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Abstract

We describe Sarmientosaurus musacchioi gen. et sp. nov., a titanosaurian sauropod dino-
saur from the Upper Cretaceous (Cenomanian—Turonian) Lower Member of the Bajo Bar-
real Formation of southern Chubut Province in central Patagonia, Argentina. The holotypic
and only known specimen consists of an articulated, virtually complete skull and part of the
cranial and middle cervical series. Sarmientosaurus exhibits the following distinctive fea-
tures that we interpret as autapomorphies: (1) maximum diameter of orbit nearly 40% rostro-
caudal length of cranium; (2) complex maxilla—lacrimal articulation, in which the lacrimal
clasps the ascending ramus of the maxilla; (3) medial edge of caudal sector of maxillary
ascending ramus bordering bony nasal aperture with low but distinct ridge; (4) ‘tongue-like’
ventral process of quadratojugal that overlaps quadrate caudally; (5) separate foramina for
all three branches of the trigeminal nerve; (6) absence of median venous canal connecting
infundibular region to ventral part of brainstem; (7) subvertical premaxillary, procumbent
maxillary, and recumbent dentary teeth; (8) cervical vertebrae with ‘strut-like’ centroprezy-
gapophyseal laminae; (9) extremely elongate and slender ossified tendon positioned ven-
trolateral to cervical vertebrae and ribs. The cranial endocast of Sarmientosaurus preserves
some of the most complete information obtained to date regarding the brain and sensory
systems of sauropods. Phylogenetic analysis recovers the new taxon as a basal member of
Lithostrotia, as the most plesiomorphic titanosaurian to be preserved with a complete skull.
Sarmientosaurus provides a wealth of new cranial evidence that reaffirms the close relation-
ship of titanosaurs to Brachiosauridae. Moreover, the presence of the relatively derived
lithostrotian Tapuiasaurus in Aptian deposits indicates that the new Patagonian genus rep-
resents a ‘ghost lineage’ with a comparatively plesiomorphic craniodental form, the evolu-
tionary history of which is missing for at least 13 million years of the Cretaceous. The skull
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anatomy of Sarmientosaurus suggests that multiple titanosaurian species with dissimilar
cranial structures coexisted in the early Late Cretaceous of southern South America. Fur-
thermore, the new taxon possesses a number of distinctive morphologies—such as the
ossified cervical tendon, extremely pneumatized cervical vertebrae, and a habitually down-
ward-facing snout—that have rarely, if ever, been documented in other titanosaurs, thus
broadening our understanding of the anatomical diversity of this remarkable sauropod
clade. The latter two features were convergently acquired by at least one penecontempora-
neous diplodocoid, and may represent mutual specializations for consuming low-growing
vegetation.

Introduction

Titanosaurian sauropod dinosaurs were extremely diverse and abundant in Upper Cretaceous
continental paleoenvironments in the Gondwanan landmasses, and have been discovered
throughout the world [1-6]. Titanosauria currently includes more than 60 genera and is most
abundantly represented in South America, particularly in Argentina [4,5,7,8]. Most currently
recognized titanosaurian taxa are represented exclusively or almost exclusively by postcranial
bones.

In the years since Huene [9] described the incomplete craniomandibular remains of the Pat-
agonian titanosaur Antarctosaurus wichmannianus (hereafter Antarctosaurus, since A. wich-
mannianus is the only species of this genus mentioned herein), discoveries of well-preserved
titanosaurian skulls have been extraordinarily rare. At present, complete or nearly complete
skulls are known only for the following taxa: Nemegtosaurus, from the Upper Cretaceous
Nemegt Formation of Mongolia [10,11]; Rapetosaurus, from the Upper Cretaceous Maevarano
Formation of Madagascar [12,13]; and Tapuiasaurus, from the Lower Cretaceous Quiricé For-
mation of Brazil [14]. Tapuiasaurus was recovered from Aptian strata, whereas Nemegtosaurus
and Rapetosaurus come from Maastrichtian deposits. Moreover, several complete or nearly
complete but distorted skulls of generically unidentified embryonic titanosaurs are known
from the Campanian Anacleto Formation at the Auca Mahuevo locality in northern Patagonia,
Argentina [15,16,17]. Fragmentary skulls or isolated skull elements are also known for a num-
ber of titanosaurs or possible titanosaurs, in addition to Antarctosaurus: Ampelosaurus atacis
[18], Ampelosaurus sp. [19], Bonatitan [20-22], Bonitasaura [23,24], Brasilotitan [25], Campy-
lodoniscus [9], Dreadnoughtus [26], Isisaurus [27-30], Jainosaurus [28,30,31], Karongasaurus
[32], Ligabuesaurus [33], Lirainosaurus [34,35], Malawisaurus [32], Maxakalisaurus [36],
Mongolosaurus [37,38], Muyelensaurus [39], Narambuenatitan [40], Phuwiangosaurus [41],
Pitekunsaurus [42], Quaesitosaurus [11,43], Quetecsaurus [44], Rinconsaurus [45], Saltasaurus
[7,46], Tambatitanis [47], and Vahiny [48]. Isolated, generically indeterminate titanosaurian
cranial and mandibular elements have also been reported [7,9,21,31, 49-64]. Nevertheless,
complete or even reasonably complete titanosaur skulls remain unknown from the Albian—
Santonian (a roughly 30 million year span of the mid- and Late Cretaceous; see Walker et al.
[65]), which represents a significant impediment to understanding of titanosaur cranial anat-
omy and evolution.

Here we describe a new and plesiomorphic early Late Cretaceous (Cenomanian—Turonian)
titanosaurian sauropod represented by a superbly-preserved adult skull articulated with a par-
tial cervical series. The taxon provides a wealth of new information on the early evolution of
Titanosauria and the cranial anatomy of basal members of the clade. The cranium and
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mandible are only slightly deformed, with most bones fully articulated and all teeth preserved
in situ; as such, the new form is one of the very few titanosaurs for which the totality of this
anatomical information is available. Furthermore, the unusual anatomy of the cervical series
provides novel data on the construction of the neck and tendon system of a Cretaceous
sauropod.

The new titanosaur comes from an exposure of the Lower Member of the Upper Cretaceous
Bajo Barreal Formation on the Estancia Laguna Palacios near the village of Buen Pasto in
south-central Chubut Province, central Patagonia, Argentina. The Bajo Barreal Formation has
produced a diverse continental vertebrate fauna that is among the richest of Patagonian dino-
saur-bearing units [66-75]. Its outcrops are widely distributed in southern Chubut and north-
ernmost Santa Cruz provinces. Palynological data from a subsurface equivalent of the Bajo
Barreal Formation, the Caleta Olivia Member of the Cafiadén Seco Formation, initially sug-
gested a late Albian—Cenomanian age for these deposits [76]. Subsequently, Bridge et al. [77]
reported Ar—Ar radiometric dates from tuffs of the Bajo Barreal Formation that range in age
from 95.8 to 91.0 Ma, corresponding to the middle Cenomanian—middle Turonian of the cur-
rent Geologic Time Scale [65]. Most recently, Sudrez et al. [78] obtained radiometric ages from
zircons that further support a Cenomanian age for the Lower Member. Clyde et al. [79] argued
for a much younger (Campanian) age for the Bajo Barreal Formation on the basis of magnetos-
tratigraphic and biostratigraphic evidence, but the strata they investigated—exposed in the
regions of Lago Colhué Huapi and the Rio Chico in southeastern Chubut—have recently been
reassigned to a newly identified and significantly younger geologic unit (the Lago Colhué
Huapi Formation [80]). As noted by Canale et al. [81], the vertebrate fauna of the Bajo Barreal
Formation is closely comparable to that of the lower Cenomanian [82] Candeleros Formation
of the Neuquén Basin in northern Patagonia, suggesting that the two units may be correlative.

The titanosaur was preserved in a green sandstone horizon that pertains to the upper part of
the Lower Member of the Bajo Barreal Formation. This section of the Lower Member is litho-
logically characterized by these green sandstones, which were deposited in multiepisodic, inter-
laced fluvial channel systems [83]. The vast majority of the tetrapod fossils from the Bajo
Barreal Formation have been recovered from these sandstones, which exhibit taphonomic and
sedimentological properties that were conducive to vertebrate preservation [84]. The skull and
cervical series of the titanosaur were articulated and preserved in a fluvial overflow deposit
with a high sedimentary load composed of medium-grained sandstones with abundant pelitic
matrix. The degree of articulation and lack of evidence of subaerial weathering of the specimen
suggest that it was buried rapidly.

Materials and Methods
Paleontological Ethics Statements

The specimen described in this paper (specimen number MDT-PV 2) is permanently reposited
and accessible to all qualified researchers in the fossil vertebrate collection of the Museo Desi-
derio Torres in Sarmiento, Chubut Province, Argentina. Detailed locality information for the
specimen is on file at the Museo Desiderio Torres and is available to qualified researchers upon
request. All necessary permits were obtained for the described study, which complied with all
relevant regulations.

Institutional Abbreviations

AMNH, American Museum of Natural History, New York, New York, United States of Amer-
ica; ANS, Academy of Natural Sciences of Drexel University, Philadelphia, Pennsylvania,
United States of America; CCMGE, Chernyshev’s Central Museum of Geological Exploration,
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Saint Petersburg, Russia; CM, Carnegie Museum of Natural History, Pittsburgh, Pennsylvania,
United States of America; FGGUB, Facultatea de Geologie si Geofizica a Universita ii din Bucu-
resti, Bucharest, Romania; GCP, Grupo Cultural Paleontoldgico de Elche, Museo Paleontolé-
gico de Elche, Elche, Spain; GSI, Geological Survey of India, Kolkata, India; ISI, Indian
Statistical Institute, Kolkata, India; MAL, Malawi Department of Antiquities Collection,
Lilongwe and Nguludi, Malawi; MB, Museum fiir Naturkunde der Humboldt-Universitit, Ber-
lin, Germany; MCF-PVPH, Museo ‘Carmen Funes,” Coleccion de Paleontologia de Vertebra-
dos, Plaza Huincul, Neuquén, Argentina; MCSPv, Museo de Cinco Saltos, Cinco Saltos, Rio
Negro, Argentina; MCZ, Museum of Comparative Zoology, Harvard University, Cambridge,
Massachusetts, United States of America; MDT-PV, Museo Desiderio Torres-Paleovertebra-
dos, Sarmiento, Chubut, Argentina; MGPIFD-GR, Museo de Geologia y Paleontologia del
Instituto de Formacién Docente Continua de General Roca, General Roca, Rio Negro, Argen-
tina; MML, Museo Municipal de Lamarque, Lamarque, Rio Negro, Argentina; MPCA, Museo
Provincial ‘Carlos Ameghino,” Cipolletti, Rio Negro, Argentina; MUCPv, Museo de Geologia y
Paleontologia de la Universidad Nacional del Comahue, Neuquén, Neuquén, Argentina;
MZSP-PV, Museu de Zoologia da Universidade de Sao Paulo, Sdo Paulo, Brazil; TMM, Univer-
sity of Texas Memorial Museum, Austin, Texas, United States of America; UNPSJB-PV, Uni-
versidad Nacional de la Patagonia San Juan Bosco, Coleccién Paleontologia de Vertebrados,
Comodoro Rivadavia, Chubut, Argentina; USNM, National Museum of Natural History,
Washington, District of Columbia, United States of America; ZPAL, Institute of Paleobiology,
Polish Academy of Sciences, Warsaw, Poland.

Anatomical Abbreviations

a, angular; af, adductor fossa; al, alveolus; aof, antorbital fenestra; arm, ascending ramus of
maxilla; awf, apical wear facet; ax, axis; b, bulge; bna, bony nasal aperture; bo, basioccipital; bpt,
basipterygoid process; bs, basisphenoid; bt, basal tuber; bwf, beveled wear facet; C, cervical ver-
tebra; ¢, cochlea; car, canal for cerebral carotid artery; cc, crus communis; ¢d, condyle; cde, cau-
dal dural expansion; cer, cerebral hemisphere; cor, coronoid; cprs, centroprezygapophyseal
‘strut’; csc, caudal (vertical) semicircular canal; csf, caudal surangular foramen; cts, cerebrotec-
tal (sphenoparietal) venous sinus; d, dentary; df, dental foramen; dwf, distal wear facet; ec,
ectopterygoid; ed, endolymphatic duct; £, frontal; fc, fenestra cochleae (fenestra rotunda); fi,
fibroblasts; floc, cerebellar flocculus (auricle); fom, foramen magnum; fv, fenestra vestibuli
(fenestra ovalis); itf, infratemporal fenestra; j, jugal; 1, lacrimal; lab, labial surface; labyr, endoss-
eous labyrinth; lgr, large groove; lin, lingual surface; Is, laterosphenoid; Isc, lateral (horizontal)
semicircular canal; Iwf, lingual wear facet; m, maxilla; mg, Meckelian groove; mgr, mesial
groove; n, nasal; nf, narial fossa; nvf, neurovascular foramen; ns, neural spine; ob, olfactory
bulb; occ sin, occipital (dural venous) sinus; ocv, canal for orbitocerebral vein; orb, orbit; os,
orbitosphenoid; oto, otoccipital; p, parietal; paof, preantorbital foramen; pf, pneumatic fossa;
pfo, pituitary (hypophyseal) fossa; pl, palatine; pm, premaxilla; po, postorbital; podl, postzygo-
diapophyseal lamina; pof, postorbital foramen; poz, postzygapophysis; pra, prearticular + artic-
ular; prdl, prezygodiapophyseal lamina; prf, prefrontal; prz, prezygapophysis; pt, pterygoid; q,
quadrate; qf, quadrate fossa; qj, quadratojugal; r, rib; rde, rostral dural expansion; rmf, rostral
maxillary foramen; rsc, rostral (vertical) semicircular canal; rsca, ampulla of rostral (vertical)
semicircular canal; rsf, rostral surangular foramen; sa, surangular; snf, subnarial foramen; so,
supraoccipital; sof, suborbital fenestra; sp, splenial; spha, canal for sphenopalatine artery; sprl,
spinoprezygapophyseal lamina; sq, squamosal; stf, supratemporal fenestra; sym, mandibular
symphysis; t, tooth; ts, transverse (dural venous) sinus; ttv, canal for transversotrigeminal (ros-
tral middle cerebral) vein; tz, transitional zone; v, vomers; ve, vestibule of inner ear; II, canal for
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optic nerve; III, canal for oculomotor nerve; IV, canal for trochlear nerve; V, canal for ophthal-
mic branch of trigeminal nerve; V;_gos, canal possibly for the supraorbital nerve (a branch of
CN V}); V,, canal for maxillary branch of trigeminal nerve; V3, canal for mandibular branch of
trigeminal nerve; VI, canal for abducens nerve; VII, canal for facial nerve; VIII, canal for vestib-
ulocochlear nerve; IX-XI, shared canal for glossopharyngeal, vagus, and accessory nerves and
accompanying vessels; XII, canal for hypoglossal nerve.

Nomenclatural Acts

The electronic edition of this article conforms to the requirements of the amended Interna-
tional Code of Zoological Nomenclature (ICZN), and hence the new names contained herein
are available under that Code from the electronic edition of this article. This published work
and the nomenclatural acts it contains have been registered in ZooBank, the online registration
system for the ICZN. The ZooBank Life Science Identifiers (LSIDs) can be resolved and the
associated information viewed through any standard web browser by appending the LSID to
the prefix “http://zoobank.org/.” The LSID for this publication is: urn:Isid:zoobank.org:
pub:3B8C51B9-C0C2-4562-81D4-0AF58E186B31. The electronic edition of this work was
published in a journal with an ISSN, and has been archived and is available from the following
digital repositories: PubMed Central and LOCKSS.

Results
Systematic Paleontology

Saurischia Seeley 1887 [85]

Sauropodomorpha Huene 1932 [86]

Sauropoda Marsh 1878 [87]

Titanosauriformes Salgado, Coria, and Calvo 1997 [88]

Titanosauria Bonaparte and Coria 1993 [89]

Lithostrotia Upchurch, Barrett, and Dodson 2004 [90]

Sarmientosaurus gen. nov.
urn:lsid:zoobank.org:act:537DFE26-54EC-4978-AC86-E83A04FA74DE

Sarmientosaurus musacchioi sp. nov.
urn:lsid:zoobank.org:act:C1090B8D-D051-44F3-B869-8B4A0C802176

Holotype. MDT-PV 2, an originally articulated cranial and cervical skeleton consisting of
the nearly complete skull, the partial axis associated with its rib from the right side and articu-
lated with the cranial part of the third cervical vertebra, a fragment of the fifth cervical vertebra,
the nearly complete sixth cervical vertebra and its right rib, the partial seventh cervical vertebra,
and a section of ossified cervical tendon.

Etymology. Sarmiento, for the Patagonian town and the administrative department in
which it is located, the latter of which has yielded numerous Cretaceous dinosaur fossils;
saurus, Greek, ‘lizard.” The specific name honors the late Dr. Eduardo Musacchio, a model sci-
entist and educator at the Universidad Nacional de la Patagonia San Juan Bosco in Comodoro
Rivadavia, Argentina.

Locality and horizon. Estancia Laguna Palacios (44°54'11.6" S, 69°22'56.7" W), Sierra
Nevada Anticline, Golfo San Jorge Basin, south-central Chubut Province, central Patagonia,
Argentina (Fig 1). Uppermost section of the Lower Member of the Upper Cretaceous Bajo Bar-
real Formation, Chubut Group. The specimen was found in situ in a tuffaceous sandstone that
is regarded as Cenomanian—Turonian in age [69,72,76-78,80].
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Fig 1. Map of Chubut Province, central Patagonia, Argentina, showing location of the Estancia Laguna Palacios, the type locality of
Sarmientosaurus musacchioi gen. et sp. nov. (modified from Ibiricu et al. [232]).

doi:10.1371/journal.pone.0151661.9001

Diagnosis. Basal lithostrotian titanosaurian sauropod diagnosed by the following autapo-
morphies: (1) maximum (rostroventral—caudodorsal) diameter of orbit nearly 40% rostro-
caudal length of cranium (as measured from tip of snout to occipital condyle); (2) complex
maxilla—lacrimal articulation, with ascending ramus of maxilla embedded in and bordered
laterally and medially by lacrimal dorsal process; (3) medial edge of caudal sector of maxillary
ascending ramus bordering bony nasal aperture with low but well-defined ridge; (4) ‘tongue-
like’ ventral process of quadratojugal that overlaps quadrate caudally; (5) separate foramina
for all three branches of the trigeminal nerve; (6) absence of median venous canal connecting
infundibular region to ventral part of brainstem; (7) premaxillary teeth subvertical, maxillary
teeth procumbent, and dentary teeth recumbent; (8) middle cervical vertebrae with ‘strut-like’
(as opposed to ‘sheet-like’) centroprezygapophyseal laminae; (9) extremely elongate and slen-
der ossified tendon extending along cervical series ventrolateral to vertebrae and ribs.
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Preservation. The cranium, mandible, and all preserved cervical vertebrae and ribs of the
new titanosaur were originally found in articulation (Fig 2). Nevertheless, during the course of
laboratory preparation, we were only able to recover the skull, parts of the articulated axis and
third cervical vertebra, most of the sixth and seventh cervical vertebrae, and pieces of the fifth
cervical vertebra and the second and sixth cervical ribs from the right side. Unfortunately, the

Fig 2. Disposition of the type specimen of Sarmientosaurus musacchioi gen. et sp. nov. (MDT-PV 2) upon discovery. (A) Articulated skull in ventral
view, showing close association of ossified cervical tendon (arrow) with occipital region of cranium. (B, C) Two views of articulated skull and partial cervical
series in ventral view, showing considerable craniocaudal extent and consistently narrow diameter of ossified cervical tendon (arrows). (D) Relationship of a
cervical rib (white arrow) with the ossified cervical tendon (black arrow).

doi:10.1371/journal.pone.0151661.9002
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remainder of the collected vertebrae (the atlas and cervical four) and ribs were too poorly pre-
served and damaged by weathering to be salvageable.

In the field, we observed a very slender, dark, cylindrical structure situated adjacent to and
oriented parallel to the right ventrolateral area of the articulated cervical vertebrae and ribs (Fig
2). This structure extended from near the right occipital region of the skull and past several ver-
tebrae without changing diameter. Although we observed the structure on only the right side of
the specimen, we assume that it was bilaterally symmetrical in the living animal. Therefore,
given that the right side of the specimen is generally better preserved than the left, the equiva-
lent structure on the left side presumably eroded away prior to discovery.

Given the extraordinary length attained by the cervical ribs of some sauropods (e.g.,
mamenchisaurids [91,92]), including other titanosauriforms (e.g., Giraffatitan [93], Sauropo-
seidon [94]), it is conceivable that this structure might represent the caudal end of one of these
ribs. Nevertheless, as observed in the field, the structure maintained its same, diminutive diam-
eter alongside several cervical vertebrae, and its cranial extreme was situated immediately cau-
dal to the skull, morphologies that are inconsistent with known sauropod cervical ribs.
Furthermore, because the skull, cervical vertebrae, and ribs were all fully articulated, the identi-
fication of this structure as a displaced cervical rib shaft seems unlikely. We therefore interpret
the structure as an ossified tendon that is distinct from the cervical ribs.

Unlike the situation in Nemegtosaurus [10,11] and Tapuiasaurus [14], the skull of Sarmiento-
saurus was not strongly affected by taphonomic distortion. Instead, the skull is only moderately
deformed in its caudodorsal and dorsal areas. Pressure applied to these regions apparently
caused the jugal processes of both postorbitals to slide slightly rostrally over the postorbital pro-
cesses of the corresponding jugals. Nevertheless, these modest alterations demonstrate that the
caudal part of the skull was not significantly rostrally displaced relative to more rostral regions.
There is no evidence of dorsoventral compression of the snout; indeed, in this area of the skull,
only the dorsal parts of the premaxilla and maxilla are damaged, presumably due to pre-diage-
netic erosion. The sixth and seventh cervical vertebrae have suffered some lateral deformation,
which has mainly affected parts of the neural arches such as the prezygapophyses.

During the excavation of the Sarmientosaurus holotype, an abelisaurid tooth was discovered
only a few centimeters from the occipital region of the skull, raising the possibility that this tita-
nosaurian specimen was scavenged by this theropod. This is, however, ambiguous, as the Sar-
mientosaurus bones do not exhibit tooth marks or other feeding traces.

Description and Comparisons

Anatomical Terminology. In our description of the dentition of Sarmientosaurus, we
employ the terms used by Garcia and Cerda [61].

Cranium

The cranium of Sarmientosaurus is 43 cm in length as measured from the rostral tip of the
articulated premaxillae to the occipital condyle. It is approximately 24 cm wide across the post-
orbitals and 24 cm tall from the dorsal margin of the frontal to the ventral end of the quadrate
on the right side (see Table 1). Extreme fusion of many cranial bones, as in specimens of Ampe-
losaurus [18,19] and Saltasaurus [7,46], indicates that the specimen probably corresponds to a
skeletally mature (and possibly very old) individual.

External Cranial Fenestrae

In the cranium of Sarmientosaurus, three large openings are clearly visible in lateral view: from
rostral to caudal, these are the antorbital fenestra, the orbit, and the infratemporal fenestra. As
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Table 1. Measurements (mm) of the skull of MDT-PV 2, the holotype of Sarmientosaurus musacchioi
gen. et sp. nov. Abbreviations: L, left; R, right. * = element incomplete, measurement as preserved.

Dimension, element Measurement
Rostrocaudal length, cranium 430
Dorsoventral height, cranium (from quadrate) 240
Transverse width, cranium (maximum, in occipital region) 245
Rostrocaudal length, orbit 88L, 94R
Dorsoventral height, orbit 150L, 157R
Transverse width, external narial opening (maximum) 118
Rostrocaudal length, infratemporal fenestra 107R
Mediolateral width, supratemporal fenestra 70L, 78R
Rostrocaudal length, supratemporal fenestra 25L, 31R
Rostrocaudal length, alveolar margin of premaxilla 70L, 80R
Rostrocaudal length, alveolar margin of maxilla 170L, 180R
Length, squamosal 95R
Length, lacrimal (maximum) 76L, 93R
Rostrocaudal length, orbital sector of frontal 38L, 35R
Mediolateral width, parietal 108L, 117R
Length, parietal crest 65L, 77R
Dorsoventral height, supraoccipital 34
Transverse width, supraoccipital 31
Dorsoventral height, foramen magnum 33
Transverse width, foramen magnum 24
Rostrocaudal length, mandible (in dorsal view) 283L*, 355R
Rostrocaudal length, mandible (along curve) 300L*, 390R
Dorsoventral height, mandible (maximum, @ adductor fossa) 62L*, 81R
Dorsoventral height, mandible (minimum, @ 7 alveolus) 52L, 48R
Rostrocaudal length, alveolar margin of dentary 190L, 191R
Dorsoventral height, symphysis 46L, 43R

doi:10.1371/journal.pone.0151661.t001

preserved, the bony nasal apertures (= ‘external nares’ of many paleontological works) open
rostrodorsally in a confluent fenestra, as in Rapetosaurus; nevertheless, it appears that, in life,
these openings would have been separated by a bony lamina formed by the premaxillae and
nasals (the internarial bar). Although this structure has been mostly destroyed by taphonomic
processes, the caudally-incomplete narial flange of the premaxillae and a broken rostral projec-
tion of the nasals attest to its former existence. Ventral to the rostral end of each antorbital
fenestra is a minute, poorly preserved opening that we interpret as the homolog of the prean-
torbital fenestra; this foramen is discussed further in of our description of the maxilla below.

The antorbital fenestra of the new Patagonian taxon is small, and its long axis is aligned
obliquely with respect to that of the skull. It is teardrop-shaped, with the wider, rounded termi-
nus situated rostroventrally and the pointed end positioned caudodorsally. The antorbital fenes-
tra of Sarmientosaurus resembles that of the Jurassic brachiosaurid Giraffatitan [95] but differs
from those of the basal macronarians Camarasaurus [96] and Europasaurus [97] and the Creta-
ceous titanosauriforms Abydosaurus [98] and Euhelopus [99-101], which are oriented more ver-
tically. The fenestra of Sarmientosaurus also differs from those of Nemegtosaurus [10,11] and
Tapuiasaurus [14], which are larger, and especially that of Rapetosaurus, which is extremely
large and rostrocaudally elongate [13]. A greatly enlarged antorbital fenestra also appears to be
present in an isolated sauropod (presumably titanosaurian [102]) maxilla from the
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Maastrichtian Lameta Formation of India (ISI R K 27/528; see Huene and Matley [31]:fig. 19).
The shape of the rostral edge of the lacrimal of the Late Cretaceous titanosaur Bonitasaura indi-
cates that the caudodorsal margin of the antorbital fenestra was smoothly rounded in this taxon
[24] rather than sharply acute as in Sarmientosaurus. The antorbital fenestra of the new Patago-
nian taxon is oriented at an angle of approximately 45° relative to the rostrocaudal axis of the
skull, comparable to the condition in Giraffatitan and that reconstructed for Bonitasaura.

The orbit of Sarmientosaurus is proportionally very large, rostroventrally—caudodorsally
elongate, and rounded at its caudodorsal and rostroventral margins, with the caudodorsal end
rostrocaudally longer than the rostroventral end. As in many dinosaurs, the orbit is regionally
divisible into a dorsal ocular portion (that housed the eyeball and its adnexa) and a ventral
non-ocular portion that was occupied by various soft-tissues (e.g., adductor muscles, vessels,
nerves). The orbit differs from those of Camarasaurus, Giraffatitan, Nemegtosaurus, Rapeto-
saurus, and Tapuiasaurus, which are smaller and shaped differently. Although the orbit of Aby-
dosaurus is also proportionally large, it is not as large as in the new Bajo Barreal titanosaur;
furthermore, it is subtriangular rather than ovate in contour.

The supratemporal fenestra is bordered caudally by a prominent flange (the transverse
nuchal crest), and its long axis is oriented mediolaterally, as in Europasaurus, Giraffatitan, and
Rapetosaurus. The infratemporal fenestra is rostrocaudally narrow throughout its dorsoventral
extent, and its long axis is oriented roughly parallel to that of the orbit, as in Nemegtosaurus
and Tapuiasaurus. This contrasts the conditions in Abydosaurus, Camarasaurus, Euhelopus,
and Giraffatitan, in which this fenestra is subtriangular and rostrocaudally wide, especially
ventrally.

Dermal Cranial Bones

Premaxilla. Both premaxillae of Sarmientosaurus are preserved (Figs 3-7; S1 Fig; S1, S2, S3
and S4 Movies. They articulate rostromedially, rendering the rostral end of the snout convex in
lateral view, as in Abydosaurus, Europasaurus, Giraffatitan, Nemegtosaurus, Quaesitosaurus, and
Tapuiasaurus. This contrasts the morphologies in Malawisaurus (Jacobs et al. [102] fig. 1a;
Gomani [32]:fig. 4a) and Narambuenatitan (Filippi et al. [40]:fig. 4a), where the more vertical
nasal process lends the rostral margin of the premaxilla a taller, straighter lateral profile. The pre-
maxilla of Euhelopus seems intermediate between these convex and subvertical conditions [101].
The premaxillae of Sarmientosaurus continue caudodorsally to the bony nasal apertures; only
the left premaxilla preserves the rostral margin of the aperture, however. Along this margin, the
area of the interpremaxillary articulation shows remnants of a sagittal crest that probably corre-
sponds to the rostroventral base of the internarial bar. The premaxillae articulate with the maxil-
lae caudally; in life, they would presumably have also contacted the nasals caudodorsally.

The rostroventral end of the suture between the premaxilla and maxilla is clearly discernible
toward the tip of the snout, far rostral to the bony nasal aperture. In Malawisaurus [32,102],
Narambuenatitan [40], and probably ISI R K 27/528 [31,102], by contrast, this suture lies ven-
tral to the rostral end of the nasal aperture, indicating that these apertures were not retracted in
these titanosaurs. Nevertheless, this condition may well have varied through titanosaurian
ontogeny, as unretracted bony nasal apertures are also present in the embryonic skulls from
Auca Mahuevo [15-17].

Remnants of the narial fossa of Sarmientosaurus are evident in more dorsal areas of the pre-
maxillary—maxillary contact. This fossa takes the form of a slight depression of the snout, the
perimeter of which has been damaged by erosion. The narial fossa is better preserved on the
right side, where it can be seen to reach rostrally to the region of the premaxillary—maxillary
contact (Fig 7). Thus, the narial fossa was much larger than the bony nasal aperture, as is the
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Fig 3. Cranium of Sarmientosaurus musacchioi gen. et sp. nov. (MDT-PV 2). Photographs (A, C) and
interpretive drawing (B) in right lateral (A, B) and left lateral (C) views. Abbreviations see text. Scale bar=10
cm.

doi:10.1371/journal.pone.0151661.g003

case in most sauropods [103,104]. A comparable narial fossa is present in Abydosaurus and
Giraffatitan. The lateral surface of each premaxilla is rostrocaudally short and shows small,
irregular traces, some of which may be artifacts of the erosion that has affected more dorsal
regions of these bones. There is a bony lamina lateral to the premaxillary teeth that is also
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Fig 4. Cranium of Sarmientosaurus musacchioi gen. et sp. nov. (MDT-PV 2). Photographs (A, C, E) and
interpretive drawings (B, D, F) in rostral (A, B), caudal (C, D), and caudodorsal (E, F) views. Abbreviations
see text. Scale bars =10 cm.

doi:10.1371/journal.pone.0151661.g004

present in the maxilla. The suture between the premaxilla and maxilla should bear the subnar-
ial foramen, an aperture that transmitted blood vessels between the narial region and palate.
This foramen is found in virtually all saurischians [105] and is enlarged in many sauropods
[95,103,104]. The relevant region is not well preserved in MDT-PV 2, but it is present on the
left side. Here, gaps in the preserved bone fragments indicate the likely position of the subnarial
foramen (Fig 7), which would be consistent with that in other sauropods. Given that inferred
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Fig 5. Cranium of Sarmientosaurus musacchioi gen. et sp. nov. (MDT-PV 2). Photographs (A, C) and interpretive drawings (B, D) in dorsal (A, B) and
ventral (C, D) views. Abbreviations see text. Scale bars =10 cm.

doi:10.1371/journal.pone.0151661.9g005

position and the extent of the narial fossa, it is likely that, in life, Sarmientosaurus had a ros-
trally positioned fleshy nostril as has been reconstructed for other sauropods [104].

Each premaxilla bears four alveoli, as in all other sauropods. Medially, the ventral margin of
the premaxilla exhibits a continuous ridge situated close to the teeth, which is contiguous with
a similarly-positioned ridge on the maxilla.

Maxilla. The maxilla of Sarmientosaurus (Figs 3-8; S1 Fig; S1, S2, S3 and S4 Movies) is a
stout, rostrocaudally elongate element. Its gently convex lateral surface is pierced by neurovas-
cular foramina that open into prominent grooves, rendering the surface slightly undulatory;
these grooves are mediolaterally oriented, as in Nemegtosaurus [10,11] and to a lesser extent
in Giraffatitan [95]. The holotypic maxilla fragment of Campylodoniscus—which, like Sar-
mientosaurus, was recovered from the Upper Cretaceous Chubut Group of southern Chubut
Province—appears to be proportionally taller than that of the new taxon (see Huene [9]:82).
Furthermore, Campylodoniscus was regarded as a nomen vanum by Bonaparte and Gasparini
[106] and a nomen dubium by Powell [7]. In Sarmientosaurus, the ascending ramus of the
maxilla forms a bar that separates the bony nasal aperture from the antorbital fenestra. The
ramus arises near the rostrocaudal midline of the maxilla, further caudally than the ascending
rami of Euhelopus [101], Narambuenatitan, ISI R K 27/528, UNPSJB-PV 583 (an isolated tita-
nosaur maxilla from the Bajo Barreal Formation [53]), and especially Rapetosaurus, but simi-
lar to the conditions in Abydosaurus, Nemegtosaurus, and Tapuiasaurus.

The phylogenetic distribution of the preantorbital fenestra, a large accessory opening in the
maxilla that is characteristic of Diplodocidae [107-109], was widened considerably when
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Fig 6. Cranium of Sarmientosaurus musacchioi gen. et sp. nov. (MDT-PV 2). Computed tomography-based digital visualization in right lateral (A), left
lateral (B), rostral (C), caudal (D), dorsal (E), and ventral (F) views. Scale bar =10 cm.

doi:10.1371/journal.pone.0151661.9g006

Wilson and Sereno [103] homologized a neurovascular foramen that occurs in various sauro-
pods with the definitive preantorbital fenestra of diplodocids. In taxa such as Camarasaurus,
Europasaurus, and Giraffatitan, the homologous structure is a relatively inconspicuous fora-
men, such that the term ‘preantorbital fenestra’ does not seem appropriate, even if the homolo-
gous foramen is elaborated into a large opening in other taxa. Although Witmer [109] and
Wilson and Sereno [103] regarded the preantorbital fenestra of diplodocids as relating to the
pneumaticity associated with the antorbital cavity, more recent studies [110] have suggested
that the structure is vascular in origin. Derived lithostrotian titanosaurs such as Nemegtosaurus
[11], Rapetosaurus [13], and Tapuiasaurus [14] apparently converged on diplodocids in
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Fig 7. Snout and narial region of Sarmientosaurus musacchioi gen. et sp. nov. (MDT-PV 2). Computed tomography-based digital visualization in dorsal
view, showing locations of preantorbital, rostral maxillary, and subnarial (blue star) foramina (A), and left bony nasal aperture (blue overlay) and narial fossa
(black line) (B). Abbreviations see text. Scale bar =10 cm.

doi:10.1371/journal.pone.0151661.g007
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Fig 8. Palate of Sarmientosaurus musacchioi gen. et sp. nov. (MDT-PV 2). Computed tomography-based digital visualization in ventral view indicating
palatal bones (ectopterygoids, palatines, pterygoids, and vomers) and the right suborbital fenestra. Abbreviations see text. Scale bar=10 cm.

doi:10.1371/journal.pone.0151661.g008

expanding this neurovascular foramen into a relatively large opening that is here termed the
preantorbital foramen.

Sarmientosaurus lacks a true preantorbital foramen or fenestra, but probably possesses the
homologous neurovascular foramen. Criteria for establishing the homologies of these openings
have not previously been established, but include the following: (1) the foramen/fenestra is
located dorsal to the maxillary palatal shelf, where it communicates with the canal for the max-
illary neurovascular bundle (traceable in computed tomographic [CT] scan data); (2) the fora-
men/fenestra is in the vicinity of the suborbital fenestra, where the palatine and ectopterygoid
unite with the maxillary palatal shelf; and (3) the foramen/fenestra is generally just caudal to
the alveolar tooth chamber (and this chamber, housing the replacement teeth, may extend
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somewhat caudal to the most distal [= caudal] erupted tooth position). Applying these criteria
to Sarmientosaurus reveals a credible (albeit poorly preserved) foramen on each side of the cra-
nium that we regard as the homolog of the preantorbital foramen/fenestra (Figs 3-7). This
small, otherwise unremarkable opening is located ventral to the rostral end of the antorbital
fenestra, similar to its position in Giraffatitan [95] and the Auca Mahuevo embryos [17]. In
Abydosaurus [98] and especially Nemegtosaurus [11], the preantorbital foramen or its homolog
is positioned more rostrally on the snout, whereas in Euhelopus (Wilson and Upchurch [111]:
fig. 6) and an immature specimen of Camarasaurus (CM 11338; Wilson and Sereno [103]:fig.
7a), it is situated more caudally. In Rapetosaurus, the preantorbital foramen is placed compara-
tively rostrally, on the rostroventral base of the jugal process of the maxilla, ventrolateral to the
rostral end of the greatly enlarged antorbital fenestra [13]. The extremely large preantorbital
foramen of Tapuiasaurus is also placed rostrally relative to that of Sarmientosaurus [14]. The
homolog of the preantorbital foramen/fenestra is reduced or absent in adult individuals of
Camarasaurus (Wilson and Sereno [103]:46).

Wilson and Sereno (1998) highlighted another neurovascular feature in sauropods: the ros-
tral (= anterior) maxillary foramen, which opens within the narial fossa caudal (or lateral, in
diplodocids) to the subnarial foramen. In a sense, this structure is a counterpart to the preantor-
bital foramen/fenestra in that both are associated with the canal for the maxillary neurovascular
bundle and transmitted branches thereof in life [110]. The CT scan data of Sarmientosaurus
clearly show (especially on the right side of the cranium) the course of the maxillary neurovascu-
lar bundle through the maxilla and where this bundle gives off the branch that leads to the ros-
tral maxillary foramen before continuing rostrally through the bone. The rostral maxillary
foramen opens medially into the narial fossa just inside the rim of the fossa, near the base of the
maxillary ascending ramus. As preserved, the foramen is modest in size, comparable in relative
scale to that observed in Camarasaurus (CM 11338) and Giraffatitan (MB R.2223.1).

Caudally, the ventral edge of the maxilla of Sarmientosaurus forms a marked, roughly semi-
circular embayment (the ‘postdental emargination’ of Gallina and Apesteguia [24]:fig. 7) that
is also present in other titanosaurians such as Nemegtosaurus [11], Rapetosaurus [13], Tapuia-
saurus [14], and the Auca Mahuevo embryos [17], and even in the brachiosaurid Giraffatitan
[95] and the basal macronarian Europasaurus [97]. The development of this structure in Sar-
mientosaurus is intermediate between the incipient conditions in Europasaurus, Giraffatitan,
and Nemegtosaurus (see Wilson [11]:fig. 16a) and the much larger, deeper embayments of
Tapuiasaurus and especially Rapetosaurus. The maxilla articulates with the jugal caudoven-
trally and the lacrimal and prefrontal caudodorsally. Caudal to the tooth row, it exhibits a
robust caudoventral process with a jugal articulation that is more elongate than that in Nemeg-
tosaurus, Rapetosaurus, and probably Tapuiasaurus [14]. The medial edge of the maxillary
ascending ramus bordering the bony nasal aperture has a low but well-defined ridge that we
tentatively consider an autapomorphy of Sarmientosaurus, although a similar or the same
structure may also be incipiently developed in Tapuiasaurus (see Zaher et al. [14]:fig. 1c).

The medial surface of the maxilla is longitudinally concave and exhibits the same continu-
ous bony flange that is present in the premaxilla. There are 12 teeth in the left maxilla of the
Sarmientosaurus holotype and 11 in the right. The tooth row encompasses 64% of the length of
the maxilla, a condition that is intermediate between those in Camarasaurus and Giraffatitan
(75%) on one hand and Abydosaurus (52%), Tapuiasaurus (46%), and Nemegtosaurus (34%)
on the other. The relatively long tooth row in Sarmientosaurus may relate to the plesiomorphic
(i.e., unexpanded) condition of the homolog of the preantorbital foramen as well as the inter-
mediate condition of the ‘postdental emargination.” In other words, the restriction of the teeth
to the rostral end of the snout in more advanced titanosaurs may be correlated with the
increased development of both these features.
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Nasal. The nasal (Figs 3-7; S1 Fig; S1, S2, S3 and S4 Movies) is a planar bone that is
roughly quadrangular in dorsal view. It is rostrocaudally longest medially, at the internasal
articulation, and extends rostrally as a process that presumably would have articulated with the
ascending ramus of the premaxilla to form the missing internarial bar. The curved rostrolateral
edge of the nasal forms the caudal border of the bony nasal aperture, and continues to expand
caudally at an approximately straight lateral margin that borders the prefrontal and frontal.
The caudal margin of the nasal has a straight, mediolaterally-oriented suture with the frontal.
The caudal ends of both nasals are damaged near their contact with the frontals.

Lacrimal. The lacrimal (Figs 3-7; S1 Fig; S1, S2, S3 and S4 Movies) is a dorsoventrally
elongate and gently caudodorsally-inclined bone that separates the antorbital fenestra from the
orbit. As observed in rostral view, the lacrimal is oriented dorsomedially—ventrolaterally (i.e.,
its dorsal end is positioned slightly more medially than its ventral end in the articulated skull).
The lacrimal is expanded rostroventrally at its contact with the jugal. Caudodorsally, the lacri-
mal articulates with the ascending ramus of the maxilla, the prefrontal, and the nasal. Its dorsal
end possesses a very subtle rostral process that is comparable to those of Giraffatitan and
Nemegtosaurus but much less developed than in Abydosaurus, Rapetosaurus, Tapuiasaurus,
and especially Bonitasaura. The maxilla—lacrimal articulation is complex in that the ascending
ramus of the maxilla is embedded in and bordered laterally and medially by the dorsal process
of the lacrimal, a feature that we provisionally regard as an autapomorphy of Sarmientosaurus,
though a similar or the same morphology may also be present in Tapuiasaurus (see Zaher et al.
[14]:fig. 1c). Unlike in most macronarians (e.g., Abydosaurus, Camarasaurus, Giraffatitan,
Nemegtosaurus, Rapetosaurus, and as reconstructed for Bonitasaura), the dorsal terminus of
the lacrimal is not well exposed in lateral view due to a contact between the maxilla and pre-
frontal. The lateral surface of the lacrimal is relatively smooth compared to those of the pre-
maxilla and maxilla.

Prefrontal. The prefrontal of Sarmientosaurus (Figs 3-7; S1 Fig; S1, S2, S3 and S4 Movies)
is crescentic and rostrocaudally elongate in dorsal view. Its dorsal surface is convex and its ven-
tral surface is smoothly concave. The prefrontal articulates with the maxilla and lacrimal ros-
trally and rostromedially, the nasal caudomedially, and the frontal caudally. The ventral
surface forms the rostrodorsal margin of the orbit. Both prefrontals are well preserved, and
their lateral surfaces are somewhat rugose, as in Rinconsaurus [45], though not nearly as much
so as in Nemegtosaurus [11]. The prefrontal has an elongate rostral process, a feature that is
absent in Abydosaurus, Camarasaurus, and Giraffatitan but shared with Nemegtosaurus, Rape-
tosaurus, and Tapuiasaurus; Zaher et al. [14] considered this a feature of nemegtosaurid titano-
saurs. In Sarmientosaurus, the rostral process is triangular in dorsal view, with the concave
medial margin articulating with the nasal and maxilla and the convex lateral edge forming part
of the rostrodorsal sector of the orbit. The prefrontal is dorsoventrally thick laterally and
becomes even thicker medially.

Frontal. Both frontals (Figs 3-7; S1 Fig; S1, S2, S3 and S4 Movies) have suffered strong
mediolateral deformation. This, coupled with the presence of cracks and rugosities on their
dorsal surfaces, precludes us from determining whether these bones are coossified or simply
firmly sutured. As our CT data do not provide evidence to resolve this matter, we will describe
both frontals as a single unit. Together, these bones comprise a transversely wide surface that
extends between the orbits but that is much shorter in rostrocaudal dimension (transverse
width to rostrocaudal length ratio equals 3.5 to 1). The frontals are bordered by the nasals and
prefrontals rostrally, the parietals caudally, and the postorbitals laterally, and they also contrib-
ute to the dorsal margins of the orbits. Unlike in Bonitasaura [24], Nemegtosaurus and Quaesi-
tosaurus [11], and Rapetosaurus [13], the orbital margin of the frontal of Sarmientosaurus is
smooth, not ornamented. The frontal also appears to lack the rostrolateral process present in
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Ampelosaurus [18,19], the median ‘dome’ of several titanosaurs (e.g., Antarctosaurus, Bonati-
tan, Bonitasaura, Rapetosaurus, Saltasaurus, the isolated braincase MGPIFD-GR 118), and the
more lateral dorsal prominences of Bonitasaura and Saltasaurus [24]. The rostral and caudal
sutures of the frontals are poorly preserved; as such, those indicated in Figs 3-5 are probable
but not definitive. Nevertheless, the frontals appear to be proportionally rostrocaudally shorter
than those of some other titanosauriforms (e.g., Ampelosaurus, Phuwiangosaurus, Saltasaurus).
Ventrally there is a gap, bounded laterally by the orbitosphenoids, where the aperture for the
olfactory tracts opens.

Parietal. The boundaries of the parietal (Figs 4-6; S1 Fig; S1, S2, S3 and S4 Movies) are dif-
ficult to establish due to the extreme fusion and deformation suffered by part of the caudal
region of the skull. CT data show that the central interparietal/interfrontal zone forms a single
triangular surface, the truncated apex of which arises from the parietal —supraoccipital contact
and the base from the nasofrontal suture. Detailed examination of the cracked dorsal surface of
the skull roof allows the identification of a probable frontoparietal suture, which suggests that
the parietal contributes to the supratemporal fenestra. In contrast to the conditions in most
other macronarians for which this region of the skull is known (e.g., Ampelosaurus, Antarcto-
saurus, Bonatitan, Bonitasaura, Camarasaurus, Isisaurus, Jainosaurus, Malawisaurus, Nemeg-
tosaurus, the isolated titanosaur braincases FGGUB 1007, MGPIFD-GR 118, and MML-194),
the supratemporal fenestrae of Sarmientosaurus are separated by only a short distance, as in
Europasaurus, Rapetosaurus, and especially Giraffatitan and USNM 5730 (a partial skull
referred to Brachiosaurus [112]). Unlike in many of these forms (e.g., Ampelosaurus, Antarcto-
saurus, Bonatitan, Bonitasaura, Jainosaurus, Nemegtosaurus, MGPIFD-GR 118), the long axes
of these fenestrae are oriented approximately perpendicular to the sagittal plane instead of
being aligned rostromedially—caudolaterally. In these regards, Sarmientosaurus is intermedi-
ate between brachiosaurids (i.e., Giraffatitan, USNM 5730) and derived lithostrotians. This
compression and reorientation of the supratemporal fenestrae coincides with the lateral reori-
entation of the orbits in titanosaurs, both of which presumably evolved in response to the
expansion of the nasal vestibule.

There is no visible suture between the parietals, but together they have a wing-like contour
comparable to that observed in Camarasaurus and proportionally wider than those of Giraffa-
titan, Nemegtosaurus, and Rapetosaurus. The parietal contacts the postorbital laterally, the
supraoccipital caudoventrally, and the otoccipital more ventrally. There is no parietal foramen,
in contrast to the condition in sauropods such as Shunosaurus [113] and some diplodocoids
(see [114]). The parietal of Sarmientosaurus lacks the bizarre dorsal excrescences of the isolated
Transylvanian braincase FGGUB 1007 [52].

Postorbital. The postorbital (Figs 3-7; S1 Fig; S1, S2, S3 and S4 Movies of Sarmientosaurus
has the form of a caudally-reclined “T.” Its thick, convex caudodorsal ramus contributes to the
dorsal margins of the orbit and infratemporal fenestra. The longer ventral ramus is rostroven-
trally directed to contact the dorsal process of the jugal, and it forms most of the boundary
between the infratemporal fenestra and orbit. Both postorbitals are well-preserved, though
they have lost contact with their respective jugals; furthermore, the end of the ventral ramus of
the left postorbital has rotated laterally. The lateral surface of the postorbital is fairly smooth.
The ventral ramus is thickened at its rostroventral end that articulates with the jugal. Its flat-
tened rostral surface is slightly concave in lateral view, whereas its caudolateral side is convex.
The jugal articular surface of the postorbital is oriented caudomedially. The caudodorsal ramus
is an expansion in the form of a convex anvil. It is pierced by a small but well-defined, caudolat-
erally-opening vascular foramen near the dorsal margin of the infratemporal fenestra and the
dorsal base of the ventral ramus. The same or a very similar postorbital foramen occurs in the
North American titanosauriform Abydosaurus (see Chure et al. [98]:figs. 3b, 4b; D’Emic [115],
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appendix 4); this structure has so far been documented only in that taxon and Sarmiento-
saurus, though it may occur in other sauropods (L.M.W., pers. obs.). There is no evidence of
the ornamentation of the orbital margin of the caudodorsal ramus that occurs in Nemegto-
saurus and Quaesitosaurus [10,11,43]. As best observed in rostromedial view, there are two
small, probably vascular foramina situated close together at the rostroventral end of the right
postorbital. Their presence on the left postorbital cannot be verified due to damage. The post-
orbital of Phuwiangosaurus differs from that of Sarmientosaurus in having a dorsoventrally
thinner caudodorsal ramus, the rostral projection of which is much longer than its caudal
counterpart (see Suteethorn et al. [41]:fig. 6). The rostral projection also appears much longer
than the caudal projection in the recently described Argentinean titanosaur Quetecsaurus [44].

Jugal. Both jugals (Figs 3 and 5-7; S1 Fig; S1, S2, S3 and S4 Movies) are well preserved, but
their surfaces exhibit small cracks caused by erosion. The jugal of Sarmientosaurus is a roughly
‘L’-shaped bone that is rostrocaudally longer and differently shaped than the jugals of most
other macronarians, including Camarasaurus, Euhelopus, Giraffatitan, Malawisaurus, Nemeg-
tosaurus, and Rapetosaurus. The jugals of Tapuiasaurus [14] and the taxon represented by the
Auca Mahuevo embryos [17] are similarly elongate but very different in shape, being tetraradi-
ate rather than triradiate and comparatively dorsoventrally thick. Within Titanosauriformes,
the jugal of Sarmientosaurus most closely resembles that of Abydosaurus, though the caudo-
ventral ramus is sharply pointed and considerably longer in the latter taxon (see Chure et al.
[98]:fig. 3a, b). In Sarmientosaurus, the subvertical dorsal ramus of the jugal contacts the post-
orbital and separates the ventral ends of the orbit and infratemporal fenestra. The rostroventral
ramus is rostrodorsally projected and has a sigmoid contact with the caudal end of the maxilla.
Ventrally, near its caudal end, the rostroventral ramus makes a slight contribution to the large
lateral embayment caudal to the tooth row. The jugal also forms the ventral margin of the orbit
and the caudoventral corner of the antorbital fenestra, and contacts the lacrimal rostrodorsally.
The dorsal and rostroventral jugal rami meet at a nearly right angle. The rostroventral ramus is
laminar throughout its extent, and is dorsoventrally expanded at its contact with the lacrimal.
More caudally, between the orbit and the caudalmost sector of the maxilla, the rostroventral
ramus of the jugal narrows and intersects the dorsal ramus. The caudoventral ramus of the
jugal is much shorter than the rostroventral ramus. The jugal has been disarticulated from the
postorbital on both sides of the skull; specifically, the articular end of the right postorbital is
free and has been displaced laterally relative to the dorsal articular end of the jugal, and part of
the postorbital overlaps the jugal on the left side. The articular surface of the right postorbital is
rostromedially oriented and longitudinally twisted, suggesting that rostrocaudal pressures suf-
fered by the skull during diagenesis have caused the bilateral displacement between the postor-
bitals and jugals.

Squamosal. The squamosal (Figs 3, 4 and 6; S1 Fig; S1, S2, S3 and 54 Movies) is a rostro-
caudally elongate and dorsoventrally oriented bone. Along with the quadratojugal, it forms
most of the caudoventral margin of the infratemporal fenestra. Whether or not the squamosal
participates in the supratemporal fenestra is not totally clear, although it probably does not
given the seemingly considerable distance between these structures. The squamosal is excluded
from the supratemporal fenestra in Phuwiangosaurus [41] and the derived titanosaurs Nemeg-
tosaurus, Quaesitosaurus, and Tapuiasaurus. In Sarmientosaurus, the squamosal articulates
with the quadratojugal ventrally, the postorbital caudodorsally, and the quadrate medially. Its
sutural contacts are not clearly delimited, despite the fact that the right squamosal is fairly well
preserved; the left is damaged laterally and caudally. The lateral surface of the right squamosal
is fractured and cracked. The main body of the squamosal is flexed, forming a rostromedially-
oriented convexity near its contact with the postorbital. This convexity divides two regions: a
long rostrolateral sector that is wide and laminar at its contact with the quadratojugal, and a
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shorter caudomedial sector that has a concave surface and that is bordered medially by the
quadrate. The squamosal is slightly sigmoid in lateral view.

Quadratojugal. The right quadratojugal (Figs 3-6; S1 Fig; S1, S2, S3 and S4 Movies) is pre-
served. It is an ‘L’-shaped bone with a dorsal process that is angled slightly caudally and that is
shorter than the ventral process; the latter is directed rostrodorsally to contact the jugal. The
quadratojugal forms the rostroventral border of the infratemporal fenestra. It articulates with
the jugal rostrodorsally, the squamosal caudodorsally, and the quadrate medially. Its contact
with the squamosal is difficult to define due to fracturing of the region in question, although
that contact clearly occurs in a rostromedial plane. The rostral section of the ventral ramus that
contacts the jugal is slightly cracked. A small bone fragment adhered to the lateral surface of the
caudodorsal part of the coronoid eminence of the right mandibular ramus appears to be the ros-
tralmost tip of the ventral ramus of the right quadratojugal. In contrast to Nemegtosaurus
[10,11], Quaesitosaurus [43], and especially Tapuiasaurus [14], the ventral edge of the ventral
ramus is uniformly convex rather than sinuous in lateral view, and its rostral end is not ventrally
expanded. In Sarmientosaurus, there may have been some rostral displacement of the quadrato-
jugal relative to the jugal, but if so, it does not appear to have been significant. As observed in
ventral view, the ventral process of the quadratojugal is projected dorsomedially, forming a con-
cave medial surface. In caudal view, the subvertical dorsal ramus of the ‘L’ comprises the lateral
border of the quadrate fossa; ventrally, this same margin is caudomedially projected as a ‘ton-
gue-like’ process that caudally overlaps the quadrate. In Tapuiasaurus, by contrast, this process
is not present, but the quadratojugal of that Brazilian titanosaur does possess a well-developed,
acute caudoventral flange that does not occur in Sarmientosaurus [14]. The tongue-like process
appears to be absent in other macronarians (e.g., Camarasaurus, Giraffatitan, Nemegtosaurus,
Quaesitosaurus) as well; as such, we regard it as an autapomorphy of Sarmientosaurus.

Palatal Complex

The palatal region of the Sarmientosaurus holotype was partially damaged by erosion, mainly
on its midline. The vomers are incomplete, as is often the case in sauropod skulls [96], and
parts of the palatines, ectopterygoids, and pterygoids are also missing.

Palatine. Although both palatines are incomplete, the right is better preserved than the left
(Figs 3, 5, 6 and 8; S1 Fig; S1, S2, S3 and S4 Movies). The right palatine preserves part of the lat-
eral region, primarily the elongate, rostrolaterally-directed maxillary process. The entire medial
section of the bone where it articulates with the pterygoid has been lost, whereas the left pala-
tine preserves most of the pterygoid contact. The body of the maxillary process is dorsome-
dially inclined and roughly tubular. Its rostrolateral contact with the ectopterygoid is
preserved, as is its more caudolateral contact with the rostral end of the pterygoid, although all
of these bones are somewhat disarticulated. The rostral end of the maxillary process is fractured
into pieces on both sides, but enough is preserved to suggest that its contact with the palatal
process of the maxilla is typical for sauropods in that the palatine underlaps the maxilla ven-
trally. Likewise, the arrangement of the maxillary process of the palatine, the ectopterygoid,
and the pterygoid around the suborbital (= postpalatine) fenestra also resembles that of other
sauropods in that this fenestra is small and bounded rostrally by the palatine, caudally by the
ectopterygoid (with the pterygoid nearby), and laterally by the palatal process of the maxilla.
The maxillary process of the palatine narrows and expands again caudomedially as it
approaches the pterygoid. As shown on the left side, although somewhat damaged and disartic-
ulated, the pterygoid contact of the palatine is expanded and articulates in the fork between the
medial vomerine ramus and the lateral transverse ramus of the pterygoid, as is common in sau-
ropods [95,96,103].
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Pterygoid. The pterygoid (Figs 3, 5, 6 and 8; S1 Fig; S1, S2, S3 and S4 Movies) is the largest
bone of the palatal complex. Neither pterygoid is complete, but enough is preserved of both to
offer a reasonably comprehensive description. In general, the pterygoid of Sarmientosaurus is
typical for sauropods in that the bone has a complex shape, with three main processes—the
quadrate, vomerine, and transverse rami—arising from the highly arched body. The pterygoid
body, which is better preserved on the left side, is expansive, forming a distinct ventral fossa
(the postchoanal fossa) that faces rostromedially. The quadrate ramus, also better preserved on
the left pterygoid, branches off the caudolateral corner of the body and twists into a more verti-
cal plane as it attaches to the medial aspect of the reciprocal pterygoid ramus of the quadrate.
The vomerine ramus passes dorsomedially, contacting its counterpart at the midline to form a
thin triangular wedge that approaches the roof of the nasal cavity, where it nearly contacts the
subnarial processes of the premaxilla and maxilla. Rostrally, the vomerine rami pass medial to
the paired vomers. Near the juncture of the vomerine and quadrate rami, the body of the ptery-
goid forms a shallow but distinct, caudomedially facing pocket for the articulation of the basip-
terygoid process.

The transverse ramus of the pterygoid is preserved on both sides, but is better preserved on
the right side. As is true for most sauropods, the transverse ramus is slender and swept far ros-
trally, carrying the ectopterygoid with it. The lateral end of the transverse ramus is slender and
curves ventrally. The ectopterygoid attaches broadly to its rostral surface, just caudal to the
suborbital fenestra. Together, these two bones form the ‘pterygoid flange,” which is a strong,
transverse projection in many other archosaurs, but is a relatively delicate structure in Sarmien-
tosaurus and most other sauropods. As noted above, the palatine articulates with the body of
the pterygoid rostrally, between the vomerine and transverse rami of the latter.

Vomer. The vomers (Figs 5, 6 and 8; S1 Fig; S1, S2, S3 and S4 Movies) are delicate, paired
bones that are damaged and best observed in the CT images. They are thin laminae of bone
that attach to the lateral and ventral portions of the vomerine rami of the pterygoids. As noted
above, along with the pterygoids, they likely contacted the ventral surfaces of the subnarial pro-
cesses of the premaxillae and maxillae. This is also the case in Camarasaurus and Diplodocus,
and undoubtedly in other sauropods as well, though this part of the cranium is not well under-
stood in most taxa.

Ectopterygoid. The ectopterygoids (Figs 5, 6 and 8; S1 Fig; S1, S2, S3 and 54 Movies) are
essentially complete but remain largely embedded in matrix. Of the two, the right is the more
clearly visible. The ectopterygoid is a relatively simple, slender bone that forms the caudal bor-
der of the suborbital fenestra. Its lateral end contacts the medial surface of the maxilla. The ros-
tral end of the ectopterygoid passes ventrally and curves to articulate on the rostral face of the
transverse ramus of the pterygoid, such that they collectively form the ‘pterygoid flange,” as
noted above. The lateral, medial, and ventromedial surfaces of the ectopterygoid are smooth.
The ectopterygoid of Sarmientosaurus is much shorter rostrocaudally than the bones that Wil-
son [11] identified as ectopterygoids in Nemegtosaurus and Quaesitosaurus.

Quadrate. The right quadrate is, in most regions, better preserved than the left (Figs 3-6
and 8; S1 Fig; S1, S2, S3 and S4 Movies). It articulates with the pterygoid rostromedially, the
squamosal caudodorsally, the quadratojugal laterally, and the articular ventrally, forming the
jaw joint. Although the rostroventral region of both quadrates is damaged, both preserve at
least part of the articulation with the pterygoid, which is better preserved on the left side. On
the right quadrate, caudally, the edge of the vertical lamina that articulates laterally with the
quadratojugal and ventrally with the articular is eroded. The right quadrate is fairly smooth in
areas where its surface is intact. Its long axis is oriented caudodorsally relative to that of the
skull. The quadrate is obscured from rostral view by the other bones it contacts. It is best
observed in caudal view, where the damaged hea