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ABSTRACT

The non-avian dinosaurs died out at the end of the Cretaceous, ~66 million years ago, after an asteroid
impact. The prevailing hypothesis is that the effects of the impact suddenly killed the dinosaurs, but the
poor fossil record of latest Cretaceous (Campanian-Maastrichtian) dinosaurs from outside Laurasia (and
even more particularly, North America) makes it difficult to test specific extinction scenarios. Over the
past few decades, a wealth of new discoveries from the Bauru Group of Brazil has revealed a unique
window into the evolution of terminal Cretaceous dinosaurs from the southern continents. We review this
record and demonstrate that there was a diversity of dinosaurs, of varying body sizes, diets, and ecological
roles, that survived to the very end of the Cretaceous (Maastrichtian: 72-66 million years ago) in Brazil,
including a core fauna of titanosaurian sauropods and abelisaurid and carcharodontosaurid theropods,
along with a variety of small-to-mid-sized theropods. We argue that this pattern best fits the hypothesis
that southern dinosaurs, like their northern counterparts, were still diversifying and occupying prominent
roles in their ecosystems before the asteroid suddenly caused their extinction. However, this hypothesis
remains to be tested with more refined paleontological and geochronological data, and we give suggestions
for future work.
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INTRODUCTION had dominated terrestrial ecosystems for over 150

. . million years died out, leaving only a few lineages
Dinosaurs, along with many other vertebrate and y gony £

invertebrate groups, were decimated by a mass of small flying taxa that survived into the ensuing

extinction at the end of the Cretaceous Period,
~66 million years ago (e.g., MacLeod et al. 1997,
Archibald and Fastovsky 2004, Brusatte et al.
2015a). All of the iconic non-avian species that
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Paleogene, which eventually re-radiated and gave
rise to the birds of today. By now, it is widely
recognized that a giant asteroid struck the Earth
right at the end of the Cretaceous, unleashing a
cocktail of heat, fire, earthquakes, tsunamis, and

global darkness that would have had devastating
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effects on ecosystems worldwide and likely played
a key role in the mass extinction (e.g., Alvarez et al.
1980, Schulte et al. 2010).

In regards to dinosaurs, the prevailing
hypothesis is that the non-avian species died out
rapidly as a result of the impact (see Brusatte et
al. 2015a and references therein). But, because
there were also extensive volcanic eruptions,
temperature changes, and sea level fluctuations
occurring in the latest Cretaceous, there is lingering
doubt about whether the asteroid acted alone or
whether dinosaurs may have been in something
of a decline during the final ~15-20 million years
of the Cretaceous (e.g., Archibald 1996). This
debate persists because the fossil record of latest
Cretaceous dinosaurs is incomplete and heavily
biased, with only a few regions of the globe
preserving an abundance of well-studied and well-
dated dinosaurs from the several million years
before the asteroid impact. Almost all of these
sites are in the northern hemisphere, chief among
them the Maastrichtian Hell Creek Formation
and equivalents in western North America (e.g.,
Hartman et al. 2002, Fastovsky and Bercovici
2016), as well as similar-aged localities in Spain
(e.g., Vila et al. 2016) and Romania (e.g., Csiki-
Sava et al. 2015, 2016b). Very little is known
about the final non-avian dinosaurs of the southern
continents, and this gaping hole in our knowledge
makes it very difficult to conclusively test whether
the dinosaur extinction was a sudden, global event
or a more drawn out affair that may have proceeded
at different paces in different regions.

Over the last few decades, the fossil-rich
sedimentary rocks of the Upper Cretaceous
levels of the Bauru Group in the Parand Basin
of Central Brazil—which were deposited in
southwestern Central Gondwana—have emerged
as a rare window into these last-evolving southern
dinosaurs. A wealth of new discoveries reveals
that a diversity of meat-eating, plant-eating, and
possibly omnivorous species of varying body size
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ranged across the Parana sedimentary basin during
the last ~15-20 million years of the Cretaceous
(latest Santonian-Maastrichtian). However,
these fossils have yet to be synthesized, so their
implications for understanding the end-Cretaceous
extinction are still unclear. We here provide
a review of the Bauru Group dinosaurs: what
types are known, what time intervals they came
from, and what they are starting to hint about the
extinction. We argue that the current fossil record
is beginning to expose a relatively diverse dinosaur
fauna at the end of the Cretaceous—in the sense
that several major subgroups were living alongside
each other and occupying important roles in their
ecosystems—which is most consistent with stable,
dinosaur-dominated ecosystems that were suddenly
interrupted by the asteroid impact.

AGE AND GEOLOGICAL SETTING OF
BRAZILIAN LATEST CRETACEOUS UNITS

Most of the latest Cretaceous dinosaurs of Brazil
are found in a series of sedimentary units that
belong to the Bauru Group. Rocks of the Group
crop out over an area of approximately 370, 000
square kilometers, which includes portions of six
Brazilian states (Sao Paulo, Parana, Mato Grosso,
Mato Grosso do Sul, Minas Gerais and Goias),
as well as parts of Paraguay (Caiuad Formation)
(see overview by Fernandes and Ribeiro 2015)
(Figs. 1-2). The Bauru Group is the Lower-
Upper Cretaceous sedimentary sequence of the
Parand Basin. It predominantly consists of eolian
sandstones in its Lower Cretaceous sections, and
alluvial to fluvial conglomerates, sandstones,
siltstones, and mudstones with subordinate
lacustrine mudstones in its Upper Cretaceous
sections. This package of rocks was deposited in
a subsiding sedimentary basin, which developed in
the central-southern South American Platform as a
result of thermo-mechanical subsidence following
the breakup of Gondwana and the opening of
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the southern Atlantic Ocean between the South
America and Africa (Fernandes and Coimbra 1996,
Fernandes and Ribeiro 2015).

The Bauru Group is subdivided into several
formations and members (Fig. 1), but the
stratigraphic nomenclature varies across the
literature. The most commonly used terminology
stems from the work of Soares et al. (1980), with
some small modifications that have developed as
the Bauru Group has become better studied over the
last three decades. This system divides the Group
into six key formations, listed here in stratigraphic
order beginning with the oldest (although there is, in
some cases, interfingering between the formations
that suggests a more nuanced stratigraphy that
may be highly variable locally): the Caiua, Santo
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there is a seventh highly localized formation, the
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Formation (Souza 1984). Furthermore, other units
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well log and core data. According to Paula e Silva
et al. (2003, 2009), these include two main units:
the Pirapozinho Formation, formed of sandstones
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Figure 1 - Geological map of the Bauru Group with regional section a-b (modified from Fernandes and Ribeiro 2015). Figure by

F. Simbras.
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Figure 2 - Geotectonic map of the Parana Basin showing the Cretaceous area of the Bauru Group
(brown) and the other Cretaceous areas restricted to the Mato Grosso state (yellow), following Coimbra
(1991). The black volcanic rocks are related to the basalts of the Serra Geral Formation. The violet
volcanic rocks are related to the alkaline basalts of the Pareddo Grande Formation. Figure by F. Simbras.

Cretaceous Caiua sandstones in southwestern Sao
Paulo state, and the Birigiii Formation, composed of
sandstones and conglomerates below the lacustrine
facies of the Aragatuba Formation.

It is widely recognized that the majority of
the Bauru Group, with the exception of the Caiua
Formation, is Late Cretaceous in age, but there is
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uncertainty about the precise ages of the individual
units (Fig. 1). Age assessments have been based on
a complex interplay of stratigraphical correlations,
vertebrate and microfossil biostratigraphy, and
magnetostratigraphy. Unfortunately, there are
no radioisotopic dates that constrain the ages of
the upper portions of the Bauru Group, which
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makes it difficult to determine how much of
the formation is genuinely latest Cretaceous
(Campanian-Maastrichtian) in age. This, in turn,
precludes a more robust timeline of local dinosaur
evolution during the latest Cretaceous and makes it
impossible, at present, to determine how close to the
K-Pg boundary (which has not yet been identified
in the Bauru Group) the Brazilian dinosaur record
extends.

A Cretaceous age for the Bauru Group was
originally proposed by Friedrich von Huene, who
studied some of the first dinosaur remains collected
from the basin and recognized that they belonged to
sauropods characteristic of the ‘Senonian’, which
at that time referred to an interval today regarded as
spanning the middle-Late Cretaceous (Huene 1927,
1929, 1939). Recent works on the geology of the
Bauru Group have upheld this view. For example,
the important stratigraphic revision of the Bauru
sediments published by Fernandes and Coimbra
(1996) considered the rocks of the basin to have
formed between the Santonian and Maastrichtian
stages of the Late Cretaceous, largely based on the
vertebrate fossils of the Adamantina and Marilia
formations, which belong to characteristic latest
Cretaceous Gondwanan taxa such as abelisaurids
and aeolosaurin sauropods.

More recently, a critical clue from
magnetostratigraphy has helped refine when in the
middle-Late Cretaceous some of the Bauru Group
rocks must have formed. Tamrat et al. (2002)
found that the Uberaba and Marilia formations
were of reversed polarity, which means they
cannot be older than ca. 83 million years ago,
approximately the boundary between the Santonian
and Campanian. This is because a large swathe of
the preceding Early-mid Cretaceous, from about
121-83 million years ago, was a long-stand of
normal polarity (the so-called Cretaceous Normal
Superchron or Cretaceous Quiet Zone: Cande and
Kent 1995, He et al. 2008). The combination of
reversed magnetic polarity and characteristic latest

Cretaceous dinosaurs in these units can only mean
that these fossil-bearing rocks of the Uberaba and
Marilia formations formed sometime during the
very latest Santonian-Maastrichtian. By extension,
portions of the Adamantina Formation correlative
with the Uberaba Formation, and the portions of
the Presidente Prudente Formation that sit above or
interfinger with the Adamantina Formation, must
also be latest Santonian-Maastrichtian in age.

Magnetostratigraphy also helps define which
portions of the Bauru Group are not Late Cretaceous
in age. In particular, magnetostratigraphic data
indicates that the Caiud Formation was deposited
in the Early Cretaceous, between about 130-120
million years ago (Ernesto et al. 2006, Batezelli
2010). This confirms the initial stratigraphic
interpretations of Soares et al. (1980), whose
outcrop studies showed an unconformity between
the Caiua Formation below and the Santo Anastacio
Formation above, which reflects the breakup of
the South Atlantic Ocean in the Santos Basin.
This unconformity has also been identified in well
logs by Paula e Silva et al. (2009) in the same
stratigraphic position, between the Pirapozinho
Foramation (which is the subsurface lateral
equivalent to the Caiud Formation) and the Santo
Anastacio Formation. These magnetostratigraphic
and stratigraphic findings do not corroborate
Fernandes and Coimbra’s (1996, 2000) argument
that there is lateral correlation between all units of
the Bauru Group, including the Caiud Formation,
which would make this latter formation Late
Cretaceous in age.

Within the unequivocally latest Cretaceous
portion of the Bauru Group, there are three
fossiliferous formations that may date, in part, to the
Maastrichtian, the final stage of Cretaceous (Fig.
1). Therefore, these formations may yield some
of the last-evolving dinosaurs in South America.
We briefly review the ages and depositional
environments of these formations here.
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The Adamantina Formation comprises
sandstones with rare conglomerates and mudstones,
formed in channels, thin overbank floods, and
ponds. There are also some desert lithologies,
which decrease upwards through the formation.
The lacustrine and fluvial clays and sandstones
begin to appear in the middle-to-upper part of the
unit, which were deposited in warm and humid
conditions (Soares et al. 1980, Suguio and Barcelos
1983, Fernandes and Coimbra 1996, 2000, Castro
et al. 1999). (It is also worth noting here that
another unit often considered to be a formation—
the Uberaba Formation, which interfingers with
the Adamantina Formation—is composed of
limestones, sandstones, and conglomerates, often
cemented by calcite with volcaniclastic sediments
[Hasui 1969, Barcelos 1984]).

It is often stated in the literature that the
Adamantina Formation is Turonian-Santonian
in age, based on its ostracod and charophyte
assemblages (Dias-Brito et al. 2001). However,
vertebrate biostratigraphic data suggests that parts
of the formation, particularly its upper interval,
may be younger. Santucci and Bertini (2001)
identified specimens of the titanosaurian sauropod
Aeolosaurus in the Adamantina Formation, and
because this dinosaur genus is known from late
Campanian-early Maastrichtian aged rocks in
Argentina, they proposed a similar age for the
upper part of the Adamantina Formation in Brazil.
A follow-up study by Martinelli et al. (2011) cast
doubt on the referral of the Adamantina fossils
to Aeolosaurus, but subsequently Santucci and
Arruda-Campos (2011) described a partially
articulated skeleton from the formation that they
identified as belonging to Aeolosaurus, which
they described as a new species of the genus (4.
maximus). The lower-level taxonomic affinities of
these specimens is the subject of ongoing work,
and it may be that none of them belong to the genus
Aeolosaurus proper (Simbras et al., unpublished
data). However, it is widely recognized that they
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are all very closely related sauropods in a restricted
subclade, Aeolosaurini, regardless of what genera
they are assigned to. Therefore, if Aeolosaurus (or
Acolosaurini) is a good index taxon that ranged
across South America at roughly the same time,
this would indicate that the upper part of the
Adamantina Formation dates to sometime close to
the Campanian-Maastrichtian boundary. However,
terrestrial vertebrate fossils may not always be
good biostratigraphic indicators (Rayfield et al.
2009), so this line of inference should be treated
with caution. With that said, it is also worth noting
that Gobbo-Rodrigues et al. (1999) assigned a
Campanian-Maastrichtian age to the lower portion
of the Adamantina Formation based on its ostracod
fauna, which if correct would constrain the upper
part of the formation to a Campanian or younger
age, consistent with the arguments based on
Aeolosaurus.

The Presidente Prudente Formation consists
of sandstones and mudstones deposited in a shallow
meandering fluvial system, representing channel
and overbank settings (Fernandes and Coimbra
2000, Simbras 2009). There has been little work
on the geochronology of the formation, but it is
often considered to be Campanian-Maastrichtian in
the literature (e.g., Azevedo et al. 2013, Bandeira
et al. 2016). This is largely based on lithological
correlations that indicate lateral gradational contacts
between the Presidente Prudente Formation and
the Adamantina Formation, whose age has been
determined as latest Santonian-Maastrichtian
through more intensive study (see above) (Zaher et
al. 2006, Simbras 2009). Furthermore, Azevedo and
Simbras (2009) described an acolosaurin caudal
vertebra from the Presidente Prudente Formation; if
acolosaurins are reliable biostratigraphic indicators
(see above), then this would support a Campanian-
Maastrichtian age of the formation.

It is also worth noting that Gobbo-Rodrigues
et al. (1999) assigned a Campanian — Maastrichtian
age to mudstones near Pirapozinho municipality
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Figure 3 - Sequence stratigraphic framework of the top
of the Adamantina Formation and the Marilia Formation.
Maxakalisaurus is from the top of the Adamatina Formation
and the major Marilia sauropods are from the base of the Marilia
Formation. There is some sauropod material from above the
SU4, from the Gurinhata-Campina Verde Road in Tridngulo
Mineiro region. The location of the microfossils dated by Dias-
Brito et al. (2001) is indicated. SU=subaerial unconformity;
MFS= maximum flooding surface. Figure by F. Simbras.

based on the presence of Limnocytheridae
ostracods. These authors considered these rocks to
belong to the Aragatuba Formation, although the
rocks had previously been considered as belonging
to the Adamantina Formation by Soares et al.
(1980). However, this area was recently mapped
as the Presidente Prudente Formation by Fernandes
and Coimbra (2000). Therefore, the ostracods lend
support for the Campanian-Maastrichtian age of
the Presidente Prudente Formation.

The Marilia Formation is dominated by
sandstones and conglomerates, which are often
cemented by carbonate (limestone) and contain
carbonate concretions (Soares et al. 1980, Fulfaro
and Barcelos 1991). For this reason, they are
sometimes mined locally as a source of lime for

agricultural fertilizer. These rocks were formed in
alluvial fans associated with the uplift of the eastern
border of the Bauru sedimentary basin (Riccomini
1997). The coarse-grained alluvial sediments were
laterreactivated and redeposited by an anastomosing
fluvial system rich in calcareous minerals (Barcelos
and Suguio 1987). The age of the formation is
usually considered to be Maastrichtian, based on
its charophyte and ostracod assemblages (Gobbo-
Rodrigues et al. 1999, Dias-Brito et al. 2001),
vertebrate fossils (Fernandes and Coimbra 1996,
2000), and the fact that it stratigraphically overlies
the latest Santonian-Maastrichtian Adamantina
Formation (Zaher et al. 2006).

Recent work on the sequence stratigraphy
of the Marilia Formation is providing additional
insight into the age of its dinosaur fossils (Fig. 3).
The Formation has four depositional sequences,
and the mudstones that provided the microfossils
dated by Dias-Brito et al. (2001) come from the
third sequence. Dinosaur fossils extend into the
fourth, and youngest, sequence. These dinosaurs—
particularly those from the Gurinhatd municipality,
are likely the closest dinosaurs to the K-Pg boundary
in the Bauru Group, although it is still unclear
exactly how close to the boundary they extend (for
more discussion, see Moreira et al. 2007).

LATEST CRETACEOUS
DINOSAURS FROM BRAZIL

There is a growing record of dinosaurs and other
vertebrate fossils from the unequivocally latest
Cretaceous (latest Santonian-Maastrichtian)
aged formations of the Bauru Group (Figs. 4-5).
Many of these specimens are isolated teeth and
vertebrae (Bertini et al. 1993, Candeiro et al.
2006a, b), but over the past two decades several
more complete specimens, including associated
partial skeletons, have been found (see below).
We here focus on dinosaurs and summarize the
most important aspects of their fossil record. This
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is not an exhaustive survey, but a chronicle of the
most salient fossils that give insight into how the
major dinosaur groups were evolving during the
end-Cretaceous. For more exhaustive reviews of
the Brazilian dinosaur record as a whole, please
consult Kellner and Campos (2002) and Bittencourt
and Langer (2011).

Adamantina Formation: A number of
theropod and sauropod fossils have been reported
from the Adamantina Formation.

The vast majority of the theropod remains
found in this unit can be assigned to Abelisauridae,
one of the main groups of mid-to-large-sized
predatory dinosaurs that ranged across Gondwana
during the middle-Late Cretaceous, often filling
niches at or near the top of the food chain. Most of
these specimens are isolated teeth that do not give
much insight into the phylogenetic relationships or
paleobiology of these carnivores (e.g., Bertini 1996,
Candeiro et al. 2004, Candeiro and Rich 2010).
However, a few specimens preserve portions of the
skeleton. Bertini (1996) described a fragment of a
right premaxilla and Brum et al. (2016) described
a fragmentary left ilium and distal portion of a
right femur. These latter specimens were estimated
to belong to separate individuals that were each
approximately 2-3 meters long in total body
length, making them relatively small abelisaurids
compared to giants such as Carnotaurus that were
approximately 8 meters long (Grillo and Delcourt
2017) and had body masses in excess of 1.5 tons
(Benson et al. 2014).

There is one Brazilian abelisaurid, however,
that was considerably larger. Kellner and Campos
(2002) described Pycnonemosaurus based on an
associated collection of teeth, caudal vertebrae,
and parts of the pelvis and hindlimb. These bones
were discovered in terrestrial conglomerates at the
Fazenda Roncador (=Jangada Roncador) locality
in the Cambambe Basin, a Late Cretaceous graben
in the Parana Basin of Mato Grosso State. The
identity and correlations of these conglomerates
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are somewhat uncertain. According to Coimbra
(1991), these conglomerates, which are at the
base of the Cretaceous sedimentary rocks of
the Cambambe Basin, belong to the Ribeirdo
Boiadeiro Formation. This unit is covered by the
conglomerates and sandstones of the Cambambe
Formation. The lower sequences of the Cambambe
Formation in the Morro do Cambambe area yielded
an aeolosaurin specimen studied by Franco-Rosas
et al. (2004). Therefore, based on biostratigraphic
correlations, the Cambambe Formation should be
considered correlative to the upper interval of the
Adamantina Formation, to the Presidente Prudente
Formation, and also to the basal-most interval of the
Marilia Formation, which all seem to be apparently
equivalent in age. Sometimes in the literature, the
Cretaceous rocks of Mato Grosso state are said
to be correlated with the Adamantina Formation
based on the aeolosaurin specimen (e.g., Candeiro
et al. 2012b), but the correlations to the similar-
aged Presidente Prudente and Marilia formations
are not explicitly mentioned.

Grillo and Delcourt (2017) used bone
scaling equations to estimate the body length of
Pycnonemosaurus at 8.9 meters, which would
make it the largest known abelisaurid. It is possible
that this size estimate may be overinflated, because
the bones used to calculate it are fragmentary, but
what is clear is that Pycnonemosaurus is among the
largest abelisaurids yet found and would have been
a top-of-the-food-chain predator probably quite
similar to Carnotaurus in its size and behaviors.

One peculiar type of non-avian theropod
was reported from the Adamantina Formation by
Candeiro et al. (2012b). These authors described
a small dorsal vertebra, with a centrum that
was only approximately one centimeter long
anteroposteriorly in lateral view, as belonging to a
unenlagiine (Fig. 5f). These highly derived, bird-
like theropods are an apparently endemic southern
group of dromaeosaurids, which lived during
the middle-Late Cretaceous and include some
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Figure 4 - Holotypic material of five sauropod species from the Bauru Group. a — Baurutitan britoi Kellner et al. 2005, where
al and a2 are the caudal and the haemal arch sequences in right lateral views (scale = 10cm). b — Trigonosaurus pricei Campos
et al. 2005, where bl is the cervical and dorsal elements preserved; b2 is the sacrum, and b3 is the caudal sequence preserved
(scales = 10cm). ¢ — Maxakalisaurus topai Kellner et al. 2006, where: c1 — right maxilla in lateral (a), medial (b), occlusal (c)
and tooth detail (d) views (scale = 1cm); ¢2 — third cervical vertebra in right lateral view; ¢3 — Mid-cervical vertebra (7"?) in left
lateral view; c4 — Mid-posterior cervical vertebra (10"?) in right lateral view; c5 — cervical rib of mid-posterior cervical vertebra
in lateral view; c6 — cervical rib of mid-cervical vertebra in lateral view; ¢7 — anterior dorsal vertebra (3"?) in right lateral view;
¢8 — right sacral rib in anterior view; c9 — anterior caudal vertebra in anterior view; c10 — mid-caudal vertebra in right lateral
view; cl1 and c12 — posterior caudal vertebra in right lateral view; c13 — Haemal arch in posterior (a) and left lateral (b) views;
c14 — sternal plate; c15 — right humerus in anterior view; c16 — Metacarpals IV (a) and II (b) in anterior view; c17 — right ischium
in lateral view; c18 — left fibula in anterior view; c19 (a) and (b)— two osteoderms in internal view ; c20 — osteoderm in external
view (c2 — ¢20 scales = 10cm). Abbreviations of d: cpol, centropostzygapophyseal lamina; cprl, centroprezygapophyseal lamina;
eprl, epipophyseal-prezygapophyseal lamina; pcdl, posterior centrodiapophyseal lamina; pcpl, posterior centroparapophyseal
lamina; podl, postzygodiapophyseal lamina; posl, postspinal lamina; prdl, prezygodiapophyseal lamina; prsl, prespinal lamina; spd,
spinodiapophyseal lamina; spol, spinopostzygapophyseal lamina; sprl, spinoprezygapophyseal lamina; tpol, intrapostzygapophyseal
lamina; tprl, intraprezygapophyseal lamina. More details in Machado et al. (2013). Figure by F. Simbras.

of the largest (Austroraptor) and also smallest
(Buitreraptor, Rahonavis) ‘raptor’ dinosaurs (e.g.,

Turner et al. 2012). Unenlagiines are primitive
dromaeosaurids, fairly closely related to iconic

—mdc

species of active, dynamic, feathered predators
like Velociraptor and Deinonychus. The diets and
behaviors of unenlagiines, however, are not clear
and it is possible that they were not obligatory
carnivores but had a more varied diet.

Numerous sauropod fossils have been
described from the Adamantina Formation,
including some reasonably complete skeletons and
other associated remains that have been named as a
suite of new species (Fig. 4). Many of these belong
to Aeolosaurini, a subgroup of derived titanosaurian
sauropods currently known only from the Late
Cretaceous of South America. Aeolosaurins from
the Adamantina Formation include Gondwanatitan,
described from a set of bones that includes parts of

. the neck, back, sacrum, tail, pectoral and pelvic
Figure 5 - Montage of bones of theropods from the Upper

Cretaceous Bauru Group of Brazil. (a) Abelisauroidea indet.
left femur in posterior view; (b) Carcharodontosauridae indet.
right maxilla in lateral view; (¢) Coelurosauria indet. right
fibula in medial view; (d) Maniraptora indet. ungual phalanx in
lateral view; (e) Unenlagiidae indet. dorsal vertebra in anterior
view; (f-g) Aves indet. isolated pedal phalanx of left digit II
in dorsal (left) and lateral (right) views. aA, from Novas et al.
(2008); b-c, from Azevedo et al. (2013); d, from Novas et al.
(2005); e, from Candeiro et al. (2012b); f-g, from Candeiro et

girdles, and fore and hind limbs (Kellner and
Azevedo 1999); Maxakalisaurus, represented by
an incomplete disarticulated holotype skeleton
(Kellner et al. 2006) and a partial right dentary and
isolated teeth (Franga et al. 2016) (although see
Bandeira et al. 2016 for an alternative phylogenetic
placement) (Fig. 4a); and Aeolosaurus maximus,

al. (2012a); Scale bar: a-b = 100mm; ¢ and e = 50 mm; d, f-g =
10 mm. Figure by F. Simbras.
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based on an articulated skeleton that preserves
portions of the neck, tail, and fore and hind limbs
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(Santucci and Arruda-Campos 2011). Compared to
well-known sauropod giants such as Brachiosaurus
and Diplodocus, as well as celebrated titanosaurs
like Argentinosaurus and Dreadnoughtus, the
aeolosaurins were relatively small in stature.
Rinconsaurus, one of the few aeolosaurins or close
relatives known from long bones that can be used
to estimate body mass, tipped the scales at around 4
tons (Benson et al. 2014), and was probably around
11 meters in total body length (Calvo and Gonzales-
Riga 2003). However, not all aeolosaurins may
have been so small: Santucci and Arruda-Campos
(2011) named the species Aeolosaurus maximus
in homage to its large size, and their illustrations
depict a total body length estimate of 14-15 meters.
Regardless, what is clear is that aeolosaurins may
not have been as large as stereotypical sauropods,
but were still massive, bulk-feeding herbivores.

There are also two other named titanosaurs
from the Adamantina Formation, whose
phylogenetic relationships are less certain. The
first is Adamantisaurus, described by Santucci and
Bertini (2006) based on a series of six articulated
anterior caudal vertebrae and two chevrons. The
second is Brasilotitan, which Machado et al.
(2013a) named from a specimen that includes a
dentary, cervical and sacral vertebrae, an ungual,
and parts of the pelvis (Fig. 4b). It is possible that
these sauropods also belong to Aeolosaurini, or
they may represent other, more distantly related
titanosaurs.

As a quick note, it is important to point out
that some of these sauropods may not actually
come from the Adamantina Formation as
described, but from the Presidente Prudente
Formation (as defined by Fernandes and Coimbra
2000), due to new geological mapping that
has refined lithostratigraphic boundaries and
regional correlations. This will be clarified by
future geological fieldwork. It is also possible
that the lower-level systematics and phylogenetic

placements of some of these sauropods will change,
pending ongoing work by one of us (Simbras).

Presidente Prudente Formation: As with
the Adamantina Formation, most dinosaur records
from the Presidente Prudente Formation consist of
isolated teeth (e.g., Candeiro et al. 2004, Furtado
et al. 2013, Alves et al. 2016). These specimens
record the presence of two major theropod
groups: abelisaurids and carcharodontosaurids.
Carcharodontosaurids were a clade of large-bodied
theropods closely related to Allosaurus, which
ranged across much of the globe during their
early history in the Early-middle Cretaceous but
then apparently became restricted to the southern
hemisphere during the latest Cretaceous, where
some of them grew to colossal sizes that rivaled
T. rex and assumed top-predator status in many
ecosystems (e.g., Brusatte and Sereno 2008, Csiki-
Sava et al. 2016a).

More recent discoveries of skeletal material
corroborate the identification of abelisaurids and
carcharodontosaurids in this formation (Fig. 5).
Azevedo et al. (2013) described a fragment of a
left ilium that can be referred to Abelisauridae,
along with a partial right maxilla that belongs
to a carcharodontosaurid (Fig. 5b-c). This
latter specimen was the first non-dental record
of a carcharodontosaurid from Brazil, and its
measurements indicate that it belonged to an
animal with a skull ca. 80 centimeters long from
snout to back, considerably smaller than the largest
carcharodontosaurids like Carcharodontosaurus
and Giganotosaurus, but still a large predator. This
bone was also the first carcharodontosaurid skeletal
fossil from anywhere in the world to be found in
post-Turonian deposits.

Additionally, Azevedo et al. (2013) reported
the proximal portion of a left fibula (Fig. 5d), which
they assigned to a basal coelurosaurian theropod:
an early-diverging member of the clade that would
eventually go on to produce tyrannosauroids,
dromaeosaurids, and birds, among other derived
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theropod species (e.g., Turner et al. 2012, Brusatte
etal. 2014). Ifthis referral is correct, it indicates that
primitive coelurosaurs persisted in South America
until very late in the Cretaceous, but it must be
noted that coelurosaurs and some other theropods
(such as noasaurids and neovenatorids) possessed
very similar hindimbs that converged on each other
in shape and proportion, so additional material is
needed to confirm whether the Presidente Prudente
specimen is genuinely a coelurosaur.

There are sauropods known from the
Presidente Prudente Formation as well. The most
important of these is a uniquely Brazilian taxon,
Austroposeidon, which was named by Bandeira
et al. (2016) based on portions of the neck, back,
and sacrum. The authors estimated this dinosaur
at about 25 meters in body length, making it, by
far, the largest dinosaur yet discovered in Brazil,
and considerably larger than the sauropods from
the Adamantina Formation. Their phylogenetic
analysis recovered Austroposeidon as a primitive
titanosaur—one of the earliest-diverging lineages
of this great sauropod dynasty, only very distantly
related to the smaller aeolosaurins.

Marilia Formation: The youngest unit of the
Bauru Group, the Marilia Formation, has yielded
a wealth of dinosaur fossils, many of which have
been found at Peiropolis, near the town of Uberaba
in Minas Gerais State. All of the Marilia dinosaur
fossils belong to sauropods and theropods.

Three titanosaurian sauropods have beennamed
based on specimens from the Marilia Formation
(Fig. 4). These are: Baurutitan, represented by a
sacral vertebra and a series of 18 caudal vertebrae
(Kellner et al. 2005) (Fig. 4d); Trigonosaurus,
known from two specimens described by Campos
et al. (2005) that together preserve large portions of
the vertebral column; and Uberabatitan, described
from three partial skeletons recovered from the
same site, which suggests that the individuals
were killed and buried together in a mass mortality
event (Salgado and Carvalho 2008) (Fig. 4c). The
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phylogenetic relationships of these sauropods are
currently unclear, as there has been little work in
attempting to place them on the sauropod family
tree. One recent analysis found Baurutitan to be
a fairly derived titanosaur in a polytomy with the
lineages that led to Saltasauridae and Aeolosaurini,
meaning that it is plausible that it could belong to
either of those characteristic South American clades
(Franca et al. 2016). However, another recent study
by Bandeira et al. (2016) recovered Baurutitan
in a much more basal position, far removed from
the aeolosaurins and as sister taxon to the mid
Cretaceous Drusilasaura from Argentina. This
latter analysis also found Uberabatitan within
Saltasauridae (as the sister taxon to Brasilotitan),
but Trigonosaurus in a more primitive position,
in a small clade with Tapuiasaurus from the Early
Cretaceous of Brazil and the putative aeolosaurin
Maxakalisaurus (see above). This small clade is an
intermediate subgroup of titanosaurs, immediately
outside the clade of saltasaurids and aeolosaurins.

In addition to these named sauropod taxa,
there are also several fragmentary titanosaurian
specimens from the Marilia Formation. These
include an isolated caudal vertebra of an
indeterminate acolosaurin (Santucci and Bertini
2001, Martinelli et al. 2011, Filippi et al. 2013)
and other putative aeolosaurin material (Lopes
and Buchmann 2008, Martinelli et al. 2011),
fragmentary cranial bones that appear most similar
to derived lithostrotian titanosaurs (Martinelli
et al. 2015), and several specimens belonging
to indeterminate titanosaurs (e.g., Campos and
Kellner 1999, Santucci and Bertini 2001, Marinho
and Candeiro 2005, Martinelli et al. 2015).

The theropod record of the Marilia Formation
is substantially less complete than the sauropod
record, as it consists entirely of isolated bones
and teeth. Regardless, this fragmentary material
can be assigned to a number of different groups,
indicating a diverse theropod fauna. Numerous
teeth have been assigned to abelisaurids and
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carcharodontosaurids (e.g., Kellner and Campos
2000, Candeiro 2002, 2007, 2009, Candeiro and
Martinelli 2005, Candeiro et al. 2006a, b, 2012c,
Candeiro and Tanke 2008, Novas et al. 2008).
Furthermore, there are limited skeletal fossils of
these large theropods. Novas et al. (2008) described
a dorsal vertebra, distal femur (Fig. 5a), and
pedal phalanx that belong to different abelisaurid
individuals. The femur has a transverse dimension
of over 100 mm at its distal end, which based on
comparisons to more complete abelisaurids from
other parts of the world indicates that this individual
was about 3-4 meters in total length, roughly the
size of the Argentine Xenotarsosaurus. A slightly
smaller abelisaurid, represented by a beautifully
preserved right tibia, was announced by Machado
et al. (2013b). Most recently, Méndez et al. (2014)
described additional abelisaurid postcranial
material (a partial axis, partial pelvis, and fibula)
from the Marilia Formation and the Sdo José do Rio
Preto Formation, another putative Maastrichtian
unit that crops out nearby in Sdo Paulo State, but
whose stratigraphic relationships to the Marilia
Formation are still somewhat unclear.

Some isolated specimens indicate the presence
of other, smaller theropods in the Marilia Formation.
These include a thin and highly curved manual
ungual that belongs to a small maniraptoran (Novas
et al. 2005) (Fig. 5e) and a slender scapula that has
also been referred to an indeterminate maniraptoran
(Machado et al. 2008). Méndez et al. (2012)
described an isolated caudal vertebra from the
Sao José do Rio Preto Formation and referred it to
Megaraptora, a group of lightly-built, fast-running,
big-armed predators that are likely closely related
to carcharodontosaurids (Benson et al. 2010),
although they have also been suggested to be basal
coelurosaurs or even close tyrannosauroid relatives
(e.g., Novas et al. 2013). Finally, Candeiro et al.
(2012a) described a small sample of avian fossils,
including a metatarsal assigned to Enantiornithes,

an extinct group of primitive birds that thrived in
the Cretaceous (Fig. 5g-h).

IMPLICATIONS OF THE BRAZILIAN RECORD

As more fossils are discovered in Bauru Group
sediments, one overarching pattern is coming into
focus: there was a diverse dinosaur fauna in this
part of South America during the final ca. 15-20
million years of the Mesozoic. These dinosaurs
included several types of carnivores, herbivores,
and potentially omnivorous species, ranging in size
from tiny theropods that were probably less than
a meter long to enormous sauropods approaching
the length of passenger jets. A core set of taxa
are common to most of the unequivocally latest
Cretaceous (latest Santonian-Maastrichtian) aged
formations of the Bauru Group: titanosaurian
sauropods and abelisaurid and carcharodontosaurid
theropods. Additionally, the fossils of small
unenlagiine dromaeosaurids, indeterminate small-
bodied maniraptorans, and birds have also been
reported. Taken together, these specimens reveal a
healthy diversity of dinosaurs at the tail end of the
Cretaceous.

One unit of the Bauru Group in particular, the
Marilia Formation, gives insight into some of the
last-surviving dinosaurs in South America, and
possibly in Gondwana as a whole. This formation
is dated as Maastrichtian based on microfossil and
vertebrate biostratigraphy, meaning that it records
a portion of the final ~6 million years of dinosaur
evolution. Unfortunately, it is not possible to refine
the age of this formation with more precision at
this time, but even at the current limit of age
resolution it is significant to have a confidently
dated Maastrichtian unit that preserves a variety
of dinosaur fossils. These specimens indicate
that abelisaurids, carcharodontosaurids, some
smaller maniraptoran theropods, and a variety
of titanosaurs were still present in Brazil during
the run-up to the end-Cretaceous asteroid impact.
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Given that the Marilia dinosaurs are represented
by mostly isolated and fragmentary fossils that
have been the subject of much less collection effort
than roughly contemporaneous latest Cretaceous
faunas from the northern continents, this diversity
of specimens speaks to a considerable richness of
dinosaurs during the final stanza of their evolution.

These Bauru Group dinosaurs, most
importantly those from the Marilia Formation,
can be compared to similar-aged records from
elsewhere around the world, in order to gauge
whether there may have been common patterns
of latest Cretaceous dinosaur evolution before
the extinction of the non-avian species. These
comparisons are particularly informative because
the Bauru dinosaurs were living in an inland part
of Gondwana, whereas other key latest Cretaceous
dinosaur faunas are predominantly known from
coastal areas (either coastal plains, such as the
Hell Creek and similar-aged faunas of North
America, or small-to-mid-sized islands, like the
latest Cretaceous European faunas of Spain and
Romania).

The best-studied terminal Cretaceous faunas
come from the western interior of North America,
which boasts a series of fossil-rich Campanian-
Maastrichtian units extending to the Cretaceous-
Paleogene boundary, which are stacked in
stratigraphic order and in many cases confidently
dated with radioisotopic data (Weishampel et al.
2004, Roberts et al. 2005, Eberth et al. 2013). The
fossils from these units illustrate a coastal plain
dinosaur fauna that underwent some general long-
term turnover over the ca. 15 million years of the
end Cretaceous, including declines in the diversity
of some large-bodied plant-eaters at the base of
the food chain, but which still included a diversity
of carnivorous, herbivorous, and omnivorous
species of varying body size up to the end of the
Cretaceous (e.g., Fastovsky et al. 2004, Brusatte
et al. 2012, 2015a). One particularly well-known
North American unit, the Maastrichtian-age Hell
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Creek Formation, captures the final ~1.5 million
years of dinosaur evolution leading right up to the
asteroid impact (Hartman et al. 2002, Fastovsky
and Bercovici 2016). Systematic study of this
formation has shown that dinosaurs remained
abundant and diverse up until the very end of the
Cretaceous, with no evidence of any local declines
prior to the impact (Sheehan et al. 1991, Pearson et
al. 2001, 2002, Fastovsky and Sheehan 2005).

The same situation appears to be the case in
Europe, based on the ever-improving fossil record
of Spain (Riera et al. 2009, Vila et al. 2013, 2016)
and Romania (Csiki-Sava et al. 2016b). Although
Europe had a very different paleogeography at the
time—it was divided into a series of islands by
high sea levels, unlike the continental coastal plain
settings inhabited by the North American dinosaurs
of'end Cretaceous—it also shows evidence for some
minor turnover events in the latest Cretaceous, but
no clear long-term declines in dinosaur diversity
and a rich fauna of carnivorous and herbivorous
species during the last few million years before the
asteroid impact (Csiki-Sava et al. 2015).

In its most general aspects, therefore, the
Bauru Group corroborates the overarching story
of latest Cretaceous dinosaur evolution that is
emerging from the better-sampled, more near-
shore northern continent faunas. There were
diverse dinosaur faunas in Brazil during the last
~15-20 million years of the Cretaceous, and a
variety of different dinosaurs remained during the
final stage of the period, the Maastrichtian, before
the asteroid hit. Coupled with limited data from
other latest Cretaceous aged units in Argentina,
India and Madagascar (e.g., Weishampel et al.
2004, Sampson and Krause 2007, Novas 2009),
this suggests that southern dinosaurs were still
thriving—or at the very least, that several major
subgroups were still in prominent positions in their
ecosystems—towards the end of the Cretaceous.
Like their northern counterparts, it seems as if these
southern dinosaurs experienced a sudden extinction
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that was most likely due to the asteroid, although
the influence of the Deccan eruptions cannot be
completely ruled out (Brusatte et al. 2015a).

With that said, the Bauru Group dinosaurs do
exhibitsomekeydifferenceswiththeend-Cretaceous
northern faunas (e.g., Weishampel et al. 2004).
Most notably, the Brazilian record is dominated by
titanosaurs, abelisaurids, and carcharodontosaurids,
with only limited records of small theropods and, at
least based on current evidence, no sign of small-
to-mid-sized non-sauropod herbivores. In North
America, on the other hand, the top predator faunas
were much different. Only a single group of large-
bodied theropods, the tyrannosauroids, were at
the top of the food chain, rather than the duo of
abelisaurids and carcharodontosaurids in Brazil.
Furthermore, in North America, sauropods were
rare and even absent in some environments (such
as the Hell Creek), small-to-mid-sized theropods
like ornithomimosaurs and oviraptorosaurs were
common, and there was a diversity of duck-billed
hadrosaurs and horned ceratopsians filling the mid-
to-large-sized herbivore niches. On the European
islands there was a variety of titanosaurs and some
abelisaurids, similar to Brazil and unlike North
America. However, there was also a diversity of
smaller predators and omnivores, and of duck-
billed dinosaurs, quite distinctive from Brazil.

The rarity of small predatory and omnivorous
dinosaurs in Brazil, compared to the situation in
the north, is noteworthy. This could be an artefact
of sampling: perhaps these small dinosaurs were
not easily preserved, or have been more difficult
to collect. However, there are numerous records
of small-to-mid-sized crocodylomorphs from the
latest Cretaceous of Brazil (e.g., Carvalho and
Bertini 1999, Carvalho et al. 2005, Nobre and
Carvalho 2006, Marinho and Carvalho 2009),
and Gondwana in general, which raises doubt
about any large-scale bias against preserving or
collecting small vertebrates. Instead, it may be that
crocodylomorphs were filling many of the same

niches as small-to-mid-sized theropods in the north,
where crocodylomorphs were much less diverse
(e.g., Azevedo et al. 2013). Similarly, the lack of
hadrosaurs or closely related mid-sized herbivores
in Brazil probably means these dinosaurs were
rare or even absent in this part of South America
(although they were present in parts of Argentina,
which may indicate regional differences in South
America or sampling biases obscuring the Brazilian
record: Novas 2009). If genuine, the lack of
hadrosaurs and close relatives may be related to the
diversity of titanosaurs in Brazil: perhaps it was the
sauropods, with their diversity of body sizes and
possibly diets, which filled the mid-sized herbivore
niches occupied by duck-billed dinosaurs in many
northern environments.

These differences between northern and
southern faunas reflect the paleogeographical
separation of Laurasia and Gondwana at the end of
the Cretaceous, which allowed distinctive (and in
some cases endemic) faunas to arise in physically
separated landmasses. End-Cretaceous faunas
were so different in North America, Europe, and
South America, and yet dinosaurs, in their local
idiosyncrasies, remained diverse up until the end
in all of these regions but then disappeared and
are never found in post-Cretaceous sediments. In
our view, this lends credence to the hypothesis that
the dinosaur extinction was a sudden, global event
most likely caused by the asteroid impact.

It is always a little misleading, however, to use
the vernacular term ‘dinosaur’ in these discussions,
because some dinosaurs did survive past the
Cretaceous: birds. And the Brazilian record has one
final twist that provides a clue to understanding
what happened to birds at the end of the Cretaceous.
A handful of small avian fossils have been found in
the Marilia Formation, including material belonging
to enantiornithines, a group of primitive birds that
thrived in the Cretaceous but did not make it into
the Paleogene (Candeiro et al. 2012a). As in North
America (Longrich et al. 2011), it appears as if
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these birds persisted to the end of the Cretaceous in
Brazil but then expired in the same global firestorm
that knocked out most of the dinosaurs, but spared
a few lineages of the more advanced, better flying,
faster growing, seed-eating birds (e.g., Brusatte et
al. 2015b, Larson et al. 2016), which went on to
blossom into the 10,000 + avian species still alive
today.

CHALLENGES AND FUTURE DIRECTIONS

Our current understanding of the Bauru Group
record indicates that dinosaurs were still diverse
in the latest Cretaceous, including into the
Maastrichtian. We can be confident that, at the very
least, several major dinosaur subgroups survived
into the last ~6 million years of the Cretaceous in
Brazil, and were apparently still quite abundant
and filled many roles in their ecosystems. But we
acknowledge that this is a coarse-grained pattern,
and much more work is needed to untangle exactly
how dinosaur diversity was changing in the
latest Cretaceous of Brazil (and Gondwana more
broadly), and at what pace. We therefore identify
the following as critical research objectives for the
next decade:

1) More and better dinosaur fossils from the
Bauru Group, particularly the terminal
Cretaceous Marilia Formation as well as
the Adamantina and Presidente Prudente
formations, are needed. Although many partial
skeletons preserving articulated bones have
been found over the last two decades, the vast
majority of dinosaur fossils are isolated teeth
and fragmentary bones. Perhaps surprisingly,
only three dinosaur taxa from the Marilia
Formation have been identified to the species
level, all titanosaurs. Increased focus on
fieldwork, especially in underexplored areas
of Goias, Mato Grosso, and Mato Grosso do
Sul states, will hopefully yield additional, and
more complete, specimens that give better
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2)

3)

insight into the anatomy, biology, behaviors,
diets, niches, and phylogenetic relationships of
the final dinosaurs of Brazil.

We still need a better handle on the absolute
ages of the Bauru Group formations, as well
as their stratigraphic relationships across the
huge expanse of the Parana sedimentary basin.
Radioisotopic dates would be groundbreaking,
and could potentially clarify the timeline of
dinosaur evolution in the Bauru Group just like
they have in parts of western North America.
Such dates are the best hope for determining
the position of the last dinosaur fossils of Brazil
relative to the K-Pg boundary. If the necessary
igneous rocks are not available for dating,
however, magnetostratigraphy and sequence
stratigraphy probably offer the best approaches
for untangling the correlations and relative
positions of the Bauru Group formations.
These could also help identify the placement
of the very last-surviving dinosaur faunas,
although with less accuracy and precision than
radioisotopic dates. Magnetostratigraphy has
been very successfully used to piece together
a timeline of dinosaur evolution in western
North America, and more recently in Spain,
and we suggest that it should be a major focus
of worker effort in Brazil. Additionally, further
field-level stratigraphic and lithological work
is needed, to better determine the correlations
between units in what is seemingly a complex
system of meandering rivers that migrated
across the Bauru basin over time.

With more fossils and a better grasp of the
ages and relationships of the formations they
are found in, more rigorous statistical studies
of dinosaur diversity change will become
possible. These have been hugely successful
in western North America (e.g., Sheehan et
al. 1991, Pearson et al. 2001, 2002, Fastovsky
et al. 2004, Fastovsky and Sheehan 2005,
Campione and Evans 2011, Brusatte et al.
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2012, 2015a, Larson et al. 2016) and Spain
(e.g., Vila et al. 2016), and are currently in
progress in Romania (e.g., Csiki-Sava et al.
2016b). Only through detailed, layer-by-layer
sampling, constrained by a robust timescale,
can changes in diversity, abundance, and
evolutionary rates be calculated over time. We
suspect that, when they become feasible, these
studies will demonstrate that there were no
marked changes in dinosaur diversity during
the latest Cretaceous of Brazil, during the
final ~15-20 million years before the asteroid
impact. However, our prediction may be
incorrect, and these studies could potentially
identify major faunal turnovers, changes in
relative abundance or niche filling, or even
declines in species richness, abundance, or
evolutionary rates as the Cretaceous drew to
a close. These quantitative macroevolutionary
studies, therefore, will eventually reveal the
true pattern of evolution during the final
flourishing of dinosaurs in Brazil.
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