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Continental Cretaceous deposits exposed in central Patagonia, Argentina, preserve a rich and important
record of titanosaurian evolution that spans the entire Upper Cretaceous. Recently, a new lithostra-
graphic unit, the Lago Colhué Huapi Formation (Coniacian — Maastrichtian), was located in the Golfo San
Jorge Basin. Here, we describe new titanosaurian sauropod material from that formation (UNPSJB-Pv
1051). The material consists of a partially articulated left hind limb and disarticulated but associated

;f?ty words: . skeletal elements. They are confidently referred to Titanosauria, and within that clade, to Lithostrotia,
L;ga;césoalﬁﬂz probably occupying a derived position. We interpret the bone concentration as an assemblage of hy-

draulic origin deposited in a fluvial channel. This new material begins the incipient fossil record of the
Lago Colhué Huapi Formation, thereby also increasing the titanosaurian diversity of the latest Cretaceous.
Additionally, the new titanosaurian enhances evidence in support of strong faunal similarities among the
Allen and Marilia formations, chronological equivalents in the Cretaceous of South America. Further-
more, the Lago Colhué Huapi specimen adds to the Late Cretaceous record of Titanosauria and augments
our knowledge of central Patagonian terrestrial vertebrate assemblages during this interval.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction lithological and paleontological interpretations and stratigraphic

relationships, Casal et al. (2015a) recently proposed a new lithos-

The south central region of Patagonia, Argentina (Fig. 1), pre-
serves a rich and important Cretaceous vertebrate fossil record
(Martinez, 1998; Lamanna et al., 2003; Martinez et al., 2004;
Martinez and Novas, 2006; Casal et al., 2009; Ibiricu et al,
2012a,b, 2013a,b, 2015; Casal et al., 2016; Martinez et al., 2016).
Most of the knowledge on these continental Cretaceous assem-
blages derives from the Bajo Barreal Formation (lower Cen-
omanian—upper Turonian; Casal et al., 2016). The lower part of the
Upper Member of the Bajo Barreal Formation is characterized by
gray mudstones, whereas towards the top there is a clear pre-
dominance of white sandstones and red mudstones. Based on
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tratigraphic unit (those characterized for white sandstones and red
mudstones) in the Golfo San Jorge Basin (Chubut Group) in the top
portion of the Bajo Barreal Formation Upper Member, which they
named the Lago Colhué Huapi Formation (Con-
iacian—Maastrichtian; Fig. 2). In these levels, which are well
exposed in the southeastern region of Lago Colhué Huapi, the fossil
record has recently increased (Luna et al., 2003; Casal et al., 2007;
Casal et al., 2010; Ibiricu et al., 2010; Casal et al., 2015b). Never-
theless, several of the dinosaurs discovered there are controversial,
particularly concerning the lack of a clear stratigraphic provenance
and/or the loss of holotypes (see Coria and Cambiaso, 2007; Ibiricu
et al., 2010). The first of these controversies has been, in part,
clarified by the newly recognized lithostratigraphic unit (Casal
et al., 2015a, 2016). Vertebrate fossils reported from this Upper
Cretaceous unit include a crocodyliform (Lamanna et al., 2003),
theropod teeth (of dromaeosaurids, megaraptorids; Casal et al.,
2015b), fragmentary iguanodontian and non-hadrosaurid
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Fig.1. A, Map of Argentina showing the location of the Golfo San Jorge Basin. B, Structural division of the Golfo San Jorge Basin (modified from Figari et al., 2002). C, Discovery site of

UNPSJB-Pv 1051 (denoted by black asterisk).

ornithopod material (Luna et al.,, 2003; Ibiricu et al., 2010), the
controversial Secernosaurus koerneri (Brett-Surman, 1979), and
Notoceratops bonarelli (Tapia, 1919). The vertebrate fauna reported
from these beds also includes the titanosaurian sauropods Aeolo-
saurus colhuehuapensis (Casal et al., 2007) and MDT-Pv 4 (a large
and partially articulated specimen; Casal et al., 2010). Additionally,
the titanosaurian fauna in the Lago Colhué Huapi Formation
currently includes the titanosaurs Argyrosaurus superbus and Elal-
titan lilloi (Mannion and Otero, 2012; but also see Casal et al., 2015a,
2016). The stratigraphic precedence of Elaltitan is in the lower part
of the Lago Colhué Huapi Formation (Coniacian), whereas Argyr-
osaurus and Aeolosaurus come from the upper part of the new
formation (i.e., Campanian—Maastricthian).

Here, we report new fossil materials from deposits of the Upper
Cretaceous (Campanian—Masstrichtian) Lago Colhué Huapi For-
mation exposed in the southeastern region of Lago Colhué Huapi
and the Chico River headwaters. This set of fossils includes a
partially articulated hind limb and associated materials pertaining
to a subadult titanosaur sauropod. The addition of this sauropod
material to the fauna of the Lago Colhué Huapi Formation is sig-
nificant because it adds to the fossil record of this new unit and
therefore augments our understanding of the evolution and di-
versity of Titanosauria. In addition, we performed a detailed
taphonomic and histological study, which provide opportunities to

infer the implications of these aspects for of the new titanosaur.
Finally, this study provides new evidence on faunal correlations and
associations with chronologically equivalent units in northern
Patagonia and Brazil. The fossil record of these strata suggests that
derived titanosaurs achieved a high diversity and displayed a wide
distribution during the latest Cretaceous, at least in some areas of
Patagonia and southern Brazil.

Institutional abbreviations. MACN-Pv RN, Museo Argentino de
Ciencias Naturales “Bernardino Rivadavia”, colecciéon de paleon-
tologia de vertebrados, Rio Negro, Buenos Aires, Argentina. MDT-
Pv, Museo “Desiderio Torres”, Paleontologia de Vertebrados, Chu-
but, Argentina. MPCA-Pv, Museo Provincial de Cipolletti “Carlos
Ameghino”, coleccién de paleontologia de vertebrados, Rio Negro,
Argentina. UNPSJB-Pv, Universidad de la Patagonia “San Juan
Bosco”, coleccién de Paleovertebrados, Chubut, Argentina.

2. Materials and methods

An articulated left hind limb (femur [UNPS]B-Pv 1051/1], tibia
[UNPSJB-Pv 1051/2], and fibula [UNPS]B-Pv 1051/3]) were recov-
ered. The specimen additionally includes a fragment of the left
radius (UNPSJB-Pv 1051/12), a fragment of the right coracoid
(UNPS]JB-PV 1051/11), left and right metacarpals I (UNPS]B-Pv 1051/
7 and UNPS]B-Pv 1051/8), right metacarpal Il (UNPS]B-Pv 1051/9),
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Fig. 2. A, Stratigraphic column of the Lago Colhué Huapi Formation at the headwaters of the Chico River. B, Stratigraphic nomenclature for the Cretaceous beds (Chubut Group) in
the study area (from Casal et al., 2015a). C, Transverse section of entombing sand bar deposits (S) and floodplain-derived mudstones (M) beside them. D, Longitudinal section of the
central sand bar (axis denoted by the yellow dotted line), including the titanosaurian fossils described herein.

left metacarpal V (UNPSJB-Pv 1051/10), a putative shaft fragment,
probable metatarsal Il (UNPSJB-Pv 1051/4), a probable proximal
end of a metatarsal (UNPS]B-Pv 1051/5), the left astragalus (UNPS]B-
PV 1051/13), and a pedal phalanx (UNPSJB-Pv 1051/6). All these
materials were found associated in the same stratigraphic horizon.

Stratigraphic sections were measured using a Jacob's staff. The
orientation of paleocurrent indicators and bones were determined
with a Brunton compass. Rock thin sections were prepared for
petrographic characterization via standard techniques. The paleo-
environment of the site was analyzed based on facies and fluvial
architecture according to Miall (1996). Taphonomic characteristics
currently analyzed include weathering, following the categories of
Behrensmeyer (1978), and bone integrity, following Alcald (1994).
Tomassini et al. (2010) considered three types of breaking: longi-
tudinal (angle between 0° and 29°); oblique (angle between 30°
and 59°); and transversal (angle between 60° and 90°); these
criteria were followed here. Degree of abrasion was determined
following Alcala (1994), and determination of bone orientations
and degree of articulation were assessed following the methods of
Behrensmeyer (1991). Plastic deformation and bone perminerali-
zation were evaluated following Fernandez-Lopez (2000). In

further assess bone permineralization, we performed chemical
analyses including the grinding of a fragment of the fossil material,
acidification (HCl 1:1), and KSNC 0.1 (Skoog et al., 2005). Thin
sections of ~30 um were prepared and the samples were described
using a petrographic microscope (at 2.5x and 10x). Mineral
composition of the fossils was carried out using X-ray diffraction
(XRD) following Moore and Reynolds (1989). Preparation of the
chemical and diffraction samples was carried out in the Departa-
mento de Geologia (Universidad Nacional de la Patagonia San Juan
Bosco; Comodoro Rivadavia, Provincia de Chubut, Argentina).

In order to assess the ontogenetic stage of the studied specimen,
histological thin sections were made from the tibia and the femur
of UNPS]JB-Pv 1051. Samples for sectioning were obtained from the
mid-shaft of each element. Preparation of the histological sections
was carried out in the Departamento de Geologia of the Uni-
versidad Nacional de San Luis (Argentina). Sections were prepared
using the method outlined by Chinsamy and Raath (1992) and
studied using a petrographic polarizing microscope (Nikon E200
pol). Histological nomenclature and definitions of structures used
in this study are derived from Francillont-Viellot et al. (1990) and
Chinsamy Turan (2005).
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2.1. Locality and horizon

Southeastern region of Lago Colhué Huapi (45°35'52"S,
68°37/20”W), approximately 80 km east of the town of Sarmiento,
southern Chubut Province, central Patagonia, Argentina (Fig. 1).
Lago Colhué Huapi Formation (Coniacian—Maastrichtian; Casal
et al.,, 2015a).

2.2. Geologic and paleoenvironmental context

The south-central region of central Patagonia exposes well
represented outcrops of continental Cretaceous sequences, forming
part of the infill of the Golfo San Jorge Basin. The recently recog-
nized Lago Colhué Huapi Formation overlies the Bajo Barreal For-
mation (Upper Cretaceous), whereas in the Colhué Huapi Lake and
Chico River regions it shows a gradational or erosive contact with
the overlying Salamanca Formation (Maastrichtian—Danian/lower
Danian; see Casal et al., 2015a and Casal et al., 2016, fig. 2).

In its type locality, the depositional setting of the Lago Colhué
Huapi Formation is interpreted as a fluvial system, showing an
increase in channel sinuosity up section. Well-drained floodplains
characterized by reddish mudstones are also observed. Based on
the presence of mud cracks and sepiolite clays, the levels where
fossils are commonly found are interpreted to have been depos-
ited in a semiarid climate (Zaaboub et al., 2005; Casal et al.,
2015a). Nevertheless, palynological information from the top of
the unit indicates paleoclimatic conditions were relatively warm
and humid (Vallati et al., 2015, 2016a). The age of the Lago Colhué
Huapi Formation ranges from Coniacian to Maastricthian; how-
ever, at the top of the unit the age of the levels where UNPS]B-Pv
1051 were recovered is Campanian—Maastrichtian (Casal et al.,
2015a). This age is supported by its stratigraphic relationships
(Casal et al., 2015a), the presence of hadrosaurids (a group of di-
nosaurs only known from that interval of time; Casal et al., 2016),
and by the presence of diagnostic palynomorphs (Vallati et al,,
2016a,b).

The fossils described herein (UNPSJB-Pv 1051) were recovered
from medium sandstones that grade upward to fine sandstones at
the top of the section (Fig. 2). These sandstones are massive at the
base and near the top and exhibit parallel lamination. They also
show lenticular geometry, with concave-up bases and planar tops
(Fig. 2C). The deposits in which the titanosaurian fossils were found
are interpreted as a central bar developed within the main fluvial
channel, which originated from a tractive and unidirectional flow.
We base this interpretation on its position among coeval channels
(Bridge, 2003). A paleocurrent towards the southeast (N141°) was
determined based on the transversal geometry of the central bar.
This value is in accordance with those obtained from other sedi-
mentary bodies (sand bars) in the same outcrop. However, else-
where in the Lago Colhué Huapi Formation outcrops these values
are difficult to discern due to the abundance of cut and fill struc-
tures which preclude the identification of laterally contiguous de-
posits (Casal et al., 2015a). Nevertheless, the sedimentary deposit
containing the fossils preserves a clear geometry of a bar showing a
height of 1.10 m, a transverse width of 4.50 m, and a depth for the
active channel of 3.30 m. Mudstone deposits, laterally positioned
relative to the central bar, are a product of fluctuations in the paleo-
discharge. The mudstones settled due to cessation of suspension
transport during decreases of discharge or during the temporary
abandonment of the channel (Miall, 1996; Lynds and Hajek, 2006).
This possibly suggests seasonal variations in the paleo-discharge
(Schumm, 2005) that may have characterized the semiarid mid-
dle section of the Lago Colhué Huapi Formation (Allard and Casal,
2013; Casal et al., 2015a).

3. Taphonomic context
3.1. Biostratinomy

Waning flow energy resulted in deposition of the fossils at the
end of a sand bar (Figs. 2C—D, 3). The fossils show evidence of
incipient weathering caused by subaerial exposure, in the form of a
few longitudinal striations parallel to the main axis of the bones,
and, on occasion, superficial exfoliations. These taphonomic fea-
tures allow us to assign the fossils to weathering stage 1 of
Behrensmeyer (1978).

The left femur (UNPS]B-PV 1051/1) and tibia (UNPS]B-PV 1051/
2) are complete, whereas the distal end of the left fibula (UNPS]B-
PV 1051/3) has not been preserved. This may be due to loss during
transport, which could have resulted in the degradation and loss of
thinner portions of bones. On the other hand, the smaller fossils
with comparatively constant shaft width (i.e.,, metacarpals) are
complete. The subparallel orientation of the 12 bones recovered is
likely a product of hydraulic transport toward the southeast.
Transport of such large bones would have most likely occurred as
part of the bed load, via rolling and dragging. Such transport
affected the distal ends and protruding structures of the bones,
particularly by abrasion. The extent of abrasion of the bones can be
assigned to Level 2 of the scale developed by Alcala (1994). The left
hind limb was articulated at the time of burial, suggesting the
presence of connective soft tissue (Behrensmeyer, 1991). The rest of
the bones were disarticulated and associated.

3.2. Fossil diagenesis

Sinuosity of the left femur (Fig. 3B) was caused by pressure
exerted by the overlying sediment. Lithostatic compression also

Fig. 3. A, Excavation site showing the end of the central sand bar and the left femur
(UNPSJB-Pv 1051/1) in anteromedial view. The white line indicates the inclination
angle of the femur (43°). B, Femur UNPS]B-Pv 1051/1 in posterolateral view, showing
plastic deformation induced by lithostatic pressure.
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resulted in anteroposterior compression of the distal end of the left
tibia. In support of this conclusion, thin sections exhibited crushing
or deformation of osteons (see below). All of the bones recovered
exhibit a reddish-brown color, suggesting permineralization with
iron-oxide minerals (diagenetic Category 4 of Tomassini et al.,
2014). In agreement with this inference, x-ray diffraction of thin
sections indicated the presence of hematite infilling bone fractures
and Haversian canals. The fossils primarily exhibit transverse and
diagonal fractures.

4. Bone histology

The left tibia and femur exhibit strong diagenetic alteration,
which is more pronounced in the tibia fragment, in which it is
almost impossible to recognize the original bone tissue. The femur
exhibits a thick cortex of compact bone surrounding the medullary
cavity of cancellous bone. The medullary region is badly crushed
(possibly due to lithostatic compression) and the original cancel-
lous structure, made up of bony trabeculae, is destroyed and
compressed together (Fig. 4A). Large resorption cavities are
distributed throughout the medullary cavity. These spaces
commonly coalesce and form larger cavities of irregular shape
(Fig. 4B). The cortical bone is composed almost entirely of dense
Haversian tissue (Fig. 4C). Secondary osteons representing multiple
generations are abundant and reach the outermost preserved
portion of the cortex. Remnants of strongly altered, primary bone
tissue also appear to be preserved in a few areas. The outer cortex is
either eroded or strongly altered, precluding certain identification
of subperiosteal bone tissue.

5. Systematic paleontology

Saurischia Seeley, 1887

Sauropoda Marsh, 1878
Neosauropoda Bonaparte, 1986
Titanosauriformes Salgado et al., 1997

Titanosauria Bonaparte and Coria, 1993
Lithostrotia Upchurch et al., 2004

6. Comparative description

To ascertain the evolutionary affinities of UNPS]JB-Pv 1051
within Titanosauria, we compared the fossils to corresponding
skeletal elements of the following taxa: Aeolosaurus rionegrinus
(Salgado and Coria, 1993), Aeolosaurus sp. (Garcia and Salgado,
2013), Alamosaurus sanjuanensis (Lehman and Coulson, 2002),
Andesaurus delgadoi (Calvo and Bonaparte, 1991; Mannion and
Calvo, 2011), Antarctosaurus wichmannianus (Huene, 1929), Argyr-
osaurus superbus (Lydekker, 1893; Mannion and Otero, 2012),
Bonatitan reigi (Martinelli and Forasiepi, 2004; Salgado et al., 2014),
Dreadnoughtus schrani (Lacovara et al.,, 2014), Diamantinasaurus
matildae (Hocknull et al., 2009; Poropat et al., 2015b), Elaltitan lilloi
(Mannion and Otero, 2012), Epachthosaurus sciuttoi (Martinez et al.,
2004), Laplatasaurus araukanicus (Huene, 1929; Gallina and Otero,
2015), Lirainosaurus astibiae (Sanz et al., 1999; Diez Diaz et al,,
2013), Mendozasaurus neguyelap (Gonzdlez Riga, 2003), Neu-
quensaurus australis (Lydekker, 1893; Salgado et al., 2005; Otero,
2010), Opisthocoelicaudia skarzynskii (Borsuk-Biatynicka, 1977),
Petrobrasaurus puestohernandezi (Filippi et al., 2011), Quetecsaurus
rusconii (Gonzalez Riga et al., 2014), Rapetosaurus krausei (Curry
Rogers, 2009), Rinconsaurus caudamirus (Calvo and Gonzdlez Riga,
2003), Rocasaurus muniozi (Salgado and Azpilicueta, 2000), Sal-
tasaurus loricatus (Bonaparte and Powell, 1980; Powell, 1992), and
Uberabatitan ribeiroi (Salgado and Carvalho, 2008).

Coracoid (Fig. 5). The right coracoid (UNPSJB-Pv 1051/11) displays a
subquadrangular outline as in Diamantinasaurus, Quetecsaurus,
Lirainosaurus, Uberabatitan, Rinconsaurus, and saltasaurines. In
contrast, other titanosaurs, such as Dreadnoughtus, Opisthocoeli-
caudia, and Rapetosaurus, exhibit more rounded coracoids. The
lateral surface of the right coracoid is irregularly convex, whereas
the medial face is concave. This condition is shared with several

Fig. 4. Histology of the femur of UNPS]B-PV 1051. A, Trabecular bone crushed and compacted in the medullary cavity. B, General view of the perimedullary region showing dense
Haversian bone and resorption cavities. C, Detail of the resorption cavities. D, Cortical bone composed almost entirely of dense Haversian tissue. E and F, Details of the Haversian
bone showing several generations of secondary osteons. Images in A, C, D, and E were taken under plane-polarized light, whereas images in B and F were taken under cross-
polarized light with a lambda compensator. Scale Bars: 1 mm (in A), 2 mm (in B and D), 1.2 mm (in C), and 0.8 mm (in E and F).
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titanosaurs (e.g., Quetecsaurus, Lirainosaurus, Rapetosaurus). On the
lateral surface there is a relatively well-marked ridge that extends
anteroposteriorly, ventral to the coracoid foramen. The ridge may
represent an attachment site for the M. biceps branchii. This ridge is
similar in its position to that described in Rapetosaurus, and it is
more developed than that seen in Quetecsaurus. The coracoid fo-
ramen is open. The right coracoid shows a relatively well developed
infraglenoid lip, but it is less developed than those seen in, for
example, Dreadnoughtus, Quetecsaurus, and macronarians in gen-
eral (Lacovara et al., 2014). The infraglenoid lip forms an angle of
90° with the anterior margin, as in Quetecsaurus. The coracoid is
thicker in its posteroventral portion, whereas in the anterior
portion it is thinner. The glenoid surface is slightly longer ante-
roposteriorly than mediolaterally. This condition differs from that
seen in several titanosaurs (e.g., Quetecsaurus, Rapetosaurus and
Opisthocoelicaudia) in which this surface is mediolaterally com-
pressed. In contrast, the condition observed in UNPS]B-PV 1051/11
is instead similar to that present in Uberabatitan (see Salgado and
Carvalho, 2008, fig. 17b).

Left radius (Fig. 6). This fragment is identified as a left radius
(UNPSJB-PV 1051/12). The proximal end and a portion of the shaft
are missing. The preserved diaphysis length is 37.5 cm and the
distal end width (transverse expansion) is 16 cm, whereas the
minimum shaft width is 8 cm. The anterior surface is mediolaterally
convex, whereas the posterior surface is flat. The lateral margin is
concave. The medial margin is comparatively flat and straight. In
posterior view, there is a relatively well-marked ridge on the lateral
margin (possibly the interosseous ridge sensu Curry Rogers, 2009).
This ridge (denoting the margin of articulation between the radius
and ulna) could have been the site of insertion of the M. pronator
teres (Borsuk-Biatynicka, 1977). The distal end is mediolaterally
expanded compared to the radial shaft. This transverse expansion is
variable among titanosaurians (Poropat et al., 2015b). For example,
the expansion in Epachthosaurus is greater than that seen in Dia-
mantinasaurus, whereas in Aeolosaurus, Argyrosaurus, Elaltitan, and
Rapetosaurus this transverse expansion is less marked. In UNPS]B-
PV 1051/12, the distal transverse expansion is double the shaft
width. In this regard, it resembles Uberabatitan and Opisthocoeli-
caudia, although in the latter the relative expansion is greater. The
distal end is mediolaterally convex and rugose. The distal articular
surface has an ovoid outline (probably slightly taphonomically
enhanced). The shape of the distal articular surface of UNPS]B-PV
1051/12 contrasts with the oval (e.g., Diamantinasaurus, Elaltitan,
Neuquensaurus, Saltasaurus), nearly square (e.g., Dreadnoughtus), or
sub-triangular (e.g., Argyrosaurus, Quetecsaurus) distal radii of other
titanosaurs (see Upchurch et al., 2015). The strongly mediolaterally

Fig. 5. A, Right coracoid (UNPSJB-Pv 1051/11) in medial view. B, Right coracoid
(UNPSJB-Pv 1051/11) in glenoid (articular) view. Abbreviations: cf, coracoid foramen;
gl, glenoid; scs, scapulacoracoid suture. Scale bar: 10 cm.

AR R LR

Fig. 6. A, Left radius (UNPS]B-Pv 1051/12) in anterior view. B, Left radius (UNPS]B-Pv
1051/12) in posterior view. Abbreviation: ir, interosseous ridge. Scale bar: 10 cm.

expanded and anteroposteriorly compressed distal articular surface
is similar to that described in Rapetosaurus (although in UNPS]B-PV
1051/12 it is more expanded).

Metacarpals (Fig. 7). Four metacarpals were recovered. Though
isolated, they were associated with the partially articulated hind
limb (see below). UNPSJB-PV 1051/7 and 8 are identified as left and
right metacarpal I (Mc I). These are the best preserved of the
manual bones. The other two recovered metacarpals (UNPS]B-PV
1051/9 and 10), probably represent right metacarpal Il (Mc III) and
left metacarpal V (Mc V), respectively (Fig. 8). Metacarpal I (left and
right) is subtriangular in dorsal view (i.e., dorsoventrally com-
pressed and mediolaterally elongated), as in Andesaurus, Argyr-
osaurus, Bonatitan, Epachthosaurus, Quetecsaurus, and Rapetosaurus.
Conversely, in some titanosaurs (e.g., Alamosaurus, Dia-
mantinasaurus, and Opisthocoelicaudia) the proximal end is more
ovate or “D-shaped” in outline (Apesteguia, 2005, fig. 15.5;
Mannion and Calvo, 2011; Poropat et al., 2015b; but also see
Poropat et al., 2015a). In the proximal third, the dorsal surface is
slightly concave to receive Mc II. The dorsal surface then becomes
mediolaterally convex distally, being at the midshaft mediolaterally
convex (this feature is particularly pronounced in UNPS]B-PV 1051/
8). The Mc I shaft is straight, as in Bonatitan, Diamantinasaurus,
Epachthosaurus, Quetecsaurus, and Rapetosaurus. This straight
morphology differs from the laterally-bowed metacarpal shafts of
other titanosaurs, such as Andesaurus, Antarctosaurus, and Argyr-
osaurus (Apesteguia, 2005). The distal end exhibits a “D-shaped”
outline as in several titanosaurs (e.g., Andesaurus, Argyrosaurus,
Diamantinasaurus). In the distal portion of Mc I, the lateral condyle
is taller than the medial one (i.e., the lateral condyle projects more
distally than the medial condyle). This distal beveling is similar to
that described in Diamantinasaurus (Poropat et al., 2015b, fig. 13g).
There are no well-marked ridges on the shaft of metacarpal L
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Fig. 7. Right metacarpal I (UNPSJB-PV 1051/8) in lateral (A), ventral (B), proximal (C), and distal (D) views. Left metacarpal I (UNPSJB-PV 1051/7) in lateral (E), ventral (F), proximal
(G), and distal (H) views. The white dots indicate the surface area for articulation of metacarpal II, and white arrows denote distal beveling of metacarpal I. Scale bar: 5 cm.

The proximal end of Mc III is taphonomically affected; however,
the preserved portion appears to be subtriangular in outline, with a
relatively expanded apex. In dorsal view, a feint ridge is present. This
ridge extends along almost the entire length of the preserved
metacarpal shaft. On the ventral surface, there is a gently marked
concavity. The distal end is incomplete; it is mediolaterally wide and
dorsoventrally narrows toward the lateral and medial margins. In
posteromedial view, there is a well pronounced “V shaped” surface
for articulation with Mc IL. The distal articulation displays a sub-
circular outline. Mc III of UNPS]B-Pv 1051/9, in overall morphology,
resembles those described in Argyrosaurus, Diamantinasaurus,
Epachthosaurus, and Rapetosaurus. The “V-shaped” articular facet for
Mc III is similar to that observed in Rapetosaurus, although UNPS]B-
PV 1051/9 is more robust. The dorsal ridge and ventral concavity are
features shared with Argyrosaurus, but in UNPSJB-PV 1051/9 they are
less pronounced. In contrast, the well-marked, dorsoventrally-ori-
ented ridge described in Argyrosaurus is absent in UNPS]B-PV 1051/
9. Also, this Mc III clearly differs from those seen in derived titano-
saurs such as saltasaurines in terms of general robustness.

Although its preservation is poor, a probable left Mc V was also
recovered. The dorsal surface is flat, whereas the ventral face is
slightly mediolaterally convex. These features are also described in
Argyrosaurus, Bonatitan, and Rapetosaurus. The preserved portion of
the distal end twists with respect to the proximal end, as in
Andesaurus and Bonatitan.

Femur (Fig. 9). The relatively robust and medium-sized (robustness
index: 0.17) left femur (UNPSJB-PV 1051/1) is complete but

taphonomically affected (see below). The shaft is straight and
strongly anteroposteriorly compressed (eccentricity index: 0.26),
exhibiting medial and lateral margins that are nearly parallel. The
proximodistal length of the femur is 121 cm whereas its proximal
and distal widths are 34.5 cm and 34.0 cm, respectively. The pos-
terior surface of the femoral diaphysis is slightly more concave than
its anterior surface, and its minimum shaft width (mediolaterally)
is 21 cm. The femoral head is convex and its dorsal end is above the
level of the greater trochanter. The proximal third of the femur is
deflected medially (i.e., the femoral head is positioned dorsomedial
to the greater trochanter). Distal to the greater trochanter, on the
lateral margin of the shaft, there is a relatively well-developed
lateral bulge. The length from the apex of the lateral bulge to the
greater trochanter is 22 cm. The lateral bulge is rugose, possibly
reflecting attachment of soft tissues (see below). The posteromedial
surface of the femoral shaft exhibits a low and rugose fourth
trochanter, situated slightly dorsal to the midshaft. Distally, the
femur exhibits two articular condyles (tibial = medial;
fibular = lateral). These condyles are slightly expanded and dor-
somedially inclined (i.e., beveled). The fibular condyle is slightly
more developed (robust) than the tibial condyle. The posterior
intercondylar groove is shallow and ascends for approximately 13%
of the total length of the femur.

UNPSJB-PV  1051/1 does not present the robust femoral
morphology of derived titanosaurs (e.g., Neuquensaurus, Sal-
tasaurus). Thus, the absence of the intermuscularis cranialis line,
and weak development of the lateral bulge, distal condyles, and
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Fig. 8. Right metacarpal IlI (UNPSJB-Pv 1051/9) in dorsal (A), ventral (B), proximal (C),
and distal (D) views. Left metacarpal V (UNPS]JB-Pv 1051/10) in medial (E), ventral (F),
proximal (G), and distal (H) views. Scale bar: 5 cm.

intercondylar groove distinguish UNPS]B-PV 1051/1 from Bonatitan,
Lirainosaurus, Neuquensaurus, and Saltasaurus. Although the
femoral head in UNPS]B-PV 1051/1 is convex, that seen in derived
titanosaurs is more prominent and robust (i.e., globose femoral
head). A sigmoidal ridge (trochanteric shelf described throughout
archosaurian evolution; see Otero [2010] and Mannion et al.,
[2013]) is present in derived titanosaurs (e.g., Neuquensaurus),
Bonatitan (MACN-PV RN 821), and Lirainosaurus; this structure is
absent in UNPSJB-PV 1051/1. The strongly anteroposteriorly com-
pressed diaphysis (enhanced by diagenetic deformation) is a
feature that UNPSJB-PV 1051/1 shares with several titanosaurs,
such as the basal titanosaurs Andesaurus (Mannion and Calvo,
2011), Diamantinasaurus, Lirainosaurus (Company, 2009; Diez Diaz
et al,, 2013), Aeolosaurus sp. (Garcia and Salgado, 2013), Petro-
brasaurus, Rapetosaurus, and MPCA-Pv 33/2 (Garcia and Salgado,
2013). Dorsomedial deflection of the femoral head is shared with
several titanosaurs (e.g., Diamantinasaurus, Epachthosaurus, Lir-
ainosaurus; also see Wilson and Carrano, 1999), but the deflection is
less marked than in saltasaurines. Conversely, in Aeolosaurus sp.
and Bonatitan (MACN-PV RN 821; Salgado et al., 2014) the greater
trochanter is almost at the same level as the femoral head. The
fourth trochanter is reduced compared to Elaltitan, Lirainosaurus,
and Uberabatitan.

Tibia (Fig. 10). The left tibia (UNPSJB-PV 1051/2) is affected by
diagenetic deformation (see below); however, several features can
be observed. The tibia is elongated with expanded ends, particu-
larly the proximal end (RI: 0.20). The tibia exhibits straight anterior
and posterior shaft margins in proximal view. The proximal

anteroposterior length is 27 cm and the distal anteroposterior
length is 20 cm; the minimum mediolateral shaft width is 15 cm.
The shaft is longer anteroposteriorly than it is wide mediolaterally,
a feature which might have been enhanced by diagenetic
compression. The total length of the left tibia is 74 cm, which is
greater than 60% of the femur length. In proximal view, the tibia
exhibits a sub-ovoid outline, as in most sauropods, and its proximal
end is relatively expanded mediolaterally. The cnemial crest is well
developed and projects laterally. The recess to receive the anterior
part of the proximal end of the fibula is narrow. This recess occupies
about 30% of the total length of the tibia. Salgado and Carvalho
(2008) described a tibial protuberance placed posterolaterally to
the cnemial crest in Uberabatitan; a similar feature was also
described in Laplatasaurus, Dreadnoughtus, and Opisthocoelicaudia.
This tibial protuberance appears to be present in UNPSJB-PV 1051/
2, but it is less developed than in Uberabatitan.

The anteroposteriorly expanded tibial proximal end and straight
shaft borders are shared with several titanosaurs, such as Epach-
thosaurus, Mendozasaurus, Laplatasaurus, Rapetosaurus, and Uber-
abatitan. Derived titanosaurs (e.g., Neuquensaurus) exhibit short
and robust tibiae (RI: >0.30; Gallina and Otero, 2015). In contrast,
UNPSJB-Pv 1051/2 is slender. Additionally, saltasaurines have more
pronounced cnemial crests than that observed in UNPSJB-PV 1051/
2. The narrow recess for the proximal fibula is similar in overall
morphology to that described in Uberabatitan. The shaft is broader
anteroposteriorly than mediolaterally, as in most sauropods. The
lateral projection of the cnemial crest is a condition present in
Eusauropoda (Wilson and Sereno, 1998; Filippi et al., 2011).

Fibula (Fig. 10). The left fibula (UNPSJB-PV 1051/3) is almost com-
plete, missing only a portion of the distal end. The fibula is slender
(RI: 0.17), as in Bonatitan, Epachthosaurus, Laplatasaurus, Lir-
ainosaurus, and Mendozasaurus. The fibular shaft is slightly sigmoid,
as in Rapetosaurus, however it is less sigmoid than the fibulae of
Neuquensaurus and Saltasaurus. The proximal epiphysis is gently
expanded, as in Bonatitan and Laplatasaurus. Proximally, the artic-
ular surface displays a suboval outline and is slightly concave. The
fibular diaphysis expands in its distal third, to become narrow
distally. Although it is difficult to determine due to diagenetic
deformation, the lateral tuberosity appears to be relatively well-
marked, as in Bonatitan, Epachthosaurus, and Rapetosaurus. This
condition is unlike the feint, ridged lateral tuberosities of Lap-
latasaurus (“a double lateral tuberosity”) and Uberabatitan. At the
proximal end of the fibula, there is a relatively thin, mediolaterally
projected, knob-like structure which is similar in appearance to
that seen in Uberabatitan (Salgado and Carvalho, 2008, fig. 19i-j). In
medial view, UNPSJB-PV 1051/3 bears a relatively well-marked
concavity at its proximal end, probably enhanced by taphonomic
crushing. This concavity is ventrally limited by a ridge. Poropat et al.
(2015b) described a triangular scar in the same position in Dia-
mantinasaurus. The fibula also exhibits an anterior proximal
depression, similar to that described in Laplatasaurus, Mendoza-
saurus, and Uberabatitan (Gallina and Otero, 2015).

Astragalus (Fig. 11). The left astragalus (UNPSJB-PV 1051/13) was
isolated but associated with the articulated tibia and fibula.
UNPSJB-PV 1051/13 also includes a fragment which could possibly
represent at least a portion of the missing distal end of the fibula;
however, plastic deformation makes this difficult to confirm. The
left astragalus has a sub-pyramidal shape, as in most other tita-
nosaurs (e.g., Neuquensaurus, Opisthocoelicaudia, Uberabatitan). The
surface of the astragalus is rugose, as in all titanosaurs. The
ascending process is low and rounded, as in Bonatitan and Uber-
abatitan. Although the distal ends of the fibula and tibia are either
incompletely preserved or taphonomically affected, the astragalus
appears to occupy about 70% of the distal expansion, which is
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Fig. 9. Left femur (UNPSJB-PV 1051/1) in anterior (A), medial (B), and posterior (C) views. Abbreviations: cty, concavity; fh, femoral head; fic, fibular condyle; ft, fourth trochanter;
gro, groove; gt, greater trochanter; Ib, lateral bulge; tic, tibial condyle. Scale bar: 10 cm.

Fig. 10. Left tibia (UNPSJB-Pv 1051/2) and fibula (UNPSJB-Pv 1051/3) in medial (tibia) and posterior (fibula) (A), and lateral (tibia) and medial (fibula) (B) views. Abbreviations: fk,
fibular knob; It, lateral tuberosity; pts, proximal triangular scar; rd, ridge. Scale bar: 10 cm. Note: the articulated tibia and fibula have been twisted during diagenesis (see main text).
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greater than in Neuquensaurus and Opisthocoelicaudia (Salgado and
Carvalho, 2008). The tibial articular surface is broader than the
fibular articular surface. Both of these articular surfaces are
concave, but the former is more concave than the latter. Between
the tibial and fibular articulations, there is a relatively planar sur-
face, alike that described in Uberabatitan (Salgado and Carvalho,
2008, pg. 898, fig. 20).

Metatarsals and pedal phalanges (Fig. 12). A putative shaft fragment,
probably pertaining to a metatarsal Il (UNPS]B-PV 1051/4), was
recovered isolated but associated with the left hind limb. The
preserved fragment is relatively gracile, only 8.5 cm wide at the
middle of the shaft. A proximal end of a metatarsal was also
recovered (UNPSJB-PV 1051/5). This proximal end exhibits a
mediolateral length of 10.5 cm. It is possible that this fragment
could represent the proximal end of UNPSJB-PV 1051/4. A pedal
phalanx was also recovered (UNPSJB-PV 1051/6). This pedal
element is robust and displays a suboval proximal articulation.

7. Discussion
7.1. Taphonomic implications

It is expected that rapid burial and minimal transport may favor
the preservation of articulated skeletons. Therefore, when the ani-
mal dies and decays near an active channel, it increases the possi-
bility of bone disarticulation, abrasion, and fragmentation. Based on
the type of fabric and the extent of abrasion of the bones, they were
transported as part of the bed-load for at least a short distance and
time. Waning of fluid flow capacity eventually lead to deposition of
the bones at the downstream end of a longitudinal sand bar with
the bones acquiring plunges reflecting the inclination of the leeward
slope of the bar. Turbulent-flows increase the frequency of rolling
abrasion, impact-induced breakage, and spatial dispersion of bones
upon deposition. As each of these features are minimal for UNPS]B-
PV 1051, it appears likely that they were deposited in a single event
(and were not reworked) by a unidirectional hydraulic flow. In this
context, we suggest that disarticulation of the skeleton occurred
during transport, with the exception of the heaviest and densest
bones of the hind limb (femur, tibia, and fibula). Depending on their
characteristics, some bones are more easily transported by hydraulic
flow than others (Voorhies, 1969; Behrensmeyer, 1975). Voorhies
(1969) proposed three transportation groups based on bone size,

Fig. 11. Left astragalus (UNPS]B-PV 1051/13) in dorsal (A) and anterior (B) views. Ab-
breviations: asp, ascending process; fs, fibular surface; ts, tibial surface. Scale bar:
10 cm.

Fig. 12. Probable fragment of a metatarsal Il (UNPSJB-PV 1051/4) in medial (A) and
lateral (B) views. Proximal end of a metatarsal (UNPS]B-PV 1051/5) (C) and a probable
pedal phalanx (D). Scale bar: 5 cm.

shape, and density; these groups are frequently utilized to detect
potential winnowing and sorting in fossil assemblages (e.g.,
Shipman et al., 1981). Following Voorhies' (1969) classification, the
bones of UNPSJB-PV 1051 are mostly from Group 2 (e.g., femur, tibia,
fibula, radius, metacarpals). Aslan and Behrensmeyer (1996) sug-
gested that fluvial winnowing initially removes vertebrae, since
they are more easily transported by weak flows due to their iso-
metric shape, high surface area, and low densities. Therefore, their
absence in our quarry may be attributable to fluvial winnowing.

The plastic deformation of the femur and tibia was caused by a
vertical load of lithostatic origin, prior to mineral replacement.
Fresh bone is still ductile and exhibits a degree of plasticity, spe-
cifically when an external force acts upon it (Polonio and Lopez-
Martinez, 2000). The transverse fractures in the bones may have
formed after they were diagenetically altered (Myers et al., 1980).
Alternatively, the fractures in the bones might have been modified
by modern soil freezing during recent winters (e.g., Gangloff and
Fiorillo, 2010).

To summarize, concentration of the bones at this site is due to
fluvial action. The bones were subjected to minimal subaerial
exposure and were relatively rapidly buried in the channel. The
partial disarticulation, dispersion, and orientation of the bones are
products of deposition during unidirectional fluvial transport.
Finally, waning fluid flow resulted in the final deposition and burial
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of the bones at the downstream end of a longitudinal sand bar, with
their plunges mirroring the inclination of the sedimentary facies
(Fig. 3A—B). After burial and prior to permineralization, the bones
were plastically deformed by lithostatic compression.

7.2. Ontogenetic stage of UNPSJB-PV 1051

Ontogenetic stage of fossil vertebrates can be assessed on the
basis of both macroscopic and microscopic features. Gross
anatomical features usually employed for ontogenetic stage deter-
mination in sauropods include the degree of fusion of vertebral
neurocentral sutures and between the scapula and coracoid, and
the degree to which the coracoid foramen has closed (e.g., Ikejiri
et al., 2005). Specifically, fusion between the scapula and coracoid
and closure of the coracoid foramen are thought to correspond with
somatic maturity in sauropod dinosaurs. The open condition of the
coracoid foramen and apparent lack of fusion between scapula and
coracoid in UNPSJB-Pv 1051 suggest somatic immaturity of this
individual.

Regarding bone histology, the poor preservation of the bone
samples makes it difficult to assess the ontogenetic stage of
UNPS]B-Pv 1051 using this technique alone. The prevalence of
dense Haversian bone tissue in the cortex has previously been
employed to infer a very advanced (senescent) ontogenetic stage in
neosauropods (e.g., Klein and Sander, 2008). Nevertheless, several
histological studies focusing on titanosaurs (e.g., Klein et al., 2009,
2012; Stein et al., 2010; Company, 2011) have showed that these
taxa displayed a high degree of secondary remodeling during
ontogeny, which resulted in the formation of dense Haversian bone
in non-fully grown individuals. To date, the presence of an Outer
Circumferential Layer (OCL, or External Fundamental System, EFS)
is the only histological feature that facilitates the unambiguous
inference of somatic maturity in fossil vertebrates (Chinsamy
Turan, 2005). The absence of well-preserved subperiosteal bone
in our sample precludes us from determining whether or not the
OCL had formed in the cortex and, therefore, if somatic maturity
was achieved in this individual. As a result, based on morphological
features (absence of fusion between scapula and coracoid, open
coracoid foramen), general body size, and microscopic evidence
(predominance of dense Haversian bone tissue), we infer at least
subadult ontogenetic stage for UNPSJB-PV 1051.

7.3. Systematic assessment

The fossils described herein display derived characters that
support their inclusion in Titanosauriformes (Salgado et al., 1997).
For example, the femoral head of the left femur (UNPSJB-PV 1051/
1) is deflected dorsomedially with respect to the greater
trochanter, and the femoral shaft exhibits a relatively well-
developed bulge on its lateral surface. The left femur also ex-
hibits a reduced fourth trochanter (a subtle bulge, site of insertion
of the M. caudofemoralis [Ibiricu et al., 2013]), a feature that has
accordingly been proposed as a synapomorphy of Sompho-
spondyli (D'Emic, 2012; also see Diez Diaz et al., [2013] and
Mannion et al., [2013]). Within Titanosauria, UNPSJB-PV 1051
shares several morphological features with a wide range of tita-
nosaurs. Nevertheless, UNPSJB-PV 1051 does not present hind
limb features seen in derived titanosaurs such as saltasaurines.
For example, an eccentric femoral midshaft and the well-
developed linea intermuscularis cranialis for insertion of the
M. femorotibialis (Otero and Vizcaino, 2008; Otero, 2010) are ab-
sent in the left femur (UNPSJB-PV 1051/1). Additionally, the tibia
(UNPSJB-PV 1051/2) does not display distinct robustness and
substantial development of the cnemial crest, features which
characterize saltasaurines (e.g., Neuquensaurus and Saltasaurus).

The fibular lateral tuberosity is a character present in Eusaur-
opoda. This lateral protuberance, probably for insertion of the
M. iliofibularis (Otero, 2010), is present in UNPSJB-PV 1051/3 as an
elliptical bump. Conversely, in saltasaurines the fibular tuberosity is
strongly developed and marked. The left hind limb of UNPS]B-PV
1051, in overall morphology, resembles that described in many
lithostrotian titanosaurs. Indeed, UNPSJB-Pv 1051 is closely com-
parable to Lirainosaurus, Bonatitan, Laplatasaurus, and Uberabatitan.
For example, the left fibula shows a well-marked proximal knob, as
in Uberabatitan. This ridge represents the positive structure of the
tibial protuberance (Salgado and Carvalho, 2008), though this is
slightly taphonomically affected in UNPSJB-PV 1051/2. This struc-
ture is also present, albeit less developed, in Laplatasaurus (Otero
and Gallina, 2015).

Metacarpal I (UNPSJB-Pv 1051/7, 8) has a beveled distal end, as
in the Australian lithostrotian Diamantinasaurus. In contrast, in
basal titanosauriforms the distal end is perpendicular in relation to
the shaft (Poropat et al., 2015b). Titanosaurian metacarpals exhibit
distinct relative lengths; Mc I being the longest metacarpal repre-
sents a derived feature within the group. Although the metacarpals
described herein are slightly taphonomically altered, Mc I (UNPS]B-
PV 1051/7, 8) appears to be longer than both UNPSJB-PV 1051/9 and
10 (Mc II and III, respectively). This condition is shared with the
derived titanosaurs Alamosaurus and Opisthocoelicaudia. A bowed
Mc], as seen in Andesaurus and Argyrosaurus, has been considered a
possible synapomorphy of Titanosauria (Apesteguia, 2005). Mc I in
the individual described herein (UNPS]B-PV 1051/7, 8) is straight, as
in Epachthosaurus and saltasaurines, which could represent a local
reversal (cf. Apesteguia, 2005).

In general, the specimens described herein bear many
morphological similarities with Uberabatitan, Laplatasaurus, Boni-
tasaura, Mendozasaurus, Futalognkosaurus, Bonatitan, and Lir-
ainosaurus. In a recent cladistic analysis, Otero and Gallina (2015)
recovered Laplatasaurus together with Uberabatitan as a sister clade
of Bonitasaura + (Mendozasaurus + Futalognkosaurus). Also,
Salgado et al. (2014) recovered Bonatitan (originally considered a
saltasaurine; Martinelli and Forasiepi, 2004) as a basal member of a
broad group of titanosaurs. In these analyses, Lirainosaurus, prob-
ably one of the most abundant sauropods in the Iberian Peninsula
(Company et al., 2009; Diez Diaz, et al., 2013), was considered a
derived lithostrotian.

The contemporaneous taxon Aeolosaurus colhuehuapensis (Casal
et al.,, 2007) does not preserve appendicular bones; therefore
comparison between it and the specimens described herein is not
possible. However, a femur assigned to Aeolosaurus sp. from the
Salitral Moreno locality (Garcia and Salgado, 2013, fig. 4a), shows
some general similarities with UNPS]B-PV 1051. However, robust-
ness indices and the angle formed between the greater trochanter
and the femoral head differ between Aeolosaurus sp. and UNPS]B-
PV 1051 (Garcia and Salgado, 2013, fig. 5). Also, the degree of
transverse expansion of the distal end of the radius (UNPS]B-PV
1051/12) in relation to the shaft width is clearly greater than that
seen in Aeolosaurus sp. (Salgado and Coria, 1993; Garcia and
Salgado, 2013). These features suggest that UNPS]B-PV 1051 rep-
resents different taxon than Aeolosaurus sp.

Another contemporaneous taxon was Argyrosaurus superbus
(Mannion and Otero, 2012). The only overlapping elements of the
holotype of Argyrosaurus superbus and UNPS]B-PV 1051 are the
radius and metacarpals (which are also broken in A. superbus;
Mannion and Otero, 2012). The degree of transverse distal expan-
sion of the radius is greater in UNPS]B-PV 1051/12 than in Argyr-
osaurus. In addition, the distal articular surface outline differs
between UNPS]B-PV 1051 and Argyrosaurus. Further, metacarpal I
of the new individual (UNPSJB-PV 1051/7, 8) exhibits a straight
shaft and beveled distal condyles relative to the shaft (i.e., the
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lateral condyle is slightly taller than the medial one), whereas in
Argyrosaurus the distal end is perpendicular. Thus, these features
suggest that UNPS]B-PV 1051 also represents a taxon distinct from
Argyrosaurus.

Finally, Poropat et al. (2015b) recently provided a redescription
of Diamantinasaurus. They included this Australian sauropod
within Titanosauria, specifically within Lithostrotia (and probably
related to derived forms within that group). Diamantinasaurus and
UNPSJB-Pv 1051 share two local autapomorphic characters
described in the former. These features are beveled distal ends of
Mc I and a well-marked fibular scar. However, as mentioned above,
the fossils studied herein have been taphonomically altered,
especially the fibula, meaning that these characters might have
been exaggerated in this specimen. Consequently, the new fossils
from the Lago Colhué Huapi Formation may be confidently referred
to Titanosauria, and within that clade, to Lithostrotia, probably
occupying a derived position close to some South American forms
such as Laplatasaurus and Uberabatitan.

7.4. Titanosaurian diversity in the Late Cretaceous of central
Patagonia

Aside from the material described here, additional titanosaur
fossils recorded from the Lago Colhué Huapi Formation include the
derived lithostrotians Aeolosaurus colhuehuapensis, Argyrosaurus
superbus, Elaltitan lilloi, and an as yet undescribed specimen (MDT-
PV 4; Casal et al.,, 2015a). Although diversity patterns in the fossil
record are strongly influenced by sampling biases (e.g., Mannion
et al., 2011), those seen in the Cretaceous sedimentary units of
central Patagonian are by far dominated by titanosaurian sauro-
pods (Ibiricu et al., 2012a,b). The titanosaurian record taxonomi-
cally appears to be more diverse in the Lago Colhué Huapi
Formation than in the Bajo Barreal Formation, which includes
Campylodon ameghinoi, Drusilasaura deseadensis, Epachthosaurus
sciuttoi, and Sarmientosaurus musacchioi (see Casal et al., [2016] for
more details). A similar pattern regarding titanosaurian diversity is
encountered in other South American Upper Cretaceous units (e.g.,
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Candeleros and Allen formations, Neuquén and Malargiie Groups).
Overall, the new titanosaurian individual described here adds to
the incipient fossil record of the Lago Colhué Huapi Formation,
increasing known titanosaur diversity of the latest Cretaceous of
central Patagonia, Argentina.

7.5. Faunal correlation among South American latest Cretaceous
formations

Upper Cretaceous (Cenomanian—Maastricthian) continental
deposits are well represented in Patagonia, Argentina. Three major
stratigraphic units, both in lateral extent and fossil richness, are
exposed in north and central Patagonia. These stratigraphic units
are the Neuquén, Malargiie, and Chubut groups. Canale et al. (2011)
mentioned and statistically supported that dinosaurian faunas of
these units show a remarkably strong association. In addition,
cluster analysis performed by Canale et al. (2011) supports strong
grouping between the Bajo Barreal (Cenomanian—Turonian, Chu-
but Group) and Candeleros (Cenomanian—Turonian, Neuquén
Group) formations and between the Allen (Campa-
nian—Maastrichtian, Malargiie Group) and Lago Colhué Huapi
(Coniacian—Maastrichtian, Chubut Group) formations (Fig. 13).
Garcia and Salgado (2013) also highlighted similarities between the
faunas of the Allen and the Marilia formations (Bauru Group,
Maastrichtian, Brazil).

The Allen, Marilia, and Lago Colhué Huapi formations are
chronological equivalents. At the moment, the Marilia Formation
includes titanosaurs (i.e., aeolosaurines, Baurutitan britoi [Kellner
et al., 2005], Trigonosaurus pricei [Campos et al., 2005], Uber-
abatitan) and abelisaurid theropods (Garcia and Salgado, 2013;
Faria et al.,, 2015), but not saltasaurines or hadrosaurids. The Allen
Formation is one of the most fossiliferous Cretaceous units in
Patagonia (Garcia and Salgado, 2013), including (among dinosaurs)
abelisaurid and dromaeosaurid theropods, hadrosaurid and nodo-
saurid ornithischians, and a relatively high diversity of titanosaurs
(e.g., aeolosaurines, Antarctosaurus, Bonatitan, Panamericansaurus
schroederi [Calvo and Porfiri, 2010], and Rocasaurus). The dinosaur
fauna of the recently-recognized Lago Colhué Huapi Formation now
includes hadrosaurid and non-hadrosaurid ornithopods (Casal
et al,, 2007; Ibiricu et al., 2010; Casal et al., 2015a,b; Casal et al,,
2016), theropods (dromaeosaurids, megaraptorians), aeolosaurine
titanosaurians (Casal et al., 2007), Argyrosaurus superbus (Mannion
and Otero, 2012; Casal et al., 2015a), and an undescribed lithos-
trotian titanosaur (MDT-PV 4; Casal et al., 2015a). We have now
added to this titanosaur fauna a new specimen, UNPSJB-PV 1051,
which is not assignable to Aeolosaurus or Argyrosaurus and most
likely does not pertain to the same genus as MDT-PV 4.

In conclusion, based on the fossil record, uppermost Cretaceous
units in Patagonia (i.e., the Lago Colhué Huapi, Allen, and Marilia
formations) show strong faunal similarities, particularly concerning
their nonavian dinosaur faunas (Fig. 13). This pattern strongly
suggests that the dinosaurian taxa in the region, especially tita-
nosaurian sauropods, inhabited wide geographic ranges during the
latest Cretaceous.

8. Conclusions

A new titanosaurian sauropod (UNPSJB-PV 1051) is described
from the Upper Cretaceous of Patagonia, Argentina. The material
came from the Lago Colhué Huapi Formation (Con-
iacian—Maastrichtian), a recently-described formation in central
Patagonia. The specimen consists of a partially articulated left hind
limb and disarticulated but associated appendicular skeletal ele-
ments. Burial of the remains can be attributed to fluvial processes.
The bones were subjected to little if any subaerial exposure and

were relatively rapidly buried in a fluvial channel, wherein waning
fluid flow resulted in deposition of the bones at the downstream
end of a longitudinal sand bar. UNPS]B-PV 1051 may be confidently
referred to Titanosauria and, within that clade, to Lithostrotia,
probably occupying a derived position within the latter. Based on
morphological and microscopic evidence, we infer at least subadult
ontogenetic stage for UNPS]JB-PV 1051. This new material adds to
the incipient fossil record of the Lago Colhué Huapi Formation,
thereby increasing known titanosaur diversity in Patagonia in the
latest Cretaceous. Additionally, the new titanosaur enhances evi-
dence in support of strong faunal similarities among chronologi-
cally equivalent Cretaceous formations of South America, such as
the Allen and Marilia formations. Finally, UNPSJB-PV 1051 adds to
the Late Cretaceous record of Titanosauria and augments our
knowledge of central Patagonian terrestrial vertebrate assemblages
during this interval.
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