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a b s t r a c t

A partially preserved sauropod natural cranial endocast (MLL-003) was collected from the Lower
Cretaceous Mulichinco Formation in Argentina. The cast consists of cemented sandstone that has pre-
served in detail the general endocranial morphology, but not the cranial nerves. The dural expansion, the
dorsal portion of the medulla oblongata, the cerebrum and the optic lobes are preserved, and suggest the
specimen belongs to a sauropod dinosaur. The presence of the pineal foramen, and possibly post-parietal
foramen and floccular process, suggests this specimen is more likely related to dicraeosaurids than it is to
Titanosauriformes. This makes specimen MLL-003 particularly relevant because the paleoneurology of
Dicraeosauridae is poorly known.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The Dicraeosauridae are mid-sized, short-necked sauropods
with a fossil record that extends from the Upper Jurassic to themid-
Cretaceous, and their remains are known in Africa, South America
and North America (Janensch, 1914; Salgado and Bonaparte, 1991;
Harris and Dodson, 2004; Gallina and Apesteguía, 2005; Rauhut
et al., 2005; Sereno et al., 2007; Lovelace et al., 2008; Coria et al.,
2012). The stem-based clade is defined as the Diplodocoidea sau-
ropods more closely related to Dicraeosaurus than to Diplodocus,
and is characterized by their relatively short necks and extreme
elongation of doubled presacral neural spines (Upchurch et al.,
2004). Most authors recognize that the current members of the
family are the genera Dicraeosaurus (Janensch, 1914) from the
Tendaguru Formation (Kimmeridgian) of Tanzania, Amargasaurus
(Salgado and Bonaparte, 1991) from La Amarga Formation (Barre-
mian) of northern Patagonia, Brachytrachelopan (Rauhut et al.,
2005) from the Ca~nadon Calc�areo Formation (Tithonian) of south-
ern Patagonia, and Suuwassea (Harris and Dodson, 2004; Salgado
et al., 2006; Witlock, 2011) from the Morrison Formation (Titho-
nian) of North America.
(A. Paulina Carabajal).
Braincase and neurocranial anatomical information of dicraeo-
saurids has been gathered from the preserved braincases of
Amargasaurus, Dicraeosaurus and Suuwassea (Janensch,1935e1936;
Paulina-Carabajal et al., 2014; Knoll et al., 2015a). These braincases
are characterized (except in the North American taxon, Harris,
2006) by co-ossified frontals, the presence of a postparietal
fenestra, a leaf-shaped dorsolaterally directed process on the crista
prootica, basipterygoid processes diverging at an angle of 20�, and a
deep pit between the bases of the basipterygoid processes
(Upchurch et al., 2004). The braincase and endocranial morphology
of Dicraeosaurus hannsemaniwas described and illustrated in detail
on the basis of two complete braincases and endocasts, and an
isolate basicranium (Janensch, 1935e36, figs. 94e98, tab. 13, figs. 6,
7; Knoll et al., 2014, 2017). The complete braincase of the type
species of Amargasaurus cazaui (MACN-N 15) was described by
Salgado and Calvo (1992), and its endocranial morphology has been
recently studied using CT scans (Paulina Carabajal et al., 2014). The
braincase of Amargasaurus represents the only dicraeosaurid neu-
rocranial material recorded in South America (Salgado and Calvo,
1992).

Recently, a partial natural cranial endocast (MLL 003, Paulina
Carabajal et al., 2012) was collected from terrestrial deposits of
the lower section of the Mulichinco Formation (Valanginian,
Leanza, 2009) that outcrops in central Neuqu�en Province, northern
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Patagonia (Fig. 1). The specimen MLL 003 was collected from the
same strata that contained a dicraeosaurid dorsal vertebra, a dip-
lodocid caudal vertebra, indeterminate postcranial elements and
petrified wood remains (Coria et al., 2012; locality in fig. 1 of
Gnaedinger et al., 2017). Although incomplete, the cranial endocast
MLL 003 preserves the dural expansion, the dorsal portion of the
medulla oblongata, the cerebrum, and the region corresponding to
the optic lobes (which are not well distinguishable in sauropods).
All these structures exhibit typical sauropod dinosaur affinities.

Natural cranial endocasts of reptiles are rare in the fossil record.
For example, they are known for a pterosaur (Newton, 1888;
Edinger, 1941), a few marine turtles (e.g., Edinger, 1938; Gaffney,
1977), and several other marine reptiles, such as metriorhynchids
(e.g., Koken, 1887; Edinger, 1938, 1975). Furthermore, dinosaur
natural cranial endocasts are extremely rare, and are known for few
saurischian and ornithischian taxa (Hopson, 1979; Jerison, 2004).
The new specimen MLL 003 is not only unique by its nature, but
also, in spite of its incomplete preservation, contributes to a better
Fig. 1. Natural cranial endocast of dicraeosaurid MLL 003 in left lateral (A), anterior (B), do
nerve); cer, cerebral hemisphere; de, dorsal expansion; ds, impression of dorsum sellae; d
nestrae; f, frontal; floc?, probable floccular process; inf, infundibulum; med, medulla oblon
sinus. Scale bar ¼ 10 mm [planned for 1.5 column].
understanding and characterization of the endocranial morphology
of dicraeosaurids, and of the paleoneurology of this group of
peculiar sauropod dinosaurs.

2. Material and methods

MLL 003 consists of a partially preserved natural cranial endo-
cast. It is formed by cemented sandstone that shows the dorsal
morphology of the endocranial cavity in all details (the region
corresponding to the roots of the cranial nerves is not preserved)
(Fig. 1). All the braincase bones that enclosed the endocranial cavity
are missing, except for small pieces of the frontal and the later-
osphenoid that remain attached to the cast (Fig. 1A,B;
Supplementary information 1).

Comparisons were made with the digital cranial endocast of
Amargasaurus (Paulina Carabajal et al., 2014); and photos of two
cranial endocasts of Dicraeosaurus: MBR 1916.1 (cranial endocast of
specimen MBR 2379.1 (¼ dd 307, in Janensch, 1935e36)), and MBR
rsal (C), ventral (D), and posterior (E) views. Abbreviations: I, cranial nerve I (olfactory
ue, dural expansion correlated externally with the frontoparietal and postparietal fe-
gata; ol.t, olfactory tract; rmcv, anterior middle cerebral vein; tr.sin, transverse venous
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1917 (cranial endocast of specimen MBR 2378.3 (¼ dd 495 in
Janensch, 1935e36)).

Institutional abbreviations. MACN, Museo Argentino de Cien-
cias Naturales “Bernardino Rivadavia”, Buenos Aires, Argentina;
MBR, Museum für Naturkunde, Berlin, Germany; MLL, Museo
Municipal de Las Lajas, Las Lajas, Argentina.

3. Description

The cranial endocast MLL 003 preserves most of the dorsal and
lateral aspects of the endocranial cavity. The fragments of the
frontal frame posteriorly what seems to be a large frontoparietal
foramen, which is a feature also present in Amargasaurus Salgado
and Bonaparte 1991, Camarasaurus Cope 1877 (APC, pers. obs.),
Dicraeosaurus Janensch 1914, Diplodocus Marsh 1878 (Hopson,
1979; Zheng, 1996), and Suuwassea (Harris, 2006). These feature,
however, is highly inconsistent within sauropods (being variation
among Diplodocus specimens), although the opening is probably
genuine in Dicraeosaurus (Knoll, pers. Comm). In MLL 003 it is not
possible to determine the presence of the postparietal foramen,
which is present in known dicraeosaurids and in several early
sauropodomorphs.

The narrowest point of the endocast lies in the hindbrain
immediately posterior to the cerebellum, in between the right and
left optic capsules (Fig. 1C). The angles between forebrain, midbrain
and hindbrain are similar to those observed in Amargasaurus
(Paulina Carabajal et al., 2014) and Dicraeosaurus (Janensch,
1935e36), resulting in a slightly sigmoid cranial endocast
(excluding the region corresponding to the dorsal expansion) in
lateral view (Fig. 2).

In MLL 003, the more remarkable features of the forebrain
include the olfactory tract (CN I) and the cerebral hemispheres. The
ventral section of the diencephalon suggests that there was a wide
infundibulum. As in most sauropods, the olfactory tract is almost
nonexistent. The olfactory bulbs are not preserved. The greatest
mediolateral breadth of the endocranial space lies across the ce-
rebral hemispheres of the forebrain, and is 62 mm. The cerebral
hemispheres arewell-marked. The lateral border of the cerebrum is
pyramidal in shape (Fig. 1A,D) as in Amargasaurus (Paulina
Carabajal et al., 2014) and Dicraeosaurus (Fig. 2C), which is unlike
the rounded cerebral hemispheres observed in derived titanosaurs
(e.g., Paulina Carabajal, 2012; Knoll et al., 2013, 2015b, in press) and
rebbachisaurids (Sereno et al., 2007; Paulina Carabajal and Calvo,
2015; Paulina Carabajal et al., 2016).

The dorsal expansion of MLL 003 is prominent, forming a pointy
triangular prominence (Fig. 1A). It is posterior to the region occu-
pied by the dural expansion. The infilling of the dural expansion
(which was probably occupied by venous sinuses) is missing. The
transverse section of the dural expansion suggests it was similar in
size to the one present in Amargasaurus, in which the dural
expansion obscures the dorsal surfaces of the cerebral hemispheres
(Paulina Carabajal et al., 2014) (Fig. 2D,E). In Dicraeosaurus, the
enlarged dural expansion obscures the dorsal surfaces of the ce-
rebral hemispheres (Fig. 2F). In both Amargasaurus and Dicraeo-
saurus, the dural expansion correlates externally with the
frontoparietal and the postparietal fenestrae (Paulina Carabajal
et al., 2014, fig. 2). Differentiation of both fenestrae in MLL 003 it
is not possible because the corresponding region is not preserved in
the endocast. In neither Amargasaurus nor MLL 003 cranial endo-
casts, there is any large orbitocerebral foramen (for the orbito-
cerebral vein) lateral to the cerebral hemisphere, unlike the
condition in Dicraeosaurus (Janensch, 1935e36) (Fig. 2C).

The mesencephalic structures visible in dinosaur endocasts
consist of the optic lobes and cranial nerves III and IV (Franzosa,
2004). As in other sauropod endocasts (Sereno et al., 2007; Knoll
and Schwarz-Wings, 2009; Paulina Carabajal, 2012), the optic
lobes of MLL 003 are not visible, whereas the casts of cranial nerves
III and IV are not preserved because the ventral region of the cranial
endocast is missing.

The visible hindbrain features in the endocast of MLL 003
include the cerebellum and the medulla oblongata. There is a large
vertical protuberance on the endocast dorsal to CN V. This structure
corresponds with an infilling of the space that was occupied with a
venous sinus related to the middle cerebral vein system (Fig. 1A,
Supplementary information 1), specifically to the anterior middle
cerebral vein (¼tranverso trigeminal vein, in Leahey et al., 2015).
This protuberance is present in titanosaurs (Paulina Carabajal,
2012) and was described for Spinophorosaurus (Knoll et al., 2012)
and Amargasaurus (Paulina Carabajal et al., 2014). In MLL 003, the
relative development of this vertical protuberance is similar to
those observed in the dicraeosaurids Amargasaurus and Dicraeo-
saurus, the rebbachisaurids Limaysaurus (Paulina Carabajal and
Calvo, 2015) and MMCh-PV 71 (Paulina Carabajal et al., 2016).
However, in the rebbachisaurid sauropods, the protuberance is
markedly crescentic (Paulina Carabajal et al., 2016). On the other
hand, in Dicraeosaurus (Janensch, 1935e36) and the rebbachisaurid
MMCh-PV 71 (Paulina Carabajal et al., 2016), the ventral distal
section of the protuberance turns laterally, and represents the cast
of a small floccular recess. It is highly probable that the enlarged
transverse sinus is as well related to a small floccular process in
Amargasaurus, as observed in MLL 003 (Fig. 2AeC). In MLL 003 the
anterior margin of this transverse protuberance seems to be the
cast of the impression left by the anterior middle cerebral vein,
which in this case has no independent exit foramen and, therefore,
leaves the endocranial cavity through the trigeminal foramen
(Fig. 1A).

The medulla oblongata is partially preserved and has the same
lateral outline observed in Amargasaurus, although is slightly more
taller and transversely wider than that of Dicraeosaurus (Fig. 2).

4. Discussion

Unlike dicraeosaurids (Janensch, 1936; Salgado and Bonaparte,
1991), rebbachisaurids and titanosaurids do not have fenestrated
skull roof (e.g., postparietal or postfrontal fenestrae). The inferred
presence of a markedly large anterior dural expansion related with
at least one skull roof fenestra indicates that MLL 003 can be
identified either as a dicraeosaurid or an indeterminated non-
rebbachisaurid diplodocoid. Notwithstanding, the general
morphology of the endocast is markedly similar to those observed
in Amargasaurus (Paulina Carabajal et al., 2014) and Dicraeosaurus
(Janensch, 1935e36). These similarities include the development of
the pyramidal cerebral hemisphere (which expands markedly
laterally), the development of the transverse sinus, the presence of
a floccular process, and the outline of the medullar region (Fig. 2).
The absence of an extremely large orbitocerebral foramen and a
smaller dural expansion that does not obscure the pointed dorsal
expansion are traits shared between Amargasaurus and MLL 003
(Fig. 2A,B).

The greatest mediolateral breadth of the endocranial space of
MLL 003 is across the cerebral hemispheres and is 62 mm, which is
approximately the same width observed in the 95 mm long
endocast (from the back of the olfactory tract to the foramen
magnum) of the Amargasaurus cazaui holotype. The complete cra-
nial endocast of MLL 003 would have probably had the same
encephalic proportions as Amargasaurus (excluding the venous and
infilled sections of the frontoparietal and parietal fenestrae) and
probably represents a sub-adult or adult specimen.

Moreover, the natural cast exhibits non-titanosaur endocranial
features (Paulina Carabajal, 2012; Knoll et al., 2013), suggesting



Fig. 2. Compared dicraeosaurid endocranial morphology in left lateral (AeC) and dorsal (DeF) views. Amargasaurus cazaui (after Paulina Carabajal et al., 2014) (A,D); dicraeosaurid
MLL 003 (outline of complete endocranial morphology based on Amargasaurus) (B,E), and Dicraeosaurus (MBR 1916.1) (C,F). Abbreviations as in Fig. 1, plus: II, cranial nerve II; fpf,
frontoparietal fenestra; ocf, orbitocerebral fontanelle; pit, pituitary; ppf, postparietal foramen. Not to scale. [planned for 1.5 column].
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diplodocoid affinities for the new specimen (e.g. Hopson, 1979;
Harris, 2006; Balanoff et al., 2010). In particular, characters such
as a markedly large dorsal space in the endocranial cavity (inferred
in MLL 003 from what seems to be partially preserved margins of
openings in the skull roof such as the parietal/frontoparietal
fenestra and the postparietal fenestra), together with the presence
of a well-developed transversal venous sinus (which is probably
related to the presence of a floccular process) are features shared
with Amargasaurus and Dicraeosaurus (Janensch, 1935e36; Paulina
Carabajal et al., 2014).

5. Conclusions

Despite recent advances (Paulina Carabajal et al., 2014; Knoll
et al., 2014, 2015a, 2017), dicraeosaurid paleoneurology is poorly
known. The cranial endocast and inner ear of Amargasaurus
represent the only available dicraeosaurid endocranial information
in South America. This makes the new specimen particularly rele-
vant from both morphologic and phylogenetic points of view.
Characters of MLL 003 such as the presence of a large frontoparietal
fenestra (related to a large longitudinal dorsal venous sinus), a large
transverse sinus and a floccular process, suggest dicraeosaurid af-
finities. The specimen described here together with other post-
cranial remains currently under study indicates a continuous
presence of dicraeosaurids in South America from the Late Jurassic
up to the mid-Cretaceous. The forthcoming detailed anatomical
analysis of these specimens will shed light to both the phylogeny
and biogeography of the Dicraeosauridae.
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