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First cranial remains of a gondwanatherian
mammal reveal remarkable mosaicism
David W. Krause1, Simone Hoffmann1, John R. Wible2, E. Christopher Kirk3, Julia A. Schultz4, Wighart von Koenigswald4,
Joseph R. Groenke1, James B. Rossie5, Patrick M. O’Connor6,7, Erik R. Seiffert1, Elizabeth R. Dumont8, Waymon L. Holloway6,7,
Raymond R. Rogers9, Lydia J. Rahantarisoa10, Addison D. Kemp3 & Haingoson Andriamialison11

Previously known only from isolated teeth and lower jaw fragments recovered from the Cretaceous and Palaeogene of
the Southern Hemisphere, the Gondwanatheria constitute the most poorly known of all major mammaliaform radiations.
Here we report the discovery of the first skull material of a gondwanatherian, a complete and well-preserved cranium
from Upper Cretaceous strata in Madagascar that we assign to a new genus and species. Phylogenetic analysis strongly
supports its placement within Gondwanatheria, which are recognized as monophyletic and closely related to multituberculates, an evolutionarily successful clade of Mesozoic mammals known almost exclusively from the Northern Hemisphere.
The new taxon is the largest known mammaliaform from the Mesozoic of Gondwana. Its craniofacial anatomy reveals that
it was herbivorous, large-eyed and agile, with well-developed high-frequency hearing and a keen sense of smell. The
cranium exhibits a mosaic of primitive and derived features, the disparity of which is extreme and probably reflective of
a long evolutionary history in geographic isolation.

Mammalia Linnaeus, 1758
Allotheria Marsh, 1880
Gondwanatheria Mones, 1987
Sudamericidae Scillato-Yané and Pascual, 1984
Vintana sertichi gen. et sp. nov.
Etymology. Vintana (Malagasy), luck, in reference to the circumstances
of discovery of the holotype specimen. Species name after Joseph Sertich,
discoverer of UA 9972.
Holotype and only known specimen. A complete and well-preserved
cranium, University of Antananarivo (UA) 9972 (Fig. 1; Supplementary
Videos 1–3).
Locality and horizon. Locality MAD10-24, Upper Cretaceous (Maastrichtian; 72.1–66.0 Myr ago) Lac Kinkony Member, Maevarano Formation, Mahajanga Basin, northwestern Madagascar1.
Diagnosis. Taxon differs from all other gondwanatherians in its large
size and in exhibiting wear features on molariform tooth crowns indicating a distobuccal (rather than strictly distal) power stroke of the chewing cycle. Full diagnosis in Supplementary Information.
Gondwanatherians are an enigmatic mammalian clade previously
represented by only seven valid monotypic genera from the Cretaceous
and Palaeogene of South America, Africa, India, Madagascar and the
Antarctic Peninsula2,3. With the exception of a few dentary fragments,
gondwanatherians were previously known only from isolated teeth3. No
cranial or postcranial material has been assigned to the Gondwanatheria
until now, a severe limitation that has left their phylogenetic position
within Mammaliaformes uncertain and controversial. Virtually nothing is known of their life habits, aside from inferences that at least the
larger sudamericids were herbivorous and ingested an abrasive diet4–6
and that ferugliotheriids were omnivorous5. The cranium described
here, from the Late Cretaceous of Madagascar, is remarkably complete

and well preserved and only the third known occurrence of a mammaliaform cranium from the Cretaceous of Gondwana7,8. It provides
an unprecedented opportunity to more reliably assess gondwanatherian relationships and to analyse various aspects of gondwanatherian
palaeobiology.

Dental features
UA 9972 represents the first instance in which upper teeth of a gondwanatherian mammal are associated in gnathic material. These teeth
provide the foundation for assigning the specimen to a new genus and
species and the opportunity to more comprehensively evaluate dental
function and diet in gondwanatherians.
Vintana sertichi has an upper dentition consisting of two incisors,
no canine, one premolariform tooth, and four molariform teeth in each
quadrant. Although the incisors themselves are not preserved, there are
two long, curved alveoli in each premaxilla for enlarged, laterally compressed, procumbent, and probably ever-growing incisors that were well
separated from the cheek teeth by a long diastema (Figs 1a, c and 2a, b).
Based on its alveoli, the single, two-rooted premolariform tooth appears
to have been small; neither the left nor right crowns are preserved in UA
9972 (Figs 1c and 2c). Of the eight upper molariform teeth (MF) present
in life in V. sertichi (four on each side), four heavily worn representatives
(left MF2–4, right MF3) are preserved in UA 9972 (Fig. 2c). The molariform cheek teeth have several salient characteristics: large size, hypsodont
crowns (extremely worn in UA 9972), quadrangular occlusal profiles,
occlusal surfaces worn essentially flat (with heaviest wear in more mesial
molariforms, indicating a mesial-to-distal eruption sequence), numerous cementum-filled infundibula, cementum-filled furrows that invaginate from the buccal side but do not extend to the base of the crown,
and multiple short roots supporting the periphery of the base of each
crown (Fig. 2c, d; Supplementary Videos 4 and 5). The molariform teeth
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Figure 1 | Cranium of the Cretaceous gondwanatherian mammal Vintana
sertichi. a–e, Holotypic specimen, UA 9972, in right lateral (a), dorsal
(b), ventral (c), anterior (d) and posterior (e) views, with micro-computed
tomography-based, digitally-rendered image on the left and line drawing

reconstruction on the right in each pair. Hypothetical incisor crowns shown in
part a reconstruction only, and the last three upper molariforms (MF) on
both sides and alveoli for the single premolariform tooth (PMF) and MF1 in
part c reconstruction only.

are also exceptional in that their occlusal surfaces face laterally as much
as they do ventrally (Figs 1c, d and 2c).
The enamel microstructure of the molariform teeth of V. sertichi
retains many of the plesiomorphic characteristics of mammaliaform
prismatic enamel (for example, single-layered schmelzmuster; nondecussating, small prisms). However, V. sertichi appears to be derived
in possessing modified radial enamel consisting of prisms separated
by prominent interrow sheets of interprismatic matrix (Extended Data
Fig. 1), thus resembling other gondwanatherians from the Late Cretaceous of Madagascar9,10 and India9.

Craniofacial features
The well-preserved and complete nature of UA 9972 permits the first
insight into the craniofacial morphology of a gondwanatherian mammal. Superficially striking are its short, highly vaulted cranium, large
orbits, elongated jugal flanges on widely flaring zygomatic arches, and
strong klinorhynchy (Fig. 1; Supplementary Videos 1–3). However, more
detailed examination reveals an array of primitive features reminiscent
of the most basal mammaliaforms, or even non-mammaliaform cynodonts, coupled with highly derived features unknown in any other Mesozoic mammaliaform.
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Figure 2 | Upper dentition of Vintana sertichi. a, b, Lateral (a) and dorsal
(b) views of snout region developed from micro-computed tomography data
showing position, size and orientation of alveoli of the mesial (red) and
distal (blue) incisors. Dashed lines in a indicate hypothetical outlines of right
incisor crowns. c, Ventral (occlusal) view of upper cheek-tooth dentition
showing preserved right third molariform (MF3) and left second, third and
fourth molariforms (MF2–4) and positions of alveoli for other cheek teeth,
including the single right premolariform (PMF). d, Occlusal view of
reconstructed left MF2–4 showing distribution of cementum-filled islets,
furrows and synclines.

The snout of Vintana exhibits a number of features that are unique
among mammaliaforms (Fig. 1; Extended Data Figs 2a, b; 3a), including the retention of a septomaxilla with both a large posterodorsal facial
process and an intranarial process. The lacrimal bone is enormous and
extends anteriorly to contact both the septomaxilla and premaxilla. The
lacrimal and palatine bones of Vintana contribute significantly to the
nasal cavity, thereby demonstrating in striking fashion that the identity of adult bones comprising the walls of the cavity varies considerably
among mammaliaform taxa. Micro-computed tomography allows the
confident identification of a range of nasal cavity structures that have
been difficult or impossible to visualize in other Mesozoic mammaliaforms. These include remnants of two turbinal elements, the crista semicircularis and the first ethmoturbinal (including both its lateral and
vertical roots), which mark the anterior and posterior boundaries of the
lateral recess (fetal pars intermedia). Also clearly identifiable are the basal
lamellae of the nasoturbinal and those from which the remaining ethmoturbinals emanated (on the frontal and palatine bones), the peripheral
edges of the cribriform plate (on the frontal bone, separating the nasal
cavity from the braincase), the posterior transverse lamina (on the palatine and orbitosphenoid bones, separating the cupular recess from the

nasopharyngeal canal), and the nasolacrimal canal/groove. Clear evidence
of a maxilloturbinal is not preserved. The inferred presence of welldeveloped turbinal structures in Vintana bears witness to the extraordinary conservatism of mammaliaform internal nasal anatomy (despite
its unusual bony composition) but is also consistent with the relatively
massive size of the olfactory bulbs and the deep, long (,60% of cranial
length) nasal cavity.
No Mesozoic mammaliaform has a jugal as enlarged, and with as massive a ventral flange, as that of Vintana (Fig. 1). The palate of Vintana
is very narrow, has a rugose texture, and lacks vacuities or any sizable
foramina (other than the incisive foramina anteriorly). Furthermore,
the palatines are fused in the midline and extend forward to contact the
premaxillae, thus excluding the maxillae from contacting one another
in the midline; this feature is unique among Mammaliaformes but reminiscent of the condition in some derived tritylodontids11.
The lateral and ventral walls of the braincase also reveal a plethora
of unusual features (Extended Data Fig. 2c, d), including an alisphenoid
that is much larger than the anterior lamina of the petrosal, a robust and
compact orbitosphenoid, a large bulbous ectopterygoid process (for possible attachment of the lateral pterygoid muscle) anterior to foramen
ovale, the lack of fusion between presphenoid and basisphenoid (despite the advanced age of the individual), a cavum epiptericum that is
almost completely floored ventrally, a cavum supracochleare (for the
geniculate ganglion of cranial nerve VII) that is separate from the cavum
epiptericum (for the semilunar ganglion of cranial nerve V), preservation of a possible process of the ossified pilae antotica and metoptica,
and a single foramen (foramen ovale) for the mandibular division of the
trigeminal nerve (cranial nerve V3) between the alisphenoid and the
anterior lamina of the petrosal (as in non-mammaliaform cynodonts
Megazostrodon and Haldanodon) but also possibly bordered by the pterygoid (unlike any known Mesozoic mammaliaform).
The basicranium of Vintana is also unique among Mesozoic mammaliamorphs in lacking a functional prootic canal and unusual in lacking a channel for the inferior petrosal sinus and any substantial branches
of the stapedial system in the middle ear but in possessing an hiatus
Fallopii that opens endocranially deep within the posterior wall of the
cavum epiptericum (rather than in the lateral trough or at the anterior
end of the petrosal), a tympanohyal that abuts the promontorium (as
in monotremes), and a fossa incudis that is narrower than the epitympanic recess (as in therians) (Extended Data Figs 2c, 4). Vintana is also
primitive in retaining a basioccipital lappet on the cochlear housing, as
in the mammaliamorphs Adelobasileus and Sinoconodon. In the occipital
region of the cranium, Vintana is the only Mesozoic mammaliaform for
which both a postparietal and paired tabulars, together comprising the
interparietal, have been identified as discrete elements (Fig. 1e; Extended
Data Figs 2a, c, 5). However, the presence of these elements may be more
commonplace among Mesozoic mammaliaforms, as recently revealed
for extant mammals12. Finally, many of the cranial elements of Vintana
contain a remarkable amount of cancellous bone (diploë) compared to
those of other Mesozoic mammaliaforms (Extended Data Figs 2a, c and
3a), although a substantial amount is present in the basicranium of the
much smaller Haldanodon13.

Endocranial and inner ear features
The mosaicism of derived and primitive features in Vintana is also
exhibited in its endocranial morphology, a digital reconstruction of
which (Extended Data Fig. 3a) reveals that the brain was small and similar in relative size to those of basal mammaliaforms (encephalization
quotient 5 0.28–0.56). The olfactory bulbs were very large, occupying
over 14% of endocranial volume. Unlike the condition in other Mesozoic mammaliaforms, the endocast is strongly flexed (,32u between the
olfactory bulbs and the post-olfactory endocast). The cochlear canal,
part of the osseous labyrinth of the inner ear, is only slightly curved and
short (5.39 mm), only about half the length of the promontorium (Extended Data Fig. 3b). In these regards, Vintana resembles various nonmammaliaform cynodonts including tritylodontids, tritheledontids and
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Sinoconodon. By contrast, the presence of both primary and secondary
osseous laminae, a tractus foraminosus, and Rosenthal’s canal represent much more derived characteristics of the mammaliaform inner ear.

Palaeobiology
Vintana sertichi is the largest known mammaliaform from the Mesozoic of Gondwana, superseded in Laurasia only by the eutriconodontan
Repenomamus giganticus from the Early Cretaceous of China14. Estimated from the length of the cranium (124.1 mm long), the body mass
of V. sertichi was 8.95 kg (95% confidence interval 5 5.59–14.32 kg) (see
Supplementary Information).
The direction of wear striations, orientation of enamel islets and synclines, and distribution of leading and trailing edges on the molariform
teeth of Vintana indicate that the direction of the power stroke of the
chewing cycle was primarily palinal (distal) (Extended Data Fig. 6), as
in haramiyidans15, multituberculates16,17 and other gondwanatherians18,19.
However, Vintana appears to be unique among these clades in possessing a significant buccal component to the power stroke. This distobuccal
direction is corroborated by biomechanical analyses of the moments generated by the reconstructed primary jaw adductors around the dentary–
squamosal joint axis (Extended Data Fig. 7; Supplementary Information).
These analyses predict that Vintana had significantly higher bite forces
than the similarly sized extant rodent Myocastor (Supplementary Information). Based on its large size, hypsodont molars and inferred relatively high bite forces, it is likely that Vintana had a mixed diet that
included large, hard and/or abrasive food items such as roots, seeds or
nut-like fruits, not unlike the abrasive, herbivorous diet inferred for other
sudamericids4–6.
When compared with a range of extant mammals, Vintana had very
large orbits (30–32 mm in diameter) relative to cranial size (Extended
Data Fig. 8a). Although orbital size tends to progressively overestimate
eye size as body mass and orbital diameter increase20–22, it is likely that
Vintana also had relatively large eyes, as is the case for various extant
felids, bovids and cervids23,24 (Extended Data Fig. 8a). Such large eyes
could be consistent with either increased sensitivity under low light conditions or enhanced acuity across a range of ambient light levels, depending on eye structure. Furthermore, the radii of curvature of the semicircular
canals in Vintana are very large (mean 5 2.86 mm) for its estimated body
mass (Extended Data Fig. 8b). Among living mammals, large semicircular canal radii of curvature are generally associated with large eye size25.
The semicircular canals of Vintana are also almost mutually orthogonal,
with angles between the canals ranging from 91u to 94u. This configuration represents only minor deviation from 90u compared to that exhibited by most other Mesozoic synapsids (for example, angles between the
anterior and posterior semicircular canals range from 102u to 157u in
non-mammaliaform synapsids26 and 65u to 80u in multituberculates27,
but between 80u and 105u in Cretaceous eutherians28). The large size and
orthogonality of the semicircular canals suggest that Vintana had high
vestibular sensitivity to angular head accelerations29,30. These vestibular
features may have evolved in order to stabilize large eyes during rapid
and/or agile locomotion.
The inner ear of Vintana also exhibits cochlear primary and secondary osseous laminae and a cochlear canal that is relatively longer than
in non-mammaliaform cynodonts but shorter than in extant therians
(Extended Data Figs 3b, 8c). These cochlear features are probably associated with the presence of a stiff and short basilar membrane31, suggesting that Vintana had some capacity for high frequency hearing (that is,
higher than 20 kilohertz) but that its cochlea may have encoded a more
limited range of frequencies than the cochleae of most extant therians.
Finally, Vintana had very large olfactory bulbs relative to both its
estimated body mass (Extended Data Fig. 8d) and endocranial volume
(.14%). In this regard, it resembles some of the most basal mammaliaforms (for example, Morganucodon, Hadrocodium, Triconodon). Because
the size of olfactory bulbs likely varies as a function of the number and size
of the constituent glomeruli, which receive input from olfactory receptor
neurons, it is reasonable to conclude that Vintana resembled many extant

therian mammals in having an expanded olfactory receptor gene complement and in being able to detect and discriminate among a large
number of odorant types32,33. These comparative data on the sensory
anatomy of Vintana indicate that it possessed a distinctive suite of
sensory adaptations compared to most other Mesozoic mammaliaforms,
including large eyes, some capacity for high frequency hearing, and a
keen sense of smell.

Phylogenetic relationships
Gondwanatherians have been variously regarded as Paratheria34, Xenarthra35, Multituberculata6,19, the sister-group to Multituberculata6,36,37,
and Mammalia incertae sedis2,38. To assess the relationships of Gondwanatheria to other mammaliaforms, and generic interrelationships
within Gondwanatheria, we undertook both parsimony and Bayesian
phylogenetic analyses of 87 cynodont taxa (mostly Mesozoic mammaliaforms). This work builds upon previous data sets (see Supplementary
Information) by modifying previously used characters, adding several
new characters, and scoring several non-therian taxa not incorporated
previously (see Supplementary Information for more detailed explanation of data, analysis and results).
Our results indicate that Gondwanatheria are monophyletic, composed primarily of the Sudamericidae, of which Vintana is a member,
as is the previously unassigned Greniodon3 (Fig. 3). In all analyses Gondwanatheria are placed within the monophyletic Allotheria, including
Haramiyavia, Thomasia, Arboroharamiya and Multituberculata (Figs 3,
Supplementary Figs 1–4). Relationships among these clades, however,
differ between different analytical approaches (see Supplementary Information). The clade containing Gondwanatheria is sister to Multituberculata in the parsimony analysis (Fig. 3, Supplementary Fig. 1), whereas
they are nested within the latter in the Bayesian analysis (Supplementary Fig. 2). If this is indeed reflective of the true history of these clades,
then several features generally accepted as plesiomorphic within Mammaliamorpha must have re-evolved in the lineage represented by Vintana
(for example, basioccipital wing overlapping the cochlear housing, large
septomaxilla with intranarial process, single trigeminal foramen between
anterior lamina and alisphenoid).

Mosaicism and evolution in isolation
Gondwanatherians are a strictly Gondwanan radiation, whereas multituberculates, their closest relatives, are overwhelmingly Laurasian
in distribution2,10,39 (Fig. 3). The early evolution of gondwanatherians
remains a mystery that can only be resolved with the discovery of more
specimens from the tectonically most active interval of Gondwanan
breakup (Middle Jurassic–Early Cretaceous). However, knowledge of
the palaeogeographic history of Gondwana provides some insights concerning the lineage to which Vintana belongs. Madagascar, together with
the Indian subcontinent, separated from Africa approximately 165 million
years ago (Myr ago) and became fully isolated from Antarctica and Australia approximately 115–112 Myr ago, with Madagascar and the Indian
subcontinent separating from each other about 88 Myr ago40–42 (Fig. 3,
bottom). The basal stock that ultimately led to Vintana, at 72–66 Myr ago,
was therefore likely isolated on Indo-Madagascar for about 24–27 million
years and on Madagascar alone for another approximately 16–22 million
years, for a total duration of 40 to almost 50 million years. Interestingly,
support for the isolation of the Indo-Malagasy gondwanatherians can
be derived from the Bayesian phylogenetic analyses, which identify a node
(Vintana1Lavanify1Bharattherium) exclusive of the South American
and African forms (see Supplementary Information).
The long period of geographic isolation of Indo-Madagascar and
then Madagascar resulted in a latest Cretaceous Malagasy fauna that
included a range of other unusual taxa (for example, massive predatory
frogs43, herbivorous crocodyliforms44, and variously specialized theropod
dinosaurs45–47). The ghost lineages of these taxa are long and indicate
minimum divergence times near the Early–Late Cretaceous boundary
(100 Myr ago) or even earlier40. Similarly, molecular divergence dates
indicate early origins on Madagascar for xenotyphloid blind snakes,
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oplurid lizards and podocnemidid turtles41,48,49. We hypothesize that
these and other lineages were more broadly distributed across Gondwana before fragmentation of the supercontinent, but became isolated on Indo-Madagascar when it separated from first Africa and then
Antarctica and Australia. In this spatiotemporal context, Vintana appears
to have retained several features reflective of its ancestry before early
isolation from other Gondwanan landmasses on Indo-Madagascar and
then Madagascar alone, but acquired its highly derived, unique morphology during 40–50 million years of evolution in isolation.
Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Ameghiniana 21, 173–176 (1985).
36. Gurovich, Y. Bio-evolutionary Aspects of Mesozoic Mammals: Description,
Phylogenetic Relationships and Evolution of the Gondwanatheria (Late Cretaceous
and Paleocene of Gondwana). PhD thesis, Univ. Buenos Aires (2006).
37. Pascual, R. & Ortiz-Jaureguizar, E. The Gondwanan and South American episodes:
two major and unrelated moments in the history of the South American mammals.
J. Mamm. Evol. 14, 75–137 (2007).
38. Pascual, R., Goin, F. J., Krause, D. W., Ortiz-Jaureguizar, E. & Carlini, A. A. The first
gnathic remains of Sudamerica: implications for gondwanathere relationships.
J. Vertebr. Paleontol. 19, 373–382 (1999).
39. Rich, T. H. et al. An Australian multituberculate and its palaeobiogeographic
implications. Acta Palaeontol. Pol. 54, 1–6 (2009).
40. Ali, J. R. & Krause, D. W. Late Cretaceous bioconnections between IndoMadagascar and Antarctica: refutation of the Gunnerus Ridge causeway
hypothesis. J. Biogeogr. 38, 1855–1872 (2011).

41. Samonds, K. E. et al. Spatial and temporal arrival patterns of Madagascar’s
vertebrate fauna explained by distance, ocean currents, and ancestor type. Proc.
Natl Acad. Sci. USA 109, 5352–5357 (2012).
42. Samonds, K. E. et al. Imperfect isolation: factors and filters shaping Madagascar’s
extant vertebrate fauna. PLoS ONE 8, e62086 (2013).
43. Evans, S. E., Jones, M. E. H. & Krause, D. W. A giant frog with South American
affinities from the Late Cretaceous of Madagascar. Proc. Natl Acad. Sci. USA 105,
2951–2956 (2008).
44. Buckley, G. A., Brochu, C., Krause, D. W. & Pol, D. A pug-nosed crocodyliform from
the Late Cretaceous of Madagascar. Nature 405, 941–944 (2000).
45. Forster, C. A., Sampson, S. D., Chiappe, L. M. & Krause, D. W. The theropod ancestry
of birds: new evidence from the Late Cretaceous of Madagascar. Science 279,
1915–1919 (1998).
46. Sampson, S. D. et al. Predatory dinosaur remains from Madagascar: implications
for the Cretaceous biogeography of Gondwana. Science 280, 1048–1051 (1998).
47. Sampson, S. D., Carrano, M. T. & Forster, C. A. A bizarre predatory dinosaur from the
Late Cretaceous of Madagascar. Nature 409, 504–506 (2001).
48. Crottini, A. et al. Vertebrate time-tree elucidates the biogeographic pattern of major
biotic change around the K-T boundary in Madagascar. Proc. Natl Acad. Sci. USA
109, 5358–5363 (2012).
49. Vidal, N. et al. Blindsnake evolutionary tree reveals long history on Gondwana. Biol.
Lett. 6, 558–561 (2010).
50. Ali, J. R. & Aitchison, J. C. Gondwana to Asia: plate tectonics, paleogeography and
the biological connectivity of the Indian sub-continent from the Middle Jurassic
through latest Eocene (166–35 Ma). Earth Sci. Rev. 88, 145–166 (2008).
Supplementary Information is available in the online version of the paper.
Acknowledgements We thank the Université d’Antananarivo, the Madagascar Institut
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Extended Data Figure 1 | Enamel microstructure of Vintana sertichi.
Scanning electron micrograph of transverse section of enamel (sampled from
distolingual corner of left MF2) revealing the radial arrangement of prisms (p)
separated by well-developed interrow sheets (irs) of interprismatic matrix.
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Extended Data Figure 2 | Craniofacial and endocranial morphology of
Vintana sertichi. a, Reconstruction of right half of cranium (UA 9972) in
medial view showing bony composition; sagittally sectioned elements shaded in
grey, endocranial cavity shaded in blue. b, Reconstruction of right half of
anterior portion of cranium in medial view showing details of nasal cavity,
anterior part of endocranium, and nasopharyngeal canal. Dorsoventral extent
of cribriform plate indicated in red. Paranasal lamella of nasoturbinal ridge
indicated by six short red arrows pointing to a ridge ventral to tectal lamella.
c, Digital reconstruction of mid-sagittal cut-away medial view of right posterior
half of cranium based on micro-computed tomography scans. d, Digital
reconstruction of lateral view of right posterior half of cranium, based on
micro-computed tomography scans (squamosal cut away ventrally, indicated
by hatching; basisphenoid and other more medial elements removed to show

openings). AS, alisphenoid; BS, basisphenoid; ce, cavum epiptericum; cpl,
cribriform plate ridge; cs, crista semicircularis; ep, ectopterygoid process; ethr,
ethmoturbinal ridges; fo, foramen ovale; FR, frontal; hf, hypoglossal foramina;
iam, internal acoustic meatus; IP, interparietal; jf, jugular foramen; LA,
lacrimal; lret 1, lateral root of ethmoturbinal 1; MX, maxilla; nlcg, nasolacrimal
canal and groove; nvg, neurovascular grooves; OC, occipital; occ, occipital
condyle; opf, optic foramen; opg, optic groove; OS, orbitosphenoid; PA,
parietal; PAL, palatine; ?pan, possible pila antotica; PE, petrosal; pmet, pila
metoptica; ppr, paroccipital process; pr, promontorium; prof, prootic foramen;
PT, pterygoid; ptf, posttemporal foramen; ptl, posterior transverse lamina;
RMF3, right third upper molariform tooth; rt, foramen for ramus temporalis;
saf, subarcuate fossa; sof, sphenorbital fissure; SQ, squamosal; tlnt, tectal
lamella of nasoturbinal ridge; vret 1, vertical root of ethmoturbinal 1.
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Extended Data Figure 3 | Endocranial and inner ear morphology of Vintana
sertichi. a, Digital reconstruction of mid-sagittal cut-away view of right half of
cranium and integrated endocranial cast reconstruction, based on microcomputed tomography scans, to reveal position and orientation of endocast
(blue; moderately transparent), right inner ear (magenta; petrosal is rendered as
fully transparent), and positions of right cranial nerves (CNs, green). b, Digital
reconstruction of right osseous labyrinth and cochlear nerve (cranial nerve
VIII), based on micro-computed tomography scans, in medial view. Virtual
endocast of osseous labyrinth (translucent), with canal system occupied by
cochlear nerve (green) depicted both in situ (lower right) and in identical view

but isolated and enlarged (upper left). asc, anterior semicircular canal;
cc, crus commune; cn, cochlear nerve (part of cranial nerve VIII); ‘‘CN’’ II, optic
nerve; CN V3, mandibular division of trigeminal nerve; CN VII, facial nerve;
CN VIII, vestibulocochlear nerve; CN IX, glossopharyngeal nerve; CN X, vagus
nerve; CN XII, hypoglossal nerve bundles (XIIa and XIIb); hp, habenulae
perforatae; lsc, lateral semicircular canal; pf, perilymphatic foramen; psc,
posterior semicircular canal; Rc, Rosenthal’s canal (cochlear ganglion canal);
scc, secondary crus commune; sl, secondary osseous lamina of cochlea;
tf, tractus foraminosus.
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Extended Data Figure 4 | Composition and features of basicranium of
Vintana sertichi. a, Ventral view of UA 9972. b, unlabelled, and b9, labelled
views of basicranial region indicated by red rectangle in a. Occipital shaded
in transparent blue, petrosal in yellow, and squamosal in orange. AS,
alisphenoid; BO, basioccipital; BS, basisphenoid; cp, crista parotica; eam,
external acoustic meatus; entpt, entopterygoid process; EO, exoccipital;
er, epitympanic recess; fi, fossa incudis; fm, foramen magnum; fsh, facet for

stylohyal; gf, glenoid fossa; hf, hypoglossal foramina; jf, jugular foramen;
lc, fossa for longus capitis; lfl, lateral flange; lt, lateral trough; mrb, median ridge
of basioccipital; mt, muscular tubercle; occ, occipital condyle; PE, petrosal;
ppr, paroccipital process; ppts, post-promontorial tympanic sinus; pr,
promontorium; PT, pterygoid; ptr, pterygopalatine ridge; rcv, fossa for rectus
capitis ventralis; sf, stapedius fossa; smn, stylomastoid notch; SQ, squamosal;
th, tympanohyal.
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Extended Data Figure 5 | Composition and features of occipital region of
Vintana sertichi. Posterior view of UA 9972. fm, foramen magnum; FR,
frontal; jf, jugal flange; JU, jugal; nc, nuchal crest; OC, occipital; occ, occipital
condyle; PA, parietal; PE, petrosal; pgs, postglenoid shelf; PP, postparietal; ppr,

paroccipital process; PT, pterygoid; ptf, posttemporal foramen; SQ, squamosal;
TA, tabular; zpj, zygomatic process of jugal; zpsq, zygomatic process of
squamosal.
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Extended Data Figure 6 | Dental wear features of Vintana sertichi.
a, Scanning electron micrograph of oblique view of buccal side of occlusal
surface of left MF4 cast (see Fig. 2c, d) showing leading (le) and trailing (tr)
edges of enamel ridges; white arrow is parallel to wear striae and indicates
distobuccal direction of movement of antagonistic lower molariforms. b, Rose
diagram of measured wear striation directions on left MF4; black arrow
represents mean vector angle of all striations.
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Extended Data Figure 7 | Relative contributions of the primary muscles of
mastication to the total moments about the dentary-squamosal joint axis
(DSJ). Contributions illustrated by vector length during molariform/molar
biting at a, b, narrow; and c, d, wide gapes in Vintana sertichi (left) and
Myocastor coypus (right). For comparative purposes, the crania are shown at
the same length. Only muscles that contributed more than 2% to the total

moment about the DSJ axis are illustrated here. This represents 96–98% of the
total moment about the axis. adm, anterior deep masseter; iozm, infraorbital
portion of zygomaticomandibularis; sm, superficial masseter; t, temporalis;
zm, zygomaticomandibularis. All muscles except zm (shown in red) attach to
the lateral surface of the cranium and dentary.
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Extended Data Figure 8 | Sensory anatomy and ecology of Vintana sertichi.
a, Relationship between cranial size and orbital diameter in 352 extant
mammalian species (identified according to order; see inset) and V. sertichi
(both upper (32 mm) and lower (30 mm) estimates of orbital diameter are
depicted). 1, 2, 3, bovids Oreotragus oreotragus, Ourebia ourebi and Raphicerus
campestris; 4, 5, 6, felids Lynx rufus, Leptailurus serval and Leopardus pardalis;
7, cervid Mazama gouazoubira. b, Relationship between mean semicircular
canal radius of curvature and body mass in 205 extant mammalian species and
V. sertichi. The three symbols for Vintana represent its lower, middle and
upper body mass estimates. c, Relationship between cochlear canal length

and body mass in extinct and extant synapsids, including V. sertichi. The three
symbols for Vintana represent its lower, middle and upper body mass
estimates. The grey polygon encompasses extant therian mammals. The values
for living monotremes do not include the lagenar portion (1, Tachyglossus;
2, Ornithorhynchus). d, Relationship between olfactory bulb volume and
body mass in 163 extant and extinct Mammaliaformes, including V. sertichi
depicted at lower, average and upper body mass estimates for the reconstructed
olfactory bulb volume. See Supplementary Information for more detailed
explanations and sources of data.
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