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a b s t r a c t

Cretaceous (non-avian) theropod dinosaurs from Australia are poorly understood, primarily because
almost all specimens described thus far comprise isolated postcranial elements. In Australia, only three
non-dental cranial elements pertaining to Theropoda have been reported: the left and right dentaries of
Australovenator wintonensis from the Winton Formation (Cenomanianelowermost Turonian) of
Queensland, and an isolated surangular from the Eumeralla Formation (lower Albian) of Victoria. Herein,
we report the first evidence of non-mandibular cranial material of a non-avian theropod from Australia:
a left frontal and fused parietal fragment from the Lower Cretaceous (lower Aptian) upper Strzelecki
Group of Victoria. The specimen shares several synapomorphies with the frontals assigned to Mega-
raptoridae, including an anteroposteriorly elongate postorbital articulation and a truncated nasal artic-
ular surface. Accordingly, we regard this frontal as Megaraptoridae gen. et sp. indet. We performed both
parsimony-based and Bayesian-based phylogenetic analyses to support our assignment, and both ana-
lyses support a placement within Megaraptoridae. However, this specimen appears to possess plesio-
morphic characters relative to other megaraptorid frontals, lacking dorsoventrally high walls of bone that
emarginate the nasal and prefrontal articular surfaces. The plesiomorphies of this specimen have im-
plications for the evolution of the megaraptoran skull roof, suggesting the acquisition of specialised
adaptations for longirostry over time. This specimen improves the limited record of Cretaceous
Australian theropod cranial remains, and provides limited support for the hypothesis that Mega-
raptoridae might have originated in Australia.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

THE Australian Cretaceous non-avian theropod record is poorly
understood when compared with that of most other continents, as
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it almost exclusively comprises isolated postcranial remains
(Molnar and Pledge,1980; Hocknull et al., 2009; Benson et al., 2012;
Fitzgerald et al., 2012; Poropat et al., 2018, 2019, 2020; Brougham
et al., 2019). Only four specimens described to date comprise as-
sociations of multiple elements: a pair of theropod pubic bones
from the lower Albian Eumeralla Formation (NMV P186046:
Benson et al., 2010a, 2010c, 2012; Herne et al., 2010; Wagstaff et al.,
2020); the megaraptorid dubbed ‘Lightning Claw’ (LRF 100e106)
from the Cenomanian Griman Creek Formation (Bell et al., 2016,
2019); and an unnamed megaraptorid (AODF 967e968, 972,
977e979: White et al., 2020) and the holotype specimen of Aus-
tralovenator wintonensis Hocknull et al., 2009 (AODF 604) from the
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Cenomanian Winton Formation (Hocknull et al., 2009; White et al.,
2012, 2013, 2015b; Tucker et al., 2013). Three of these four speci-
mens have been referred to the Megaraptoridae, the group of
theropods to which the vast majority of diagnostic theropod re-
mains in Australian mid-Cretaceous dinosaur assemblages can be
referred (Benson et al., 2010b, 2012; White et al., 2015b, 2020;
Poropat et al., 2019; Kotevski and Poropat, 2022).

Although fewer than 50 isolated postcranial specimens have
been described, the record of theropods from the Lower Cretaceous
(BarremianeAlbian: Wagstaff et al., 2020) of Victoria is the most
taxonomically rich of any Australian state (Benson et al., 2012;
Poropat et al., 2018). Previous research has suggested the presence
of several clades, including indeterminate members of Cerato-
sauria, Tetanurae, Avetheropoda, Neovenatoridae, Coelurosauria,
Megaraptora, possibly Tyrannosauroidea and Ornithomimosauria,
Maniraptora and Unenlagiinae (Benson et al., 2010a, 2012; Barrett
et al., 2011; Fitzgerald et al., 2012; Novas et al., 2013; Delcourt
and Grillo, 2018). Additional isolated specimens are known and
classified to more inclusive theropod groups (e.g. Tetanurae, Ave-
theropoda, Coelurosauria), but no further owing to their incom-
pleteness (Benson et al., 2012). The presence of Neovenatoridae is
possibly symptomatic of a previous nesting of Megaraptora within
Neovenatoridae coupled with a cautious approach by the authors
on these isolated remains (Benson et al., 2010b, 2012). More
recently described specimens indicate the presence of the Mega-
raptoridae (Poropat et al., 2019), Noasauridae (Brougham et al.,
2020) and Elaphrosaurinae (Poropat et al., 2020) in the Victorian
Cretaceous. Nevertheless, there is a notable dearth of cranial ma-
terial (excluding teeth) from Australian non-avian theropods. Only
a single non-dental cranial fossil has been reported from Victoria
thus far: an isolated surangular referred to Oviraptorosauria (NMV
P186386: Currie et al., 1996), but now considered Theropoda indet.
(Poropat et al., 2018). Outside Victoria, the only other reported
Australian theropod cranial fossils are the left and right dentaries of
the Australovenator wintonensis holotype (Hocknull et al., 2009;
White et al., 2015b). Thus, all known Australian theropod cranial
fossils comprise mandibular elements.

The frontal bone of theropods is particularly diagnostic, con-
taining a suite of characters facilitating referral to more exclusive
clades (Currie, 1987; Averianov, 2016). Herein we describe NMV
P229038, an isolated non-avian theropod frontal from the Early
Cretaceous (upper Strzelecki Group, lower Aptian) of Victoria,
southeast Australia, which represents the first theropod non-
mandibular cranial fossil from the Mesozoic of Australia. Herein,
we follow the phylogenetic position of Megaraptora as an early-
branching clade within Tyrannosauroidea (Novas et al., 2013;
Porfiri et al., 2014; Aranciaga Rolando et al., 2019, 2022; Ding et al.,
2020; Naish and Cau, 2022), and relate our taxonomic descriptions
to this.

1.1. Institutional abbreviations

AMNH, American Museum of Natural History, New York, USA;
AODF, Australian Age of Dinosaurs Museum of Natural History
Fossil, Winton, Queensland, Australia; BHI, Black Hills Institute of
Geological Research, Hill City, South Dakota, USA; FPDM, Fukui
Prefectural Dinosaur Museum, Fukui, Japan; GIN/IGM, Institute of
Geology, Mongolian Academy of Sciences, Ulaan Baatar, Mongolia;
GM, Ganzhou Museum, Ganzhou, China; IVPP, Institute for Verte-
brate Paleontology and Paleoanthropology, Beijing, China; LACM,
Natural History Museum of Los Angeles County, Los Angeles, Cali-
fornia, USA; MCF-PVPH, Museo Carmen Funes, Paleontologia de
Vertebrados, Plaza Huincul, Neuqu�en, Argentina; MCNA, Museo de
Ciencias Naturales y Antrop�ologicas J.C. Moyano, Mendoza,
Argentina; MOR, Museum of the Rockies, Bozeman, Montana, USA;
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MPC, Mongolian Paleontological Center, Ulaan Baatar, Mongolia;
MPM-Pv, Museo Padre Molina Paleontologia de Vertebrados, Rio
Gallegos, Santa Cruz, Argentina; MUCPv, Museo de la Universidad
Nacional del Comahue, Paleontologia de Vertebrados, Neuqu�en,
Argentina; NMC, Canadian Museum of Nature, Ottawa, Canada;
NMV, Museums Victoria (formerly National Museum of Victoria),
Melbourne, Australia; ROM, Royal Ontario Museum, Toronto, Can-
ada; SDNH, San Diego Museum of Natural History, San Diego, Cal-
ifornia, USA; TMP, Royal Tyrell Museum of Palaeontology,
Drumheller, Alberta, Canada; UA, University of Alberta, Edmonton,
Alberta, Canada; UNPSJB-PV, Universidad Nacional de la Patagonia
San Juan Bosco, Comodoro Rivadavia, Argentina; ZPAL, Institute of
Palaeobiology, Polish Academy of Sciences, Warsaw, Poland.

2. Methods

2.1. Material

The nearly complete frontal and fused parietal fragment
described herein (NMV P229038) were collected from the Shack
Bay locality by Michael Cleeland of the volunteer organisation
Dinosaur Dreaming in 2007. The specimen was then prepared by
David Pickering using air scribes and tungsten carbide scrapers and
reposited into the Palaeontology Collection of Museums Victoria,
Melbourne, Australia.

2.2. Computed tomography

NMV P229038 was scanned using micro-computed tomogra-
phy (mCT) performed by a Zeiss Xradia 520 Versa CT facility
located at Monash University, Clayton, Victoria, Australia, at
140 kV, HE1 filter, 1601 projections and 52.86 mm voxel size. The
data were visualised using AVIZO 2022.1. The 3D dataset used in
this work is archived at and available from Museums Victoria,
Melbourne, Australia, and MorphoSource (media ID 000533313;
doi.org/10.17602/M2/M533313).

2.3. Phylogenetic analyses

2.3.1. Morphological and stratigraphic data
For our phylogenetic analyses, we utilised the data matrix of

Aranciaga Rolando et al. (2022). Although these authors utilised
two matrices, one including and one excluding fragmentary taxa
(Aoniraptor libertatem and UNPSJB PV-944/958), we only utilised
the matrix excluding the fragmentary taxa. The analysis included
357 characters coded for 57 taxa, and 35 of these characters were
ordered. We retained the characters and original scores provided,
but added all possible scores for NMV P229038. Stratigraphic data
were obtained for each taxon (Supplementary Information; refer-
ences therein), consisting of geologic age ranges (maximum to
minimum).

2.3.2. Parsimony analysis
Our parsimony phylogenetic analysis includes a single out-

group: Ceratosaurus nasicornis. The data matrix was analysed with
implied-weighting parsimony using TNT v1.5 to run a heuristic tree
search (Goloboff et al., 2008). We ran a traditional search of 1500
Wagner tree replicates (saving 10 trees per replicate) and with one
random seed. This was followed by a TBR branch-swapping algo-
rithm that generated the most parsimonious trees, with bootstrap
values calculated for these. The resulting consensus tree and the
stratigraphic age ranges for tip values were used along with the R
package strap (R v.4.2.2, strap v.1.6-0) to calculate idealised diver-
gence times for visualisation.

http://doi.org/10.17602/M2/M533313
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2.3.3. Bayesian analysis
Our Bayesian phylogenetic analysis included one outgroup

(Ceratosaurus nasicornis) and three ingroups (Carnosauria, Coelur-
osauria and Paraves). We utilised MrBayes v.3.2.7a (Ronquist et al.,
2012) via the CIPRES Science Gateway (Miller et al., 2011) to run a
fossilized birth-death analysis (Gavryushkina et al., 2017). This
analysis used simultaneous tip and node dating (O'Reilly and
Donoghue, 2016; Barido-Sottani et al., 2019), with stratigraphic
ranges for tips and an offset exponential distribution for Paraves.
We also included Avialae (with morphology coded as unknowns),
constrained with Velociraptor in the Paraves clade to help anchor
the age estimation of the nodes (Bapst et al., 2016). The sampling
strategy parameter “SampleStrat” was set to ‘fossiltip’, allowing all
fossils to be resolved as tips on the tree. We ran 20 million MCMC
generations (four runs and four chains), with sampling every 2000
generations. Convergencewas set at 0.01 standard deviation of split
frequencies. Consensus tree and clade credibility values were
estimated using median node depths.

2.4. Geologic setting

The upper Strzelecki Group (Fig. 1), informally referred to as the
‘Wonthaggi Formation’ (Poropat et al., 2018; Herne et al., 2019), is
hosted within the Gippsland Basin. It overlies the Tyers River
Subgroup (lower Strzelecki Group (Tosolini et al., 1999; Duddy,
2003)), and underlies the Latrobe Group (Duddy, 2003). The unit
comprises volcaniclastic sandstones, mudstones, conglomerates
and thin coals that were deposited in a low to high-energy non-
marine fluvial palaeoenvironment in a wide river valley that lay
between Australia and Antarctica (Tosolini et al., 1999; Duddy,
2003; Aghaei et al., 2015; Wagstaff et al., 2020). These sediments
Fig. 1. Map of the Bass Coast, Victoria, Australia, showing the location of the Shack Bay local
Early Cretaceous fossil locality map by M. Cleeland, VandenBerg (1997a, 1997b), Korasidis an
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were sourced from an active volcanic system along the east side of
Australia (Bryan et al., 1997) and deposited along the developing rift
valley of the Australian-Antarctic rift. The sediments were origi-
nally assigned to the Middle Jurassic (Ferguson, 1909), but are now
interpreted as being BarremianeAptian (Seegets-Villiers, 2012;
Wagstaff et al., 2020).

Shack Bay is situated approximately 1 km west of Eagles Nest
(Benson et al., 2012; Poropat et al., 2018), and lies within the upper
Strzelecki Group (Fig. 1). Although this site has never been exca-
vated, vertebrate fossil specimens have been discovered in three
separate layers at this locality. The lowest, Layer 1, forms the shore
platform at the site, and is comprised of coarse-grained conglom-
erates bearing fossilised vegetation and a small selection of verte-
brate bones. Layer 2 overlies Layer 1 and consists of an
approximately 30 cm-thick conglomerate containing carbonaceous
material. Layer 3 is an approximately 1 m thick, coarse-grained
conglomerate containing pebbles and rip-up clasts. Palynological
studies indicate that the Shack Bay sediments fall within the lower
Aptian portion of the Pilosisporites notensis Palynomorph Zone
(Wagstaff et al., 2020).

Relatively few vertebrate fossils have been collected from Shack
Bay, and none have yet been formally described. Nevertheless, the
following clades are represented: Theropoda (NMV P228851,
incomplete metatarsal), Ornithopoda (NMV P256478, femur; NMV
P256996, vertebra) and Dipnoi (NMV P230785, right lower tooth
plate) (Fig. 2). The theropod frontal described herein, NMV
P229038, was retrieved from Layer 3, and the associated matrix
that held the specimenwas retained and registered under the same
specimen number in the NMV collections. The associated matrix is
comprised of rounded rip-up clasts (ranging between 3.7 and
12.5 mm in diameter) overlying a very fine-grained grey sandstone.
ity from which NMV P229038 was collected. Geological data derived and adapted from
d Wagstaff (2020), Wagstaff et al. (2020), Vicmap and (VSDL) (2021), and Google Earth.



Fig. 2. Vertebrate fossils collected from the Shack Bay locality, upper Strzelecki Group, Victoria, Australia. A. NMV P229038 Megaraptoridae left frontal and fused parietal fragment
in dorsal view; B. NMV P230785 Dipnoi right lower tooth plate in abocclusal view; C. NMV P228851 Theropoda incomplete proximal metatarsal in lateral view; D. NMV P256996
Ornithopoda vertebra in anterior view; and E. NMV P256478 Ornithopoda left femur in anterior view.
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3. Systematic palaeontology

THEROPODA Marsh, 1881
TETANURAE Gauthier, 1986
COELUROSAURIA Huene, 1914
MEGARAPTORA Benson et al. 2010
MEGARAPTORIDAE Novas et al., 2013

Megaraptoridae gen. et sp. indet.
4

3.1. Referred material

NMV P229038: An isolated, almost complete left frontal, fused
to a fragment of the left parietal (Fig. 3).

3.2. Locality and litho-chronostratigraphic horizon

Shack Bay, near Inverloch, Victoria, Australia. Upper Strzelecki
Group, lower Aptian ~121.4e118 Ma (Wagstaff et al., 2020).



Fig. 3. Megaraptorid left frontal and fused parietal fragment (NMV P229038) from the upper Strzelecki Group of Victoria, Australia. Photographs of frontoparietal in A. lateral; B.
dorsal; C.medial; D. ventral; E. anterior; and, F. posterior views. Interpretive drawings of frontoparietal in A′. lateral; B′. dorsal; C′.medial; D′. ventral; E′. anterior; and, F′. posterior
views. Abbreviations: a.po: articular surface for the postorbital; a.prf: articular surface for the prefrontal; cc: crista cranii; cf: cerebral hemisphere fossa; fps: frontoparietal suture;
lsph: articular surface for the laterosphenoid; mcv: passage for the mesencephalic vein; nas.s: articular surface for the nasal; ob: olfactory bulb; of: orbital fossa; or: contribution to
the orbital rim; pa; parietal; stf: supratemporal fossa.
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4. Description and comparisons

NMV P229038 is a well-preserved, almost complete left frontal,
fused to a fragmentary portion of the left parietal (Fig. 3). In life, the
frontal would have articulated with the nasal anterodorsally, the
prefrontal anterolaterally (inferred from Murusraptor barrosaensis,
wherein the prefrontal precludes the lacrimal from articulating
with the frontal: Coria and Currie, 2016, Fig. 5), the postorbital
5

posterolaterally, the parietal posteriorly, and the opposing frontal
medially. In both medial and lateral views, the frontal is dorso-
ventrally thin anteriorly but thickens posteriorly (Table 1). Its
overall shape (in dorsal view) is an anteroposteriorly elongate
trapezoid that increases in mediolateral width toward the posterior
end. NMV P229038 is not fused to the right frontal, indicating that
the individual to which it pertained was skeletally immature
perimortem.



Table 1
Measurements for the frontal and partially fused parietal NMV P229038.

Measurement (mm) Frontal and partial parietal
(NMV P229038)

Total Anteroposterior Length 83.6
Dorsally Exposed Frontal

Anteroposterior Length
63.1

Maximum Mediolateral Width 36.8
Midpoint Mediolateral Width 28.6
Maximum Dorsoventral Height 11.6
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There are several distinguishing features that allow us to
exclude NMV P229038 from most higher order theropod clades.
The extension of temporal musculature on to a large portion of the
dorsal surface of the frontal is characteristic of Theropoda (Currie,
1997; Wilson and Sereno, 1998). The contribution of the frontal to
the orbital rim is strongly reduced, contrasting with the more
anteroposteriorly elongate contributions of the frontal to the
orbital rim seen in herrerasaurids (Sereno and Novas, 1993), coe-
lophysoids (Rauhut, 2003), dilophosaurids (Rauhut, 2003), cerato-
saurids (Rauhut, 2003; Pol and Rauhut, 2012), noasaurids (Xu et al.,
2009; Carrano et al., 2011), early-branching coelurosaurs (e.g.
Zuolong salleei: Choiniere et al., 2010; Rauhut et al., 2012), some
tyrannosauroids (e.g. Guanlong wucaii and Dilong paradoxus: Xu
et al., 2004, 2006; Choiniere et al., 2010), compsognathids
(Hwang et al., 2004) and maniraptoriforms (Osm�olska et al., 1972;
Rauhut, 2003; Novas et al., 2009). The dorsally exposed surface of
the frontal is narrow mediolaterally and subquadrangular in shape,
contrasting with the mediolaterally broad frontals of abelisaurids
and carcharodontosaurids (Brusatte and Sereno, 2007; Sampson
and Witmer, 2007; Sereno and Brusatte, 2008; Cau et al., 2012),
spinosaurines (Arden et al., 2019), adult tyrannosaurids (Currie,
Table 2
Width: length ratio of dorsally exposed region of the frontal bone in various Coelurosa
Table 2).

Theropod species Width: Length ratio Measured s

Zuolong salleei 0.27 IVPP V1591
Megaraptora indet. 0.45 NMV P229
Megaraptor namunhuaiquii 0.55 MUPCv 595
Murusraptor barrosaensis 0.58 MCF-PVPH
Tyrannosauroidea indet. 0.27 MPC-D 102
Dilong paradoxus 0.40 IVPP V1424
Gorgosaurus libratus 0.37 ROM 1247

0.40 TMP 80.16
0.44 AMNH 566
0.53 TMP 91.36
0.55 TMP 67.14
0.56 TMP 82.16
0.57 ROM 3520
0.66 UA 10

Albertosaurus sarcophagus 0.58 TMP 85.98
0.59 TMP 81.9.1
0.61 TMP 81.10

Qianzhousaurus sinensis 0.47 GM F10004
Alioramus altai 0.42 IGM 100/1
Daspletosaurus torosus 0.39 NMC 8506
Daspletosaurus sp. 0.40 TMP 94.14

0.48 TMP 85.62
0.53 SDNH 3270

Tarbosaurus bataar 0.23 MPC-D 107
0.40 MPC-D 107
0.54 GIN Jap-Mo
0.61 GIN PJC.20
0.71 GIN PJC.20
0.76 ZPAL MgD-

Tyrannosaurus rex 0.31 BHI 116
0.42 LACM 2384
0.68 MOR 008
0.84 BHI 3033
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1987; Hurum and Sabath, 2003; Tsuihiji et al., 2011) and manir-
aptoriforms (Osm�olska et al., 1972; Currie, 1987). NMV P229038
also lacks the ornamentation characteristic of abelisaurid frontals
(Wilson et al., 2003; Sampson and Witmer, 2007; Cerroni et al.,
2020). The supratemporal fossa of NMV P229038 is ante-
roposteriorly long, contrasting with the much shorter supra-
temporal fossae of abelisaurids (Wilson et al., 2003; Sereno and
Brusatte, 2008), allosaurids (Madsen Jr, 1976; Brusatte and
Sereno, 2008; Eddy and Clarke, 2011), and some basal tyranno-
sauroids (e.g. Guanlong and Dilong: Xu et al., 2004, 2006; Choiniere,
2010). The slightly-raised ridge of the sagittal crest strongly con-
trasts with the transversely broad sagittal crests of allosauroids
(Madsen Jr,1976; Currie and Zhao,1993), and the dorsoventrally tall
sagittal crests of spinosaurids (Sues et al., 2002; Arden et al., 2019).
Considering all the above features, we are able to constrain NMV
P229038 to a position within Coelurosauria, outside Maniraptor-
iformes and Compsognathidae. Thus, the frontal is most likely
referable to Tyrannosauroidea or Megaraptora, and we largely
restrict our comparisons below to taxa within those clades.

4.1. Dorsal view

The dorsally exposed region of the frontal is subquadrangular in
shape, similar to the condition in Xiongguanlong baimoensis (Li
et al., 2010), Megaraptor namunhuaiquii (Porfiri et al., 2014), Mur-
usraptor barrosaensis (Coria and Currie, 2016) and Albertosaurus
sarcophagus (Currie, 2003). This is in contrast to the subtriangular
frontals present in most other members of the Tyrannosauridae
(Brochu, 2003; Currie, 2003; Bever et al., 2013; Foster et al., 2022;
Voris et al., 2021). The width: length ratio of the dorsally exposed
portion of the frontal, calculated from the maximum ante-
roposterior length in dorsal view to the mediolateral length at the
uria. Unless otherwise indicated, the data in this table derives from Currie (2003:

pecimen Reference

2 Choiniere et al. (2010): Fig. 5
038 This paper: Table 1

Porfiri et al. (2014): Fig. 6A
-411 Paulina-Carabajal and Currie (2017): Fig. 1.1
/4 Tsuihiji et al. (2012): Fig. 3
2 Xu et al. (2004): Fig. 1

.485
4
.500, TMP 81.39.8
.3
.181, UA 10

.1

.1
-1 Foster et al. (2022): Fig. 3
844 Bever et al. (2013): Fig. 2

3.1
.1
1
/7 Tsuihiji et al. (2011): Fig. 5
/14
ng
00.25, GIN PJC.2000.26
00.8
I/4 Hurum and Sabath (2003): Table 1

5
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orbital rim in dorsal view, is 0.45 for NMV P229038 (Table 2). This
ratio is higher than that observed in some coelurosaurs and
tyrannosauroids, lower than the values present in megaraptorids,
and lies in the mid-range condition occurring between juvenile and
adult tyrannosaurid frontals (Table 2).

The medial margin is effectively anteroposteriorly straight and
bears subtle interdigitation, similar to Xiongguanlong (Li et al.,
2010), Megaraptor (Porfiri et al., 2014), Murusraptor (Coria and
Currie, 2016) and Tyrannosauridae (Currie, 2003; Bever et al.,
2013; Foster et al., 2022; Voris et al., 2021). The lateral margin
Fig. 4. Dorsal view interpretive drawings of reconstructed frontals of A. Megaraptoridae in
rosaensis (MCF-PVPH-411); and D. Megaraptoridae indet. (MCF-PVPH-320). E. Megaraptor na
nasal articular surface of the frontal, and dashed lines indicated inferred material. Image of M
and Currie (2017), D derived from Paulina-Carabajal and Coria (2015). Scale bar applies to
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undulates and flares slightly laterally toward the posterior end,
similar to Megaraptor, Murusraptor and tyrannosaurids (Currie,
1987, 2003; Bever et al., 2013; Porfiri et al., 2014; Coria and
Currie, 2016).

The anterior end of the frontal is sheet-like, forming the artic-
ular surface for the nasal (Fig. 3, Fig. 4). At its lateral margin, the
articular surface for the nasal is separated from the prefrontal by an
anterolaterally-projecting slight ridge, a condition somewhat
similar to that in Murusraptor (Paulina-Carabajal and Currie, 2017),
but not inMegaraptor (Porfiri et al., 2014). In Alioramus altai, and an
det. (NMV P229038); B. Megaraptor namunhuaiquii (MUCPv 595); C. Murusraptor bar-
munhuaiquii (MUCPv 595) left frontal and nasal in dorsal view. Shaded regions indicate
UCPv 595 provided by Alexis M. Aranciaga Rolando. C derived from Paulina-Carabajal

A-E.
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isolated tyrannosauroid frontal from the Late Cretaceous of
Mongolia (MPC-D 102/4), a similar, albeit better defined, ridge
separates the articular surface of the prefrontal from the articular
surface of the lacrimal (Tsuihiji et al., 2012; Bever et al., 2013).

The nasal articular surface is approximately 13 mm long ante-
roposteriorly, and is thin dorsoventrally relative to the rest of the
frontal. It is undamaged, subquadrangular in shape and exhibits
slight anterolateral undulation, similar to both Megaraptor and
Murusraptor (Porfiri et al., 2014; Coria and Currie, 2016), and in
contrast to the triangular projections of the frontal in all tyranno-
sauroids other than Bistahieversor sealeyi, wherein the frontal is
also subquadrangular (Brochu, 2003; Currie, 2003; Carr et al., 2005;
Carr and Williamson, 2010; Choiniere, 2010; Bever et al., 2013;
Voris et al., 2021).

The lateral region of the nasal articular surface is covered with
fine, anteroposteriorly-extending striations that indicate the posi-
tion of the overlap of the nasal, as in MPC-D 102/4 and some
tyrannosaurids (Currie,1987; Tsuihiji et al., 2012; Bever et al., 2013).
These striations are also present in the megaraptorids Megaraptor
and Murusraptor (Porfiri et al., 2014; Coria and Currie, 2016). The
striations in NMV P229038 are more pronounced than those of
Megaraptor, but less pronounced than in Murusraptor (Porfiri et al.,
2014; Coria and Currie, 2016). Medially, the dorsal surface of the
nasal suture undulates, forming two furrowed concavities with
anteriorly-facing pits at their posterior margins that would have
articulated with the posterior processes of the nasal. The medial-
most furrow is deeper than the lateral one. Similar furrows are
present in some tyrannosaurids (e.g. Alioramus altai and Tyranno-
saurus rex: Brochu, 2003; Bever et al., 2013). In MPC-D 102/4, a
small mediolateral furrow is present for articulation with a poste-
rior prong of the nasal, while the lateral furrow is deeper (Tsuihiji
et al., 2012). The medial-most furrow is similarly present in Mur-
usraptor and Megaraptor, although in these two taxa this structure
is bounded posteriorly by a dorsoventrally high wall of bone (Porfiri
et al., 2014; Coria and Currie, 2016). In immature specimens of
Gorgosaurus libratus and Tyrannosaurus rex, the medial margin of
the nasal suture remains flat (Bever et al., 2013), a condition con-
trasting with that of NMV P229038.

On the anterior half, the part of the dorsal surface that would
have been exposed is essentially flat, with a subtle convexity
located towards the posteromedial margin of the midpoint. This
convexity is bounded posteriorly by a subtle ridge, which also
emarginates the supratemporal fossa anteriorly. The ridge extends
posteromediallyeanterolaterally, terminating at the anterior edge
of the postorbital articulation laterally and the anterior-most region
of the gently convex sagittal crest medially. Curiously, this ridge is
nearly identical to the ridge emarginating the supratemporal fossa
observed in a juvenile Tarbosaurus bataar (MPC-D 107/7: Tsuihiji
et al., 2011) and Gorgosaurus libratus (TMP 2009.12.14: Voris et al.,
2021). In adult tyrannosaurids and in the megaraptorids Mur-
usraptor and Megaraptor, the delineating ridge is present, but more
strongly pronounced (Currie, 1987, 2003; Porfiri et al., 2014; Coria
and Currie, 2016). Posterior to this ridge lies the supratemporal
fossa, which is anteroposteriorly elongate (approximately 54% of
the exposed dorsal surface of the frontal), broadly convex ante-
roposteriorly, and undulates laterally d similar to Megaraptor
(Porfiri et al., 2014), Murusraptor (Coria and Currie, 2016) and
tyrannosaurids (Currie, 2003; Carr and Williamson, 2010; Brusatte
and Carr, 2016). However, the supratemporal fossa in Tarbosaurus
and Tyrannosaurus is more anteroposteriorly elongate than in other
tyrannosaurids (Brochu, 2003; Currie, 2003).

The posterior margin of the frontal is marked by a distinct
frontoparietal suture, which is oriented effectively mediolaterally
in dorsal view. This distinguishes NMV P229038 from members of
the Tyrannosauridae, in which the dorsal view of the frontoparietal
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suture is characteristically V-shapedwith each sutural line oriented
anteromediallyeposterolaterally (Currie, 2003; Paulina-Carabajal
and Coria, 2015; Voris et al., 2021). In dorsal view, the medial re-
gion of the suture is slightly convex posteriorly, and the lateral
region is slightly concave posteriorly. This suture divides the
supratemporal fossa across the frontal and parietal, as in Mur-
usraptor (Paulina-Carabajal and Currie, 2017), and might indicate a
point of separation between the muscles m. pseudotemporalis
superficialis (anterior) and m. adductor mandibulae profundus
(posterior: sensu Holliday, 2009; Paulina-Carabajal and Currie,
2017).

4.2. Medial view

In medial view, the frontal is dorsoventrally thin anteriorly but
thickens posteriorly (Table 1). Anteriorly, the interfrontal suture is
divided into a dorsal and ventral region by an anteroposteriorly
elongate groove, which might have accepted a projection from the
unfused right frontal. The absence of fusion of the interfrontal su-
ture indicates that this theropod was skeletally immature at the
time of its death (Rauhut, 2004; Sereno et al., 2009). The dorsal
region of the interfrontal suture projects slightly over the groove as
a shelf, and thus would have overlain the right frontal. The ventral
region hosts numerous subtle dorsoventral ridges and grooves that
would have interdigitated with complementary sutures on the
right frontal. Posterior to the overhanging dorsal shelf lies an
anteroposteriorly short groove, which would have accepted
another projection of the right frontal. Dorsal to the anterior-most
point of this groove, the medial contact of the frontal begins to
slightly rise posterodorsally, forming the low, poorly defined ridge
of the mediolaterally narrow sagittal crest. Transversely narrow
sagittal crests are a characteristic of Megaraptor, Murusraptor and
Tyrannosauroidea (Brochu, 2003; Currie, 2003; Xu et al., 2004;
Choiniere, 2010; Porfiri et al., 2014; Coria and Currie, 2016). At the
posterior end of the frontal, the frontoparietal suture is visible
medially, and is dorsally elevated above the sagittal crest, clearly
emarginating the frontal from the parietal, similar to Murusraptor
(Paulina-Carabajal and Currie, 2017) some Tyrannosauroidea (e.g.
MPC-D 102/4: Tsuihiji et al., 2012) and Tyrannosauridae (Brochu,
2003; Currie, 2003).

4.3. Ventral view

In ventral view, the frontal is divided into three distinct, shal-
lowly concave regions by the semilunate longitudinal ridge of the
crista cranii: these are anterior, lateral and posterior (Fig. 3). The
overall morphology of the ventral surface of the frontal is strikingly
similar to the ventral surface of the frontal of Murusraptor, pre-
dominantly the shape of the crista cranii and the position of the
small nutrient foramen immediately anterior to its longitudinal
ridge (Paulina-Carabajal and Currie, 2017).

The anterior concavity marks the shallow depression for the
olfactory bulb. Within this depression, immediately anterior to the
edge of the crista cranii, lies a small nutrient foramen that is
approximately 3.5 mm in anteroposterior diameter; Murusraptor
has a similarly-shaped foramen in almost exactly the same position
(Paulina-Carabajal and Currie, 2017). Anterior to the foramen lies an
anteroposteriorly extending ridge that underlies the anterior pro-
cess (which hosts the articular surface for the nasal on its dorsal
surface). Lateral to this ridge is a region bearing slight longitudinal
striations, which might represent an attachment point for the
ethmoid complex sensu Ali et al. (2008), similar to the condition in
Murusraptor, MPC-D 102/4 and Tyrannosauridae (Tsuihiji et al.,
2012; Brusatte and Carr, 2016; Paulina-Carabajal and Currie,
2017). The olfactory bulb depression is bounded laterally by the
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articulation for the prefrontal, posterolaterally by the longitudinal
ridge of the crista cranii, and posteriorly by a shallow convexity, in a
strikingly similar configuration to Murusraptor (Paulina-Carabajal
and Currie, 2017).

The laterally-situated orbital fossa is emarginated by the artic-
ulation of the prefrontal anterolaterally, the articulation of the
postorbital posterolaterally, and the crista cranii medially. The
crista cranii projects ventrally and forms a semilunate longitudinal
ridge that extends anteroposteriorly and distinctly separates the
ventral surface. Posterior to the crista cranii lies the anterior roof of
the cerebrum; immediately medial to the longitudinal ridge, a
small foramen (approximately 3 mm in diameter) is present that
might represent the passage of the mesencephalic vein (Fig. 3). At
the posterior end of the frontal lies the mediolaterally-extending
frontoparietal suture, which is bounded laterally by the articula-
tion point of the laterosphenoid and medially by the interfrontal
suture, contrasting with the condition in Murusraptor and Tyran-
nosauridae, wherein the frontoparietal suture is anteromedially-
posterolaterally ‘V-shaped’ (Paulina-Carabajal and Currie, 2017).
4.4. Lateral view

The articular surface for the prefrontal is situated anteriorly on
the lateral surface, whereas that for the postorbital is situated
posteriorly (Fig. 3). Each of these articular surfaces is emarginated
by a strong ridge, with the small section of bone between them
representing a tiny contribution of the frontal to the orbital rim. As
inferred from the morphology in Murusraptor (Coria and Currie,
2016: Fig. 5), there appears to be no articulation point for the
lacrimal; however, the lacrimal may have contacted the frontal
anteriorly (between the nasal and prefrontal), as in Murusraptor
and Tyrannosauridae (Currie, 2003; Paulina-Carabajal and Currie,
2017).

The prefrontal articulation is divided into dorsal and ventral
regions by an anteroposteriorly-oriented slight ridge. At the pos-
terior margin, the prefrontal groove curves slightly dorsally, ter-
minating in a slight ridge at the border of the orbital rim, such that
the dorsal surface of the frontal posteriorly overlaps the prefrontal,
as in MPC-D 102/4 (Tsuihiji et al., 2012), Gorgosaurus (Currie, 1987;
Voris et al., 2021) and Alioramus (Bever et al., 2013), but in contrast
to Murusraptor, wherein the prefrontal articulation terminates
posteriorly with a dorsoventrally tall face (Coria and Currie, 2016).
The slight ridge emarginating the prefrontal articulation forms an
anteriorly-facing socket, also observed in Murusraptor and Tyran-
nosauridae (Currie, 2003; Coria and Currie, 2016; Voris et al., 2021).
This socket would have accepted a projection from the prefrontal,
as in tetanurans generally (Carrano et al., 2012). Ventrally, the
prefrontal groove meets the anterolateral edge of the crista cranii,
producing a vertical contact with the prefrontal.

Posterior to the articulation for the prefrontal lies the small
concave notch that represents a possible frontal contribution to the
orbital rim (Fig. 3), similarly observed in some members of the
Tyrannosauroidea (including most tyrannosaurids) (Currie, 1987,
2003; Li et al., 2010; Bever et al., 2013; Paulina-Carabajal and Currie,
2017; Voris et al., 2021). In the derived tyrannosaurids Tarbosaurus
and Tyrannosaurus, the frontal is completely excluded from the
orbital rim by increased ornamentation of the lacrimal (Brochu,
2003; Currie, 2003). However, we note that the frontal of juvenile
Tarbosaurus still makes a contribution to the orbital rim, as the
lacrimal and postorbital have not developed to contact each other
(Tsuihiji et al., 2012). The frontal of Murusraptor is almost excluded
from the orbital rim by the prefrontal and postorbital (Coria and
Currie, 2016), and we infer a similar configuration for NMV
P229038.
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Posterior to the orbital rim contribution lies the articulation for
the postorbital, which is overlain by a dorsal alar projection
(Paulina-Carabajal and Currie, 2017). The postorbital articulation is
dorsally raised at its anterior end and extends posteroventrally
from this point. The articulation for the postorbital is ante-
roposteriorly elongate (34.5 mm), similar to the condition in Meg-
araptor (Porfiri et al., 2014), Murusraptor (Coria and Currie, 2016),
some non-tyrannosaurid tyrannosauroids (Xu et al., 2004;
Choiniere, 2010) and most tyrannosaurids (Brochu, 2003; Currie,
2003; Carr et al., 2005; Fiorillo and Tykoski, 2014; Voris et al.,
2021). The anteroposterior length of the postorbital articulation is
almost equal to half of the anteroposterior length of the frontal, as
in both Murusraptor and Megaraptor (Porfiri et al., 2014; Aranciaga
Rolando et al., 2019) and some tyrannosaurids (e.g. Qianzhousaurus
sinensis and Tyrannosaurus rex: Brochu, 2003; Lu et al., 2014).

5. Phylogenetic analysis

5.1. Parsimony phylogenetic analysis

The results of our parsimony phylogenetic analysis support our
referral of NMV P229038 to Megaraptoridae, having resolved five
most parsimonious trees (MPTs) of 1388 steps (consistency index:
0.311; retention index 0.598). The strict consensus (Fig. 5) positions
Megaraptora within Tyrannosauroidea, thus lending support to the
hypothesis originally expressed by Novas et al. (2013) and more
recently supported by Aranciaga Rolando et al. (2019, 2022). Phu-
wiangvenator yaemniyomi is the earliest-branching member of
Megaraptora, and sister to a clade including Vayuraptor non-
gbualamphuensis and Fukuiraptor kitadaniensis: these three taxa
comprise the only non-megaraptorid megaraptorans. The indeter-
minate Australian megaraptorid known as ‘Lightning Claw’ (LRF
100e106) was resolved as the earliest-branching megaraptorid,
followed by Australovenator. The remaining megaraptorids (NMV
P229038 and all South American taxa) form a polytomy, contrasting
with the well-resolved topology returned by Aranciaga Rolando
et al. (2022). However, the relationships of and within Mega-
raptora have weak support from bootstrap values (Supplementary
Information).

5.2. Bayesian phylogenetic analysis

The topology of the posterior consensus tree resulting from our
fossilised birth-death Bayesian phylogenetic analysis (Fig. 6) re-
solves Megaraptora within Tyrannosauroidea, and displays
improved resolution within Megaraptora and Megaraptoridae.
Interestingly, and in contrast to the parsimony results, the Comp-
sognathidae (Compsognathus þ Sinosauropteryx) is resolved as the
earliest-branching clade within Megaraptora, followed by Phu-
wiangvenator, and then Vayuraptor, which does not form a clade
with Fukuiraptor (unlike the parsimony analysis). NMV P229038
remains within Megaraptoridae, now representing the earliest-
branching megaraptorid. Resolution within Megaraptoridae is
seemingly stabilised, relative to the parsimony analysis, and
broadly follows the trends outlined in the previous work to use this
matrix (Aranciaga Rolando et al., 2022).

Posterior probabilities (PP) are broadly weak across the analysis,
although some reasonable support is noted. There is weak support
for resolution within Megaraptora, including the position of
Compsognathidae within the clade (PP ¼ 40%), and the position of
NMV P229038 (PP ¼ 39%) within Megaraptoridae. Support for the
remaining Megaraptoridae is strong (PP ¼ 96%), including the po-
sition of Murusraptor as the earliest-branching non-Australian
megaraptorid (PP ¼ 82%). Following this, the remainder of clades
within Megaraptoridae have weak support (Supplementary



Fig. 5. Time-calibrated parsimony phylogenetic analysis of Tetanurae, showing the position of NMV P229038 within Megaraptoridae. Numbers at nodes represent bootstrap values
>50.
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Information). Considering the above noted strong support for
Megaraptoridae as shown in the Bayesian tree (Fig. 6), our analysis
indicates that NMV P229038 is strongly supported as the earliest-
branching megaraptorid.

6. Discussion

6.1. NMV P229038 as a megaraptorid

The frontal (NMV P229038) described herein has been shown to
share similarities with both Megaraptoridae and members of
Tyrannosauroidea, including: the supratemporal fossa covering
more than 50% of the dorsally exposed anteroposterior length
(Currie, 2003; Carr and Williamson, 2010; Porfiri et al., 2014;
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Brusatte and Carr, 2016; Coria and Currie, 2016); the transversely
narrow sagittal crest (Brochu, 2003; Currie, 2003; Xu et al., 2004;
Choiniere, 2010; Porfiri et al., 2014; Coria and Currie, 2016); the
reduced contribution of the frontal to the orbital rim (Currie, 1987,
2003; Li et al., 2010; Bever et al., 2013; Coria and Currie, 2016; Voris
et al., 2021); and the anteroposteriorly-elongate articular facet for
the postorbital (Brochu, 2003; Currie, 2003; Xu et al., 2004; Carr
et al., 2005; Choiniere, 2010; Fiorillo and Tykoski, 2014; Coria and
Currie, 2016; Voris et al., 2021). However, we note that the
following features distinguish NMV P229038 from non-
megaraptoran Tyrannosauroidea: the subquadrangular shape of
the exposed dorsal surface (Porfiri et al., 2014; Aranciaga Rolando
et al., 2019); the mediolateral frontoparietal suture on the dorsal
surface (Paulina-Carabajal and Currie, 2017); the truncated nasal



Fig. 6. Posterior consensus tree of tip and node dated fossilised birth-death Bayesian phylogenetic analysis of Tetanurae, showing the position of NMV P229038 within Mega-
raptoridae. Numbers at nodes represent posterior probabilities of clades >0.50. Tip ages estimated from analysis.
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articular surface (we interpret this as truncated relative to most
theropod clades: Aranciaga Rolando et al., 2019); the absence of an
articulation for the lacrimal on the frontal (Coria and Currie, 2016:
Fig. 5); and the presence of a ridge that delineates the supra-
temporal fossa anteriorly (although this ridge is less pronounced
than in either Megaraptor or Murusraptor: Porfiri et al., 2014;
Paulina-Carabajal and Currie, 2017).
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NMV P229038 is the first theropod frontal to be described from
Australia; consequently, there are no local analogues available for
comparison. Similarly, all non-megaraptorid megaraptorans (Phu-
wiangvenator and Fukuiraptor, and possibly Vayuraptor) lack fron-
tals (Azuma and Currie, 2000; Samathi et al., 2019). Thus, our
comparisons are restricted to megaraptorid frontals from the Late
Cretaceous of South America: those of Megaraptor (MUCPv 595:
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Porfiri et al., 2014) and Murusraptor (MCF-PVPH-411: Coria and
Currie, 2016). Both of these are derived megaraptorids, and the
only known frontals for each pertain to subadult individuals;
moreover, they are temporally separated from NMV P229038 by at
least 30 million years (Garrido, 2011). Because no non-
megaraptorid megaraptoran frontals are known, we cannot deter-
mine which features of the frontal define Megaraptoridae to the
exclusion of earlier-diverging megaraptorans.

Our parsimony-based phylogenetic analysis resolved NMV
P229038 within Megaraptoridae, forming a polytomy with all
included South American megaraptorid taxa. Of the six characters
we were able to score for NMV P229038, the greatest overlap was
observed within megaraptorids: four characters were scored the
same as in Megaraptor and Murusraptor (state 0 for C42; state 1 for
C260, C341 and C342: Aranciaga Rolando et al., 2022 Supplemen-
tary Information A); one character score was shared with only
Murusraptor (state 1 for C41); and one character score contrasted
with those of other megaraptorids (state 1 for C43). The inclusion of
NMV P229038 within Megaraptoridae, and destabilisation of the
clade, might be a consequence of the incompleteness of NMV
P229038, causing it to act as a ‘wildcard’ taxon owing to missing
data. Aranciaga Rolando et al. (2022) suggested that the exclusion
of specimens less than 15% complete led to better resolutionwithin
Megaraptoridae (Aranciaga Rolando et al., 2022: Fig. 15B); thus, it is
perhaps unsurprising that the inclusion of NMV P229038 in this
parsimony analysis had a destabilising effect.

Our Bayesian-based phylogenetic analyses also resolved NMV
P229038 within Megaraptoridae, thereby reinforcing the results of
our parsimony analysis. It also provided strong support for NMV
P229038 as the earliest-branching megaraptorid. This analysis
incorporated stratigraphic data for all taxa, which might have the
greatest direct impact on a Bayesian-based topology for palae-
ontological analysis (King, 2021). Furthermore, Bayesian analyses
may be biased against taxa with incompletely-coded characters
(King, 2019). Consequently, we refer NMV P229038 to Mega-
raptoridae. It must be considered, however, that all megaraptorids
are represented by incomplete skeletons, and the small degree of
anatomical overlap between these might confound understanding
of their true interrelationships.

Both of our phylogenetic analyses supported a position of
Megaraptora within Tyrannosauroidea (Novas et al., 2013;
Aranciaga Rolando et al., 2019, 2022), in contrast to previous ana-
lyses that exclude this clade from Tyrannosauroidea (Delcourt and
Grillo, 2018; Porfiri et al., 2018). Of particular interest was the po-
sition of Compsognathidae within Megaraptora in our Bayesian
analysis, although this is not supported by our parsimony analysis.
We regard these findings as tentative, as a phylogenetic reassess-
ment of Tetanurae was beyond the scope of this paper; as such, we
continue to regard Megaraptora as an early-branching clade within
Tyrannosauroidea (Novas et al., 2013; Porfiri et al., 2014; Aranciaga
Rolando et al., 2019, 2022).

NMV P229038 has several features that appear to be plesio-
morphic for Megaraptoridae, including: the slight ridge separating
the articular surfaces of the nasal and prefrontal (although, a
somewhat similar feature is observed in Murusraptor: Paulina-
Carabajal and Currie, 2017); the absence of a dorsoventrally high-
wall of bone separating the medial-most furrow of the nasal
articular surface (Porfiri et al., 2014; Coria and Currie, 2016); a
transverse frontoparietal suture on the ventral surface (Porfiri et al.,
2014; Coria and Currie, 2016); and the absence of an anteriorly-
facing dorsoventrally high wall of bone to emarginate the artic-
ular point of the prefrontal (Porfiri et al., 2014; Coria and Currie,
2016). Although there is evidence to suggest that Australian meg-
araptorans had already developed trenchant manual unguals as
early as the late Barremian (NMV P186153: Poropat et al., 2018;
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White and Campione, 2021), the plesiomorphic condition of NMV
P229038 implies that the skulls of early-branching megaraptorans
were much less specialised than those of more derived mega-
raptorids (Porfiri et al., 2014; Coria and Currie, 2016).

It is difficult to determine which, if any, of the characters seen in
megaraptorid frontals are ontogenetically variable. We have iden-
tified two phylogenetic characters in the dataset that might vary
with ontogenetic stage: C42 (whether or not the frontals are fused),
and C260 (the ratio of anteroposterior length to the mediolateral
width of the dorsally exposed portion of the frontal). The degree of
fusion between cranial elements has long been considered a reli-
able indicator of the ontogenetic stage in specimens of Dinosauria
(Rauhut, 2004; Sereno et al., 2009; Hone et al., 2016). Recently, it
was proposed that sutural fusion in archosaur crania as an indicator
of ontogenetic stage might be more ambiguous than previously
thought (Bailleul et al., 2016), but extant archosaurs might not be
representative of the basal archosaur condition (Cullen et al., 2023).
Herein, we suggest that the unfused nature of NMV P229038 is
indicative of skeletal immaturity (Rauhut, 2004; Sereno et al.,
2009). Although frontal fusion is considered a phylogenetic char-
acter in the matrix utilised by this study (Aranciaga Rolando et al.,
2022), we speculate this character might be more influenced by
ontogenetic stage, especially for taxa represented only by a single
individual of unclear or sub-adult maturity.

The ratio of the dorsally-exposed anteroposterior length to
mediolateral width at the midpoint in theropod frontals is also
considered a diagnostic character among Theropoda (Brusatte and
Carr, 2016; Aranciaga Rolando et al., 2022). However, this value is
also flagged as an indicator of ontogenetic stage in most amniote
clades, as the frontal becomes relatively wider through ontogeny
(Carr, 1999; Abdala et al., 2001; Currie, 2003; Bhullar, 2012; Bever
et al., 2013; Voris et al., 2021). The width: length ratio of NMV
P229038 is 0.45, higher than the values seen in some early-
branching coelurosaurs (e.g. Zuolong: Choiniere et al., 2010) and
tyrannosauroids (e.g. MPC-D 102/4, Dilong: Xu et al., 2004; Tsuihiji
et al., 2012), but in the mid-range between juvenile and adult
tyrannosaurid frontals (Table 2). Strangely, the width: length ratio
of NMV P229038 is closer to those of the alioramine tyrannosaurids
Alioramus (0.42) and Qianzhousaurus (0.47) than it is to those of
Megaraptor (0.55) or Murusraptor (0.58).

Although several recent studies have supported the idea that
Megaraptora occupies an early-branching position within Coelur-
osauria, often as sister to Tyrannosauroidea (Delcourt and Grillo,
2018; Porfiri et al., 2018), megaraptorans have alternatively been
resolved within Tyrannosauroidea, basal to Tyrannosauridae
(Novas et al., 2013; Porfiri et al., 2014; Aranciaga Rolando et al.,
2019, 2022; Ding et al., 2020; Naish and Cau, 2022). Considering
that the width: length ratio of NMV P229038 is higher than in
Coelurosauria and Tyrannosauroidea (excluding Tyrannosauridae),
within the range of juvenile to adult Tyrannosauridae, and less so
than in Megaraptoridae, widening of the frontal might have both
ontogenetic and phylogenetic significance within Megaraptora.

6.2. MCF-PVPH 320 as a megaraptorid

An isolated theropod frontal from the Portezuelo Formation
(TuronianeConiacian: Garrido, 2011) of Patagonia (MCF-PVPH 320)
was first described in 2015 and referred to the clade Allosauroidea
(outside Carcharodontosauria: Paulina-Carabajal and Coria, 2015).
Following the description of Murusraptor, this specimen was sub-
sequently referred to Megaraptoridae, but as a species distinct from
Megaraptor, which also derives from the Portezuelo Formation
(Novas, 1998; Paulina-Carabajal and Currie, 2017). The only non-
avian theropod clades other than Megaraptoridae known from
the Portezuelo Formation are Abelisauroidea (Novas et al., 2006;
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Baiano et al., 2022), Alvarezsauridae (Novas and Puerta, 1996) and
Unenlagiinae (Novas and Puerta, 1997; Novas and Pol, 2005; Porfiri
et al., 2011).

Several synapomorphies of Megaraptoridae were shown to be
present in MCF-PVPH 320, including a dorsal alar projection over
the postorbital articulation (Paulina-Carabajal and Currie, 2017),
which we also observe in NMV P229038. Although we agree with
the synapomorphies outlined by Paulina-Carabajal and Currie
(2017), we note that this specimen was suggested to be distinct
from Megaraptor on the basis of comparisons with the juvenile
frontal (MUCPv 595: Porfiri et al., 2014; Paulina-Carabajal and
Currie, 2017).

A number of features observed in NMV P229038 support the
referral of MCF-PVPH 320 to Megaraptoridae, including: an effec-
tively mediolateral frontoparietal suture in ventral view (Paulina-
Carabajal and Coria, 2015); a dorsal alar projection over the post-
orbital articulation (Paulina-Carabajal and Currie, 2017); absence of
an articulationpoint on the frontal for the lacrimal (Paulina-Carabajal
and Coria, 2015); a reduced contribution to the orbital rim (Paulina-
Carabajal andCoria, 2015; Paulina-Carabajal andCurrie, 2017); and an
anteroposteriorly long supratemporal fossa that covers more than
50% of the dorsally exposed region of the frontal (Paulina-Carabajal
and Coria, 2015; Paulina-Carabajal and Currie, 2017). We note that
the frontoparietal suture in dorsal view of NMV P229038 is trans-
verse, but V-shaped inMCF-PVPH 320; this might be an apomorphic
trait of the specimen, as it alsodiffers in this respect fromMurusraptor
(Paulina-Carabajal and Coria, 2015; Paulina-Carabajal and Currie,
2017). The frontal of Megaraptor does not preserve the parietal su-
ture, and thus we cannot determine if the orientation in MCF-PVPH
320 is similar (Porfiri et al., 2014). These features seemingly sup-
port a referral of MCF-PVPH 320 to at least Megaraptoridae, but
whether or not it pertains to Megaraptor remains an open question
that will only be resolvable once megaraptorid frontal ontogeny is
better understood.

6.3. On Australian Megaraptora

Recently, Aranciaga Rolando et al. (2022: Supplementary Infor-
mation B) proposed the presence of different “megaraptoran
forms” in the Cretaceous of Australia. They suggested that only
early-branching megaraptorans were present in the upper Strze-
lecki Group, as evidenced by an isolated partial astragalus (NMV
P150070) and four teeth (NMV P186353, NMV P210084, NMV
P212859 and NMV P230871), whereas more derived megaraptorids
were present in the Eumeralla, Griman Creek and Winton forma-
tions. The plesiomorphic morphology of NMV P229038 suggests
that this specimen represents an early-branching megaraptorid,
contrasting with the contention of Aranciaga Rolando et al. (2022:
Supplementary Information B) and supporting the presence of
Megaraptoridae in the upper Barremianelower Aptian upper
Strzelecki Group (Fig. 7). We also note that one previously
described theropod specimen from the upper Strzelecki Group has
been referred to Megaraptoridae: NMV 186153 (the “Punchbowl
Claw”), which is considered to represent Australia's largest
theropod (Benson et al., 2012; Poropat et al., 2019). This specimen
was originally referred to Neovenatoridae (Benson et al., 2012), but
was recently reappraised and found to represent a member of
Megaraptoridae (Poropat et al., 2019; White and Campione, 2021)
based on its morphological congruence with manual ungual II-3 in
Australovenator (White et al., 2012; Poropat et al., 2019). This sug-
gests that the trenchant manual claws of megaraptorids appeared
relatively early in their evolutionary history (Poropat et al., 2019;
White and Campione, 2021).

Aranciaga Rolando et al. (2022: Supplementary Information B)
also suggested that four teeth from the upper Strzelecki Group
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(Benson et al., 2012) belonged to non-megaraptorid megaraptorans
(NMV P186353, NMV P210084, NMV P212859 and NMV P230871).
The mesial carinae of these teeth reportedly bear denticles all the
way to the base of the crown, as in Fukuiraptor (Azuma and Currie
2000; Currie and Azuma 2006), but in contrast to Australovenator,
inwhich themesial denticles are restricted to the apex of the crown
(Hocknull et al., 2009; White et al., 2015b). The inclusion of the
isolated tooth NMV P186353 by Aranciaga Rolando et al. (2022:
Supplementary Information B) in a sample derived from the upper
Strzelecki Group perpetuates an error made by Benson et al. (2012)
and corrected by Poropat et al. (2018): this specimen is in fact from
the lower Albian portion of the Eumeralla Formation at Dinosaur
Cove. If the argument that a denticulate mesial carina characterises
non-megaraptorid megaraptorans, then NMV P186353 d which
displays this condition (Benson et al., 2012: Fig. 24A-C) d would
therefore provide evidence that non-megaraptorid megaraptorans
persisted into the early Albian in southeast Australia at least.

The remaining three teeth to which Aranciaga Rolando et al.
(2022: Supplementary Information B) refer all derive from the
Flat Rocks site of the upper Strzelecki Group (Fig. 1; Fig. 7), which
has yielded more than 90 megaraptorid teeth in total (Benson et al.,
2012; Kotevski and Poropat, 2022). Although we agree that at least
one tooth from Flat Rocks (NMV P212859: Benson et al., 2012) hosts
denticles on the mesial surface, we note that most sufficiently
complete exemplars present either no denticles or denticles
restricted to a very small region of the mesial carina (Benson et al.,
2012; Kotevski and Poropat, 2022). This is in contrast to the con-
dition in Fukuiraptor, where denticles persist along most of the
mesial carina (Azuma and Currie, 2000; Currie and Azuma, 2006).
Non- or incompletely-denticulate mesial carinae are observed in
several megaraptorids, including Megaraptor (Porfiri et al., 2014),
Murusraptor (Coria and Currie, 2016) and Orkoraptor (Novas et al.,
2008). All in situ teeth from Australovenator are heavily worn or
damaged on the mesial surface, and the isolated teeth associated
with the holotype (Hocknull et al., 2009) have been considered
shed, and not pertaining to the same individual (White et al.,
2015b). Thus, we cannot reasonably state whether or not the
mesial carinae of Australovenator were incompletely denticulate to
the base of the crown. Although some isolated megaraptorid teeth
from the Winton Formation display mesial denticles restricted to
the apex of the crown (White et al., 2015b), there may be variability
between Australian megaraptorid taxa, as at least one additional
species is known (White et al., 2020).

All known megaraptoran specimens are <15% complete, and
there is often little to no anatomical overlap in preserved material
(Samathi et al., 2019; Aranciaga Rolando et al., 2022). Additionally,
there is significant temporal (Legrand et al., 2013; Bell et al., 2019;
Foley et al., 2022; Tucker et al., 2022) and geographic (Samathi
et al., 2019) separation between the non-megaraptorid mega-
raptorans and basalmost Megaraptoridae. The consequence of
these combined factors is a poor understanding of the evolution
and palaeobiogeographic distribution of megaraptorans (Bell et al.,
2016; Lamanna et al., 2020). In the upper Strzelecki Group, mega-
raptorans appear to display a mixture of putatively basal mega-
raptoran (NMV P229038, NMV P212859, NMV P150070: Benson
et al., 2012; Poropat et al., 2018) and derived megaraptorid
(Fig. 7; NMV P186153, isolated teeth from Flat Rocks: Benson et al.,
2012; Poropat et al., 2018; White et al., 2015b; Kotevski and
Poropat, 2022) characteristics, which provide meagre evidence to
support the hypothesis of an Australian origin of Megaraptoridae
(Bell et al., 2016; Lamanna et al., 2020). However, as there is no
record of Gondwanan megaraptorans before the Barremian
(Aranciaga Rolando et al., 2018; Poropat et al., 2018), such claims
must remain tentative. Regardless, it appears that theropods
bearing megaraptorid features were present in the upper Strzelecki



Fig. 7. Graphical abstract depicting major research findings of this report. Clockwise from top: Geological scale indicating ages of known megaraptoran frontals; Locality map of the upper Strzelecki Group portraying localities yielding
Megaraptora and Megaraptoridae fossils (map data cited in Fig. 1); Life reconstruction of Victorian megaraptorid with approximate life position of NMV P229038 shown in silhouette and in dorsal view (illustration by Ruairidh J.
Duncan); Map of southern hemisphere with modern geographic borders showing approximate location of constituent Gondwanan continents and fossil locality at ~110 Ma. Southern hemisphere map derived and adapted from Rich
et al. (2002). Chronostratigraphic data derived from Cohen et al. (2013; updated).
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Group, and therefore as early as the late Barremian in southeast
Australia (Poropat et al., 2018; Aranciaga Rolando et al., 2022).

6.4. Gracile snouts in Megaraptora

Few megaraptoran specimens preserve associated non-dental
cranial material, and no complete or nearly complete mega-
raptoran skulls are known. Currently, our understanding of the
megaraptoran skull is restricted to: an isolated left frontal (MCF-
PVPH 320: Paulina-Carabajal and Currie, 2017); fragments of the
left maxilla and right dentary of Fukuiraptor kitadaniensis (FPDM-
V97122: Azuma and Currie, 2000); both dentaries of Austral-
ovenator wintonensis (AODF 604: Hocknull et al., 2009; White et al.,
2015b); both premaxillae, maxillae, nasals, the left frontal, and
partial braincase of a juvenile Megaraptor namunhuaiquii (MUCPv
595: Porfiri et al., 2014); the right lacrimal, right postorbital, right
prefrontal, partial right epipterygoid, both pterygoids, right ectop-
terygoid, both sphenethmoids, and braincase (MCF-PVPH-411:
Coria and Currie 2016) of Murusraptor barrosaensis; the right pre-
frontal, right postorbital, left quadrate, and right prearticular of
Aerosteon riocoloradensis (MCNA-PV-3137: Aranciaga Rolando et al.,
2019); the right postorbital, right quadratojugal and possible right
coronoid of Orkoraptor burkei (MPM-Pv 3457: Novas et al., 2008);
and the isolated frontal NMV P229038 described herein. These
combined materials have permitted an interpretation of the com-
posite megaraptoran skull, which is suggested to be gracile and
elongate (Porfiri et al., 2014; Coria and Currie, 2016; Aranciaga
Rolando et al., 2019). The longirostry of the megaraptoran snout
is solely inferred from the juvenile Megaraptor specimen (MUCPv
595: Porfiri et al., 2014), in which the nasal bones are flattened,
relatively elongate and almost straight (Fig. 4).

Although the only megaraptoran nasal known is that of the ju-
venile Megaraptor (MUCPv 595), the presence of a frontal in NMV
P229038 and Murusraptor enables comparisons of the nasal artic-
ulation on this element (Fig. 4); the indeterminate megaraptorid
MCF-PVPH 320 is not informative in this regard, because the nasal
articular surface is missing (Paulina-Carabajal and Coria, 2015).
NMV P229038, Megaraptor and Murusraptor all display
anteroposteriorly-extending striations on the nasal articular sur-
face (Porfiri et al., 2014; Coria and Currie, 2016). Aranciaga Rolando
et al. (2019) state that the nasal articular surface of the frontal in
Megaraptor andMurusraptor is truncated relative to other theropod
taxa; this is also the case in NMV P229038, supporting the notion
that this feature might be a synapomorphy of Megaraptora or
Megaraptoridae. The nasal articular surface in NMV P229038 is
anteroposteriorly short compared to Megaraptor (Fig. 4); this sug-
gests that through megaraptoran evolution, the frontal articular
surface for the nasal extended further posteriorly to cover a greater
dorsal surface of the frontal, which is also inferred for Murusraptor
(Coria and Currie, 2016).

Several taxa within Tyrannosauroidea evolved a longirostrine
snout somewhat reminiscent of the snout of Megaraptor. These
include the non-tyrannosaurid tyrannosauroid Xiongguanlong bai-
moensis (Li et al., 2010), and the alioramine tyrannosaurids Alior-
amus remotus (Kurzanov, 1976), Alioramus altai (Brusatte et al.,
2009, 2012), and Qianzhousaurus sinensis (Lu et al., 2014; Foster
et al., 2022). In Alioramus altai, the nasals vary in width along
their length, with their greatest width immediately posterior to the
external naris (Brusatte et al., 2012); this contrasts withMegaraptor,
wherein the width of the nasals remains essentially uniform along
their length (Porfiri et al., 2014). The truncated morphology of the
nasal articular surface of the frontal in Megaraptora differs from
that seen in all tyrannosauroids (excluding Bistahieversor), wherein
the nasal articular surface is manifested as a triangular projection
(Brochu, 2003; Currie, 2003; Carr et al., 2005; Carr andWilliamson,
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2010; Choiniere, 2010; Bever et al., 2013; Voris et al., 2021). Addi-
tionally, tyrannosauroid nasal bones fuse early in ontogeny to form
a single vaulted element (Carr, 1999; Xu et al., 2004, 2006; Snively
et al., 2006; Li et al., 2010; Brusatte et al., 2012; Foster et al., 2022),
which is inferred to increase skull strength for the puncture and
pull feeding style characteristic of the clade (Rayfield, 2004; Snively
et al., 2006; Brusatte et al., 2012). There is no sign of fusion between
the nasal bones of juvenile Megaraptor (Porfiri et al., 2014); how-
ever, this does not exclude the possibility of fusion through
ontogeny. In dorsal view, the nasals in Megaraptor suggest separa-
tion by a triangular gap posteriorly (Fig. 4); a similar configuration
is evident in some tyrannosaurids (e.g. Qianzhousaurus, Tyranno-
saurus: Brochu 2003; Foster et al., 2022).

The features of the nasal and naso-frontal articulation in Meg-
araptora imply that longirostrine snouts developed independently
at least twice within Tyrannosauroidea (Brusatte et al., 2012; Porfiri
et al., 2014; Delcourt and Grillo, 2018; Aranciaga Rolando et al.,
2022). It has been suggested that the elongation of the snout in
Alioramus and Qianzhousaurus was a consequence of niche parti-
tioning within Tyrannosauridae, as they were sympatric with non-
longirostrine members of the clade (Foster et al., 2022). In Alior-
amus and Qianzhousaurus, the nasals remain fused and vaulted, and
the forelimbs are truncated (Carpenter and Smith, 2001; Lipkin and
Carpenter, 2008); thus, it is likely that their skulls remained their
primary means of prey acquisition, with longirostry possibly an
ecological adaptation toward hunting smaller prey (Foster et al.,
2022). Although the feeding ecology of megaraptorans remains
unclear, the retention of enlarged forelimbs and trenchant manual
unguals within the clade suggest a successful adaptation for prey
capture (Porfiri et al., 2007; White et al., 2015a; Novas et al., 2016;
Poropat et al., 2019; Aranciaga Rolando et al., 2023). Megaraptorans
comprise the vast majority of diagnostic theropod remains in both
the upper Strzelecki Group and Eumeralla Formation, where it
appears that only small-to medium-sized prey were available
(Poropat et al., 2018); this suggests that, at least in southeast
Australia, the megaraptoran forelimb was an adaptation for
acquiring smaller prey. It appears that, in contrast to non-
megaraptoran tyrannosauroids, the acquisition of a longirostrine
snout in Megaraptor was likely not an adaptation for prey capture,
and a secondary effect drove this evolutionary change (Porfiri et al.,
2014). However, the overall scarcity of both basal coelurosaur and
megaraptoran cranial material, especially that related to the snout,
necessitates that such claims remain tentative until further mate-
rial is collected (Porfiri et al., 2014; Lamanna et al., 2020).

7. Conclusion

The frontal and fused parietal fragment described herein (NMV
P229038) constitutes the first non-mandibular cranial element
from a non-avian theropod to be reported from Australia. This
frontal represents the geologically oldest megaraptorid skull
element worldwide, and emphasises the prevalence of this
theropod group in the mid-Cretaceous of Australia. The results of
both parsimony-based and Bayesian phylogenetic analyses support
referral of this specimen to the clade Megaraptoridae. However,
additional megaraptoran cranial remains will be required to clarify
both the phylogenetic position of the taxon represented by NMV
P229038 and the interrelationships within Megaraptora.

The fact that the NMV P229038 frontal seems to represent an
early-deriving megaraptorid implies that the skulls of these thero-
pods became increasingly elongate and gracile through their evolu-
tion. Later-diverging megaraptorids appear to have evolved a
dorsoventrally high wall of bone to separate the nasal articular sur-
face from the remainder of the frontal, realigned the frontoparietal
suture ventrally from transverse to V-shaped anteromedially-
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posterolaterally, and increased the extent of the nasalefrontal over-
lap. All of these features can be interpreted as modifications in
response to increasing longirostry. The megaraptorids in the upper
Barremianelower Aptian upper Strzelecki Group are the oldest
worldwide, which provides some support in favour of the hypothesis
that Megaraptoridae had an Australian origin.
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