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Abstract

Remains of anew titanosaur, Aeolosaurus maximus sp. nov., from the Adamantina Formation (Upper Cretaceous), Bauru
Group, S&o Paulo State of Brazil are described. The new species is represented by a single partially articulated skeleton
and is characterized by having awell-devel oped posterior protuberance below the articular area on the anterior and middle
haemal archesand alateral bulge on the distal portion of the articular process of the mid-posterior haemal arches. It shares
with other Aeolosaurus species the presence of prezygapophyses curved downward on anterior caudal vertebrae and hae-
mal arches with double articular facets set in a concave posterodorsal surface. These two characteristics are interpreted
here as synapomorphies for the genus Aeolosaurus. The new diagnosis for the genus Aeolosaurus does not support the
inclusion of Gondwanatitan within Aeolosaurus as previously proposed by some authors. The phylogenetic analysis re-
covered the two Aeol osaurus from Argentina as sister groups with A. maximus and Gondwanatitan as progressively more
basal taxa (Gondwanatitan (A. maximus (A. rionegrinus, A. colhuehuapensis))). Additionally, according to the results of
the phylogenetic analysis performed in this work, the taxa Panamericansaurus, Rinconsaurus, and Maxakalisaurus are
also nested within Aeolosaurini, being more basal than Aeolosaurus and Gondwanatitan. On the basis of the stratigraph-
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ical range of the Aeolosaurus occurrences in Argentina and the age proposal's based on microfossils for the Bauru Group,
it is assumed a Campanian—Maastrichtian age for the top of the Adamantina Formation for the Monte Alto region in S&o
Paulo State and the bottom of the Marilia Formation in Peirdpolis, Minas Gerais State—the places where Aeolosaurus
remains have been reported in Brazil.

Key words: Dinosauria, Sauropoda, Titanosauriformes, Aeolosaurini, Aeolosaurus, cladistic analysis

Introduction

The knowledge of titanosaur diversity and geographical distribution has witnessed an extreme increase during the
last decades with the description of new material (and species) from Asia (Martin et al. 1994; Jain and Bandyopad-
hyay 1997), Europe (Le Loeuff 1993, 1995; Sanz et al. 1999), Africa (Jacobs et al. 1993; Curry Rogers and Forster
2001; Gomani 2005), Australia (Molnar and Salisbury 2005; Hocknull et al. 2009), and South America (Powell
1986, 2003; Cavo and Bonaparte 1991; Bonaparte and Coria 1993; Salgado and Coria 1993; Salgado and
Azpilicueta 2000). In Brazil new forms have also been reported lately such as Gondwanatitan faustoi (Kellner and
Azevedo 1999), Baurutitan britoi (Kellner et al. 2005, first reported in Powell, 1986), Trigonosaurus pricei (Cam-
poset al. 2005, first reported in Powell 1986), Adamantisaurus mezzalirai (Santucci and Bertini 2006a), Maxakali-
saurus topai (Kellner et al. 2006), Uberabatitan ribeiroi (Salgado and Carvalho 2008), and Tapuiasaur us macedoi
(Zaher et al. 2011). Additionally, fragmentary remains have been described from Minas Gerais State (Santucci and
Bertini 2006b; Lopes and Buchmann 2008; Santucci 2008), and Morro do Cambambe, Mato Grosso State (Franco-
Rosas et al. 2004). Curioudly, although well known by numerous remains around the world, the inter-relationships
within the clade Titanosauria are not well understood yet.

In 1997 and 1998 the staff of the Museu de Paleontologia de Monte Alto (Monte Alto Paleontological
Museum) collected a partially articulated skeleton of alarge titanosaur (Fig. 1), here called Aeolosaurus maximus
sp. nov. The skeleton has been found with the cervical vertebrae (only the pairs of the mid-cervical ribs and two
posterior cervical vertebrae), cauda vertebrae, humeri, and femora approximately in their anatomical position,
whereas some distal caudal vertebrae, ribs, and other limb elements were dightly scattered away. Near the skeleton
were also several theropod and crocodylomorph teeth, these were found in close association with the hind limb ele-
ments and probably belong to the animals that scavenged the carcass.

In this paper we describe this skeleton as a new species and establish its phylogenetic relationships by using
previous data matrices and character lists for sauropods available in the literature. Additionally, a review of the
material referred to the genus Aeolosaurus together with a phylogenetic approach of the characters that support
both the genus Aeolosaurus and the clade Aeolosaurini are also addressed in this paper. Aeolosaurus maximus sp.
nov. isthefirst well-preserved Aeolosaurus reported outside Argentina and broadens the geographic distribution of
this genus in South America.

Historical background

During the last decades some titanosaurs have been referred to the genus Aeolosaurus in Argentina. Although not
complete, these specimens preserve anterior caudal vertebrae and, in some instances, severa appendicular ele-
ments, which allow for good comparison among them. Because anterior caudal vertebrae are present in al these
specimens, the diagnosis for the genus is mainly based on the morphology of these axial elements. On the other
hand, as different authors have reported new specimens referred to the genus Aeolosaurus, the origina diagnosis
has been emended several times.

Aeolosaurus rionegrinus (Powell 1987) was the first Aeolosaurini to be described. This species is represented
by a partial skeleton comprising anterior caudal vertebrae and appendicular elements (MJG-R 1) collected from the
Angostura Colorada Formation in Rio Negro Province, Argentina (Powell 1986, 1987, 2003). Unfortunately, the
original description is part of Powell's PhD, which is not in line with the ICZN rules (item 8.1.3) for naming new
taxa. At that time, Powell (1986) accommodated Aeolosaurus, together with the genus Titanosaurus, within the
subfamily Titanosaurinae mainly on the basis of the presence of caudal vertebrae with narrow ventra face, high lat-
eral face, and facets of the prezygapophyses facing laterally. However, this assignment was not supported by subse-
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guent cladistic analyses on titanosaurs. Powell (1987) redescribed A. rionegrinus, also providing a diagnosis. This
is then considered as the basis of the formal description for A. rionegrinus. Among the features listed by Powell
(1987) as diagnostic of A. rionegrinus are the presence of long prezygapophyses, neural spine directed forward in
mid-anterior caudal vertebrae, chevrons with double articular ends set in a concave posterodorsal surface, and other
features regarding the appendicular skeleton, such as: broad scapula with expanded distal end, with a short and
prominent ridge for muscul ar attachment near the upper border of its medial face; humerus robust with a prominent
apex on the deltopectoral crest; metacarpals short and robust; and pubis broad without longitudinal elevation.

Salgado and Coria (1993) reported new Aeol osaurus remains from the Allen Formation, Rio Negro Province.
These remains comprise caudal vertebrae (MPCA 27174) and appendicular elements (MPCA 27175, MPCA
27176, and MPCA 27177) and were regarded by these authors as Aeolosaurus sp. Additionally, Salgado and Coria
(1993) proposed an emended diagnosis for the genus which included the presence of large prezygapophyseal artic-
ular facetsin anterior caudal vertebrae, but excluded the expanded distal end of the pubis from the original diagno-
sis proposed by Powell (1987).

A third occurrence from the Rio Negro Province was described by Salgado et al. (1997a). These remains of an
incomplete individual were unearthed from the Los Alamitos Formation and comprise anterior caudal vertebrae
and limb elements (MPCA 27100), showing some morphologica overlap with the remains of A. rionegrinus and
the material recovered from the Allen Formation (MPCA 27174-27177). Salgado et al. (1997a) also provided an
emended diagnosis for the genus which was limited to the morphology of the middle and posterior caudal vertebrae
(e.g. neural arch located on the anterior half of the centrum and neural spine directed forward on middle and poste-
rior caudal vertebrag).

Gondwanatitan faustoi (Kellner and Azevedo 1999) was reported from the Adamantina Formation, Bauru
Basin, in western S8o Paulo State, Brazil. Among the characteristics listed in the diagnosis of G. faustoi, Kellner
and Azevedo (1999) included one of the features previously considered as a synapomorphy of Aeolosaurus, that is:
the presence of neural spine directed forward in caudal vertebrae. Because of that, and because other characteristics
originally regarded as diagnostic of Gondwanatitan are also present in the previously reported Aeolosaurus speci-
mens or even in other titanosaurs, such as deltopectoral crest of the humerus directed medially and cnemial crest of
the tibia slightly directed medially, it has been suggested that Gondwanatitan could be accommodated within the
genus Aeolosaurus (Bertini et al. 2000; Santucci and Bertini 2001; Almeidaet al. 2004).

Franco-Rosas et al. (2004) assigned some isolated caudal vertebrae (MP 284, 285, 287, and 288) and a frag-
mentary tibia (MP 286), from the Bauru Group of Mato Grosso State, to the genus Gondwanatitan and erected a
new clade Aeolosaurini, which was defined as the most inclusive clade comprising A. rionegrinus and G. faustoi,
but not Saltasaurus loricatus and Opisthocoelicaudia skarzynskii. According to these authors, Aeolosaurini would
include the species A. rionegrinus, G faustoi, and Rinconsaurus caudamirus (Calvo and Gonzalez Riga 2003).
Although Franco-Rosas et al. (2004) only depicted a hypothetical diagram of titanosaur relationships, they pro-
vided a set of characters that would support the clade Aeolosaurini which mainly encompasses the characteristics
for the caudal vertebrae included in the emended diagnosis for Aeol osaurus proposed by Salgado and Coria (1993).

A new aeolosaur species was described by Casal et al. (2007). Aeolosaurus colhuehuapensis Casal et al.
(2007) is based on several incomplete caudal vertebrae and chevrons (UNPSJIB-PV 959/1-959/27) unearthed from
the upper member of the Bajo Barreal Formation, Chubut Province. The new diagnosis proposed by these authors
for the genus Aeolosaurusis similar to that one proposed by Salgado et al. (1997a) and also included the presence
of haemal arches with double articular facets set in a concave posterodorsal surface.

More recently, Calvo and Porfiri (2010) described another Aeolosaurini, Panamericansaurus schroederi, from
the Allen Formation, Neuguén Province, Argentina. According to Calvo and Porfiri (2010), Panamericansaurus
has al the synapomorphies for Aeolosaurini but the presence of the anterior margin of the anterior caudal vertebrae
strongly inclined forward (Calvo and Porfiri 2010).

Apart from these descriptions, Aeolosaurus has rarely been included in cladistic analyses. In the cladogram
presented by Salgado et al. (1997b) Aeolosaurusis regarded as more related to the clade comprised by Saltasaurus,
Neuguensaurus, and Alamosaur us than other titanosaurs. More recently it was either considered as more related to
Rinconsaurus (Calvo and Gonzdlez Riga 2003) or to Gondwanatitan (Calvo et al. 2007a; Calvo et al. 2007b;
Gonzalez Riga et al. 2009). In all these instances, however, the genus Aeolosaurus is nested together with other
apical titanosaurs. Aeolosaurus was also included in the analysis of Curry Rogers (2005), but it fallsin abasal pol-
ytomy encompassing all Titanosauria.
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Martinelli et al. (2011) recently published a review of the taxonomic status of the occurrences of the genus
Aeolosaurusin Brazil and stated they cannot be regarded to this genus because they do not have the articular facets
of the postzygapophyses located anteriorly to the edge of the centrum, one of the features proposed by Casd et al.
(2007) in the emended diagnosis for the genus Aeolosaurus.

Geological setting

The Bauru Group (Upper Cretaceous) is comprised by the Aracatuba, Adamantina, Sdo José do Rio Preto, and
Mariliaformations in Sao Paulo State (Fernandes and Coimbra 2000). Among these units, the Adamantina Forma-
tion has the greatest ourcrop area. Mezzalira (1989) and Gobbo-Rodrigues et al. (1999) reported well-preserved
remains of ostracods, conchostraceans, and molluscs. The vertebrate record is worthy of note and comprises testu-
dines, crocodylomorphs, theropods, sauropods, mammals, and more recently birds (Bertini et al. 1993; Kellner and
Campos 2000; Alvarenga and Nava 2005).

The Adamantina Formation corresponds to reddish to beige, fine to medium grained massive sandstones.
These sandstones gradationally change from beige massive to incipiently laminated siltstones. Locally, conglomer-
atic and lamitic lenses and cross-bedded sandstones are present (Fernandes and Coimbra 2000).

There is no consensus about the age of the Adamantina Formation. Dias-Brito et al. (2001) suggested a Turo-
nian-Santonian age for the Adamantina Formation and a depositional hiatus to the overlaying Marilia Formation
on the basis of ostracod and charophyte assemblages. Using vertebrates, Bertini et al. (1999a), Bertini et al. (2000)
and Santucci and Bertini (2001) suggested a Campanian—M aastrichtian age for some localities of the Adamantina
Formation in S&o Paulo State mainly based on the occurrence of the titanosaur Aeolosaurus in these deposits (see
discussion below). The same age was assigned by Gobbo-Rodrigues et al. (1999) on the basis of ostracods.

Institutional abbreviations. CPP—Centro de Pesquisas Paleontolégicas L. I. Price, Uberaba, Brazil; LGP—
Laboratério de Geologia e Paeontologia, Fundagdo Universidade do Rio Grande, Brazil; MJG—Museo ‘Jorge
Gerhold', Rio Negro, Argentina; M PCA—Museo Provincial de Cipolletti, Rio Negro, Argentina; M P—Museu de
Paleontologia da Universidade Federal de Mato Grosso, Mato Grosso, Brazil; MPMA—Museu de Paleontologia
de Monte Alto, S&0 Paulo, Brazil; UFRJ—Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil;
UNPSJIB—Universidad Nacional de la Patagonia San Juan Bosco, Comodoro Rivadavia, Argentina.

M orphological abbreviations. acpol, anterior centropostzygapophysea lamina; cp, capitulum; cpol, centro-
postzygapophyseal lamina; cvr, cervica rib; daf, double articular facets; dp, diapophysis; f, fossa; fhd, femoral
head; fic, fibular condyle; ft, fourth trochanter; Ib, lateral bulge; nc, neural canal; ns, neural spine; pcdl, posterior
centrodiapophyseal lamina; pf, pneumatic foramen; podl, postzygodiapophysea lamina; posl, postspinal laming;
poz, postzygapophysis; ppt, posterior protuberance; pre, prezygapophysis; spdl, spinodiapophyseal lamina; spal,
spinopostzygapophyseal lamina; sprl, spinoprezygapophyseal laming; th, tuberculum; tic, tibial condyle; tp, trans-
verse processes, tpol, intrapostzygapophyseal lamina. Abbreviations for vertebral laminae follow Wilson (1999).

Systematic Palaeontology

DINOSAURIA Owen, 1842
SAURISCHIA Secley, 1887
SAUROPODA Marsh, 1878
MACRONARIA Wilson and Sereno, 1998

TITANOSAURIFORMES Salgado, Coria and Calvo, 1997b

TITANOSAURIA Bonaparteand Coria, 1993
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AEOLOSAURINI Franco-Rosas, Salgado, Rosas and Carvalho, 2004

Definition. The branch-based clade that corresponds to the most inclusive clade containing A. rionegrinus and G
faustoi, but not Saltasaurus loricatus and Opisthocoelicaudia skarzynskii (Franco-Rosas et al. 2004).

Temporal range. Late Cretaceous (Campanian—M aastrichtian).

Comments. Although the International Code of Phylogenetic Nomenclature—PhyloCode (Cantino and de
Queiroz, 2010) is not in force, the basis of phylogenetic nomenclature has long been established (de Queiroz and
Gauthier, 1990, 1992, 1994) and is broadly used in recent papers on vertebrate paleontology (see Padian et al.,
1999 and Upchurch et al., 2004, for some examples). According to the origina definition provided by Franco-
Rosas et al. (2004), Aeolosaurini is abranch-based clade that corresponds to the most inclusive clade containing A.
rionegrinus and G. faustoi, but not Saltasaurus loricatus and Opisthocoelicaudia skarzynskii. Among the elements
present in the protologue of this taxon name Franco-Rosas et al. (2004) furnished a diagnosis, a list of species
(including a third specifier, Rinconsaurus caudamirus), a list of assigned materials, and a figure depicting the
hypothetical phylogenetic relationships of Titanosauria with the putative position of Aeolosaurini within. Taking
into account and the original definition of Aeolosaurini, the elements presented in the protologue by Franco-Rosas
et al. (2004) pose two main problems. First, since Aeolosaurini is a branch-based clade it does not have a fixed
diagnosis because they represent branches that proceed from a node (Padian et al., 1999 pg. 70) or, in other words,
because we do not know al the taxain branch-based taxa, their diagnosis is not possible (Benton, 2004 pg. 7). Sec-
ond, athird internal specifier, R. caudamirus, which does not have its phylogenetic relationships well-established,
was included in the protologue. Taking it into account, two scenarios are possible: Rinconsaurusis an Aeolosaurini
or not. If Rinconsaurus is depicted as more related to Aeolosaurus and Gondwanatitan than any other titanosaur, it
will be considered as an Aeolosaurini, according to the definition proposed by Franco-Rosas et al. (2004), regard-
lessits inclusion as a specifier in the protologue. On the other hand, if Rinconsaurus is depicted as more related to
other non-Aeolosaurini (e.g. a Saltasauridae titanosaur) than Aeolosaurus and Gondwanatitan, the original defini-
tion of Aeolosaurini will be violated.

For this reason we propose here to exclude the diagnosis and the third specifier (Rinconsaurus caudamirus)
from the protologue that establishes the name Aeolosaurini.

Aeolosaurus Powell, 1987
Type species. Aeolosaurus rionegrinus Powell, 1987

Geographical and stratigraphical range. Rio Negro and Chubut provinces, Argentina, Allen, Angostura Colo-
rada, Bajo Barreal, and Los Alamitos formations; and Sao Paulo and Minas Gerais states, Brazil, Adamantina and
Mariliaformations.

Emended diagnosis. Titanosaur with the following unique association of characters. prezygapophyses curved
downward on anterior caudal vertebrae and haemal arches with double articular facets set in a concave posterodor-
sal surface on anterior and middle caudal vertebrae.

Comments. In the description of Aeolosaurus rionegrinus, Powell (1986, 1987, 2003) mentioned several char-
acteristics that, according to him, would be the autapomorphies of that species. With the description of a new Aeo-
losaurus species from Argentina (Casal et al., 2007) and the proposal of the clade Aeolosaurini by Franco-Rosas et
al. (2004), many of the autapomorphies of A. rionegrinus became the synapomorphies of the genus Aeolosaurus or
of the clade Aeolosaurini, which also comprises the Brazilian titanosaur Gondwanatitan. Additionally, many of the
appendicular features seen in A. rionegrinus cannot be assessed in these other taxa due to preservation problems.
Since only the anterior and middle caudal vertebrae and the haemal arches are preserved in nearly all aeol osaurines
known to date, we decided to constrain the diagnosis of the genus to these elements until more complete material
are available in order to avoid creating ambiguous characteristics.

Aeolosaurusrionegrinus Powell, 1987

Derivation of name. rionegrinus, in reference to the Rio Negro Province where the specimen has been found
(Powell, 1987).
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Holotype. MJG-R 1, seven anterior caudal vertebrae; incomplete scapulae; humeri; right ulna and radius; five
metacarpals; nearly complete ischia; right tibia and fibula; astragal us; and incomplete fragments (Powell, 1987).

L ocality and Horizon. Angostura Colorada Formation, upper Campanian-ower Maastrichtian, Upper Creta-
ceous, Casa de Piedra, Rio Negro Province, Argentina (Powell, 1987).

Emended diagnosis. Titanosaur with the following unique association of characteristics: prezygapophyses
directed mainly upward on anteriormost caudal vertebrae and slightly curved downward on the remaining anterior
caudal vertebrae; prezygapophyseal articular facets widened by the presence of both a dorsal and a ventral protu-
berance on the prezygapophyses of the anterior caudal vertebrae; and apex of the convexity of the posterior articu-
lation strongly displaced upward, so that the apex is flushed to the level of the dorsal margin of the centrum on
anterior and middle caudal vertebrae.

Aeolosaurus maximus sp. nov.

1999a Aeolosaurus sp. Bertini et al.
1999b Aeolosaurus sp. Bertini et al.
2001 Aeolosaurus sp. Santucci and Bertini, p. 308, Fig. 2A

Derivation of name. maximus, in reference to the size of the specimen, meaning largein Latin.

Holotype. MPMA 12-0001-97, two incomplete posterior cervical vertebrae; seven incomplete cervica ribs; a
fragmentary anterior dorsal centrum; a probable fragment of a middle dorsal vertebra; a fragmentary posterior dor-
sal vertebrae; several incomplete diapophysis of dorsal vertebrae; 12 incomplete dorsal ribs; six articulated anterior
caudal vertebrae; a mid caudal centrum; two posterior caudal vertebrae; six anterior, one mid, and one posterior
haemal arches, a probable fragmentary scapula; an incomplete right humerus, a probably fragmentary left
humerus; a probably incomplete radius; incomplete right femur; left femur; left ischium; and several unidentified
fragments. The material is housed in the Museu de Paleontologia de Monte Alto (Monte Alto Paleontological
Museum), Sao Paulo, Brazil.

L ocality and horizon. Reddish, massive sandstones locally with carbonatic cementation, top of the Adaman-
tina Formation, Campanian—M aastrichtian, Upper Cretaceous, approximately 12 Km SW of the city of Monte Alto,
S8o Paulo State, Brazil (Fig. 1).

Diagnosis. Titanosaur characterized by the following unique association of characteristics. well-developed
posterior protuberance below the articular area on the anterior and middle haemal arches and lateral bulge on the
distal portion of the articular process of the mid-posterior haema arches. An additional set of ambiguous synapo-
morphies includes: presence of posterior centrodiapophyseal lamina (pcdl) at least 50% thicker than the postzygo-
diapophyseal lamina (podl) in posterior cervical vertebrae; posterior dorsal vertebrae with intrapostzygapophyseal
laminaand an oblique anterior centropostzygapophyseal lamina (acpol) which bifurcates from the proximal portion
of the centropostzygapophysea lamina (acpol); mid-thoracic ribs bearing well-developed anterior and posterior
crests with a D-shaped cross section. These features are considered ambiguous because they cannot be assessed in
other Aeolosaurus species so far, and may correspond to a set of synapomorphies of Aeolosaurus or even Aeolo-
saurini.

Taphonomic note. The bones of A. maximus were unearthed from a small area of about 100m? (Fig. 1) and
from the same stratigraphical level. No repeated elements were found. According to their position in the field, they
represent a single individual that was lying with its left side down. The two fragmentary posterior cervical verte-
brae together with several pairs of cervical ribs were found articulated, with the cervical ribs overlapping at least
two consecutive ones. Their position in the field suggests the neck was dorsiflexed, which indicates the skeleton
has undergone at least a slightly post-mortem exposure prior its final burial. The same pattern was observed in the
recovered anterior caudal series. The high degree of articulation, together with the presence of both large complete
bones and small and delicate elements, also suggests the skeleton has undergone little transport.

Several theropod and crocodylomorph teeth have been recovered from the area where both femora were found.
The presence of these teeth around this portion of the skeleton suggests that small theropod dinosaurs and croco-
dylomorphs have fed on the carcass. This pattern has also been reported elsewhere, where teeth of carnivorous
dinosaurs are found near the sacral region of articulated or semi-articulated sauropods (Buffetaut and Suteethorn
1989). However, bite marks have not been found in the bones.
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FIGURE 1. Aeolosaurus maximus sp. nov., map showing the location of the fossil site and sketches depicting the way the
bones were found in the filed and their anatomical position in the skeleton.

Description. Cervical vertebrae. Comparing the cervical vertebrae of Aeolosaurus maximus with the nearly
complete cervical series of Malawisaurus dixeyi (Gomani 2005) and the Series A from Peirépolis (Powell 2003),
they seem to correspond to posterior cervical vertebrae, probably the 10" and 11" in the series. The two articul ated
posterior cervical vertebrae consist of the left lateral portion of the neural arches lacking the centra and the neural
spines. Because of their large size (the preserved portion of the posteriormost cervical vertebrais 85 cm in length)
and their slender structure, these vertebrae were kept in articulation during preparation. Moreover, they also have
signs of dorsoventral deformation (Fig. 2).

According to the preserved portions, the internal bony tissue (camellag) of the centrais composed of subcenti-
metrical coels circumscribed by thin lamellae. Both vertebrae have the left cervica ribs attached to their centra
The capitulum and tuberculum are thin sheets of bone which are anteroposteriorly wide. However, their contact
with the transverse processes is not clear. The tuberculum isinternally reinforced by a columnar ridge that extends
from the base of the capitulum until the tuberculum. The anterior end of the cervical ribs is shorter than the poste-
rior one and tapers to a point. The posterior end is long and slender, formed by a thin dorsoventrally convex sheet
of bone that gradually becomes oval in cross section toward the end. According to the preserved cervica ribs (some
of them are 60 cm in length) and their position in the field, they may overlap two or three adjacent cervical verte-
brae (Fig. 1).

On both vertebrae the parapophyses are badly damaged and therefore cannot be properly described. The diapo-
physes are blade-like projections and lay under the level of the prezygapophyses. On the posterior margin of the
diapophyses there is a small sheet of bone that projects posteriorly. The most striking feature of these vertebraeis
the strong devel opment of the posterior centrodiapophyseal lamina, which is stouter than the postzygodiapophsyeal
lamina. Although not completely preserved on both centra, the posterior centrodiapophyseal lamina seems to
extend until the posterior margin of the centrum. The postzygodiapophsyeal lamina is thin, well-developed, and
extends until the anterior margin of the postzygapophysis. Thisregion is only preserved in the anteriormost cervi-
cal vertebra, which is broken and levered forward and upward by the forward displacement of the proceeding cer-
vical vertebra (Fig. 2).
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FIGURE 2. Aeolosaurus maximus sp. nov., holotype. A, articulated posterior cervical vertebrae (MPMA 12-0001-97) in left
lateral view. B, reconstruction of the posteriormost cervical vertebrae (MPMA 12-0001-97) in left lateral view. Shaded areas
represent preserved portions. Dark grey corresponds to putative large depressions. Scale bar equals 50 cm.

The prezygapophysis is short and robust, with a wide, flat and elliptica articular facet. The anterior portion of
the neural spine (left spinoprezygapophyseal lamina) is preserved. It originates right at the posterior margin of the
prezygapophyseal articular facet and extends upward and backward (Fig. 2).

Dorsal vertebrae. Only fragmentary dorsal vertebrae are preserved. A fragmentary neura arch is preserved,
comprising a partial neural spine, the right diapophysis, and the right prezygapophysis. According to the height of
the neural spine and its shape, this dorsal vertebrais regarded as a middle dorsal vertebra. The neural spineis tall
and has an acute triangular shape in anterior view and is anteroporsteriorly short. The diapophysis is robust, short,
and directed laterally. The spinodiapophyseal lamina is stout and well developed. The prezygapophysis is broken
and seems to be shifted to a more medial position because its articular facet is unusually aligned to the sagittal
plane (Fig. 3A). A dorsal centrum (Fig. 3B1-2) is poorly preserved. Its shape cannot be established, but it has well-
developed internal coels. In the anterior face of the neural arch there are three fossae that widen into large internal
chambers. Between these fossae, on the anterior portion of the neural arch, there are two diagonal shallow ridges
that cross each other near their base. Some isolated transverse processes also have spongy bony tissue.

A left postzygapophysis is attributed to an anterior dorsal vertebra. It isrobust and has awide and flat articular
facet. On its medial side a thin lamina is attached to it, which seems to be a fragmentary intrapostzygapophyseal
lamina.

A large fragmentary posterior dorsal vertebrais preserved and consists of part of the neural arch fused to the
centrum, both postzygapophyses, and part of the postzygodiapophsyeal lamina. The dorsal margin of the posterior
articulation of the centrum seems to form a large concavity, which indicates that the centrum was opisthocoel ous.
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The neural canal islarge and semi-oval in shape. In lateral view the posterior portion of the neural arch seemsto
bifurcate distally, where the side that forms the lateroposterior portion of the neural arch (cpol) bifurcates from the
base of the postzygapophysis downward. Because of that, an additional oblique lamina, here called anterior centro-
postzygapophyseal lamina (acpol), originates from the base of the postzygapophysis and extends forward (Fig.
3C1-2). Unfortunately, its proximal end is not preserved and, therefore, the areawhere it attachesis not known. The
postzygodiapophsyeal lamina is thin and well-developed. The postzygapophyses are robust with large and flat
articular facets and face ventrally. They are supported by simple, robust, and well-devel oped spinopostzygapophy-
seal laminae. The postspinal lamina consists of a shallow and stout ridge. Although the hyposphene is absent, the
postzygapophyses are linked to each other by a thin intrapostzygapophyseal lamina at their bases (Fig. 3C1-2).

Caudal vertebrae. The anterior cauda vertebrae consist of a series of six articulated elements. By comparison
with complete caudal seriesfrom Brazil (Kellner et al. 2005) and other anterior caudal vertebrae of other Aeol osau-
rus specimens (Salgado et al. 1997a), they would correspond to the fourth to ninth caudal vertebra (Table 1). All
caudal vertebrae are strongly procoelous, with the apex of the convexity of the posterior end slightly displaced
above the midline of the centrum, and lack internal spongy bony tissue (Figs. 4-5).

TABLE 1. Measurements of the preserved anterior caudal vertebrae of A. maximus (MPMA 12-0001-97). Measurements arein
cm. Asteriscsindicate estimated measurements.

C4 C5 C6 c7 86 C9
Tota length including prezygapophises 34,2 35,8 32,2 335 33,0 335
Length of centrum (with condyle) 26,3 25,5 24.0 20,4 22,0 225
Length of centrum (without condyle€) 18,5 17,0 17,5 16,0 15,5 16,5
Total height (centrum + neural arch + neural spine) - - 42.0* 34,0 36,5 31,5*
Height of neural arch and neural spine - - 24,3* 19,5 21,0 16,5*
Height of centrum (posterior view) 17,5 16,7 16,1 15,0 155 15,0
Width of centrum (posterior view) 16,5% 175 17,0 16,5 16,3 17,0
Width of neura chanal (anterior view) 55 50 4,7 4.8 45 44
Heigth of neural chanal (anterior view) 45 42 35 3,3 3,3 2,1
Lenght of neural arch 10,5 10,2 10,1 9,0 9,5 10,0
Length of prezygapophyses 13,5* 115 8,5 10,0 9,5 10,0
Distance between the centers of the articular facets of the 9,0* 91 6,6 6,5 6,4 5,6
prezyg.
Distance between the centers of the articular facets of the 84 59 - - 51 4,6
postzyg.
Distance between the articular facets of the prezyg./postzyg. 21,5 20,7 - - 175 18,0
Width at the tip of transverse processes - 34,0* 30,4* 30,0* -

The anteriormost preserved caudal vertebra (probably the fourth caudal vertebra) lacks the right transverse pro-
cess, the right prezygapophysis, and the distal end of the neural spine. The centrum is relatively long and higher
than wide. The ventral faceis slightly concave and surrounded by shallow lateral ridges. The neural arch is antero-
posteriorly short and located on the anterior half of the centrum. The transverse process is stout and directed back-
ward. A large protuberance is located between the anterior margin of the base of the transverse process and the
prezygapophysis (Fig. 4B). The prezygapophysis is robust, directed forward, and slightly curved downward when
seenin lateral view. The postzygapophyses are large, located at the base of the neural arch, and have elliptical artic-
ular facets. At least the base of the neural spine is compressed laterally. The well-developed spinoprezygapophy-
seal laminae are stout and extend over the preserved portion of the neural spine (Fig. 4A-B).

The fifth cauda vertebra is nearly complete only lacking the distal end of the neural spine. The centrum is
higher than wide and the latera faces are concave anteroposteriorly. The posterior articulation of the centrum has a
shallow dliptical groove. The morphology of this caudal vertebrais similar to that of the previous one, except for
the curvature of the prezygapophysis, which is less developed, and the distal end of the transverse process, whichis
slightly expanded dorsoventrally (Fig. 4C-D).
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FIGURE 3. Aeolosaurus maximus sp. nov., holotype (MPMA 12-0001-97). A, anterior dorsal vertebra in right lateral view.
B1-2, dorsal centrum in anterior and posterior views. C1-2, posterior dorsal vertebra in posterior and latero-posterior views.
Scale bar equals 10 cm.
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FIGURE 4. Aeolosaurus maximus sp. nov., holotype (MPMA 12-0001-97). A-B, anterior caudal in left lateral and dorsal
views. C-D, anterior caudal in |eft lateral and posterior views. E-F, anterior caudal in anterior and left lateral views. G, anterior
caudal in left lateral view. H, anterior caudal in anterior view. |, middle anterior caudal in posterior and left lateral views. K,
posterior caudal in left lateral view. Scale bar equals 10 cmin A-Jand 5cmin K.

The four remaining anterior caudal vertebrae are well preserved except for the last two vertebrae which lack
the transverse processes. The centra are higher than wide and become progressively longer toward the posterior
caudal vertebrae. In posterior view, the posterior ends are roughly hexagonal in shape. The articular area for the
haemal arches is well-developed, forming a protuberance with a shallow pit at the ventroposterior margin of the
centra. The ventral faces are slightly concave anteroposteriorly and laterally compressed, with incipient lateroven-
tral ridges. The transverse processes are robust and strongly directed backward. The neural arches are located on
the anterior half of the centra, reaching the anterior margin of the centra of the last two preserved anterior caudal
vertebrae. The prezygapophyses become straight and relatively long, with moderately developed articular facets.
The spinoprezygapophyseal laminae are well-developed, forming a deep fossa at the base of the neural spine. The
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postzygapophyses are robust, with concave articular facets and stout spinopostzygapophyseal laminae. The neural
spines are laterally compressed at their base and laterally expanded at their distal end. They are directed forward,
mainly in the last two anterior caudal vertebrae. The prespinal and postspinal laminae are incipiently developed
(Fig. 4E-J).

The partial mid-caudal centrum is poorly preserved and, therefore, cannot provide any further information.

The two posterior caudal vertebrae are well preserved. The centra are procoelous and wider than high. The
ventral and lateral faces are gently concave anteroposteriorly. The neural arches are anteroposteriorly short and
located on the anterior half of the centra. The transverse processes are absent. The prezygapophyses have rudimen-
tary articular facets and are directed forward. The neural spines are low, anteroposteriorly long, and transversally
compressed. The postzygapophyses are poorly developed, consisting of shallow articular facets on the ventral mar-
gin of the neural spine (Fig. 4K).
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FIGURE 5. Anterior and middle cauda vertebrae of aeolosaurines in left lateral view (D1 reversed). A, Aeolosaurus sp. B,
Gondwanatitan faustoi. C1-2, Aeolosaurus rionegrinus. D1-2, Aeolosaurus sp. E1-2, Aeolosaurus colhuehuapensis. F1-2,
Aeolosaurus maximus. Redrawn from: A, Salgado et al. (1997a); B, Kellner and Azevedo (1999); C1-2, Powell (2003); D1-2,
Salgado and Coria (1993); E1-2, Casd et al. (2007). Dashed lines indicate broken parts. Not to scale.

Dorsal ribs. Several incomplete dorsal ribs have been recovered. Unfortunately, they were not found in their
anatomical position and, therefore, their assignment as anterior or posterior ribs have been made on the basis of
better preserved sauropod material such as Apatosaurus, Camarasaurus, Brachiosaurus, and Opisthocoelicaudia.
The more robust and platelike fragments were regarded as the anterior ribs, whereas the slender ribs were consid-
ered as the posterior ones (Fig. 6B—E). None of the anterior ribs have the capitulum and tuberculum well preserved
(Fig. 6B—C). In both anterior and posterior dorsal ribs, the proximal portion consists of spongy bony tissue, mainly
in alarge rib fragment, where the coels open externally forming an elliptical pit. A fragment of proximal end is
considered to be the first or second dorsdl rib (Fig. 6C). It is a blade-like element with the proximal end directed
anteriorly. The posterior portion is damaged and exposes the internal spongy bony tissue and, because of that, it is
not possible to determine the shape of the cross section. Other fragments regarded as anterior dorsal ribs have the
cross section of the proximal end triangular in shape. The mid-dorsal ribs have shafts with subtriangular cross sec-
tions that become blade-like or eliptical toward their dista ends. A mid-thoracic rib has a marked depression
between the capitulum and the tuberculum in medial view. The proximal portion of the shaft is D-shaped in cross
section with sharp well-developed ridges on both the antero and posterolateral margins (Fig. 6D). The best-pre-
served rib is about 900 mm in length and is considered to be a posterior one. It only lacks part of the capitulum and
the tuberculum and, probably, part of the distal end. It is straight in medial view and gently curved in posterior
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view. It has the proximal portion of the shaft flat and is anteroposterioly concave in media view. However, the dis-
tal end becomes triangular in cross section as in the middle posterior ones (Fig. 6E).
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FIGURE 6. Aeolosaurus maximus sp. nov., holotype, cervical and dorsa ribs (MPMA 12-0001-97). A, distal portion of the
cervical ribs as they were found in the field. B, anterior dorsal rib with pneumatic foramen. C1-3, right anterior dorsal rib in
anterior, posterior, and proximal views, respectively. D1-6, right mid-thoracic rib in anterior, medial, posterior, and medial
views, and section at the middle diaphysis and distal end, respectively. E1-3, right posterior rib in anterior, medial, and, poste-
rior views, respectively. Scale bars represent 20 cm.

Haemal arches. Six anterior haemal arches are preserved (Fig. 7A—F). Although not found articul ated with the
six anterior caudal vertebrae, some of them fit exactly in these caudal vertebrae. They are ‘Y’ -shaped and open
proximally, in the proximal chevrons the haemal canal is less than 50% of the length of the whole bone (Table 2).
Both proximal and distal processes are laterally compressed (but not laminar) mainly on the distal portion of the
distal processes. In lateral view they gently curve backward. The top of the proximal processis nearly flat and has
alarge concave area in the posterodorsal margin, forming double articular facets. In lateral view this depressionis
ventrally delimited by a posterior protuberance. The distal process has a rounded distal end in lateral view and is
anteroposteriorly expanded. In posterior view the distal process has a thin ridge that runs through its whole poste-
rior aspect (Fig. 7A—F).

A haemal arch from a mid-caudal vertebraiswell preserved (Fig. 7G). It is‘Y’-shaped with the haemal canal
more than 50% of the length of the whole bone. Only the distal end of the distal processislaterally compressed. In
lateral view it is nearly straight with the distal end curved backward. Asthe anterior haemal arches, the articulation
with the centrum has a large posterior concave areawhich, in lateral view, is ventrally marked by a well-developed
protuberance. The proximal process has a lateral protuberance located on its distal half (Fig. 7G).
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FIGURE 7. Aeolosaurus maximus sp. nov., holotype, haemal arches (MPMA 12-0001-97). A—F, anterior haemal arches in
posterior, anterior, and lateral views. G, middie haemal arch in posterior, anterior, and |eft lateral views. H, posterior haemal
arch in posterior, anterior, and |eft lateral views. Scale bar represents 5 cm.
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FIGURE 8. Aeolosaurus maximus sp. nov., holotype, humeri and radius (MPMA 12-0001-97). A, right humerus in anterior
view. B, left humerusin posterior view. C, probable radius. Scale bar represents 50 cm.
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The distal haemal arch is a‘V’-shaped element. The proximal processes have elliptical cross section with a
mildly-developed protuberance on their posterolateral margins. The proximal articulations with the centrum have a
flat top and a posterior concavity, forming the double articular facets. However, the posterior protuberance that
delimitatesits ventral margin isless developed than in the previous haemal arches (Fig. 7H).

TABLE 2. Measurements of the preserved anterior (hal-6), midlle (ha7), and posterior haemal arches (ha8) of A. maximus
(MPMA 12-0001-97). Measurements are in cm. Asteriscs indicate estimated measurements.

hal ha2 ha3 had hab ha6 ha7 ha8
Total height 36,5* 38,2 - - - - 16,5 11,3
Height of haemal canal 18,7 17,7 17,2 16,5 - - 91 74
Proximal width 12,5 11,8 10,1 114 - - 9,2 81

Scapula. A large platelike fragment is considered to be part of the distal end of a scapula. It has arounded dor-
sal margin and its thickness decreases toward the ventral margin.

Humeri. Both humeri are preserved (Fig 8A—B). The right humerus (preserved length of 89 cm) lacks the dis-
tal end and the laterodorsal corner (Fig. 8A). The proximal end has a well-developed anterior concavity and is
medially expanded. The |eft one (preserved length of 63 cm) lacks both epiphyses, is anteroposterioly compressed,
and is also badly damaged on its anterior portion (Fig 8B).

Radius. A long bone element (preserved length of 56 cm) found near the humerus is interpreted as a radius.
Unfortunately, it is badly damaged and strongly compressed, so that nothing can be said about its morphology (Fig
8C).

FIGURE 9. Aeolosaurus maximus sp. nov., holotype. A1-4, left femur in lateral, posterior, and distal views (MPMA 12-0001-
97). B1-2, left ischium in lateral and anteroventra views (MPMA 12-0001-97). Scale bar represents 10 mm.

Ischium. The left ischium is partialy preserved (Figs. 9B1-2, 10). It isa platelike element with a concave dor-
soposterior margin. Both iliac and pubic pedicles are not completely preserved. However, the pubic articulation
seems to be well-developed. The acetabular area is partially preserved, corresponding to a gently concave area
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between the pubic and iliac articulations, where the bone is thinner than the posterodorsal margin. According to the
preserved portion of the distal process, it seems to be relatively long and its thickness decreases from the dorsal
margin to the ventral one. The distal process is twisted medially which indicates that when in articulation with its
counterpart they should have met in a horizonta plane (Figs. 9B1-2).

FIGURE 10. Ischia of Aeolosaurines and closely related taxa. A, Aeolosaurus maximus. B, Aeolosaurus sp. C, Aeolosaurus
rionegrinus (composite of left and right ischia). D, Gondwanatitan faustoi. E, Rinconsaurus caudamirus. F, Muyelensaurus
pecheni. Redrawn from: B, Salgado and Coria (1993); C, Powell (2003); D, Kellner and Azevedo (1999); E, Cavo et al.
(2007b). Not to scale.

Femur. Both femora were recovered (Fig. 9A1-4), the left one is complete and well preserved, the right one
lacks the distal end and part of the shaft. Although large (1.55 m in length), the femur is arelatively slender ele-
ment. It is straight and strongly compressed anteroposteriorly, so that the shaft has an elliptical shape in cross sec-
tion. The femoral head is well developed and extends well above the level of the greater trochanter and medialy.
The femoral head is not aligned with the great trochanter, so that in dorsal view it is slightly directed backward,
forming a shallow concave area between both the great trochanter and the femoral head. A lateral bulge is present
right under the great trochanter; it is gently convex and extends over the third proximal portion of the shaft. The
fourth trochanter isrelatively well-developed and |ocated on the posteromedial portion of the shaft at its third upper
part. The distal articulation iswell-developed and extends from the posterior to the anterior margin of the femur so
that in both posterior and anterior view there is a concave area between the tibal and fibular condyles. The same
holds true for the distal margin. The tibial condyle is more developed than the fibular one in the way the posterior
portion of the former is more developed posteriorly. However, the fibular condyle is stouter and bifurcates into two
condyles. The interna (medial) one is more developed and slightly directed laterally. The lateral fibular condyleis
less developed and forms part of the lateral corner of the distal end of the femur (Fig. 9A1-4).

Phylogenetic analysis

The phylogenetic relationships of A. maximus were inferred by using the data matrix provided by Wilson (2002)
which were processed with PAUP 4.0 Beta version 10 (Swofford 2002). The following protocol was used in the
heuristic search: random addition sequence with 100,000 replicates, Tree Bisection and Reconnection (TBR) as
swapping agorithm, branches collapsed if the minimum branch length is zero, and synapomorphies for the nodes
follow DELTRAN character optimization. No topological constrains were used. The characters 8, 37, 64, 66, and
198 were kept ordered as in the origina analysis of Wilson (2002). Other titanosaurs previously referred to Aeolo-
saurus or considered to have a close relationship to aeolosaurines have been inserted into the data matrices when-
ever necessary, such as A. rionegrinus (Powell 1986, 1987, 2003), A. colhuehuapensis (Casal et al. 2007),
Gondwanatitan (Kellner and Azevedo 1999), Rinconsaurus (Calvo and Gonzalez Riga 2003), Muyelensaurus
(Calvo et al. 2007b), Maxakalisaurus topai (Kellner et al. 2006), and Panamericansaurus schroederi (Calvo and
Porfiri, 2010). This procedure aimed to establish the phylogenetic relationships of the taxa within Aeolosaurini.
Additional characters or character states have also been included into the data matrix, namely: apex of the con-
vexity of the posterior articulation on anterior and middle caudal vertebrae; anterior margin of the anterior caudal
vertebrae; articular facets of the prezygapophyses on the anterior and middle caudal vertebrae; prezygapophyses
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curved downward on anterior caudal vertebrae; postzygapophyses located on the anterior half of the centrum on the
anterior and middle caudal vertebrae; length proportions of the prezygapophyses with respect to the centrum length
in middle caudal vertebrae; neural spine directed forward in anterior caudal vertebrae; and proximal ends of the
haemal arches with double articular facets (see Appendix 1 for the character list). This is because these characters
are considered as synapomorphies of Aeolosaurini or Aeolosaurus (Powell 1986, 1987, 2003; Salgado and Coria
1993; Casdl et al. 2007) and have not been used in this data matrix.
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FIGURE 11. Resulting cladogram using the data matrix from Wilson (2002). A, strict consensus of ten most parsimonious
trees. B, Major-rule consensus. Bootstrap (percentages in bold type) and Bremer support values are indicated in the strict con-
sensus trees. Percentagesin B depict the result of major-rule consensus.
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For the data matrix provided by Wilson (2002) a new character state (neural spine directed forward on mid-
caudal vertebrae) was added to the character 133 and six new characters were added to the data matrix. The codings
for Euhelopus, Andesaurus, Malawisaurus, Isisaurus, and Rapetosaurus were updated following the new pub-
lished data of Wilson and Upchurch (2009), Mannion and Calvo (2011), Gomani (2005), Curry Rogers (2009), and
personal observations on some of these specimens (see Appendix 1 and 2 for the changes in the matrices).

The analysis retained ten most parsimonious trees of 464 steps, with consistency and retention indexes of 0,64
and 0,80, respectively (Fig.11 A-B). The inclusion of nine more taxa and six new character statements increased
the number of most parsimonious trees when compared to the initial results of Wilson (2002). It also caused some
changes in the tree topology. Muyelensaurus is depicted in a polytomy together with Rapetosaurus plus Nemegto-
saurus and the clade comprising more apical titanosaurs.

The clade Aeolosaurini is nested within a polytomy with Isisaurus, Baur utitan, and Saltasauridae. Aeolosaurus
rionegrinus is the sister-taxon of A. colhuehuapensis. These two Argentinean Aeolosaurus share the following
unambiguous synapomorphies: anterior caudal centrawith pneumatopores (character 119: 0—1). These pneumato-
pores are not as devel oped as the large ones present in the anterior caudal vertebrae of Diplodocus and Barosaurus.
Nevertheless, they refer to the pleurocoel -like depressions reported by Powell (2003, pg. 23) and Casal et al. (2007,
pg.55) in the anterior caudal vertebrae of these taxa, which is not present in A. maximus. The other unambiguous
synapomorphy is the presence of wide articular facets (with a dorsal and a ventral expansion or protuberance) at
|east on the prezygapophyses of the anterior caudal vertebrae (character 237: 0—1). The genus Aeolosaurus is sup-
ported by one unambiguous synapomorphy: prezygapophyses curved downward on anterior caudal vertebrae
(character 238: 0—1); and an ambiguous synapomorphy: haemal arches with double articular facets set in a con-
cave posterodorsal surface (character 240: 0—1). This featureis also present in Maxakalisaurus that, according to
the analysis performed here, is an Aeolosaurini titanosaur. As this feature cannot be evaluated in Panamericansau-
rus, Gondwanatitan, and Rinconsaurus due preservation problems, it would represent a synapomorphy for a more
inclusive clade or even for Aeolosaurini if were present in one or both taxa. The clade Aeolosaurini (in thisanalysis
the clade comprised by Aeolosaurus plus Gondwanatitan, Panamericansaurus, Rinconsaurus, and Maxakalisau-
rus) is supported by the following synapomorphy: posterior caudal centra dorsoventrally flattened (character 135:
0—1). A list of ambiguous and unambiguous synapomorphies for each clade recovered is provided in Table 2.

The robustness of the results were evaluated under both bootstrap and Bremer support (Fig. 11A). Bootstrap
analysis was performed from 10,000 replicates. The support for Aeolosaurini and its internal nodes are relatively
low: only 77% for the clade comprised by A. rionegrinus plus A. colhuehuapensis; and 63% for the clade corre-
sponding to the genus Aeol osaur us plus Gondwanatitan. For the other nodes within Aeolosaurini the Bootstrap val-
ues are less than 50%. In this analysis the Bremer support equals zero for all nodes within Titanosauria including
Aeolosaurini.

Comparison and discussion

Severa phylogenetic analyses regarding titanosaurs have been published (e. g. Salgado et al. 1997b; Sanz et al.
1999; Curry Rogers and Forster 2001; Curry Rogers 2005, Calvo and Gonzélez Riga 2003; Calvo et al. 2007g;
Gonzédlez Riga et al., 2009). Moreover, broader cladistic studies on sauropods have also considered titanosaurs in
their data matrices (Wilson 2002; Upchurch 1998; Upchurch et al. 2004, Mannion and Calvo, 2011). As aresult, a
well-established set of characteristics can be used to support the phylogenetic relationships of Aeolosaurus max-
imus within Titanosauria. On the other hand, with few exceptions, these studies disagree with regard the inter-rela-
tionships of more apical taxa within Titanosauria. However, according to the results of the cladistic anaysis
performed here, the monophyly of the genus Aeolosaurus and the clade Aeolosaurini is mainly supported by fea-
tures (see Table 3 and the section Phylogenetic Analysis) regarding the anterior caudal vertebrae and the haemal
arches. Although these characters have long been considered to be diagnostic for the genus Aeolosaurus and/or
Aeolosaurini (Powell, 1987, 1987, 2003; Salgado et al. 1993, 1997b; Franco-Rosas et al., 2004) this is the first
time that they were tested under the cladistic point of view. Additionally, Aeolosaurini is grouped as adistinct clade
to Saltasauridae (sensu Wilson, 2002).

Comparison to other Aeolosaurini and Brazilian titanosaurs. Together with A. maximus, Gondwanatitan is
the only Aeolosaurini in which dorsal vertebrae are preserved and, because of that, comparisons within this clade
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are restricted. Asin A. maximus the preserved posterior dorsal vertebrae of Gondwanatitan also bear well-devel-
oped postzygodiapophysea lamina. However, the most striking feature of the posterior dorsal vertebra of A. maxi-
mus is the presence of an oblique and stout anterior centropostzygapophysal lamina (acpol, see Fig. 3C1, C2) that
originates at the base of the postzygapophysis together with the column that forms the posterior margin of the neu-
ral arch (cpol) and probably would have been attached to the upper middle portion of the centrum. This laminais
not present in any other known titanosaur but is not considered here as an autapomorphy of A. maximus because
dorsal vertebrae are not known in other species of the genus Aeolosaurus.

TABLE 3. Monophyletic groups recovered from the analysis of the data matrix of Wilson (2002) with the inclusion of the Aeo-
losaurus species and closely related taxa. All synapomorphies supporting each clade and their respective transformations are
listed. Charactersin bold face refer to unambiguous synapomorphies.

Taxa Speciesincluded Synapomorphies

Unnamed A. rionegrinus + A. colhuehuapensis 119 (0—1), 237 (0—1)
Aeolosaurus (A. rionegrinus + A. colhuehuapensis) + A. maximus 238 (0—1), 240 (0—~1)

Unnamed Gondwanatitan (A. maximus + A. rionegrinus + A. colhuehuapensis) 236 (0—1), 239 (0—1), 241 (1-2)
Aeolosaurini Panamericansaur us Rinconsaurus Maxakalisaurus (Gondwanati- 135 (0—1)

tan (A. maximus + A. rionegrinus + A. colhuehuapensis))

The caudal vertebrae provide useful information for comparison with other titanosaurs, mainly aeol osaurines,
since their most significant characters are based on the caudal vertebrae morphology. The anteriormost preserved
caudal vertebrain A. maximus, which is considered to be the fourth one, is quite similar to the fourth caudal verte-
bra of Aeolosaurus sp. (MPCA 27100), reported by Salgado et al. (1997). In MPCA 27100 an abrupt change in the
prezygapophyseal morphology of the anterior caudal vertebrae is observed between the third and fourth caudal ver-
tebrae, where they change from short and straight to long and curved downward. However, this feature seemsto be
constrained to the 4™ and 5" caudal vertebrae. Curved prezygapophyses on anteriormost caudal vertebrae are pres-
ent in A. maximus, Aeolosaurus sp. (MPCA 27100, Salgado et al. 1997a), A. colhuehuapensis, and A. rionegrinus
(the curvature in this species is less pronounced). Because of that, this character is considered as a synapomorphy
for the genus Aeolosaurus. Additionally, as far as comparisons are possible, the shape of the prezygapophysis on
the anteriormost caudal vertebrae of A. rionegrinus (probably the 2™ and 3*) is similar to the anterior caudal verte-
bra of Aeolosaurus sp. (MPCA 27174), reported by Salgado and Coria (1993) from the Allen Formation, where
they are straight and more directed upward, bearing both a dorsal and a ventral protuberance which makes their
articular facets seem to be wider.

The anterior caudal vertebrae of A. maximus have the distal end of the neural spine expanded laterally. This
feature is also present in Aeolosaurus sp. (MPCA 27174) from the Allen Formation. However, it is aso seen in
other Brazilian titanosaurs such as Adamantisaur us (Santucci and Bertini 2006) and Trigonosaurus (Campos €t al.
2005). The neural spine on the middle-anterior and middle caudal vertebrae of A. maximusis directed forward asin
other aeolosaurines (Aeolosaurus and Gondwanatitan). Moreover, this feature was also reported in Trigonosaurus
by Campos et al. (2005). Because of that, Campos et al. (2005) suggested that Trigonosaurus might be closely
related to Aeolosaurus and Gondwanatitan; however, they stated that Trigonosaurus differs from Aeolosaurus by
having shorter prezygapophyses and from Gondwanatitan by lacking caudal centrawith a*‘heart-shaped’ outlinein
posterior view. These differences also holds true for A. maximus.

Except for A. colhuehuapensis, the Patagonian Aeolosaurus have the apex of the posterior articulation of the
anterior caudal centra strongly displaced upward, almost reaching the level of the dorsal margin of the centrum (see
Fig. 5). Because of that A. maximus differs from these taxa by having the apex of the posterior convexity of the cen-
trum closer to the centrum midline asin A. colhuehuapensis. The mid-anterior caudal vertebrae of A. maximus have
shallow depressions for the haemal arch attachment asin A. rionegrinus (Powell 2003), A. colhuehuapensis (Casal
et al. 2007), Aeolosaurus sp. (Salgado and Coria 1993), and Panamericansaurus (Calvo and Porfiri 2010). This
feature, however, does not seem to be a synapomorphy for the genus, since it is also present in other titanosaurs
such as Trigonosaurus (Campos et al. 2005), Baurutitan (Kellner et al. 2005), and Adamantisaurus (Santucci and
Bertini 2006a).

The posterior caudal vertebrae of A. maximus provide few characters for comparison. The dorsoventrally com-
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pressed posterior caudal centrawith no signs of lateral ridge differs A. maximus from Gondwanatitan (Kellner and
Azevedo 1999), Rinconsaurus (Calvo and Gonzdlez Riga 2003), Baurutitan (Kellner et al. 2005), and Maxakali-
saurus (Kellner et al. 2006), and Muyelensaurus (Calvo et al. 2007b). However, the dorsoventral compression and
the absence of lateral ridges or transverse processes on posterior caudal vertebrae of A. maximus can be due to the
fact they represent more posterior caudal vertebrae in the series.

Haemal arches are known in some titanosaurs including most Aeolosaurini. Titanosaurs, other than Aeolosau-
rini, generally have chevrons with single articular facets or anteroposteriorly convex proximal ends with two dis-
tinct articular surfaces (Mannion & Calvo, 2011). Therefore, the presence of haemal arches with double articular
facets set in a concave posterodorsal surface in A. maximus differs this Aeolosaurini from other Brazilian titano-
saurs like Adamanti saur us and Baur utitan. However, double articular ends set in a concave surface have also been
reported for the haemal arches of A. rionegrinus, A. colhuehuapensis, the basal titanosaur Mendozasaurus
(Gonzalez Riga 2003), and the recently described titanosaur Maxakalisaurus topai (Kellner et al. 2006) from the
Adamantina Formation of Minas Gerais State. The presence of awell-developed posterior protuberance that delim-
itates the ventral rim of the articular facet on both anterior and middle haemal arches differs A. maximus from all
other known titanosaurs, including those ones that have double proximal articular facets (e. g. other aeolosaurines,
Mendozasaurus, and Maxakalisaurus). Additionaly, the lateral bulge present in the middle haemal arches of A.
maximus has aready been reported in other Brazilian titanosaur, namely Baurutitan (Kellner et al. 2005), and on
the haemal arches of Alamosaurus (Gilmore, 1946, pg. 33). According to the phylogenetic analysis, however, these
two taxa are not closely related to Aeolosaurini (Fig. 11A-B) as are interpreted as independently acquired in these
taxa. Additionally, this lateral bulge on haemal archesis neither present in A. rionegrinus nor in A. colhuehuapen-
sis. Thelaterally compressed distal end of the haemal arch with a marked posterior crest contrasts A. maximus from
Adamantisaurus, but is similar to that one seen in A. rionegrinus.

The humerus of Aeolosaurus maximus is poorly preserved and, therefore, comparisons with other titanosaurs
are limited to the proximo-media portion of the bone. As in other titanosaurs the proximo-media border of the
humerus is well-devel oped and expanded medially. Unfortunately, the presence of arelatively well-developed del-
topectoral crest medially oriented, asin A. rionegrinus and Gondwanatitan, cannot be observed in A. maximus.

The ischium of A. maximus seems to have a blade-like distal axis, which istwisted medially asin other titano-
saurs, so that the distal shaft of both ischia must have been coplanar. The posterodorsal margin has a gently curva-
ture as in other aeolosaurines contrasting with that of the Muyelensaurus where the angle between the iliac
peduncle and the distal blade is acute (Fig. 10). Theischia of A. rionegrinus and Aeolosaurus sp. (Salgado & Coria,
1993) seems to be less blade-like than in other titanosaurs (e. g. the distal shaft isrelatively narrow when compared
toitslength), unfortunately this feature cannot be assessed in A. maximus since the distal end of this bone is badly
damaged in this taxon.

General comparison to other titanosaurs. Among the axia skeleton, the cervica vertebrae are the least
known in titanosaurs and are not preserved in other Aeol osaurus specimens previously reported. Although not well
preserved, the posterior cervical vertebrae of Aeolosaurus maximus differ from all other titanosaurs by having well-
developed posterior centrodiapophyseal laminae, which are more robust than the postzygodiapophyseal laminae.
So far, this feature is only known in A. maximus. The relatively long prezygapophysis (inferred by the distance
between its articular facet and the base of the diapophysis) is similar to that of Malawisaurus (Gomani 2005 fig. 9,
pg. 11), Rinconsaurus (Calvo & Gonzéalez Riga 2003), Trigonosaurus (Campos et al. 2005), and Uberabatitan
(Salgado and Carvalho 2008), and contrasts with the condition seen in Saltasaurus (Powell 2003), Neuguensaur us
(Powell 2003), and Isisaurus (Jain and Bandyopadhyay 1997), where it is short. Because the articular facet of the
prezygapophysis is faced anterodorsally, the prezygapophysis has a flat anterodorsal surface in lateral view, con-
trasting with the rounded profile of the prezygapophysis in posterior cervical vertebrae of other titanosaurs. The
neural spine of the posterior cervical vertebrae of A. maximus slopes steeply upward as in Malawisaur us (Jacobs et
al. 1993), Rinconsaurus (Calvo and Gonzalez Riga 2003), and Rapetosaurus (Curry Rogers and Forster 2001). The
posterior portion of the cervical ribs is long as in Malawisaurus (Gomani 2005) and Uberabatitan (Salgado and
Carvalho 2008), differing from the short ones asin Isisaurus.

Because it is badly damaged, the anterior dorsal vertebra of A. maximus provides little information that can be
used for comparisons. However, it contrasts with those of other titanosaurs by having three openings in the anterior
portion of the neural arch. These apertures lead to alarge chamber in the centrum.

The fragmentary posterior dorsal vertebra of A. maximus has a thin and well-developed intrapostzygapophy-
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seal lamina (tpol), contrasting with all other known titanosaurs. A slender and well-devel oped postzygodiapophy-
seal lamina is also present on the posterior dorsal vertebra. This lamina is not present in Opisthocoelicaudia
(Borsuk-Biaynicka 1977), Ampelosaurus (Le Loeuff 1995), and Lirainosaurus (Sanz et al. 1999). Trigonosaurus
only has postzygodiapophyseal laminae on the last two dorsal vertebrae (Campos et al. 2005); however, they are
poorly developed.

The dorsal ribs of A. maximus greatly vary in shape. Unfortunately, dorsal ribs are rare or poorly illustrated in
other titanosaurs. As far as comparisons are possible, the mid-thoracic ribs of A. maximus differ from other titano-
saurs by having the anterior half of the shaft with a conspicuous D-shaped cross section. Additionally, the anterior
half of the shaft of these mid-posterior dorsal ribs also bears well-devel oped anterior and posterior ridges.

Aeolosaurus maximus has subcentimetrical pneumatocoels in the proximal end of both anterior and posterior
ribs as in Euhelopus, Malawisaurus (Gomani 2005), and Opisthocoelicaudia. Janensch (1950) recorded the pres-
ence of centimetrical oval-shaped pneumatocoels only in the anterior dorsal ribs of Brachiosaurus brancai.
Although being present in both the anterior and posterior dorsal ribs of A. maximus, the pneumatocoels in the ante-
rior dorsal ribs are larger than in the posterior ribs. Additionally, the suboval pneumatocoels of A. maximus differs
from those ones present in Malawisaurus, which are quadrangular in shape and open externally in the posterior
portion of the ribs (Gomani 2005). The pneumatocoelsin the dorsal ribs of Euhelopus also seem to open externaly
in the posterior aspect of the bone (Wilson and Upchruch 2009).

The femur of A. maximus has the proximal third deflected medially with awell-developed lateral bulge, which
is a feature seen in al other Titanosauriformes. It contrasts with the femur of Epachthosaurus (Martinez et al.
2004) and Opisthocoelicaudia (Borsuk-Bialynicka 1977) by being more slender. Regarding the position of the
fourth trochanter, it differs from Opisthocoelicaudia where it is located on the distal half of the femur and flushed
to its midline (Borsuk-Bialynicka 1977). It also differs from the femur of Rapetosaurus which shows an extreme
constriction on the distal portion of the shaft.

Other putative Aeolosaurus occurrences in Brazil. Besides A. maximus, other titanosaur occurrences have
been attributed to the genus Aeolosaurus in Brazil. All these materials, however, comprise scattered and incom-
plete elements, mainly caudal vertebrae.

A middle caudal vertebra from the Serra da Galga Member (Marilia Formation) was reported by Bertini et al.
(1999b) and Santucci and Bertini (2001, fig. 2B). Although previously reported, this cauda vertebra (CPP 248)
from Peirdpalis (Minas Gerais State) has never been described in detail. The centrum is as higher than wide and
procoel ous, with the apex of the convexity of the posterior end slightly displaced above the centrum midline. The
lateral and ventral faces are strongly concave anteroposteriorly. Because of that, the mid-portion of the centrum is
strongly constricted in ventral view. The transverse processes are stout and directed backward. The neural arch is
located on the anterior portion of the centrum so that its upper anterior rim lies anterior to the anterior margin of the
centrum. The prezygapophyses are long with no broad articular facets. The postzygapophyses have concave articu-
lar facets and are located near the base of the neura arch. The neura spine lacks its distal end but the preserved
portion indicates it is directed forward (Fig. 12). Although comprised by a single middie caudal vertebra, CPP 248
has the synapomorphies of Aeolosaurini, namely: neural spine directed forward on mid-anterior caudal vertebrae;
postzyagpophyses located on the anterior half of the centrum; and middle caudal vertebrae with long prezygapo-
physes (more than 50% of the centrum length). Unfortunately, according to the new diagnosis of Aeolosaurus pre-
sented in this paper (e. g. prezygapophyses curved downward on anterior caudal vertebrae and haemal arches with
double articular facets set in a concave posterodorsal surface), none of these features can be accessed in CPP 248,
but since this caudal vertebra does not show the heart-shaped centrum contour in posterior view as in Gondwanati-
tan), CPP 248 is assigned to the genus Aeolosaur us, instead of Gondwanatitan.

Almeidacet al. (2004) and Candeiro et al. (2006) attributed a mid-posterior caudal vertebra and a haemal arch
(UFRJ-DG 270-R), unearthed from the Adamantina Formation near the city of Prata, Minas Gerais State, to the
genus Aeolosaurus. The haemal arch lacks the proximal ends and, therefore, it is not possible to know if double
articular facets were present. On the other hand, it lacks the lateral protuberance present in A. maximus. The mid-
posterior caudal vertebra has the neural spine directed backward (Almeida et al. 2004, fig. 2A; Candeiro et al.
2006, fig. 5A). Therefore, none of the synapomorphies of the genus Aeolosaurus are present and at least one
synapomorphy for Aeolosaurini is absent in UFRJ-DG 270-R. Because of that, this material cannot be assigned to
Aeolosaurus. The presence of heart-shaped posterior articulation suggests, however, it might be related to Gondwa-
natitan.
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FIGURE 12. Aeolosaurus sp. (CPP 248). A, middle caudal in left lateral view. B, ventral view. Scale bar equals 5 mm.

Lopes and Buchmann (2008) tentatively assigned two badly damaged caudal centra (LGP-D0002 and LGP-
D0003) to the genus Aeolosaurus. These caudal vertebrae do not share any synapomorphy with Aeolosaurus, but
could be related to Gondwanatitan due the presence of heart-shaped centra.

In arecent paper Martinelli et al. (2011) suggested that all Aeolosaurus specimens in Brazil were incorrectly
assigned to this genus based on two main points: first, the lack of a well-established phylogenetic reconstruction
for Brazilian titanosaurs precludes good taxonomic assignments; second, the Brazilian specimens do not have
postzygapophyses located anteriorly to the edge of the cauda centrum. Regarding the first point, Martinelli et al.
(2011) misinterpreted the meaning of taxonomy and systematics. In this case taxonomy (naming species) does not
necessarily require a phylogenetic tree to be accomplished (see de Queiroz and Gauthier 1990; Cantino and de
Queiroz 2010; and the International Code of Zoological Nomenclature, for further discussion). Additionally,
athough their criticism, Martinelli et al. (2011) did not use any apomorphy to perform their review, since the fea-
tures they used were not evaluated under the scope of a phylogenetic analysis. Concerning the second point, the
character postzygapophyses located anteriorly to the edge of the centrum, which wasincluded in the emended diag-
nosis of the genus Aeolosaurus by Casal et al. (2007), seems to vary along the caudal series. In A. rionegrinus the
anterior margin of the postzygapophysis is only located anteriorly to the anterior edge of the centrum in one mid-
anterior cauda vertebra (Powell, 2003, plate 11, fig. 2a), while in the preceding anterior caudal vertebrae it is
located slightly posteriorly to the anterior edge of the centrum (Powell, 2003, plate 11, fig. 1a). Similarly, in A. col-
huehuapensis only one mid-anterior caudal vertebra has the postzygapophyses located anteriorly to the anterior
edge of the centrum (Casal et al. 2007, figs. 2 and 3). Although not located anteriorly to the edge of the centrum,
the position of the prezygapophyses varies along the series in A. maximus as well. In the anteriormost caudal verte-
brae the postzygapophyses are located more posteriorly. They amost reach the anterior edge of the centrum only in
the fifth preserved caudal vertebra (Fig. 4G). From this caudal vertebra toward the tip of the tail the postzygapo-
physes are located more posteriorly again (Fig. 4J). Additionally, the other Argentinean specimens assigned to the
genus Aeol osaurus by Salgado and Coria (1993) and Salgado et al. (1997a) do not have this feature, although being
quite similar to A. rionegrinusin all other aspects. Because of that, we consider the two specimens described here
(A. maximus and CPP 248) as belonging to the genus Aeol osaurus. Moreover, the character concerning the position
of the postzygapophyses on the caudal centrum proposed by Salgado et al. (1997b) was used in the data matrix
because it encompasses this kind of variation in the caudal series.

The stratigraphic significance of the genus Aeolosaurus. The occurrence of Aeolosaurus remains together
with hadrosaurs in Argentina was claimed to be of significant chronostratigraphic value (Bonaparte 1992; Powell
1987; Salgado et al. 1997a) mainly because the presence of Late Cretaceous hadrosaurs in Argentinais considered
to be the result of the establishment of the land bridge between North and South America landmasses during the
Campanian-Maastrichtian.

The age of the Los Alamitos Formation, which is considered to be Campanian-Maastrichtian (Papu and
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Sepulveda 1995), was mainly established on the basis of palynological evidence, based on the presence of the pol-
len Tricolpites reticulatus (Papl and Sepulveda 1995; Pramparo et al. 2007). This genus is also present in Campa-
nian rocks of the Otway Basin, Australia (Pramparo et al. 2007). Additionally, the vertebrate fauna is consistent
with this assignment. Bonaparte et al. (1984) argued that the presence of North American Campanian—M aastrich-
tian genera such as the hadrosaur Kritosaurus (K. australis), which is considered as the junior synonym of Secerno-
saurus koerneri by Prieto-Marquez and Salinas (2010), and the mamma Mesungulatum (M. houssayi) resulted
from the physical connection between North and South America during the Campanian—M aastrichtian.

The age of the Allen Formation was established on the basis of the microfossil evidence, where its upper mem-
ber was considered to be upper Maastrichtian in age on the basis of its ostracod assemblage (Ballent 1980). The
Allen Formation has also produced a mixture of Gondwanan and Laurasian vertebrates (Martinelli and Forasiepi
2004), the latter corresponding to Hadrosauridae and Nodosauridae dinosaurs, which could be also related to the
connection between North and South America at the end of the Cretaceous (Bonaparte 1986; Martinelli and
Forasiepi 2004). Finally, Dingus et al. (2000), based on paleomagnetic data, assigned a Campanian age to the
underling Rio Colorado Formation, which would indicate that the Allen Formation cannot be older than Campa-
nian.

Regarding the Bajo Barreal Formation, Archangelsky et al. (1994), on the basis of its palynological content,
assigned a Cenomanian—Coniacian age to the lower member of this unit, which also provided the titanosaur Epach-
thosaurus sciuttoi (Martinez et al. 2004). On the other hand, Casal et al. (2006) stated that the presence of the dino-
saurs Secernosaurus koerneri and Notoceratops bonarelli is also the result of the connection between North and
South Americaat the end of the Cretaceous and, therefore, assigned a Campanian—M aastrichtian age for the Upper
Member of the Bgjo Barreal Formation near the Lake Colhué Huapi.

Curioudly, for the Angostura Colorada Formation, where A. rionegrinus was found, there is no biostratigraphi-
cal information available. However, Manassero (1997) tentatively assigned a late Campanian age based on its
stratigraphica position.

In Brazil, the Adamantina Formation provided some microfossils of biostratigraphic value. Gobbo-Rodrigues
et al. (1999) assigned a Campanian—Maastrichtian age for the lower portion of the Adamantina Formation on the
basis of the presence of the ostracods Ilyocypris argentiniensis and |. riograndensis. On the other hand, Dias-Brito
et al. (2001) argued for a Turonian—-Santonian age for the Adamantina Formation, suggesting the existence of a
depositional hiatus between Adamantina and Marilia formations. However, in several instances a gradational con-
tact between these formationsis observed (Batezelli et al. 2003), which weakens the hiatus hypothesis.

Additionally, Tamrat et al. (2002) analysed the magnetostratigraphy of the Uberaba and Marilia formations.
The reversed polarity of these rocks indicates that the age of both units are younger than the Cretaceous normal
polarity quiet zone (125-83.5Ma), which means that they cannot be older than latest Santonian.

Therefore, considering the existing evidence, it seems reasonable to suggest that the temporal distribution of
the genus Aeolosaurus, in both Argentina and Brazil, is limited to the Campanian—Maastrichtian interval (see Table
4).

TABLE 4. Different Aeolosaurus occurrences and their respective geological unit and assigned age.

Taxon Unit Age Author

(cathal ogue number)

A. rionegrinus Angostura ColoradaFm ?ate Campanian Powell (1987)

(MJIG-R 1)

A. colhuehuapensis Bajo Barreal Fm ?Campanian-Maastrichtian Casal et al. (2006)

(UNPSIB-PV 959/1-27)

Aeolosaurus sp. Allen Fm Campanian-early Maastrichtian ~ Ballent (1980); Bonaparte (1986);

(MPCA 27174-7) Dingus et al. (2000); Martinelli
and Forasiepi (2004)

Aeolosaurus sp. Los Alamitos Fm Campanian-Maastrichtian Papl & Sepllveda (1995);

(MPCA 27100) Pramparo et al. (2007)

A. maximus Adamantina Fm Campanian-Maastrichtian Gobbo-Rodrigues et al. (1999)
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Conclusions

A cladistic evaluation of the diagnostic characters claimed to be the synapomorphies for Aeolosaurini and the
genus Aeol osaurus was performed. Considering the taxa nested within Aeolosaurini, only the caudal vertebrae and
haemal arches are preserved in al these titanosaurs. Because of that, the diagnosis of both the genus Aeolosaurus
and Aeolosaurini is constrained to the morphology of these elements. The inclusion of these characters and taxa
into the data matrix of Wilson (2002) resolves the relationships within Aeolosaurini grouping Gondwanatitan as
the sister-taxon of the genus Aeolosaurus and place Panamericansarus, Rinconsaurus, and Maxakalisaurus as
more basal Aeolosaurini.

According to the analysis performed here, Aeolosaurini is supported by the following synapomorphy: posterior
caudal centra dorsoventrally flattened. This change in the diagnosis of the clade Aeolosaurini (when compared to
the original diagnosis proposed by Franco-Rosas et al ., 2004) is due to the inclusion of three new titanosaurs within
this branch-based clade (Panamericansarus, Rinconsaurus, and Maxakalisaurus). In this case, they show a close
relationship with Gondwanatitan and Aeolosaurus, but have no the diagnostic features originally proposed for this
clade.

The genus Aeolosaurus is supported by the following synapomorphies: prezygapophyses curved downward on
anterior caudal vertebrae and haemal arches with double articular facets set in a concave posterodorsal surface on
anterior and middle caudal vertebrae. The analysis suggests that the new species described here, A. maximus, isthe
most basal Aeolosaurus known to date. Furthermore, A. rionegrinus and A. colhuehuapensis are sister-taxa. Addi-
tionally, the inclusion of Gondwanatitan faustoi within Aeolosaurus is not supported, contrasting to what was pre-
viously stated by Bertini et al., (2000) and Santucci and Bertini (2001), because Gondwanatitan does not bear the
prezyagapophyses curved downward on anterior cauda vertebrae (Kellner and Azevedo, 1999, figs. 6 and 11).
Whether the haemal arches with double articular facets are present in Gondwanatitan cannot be observed because
the proximal ends of the haemal arches are not preserved in this species.

A re-evauation of the diagnostic features of A. rionegrinus showed that many of the characteristics once
claimed to be autapomorphies of this species are actually the synapomorphies of more inclusive clades within Aeo-
losaurini. Therefore, a new diagnosis for A. rionegrinus is proposed here encompassing the unique association of
the following characteristics: prezygapophyses directed mainly upward on anteriormost caudal vertebrae and
dlightly curved downward on the remaining anterior caudal vertebrae; prezygapophyseal articular facets widened
by the presence of both a dorsal and a ventral protuberance on the prezygapophyses of the anterior caudal verte-
brae; and apex of the convexity of the posterior articulation strongly displaced upward, so that the apex is flushed
to the level of the dorsal margin of the centrum on anterior and middle caudal vertebrae.

Aeolosaurus maximus is diagnosed only by the morphology of its haemal arches as follows: well-devel oped
posterior protuberance below the articular area on the anterior and middle haemal arches and lateral bulge on the
distal portion of the articular process of the mid-posterior haemal arches. Additionally, A. maximus differs from A.
rionegrinus by the absence of the apex of the posterior articulation on caudal vertebrae strongly displaced upward
and differs from both A. rionegrinus and A. colhuehuapensis by the absence of prezygapophyses with wide articu-
lar facets.

Finaly, A. maximus is the first well-preserved Aeolosaurus to be formally described outside Patagonia.
Together with the probable presence of this genus from the Serra da Galga Member (CPP 248) of the Marilia For-
mation, Minas Gerais State, this genus would have been present from southern Patagoniain Argentinato the south-
eastern region of Brazil. In contrast to the previous records for this group, A. maximus is arelatively large Aeolo-
saurini, also differing from the general record for most of Brazilian titanosaurs.
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APPENDI X 1. Character statements added to the data matrices of Wilson (2002).

235. Apex of the convexity of the posterior articulation on anterior and middle caudal vertebrae: (0) concentrical or dightly dis-
placed above the centrum midline; (1) strongly displaced upward, so that the apex of the posterior articulation is flushed to
the level of the dorsal margin of the centrum (Powell, 1986, 1987, 2003).

236. Anterior margin of the anterior caudal vertebrae: (0) vertical; (1) strongly inclined forward (Franco-Rosas et al., 2004).

237. Articular facets of the prezygapophyses on anterior and middle caudal vertebrae: (0) normal, not expanded; (1) wide, with
adorsal and aventral expansion or protuberance (Powell, 1986, 1987, 2003).

238. Prezygapophyses curved downward on anteriormost caudal vertebrae: (0) absent; (1) present.

239. Postzygapophyses located on the anterior half of the centrum on anterior and middle caudal vertebrae: (0) absent; (1) pres-
ent (Salgado et al., 1997b).

240. Haemal arches with double articular facets set in a concave posterodorsal surface: (0) absent; (1) present (Powell, 1986,
1987, 2003).

241. Length proportions of the prezygapophyses with respect to the centrum length in middle caudal vertebrae: (0) less than
40%; (1) between 40-50%; (2) more than 50% (Powell, 1986, 1987, 2003; Calvo et al., 2007a).

APPENDI X 2. Codingsfor the data matrix of Wilson (2002).

PROSAUROPODA
0000000000000O0O0O0OOOOOOOOOOOO0OOOO0O0O9900000000000000000000000000000000Y9
00000000000110900000091000000000000000000900000000000000000000000000
99000009000000000000000001000900000000000100000000000000000000000000
000000000O0OOOOOOOOOOOOOOOOOOOOO?00000O
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THEROPODA
00000000000000000000000000000000099000000000000000000000000000000009
00000000000010900000090000000000000000000900000000000000000000000000
99000009000001000000000001100900000000000000000000000000000000000000
0000000000000099000000000000007000000

Wulcanodon

107?1001001007011000?000000

Barapasaurus

Omeisaurus
11100011011?000?010110000101117211?20?1?2?11100720?0?207?00110000?21?7??11101
1111?0001040111010?7093101?11011100000021101?01000000000001000070007?7?°?
100?110000110007000001010110101001010000001117110001010101?100070101
1??0101001111111111111111110?000000

Shunosaurus
01100011011000000001??2000001110110001001100000000?000110000?10171110
11120?0000031191001009210000?00000000?01090000100000000000100007?0009
990?0011101010000000000101011010100101000001101011000101207011101007?1
01?10010?00111101110111?111110?000000

Patagosaurus

212177?7?0114011010111151011111111000000217110011000011110111110000011
1110011001011001100000101011010100111211000012111110011010001110100110
11101111011112111111?1111?11100000000

Barosaurus
P L L L L L L L P L L L L L L L L L L L L L L I b Ll b I I L Tl X X X T To X Xo Xo To Xo Xo Xo Xo R Xo Xo)

Brachiosaurus
11110011111100010101100001011111110010111100000001100110011111121110
011210001103011001100931010111111100100211010?1000000011001000000007?
??21011??107?110101000001010111101001111211111101111010111011111110011
0111111110011110111?211?12?211?0?2000000

Camarasaurus
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111100111111000101011001010121100121011011110000000010011001121121111110
11121000010201101010103101011011110010021101001000000011011000000000
99100?1010101101010000010101111010011111211002111111000111011111010011
01110111100111101111112111111107000000

Dicraeosaurus

1011110??2111111?211????11??0?000000

Diplodocus
00111112021121111101011101010111111000201110000100001011110101101?2212
02121110011401102112111151202111111211000000211110011021211110112111111001
171011110012111211211111117?111100000000

Haplocanthosaurus

110000001?301100010093101011111110000021101001000000011001000000007?7?
?100017?001011010100000101012111010010111000012111110001010111110100110

Rebbachisaurus
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P22 22722?2?222?2?2??222?2?2?227?27?27?7?

Alamosaurus
DPVVDVDVVDVIVIVVDVIVDVVVDVIVVVDVIVVVVVIVVVDVVIVVVVIVDVVDVIVDVVDVDVIVVVDVIVDVVDVDVIVVVDVIVIVVDVDVIVVVIVIVIV?DVIV?I?VN

Nemegtosaurus
01?190117?1010001010101010101010212212111112?11000100010110111??01?11170

Neuquensaurus
DRPIVPVVVIVVVIVPVIV?VVVVDPV?VV?VPVPPP?2D?P222222227222227222272?2272227?272722227?27272?7°

Opisthocoelicaudia
2900222222222 2722222222222222222222222222222227222222222222222222222°2°2°2°22°7

911111100121111111111011011111991111112991111?01101111121110111111011
10111111011111111011110?000000

Rapetosaurus

I. colberti
DPVVDVDVVVIVIVVDVIVDVVVDVIVDVVDVIVIVVVVDVDVVDVVIVVVVIVDVVDVVDVVVDVIVVVDVIVDVVDVDVIVVVDVVIVVDVDVIVVVDVIVIVV?DVIV?I?VN

Baurutitan britoi
P e L L L e R L L e L P e e L L L L L L L L L L L L L L L L I L L T T X T X T X R Yo 2]

Aeolosaurus maximus
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P22 22722?2?222?2?2??222?2?2?227?27?27?7?

Aeolosaurus rionegrinus
DRPIVPVVVIVVV?IVPVIVV?VVVVVPV?IVVIVVVIVVV?PD?PP2?2?227?272227?272222272?27222?7272?22?27?2727?27°

Aeolosaurus colhuehuapensis
2900020202222 22227222222222222222222222222272222°27222222222222222222222°2°2°2°2°27

Gondwanatitan faustoi
DPVVDVDVVVIVIVVDVIVDVVVDVIVVVVIVDVVVVIVDVVDVVIVVVVIVDVVDVVDVVDVVIVVVDVIVDVDVDVDVIVIVVDVIVIVVDVDVIVVDVIVIVIVV?DVIV?I?VN

Panamericansaurus schroederi
P R e L T L e R L L e L e L L L L L L L L L L L L L L I e L T L T X T X R Xo X Yo 2]
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