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A B ST R A CT 

The origin of modern crocodylians is rooted in the Cretaceous, but their evolutionary history is obscure because the relationships of outgroups 
and transitional forms are poorly resolved. Here, we describe a new form, Varanosuchus sakonnakhonensis gen. nov., sp. nov., from the Early 
Cretaceous of Thailand that fills an evolutionary gap between Paralligatoridae and Atoposauridae, two derived neosuchian lineages with previ-
ously unsettled phylogenetic relationships. Three individuals, including a complete skull and associated postcranial remains, allow for a detailed 
description and phylogenetic analysis. The new taxon is distinguished from all other crocodylomorphs by an association of features, including a 
narrow oreinostral morphology, a dorsal part of the postorbital with an anterolaterally facing edge, a depression on the posterolateral surface of 
the maxilla, and fully pterygoid-bound choanae. A phylogenetic analysis confirms the monophyly and taxonomic content of Atoposauridae and 
Paralligatoridae, and we underline the difficulty in reaching a robust definition of Eusuchia. Furthermore, we put forward further arguments re-
lated to the putative terrestrial ecology with semi-aquatic affinities of atoposaurids based on their oreinostral snout morphology and osteoderm 
ornamentation.

Keywords: Crocodylomorpha; computed tomography; morphological comparison; skull anatomy; palaeoecology; semi-terrestrial; Asia; 
Cretaceous; endocasts; palaeontology

I N T RO D U CT I O N
Neosuchia are a crocodylomorph clade that appeared during 
the Jurassic and gave rise during the Cretaceous to modern 
forms (Salisbury et al. 2006). Although its major lineages, 
including Goniopholididae, Pholidosauridae, Dyrosauridae, 
Atoposauridae, Paralligatoridae, and Eusuchia, are gener-
ally considered monophyletic ( Jouve et al. 2006, Turner 
2015, Martin et al. 2016a, Tennant et al. 2016, Meunier 
2017, Ristevski et al. 2018), their interrelationships are still 
heavily debated. One major problem of this situation is the 
poor resolution over the origin and evolutionary processes at 
the neosuchian–eusuchian transition. For example, although 
Eusuchia are classically diagnosed as possessing pterygoid-
bound choanae, procoelous vertebral centra, and a sagittal 

segmentation of the paravertebral shield (Benton and Clark 
1988, Clark 1994), this can no longer be considered the norm, 
and their evolutionary history is more complex than origin-
ally admitted (Salisbury et al. 2006, Turner and Buckley 2008, 
Pol et al. 2009, Sweetman et al. 2014, Turner 2015, Turner 
and Pritchard 2015, Tennant et al. 2016, Leite and Fortier 
2018, Martin et al. 2020). Thus, those issues remain highly de-
bated, particularly about the timing of the transition between 
‘basal’ neosuchians and eusuchians, about which clade(s) are 
closer to Eusuchia, and about which characters support those 
changes. 

Among the fossils of particular interest to these issues 
are those belonging to the families Atoposauridae and 
Paralligatoridae, both of which have been rediagnosed recently 

AQ1-AQ4

AQ5

AQ6

AQ8

[Version of Record, published on XX XXX XXXX; http://zoobank.org/urn:lsid:zoobank.org:pub:XXXXX]
© The Author(s) 2023. Published by Oxford University Press on behalf of The Linnean Society of London. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

AQ7

1.5

1.10

1.15

1.20

1.25

1.30

1.35

1.40

1.45

1.50

1.55

1.60

1.61

1.65

1.70

1.75

1.80

1.85

1.90

PB.50

PB.55

PB.60

PB.61

PB.65

PB.70

PB.75

PB.80

PB.85

PB.90

https://orcid.org/0000-0002-6216-2721
mailto:yohan.pochat@orange.fr
http://zoobank.org/urn:lsid:zoobank.org:pub:XXXXX
journals.permissions@oup.com


2 • Pochat-Cottilloux et al.

(Turner 2015, Tennant et al. 2016, Adams 2019, Kuzmin et 
al. 2019, Noto et al. 2020, Rummy et al. 2022). Atoposaurids 
sensu Tennant et al. (2016) comprise only five species from 
the Late Jurassic of France and Germany (Fig. 1; Tennant 

et al. 2016 and references therein), and paralligatorids sensu 
Rummy et al. (2022) comprise ≥11 taxa from the Late Jurassic 
to the Cretaceous, distributed worldwide (Fig. 1; Turner 
2015, Tennant et al. 2016, Adams 2019, Kuzmin et al. 2019, 

Figure 1. Palaeogeographical distribution of putative atoposaurid and paralligatorid taxa: 1, Wannchampsus kirpachi, Tarsomordeo winkleri, 
Glen Rose Form (Aptian, USA), and Scolomastax sahlsteini (Cenomanian, USA); 2, Aprosuchus ghirai and Sabresuchus sympiestodon 
(Maastrichtian, Romania); 3, Brillanceausuchus babouriensis (Barremian, Cameroon); 4, Sabresuchus ibericus (Barremian, Spain); 5, 
Montsecosuchus deperiti (Barremian, Spain); 6, Shamosuchus djadochtaensis and Paralligator gradilifrons (Cenomanian–Campanian, Mongolia); 
7, Rugosuchus nonganensis (Campanian, China) and Yangjisuchus longshanensis (Albian–Cenomanian, China); 8, Theriosuchus grandinaris and 
Phu Sung specimens described here (Barremian, Thailand); 9, Kansajsuchus extensus (Santonian–Campanian, Kazakhstan–Tadzhikistan); 
10, Knoetschkesuchus langenbergensis (Kimmeridgian, Germany); 11, Alligatorellus and Atoposaurus oberndorferi (Tithonian, Germany); 12, 
Alligatorium and Atoposaurus jourdani (Kimmeridgian, Germany); 13, Knoetschkesuchus guimarotae (Kimmeridgian, Spain); 14, Batrachomimus 
pastosbonensis (Oxfordian–Kimmeridgian, Brazil). Maps are from Paleobiology Database. AQ9
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Noto et al. 2020, Rummy et al. 2022 and references therein). 
Given that those two families exhibit several variable mor-
phological characters among those historically considered as 
autapomorphies of Eusuchia (see above), they are thus ideal 
candidates for illustrating the Neosuchia–Eusuchia transi-
tion. A better understanding of the relationships of those 
taxa is essential to understand the neosuchian diversification 
and palaeobiogeographical evolution through time. Virtually 
nothing is known about their ecology, although Schwarz and 
Salisbury (2005) and Martin et al. (2014) hypothesized a ter-
restrial ecology for atoposaurids based on their very scarce 
fossil record, given that terrestrial environments are less prone 
to good conservation conditions. 

Here, we describe three new specimens belonging to a new 
species of atoposaurid from the Early Cretaceous Sao Khua 
Formation of Thailand (early Valanginian–early Hauterivian; 
Tucker et al. 2022). The specimens (Figs 2–15; Supporting 
Information, Supplementary Materials S1–S3; Supplementary 
Models S1–S7) come from the Phu Sung locality, a reddish 

micaceous silty mudstone continental deposit, and were found 
together within a faunal assemblage composed of sharks, bony 
fishes, and turtles (Chanthasit et al. 2019, Ditbanjong et al. 
2019). Although another atoposaurid was previously known in 
the Cretaceous of Thailand (Lauprasert et al. 2011), they are of 
particular importance for proposing a new phylogenetic frame-
work close to the Neosuchia–Eusuchia transition and highlight 
that Southeast Asia still holds an under-evaluated fossil record 
for understanding the evolution of neosuchians, and particularly 
of atoposaurids and paralligatorids.

M AT E R I A L S  A N D  M ET H O D S

Character taxon matrix and coding
The character taxon matrix used in this paper consists of 80 oper-
ational taxonomic units and 321 multistate characters (Supporting 
Information, Supplementary Materials S4 and S5); the outgroup 
is Gracilisuchus stipanicicorum Romer, 1972; all characters involved 
in the parsimony analysis are equally weighted and unordered. 

Figure 2. SM-2021-1-97: main part of the skull in dorsal (A), ventral (B), lateral (C, D), anterior (E), posterior (F), and lateroventral (G) 
views. H, I, two teeth visible in external view. Abbreviations: an, angular; ar, articular; bo, basioccipital; d, dentary; ec, ectopterygoid; f, frontal; 
fm, foramen magnum; if, infratemporal fenestra; j, jugal; l, lacrimal; m, maxillary; n, nasal; o, orbit; ot, otoccipital; p, parietal; pal, palatine; pf, 
prefrontal; pm, premaxillary; po, postorbital; pt, pterygoid; q, quadrate; qj, quadratojugal; sf, supratemporal fenestra; so, supraoccipital; sp, 
splenial; sq, squamosal; sr, surangular; sub, suborbital fenestra. Scale bars: 1 cm.
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This character taxon matrix, to which we added the scorable 
osteological characters of the specimens described here, is taken 
from the complete dataset of Schwarz et al. (2017), modified from 
Turner (2015), with some adjustments made by Venczel and 
Codrea (2019). Knoetschkesuchus guimarotae Schwarz & Salisbury, 
2005 scorings were updated following Eijkelboom (2020), and 
Shamosuchus ulanicus Efimov, 1983 was removed because it is a 
junior synonym of Paralligator gradilifrons Konzhukova, 1954, 
which now regroups Shamosuchus ancestralis sensu Konzhukova 
(1954), Shamosuchus ulgicus sensu Efimov (1981), Shamosuchus 
ulanicus sensu Efimov (1983), and Shamosuchus tarsus sensu Efimov 
(1983) (Turner 2015). Brillanceausuchus babouriensis Michard et 
al., 1990 and Montsecosuchus deperiti Vidal, 1915 were also not in-
cluded, pending future reassessment of those taxa (Tennant et al. 
2016). Although previously recovered nested within neosuchians, 
we also chose to remove thalattosuchians because they most 
probably branch basally or sister to Mesoeucrocodylia (Wilberg 
et al. 2022) and because the present study focuses on derived 
neosuchians. Pachycheilosuchus trinquei Rogers, 2003, Tarsomordeo 
winkleri Adams, 2019, Scolomastax salhsteini Noto et al., 2020, and 
Yanjisuchus longshanensis Rummy et al., 2022 were not added into 
the matrix because they are too incomplete; however, we added 
Kansajsuchus extensus Efimov, 1975 (Kuzmin et al. 2019) and 
Theriosuchus grandinaris Lauprasert et al., 2011. Finally, some 
scorings were updated, and those of Bernissartia fagesii Dollo, 
1883 were thoroughly revised on 80 characters, based on Martin 
et al. (2020) (see also Supporting Information, Supplementary 
Material S6). Only the two most complete specimens from Phu 
Sung (SM-2021-1-97/101 and SM-2023-1-16) were scored, be-
cause the third one is too incomplete to warrant a robust phylo-
genetic assessment.

Phylogenetic analyses
The analyses were made in parsimony, on TNT v.1.5 (Goloboff 
and Catalano 2016). New Technology Search was used, enabling 
all search algorithms (Sectorial Search, Ratchet, Drift and Tree 
Fusing; Goloboff 1999, Nixon 1999). The default settings for 
these advanced search methods were changed only to increase 
the iterations of each method; it now features 100 sectorial 
search drifting cycles, 100 ratchet iterations, 100 drift cycles, and 
100 rounds of tree fusion per replicate. This tree-space search 
procedure was repeated for 10 different random start seeds (fol-
lowing the procedure described by Jouve 2016) using a driven 
search to find the minimum length 10 times. Otherwise, the 
default parameters were retained. Extended implied weighting 
(Goloboff 2014) was not used because its utility remains con-
troversial (Congreve and Lamsdell 2016, Groh et al. 2020). 
Bootstrap scores were then calculated. This procedure was val-
idated further by a heuristic search of Wagner trees with 1000 
random addition sequences, followed by tree bisection–recon-
nection and saving 10 cladograms per round (random seeds: 
100). When necessary, the ACCTRAN optimization was 
used (accelerated transformation; Farris 1970, Swofford and 
Maddison 1987). FigTree v.1.4.4 was used to visualize the 
phylogenetic trees obtained.

Computed tomography scan
The CT scan was performed in January 2021 at the Laboratoire 
Mateis (INSA Lyon, Villeurbanne, France) on a DTHE (Double 
Tomographe Haute Energie by RX Solutions). Detailed acqui-
sition parameters are available in the Supporting Information 
(Supplementary Material S7).

AQ13

Figure 3. SM-2021-1-97: mandibular and pterygoid parts of the skull in lateral (A, B, H), medial (C), dorsal (E, I), and ventral (D, F, G) views. 
Abbreviations: an, angular; ar, articular; bo, basioccipital; d, dentary; ic, internal choana; j, jugal; pal, palatine; pbs, parabasisphenoid; pt, 
pterygoid; q, quadrate; sp, splenial; sr, surangular. Arrow in G indicates palatine–pterygoid suture. Scale bars: 1 cm.AQ10
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Institutional abbreviations
AR, Ariño collection, housed at Museo Aragonés de 
Paleontología, Teruel, Spain; DMR, Direction of Mineral 
Resources, Bangkok, Thailand; SM, Sirindhorn Museum, 
Kalasin, Thailand; USNM, Smithsonian National Museum of 
Natural History, Washington, DC, USA. 

R E SU LTS

S Y ST E M AT I C  PA L A EO N TO LO G Y

Crocodylomorpha Hay, 1930

Mesoeucrocodylia Whestone and Whybrow, 1983

Neosuchia Clark, 1986

Atoposauridae Gervais, 1871 

Varanosuchus gen. nov.

Type species: Varanosuchus sakonnakhonensis.

Derivation of name: Owing to its superficial resemblance to a 
monitor lizard.

Diagnosis: As for the type and only known species.

Varanosuchus sakonnakhonensis gen. nov., sp. nov.

Derivation of name: After the province of Sakon Nakhon, 
Thailand, where the holotype and referred specimens were 
found.

Holotype: SM-2021-1-97/101, a three-dimensionally preserved, al-
most complete skull, lacking its anteriormost part (anterior part of 
premaxilla and nasal), with associated mostly complete postcranial 
skeleton, involving the axial column and osteoderms. The spe-
cimen lacks most of the pectoral girdle (except for the coracoid) 
and all the forelimb elements. The pubis, tibia, fibula, and digit are 
the only elements known from the pelvic girdle and the hindlimbs.

Type locality: Phu Sung locality, near Mueang Nakhon, Sakon 
Nakhon district, Thailand.

Stratigraphic horizon and range: The geological strata from which 
the new taxon originates belong to the Early Cretaceous Sao 
Khua Formation (Khorat Group) of Thailand (Chanthasit et al. 
2019, Ditbanjong et al. 2019). 

Figure 4. Three-dimensional reconstruction of SM-2021-1-97: full skull in dorsal (A), ventral (B), lateral (C, D), anterior (E), posterior (F), and 
anterior three-quarter (G) views. Abbreviations: an, angular; ar, articular; cq, cranioquadrate passage; d, dentary; ec, ectopterygoid; f, frontal; fa, 
foramen aërum; if, infratemporal fenestra; j, jugal; l, lacrimal; ld, lower dentition; m, maxillary; n, nasal; o, orbit; ot, otoccipital; p, parietal; pal, 
palatine; pbs, parabasisphenoid; pf, prefrontal; pm, premaxillary; po, postorbital; pt, pterygoid; q, quadrate; qj, quadratojugal; sf, supratemporal 
fenestra; so, supraoccipital; sp, splenial; sq, squamosal; sr, surangular; sub, suborbital fenestra; ud, upper dentition. Scale bars: 2 cm. 
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Referred specimens: SM-2023-1-16, a three-dimensionally 
preserved nearly complete skull. SM-2023-1-17, a three-
dimensionally preserved partial skull table. Both specimens were 
found in the same strata as the holotype.

Diagnosis: a crocodylomorph characterized by the following 
unique combination of features: the dorsal part of the post-
orbital has an anterolaterally facing edge; the quadrate has no 
fenestrae; there are two waves of enlarged maxillary teeth; the 
quadratojugal has no ornamentation; the outer surface of the 
squamosal is laterodorsally oriented, reduced, and sculpted; and 
there is a depression on the posterolateral surface of the maxilla.

Description
Cranial openings

The sutures between the parietal, the supraoccipital and the 
otoccipital are thin anteroposteriorly, but there is no clear 
opening in this region (i.e. no ‘true’ posttemporal fenestrae). The 
internal choana is contained by the pterygoids (and maybe the 
palatines in SM-2023-1-16) and is situated immediately anterior 

to the contact with the palatine, anteriorly. No septum can be 
seen. The orbit is large, about half the length of the skull table. 
It is D-shaped in dorsal and lateral views. This opening is sur-
rounded by the jugal, the maxilla, the lacrimal, the frontal, the 
prefrontal, and the postorbital. The margins are not upturned.

As in all diapsids, the skull possesses two pairs of temporal 
fenestrae: the supratemporal and infratemporal ones. The 
supratemporal fenestra is ovoid, with its longest axis directed 
anteroposteriorly and almost the same length as the parietal. 
The supratemporal fossa has steep vertical walls in SM-2021-
1-97/99. The frontoparietal fossa is not apparent in SM-2021-
1-97/101 (owing to vertical walls) and not very wide, quickly 
disappearing ventrally in SM-2023-1-16 and SM-2023-1-17. 
The infratemporal fenestra is preserved on the left side in all 
specimens: it is not complete but appears triangular; it is bor-
dered by the jugal laterally, the postorbital anteriorly, and the 
quadratojugal posteromedially. No spike-like projection inside 
the fenestra can be seen. In SM-2023-1-16, the antorbital fen-
estra is present near the triple junction between the maxilla, the 
lacrimal, and the jugal in lateral view (Figs 11D, 13D).

Figure 5. SM-2021-1-98: cervical vertebrae and osteoderms in dorsal (A), ventral (B), lateral (C), posterior (D), and anterior (E) views. 
Abbreviations: C5–C8, cervical vertebrae 5–8; D1–D8: dorsal vertebrae 1–8. Scale bars: 1 cm.
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The cranioquadrate canal appears open as a groove in lateral 
view, immediately ventral to the squamosal and posterior to the 
tympanic region. It is formed solely of the otoccipital in SM-
2021-1-97/101 and probably also in SM-2023-1-16, although 
it is difficult to assess because of the poor state of preservation.

The foramen magnum is triangular in shape and ~1 cm at its 
widest part.

Cranium (Figs 2–4,11–14)
The specimens are rather short-snouted; as a result, the rostrum 
makes up about half the size of the whole skull. The nasal is long, 
reaching the anterior limit of the skull. The braincase occupies 
the posterior one-third of the skull. The cranial table is orna-
mented with circular ovoid pits dorsally.

Premaxilla (Figs 2A, C–E, 4A–E, G, 11A–E, G, 12A, 13A–D):  The 
premaxilla, together with the anterior part of the nasal, forms the 
anterior part of the snout. It is straight posteriorly, forming an 
oblique suture with the maxilla in lateral view. In dorsal view, 
the opening for the nares is mostly composed of the premaxilla, 
with participation by the nasal in its posterior part. On the 
ventral surface, the foramen incisivum is a single opening; it is 
unique and completely enclosed by the premaxillae. Although 
it is damaged, this opening is cylindrical, with the longest axis 

directed anteroposteriorly, but it does not abut the premaxillary 
toothrow (Supporting Information, Supplementary Model S3). 
The contact between the two bones is straight anteroposteriorly. 
The contact between the maxilla and the premaxilla is straight 
lateromedially in ventral view, oblique in lateral view, and straight 
lateromedially in dorsal view, with two posteriorly projecting 
processes of the premaxilla in SM-2021-1-97: one in the maxilla 
and one medially at the contact with the nasal. Medially in dorsal 
view and posterior to the nares, the two premaxillae do not con-
tact because they are separated by the nasals. At the contact with 
the maxilla, the posterior part of the premaxilla bears a notch 
to accommodate the corresponding large dentary tooth; this is 
especially visible in right lateral view. Some pits are present in 
the lateral surface. Each premaxilla contains at least five teeth (al-
though none is preserved). The preserved alveoli are as large as 
most of the maxillary alveoli and separated, with the third and 
fourth being the largest ones in SM-2023-1-16. The alveoli are 
circular, and the premaxillary toothrow is curved anteriorly. 

Maxilla (Figs 2A, C–E, 4A–E, G, 11A–E, G, 12A, 13A–D):  The 
two maxillae contact ventrally in an anteroposteriorly straight 
suture, whereas they are separated dorsally by the nasals, also in 
an anteroposteriorly straight suture. The triple junction between 
the maxilla, the premaxilla, and the nasal is situated at the level of 
the first maxillary alveolus. The contact with the jugal is curved 

Figure 6. SM-2021-1-100: dorsal, sacral, and caudal vertebrae in dorsal (A), lateral (B), and ventral (C) views. Abbreviations: CD1, caudal 
vertebra 1; D14 and D16, dorsal vertebrae 14 and 16; pub1 and pub2, pubis 1 and 2; S1 and S2: sacral vertebrae 1 and 2. Scale bars: 1 cm.
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anteriorly to oblique in lateral view. Medially, there is a suture 
with the ectopterygoid, which is also curved anteriorly. In lat-
eral view, a depression for the insertion of a dentary tooth can 
be seen at the level of the sixth–seventh maxillary alveoli, where 

the maxilla curves medially. Dorsally, the maxilla has two planes: 
one directed dorsomedially to ventrolaterally, and one oriented 
anteroposteriorly and flat dorsoventrally: the specimens have an 
altirostral skull. The contact between these two planes is directed 

Figure 7. SM-2021-1-99 and SM-2021-1-101: caudal vertebrae and limb bones in dorsal (A, C) and ventral (B, D) views. Abbreviations: CD, 
cervical vertebra; fib, fibula; met, turtle metatarsal; pha, phalanx; r, rib; t, tibia. Scale bars: 1 cm.AQ11

Figure 8. Three-dimensional reconstruction of SM-2021-1-97/101 vertebrae in anterior (A) and posterior (B) views. Blue vertebrae are 
cervical, green are dorsal, red are sacral, and orange are caudal. Abbreviations: c, centrum; dia, diapophysis; ns, neural spine; par, parapophyis; 
poz, postzygapophysis; prz, prezygapophysis; tp, transverse process. Scale bars: 3 cm.
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posteromedially until the most developed caniniform maxillary 
tooth (fourth alveolus in SM-2021-1-97) or the very marked lat-
eral bulge of the maxilla (sixth alveolus on SM-2023-1-16), then 
it seems to widen again laterally. The lateral margin of the max-
illa forms two convex waves, with the maximum curvature at the 
level of the fourth and penultimate maxillary alveoli. Ventrally, 
the contact with the palatine is anteriorly convex, and the max-
illa constitutes the anterior and anterolateral margin of the 
suborbital fenestra. The ventral surface is smooth. In SM-2021-
1-97/99, there are at least five anterior maxillary teeth that are 
preserved, with the largest one being the fourth. The fifth al-
veolus is smaller than the third or the fourth one. All those al-
veoli are circular in cross-section. From the preserved parts of 
SM-2023-1-16, which is better preserved in this area, it can be 
assessed that the maxilla contains ≥10 teeth. The largest anterior 
alveoli, although separated, are the third and the fourth ones, but 
the fifth one is almost the same size as the third one. A diastema 
is present between alveoli five and six, probably to accommodate 
the enlarged dentary tooth. Then the alveoli globally decrease in 
size again posteriorly; they are lateromedially compressed and 
closely spaced. In ventral view, the alveolar rows globally diverge 
posterolaterally, with a concavity at the level of the fifth–sixth al-
veolus. The largest tooth is preserved on each side, in addition to 
some other fragments of other teeth. Those are caniniform teeth, 
with no particular carinae or ridges, and they are not compressed 
lateromedially. 

Nasal (Figs 2A, E, 4A, C, E, G, 11A, E, 13A, D):  The nasals 
are paired and elongated anteroposteriorly (no more than 
1.5–2 cm). The suture with the maxilla and the premaxilla is 
straight anteroposteriorly. The contact between the frontal and 
the nasals is V-shaped, with the frontal projecting anteriorly in 
the nasals. The anterior end of the nasal constitutes the posterior 
and medial margin of the internal nares. In SM-2023-1-16, the  
nasals form a complete internarial bar. The posterior end of the 
nasals is squeezed between the contact with the frontal and  
the anterior projections of the prefrontals laterally in SM-2021-
1-97 or the anterior projection of the lacrimal in SM-2023-1-16. 
The nasal does not contact the lacrimal in SM-2021-1-97, but it 
does in SM-2023-1-16. The bone is not visible in ventral view.

Lacrimal (Figs 2A, C, D, 4A–E, G, 11A, D, 13A, C, D):  The lac-
rimal is triangular in shape, with one tip directed anteromedially. 
The posterior curved margin forms a part of the anterior margin 
of the orbit. The medial side is bordered by the prefrontal, 
whereas the lateral side contacts the posterior part of the maxilla. 
The lacrimal is shorter anteroposteriorly than the prefrontal in 
SM-2021-1-97, whereas it is of the same size in SM-2023-1-16. 
The ventral surface is too damaged to be described. In SM-2023-
1-16, the lacrimal forms the dorsal border of the antorbital fen-
estra and connects with the maxilla and the jugal ventrally.

Jugal (Figs 2A, C, E, F, 3A–C, G, 4, 11A, C–E, G, 13A, C, D):  
The jugal is elongate and plate-like (taller than wide). Anteriorly, 

Figure 9. Three-dimensional reconstruction of SM-2021-1-97/101 limb bones and girdles in dorsal (A), lateral (B), and ventral (D) views. C, 
articular surface of the coracoid. Colour key: orange, coracoid; green, pubis; purple, fibula; blue, tibia; white, digit and ungual. Scale bars: 2 cm.
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it is directed straight anteroposteriorly, whereas posteriorly it 
curves mediolaterally (near the contact with the quadratojugal). 
The jugal sends a convex process to connect with the maxilla on 
the lateral side, at the same level as the lacrimal, extending to 
the penultimate alveolus in SM-2023-1-16. In both specimens, 
a crest followed by a depression can be seen, with both being 
directed anteroposteriorly. Posteriorly, the bone connects medi-
ally with the quadratojugal almost all the way to the posterior 
extremity of the skull and almost participates in the articulation 
with the mandible. The jugal also forms most of the lateral edge 
of the orbit; however, it does not form a dorsal bulge in this 
region. Behind the orbit, the jugal has a dorsomedially angled 
process, which sutures with the postorbital in an anterolaterally 
curved suture. The posterior margin of this contact, together 
with the preserved posterior part of the jugal, forms the lateral 
and anterolateral margins of the infratemporal fenestra. The con-
tact with the quadratojugal is straight, and no foramina or special 
ornamentation can be seen in dorsal view.

Prefrontal (Figs 2A, C, D, 4A–E, G, 11A, C–E, G, 13A, C, D):  
The prefrontal is squeezed between the lacrimal laterally and 
the frontal and the nasal medially, both with straight sutures. 
Its anteromedialmost part connects with the posterolateralmost 
part of the nasal. It also connects anteriorly with the maxilla in 
a lateromedially straight suture. It is wider anteriorly than pos-
teriorly in SM-2021-1-97, whereas it wider posteriorly than an-
teriorly in SM-2023-1-16. It makes most of the medial margin of 
the orbit. Ventrally, it is damaged but connects with the palatine 

through a transversely expanded prefrontal pillar. Those pil-
lars meet at the midline, although this might be attributable to 
taphonomic deformation. 

Frontal (Figs 2A, D, 4A, C–E, G, 11A, C–E, 13A, C, D, 14A, F):  
The frontal forms a bridge between the rostrum and the post-
orbital region of the skull and makes part of the posteromedial 
margin of both orbits. Those margins are dorsally raised. 
Anteriorly, it connects with the nasals in a V-shaped suture, 
with an anteriorly projected process of the frontal. Posteriorly, 
it sutures with the parietal and the postorbitals in zigzagged su-
tural surfaces that are straight overall. Laterally, it does not con-
tact with the lacrimal but with the prefrontal anteromedially. It 
forms the anteromedial margin of the supratemporal fenestra. 
The dorsal surface of the frontal is slightly concave and bears a 
sagittal crest. It is not thick dorsoventrally. In SM-2021-1-97/99, 
the ventral surface bears cristae cranii frontales, which delimit 
the olfactory tract (Iordansky 1973; Fig. 2B).

Postorbital (Figs 2A, C, D, 4A–E, G, 11A, C–E, 12B, C, 13A, C, 
D, 14A, C, D, F):  The postorbital forms the posterior margin 
of the orbit, the anterolateral margin of the supratemporal fen-
estra, and the anterior margin of the infratemporal fenestra. It 
has a T-shape, with one branch directed medially, another one 
posteriorly, and the final one ventrally. Medially, it contacts only 
the frontal. Posteriorly, the suture with the squamosal is straight 
(curved posteriorly in SM-2023-1-17) and is situated rather an-
teriorly, at the level of the middle of the supratemporal fenestra. 
Laterally, the postorbital sends a long projection connecting 
with the jugal. As a result, it forms most of the anterior margin of 
the infratemporal fenestra. 

Parietal (Figs 2A, F, 4A, F, G, 11A, E, 13A, E, 14A, E):  This single 
bone is part of the skull roof. It has a rectangular shape with de-
pressed sides, like an hourglass. It is less wide mediolaterally than 
the posterior part of the frontal in SM-2021-1-97 but as wide as 
in SM-2023-1-16. Its anterior edge is smaller than its posterior 
one in SM-2021-1-97 and SM-2023-1-17 as well because it 
widens abruptly posterior to the supratemporal fenestrae, but 
those edges are the same size in SM-2023-1-16. Laterally, the 
parietal forms the medial margin of both supratemporal fenes-
trae, extending ventrolaterally. Those margins are elevated dor-
sally. The parietal also bears a sagittal crest on its posterior part, 
aligned with the one of the frontal. On the posteromedial corner 
of the supratemporal fenestra, the anterior temporal foramen 
(or orbitotemporal foramen; Kuzmin et al. 2021) can be seen 
on each side in SM-2023-1-16. The parietal contacts the frontal 
anteriorly, the supraoccipital posteriorly, and the squamosal lat-
erally. Within the supratemporal fossa, the parietal contacts the 
quadrate and the laterosphenoid. In SM-2023-1-17, the suture 
with the squamosal is raised, making a continuous ridge with the 
raised medial margin of the supratemporal fenestra.

Squamosal (Figs 2A, C, D, F, 4A, C, D, G, 11A, D, F, 12B, C, 13A, 
D, E, 14A, C–E):  The squamosal is T-shaped and forms the 
posterolateral corner of the skull roof. It contacts the quadrate 
anteriorly to the external auditory meatus and the otoccipital 
posteriorly in SM-2021-1-97 and SM-2023-1-16. This suture 
is straight anteroposteriorly. The anterior process connecting 

AQ14

Figure 10. Three-dimensional reconstruction of SM-2021-1-97/101 
osteoderms. A, dorsal osteoderm of the cervical region. B, C, dorsal 
(B) and ventral (C) osteoderm of the sacral region. D. E, dorsal (D) 
and ventral (E) osteoderm of the caudal region. Scale bar: 2 cm.
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with the postorbital is long and forms up to two-thirds of the 
posterolateral margin of the supratemporal fenestra. Posteriorly, 
the contact with the parietal is straight anteroposteriorly 
(curved laterally in SM-2023-1-17) and raised dorsally, forming 
a crest. In the posteriormost part, the squamosal contacts the 
otoccipital ventrally; it forms the dorsolateral part of the skull. 
Posterolaterally, the squamosal forms an elongated process that 
is directed posterolaterally and in the same plane as the one of 
the cranial table in SM-2021-1-97 or ventrally in SM-2023-1-16, 
but this is probably a taphonomic artefact. The squamosal has a 
longitudinal groove for the muscles of the external ear flap lo-
cated dorsally to the external auditory meatus in lateral view.

Quadratojugal (Figs 2A, C, D, 4A, C–E, G, 11A, 12B, C, 13A, D):  
This bone extends posteriorly from the dorsomedial corner of the 
infratemporal fenestra. The posterior part is thin and squeezed 
between the quadrate medially and the jugal laterally. It extends 
all the way to the posterolateralmost part of the skull and par-
ticipates in the articulation with the mandible. The suture with 
the jugal is straight in SM-2023-1-16 and curved medially in 

SM-2021-1-97, whereas the suture with the quadrate is curved 
laterally. The bone is smooth dorsally, thin, and plate-like, and of 
the same width all the way; it is also higher mediodorsally than 
lateroventrally.

Quadrate (Figs 2A–D, F, G, 3G, 4, 11A, D, F, 12B, C, 13, 14B):  
The quadrate has a complex shape. Anteriorly, it does not reach 
the infratemporal fenestra, but it reaches the ventral margin of 
the supratemporal fenestra and contacts the parietal. Dorsally, 
it contacts the squamosal anteriorly to the external auditory me-
atus in SM-2021-1-97/99 and in SM-2023-1-16. The suture with 
the quadratojugal is straight anteromedially to posterolaterally in 
SM-2021-1-97/99, whereas it is curved laterally in SM-2023-1-
16. The quadrate should contact the pterygoid ventrally, but the 
area is too damaged on all specimens to describe. Posteriorly, 
the contact with the otoccipital is straight, situated posteriorly 
to the external auditory meatus, and posteroventrally the quad-
rate is also connected to the basioccipital in SM-2021-1-97/99 
(although this is probably a taphonomic artefact) but not in 
SM-2023-1-16. The subtympanic foramen, the oval opening 

Figure 11. SM-2023-1-16 in dorsal (A), ventral (B), lateral (C, D), anterior (E), posterior (F), and ventrolateral (G) views. Abbreviations:  
IX–XI, foramen for cranial nerves IX–XI; af, antorbital fenestra; bo, basioccipital; cb, crest B; cd, crest/depression on the jugal; cq, 
cranioquadrate passage; di, depression for the insertion of a dentary tooth; dpc, deltopectoral crest; ef, eustachian foramen; f, frontal; fm, 
foramen magnum; h, humerus; ic, internal choana; if, infratemporal fenestra; im, insertion for the muscle teres major; j, jugal; l, lacrimal; m, 
maxilla; n, nasal; o, orbit; oc, occipital condyle; ot, otoccipital; p, parietal; pal, palatine; pf, prefrontal; pfp, prefrontal pillar; pm, premaxillary; 
po, postorbital; ps, proximal extremity; pt, pterygoid; q, quadrate; qj, quadratojugal; s, squamosal; sbf, suborbital fenestra; sf, supratemporal 
fenestra; sm, sulcus on the maxilla; so, supraoccipital; sqp, squamosal process; v, vertebrae remains. Scale bars: 1 cm.
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leading into the cavity within the quadrate, can be observed 
at the anteromedial margin of the quadrate on SM-2021-1-
97/99. The foramen aërum can be seen on the left quadrate 
of SM-2021-1-97/99; it is located laterodorsally to the medial 
condyle. Crest B (Iordansky 1973) is extremely developed ven-
trally, extending closely to the quadrate–quadratojugal suture 
posteriorly and curving anteromedially to medially. Posteriorly, 
the quadrate articulates with the mandible. Its surface is divided 
into two hemicondyles laterally and medially, equal in size. The 
quadrate is bordered almost all the way by the squamosal and 
the otoccipital on the medial side and by the quadratojugal on 
the lateral side. Medially, it sutures with the pterygoid and prob-
ably the other bones of the braincase, but the area is too dam-
aged in all specimens to be described. This bone is 1–1.5 cm tall 
in cross-section and curved dorsally.

Supraoccipital (Figs 2A, F, 4A, F, 11A, F, 13A, E, 14E):  This bone 
is triangular in shape in posterior view. It is exposed in dorsal view. 
Laterally, it connects with the otoccipital. It also does not partici-
pate in the formation of the foramen magnum in SM-2021-1-97. 
It is more difficult to assess in SM-2023-1-16 and SM-2023-1-17 
because those areas are covered by other fragments.

Otoccipital (Figs 2F, 4A, C, D, F, G, 11F, 13E, 14E):  This 
bone connects laterally with the quadrate, medially with the 
supraoccipital, and dorsally with the squamosal in a straight to 
curved contact. In posterior view, it extends laterally to the lat-
eral edge of the skull (not in SM-2023-1-17). On SM-2021-1-97 
there are three foramina: the lateralmost one is for the internal 
carotid artery, and the two others are the two exits for cranial 
nerves XII. On SM-2023-1-16, a foramen can be seen dorso-
laterally from the occipital condyle; it is the foramen for the 
cranial nerves IX–XI. The otoccipital also connects with the 
basioccipital ventrally. The whole bone is plate-like and grad-
ually protrudes caudally with an angle of ~30° to the vertical 
axis, showing a small ridge directed mediolaterally.

Basioccipital (Figs 2B, D, F, G, 4A, B, F, 11B, F, 13B, E):  The 
basioccipital sutures laterally with the otoccipital (in posterior 
view), the quadrate (in lateral view), and maybe the ptery-
goid posteroventrally (in SM-2021-1-97/99). In this spe-
cimen, the separation between the parabasisphenoid and the 
basioccipital was very difficult to assess; therefore, it might 
also be that the basioccipital is separated from the ptery-
goid by the parabasisphenoid. It bears a median crest and two 

Figure 12. Details of SM-2023-1-16: tooth (A), braincase region (B), and outlines of the bones in the braincase region (C). Abbreviations: V, 
foramen for cranial nerve V; ec, ectopterygoid; j, jugal; ls, laterosphenoid; pbs, parabasisphenoid; pbsr, basisphenoid rostrum; pro, prootic; pt, 
pterygoid; s, squamosal. Scale bars: 1 cm.
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lateral tuberosities, and the median pharyngeal foramen is 
clearly visible ventrally to the central crest. The basioccipital 
is only preserved posteriorly; it has a plate-like shape directed 
anterolaterally to posteromedially. The occipital condyle is dir-
ected posteroventrally.

Palatine (Figs 2B, G, 3D, E, 4B, G, 11B, 13B):  The palatine con-
nects with the maxilla in an anteriorly convex suture in SM-2021-
1-97/99 and SM-2023-1-16. The posterior region is heavily 
damaged and remodelled, but it does not include the choana in 
SM-2021-1-97/99 (Fig. 3G). However, this could be the case 
in SM-2023-1-16, where the palatine would form its anterior 
margin, but because of the poor state of preservation it is difficult 

to assess. The suture with the pterygoid is also anteroposteriorly 
straight immediately anterior to the internal choana. The paired 
palatines are flat when they meet at the midline. In ventral view, 
the lateral margins of the palatines are parallel and straight in 
SM-2021-1-97/99. This is not the case in SM-2023-1-16, but 
might more probably be attributable to a deformation induced 
by the humerus. The ventral surface is smooth and raised dor-
sally in SM-2023-1-16. The vomer cannot be seen.

Pterygoid (Figs 2B, D, F, G, 3C–F, 4B–D, F, G, 11C, 12B, C, 13B, 
C):  The pterygoid is sutured to the palatine anteriorly, the 
ectopterygoid laterally, and the basioccipital posteriorly. Each 
pterygoid makes a straight connection with the corresponding 

Figure 13. Outlines of the bones of SM-2023-1-16 in dorsal (A), ventral (B), lateral (C, D), and posterior (E) views. Abbreviations: IX–XI, 
foramen for cranial nerve IX–XI; af, antorbital fenestra; bo, basioccipital; cb, crest B; cd, crest/depression on the jugal; cq, cranioquadrate 
passage; dpc, deltopectoral crest; f, frontal; fm, foramen magnum; h, humerus; ic, internal choanae; if, infratemporal fenestra; j, jugal; l, 
lacrimal; m, maxilla; n, nasal; o, orbit; oc, occipital condyle; ot, otoccipital; p, parietal; pal, palatine; pbs, parabasisphenoid; pf, prefrontal; 
pfp, prefrontal pillar; pm, premaxillary; po, postorbital; ps, proximal surface; pt, pterygoid; q, quadrate; qj, quadratojugal; s, squamosal; sf, 
supratemporal fenestra; sh, squamosal ‘horn’; sm, maxillary sulcus; so, supraoccipital; sub, suborbital fenestra; v, vertebrae remains. Scale 
bars: 1 cm.

13.5

13.10

13.15

13.20

13.25

13.30

13.35

13.40

13.45

13.50

13.55

13.60

13.61

13.65

13.70

13.75

13.80

13.85

13.90

13.95

13.100

13.105

13.110



14 • Pochat-Cottilloux et al.

ectopterygoid and tends to be more curved ventrally at that 
point. The internal choana is ovoid, bordered by prominent an-
terior margins in ventral view, and has no midline process. It 

is totally enclosed by the pterygoids in SM-2021-1-97/99 (its 
status is unknown in SM-2023-1-16) and is anterior to the pos-
terior margin of the suborbital fenestra. Anteriorly, a median 

Figure 14. SM-2023-1-17 in dorsal (A), ventral (B), lateral (C, D), posterior (E), and anterior (F) views. Abbreviations: cb, crest B; f, frontal; 
ot, otoccipital; p, parietal; po, postorbital; q, quadrate; s, squamosal; sf, supratemporal fenestra; so, supraoccipital. Scale bars: 1 cm.

Figure 15. Different postcranial parts (SM-2023-1-17): three linked vertebral centra (A), two vertebral centra (B, C), upper part of a vertebra 
in dorsal (D) and ventral (E) views, and proximal part of limb bone in anterior (F) and posterior (G) views. Abbreviations: tp, tranverse 
process; V1, vertebra 1; V2, vertebra 2; V3, vertebra 3; zp, zygapophysis. Scale bars: 1 cm.
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process of the pterygoid extends to contact the palatine and 
forms the ventral edge of the interorbital septum. The pterygoid 
is smooth on all surfaces except on the lateralmost sides.

Ectopterygoid (Figs 2B, D, 3C, D–F, 4B, C, F, G, 11D, 12B, C, 13B, 
D):  This bone contacts the jugal and the maxilla laterally and 
the pterygoid medially (forming the pterygoid flange). The triple 
junction between the maxilla, the jugal, and the ectopterygoid is 
situated at the middle of the anterior process of the ectopterygoid 
in SM-2021-1-97/99. The ectopterygoid could constitute the 
posterolateral margin of the suborbital fenestra, but it cannot 
be assessed with certainty owing to the poor preservation of 
this area in this specimen. However, it does not ascend on the 
medial margin of the postorbital bar. In SM-2023-1-16, the 
ectopterygoid forms the posterolateral margin of the suborbital 
fenestra, and its anterior process contacts the posteriormost 
maxillary alveolus. This bone is curved ventrally and laterally. In 
both specimens, the ectopterygoid extends up to the preserved 
posteriormost part of the pterygoid wing.

Laterosphenoid (Fig. 12B, C):  The dorsoposterior ridge of the 
laterosphenoid connects with the parietal. The ventralmost part 
of the bone contacts the quadrate, forming the foramen for cra-
nial nerve V.

Parabasisphenoid (Figs 11C, D, 12B, C, 13C, D):  The 
parabasisphenoid is complex. Anteriorly, the parabasisphenoid 
rostrum is short and not dorsoventrally elevated. It does not 
contact the laterosphenoid; however, it does contact the prootic 
and the pterygoid. Posteriorly, it has a plate-like shape directed 
anterolaterally to posteromedially. It contacts the pterygoid ven-
trally, the quadrate dorsally, and the basioccipital posteriorly, 
encircling the pharyngeal foramen. This part also bears a crest 
directed anteroventrally to posterodorsally.

Prootic (Fig. 12B, C):  This small bone sutures with the 
laterosphenoid posteriorly on the posterior margin of the for-
amen and the parabasisphenoid rostrum anteriorly. 

Mandible (Figs 2B, G, 3, 4)
There is no external mandibular fenestra. Both coronoids are 
missing. Overall, the mandible is ornamented with circular to 
ovoid pits and grooves.

Dentary (Figs 2B–E, G, 3B, C, 4B–G):  This bone is the only 
tooth-bearing element of the mandible, with ≥13 alveoli. The 
two rami separate at the level of the fifth dentary tooth and are 
firmly sutured anteriorly. The symphyseal region remains wide 
anteriorly and is U-shaped at its anteriormost point. In medial 
view, the dentary is thin dorsoventrally and forms an acute angle 
anteriorly. Ventrally and dorsally, the medial suture with the 
splenial is oblique, directed posterolaterally to anteromedially. 
The dentary remains uniform in width up to the point of diver-
gence, where it begins to taper off. Posteriorly, the dentary con-
nects dorsally with the surangular, from the end of the toothrow, 
and ventrally with the angular at its posteriormost part. The 
ventral surface is smooth, and anteriorly it is curved dorsally. 
The lateral side shows no groove ventral to the tooth row. In lat-
eral view, the dorsal margin is sinusoidal, marked by two sets of 

waves that culminate at the level of the 3rd/4th and 11th/12fth 
dentary alveoli. There is also a medial depression to accommo-
date the largest caniniform maxillary tooth at the level of the 9th 
dentary alveolus, especially visible on the left side. In terms of 
size, alveoli 4–10 and 13 are relatively small, whereas the 3rd 
one is the largest, and the 11th and 12th are also large. Alveoli 
4–7 and 8–10 are closely spaced, whereas there is a larger space 
between alveoli 7 and 8. The ventral margin of the dentary is 
straight anteroposteriorly.

Splenial (Figs 2B, G, 3C, 4):  The splenial is most exposed medi-
ally; it forms a vertical plate that sutures with the dentary and 
with the other splenial at the midline anteriorly. It reaches up to 
the fifth dentary tooth and is not exposed ventrally. Posteriorly, 
it becomes thin and plate-like along the medial surface of the 
dentary (even becoming the medial wall for the last posterior 
dentary alveoli, from the 11th one) until it disappears poster-
iorly without meeting the angular or the surangular. In posterior 
view, the circular foramen intermandibularis oralis is present at 
the point where the two splenials diverge (not on the medial 
sides) and is small. The mandibular symphysis completely in-
volves the first eight alveoli. The dorsal exposure of the splenial is 
strictly triangular in shape and makes up more than one-third of 
the mandibular symphysis. The dorsal surface bears rugosities, 
whereas the medial surface is smooth and flat.

Angular (Figs 2B, D, F, G, 3A, B, H, 4B–D, 4F, G):  The angular 
is the most ventral mandibular element (approximately half 
of the total length of the mandible). In lateral view, it is elong-
ated, and posteriorly it is curved dorsally. Medially, the angular 
sutures with the dentary, the surangular, and the articular to 
form a huge medial depression (adductor chamber; Iordansky 
1973). Dorsally, it sutures with the dentary anteriorly and the 
surangular posteriorly, finishing as a sharp process lateral to 
the retroarticular process and curving inwards and upwards. 
Only the lateral surface is ornamented; the others are smooth. 
The area of insertion of the muscle pterygoideus is not very de-
veloped and is visible only in the posteroventral margin of the 
angular. 

Surangular (Figs 2C, F, 3A–C, G, H, 4):  This bone is robust 
and elongated. Anteriorly, its dorsal process might extend be-
tween the dentary and the splenial, but the preserved parts of 
the specimen show only a contact between the surangular and 
the dentary anteriorly. Posteriorly, it tends to curve dorsally 
and sutures with the angular for the rest of its length and medi-
ally with the articular. It also becomes more plate-like. This su-
ture is linear anteriorly, and posteriorly it curves dorsally. The 
bone also curves medially and forms the lateral margin of the 
articular fossa. Laterally to this, there is a short ridge oriented 
anteroposteriorly, forming a depression. The dorsal surface is 
convex, not ornamented, and flattens before the glenoid surface. 
On the lateral surface, there is a ridge directed posterodorsally to 
anteroventrally.

Articular (Figs 2A, B, D, F, G, 3G, H, 4A, B, D–F):  The articular 
is the most posterior element of the mandible. It has two dorsal 
surfaces separated by a ridge oriented lateromedially. The an-
terior surface articulates with the quadrate; the ridge helping to 
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stabilize this articulation as its posterior wall is tall and dorsally 
edged. The articular fossa is divided into a lateral and a medial 
portion of equal size by a small ridge oriented anteroposteriorly. 
The posterior surface (retroarticular process) is concave overall 
and paddle shaped. It seems to taper posteriorly, but the most 
posterior part is broken on each side. Ventromedially, the ar-
ticular forms the posteromedial wall of the adductor chamber. 
It sutures with the surangular at its lateral margin and with the 
angular at its ventral margin.

Dentition (Figs 2C–E, H, I, 4C–E, G, 12A):  A large maxillary 
caniniform tooth is preserved on each side of the skull. It is con-
ical and slightly curved lingually. The base of the tooth crown 
is ovoid in cross-section, and the apex is pointed. There are no 
carinae or crenulations visible in SM-2021-1-97/99, whereas 
there are carinae but with no crenulations in SM-2023-1-16. 
The enamel, although damaged, shows thin and basoapically 
directed striations. This morphotype corresponds to the 
‘pseudocaniniform’ morphotype described previously (Schwarz 
and Salisbury 2005, Lauprasert et al. 2011, Tennant et al. 2016). 
The upper dentition also preserves a smaller tooth, on the left 
side immediately anterior to the big caniniform tooth. On the 
mandible, a lot more teeth are present, throughout the tooth 
row, and they belong to both the ‘pseudocaniniform’ and the 
‘lanceolate-shaped’ morphotypes (Schwarz and Salisbury 2005, 
Lauprasert et al. 2011, Tennant et al. 2016). The anterior teeth 
are strongly procumbent, and the third one is well developed, as 
are the 11th and 12th. The third and fourth dentary alveoli are 
confluent.

Axial skeleton (Figs 5–8, 10, 15A–E)
Most crocodylians possess eight cervical vertebrae, 16 dorsals 
(lumbar included), two sacrals, and 30–40 caudals (Mook 1921, 
Gomes de Souza 2018). Furthermore, the cervical and the first 
three dorsal vertebrae exhibit a similar morphology, whereby 
the parapophysis and the diapophysis are separated. Then, from 
the fourth dorsal vertebra, the parapophysis and the diapophysis 
are fused, forming the transverse processes connecting with the 
ribs (Gomes de Souza 2018). In SM-2021-1-97/101, there are 
≥32 vertebrae. Given that the area of transition between the 
cervicals and the anterior dorsals (SM-2021-1-98; Fig. 5) and 
between the posterior dorsals and the sacrals (SM-2021-1-100; 
Fig. 6) are preserved, we can establish the following: SM-2021-
1-97/101 preserves 4 cervicals (5th–8th), 12 dorsals (1st–8th in 
the anterior part and 13th–16th in the posterior part), 2 sacrals 
,and 14 caudals (only the 1st can be numbered). The proatlas/
atlas and axis are missing. All the preserved vertebrae seem to be 
amphicoelous. All processes are described based on the nomen-
clature of Gomes de Souza (2018).

Cervicals (Figs 5A–C, E, 8):  The neural arches and spines are 
tall, narrow, and pointed dorsally. The diapophyseal processes 
are longer than the parapophyseal processes. The zygapophyses 
are large in comparison to the centra, with the prezygapophyses 
being larger than the postzygapophyses. These structures be-
come horizontal posteriorly. All the centra are amphicoelous, 
and the lateral sides of the centra (between the diapophyseal and 
parapophyseal processes) are notably depressed. The last cer-
vical vertebra has a tall neural spine (more than two times the 

height of the centrum). The hypapophyses are broken, but their 
areas of insertion on the centrum are still visible on all centra. 
The diapophyseal processes gradually increase in size posteriorly, 
and they also migrate from the lateral side of the centrum to the 
lateral side of the neural arch. The parapophyseal processes do 
not seem to increase in size, but they also migrate dorsally, going 
from the lateroventral margin to the lateral side of the centrum 
posteriorly. 

Dorsals (Figs 5B–D, 6B, C, 8):  The neural spines are 
anteroposteriorly longer than those of the cervicals. The first 
dorsal vertebra has the tallest neural spine (more than two times 
the height of the centrum). The diapophyseal and parapophyseal 
processes are too damaged to be described. On the centrum of 
the first dorsal vertebra, the proximal part of the hypapophysis 
is preserved; it is half the size of the centrum. The ventral 
hypapophyses are either absent or too damaged to be seen from 
the second or third centra. The articular facets of the pre- and 
postzygapophyses are more horizontally oriented. 

Sacrals (Figs 6, 8):  There are two sacral vertebrae of the same 
size. The base of their neural spine is long anteroposteriorly for 
both. On the second vertebra, the transverse processes and their 
articular surfaces are more developed, probably because they 
are less damaged than on the second one. The costal caudalis 
is directed ventrally on the first sacral. The contact between the 
two centra is flat. The anterior articular surface of the first sacral 
and the posterior articular surface of the second sacral are both 
concave. 

Caudals (Figs 6, 7B–D, 8):  The first caudal vertebra is large, and 
its articular surfaces are concave to flat. The other ones are dam-
aged. The second has a neural spine that is preserved; it is high 
dorsoventrally and long anteroposteriorly. Some of them have 
two horizontal ridges on the centrum, perhaps for the insertion 
of the chevron. A chevron is preserved; it is triangular in shape 
and open in the middle.

Ribs (Figs 5A, 7B):  Some ribs are preserved, but it is diffi-
cult to identify to which vertebra they were attached. When 
those structures are preserved, the tuberculum is less devel-
oped than the capitulum. The ribs are slightly curved and are 
rod-like. 

Pectoral girdle (Fig. 9)
Coracoid (Fig. 9):  The left coracoid is preserved. This bone is 
convex overall. The shaft is triangular, and both ends of the bone 
are extended. The coracoid foramen is visible in the most prox-
imal part. The articular surface with the scapula is flat, and the 
ventral part of the glenoid fossa is saddle shaped and directed 
posteriorly. The distal end is more developed anteriorly than 
posteriorly.

Pelvic girdle (Figs 6B, C, 9A, B, D)
Pubis (Figs 6B, C, 9A, B, D):  The two bones are flat. The most 
proximal part articulating with the rest of the pelvic girdle is 
missing in both. Overall, it has a round shape, with a convex and 
narrow dorsal margin. 
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Forelimb (Figs 11B, C, G, 13B, C)
Humerus (Figs 11B, C, G, 13B, C):  The humerus is squeezed be-
tween the anterior margin of the suborbital fenestra and the right 
side of the parabasisphenoid rostrum. Its deltopectoral crest is 
slender and placed anteroproximally. On the proximomedial 
side, there is a ridge that connects the deltopectoral crest and the 
triangular-shaped head of the humerus. The humerus is straight 
and not very curved or twisted. The head of the humerus is very 
well developed and unusual among crocodyliforms, extending 
posterolaterally. The articular surface is flat and decreases 
anteromedially to articulate with the glenoid fossa. There is also 
a lateral projection where the humeral head reaches the shaft. 
The area of insertion for the muscle teres major is visible on the 
posterior side. Distally, on the bicondylar articulation with the 
zeugopod, the medial condyle for the ulna is larger than the lat-
eral condyle for the radius.

Hindlimb (Figs 7A, B, 9A, BD)
Tibia (Figs 7A, B, 9A, B, D):  The shaft of the left tibia, although de-
formed taphonomically, appears to be straight anteroposteriorly 
and curved laterally. However, both ends of the bone are on the 
same plane lateromedially. The proximal articulation surface is 
flat, with a posterior concavity. The distal articulation surface is 
ovoid.

Tibia (Fig 9A, B, D):  The fibula is straight and very slender. The 
proximal end is compressed mediolaterally. The distal articular 
surface comprises two articular surfaces that are flat to convex: 
one is posteromedial and would have articulated with the cal-
caneum, and the other one is distal and would have articulated 
with the astragalus.

Digits (Fig 9A, B, D):  The preserved metatarsal is concave ven-
trally. The distal end is separated into two condyles, with a de-
pression on each side laterally and medially to the hemicondyles. 
The preserved ungual is curved ventrally and pike shaped.

Osteoderms (Figs 5–7, 10)
The dermal armour consists of a dorsal shield composed of at least 
three rows of mediolaterally expanded osteoderms and a ventral 
shield composed of rectangular-shaped osteoderms sutured to 
each other. Paravertebral and accessory osteoderms could not be 
distinguished because of preservation issues and unknown pos-
ition on the body. Given that an uneven number of osteoderm 
rows is not known in crocodylomorphs (Salisbury and Frey 2001, 
Puértolas-Pascual and Mateus 2020), Varanosuchus either had at 
least four rows of paravertebral osteoderms or at least two rows of 
paravertebral osteoderms and two rows of accessory osteoderms. 
Some osteoderms bear a longitudinal keel that does not extend on 
the whole surface, but it is difficult to situate them on the body. 
Appendicular osteoderms could not be determined with certainty.

Dorsal shield (Figs 5, 6A, B, 7A, C, 10A, B, D):  The osteoderms 
are more expanded mediolaterally anteriorly than posteriorly, 
but their anteroposterior size remains the same. All osteoderms 
are flat or slightly arched dorsally and ornamented with circular 
pits, as is seen on the cranial table and the posterolateral side of 
the mandible. There are some spine- or peg-like processes for ar-
ticulation with the more anteriorly situated osteoderm that are 

preserved (Fig. 10A). The articulation system is as follows: the 
anterior osteoderm overlaps the posterior osteoderm, and the 
left osteoderm tends to overlap the right one. The margins are 
straight. 

Ventral shield (Figs 5, 6C, 7B, D, 10C, E):  The ventral shield is 
more damaged; however, it consists of square osteoderms. There 
are at least two rows of osteoderms. The ornamentation is the 
same as the dorsal shield; it consists of flat circular pits. The ven-
tral shield is missing in the sacral region. 

Phylogenetic analyses
The analysis generated 43 most parsimonious trees and 
a consensus tree with a length of 1509 steps (Supporting 
Information, Supplementary Material S6; consistency 
index = 0.26, retention index = 0.58). Although the sup-
port values are low (Supporting Information, Supplementary 
Material S6), the main groups inside Neosuchia are retrieved 
and supported by numerous synapomorphies. Those results 
are also retrieved using the heuristic search procedure, with 
the same topology (1509 steps, consistency index = 0.26, re-
tention index = 0.58), hinting at the relative robustness of our 
analysis.

Based on ACCTRAN optimization, we retrieve Atoposauridae 
sensu Schwarz et al. (2017) as a monophyletic group (including 
Varanosuchus sakonnakhonensis; Fig. 16, node 4) based on 
the following combination of characters: a broad oreinostral 
skull (character 3); little participation of the premaxilla in the 
internarial bar (character 4); the quadrate, squamosal, and 
otoccipital do not meet to enclose the cranioquadrate passage 
(character 49); the antorbital fenestra is much smaller than 
the orbit (character 67); one wave of enlarged maxillary teeth 
(character 79); dorsal osteoderms with a well-developed pro-
cess located anterolaterally in dorsal parasagittal osteoderms 
(character 96); two parallel rows of dorsal osteoderms (char-
acter 97); a symmetrically developed lateral compression on 
the maxillary teeth (character 140); and a lacrimal that tapers 
ventroposteriorly and does not contact or only slightly contacts 
the jugal (character 229).

Furthermore, Paralligatoridae sensu Rummy et al. (2022) 
forms a monophyletic group (Fig. 16, node 5) defined by the 
following synapomorphies: no vascular opening on the dorsal 
surface of the postorbital bar (character 27); the medial 
quadrate condyle expands ventrally, being separated from 
the lateral condyle by a deep intercondylar groove (character 
170); a sharp ridge along the lateral surface of the angular 
(character 219); the ulna has a wide and rounded olecranon 
process (character 260); and a foramen located the palatal 
premaxilla–maxilla suture near the alveolar border (character 
320).

Eusuchians (including Bernissartia, Atoposauridae, Parallig-
atoridae, Hylaeochampsidae, and Crocodylia; Fig. 16, node 3) 
are also retrieved as a monophyletic group, with the following 
synapomorphies: the choanal groove is undivided (character 
69); the cervical vertebrae are procoelous (character 92); the 
dorsal osteoderms have a discrete convexity on the anterior 
margin (character 96); there are more than two rows of dorsal 
primary osteoderms (character 97); and the supraoccipital is  
exposed in the skull roof (character 171). 
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Finally, the two specimens from Phu Sung are retrieved as 
a monophyletic group (Fig. 16, node 8), with the following 
synapomorphies: the dorsal part of the postorbital has an 
anterolaterally facing edge (character 29); the quadrate has 
no fenestrae (character 45); two waves of enlarged maxillary 
teeth (festooned; character 79); a quadratojugal with no orna-
mentation (character 145); the outer surface of the squamosal 
laterodorsally oriented is reduced and sculpted (character 168); 
and there is a depression on the posterolateral surface of the 
maxilla (character 207). 

D I S C U S S I O N

Comparisons with other close crocodylomorphs from 
Thailand

Cretaceous crocodylomorphs reported from Thailand are re-
stricted for now to certain neosuchians (Buffetaut and Ingavat 
1980, 1983, 1984, Lauprasert et al. 2007, 2009, 2011, Martin 
et al. 2014a). SM-2023-1-16 and SM2021-1 are clearly not 
longirostrine, hence they do not belong to Chalawan thailandicus 
Martin et al., 2014a or the poorly known eusuchian from Ban 
Saphan Hin (Kubo et al. 2018). Siamosuchus phuphokensis 
Lauprasert et al., 2007 and Khoratosuchus jintasakuli Lauprasert 
et al., 2009 do not have an altirostral snout, meaning that at least 
the two most complete specimens cannot be attributed to either 
of these taxa. Furthermore, Khoratosuchus is also diagnosed by in-
ternal choanae that are also formed by the palatines, which is not 
the case in SM-2021-1-97/101. However, Lauprasert et al. (2011) 

described an atoposaurid, Theriosuchus grandinaris Lauprasert et 
al., 2011 from Phu Phok (Sao Khua Formation), which possesses 
an altirostral snout. This taxon is diagnosed by the following unique 
combination of characters: nasal bone gradually wider posteriorly; 
weak notch at the suture between the premaxilla and the maxilla; 
combination of pseudocaniniform, lanceolate-shaped, and labio-
lingually compressed with crenulated carinae teeth; mandibular 
symphysis not extending beyond the seventh dentary tooth; 
and a slender prefrontal tapering anteriorly. SM-2023-1-16 has a 
prefrontal rounded anteriorly, and the only tooth preserved is a 
pseudocaniniform one. SM2021-1 has a nasal bone that is straight 
posteriorly and lanceolate-shaped and pseudocaniniform teeth 
that do not seem to have carinae or denticles. The prefrontal is not 
really tapered anteriorly but more rounded. SM-2021-1-97/101 
and SM-2023-1-16 also have a depression on the posterolateral 
surface of the maxilla, whereas Theriosuchus grandinaris does not. 
Furthermore, SM-2021-1-97/101 has a compressed and vertical 
dentary but with a flat surface exposed dorsolaterally, whereas 
it is not compressed and convex in Theriosuchus grandinaris, and 
the anterior dentary alveoli are strongly procumbent in SM-2021-
1-97/101, whereas they are not in Theriosuchus grandinaris. As a 
result, the specimens described here can be distinguished from 
other similar crocodylomorphs known in the Mesozoic.

The status of ‘Goniopholis’ phuwiangensis Buffetaut & Ingavat, 
1983

‘Goniopholis’ phuwiangensis Buffetaut & Ingavat, 1983 consists 
of an incomplete dentary (Fig. 17) and is considered by some 

Figure 16. Time-calibrated phylogenetic tree: 1, Pholidosauridae + Dyrosauridae; 2, Goniopholididae; 3, Eusuchia; 4, Atoposauridae; 5, 
Paralligatoridae; 6, Hylaeochampsidae; 7, Crocodylia; 8, Varanosuchus sakonnakhonensis. Asterisks indicate clades displaying fully pterygoid-
bound choanae.
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as belonging to the genus Sunosuchus Young, 1948 or could be 
conspecific with Siamosuchus (Lauprasert 2004; Lauprasert et 
al. 2007, de Andrade et al. 2011, Puértolas-Pascual et al. 2015). 
This taxon is diagnosed on a fragment of dentary, by the fol-
lowing characters: dentary symphysis reaching the level of the 
sixth alveoli (i.e. five alveoli completely included); no marked 
angulation of the lower tooth row in its anterior part; no strong 
outward projection of the lateral rims of the third and fourth 
dentary alveoli; an alveolar edge strongly undulated in lateral 
view (Fig. 17). Although the specimen diagnosing ‘Goniopholis’ 
phuwiangensis is larger than the new specimens from Phu Sung, 
all those characters are also shared by SM-2021-1-97/101. 
However, we argue that those characters are also identified in 
other neosuchians: for example, in Goniopholis baryglyphaeus 
Schwarz, 2003, the dentary referred to Goniopholididae (AR-
1-3423) by Buscalioni et al. (2013), or Leidyosuchus sp. (Farke 
et al. 2014). As such, they are not truly diagnostic, and we thus 
consider ‘Goniopholis’ phuwiangensis as a nomen dubium. The 
holotype of ‘Goniopholis’ phuwiangensis could instead be referred 
to Varanosuchus sakonnakhonensis, but given its incompleteness, 
we would rather wait for further material to assess its belonging.

Comparisons with other closely related neosuchians
SM-2023-1-16 and SM-2021-1-97/101 are distinguished from 
Theriosuchus pusillus Owen, 1878 because the nasal does not 
expand abruptly mediolaterally, the minimum infratemporal 
width is less than one-third of the total width of the cranial table, 
and the choana does not bear a septum (Tennant et al. 2016). 
Furthermore, in SM-2021-1-97/101, the splenial is not inset 
posterodorsally from the ventral surface of the mandible, the 
specimen does not show low-crowned teeth, the first caudal ver-
tebra is not biconvex, and the dorsal osteoderms are not squared, 
which are further evidence that this specimen cannot be attrib-
uted to T. pusillus (Tennant et al. 2016).

The three specimens do not belong to Sabresuchus ibericus 
Brinkmann, 1989 because the palatal surface of the maxilla 
is unornamented and the tooth crowns do not have denticu-
late carinae (Brinkmann 1989, 1992, Tennant et al. 2016). 
Furthermore, SM-2021-1-97/101 has eight alveoli completely 
involved in the mandibular symphysis, its dentary teeth are 
separated, the occlusal dentary surface is not compressed, and 
the fifth maxillary tooth is not enlarged, which are further ar-
guments to distinguish this specimen from Sabresuchus ibericus 
(Tennant et al. 2016).

Finally, the three specimens are distinct from Sabresuchus 
sympiestodon Martin et al., 2010 because the tooth enamel bears 
striations on the labial and lingual surfaces (Martin et al. 2010, 
2014b, Tennant et al. 2016). SM-2021-1-97/101 does not have 
a diastema between the seventh and the eighth dentary alveoli 
(Tennant et al. 2016). Furthermore, Sabresuchus sympiestodon 
has a poorly developed posterolateral process of the squamosal 
that projects horizontally at the same level of the skull, is narrow 
and unsculpted. This is not the case in SM-2021-1-97/101 and 
SM-2023-1-16. The pterygoids project anteriorly at the ptery-
goid–palatine contact in Sabresuchus sympiestodon, whereas 
they do not in SM-2021-1-97/101 and SM-2023-1-16; there 
is no depression on the posterolateral surface of the maxilla in 
Sabresuchus sympiestodon, whereas there is in SM-2021-1-97/101 

and SM-2023-1-16; the lateral margins of the frontal are flush 
with the skull surface in Sabresuchus sympiestodon, whereas they 
are elevated in SM-2021-1-97/101 and SM-2023-1-16; and 
there is one straight to convex wave of enlarged maxillary teeth 
in Sabresuchus sympiestodon, whereas there are two sinusoidal 
ones in SM-2021-1-97/101 and SM-2023-1-16. Finally, the 
antorbital fenestra in SM-2023-1-16 is present, whereas it is ab-
sent in Sabresuchus sympiestodon. 

SM-2023-1-16 and SM-2021-1-97/101 are also not at-
tributable to Atoposauridae sensu Tennant et al. (2016), i.e. 
Alligatorium Gervais, 1871, Alligatorellus Gervais, 1871 and 
Atoposaurus von Meyer, 1850. For example, Alligatorium meyeri 
Jourdan, 1862 has lateral margins of the nasals that are parallel, 
and the lacrimal connects with the jugal (Tennant et al. 2016); 
Atoposaurus has unsculpted dorsal bones of the cranial table and 
the snout (Tennant et al. 2016); and Alligatorellus has an un-
opened supratemporal fenestra, a frontal thinner mediolaterally 
between the orbits than the nasals and with a broad anterior pro-
cess, a squamosal extending to the posterior margin of the orbit, 
and a supraoccipital excluded from the skull roof (Tennant and 
Mannion 2014, Tennant et al. 2016). Furthermore, in SM-2021-
1-97/101, there is no contact between the jugal and the lacrimal, 
there is no external mandibular fenestra, and the edges of the 
osteoderms are sculpted such that it is distinct from Alligatorium 
meyeri. There are osteoderms, meaning that it cannot be attrib-
uted to Atoposaurus. Moreover, the external surface of the man-
dible is sculpted, and the dorsal osteoderms do not have a lateral 
ridge, meaning that it is different from Alligatorellus.

Montsecosuchus deperiti can also be excluded because this 
taxon has an intertemporal width greater than its interorbital 
width (which is also the case for Alligatorium paintenense 
Kuhn, 1961), a very mediolaterally narrow skull, and a flat and 
ungrooved squamosal–parietal suture. SM-2021-1-97/101 has a 
paddle-shaped retroarticular process, only two sacral vertebrae, 
and imbricated rectangular-shaped dorsal osteoderms, which are 
further elements to distinguish it from Montsecosuchus depereti 
(Tennant et al. 2016).

Brillanceausuchus babouriensis is also different because it 
has supratemporal fenestrae that are longer than the orbits, an 
abruptly widening nasal with sinusoidal lateral margins, a flat 
frontal dorsal surface, and parietal–postorbital suture visible in 
dorsal view (Tennant et al. 2016). In SM-2021-1-97/101, the 
posterolateral process of the squamosal is not depressed from 
the skull table, the retroarticular process is paddle shaped, and 
the dorsal osteoderms are rectangular, which are further ar-
guments to distinguish it from Brillanceausuchus babouriensis 
(Tennant et al. 2016).

Knoetschkesuchus Schwarz et al., 2017 is also different from 
these specimens because the minimum intertemporal width is 
one-third of the total width of the cranial table, the jugal bar be-
neath the infratemporal fenestra is flattened, the choanal groove 
is undivided, and the lateral margins of the frontal are elevated 
(Schwarz et al. 2017). Furthermore, SM-2021-1-97/101 does 
not have an external mandibular fenestra, and the premaxilla–
maxilla suture in palatal view is straight.

Another recently described taxon is Aprosuchus ghirai Venczel 
& Codrea, 2019. This taxon is diagnosed by having a W-shaped 
frontal–nasal suture and a heterodont dentition of at least four 
tooth morphotypes (pseudocaniniforms, pseudoziphodont 
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lanceolate, ziphodont lanceolate, and ‘low-crowned’). SM-2023-
1-16 and SM-2021-1-97/101 can be distinguished from this 
taxon because the frontal invades the nasals anteriorly, and they 
do not show the four tooth morphotypes. Furthermore, the 
quadrate, the squamosal, and the otoccipital do not meet to en-
close the cranioquadrate passage in both specimens, whereas 
they do in Aprosuchus; the dorsal part of the postorbital has 
an anterolaterally facing edge in both specimens, whereas this 
bone bears only an anterior and a lateral edge in Aprosuchus; 
the quadrate has no fenestrae in both specimens, whereas it 
does in Aprosuchus; the maxillary toothrow has two waves of 
enlarged teeth in both specimens, whereas there is only one in 
Aprosuchus; the quadratojugal ornamentation is absent in both 
specimens, whereas it exists in Aprosuchus; the outer surface of 
the squamosal laterodorsally oriented is reduced and sculpted 
in both specimens, whereas it is reduced and unsculpted in 
Aprosuchus; and there is a depression on the posterolateral sur-
face of the maxilla in both specimens, whereas it is absent in 
Aprosuchus.

Some taxa included in Paralligatoridae also have this altirostral 
morphology, but the specimens described here do not belong 
to this family (sensu Rummy et al. 2022) because they have at 
least two waves of enlargement of the maxilla and no orbitonasal 
sulcus on the maxilla. SM-2021-1-97/101 also has a poorly 
developed quadrate intercondylar groove, whereas it is devel-
oped ventrally in paralligatorids where the condition is known; 
paralligatorids also possess a sharp ridge on the lateral surface 
of the angular and a foramen located on the premaxilla–maxilla 
suture near the alveolar border on the palate, whereas those fea-
tures are absent in SM-2021-1-97/101. 

More specifically, SM-2021-1-97/101 and SM-2023-1-16 
have no longitudinal ridge and no depression on the lateral 
surface of the jugal below the infratemporal fenestra, whereas 
Shamosuchus djadochtaensis Mook, 1924 does; the supraoccipital 
is exposed in the skull roof in those two specimens, whereas it 
is not in Shamosuchus djadochtaensis; the jugal anterior part is 
as broad as the posterior part in those two specimens, whereas 
it is twice as broad in Shamosuchus djadochtaensis; the first en-
larged maxillary tooth is the fourth or the fifth one in SM-
2021-1-97/101 and SM-2023-1-16, whereas it is the second 
or the third one in Shamosuchus djadochtaensis; the squamosal 
posterior half has dorsal and ventral rims that are thin or par-
allel sided in those two specimens, whereas they are flared pos-
teriorly in Shamosuchus djadochtaensis; and the anterior edge of 
the choanae is situated near the posterior edge of the suborbital 
fenestrae in SM-2021-1-97/101 and SM-2023-1-16, whereas it 
is situated more anteriorly in Shamosuchus djadochtaensis. SM-
2021-1-97/101 also has amphicoelous cervical and dorsal ver-
tebrae; the largest maxillary tooth is the third one; and there is a 
ventrally opened notch on the ventral edge of the rostrum at the 
premaxilla–maxilla contact, hence it can be distinguished fur-
ther from Shamosuchus djadochtaensis (Turner 2015).

In SM-2021-1-97/101 and SM-2023-1-16, the squamosal 
does not extend to the orbit in lateral view, the choanal groove 
is undivided, and the maxilla does not extend posteriorly in the 
palatines, which allow those specimens to be separated from 
Paralligator Konzhukova, 1954 (Turner 2015).

SM-2021-1-97/101 and SM-2023-1-16 can be distinguished 
further from Batrachomimus pastobonensis Montefeltro et al., 
2013 because these specimens do not have scalloped lateral 
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Figure 17. ‘Goniopholis’ phuwiangensis (DMR THF 2558 1 00177) in dorsal (A), ventral (B), anterior (C), medial (D), and lateral (E) views. 
Numbers indicate dentary alveoli numbers. Scale bars: 1 cm.
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margins of the rostrum, do not have a long posterodorsal pre-
maxillary process, have sculptured posterior parts of the max-
illa, do not have a laterally expanded posterior part of the nasals, 
have palatines that are anteriorly rounded in the contact with the 
maxillae, and do not have a constricted choanal septum that is 
constricted and hourglass shaped and that extends anteriorly in 
the palatine (Montefeltro et al. 2013). SM-2021-1-97/101 also 
has the jugal portion of the postorbital bar that is flush with the 
lateral surface of the jugal (Montefeltro et al. 2013).

The three specimens from Phu Sung also differ from 
Rugosuchus nonganensis Wu et al., 2001 because the median ridge 
of the frontal continues towards the posterior end of the bone, 
and the median ridge of the parietal extends to the anterior 
end of the bone in the Phu Sung specimens (Wu et al. 2001). 
Furthermore, SM-2021-1-97/101 and SM-2023-1-16 do not 
have fossae on the dorsal surface of the maxilla, and the nasals 
are paired and do not contact the lacrimals (Wu et al. 2001). 
Finally, in SM-2021-1-97/101, the angular has a gently arched 
dorsally posteroventral margin of the angular, whereas it is 
strongly arched dorsally in Rugosuchus nonganensis.

Wannchampsus kirpachi Adams, 2014 can also be excluded 
because the three specimens have the ventral rim of the earflap 
groove that is not laterally expanded into a sloping shelf (Adams 
2014). SM-2021-1-97/101 and SM-2023-1-16 do not have an 
enlarged third maxillary tooth, have a parieto-postorbital su-
ture that is absent from the dorsal surface of the skull roof and 
supratemporal fossa, in addition to tooth margin carinae without 
crenulation, and have an internal choana bordered exclusively by 
the pterygoids. SM-2021-1-97/101 does not have procoelous 
vertebrae and possesses an anterior dentary tooth opposite to 
the premaxilla–maxilla contact that is no more than the length 
of the other dentary teeth.

The recently described Tarsomordeo winkleri (Adams 2019) is 
different from SM-2023-1-16 because the humeral head is not 
semi-circular. Furthermore, we also noticed that this taxon is 
unfortunately undistinguishable from other close forms of the 
Cretaceous of North America, such as Pachycheilosuchus trinquei 
(Rogers 2003) or Wannchampsus kirpachi (Adams 2014); there-
fore, we would also cast doubt on the taxonomic status of this 
taxon.

Scolomastax sahlsteini (Noto et al. 2020) is also different from 
SM-2021-1-97/101 because this taxon has a dorsal expansion 
on the anterodorsal part of its surangular, while Yanjisuchus 
longshanensis (Rummy et al. 2022) has a wedge-shaped eleva-
tion on the anterior part of the frontal, interorbital ridges with 
a groove in the interorbital region, and an anteroposteriorly 
directed ridge on the jugal that distinguish this taxon from SM-
2021-1-97/101 and SM-2023-1-16. SM-2021-1-97/101 is fur-
ther distinguished from Yanjisuchus because it does not have a 
diastema posterior to the fourth dentary tooth.

Finally, Kansajsuchus extensus (Kuzmin et al. 2019) is dif-
ferent from SM-2021-1-97/101 and SM-2023-1-16 because 
the posterodorsal process of the premaxilla is longer, and this 
bone bears enlarged neurovascular foramina on its ventral sur-
face; the nasals are separated from the external nares, contact 
the lacrimals, and ornamentation is absent on the alveolar 
margins; there are transverse crests with a dorsal groove in 
the interorbital region; there is a longitudinal ridge on the lat-
eral surface of the jugal, and its anterior part is as broad as its 

posterior part; the supratemporal fenestrae are mediolaterally 
enlarged; the supraoccipital forms the dorsal edge of the for-
amen magnum; and the basioccipital has large pendulous 
tubera, with a plate below the occipital condyle that has no 
midline crest. In SM-2021-1-97/101, the enlarged maxil-
lary alveoli are the third and the fourth, whereas they are the 
fourth and fifth in Kansajsuchus; the prefrontal is longer than 
the lacrimal; the palatal parts of the premaxillae meet poster-
iorly along the contact with the maxilla; the posterior edge of 
the quadrate is narrow dorsal to the otoccipital contact and 
strongly concave; the premaxilla–maxilla suture in palatal view 
is straight; and the dentary part of the mandibular symphysis 
completely involves five alveoli, whereas it completely involves 
seven to eight in Kansajsuchus. In SM-2023-1-16, the lateral 
lamina of the squamosal does not cover most of the lateral sur-
face of the postorbital, and the otoccipital does not have a large 
ventrolateral part ventral to the paroccipital process, as it does 
in Kansajusuchus.

Comparisons with other small altirostral taxa
Other small altirostral forms also include Araripesuchus Price, 
1959. However, the specimens from Phu Sung do not belong to 
this genus because: the parieto-postorbital suture is absent from 
the dorsal surface of the skull roof and the supratemporal fossa; 
the quadrate major axis is directed posteroventrally; the anterior 
edge of the internal choanae is situated near the posterior edge of 
the suborbital fenestra; the tooth margin carinae are not crenu-
lated; and there are no large and aligned neurovascular foramina 
on the lateral maxillary surface. In SM-2021-1-97/101, the 
retroarticular process is posteriorly elongated, triangular, and 
facing dorsally; the postorbital process of the jugal is situated 
in the middle of the bone; the dentary symphysis is U-shaped, 
smoothly curving anteriorly in ventral view; the dorsal edge of 
the dentary is sinusoidal, with two concave waves; the cheek 
teeth are not constricted at the base of the crown; the maxillary 
teeth are set in isolated alveoli; and the insertion area for the 
muscle pterygoideus posterior does not extend onto the lateral 
surface of the angular. SM-2021-1-97/101 also does not have an 
external mandibular fenestra, whereas the specimens assigned to 
Araripesuchus do (Ortega et al. 2000, Turner 2006, Dumont et 
al. 2020).

More specifically, the dorsal surface of the postorbital does 
not have a vascular opening, the anteromedial margins of the 
palatine are not parallel and they do not have parachoanal fossae, 
the posterior margin of the internal choanae is situated anteri-
orly on the pterygoids, and, in SM-2021-1-97/101, the lateral 
surface of the anterior region of the surangular and the posterior 
region of the dentary do not bear a longitudinal depression, and 
the jugal portion of the postorbital bar is medially displaced and 
separated from the lateral surface of the jugal [compared with 
Araripesuchus buitreraensis Pol & Apesteguía, 2005 (Dumont et 
al. 2020)].

In SM-2021-1-97/101 and SM-2023-1-16, there are no 
paired ridges located medially on the ventral surface of the 
basisphenoid; the 10th dentary tooth is not hypertrophied in 
SM-2021-1-97/101, there is no postorbital–ectopterygoid con-
tact, and there are no palpebrals (compared with Araripesuchus 
tsangatsangana Turner, 2006).
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The parietal width is less than one-third of skull width in all 
specimens; the ventral edge of the maxilla is sinusoidal in lateral 
view in SM-2021-1-97/101 and SM-2023-1-16; and, in SM-
2021-1-97/101, the postorbital bar is not flush with the lateral 
surface of the jugal (compared with Araripesuchus patagonicus 
Ortega et al., 2000).

The supratemporal fenestrae are not round, the posterior 
margin of the skull table is not scalloped with a median process 
in all specimens, and in SM-2021-1-97/101, there is no for-
amen located on the premaxilla–maxilla suture near the alveolar 
border [compared with Araripesuchus wegeneri Buffetaut, 1981 
(Sereno and Larsson 2009)]. 

The three specimens from Phu Sung belong to the same taxon
The phylogenetic results highlight that SM-2021-1-97/101 and 
SM-2023-1-16 share six characters (see the ‘Phylogenetic ana-
lyses’ subsection of the Results). Among those, SM-2023-1-17 
shares with SM-2021-1-97/101 and SM-2023-1-16 an outer 
surface of the squamosal laterodorsally oriented, reduced, and 
sculpted. Furthermore, SM-2023-1-17 also shares with SM-
2021-1-97/101 and SM-2023-1-16 an intertemporal width less 
than one-third of the skull width, open and ovoid supratemporal 
fenestrae, a supraoccipital exposed on the skull roof, a parietal 
width less than one-third of the skull width, and the posterior 
margin of the skull that is not scalloped with a median process, 
a parietal–postorbital suture not visible in dorsal view, and the 
lateral margins of the squamosal and postorbital that are not 
concave in dorsal view. SM-2021-1-97/101 and SM-2023-1-17 
both have a parietal surface depressed compared with the one of 
the squamosals, and the parietal–squamosal suture is raised and 
grooved. As a result, the three specimens from Phu Sung can be 
attributed with confidence to the same taxon.

Furthermore, all the differences observed in the description 
between the three specimens are part of ontogenetic variations, 
as highlighted in Supporting Information, Supplementary 
Material S8 using extant brevirostrine ontogenetic series. The 
associated phylogenetic characters (i.e. characters 310, 314, and 
315) should thus be excluded from the character taxon matrix, 
because they capture ontogenetic rather than phylogenetic vari-
ation. When we apply those settings, the topology obtained 
does differ from the one in Figure 16, with the appearance of 
a polytomy between all goniopholids, and between members 
of Crocodylia, Hylaeochampsidae, and the clade comprising 
Atoposauridae sensu Schwarz et al. (2017) and Paralligatoridae 
sensu Rummy et al. (2022) (see also Supporting Information, 
Supplementary Material S6), hinting at the relative fragility of 
our analyses. However, the intrarelationships of the members of 
those two last clades do not change much, with the only differ-
ence being that in Paralligatoridae sensu Rummy et al. (2022), 
Paralligator and Kansajsuchus form a polytomy. 

The neosuchian–eusuchian transition and the difficulty of 
diagnosing Atoposauridae and Eusuchia

We retrieve Atoposauridae sensu Schwarz et al. (2017) as a mono-
phyletic group. This is contrary to what was found by Tennant 
et al. (2016) and would now include ‘putative atoposaurids’, 
such as Theriosuchus, Knoetschkesuchus, and Sabresuchus, in add-
ition to Aprosuchus ghirai and Varanosuchus sakonnakhonensis, 

the new taxon described here. However, the intrarelationships 
of atoposaurids remain difficult to interpret. Although the dif-
ferent genera would appear to be monophyletic (Fig. 16) and 
are retrieved as such once phylogenetic characters that capture 
ontogenetic variation are excluded (Supporting Information, 
Supplementary Material S6), their interrelationships are not 
well resolved.

Paralligatoridae sensu Rummy et al. (2022) is here also re-
trieved in its entirety as a monophyletic group and as a sister 
taxon to Atoposauridae (Fig. 16). This close relationship, which 
had already been highlighted in other studies (Turner 2015, 
Turner and Pritchard 2015, Schwarz et al. 2017, Leite and Fortier 
2018, Kuzmin et al. 2019, Venczel and Codrea 2019, Noto et al. 
2020) is here strengthened with the addition of Varanosuchus 
sakonnakhonensis. The Glen Rose Form and Wannchampsus are 
retrieved as a sister taxon to all other paralligatorids, as in the 
studies by Adams (2014), Kuzmin et al. (2019), Noto et al. 
(2020), and Rummy et al. (2022), which confirms the very close 
relationship of the two operational taxonomic units and war-
rants a complete description and reassessment of USNM 22039. 
Furthermore, Batrachomimus pastosbonensis also warrants a com-
plete reassessment, because it might instead be a notosuchian 
(Hester et al. 2016). However, if it is truly a paralligatorid, that 
implies a lack of the fossil record of this clade for >20 Myr.

Furthermore, we propose a topology where Eusuchia in-
cludes Crocodylia, Atoposauridae, Paralligatoridae, and 
Hylaeochampsidae, as in the studies by Turner (2015), Schwarz 
et al. (2017), and Venczel and Codrea (2019). Susisuchidae, in 
contrast, is retrieved in a basal position in Neosuchia, as in work 
of Turner and Pritchard (2015) and Venczel and Codrea (2019). 
This is not that surprising, because the character taxon matrix 
we used here is derived mainly from this last study; however, 
other studies have retrieved those taxa as belonging to Eusuchia 
(Leite and Fortier 2018, Martin et al. 2020). Here, they are dis-
tinguished from Eusuchia partly because of characters that are 
still debated (choanal region and shape of centra; Salisbury 
et al. 2006, Turner and Prichard 2015, Leite and Fortier 2018, 
Montefeltro et al. 2019); therefore, the input of CT scan tech-
niques on those specimens would certainly shed some light on 
the relationships of this family. 

Our phylogenetic hypothesis thus implies a definition of 
Eusuchia relying on characters from the choanal, cervical, 
dermal shield, and supraoccipital region (see the ‘Phylogenetic 
analyses’ subsection of the Results). Unfortunately, those char-
acters are either reversed in subsequent clades or absent in 
some fossil forms, which is why we would not qualify them 
as truly robust for defining Eusuchia. Nonetheless, one thing 
is for certain: we confirm here that some of the characters his-
torically assigned to Eusuchia (pterygoid-bound choanae and 
sagittal segmentation of the dorsal shield) are no longer valid 
with the current knowledge on ontogenetic variations and fossil 
forms. A striking example is that Varanosuchus sakonnakhonensis 
(depending on the status of Brillanceausuchus babouriensis; 
Michard et al. 1990, Tennant et al. 2016) is now the only de-
finitive known atoposaurid that has fully pterygoid-bound 
choanae, which can be interpreted most parsimoniously as 
a convergence between this taxon, Hylaeochampsidae, and 
Crocodylia and not an apomorphy of Eusuchia, occurring two 
to three times independently in Eusuchia (Fig. 16). Tennant et 
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al. (2016) proposed that rather than palatine- and pterygoid-
bound choanae deriving in fully pterygoid-bound choanae, 
the ‘primitive’ condition would be an anterior position of the 
choanae (retrieved in protosuchians, for example; Wu et al. 
1996a) and the choanae migrating posteriorly in derived forms, 
reaching posteriorly to the posterior margin of the suborbital 
fenestrae in Hylaeochampsidae and Crocodylia (Clark and 
Norell 1992, Martin 2007, Delfino et al. 2008a, b, Ősi 2008, 
Martin et al. 2016b). Although it is correct that posteriorly 
placed choanae (i.e. posteriorly to the posterior margin of the 
suborbital fenestra) occur only in these two clades, they do 
not form a monophyletic group in our main analysis (Fig. 16). 
However, once characters depicting ontogenetic variations are 
removed (Supporting Information, Supplementary Material 
S6), hylaeochampsids cluster with crocodylians, which makes 
their relationships unresolved; therefore, a definite answer 
cannot be reached at present. A deeper sampling and know-
ledge of fossil forms around the neosuchian–eusuchian transi-
tion will probably permit clearer view on this matter.

The palaeoecology of atoposaurids
Although not much is known about the ecology of atoposaurids, 
recent studies hint at a possible terrestrial lifestyle, partly be-
cause of their very poor stratigraphic occurrences (Schwarz 
and Salisbury 2005) compatible with a terrestrial fossil record, 
in addition to their forward-facing nares (Martin et al. 2014b). 
Here, we put forward further conflicting arguments regarding 
this hypothesis. It has been assessed that altirostral morphology 
and head posture are linked directly to a terrestrial rather than 
semi-aquatic lifestyle, because of the implied position of the 
nares and binocular vision (Stevens 2006, Marinho et al. 2013, 
Pochat-Cottilloux et al. 2022). Varanosuchus sakonnakhonensis 
has an altirostral snout (like other atoposaurids; Tennant et al. 
2016) and could exhibit those behaviours, making it suitable for 
a terrestrial lifestyle. This would, of course, be reinforced when 
looking at the neuroanatomy of such specimens, which, to our 
knowledge, remains to be done.

Furthermore, Pochat-Cottilloux et al. (2023b) recently pro-
posed, building on observations by Clarac et al. (2018) on 
thermoregulatory mechanisms, that osteoderm ornamentation 

could be linked with lifestyle. Taxa exhibiting osteoderm or-
namentation benefit of enhanced vascularization because this 
feature contributes to heat absorption and is thus much more 
needed in aquatic environments, where the physical properties 
are different from those on land (Schmidt-Nielsen 1997, Vogel 
2005). Varanosuchus sakonnakhonensis, like other atoposaurids 
(Tennant et al. 2016), does have ornamented osteoderms, which 
could indicate semi-aquatic affinities. 

The postcranial anatomy of Varanosuchus is remarkably well 
preserved and allows estimation of its posture. Terrestriality 
is linked with a parasagittal posture (Parrish 1987): here, 
Varanosuchus has elongated and relatively straight limb elements 
(Figs 9, 11C, 13C) corresponding to an erect posture (Colbert 
and Mook 1951, Pol et al. 2012, Godoy et al. 2016). However, 
using the ratio between the humerus midshaft width and long-
axis length (Turner 2006, Adams 2019), we obtain a value of 
0.10, which is exactly the value separating morphologies con-
sidered as ‘gracile’ (i.e. linked with a terrestrial lifestyle) from 
those considered as ‘robust’ (i.e. linked with a semi-aquatic/
aquatic lifestyle); therefore, it is difficult to draw a conclusion 
regarding the posture of the organism by looking at the data pro-
vided by this bone. We thus infer a relatively erect posture for 
Varanosuchus (Fig. 18).

The various proxies for the palaeoecology of Varanosuchus 
sakonnakhonensis, and for atoposaurids in general, yield con-
flicting results. However, it is also possible to hypothesize a ter-
restrial lifestyle but with semi-aquatic affinities for those forms, 
as is seen today in some extant species of lepidosaurs (Mebert 
2011, Chan et al. 2020), which would be the most probable 
explanation for the observations we make here. Finally, given 
how little evidence we have currently, the palaeoecology of 
paralligatorids remains an open question.

The palaeobiogeography of paralligatorids compared with 
atoposaurids

Although they would seem to be very close phylogenetic-
ally, definite atoposaurid and paralligatorid occurrences have 
different palaeogeographical and stratigraphic ranges (Fig. 
16). Atoposaurids have a Laurasian distribution, whereas 
paralligatorids are known only in Asia and in North America 
(maybe also in South America, but see above). 
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Figure 18. Reconstruction of Varanosuchus sakonnakhonensis in its living posture.
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In terms of stratigraphic range, atoposaurids are present in Late 
Jurassic to Early Cretaceous strata, with Sabresuchus sympiestodon 
and Aprosuchus ghirai being the only representatives of this 
family in the Late Cretaceous, implying lack of a fossil record 
for >50 Myr. This huge stratigraphic gap could be filled when 
looking at specimens that may be attributed to Atoposauridae in 
the Cenomanian (Vullo and Néraudeau 2008) and Campanian–
Maastrichtian of France (Martin and Buffetaut 2005, Martin et 
al. 2014b), Middle Cretaceous of the USA (Winkler et al. 1990, 
Cifelli et al. 1999, Eaton et al. 1999, Fiorillo 1999, Garrison et al. 
2007, Oreska et al. 2013, Foster 2018), and Aptian–Albian of 
China (Wu et al. 1996b, Mo et al. 2016). Finally, the referral of 
some specimens from the Eocene of Yemen to Atoposauridae 
(Stevens et al. 2013) is very surprising and also warrants further 
investigation. In contrast, except for Batrachomimus pastosbonensis 
(for which a reassessment might be necessary; Hester et al. 2016), 
paralligators are known from the Middle to Late Cretaceous (Fig. 
16). One interesting thing to notice is that the two families have 
never been retrieved at the same time and the same place, which 
could be because the competition for resources between these 
two groups of very similar organisms would have been too im-
portant for them to cohabit, hinting at a similar ecology, or could 
also be a case of collection bias. 

CO N CLU S I O N
We describe here three new specimens from the Early Cretaceous 
Phu Sung locality (Sao Khua Formation, Thailand) that we refer 
to Varanosuchus sakonnakhonensis. Using CT scan data, we can 
provide an in-depth description, in addition to a comparison 
with other close fossil forms. Although we notice some ontogen-
etic variations, Varanosuchus sakonnakhonensis is diagnosed by 
an altirostral morphology, a dorsal part of the postorbital with 
an anterolaterally facing edge, a depression on the posterolateral 
surface of the maxilla, and fully pterygoid-bound choanae, 
among other traits.

A phylogenetic analysis confirms that this new taxon belongs 
to Atoposauridae sensu Schwarz et al. (2017), with a close rela-
tionship to Aprosuchus ghirai from the Maastrichtian of Romania 
(Venczel and Codrea 2019). We also manage to distinguish this 
taxon from Theriosuchus grandinaris (Lauprasert et al. 2011) from 
the same age also in Thailand. Paralligatoridae sensu Rummy 
et al. (2022) are retrieved as the sister clade to Atoposauridae, 
forming Eusuchia with Hylaeochampsidae and Crocodylia, 
while susisuchids are found as basal neosuchians; characters 
historically assigned to Eusuchia, such as fully pterygoid-bound 
choanae, are no longer valid. However, a robust definition of 
Eusuchia must still be provided.

Finally, the altirostral snout morphology and osteoderm or-
namentation observed here in Varanosuchus sakonnakhonensis 
(and other atoposaurids) would match the hypothesis for those 
taxa of a terrestrial lifestyle with semi-aquatic affinities. Further 
studies are needed to confirm this, for example using neuroana-
tomical or geochemical proxies.
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