://doi.org/10.1016/j.gr.2010.01.006
https://doi.org/10.1038/ncomms9676
https://doi.org/10.1038/ncomms9676
https://doi.org/10.1038/ncomms9676
http://stratigraphy.org/index.php/ics-chart-timescale
http://stratigraphy.org/index.php/ics-chart-timescale
http://stratigraphy.org/index.php/ics-chart-timescale
https://doi.org/10.1016/j.jsames.2016.05.015
https://doi.org/10.1016/j.jsames.2016.05.015
https://doi.org/10.1016/j.jsames.2016.05.015
http://sigep.cprm.gov.br/sitio104/sitio104.pdf
http://sigep.cprm.gov.br/sitio104/sitio104.pdf
http://sigep.cprm.gov.br/sitio104/sitio104.pdf
http://sp.lyellcollection.org/


Mexico Museum of Natural History and Science Bulle-
tin, 30, 67–79.

DIMICHELE, W.A., KERP, H., SIRMONS, R., FEDORKO, N.,
SKEMA, V., BLAKE, B.M., JR & CECIL, C.B. 2013. Callip-
terid peltasperms of theDunkardGroup, Central Appala-
chianBasin. International Journal ofCoalGeology, 119,
56–78, https://doi.org/10.1016/j.coal.2013.07.025

DINO, R., ANTONIOLI, L. & BRAZ, S.M. 2002. Palynological
data from the TrisidelaMember of Upper Pedra de Fogo
Formation (‘Upper Permian’) of the Parnaíba Basin,
Northeastern Brazil. Revista Brasileira de Paleontolo-
gia, 3, 24–35.

DI PASQUO, M., GRADER, G.W., ISAACSON, P., SOUZA, P.A.,
IANNUZZI, R. & DÍAZ-MARTÍNEZ, E. 2014. Global biostra-
tigraphic comparison and correlation of an early Cisura-
lian palynoflora from Bolivia. Historical Biology,
27, 868–897, https://doi.org/10.1080/08912963.2014.
910204

DOLIANITI, E. 1948. A paleobotânica no Brasil [The Paleo-
botany in Brazil]. Boletim do Departamento Nacional
de Produção Mineral, 123, 1–87.

DOLIANITI, E. 1962. Vegetais fósseis da Bacia Tocantins
Araguaia [Plant fossils from the Tocantins Araguaia
Basin]. Anais da Academia Brasileira de Ciências,
34, 477–481.

FARIA, L.E.C., JR 1984. O permotriássico na Bacia doMara-
nhão: ummodelo de paleodeserto [The permotriassic in
the Maranhão Basin: a paleodesert model]. In: 33 Con-
gresso Brasileiro de Geologia, 1984, Rio de Janeiro,
Volume 2. Sociedade Brasileira de Geologia, Rio de
Janeiro, Brazil, 777–791.

FARIA, L.E.C., JR & TRUCKENBRODT, W. 1980a. Estratigrafia
e petrografia da Formação Pedra de Fogo – Permiano da
Bacia do Maranhão [Stratigraphy and petrography of
the Pedra de Fogo Formation and Permian of the Mara-
nhão Basin]. In: Anais do 31 Congresso Brasileiro de
Geologia, 1980, Camboriú, Volume 2. Sociedade Bra-
sileira de Geologia, Rio de Janeiro, Brazil, 740–754.

FARIA, L.E.C., JR & TRUCKENBRODT, W. 1980b. Estromató-
litos na Formação Pedra de Fogo, Permiano, bacia do
Maranhão [Stromatolites in the Pedra de Fogo Forma-
tion, Permian, Maranhão Basin]. In: Anais do 31 Con-
gresso Brasileiro de Geologia, 1980, Camboriú,
Volume 5. Sociedade Brasileira de Geologia, Rio de
Janeiro, Brazil, 3056–3067.

FIGUEROA, R.T. & GALLO, V. 2017. New chondrichthyan fin
spines from the Pedra de Fogo Formation, Brazil. Jour-
nal of South American Earth Sciences, 76, 389–396.

GINTER, M., IVANOV, A. & LEBEDEV, O. 2005. The revision
of ‘Cladodus’ occidentalis, a late Palaeozoic ctenacan-
thiform shark. Acta Palaeontologica Polonica, 50,
623–631.

GÓES, A.M.O. 1995. A Formação Poti (Carbonífero Supe-
rior) da Bacia do Parnaíba [The Poti Formation
(Lower Carboniferous) of the Parnaíba Basin]. Docto-
rial thesis, Universidade de São Paulo, São Paulo, Brazil.

GÓES, A.M.O. & FEIJÓ, F.J. 1994. Bacia do Parnaíba [The
Parnaíba Basin]. Boletim de Geociências da Petrobrás,
8, 57–67.

HERBST, R. 1985. Nueva descripcion de Psaronius arroja-
doi (Pelourde) (Marattiales), del Permico de Brasil.
Ameghiniana, 21, 243–258.

HERBST, R. 1986. Studies on Psaroniaceae. I. The family
Psaroniaceae (Marattiales) and a redescription of Tietea

singularis Solms-Laubach, from the Permian of Brazil.
In: CUERDA, A. (ed.) IV Congreso Argentino de Paleon-
tología y Biostratigrafía, Actas, Volume 4, Asociación
Geológica Argentina, Mendoza, 163–171.

HERBST, R. 1992. Studies on Psaroniaceae. III. Tietea derby
n. sp., from the Permian of Brazil. Courier Forschung-
sinstitut Senckenberg, 147, 155–161.

HERBST, R. 1999. Studies on Psaroniaceae. IV. Two species
of Psaronius from Araguaina, State of Tocantins, Bra-
zil. FACENA, 15, 9–18.

HILTON, J., WANG, S.J., GALTIER, J. & LI, C.S. 2001. An
Early Permian plant assemblage from the Taiyuan For-
mation of northern China with compression/impres-
sion and permineralised preservation. Review of
Palaeobotany and Palynology, 114, 175–189, https://
doi.org/10.1016/S0034-6667(01)00045-8

HOLZ, M., FRANÇA, A.B., SOUZA, P.A., IANNUZZI, R. & ROHN,
R. 2010. A stratigraphic chart of Late Caboniferous/
Permian succession of the eastern border of the Paraná
Basin, Brazil, South America. Journal of South Ameri-
can Earth Sciences, 29, 281–399.

IANNUZZI, R. & LANGER, M.C. 2014. The presence of
callipterids in the Permian of northeastern Brazil: strati-
graphic and phytogeographical implications. In: ROCHA,
R., PAIS, J., KULLBERG, J.C. & FINNEY, S. (eds) STRATI
2013: First International Congress on Stratigraphy.
Springer, Cham, Switzerland, 403–406, https://doi.
org/10.1007/978-3-319-04364-7_78

IANNUZZI, R. & SCHERER, C.M.S. 2001. Vegetais fósseis
carbonificados na Formação Pedra-de-Fogo, Bacia do
Paranaíba, TO-MA: significado paleoambiental [Car-
bonified plant fossils in the Pedra-de-Fogo Formation,
Parnaíba Basin, TO–MA: paleoenvironmental signifi-
cance]. In: II Simpósio sobre a Bacia do Araripe e
bacias interiores do Nordeste, 1997, Crato. Sociedade
Brasileira de Paleontologia, Fortaleza, Brazil, 129–139.

KERP, H. 1988. Aspects of Permian palaeobotany and
palynology. X. The West- and Central European spe-
cies of the genus Autunia Krasser emend. Kerp (Peltas-
permaceae) and the form-genus Rhachiphyllum Kerp
(callipterid foliage). Review of Palaeobotany and Paly-
nology, 54, 249–360, https://doi.org/10.1016/0034-
6667(88)90017-6

KURZAWE, F., IANNUZZI, R., MERLOTTI, S., RÖßLER, R. &
NOLL, R. 2013a. New gymnospermous woods from the
Permian of the Parnaíba Basin, Northeastern Brazil,
Part I: Ductoabietoxylon, Scleroabietoxylon and Par-
naiboxylon. Review of Palaeobotany and Palynology,
195, 37–49, https://doi.org/10.1016/j.revpalbo.2012.
12.004

KURZAWE, F., IANNUZZI, R., MERLOTTI, S. & ROHN, R. 2013b.
New gymnospermous woods from the Permian of the
Parnaíba Basin, Northeastern Brazil, Part II: Damudox-
ylon, Kaokoxylon and Taeniopitys. Review of Palaeo-
botany and Palynology, 195, 50–64, https://doi.org/
10.1016/j.revpalbo.2012.12.005

LIMA, E.A.M. & LEITE, J.F. 1978. Projeto estudo global dos
recursos minerais da Bacia Sedimentar do Parnaíba:
Integração Geológica–Metalogenética [Global study
project of the mineral resources of the Parnaíba sedi-
mentary basin: geological–metallogenetic integration].
Relatório Técnico do Ministério das Minas e Energia.
Departamento de Produção Mineral, Divisão de Geo-
logia e Mineralogia, CPRM, Rio de Janeiro, Brazil.

PERMIAN MACROFOSSILS OF THE PARNAÍBA BASIN

 by guest on July 20, 2018http://sp.lyellcollection.org/Downloaded from 

https://doi.org/10.1016/j.coal.2013.07.025
https://doi.org/10.1016/j.coal.2013.07.025
https://doi.org/10.1080/08912963.2014.910204
https://doi.org/10.1080/08912963.2014.910204
https://doi.org/10.1080/08912963.2014.910204
https://doi.org/10.1016/S0034-6667%2801%2900045-8
https://doi.org/10.1016/S0034-6667%2801%2900045-8
https://doi.org/10.1016/S0034-6667%2801%2900045-8
https://doi.org/10.1016/S0034-6667%2801%2900045-8
https://doi.org/10.1016/S0034-6667%2801%2900045-8
https://doi.org/10.1007/978-3-319-04364-7_78
https://doi.org/10.1007/978-3-319-04364-7_78
https://doi.org/10.1007/978-3-319-04364-7_78
https://doi.org/10.1007/978-3-319-04364-7_78
https://doi.org/10.1007/978-3-319-04364-7_78
https://doi.org/10.1007/978-3-319-04364-7_78
https://doi.org/10.1007/978-3-319-04364-7_78
https://doi.org/10.1016/0034-6667%2888%2990017-6
https://doi.org/10.1016/0034-6667%2888%2990017-6
https://doi.org/10.1016/0034-6667%2888%2990017-6
https://doi.org/10.1016/0034-6667%2888%2990017-6
https://doi.org/10.1016/j.revpalbo.2012.12.004
https://doi.org/10.1016/j.revpalbo.2012.12.004
https://doi.org/10.1016/j.revpalbo.2012.12.004
https://doi.org/10.1016/j.revpalbo.2012.12.005
https://doi.org/10.1016/j.revpalbo.2012.12.005
https://doi.org/10.1016/j.revpalbo.2012.12.005
http://sp.lyellcollection.org/


LIMA FILHO, F.P. 1991.Fácies e ambientes deposicionais da
Formação Piauí (Pensilvaniano), Bacia do Parnaíba
[Facies and depositional environments of the Piauí
Formation (Pennsylvanian), Parnaíba Basin]. MSc.
thesis, Universidade Federal de São Paulo, Brazil.

LIMA FILHO, F.P. 1998. A sequência Permo-Pensilvaniana
da Bacia do Parnaíba [The Permo-Pennsylvanian
sequence of the Parnaíba Basin]. Ph.D. dissertation,
Universidade de São Paulo, São Paulo, Brazil.

LINOL, B., DE WIT, M.J., KASANZU, C.H., DE SILVA SCHMITT,
R., CORRÊA-MARTINS, F.J. & ASSIS, A. 2016. Correlation
and paleogeographic reconstruction of the Cape-Karoo
Basin sequences and their equivalents across central
west Gondwana. In: LINOL, B. & DEWIT, M.J. (eds)Ori-
gin and Evolution of the Cape Mountains and Karoo
Basin. Springer, Cham, Switzerland, 183–192.

LISBOA, M.A. 1914. The Permian geology of Northern Bra-
zil. American Journal of Science, 37, 425–443.

LUCAS, S.G. 2006. Global Permian tetrapod biostratigraphy
and biochronology. In: LUCAS, S.G., CASSINIS, G. &
SCHNEIDER, J.W. (eds) Non-Marine Permian Biostratig-
raphy and Biochronology. Geological Society, London,
Special Publications, 265, 65–93, https://doi.org/10.
1144/GSL.SP.2006.265.01.04

MARSICANO, C.A., LATIMER, E., RUBIDGE, B. & SMITH,
R.M.H. 2017. The Rhinesuchidae and early history
of the Stereospondyli (Amphbia: Temnospondyli) at
the end of the Palaeozoic. Zoological Journal of the
Linnean Society, 181, 357–384.

MATYSOVÁ, P., RÖßLER, R. ET AL. 2010. Alluvial and vol-
canic pathways to silicified plant stems (Upper
Carboniferous–Triassic) and their taphonomic and envi-
ronmental meaning. Palaeogeography, Palaeoclima-
tology, Palaeoecology, 292, 127–143, https://doi.
org/10.1016/j.palaeo.2010.03.036

MESNER, J.C. & WOOLDRIDGE, L.C. 1964. Maranhão Paleo-
zoic Basin and Cretaceous Coastal Basins, Northern
Brazil. Bulletin of the American Association Petroleum
Geologists, 48, 1475–1512.

MILANI, E.J. & THOMAZ, A. 2000. Sedimentary Basins of
South America. In: CORDANI, U.G., MILANI, E.J.,
THOMAZ, A. & CAMPOS, D.A. (eds) Tectonic Evolution
of South America. 31st International Geological Con-
gress, Rio de Janeiro, 389–449.

MILNER, A.R. & SCHOCH, R.R. 2013. Trimerorhachis
(Amphibia: Temnospondyli) from the Lower Permian
of Texas and New Mexico: cranial osteology, taxon-
omy and biostratigraphy. Neues Jahrbuch für Geo-
logie und Paläontologie-Abhandlungen, 270, 91–128,
https://doi.org/10.1127/0077-7749/2013/0360

MILNER, A.R. & SEQUEIRA, S.E.K. 2004. Slaugenhopia tex-
ensis (Amphibia: Temnospondyli) from the Permian of
Texas is a primitive tupilakosaurid. Journal of Verte-
brate Paleontology, 24, 320–325.

MODESTO, S.P., LAMB, A.J. & REISZ, R.R.2014. The capto-
rhinid reptile Captorhinikos valensis from the Lower
Permian Vale Formation of Texas, and the evolution
of herbivory in eureptiles. Journal of Vertebrate Pale-
ontology, 34, 291–302, https://doi.org/10.1080/
02724634.2013.809358

MUSSA, D. & COIMBRA, A.M. 1987. Novas perspectivas de
comparação entre as tafofloras permiannas (de lenhos)
das bacias do Parnaíba e do Paraná [New perspectives
of comparison between the Permian (wood) taphofloras

from the Parnaíba and Paraná basins]. In: Anais do 10
Congresso Brasileiro de Paleontologia, 1987, Rio de
Janeiro, Volume 2. Sociedade Brasileira de Paleontolo-
gia, Rio de Janeiro, Brazil, 901–923.

NELSON, W.J. & HOOK, R.W. 2005. Pease River Group
(Leonardian–Guadalupian) of Texas: an overview. In:
LUCAS, S.G. & ZEIGLER, K.E. (eds) The Nonmarine
Permian. New Mexico Museum of Natural History
and Science Bulletin, 30, 243–250.

NEREGATO, R., RÖßLER, R., ROHN, R. & NOLL, R. 2015. New
petrified calamitaleans from the Permian of the Parna-
íba Basin, central-north Brazil. Part I. Review of Paleo-
botany and Palynology, 215, 23–45, https://doi.org/
10.1016/j.revpalbo.2014.12.006

NEREGATO, R., RÖßLER, R., IANNUZZI, R., NOLL, R. & ROHN,
R. 2017. New petrified calamitaleans from the
Permian of the Parnaíba Basin, central-north Brazil,
part II, and phytogeographic implications for late Paleo-
zoic floras. Review of Paleobotany and Palynology,
237, 37–61, https://doi.org/10.1016/j.revpalbo.2016.
11.001

OLIVEIRA, E. 1934. Ocorrência de plantas carboníferas da
flora Cosmopolita no Estado do Piauhy [Occurrence
of the Carboniferous plants of the Cosmopolitan flora
in the State of Piauhy]. Anais da Academia Brasileira
de Ciências, 6, 113–118.

OLSON, E.C. 1958. Fauna of the Vale and Choza: 14. Sum-
mary, review and integration of the geology and the
fauna. Fieldiana Geology, 10, 397–448.

OLSON, E.C. 1970. New and little known genera and species
of vertebrates from the Lower Permina of Oklahoma.
Fieldiana Geology, 18, 359–434.

PELOURDE, F. 1914. A propos dês Psaroniées du Brésil
[On psaroniaceans from Brazil]. Association Française
pour l’avancement des Sciences. Compte-rendu de la
43me session, Le Havre, 442–445.

PETRI, S. & FULFARO, V.J. 1983. Geologia do Brasil
(Fanerozóico) [Geology of Brazil (Phanerozoic)].
T.A. Queiroz, EDUSP, São Paulo.

PINTO, C.P. & SAD, J.H.G. 1986. Revisão da estratigrafia da
Formação Pedra de Fogo, borda sudoeste da Bacia do
Parnaíba [Review of the stratigraphy of the Pedra de
Fogo Formation, southwest edge of the Parnaíba
Basin]. In: Anais do 34 Congresso Brasileiro de Geolo-
gia, 1986, Goiânia, Volume 1. Sociedade Brasileira de
Geologia, Rio de Janeiro, Brazil, 346–358.

PLUMMER, F.B. 1948. Estados do Maranhão e Piauí [States
of Maranhão and Piauí]. Brasil, Conselho Nacional
do Petróleo, Relatório de 1946. Rio de Janeiro, 87–134.

PRICE, L.I. 1948. Um anfíbio labirintodonte da Formacão
Pedra de Fogo, Estado do Maranhão [A labyrinth
amphibian of the Pedra de Fogo Formation, State of
Maranhão]. Boletim do Departamento Nacional de
Produção Mineral, 124, 7–33.

REES, P.M., GIBBS, M.T., ZIEGLER, A.M., KUTZBACH, J.E. &
BEHLING, P.J. 1999. Permian climates: evaluating model
predictions using global paleobotanical data. Geology,
27, 891–894.

REES, P.M., ZIEGLER, A.M., GIBBS, M.T., KUTZBACH, J.E.,
BEHLING, P.J. & ROWLEY, D.B. 2002. Permian phyto-
geographic patterns and climate data/model compari-
sons. The Journal of Geology, 110, 1–31.

REISZ, R.R. 1986. Pelycosauria. Handbuch der Paläoher-
petologie: Teil 17A. Gustav Fischer, Stuttgart.

R. IANNUZZI ET AL.

 by guest on July 20, 2018http://sp.lyellcollection.org/Downloaded from 

https://doi.org/10.1144/GSL.SP.2006.265.01.04
https://doi.org/10.1144/GSL.SP.2006.265.01.04
https://doi.org/10.1144/GSL.SP.2006.265.01.04
https://doi.org/10.1016/j.palaeo.2010.03.036
https://doi.org/10.1016/j.palaeo.2010.03.036
https://doi.org/10.1016/j.palaeo.2010.03.036
https://doi.org/10.1127/0077-7749/2013/0360
https://doi.org/10.1127/0077-7749/2013/0360
https://doi.org/10.1127/0077-7749/2013/0360
https://doi.org/10.1080/02724634.2013.809358
https://doi.org/10.1080/02724634.2013.809358
https://doi.org/10.1080/02724634.2013.809358
https://doi.org/10.1016/j.revpalbo.2014.12.006
https://doi.org/10.1016/j.revpalbo.2014.12.006
https://doi.org/10.1016/j.revpalbo.2014.12.006
https://doi.org/10.1016/j.revpalbo.2016.11.001
https://doi.org/10.1016/j.revpalbo.2016.11.001
https://doi.org/10.1016/j.revpalbo.2016.11.001
http://sp.lyellcollection.org/


RICHTER, M. 2008. Ctenacanthid shark remains (Chondrich-
thyes) from the Lower Permian Pedra de Fogo Forma-
tion, State of Tocantins, Brazil. Journal of Vertebrate
Paleontology, 28, 131A.

ROMER, A.S. & PRICE, L.W. 1940. Review of the Pelycosau-
ria. Geological Society of America, Special Papers, 28.

RÖßLER, R. 2006. Two remarkable Permian petrified forests:
correlation, comparison and significance. In: LUCAS,
S.G., CASSINIS, G. & SCHNEIDER, J.W. (eds) Nonmarine
Permian Biostratigraphy and Biochronology. Geologi-
cal Society, London, Special Publications, 265, 39–63,
https://doi.org/10.1144/GSL.SP.2006.265.01.03

RÖßLER, R. & GALTIER, J. 2002a. FirstGrammatopteris tree
ferns from the Southern Hemisphere – new insights
in the evolution of the Osmundaceae from the Permian
of Brazil. Review of Paleobotany and Palynology, 121,
205–230, https://doi.org/10.1016/S0034-6667(02)
00086-6

RÖßLER, R. & GALTIER, J. 2002b. Dernbachia brasiliensis
gen. nov. et sp. nov. – a new small tree fern from the
Permian of NE Brazil. Review of Paleobotany and Pal-
ynology, 122, 239–263, https://doi.org/10.1016/
S0034-6667(02)00186-0

RÖßLER, R. & GALTIER, J. 2003. The first evidence of the
fern Botryopteris from the Permian of the Southern
Hemisphere reflecting growth form diversity. Review
of Paleobotany and Palynology, 127, 99–124,
https://doi.org/10.1016/S0034-6667(03)00096-4

RÖßLER, R. & NOLL, R. 2002. Der permische versteinerte
Wald von Araguaina/Brasilien – Geologie, Taphono-
mie und Fossilführung. Veröffentlichungen des Muse-
ums für Naturkunde Chemnitz, 25, 5–44.

RÖßLER, R., FENG, Z. & NOLL, R. 2012. The largest calamite
and its growth architecture – Arthropitys bistriata from
the Early Permian petrified forest of Chemnitz. Review
of Paleobotany and Palynology, 185, 64–78, https://
doi.org/10.1016/j.coal.2009.07.011

SANTOS, M.E.C.M. & CARVALHO, M.S.S. 2009. Paleontolo-
gia das Bacias do Parnaíba, São Luís e Grajaú. Recon-
stituições paleobiológicas [Paleontology of the
Parnaíba, São Luís and Grajaú basins]. CPRM, Rio
de Janeiro, Brazil.

SANTOS, R.S. 1946. Duas novas formas de elasmobranquios
do Paleozóico doMeio Norte do Brasil [Two new forms
of elasmobranchs from the Paleozoic of the Middle
North of Brazil]. Anais da Academia Brasileira de
Ciências, 18, 281–285.

SANTOS, R.S. 1990. Paleoictiofaunula da Formação Pedra
de Fogo, Bacia do Parnaíba, Nordeste do Brasil:
Holocephali–Petalodontidae [Paleoictiofaunula of the
Pedra de Fogo Formation, Parnaíba Basin, Northeast
Brazil: Holocephali–Petalodontidae]. Anais da Acade-
mia Brasileira de Ciências, 62, 347–355.

SANTOS, R.S. 1994. Paleoictiofaunula da Formação
Pedra de Fogo. Bacia do Parnaíba, NE do Brasil: II.
Eugeneodontida –Agassizodontidae [Paleoictiofaunula
of the Pedra de Fogo Formation. Parnaíba Basin,
NE of Brazil: II. Eugeneodontida – Agassizodontidae].
Anais da Academia Brasileira de Ciências, 66,
413–424.

SANTOS, R.V., SOUZA, P.A., DE ALVARENGA, C.J.S., DANTAS,
E.L., PIMENTEL, M.M., DE OLIVEIRA, C.G. & DE ARAÚJO,
L.M. 2006. Shrimp U–Pb zircon dating and palynology
of bentonitic layers from the Permian Irati Formation,
Paraná Basin, Brazil. Gondwana Research, 9,
456–463, https://doi.org/10.1016/j.gr.2005.12.001

SCHOCH, R.R. &MILNER, A.R. 2000. Stereospondyli. Hand-
buch der Paläoherpetologie, Teil 3B. Dr. Friedrich
Pfeil, München, Germany.

SCHWANKE, C. & SOUTO, P.R.F. DE 2007. Coprólitos espira-
lados da Formação Pedra do Fogo, Bacia do Parnaíba
[Spiral coprolites from the Pedra do Fogo Formation,
Parnaíba Basin]. In: CARVALHO, I.S., CASSAB, R.C.T.
ET AL. (eds) Paleontologia: cenários da vida. Interciên-
cia, Rio de Janeiro, Brazil, 111–120.

SEQUEIRA, S.E. 1998. The cranial morphology and taxon-
omy of the saurerpetontid Isodectes obtusus comb.
nov. (Amphibia: Temnospondyli) from the Lower
Permian of Texas. Zoological Journal of the Linnean
Society, 122, 237–259.

SIDOR, C.A., O’KEEFE, F.R. ET AL. 2005. Permian tetrapods
from the Sahara show climate-controlled endemism in
Pangaea. Nature, 434, 886–889, https://doi.org/10.
1038/nature03393

SILVA, A.J.P. DA, LOPES, R.D.C., VASCONCELOS, A.M. &
BAHIA, R.B.C. 2003. Bacias sedimentares Paleozóicas
e Meso-Cenozóicas interiores [Paleozoic and Meso-
Cenozoic inland sedimentary basins]. In: BIZZI, L.A.,
SCHOBBENHAUS, C., VIDOTTI, R.M. & GONÇALVES, J.H.
(eds) Geologia, Tectônica e Recursos Minerals do Bra-
sil. CPRM, Brasilia, 55–85.

SIMAS, M.W., GUERRA-SOMMER, M., CAZZULO-KLEPZIG, M.,
MENEGAT, R., SANTOS, J.O.S., FERREIRA, J.A.F. &
DEGANI-SCHMIDT, I. 2012. Geochronological correlation
of the main coal interval in Brazilian Lower Permian:
Radiometric dating of tonstein and calibration of bio-
stratigraphic framework. Journal of South American
Earth Sciences, 39, 1–15, https://doi.org/10.1016/j.
jsames.2012.06.001

TAVARES, T.M.V. 2011. Estudo de Marattiales da ‘Floresta
Petrificada do Tocantins Setentrional’ (Permiano,
Bacia do Parnaíba) [Study of the Marattiales from
the ’Petrified Forest of the Northern Tocantins’ (Perm-
ian, Parnaíba Basin)]. PhD thesis, Universidade
Estadual Paulista ‘Júlio de Mesquita Filho’, Rio
Claro, Brazil.

TAVARES, T.M.V., ROHN, R., RÖßLER, R., FENG, Z. &NOLL, R.
2014. Petrified Marattiales pinnae from the Lower
Permian of North-Western Gondwana (Parnaíba Basin,
Brazil). Review of Paleobotany and Palynology, 201,
12–28, https://doi.org/10.1016/j.revpalbo.2013.09.002

VAZ, P.T., REZENDE, N.G.A.M., WANDERLEY FILHO, J.R. &
TRAVASSOS, W.A.S. 2007. Bacia do Parnaíba [The Par-
naíba Basin]. Boletim de Geociências da Petrobrás,
15, 253–263.

WANG, J., KERP, H. & PFEFFERKORN, H.W. 2013. The earliest
occurrence of peltasperms in the basal Permian strata of
the North China Block and the radiation of this group.
Geological Journal, 49, 129–142, https://doi.org/10.
1002/gj.2503

PERMIAN MACROFOSSILS OF THE PARNAÍBA BASIN

 by guest on July 20, 2018http://sp.lyellcollection.org/Downloaded from 

https://doi.org/10.1144/GSL.SP.2006.265.01.03
https://doi.org/10.1144/GSL.SP.2006.265.01.03
https://doi.org/10.1016/S0034-6667%2802%2900086-6
https://doi.org/10.1016/S0034-6667%2802%2900086-6
https://doi.org/10.1016/S0034-6667%2802%2900086-6
https://doi.org/10.1016/S0034-6667%2802%2900086-6
https://doi.org/10.1016/S0034-6667%2802%2900086-6
https://doi.org/10.1016/S0034-6667%2802%2900186-0
https://doi.org/10.1016/S0034-6667%2802%2900186-0
https://doi.org/10.1016/S0034-6667%2802%2900186-0
https://doi.org/10.1016/S0034-6667%2802%2900186-0
https://doi.org/10.1016/S0034-6667%2802%2900186-0
https://doi.org/10.1016/S0034-6667%2803%2900096-4
https://doi.org/10.1016/S0034-6667%2803%2900096-4
https://doi.org/10.1016/S0034-6667%2803%2900096-4
https://doi.org/10.1016/S0034-6667%2803%2900096-4
https://doi.org/10.1016/j.coal.2009.07.011
https://doi.org/10.1016/j.coal.2009.07.011
https://doi.org/10.1016/j.coal.2009.07.011
https://doi.org/10.1016/j.gr.2005.12.001
https://doi.org/10.1016/j.gr.2005.12.001
https://doi.org/10.1038/nature03393
https://doi.org/10.1038/nature03393
https://doi.org/10.1038/nature03393
https://doi.org/10.1016/j.jsames.2012.06.001
https://doi.org/10.1016/j.jsames.2012.06.001
https://doi.org/10.1016/j.jsames.2012.06.001
https://doi.org/10.1016/j.revpalbo.2013.09.002
https://doi.org/10.1016/j.revpalbo.2013.09.002
https://doi.org/10.1002/gj.2503
https://doi.org/10.1002/gj.2503
https://doi.org/10.1002/gj.2503
http://sp.lyellcollection.org/

