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Brazil) have yielded several theropod dinosaur remains, including spinosaurids

logenetic affinities of which are controversial. Here, we present a comprehensive
Fundmjg lnformatml? . anatomical reassessment of the holotypes of both species (MN 4802-V and SMNK
Fundagio de Amparo & Pesquisa do
Estado de Sio Paulo, Grant/Award 2349 PAL, respectively), integrating newly observed osteological features and a

Numbers: 2021/12231-3, 2022/14375-5, detailed comparison of the pelvic and hind limb elements. Our preferred phyloge-
2020/07997-4; Consejo Nacional de

Tnvestigaciones Cientificas y Técnicas netic hypothesis places S. placidus and M. asymmetrica in the earliest-branching

maniraptoromorph clade, along with Juratyrant langhami and Tanycolagreus top-
wilsoni from the Late Jurassic of Laurasia, suggesting an early diversification of
coelurosaurs in that area, followed by Early Cretaceous dispersal events towards
Gondwana. The comparative analysis of the two Romualdo taxa refutes their syn-
onymy, given consistent differences in ischial (position and shape of the obturator
plate and foramen) and tibial (condylar configuration) morphology. The observed
morphological variation in the ischial obturator plate across early coelurosaurs
further highlights a significant degree of homoplasy in this structure during the
early radiation of the group. This revision underscores the need for additional
research to further resolve the early evolutionary history of coelurosaur theropods.

KEYWORDS

Araripe, Coelurosauria, Dinosauria, Gondwana, Theropoda

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2025 The Author(s). The Anatomical Record published by Wiley Periodicals LLC on behalf of American Association for Anatomy.

Anat Rec. 2025;1-38. wileyonlinelibrary.com/journal/ar 1


https://orcid.org/0000-0002-1108-4188
https://orcid.org/0000-0002-3677-7335
https://orcid.org/0000-0002-8500-2405
https://orcid.org/0009-0003-2147-634X
https://orcid.org/0000-0003-1009-4605
mailto:rafael.delcourt@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ar
http://crossmark.crossref.org/dialog/?doi=10.1002%2Far.70085&domain=pdf&date_stamp=2025-11-18

z_l_W] LEY AR The Anatomical Record VALY

1 | INTRODUCTION

The Romualdo Formation is a world-famous Early Creta-
ceous (Aptian) fossil Konservat Lagerstitte that crops out
along the margins of the Araripe Plateau, in northwest-
ern Brazil (Figure 1; Custédio et al., 2017; Arai &
Assine, 2020; Melo et al., 2020). Its macrofossil record
includes one of the most diverse and well-preserved ich-
thyofaunas of the Mesozoic (Maisey, 1991), as well as
plants (de Lima et al., 2012), “invertebrates” (de Aratjo
Gomes et al., 2023), turtles (Scheyer et al., 2023), crocodil-
ians (Price, 1959), pterosaurs (Kellner, 2013), and theropod
dinosaurs. Spinosaurs are arguably the best-known
Romualdo theropods, with many referred specimens
(Aureliano et al., 2018; Sales & Schultz, 2017), including the
well-preserved skull of Irritator challengeri (Schade
et al., 2023; Sues et al.,, 2002) and the snout of Angaturama
limai (Kellner & Campos, 1996). Among coelurosaurs, San-
tanaraptor placidus (Kellner, 1999) and Mirischia asymme-
trica (Naish et al., 2004) come from the same deposits that
yielded the spinosaurs, that is, the better-known upper car-
bonate concretion levels of the Romualdo Formation,
whereas Aratasaurus museunacionali was recovered from
the lower levels of that unit (Saydo et al., 2020). Finally,
depending on the phylogenetic position of Megaraptora
(Novas et al., 2013), a possible member of that group
(Aranciaga Rolando et al., 2018) completes the coelurosaur
record of the Romualdo Formation.

Santanaraptor placidus was initially referred to
Maniraptoriformes by Kellner (1996, 1999) who later
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classified it as a tyrannoraptoran (Kellner, 2001). Its tyr-
annosauroid affinity was hinted at by Holtz Jr (2004)
and later supported by most phylogenetic analyses that
included this taxon (Delcourt & Grillo, 2018; Novas
et al.,, 2013; Porfiri et al., 2014; Saydo et al., 2020),
although this remains debated (e.g., Brownstein, 2021;
Cau, 2024). As for M. asymmetrica, it was first assigned
to Compsognathidae (Martill et al., 2000; Naish
et al., 2004; Rauhut, 2003), an affinity not firmly con-
tested since. Some later studies confirmed this hypothe-
sis (Brusatte et al., 2014; Novas et al., 2012; Pei
et al., 2020; Peyer, 2006; Pol & Goloboff, 2020), although
some uncertainty remains (Cau, 2024; Gohlich &
Chiappe, 2006; Naish & Cau, 2022). More recently, Qiu
et al. (2025) proposed that M. asymmetrica may corre-
spond to a member of the early branching coelurosaur
clade Sinosauropterygidae, otherwise restricted to the
early Aptian of China. Alternatively, the clade might
also include the European Compsognathus longipes and
Juravenator starki, in which case it would correspond to
Compsognathidae.

Here, we revise and compare the anatomy of
S. placidus and M. asymmetrica, with the goal of investi-
gating their phylogenetic affinities and possible synon-
ymy. The senior author is, to our knowledge, the only
person to have granted first-hand access to the holotypes
of both taxa, respectively MN 4802-V and SMNK
2349 PAL. Given that the former was badly damaged
(the extent of the damage still needs to be properly
documented) by the Museu Nacional fire of 2018
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FIGURE 1 Map depicting the Araripe Plateau (gray) and its borders where the Crato, Ipubi, and Romualdo formations are exposed

(yellow); dotted lines indicate borders between Ceara (CE), Pernambuco

(PE), and Piaui (PI) states; from Assine (2007). Silhouettes

representing Santanaraptor placidus and Mirischia asymmetrica are positioned close to the towns that may have yielded the type-specimens.
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(Mendes et al., 2022), this contribution provides a unique
and needed perspective on this issue.

2 | MATERIALS AND METHODS

2.1 | Materials

MN 4802-V, the holotype of S. placidus includes three
mid-distal tail vertebrae, both ischia, femora, and tibiae
(partial), left fibula (fragment), right astragalus, calca-
neum, and distal tarsals III and IV, left distal tarsal IV,
and both pes (partial). SMNK 2349 PAL, the holotype of
M. asymmetrica, preserves the last two trunk and the first
three sacral vertebrae as well as a few gastral elements,
both ilia (partial), both pubes and ischia, right femur, left
femur (partial), and right tibia (partial).

2.2 | Terminology

Here, we follow the Nomina Anatomica Avium (Clark
Jr., 1993) and the International Committee on Veterinary
Gross Anatomical Nomenclature (Nomina Anatomica
Veterinaria, 2005) to describe the body parts of S. placidus
and M. asymmetrica. The vertebral laminae and fossae were
described following the terminology of Wilson (1999, 2012)
and Wilson et al. (2011), whereas that of Hendrickx et al.
(2022) was used to describe the soft tissues. Under the
renewed aftermath of the PhyloCode (Cantino & De
Queiroz, 2020) and Phylonyms (De Queiroz et al., 2020)
and for future systematized use, Table 1 provides definitions
for the following clades: Coelurosauria, Eutyrannosauria,
Megaraptora, Maniraptoriformes, Maniraptoromorpha, Neo-
coelurosauria, Ornithomimosauria, Tyrannoraptora, and
Tyrannosauroidea. Following PhyloCode article 6, recom-
mendation 6.1A (Cantino & De Queiroz, 2020), all clades
established under this code are italicized.

2.3 | Phylogenetic analysis

The phylogenetic affinities of S. placidus and
M. asymmetrica were explored based on the comprehen-
sive and continuously updated (Isasmendi et al., 2024;
Kellermann et al., 2025) taxon-character matrix of the
“Mesozoic Tetrapod Work Group” (MTWG) from the
Bayerische Staatssammlung fiir Paldontologie und Geolo-
gie, accessed on August 26, 2025. The MTWG matrix is a
modified version of that first published by Rauhut and
Pol (2021), which was in turn modified from the data
matrix of Wang et al. (2017) and previous works. As a
part of the continuous revisions by the members of the
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MTWG, the matrix has undergone major restructuring
since its last published version (Kellermann et al., 2025).
To facilitate both a better comparison between charac-
ters, as well as making it easier to score new taxa into the
dataset, the characters were shuffled to fit the anatomical
regions. Multiple new taxa (e.g., Buriolestes schultzi, Kiya-
cursor longipes, Gualicho shinyae, Deltadromeus agilis)
and multiple new characters were added; others were
modified, reworded or removed and many of the scorings
have since been reviewed. For this manuscript,
S. placidus and M. asymmetrica were added based on
detailed examinations of MN 4802-V and SMNK 2349
PAL. Two new characters (see Data S1) were added spe-
cifically for this manuscript to account for the variations
observed between S. placidus and M. asymmetrica in the
morphology of the tibia. These new characters are: 883—
Tibia, proximal articulation, medial condyle, caudal mar-
gin in proximal view: (0) broadly rounded or subrectan-
gular; (1) arcuate and posteriorly angular; 885—Tibia,
proximal articulation, lateral condyle, lateromedial width
relative to medial condyle [inapplicable for taxa with
poorly defined posterior condyles]: (0) significantly smal-
ler; (1) subequal; (2) significantly larger. To improve
overall analysis performance, several phylogenetically far
removed and/or very fragmentary taxa (e.g., Veterupristi-
saurus milneri, Datanglong guangxiensis, Poekiliopleuron
bucklandii) were removed prior to the analysis. The final
matrix therefore encompasses 188 OTUs and 967 morpho-
logical characters, many of which were treated as ordered
(see Data S1).

The analysis was performed via a “New Technology
Search” in TNT (Goloboff & Morales, 2023), combining
sectorial searches and tree-fusing as searching algo-
rithms, in their default configurations (Goloboff, 1999),
with 10 starting trees from a “driven search”, finding a
minimum length 30 times, and collapsing the trees after
the search. This initial step was followed up with a “Tra-
ditional search”, using the tree bisection and reconnec-
tion (TBR) swapping algorithm with trees from RAM
generated by the previous “New Technology Search”. All
of these steps were done twice, once under equal weights,
as well as once with an implied weight of k = 16. This
value was chosen in order to best reduce the effects of
homoplasy for our sample size (Ezcurra 2024). The
resulting most parsimonious trees were then summarized
using a strict consensus (Wilkinson 1994).

2.4 | Institutional abbreviations

AM, Albany Museum, Grahamstown, South Africa;
AMNH, American Museum of Natural History, New York,
USA; BSPG, Bayerische Staatssammlung fiir Paldontologie
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TABLE 1

Coelurosauria von Huene, 1914 [this work],
converted clade name
Registration Number: 551

Tyrannoraptora Sereno, 1999 [this work],
converted clade name
Registration Number: 1169

Maniraptoromorpha Cau, 2018 [this work],
converted clade name
Registration Number: 1170

Neocoelurosauria Hendrickx et al., 2019 [this
work], converted clade name
Registration Number: 1171

Maniraptoriformes Holtz 1996 [this work],
converted clade name
Registration Number: 1172

Ornithomimosauria Barsbold, 1976 [this work],

converted clade name
Registration Number: 1173

Megaraptora Benson, Carrano & Brusatte 2010b

[this work], converted clade name
Registration Number: 1174

Tyrannosauroidea Osborn, 1906 [this work],
converted clade name
Registration Number: 1175

DELCOURT ET AL.

Phylogenetic definitions of clade names used in this study.

Phylogenetic definition: The largest clade containing Vultur gryphus Linnaeus 1758, but
not Allosaurus fragilis March 1877. This is a maximum clade definition.

Reference phylogeny: Phylogenetic hypothesis depicted in Figure 2 of Brusatte et al.
(2014).

Composition: based on the reference phylogeny, Coelurosauria includes
Tyrannosauroidea, Compsognathidae, Ornithomimosauria, Alvarezsauroidea,
Therizinosauroidea, Oviraptorosauria, Troodontidae, Dromaeosauridae, and Avialae.

Phylogenetic definition: The least inclusive clade containing Vultur gryphus Linnaeus
1758 and Tyrannosaurus rex Osborn 1905. This is a minimum clade definition.
Reference phylogeny: Phylogenetic hypothesis depicted in Figure 2 of Brusatte et al.
(2014).

Composition: based on the reference phylogeny, Tyrannoraptora includes
Tyrannosauroidea, Compsognathidae, Ornithomimosauria, Alvarezsauroidea,
Therizinosauroidea, Oviraptorosauria, Troodontidae, Dromaeosauridae, and Avialae.

Phylogenetic definition: The largest clade containing Vultur gryphus Carolus Linnaeus
1758, but not Tyrannosaurus rex Osborn 1905. This is a maximum clade definition.
Reference phylogeny: Phylogenetic hypothesis depicted in Figure 2 of Brusatte et al.
(2014).

Composition: based on the reference phylogeny, Maniraptoromorpha includes
Compsognathidae, Ornithomimosauria, Alvarezsauroidea, Therizinosauroidea,
Oviraptorosauria, Troodontidae, Dromaeosauridae, and Avialae.

Phylogenetic definition: The least inclusive clade containing Vultur gryphus Linnaeus
1758 and Compsognathus longipes Wagner 1859. This is a minimum clade definition.
Reference phylogeny: Phylogenetic hypothesis depicted in Figure 2 of Brusatte et al.
(2014).

Composition: based on the reference phylogeny, Neocoelurosauria includes
Compsognathidae, Ornithomimosauria, Alvarezsauroidea, Therizinosauroidea,
Oviraptorosauria, Troodontidae, Dromaeosauridae, and Avialae.

Phylogenetic definition: The least inclusive clade containing Vultur gryphus Linnaeus
1758 and Ornithomimus velox Marsh 1890. This is a minimum clade definition.
Reference phylogeny: Phylogenetic hypothesis depicted in Figure 2 of Brusatte et al.
(2014).

Composition: based on the reference phylogeny, Maniraptoriformes includes
Ornithomimosauria, Alvarezsauroidea, Therizinosauroidea, Oviraptorosauria,
Troodontidae, Dromaeosauridae, and Avialae.

Phylogenetic definition: The largest clade containing Ornithomimus velox Marsh 1890,
but not Vultur gryphus Linnaeus 1758, Tyrannosaurus rex Osborn 1905, Nothronychus
mckinleyi Kirkland & Wolfe 2001 or Alvarezsaurus calvoi Bonaparte 1991. This is a
maximum clade definition.

Reference phylogeny: Phylogenetic hypothesis depicted in Figure 23 of Serrano-Brafias
et al. (2020).

Composition: based on the reference phylogeny, Ornithomimosauria includes
Nqwebasaurus thwazi, Beishanlong grandis, Pelecanimimus polyodont, Shenzhousaurus
orientalis, Deinocheiridae, and Ornithomimidae.

Phylogenetic definition: The largest clade containing Megaraptor namunhuaiquii Novas

1998, but not Tyrannosaurus rex Osborn 1905 or Allosaurus fragilis March 1877. This is a

maximum clade definition.

Reference phylogeny: Phylogenetic hypothesis depicted in Figure 12 of Porfiri et al.
(2014).

Composition: based on the reference phylogeny, Megaraptora includes Fukuiraptor and
Megaraptoridae.

Phylogenetic definition: The largest clade containing Tyrannosaurus rex Osborn 1905,
but not Vultur gryphus Linnaeus 1758 or Ornithomimus velox Marsh 1890. This is a
maximum clade definition.
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TABLE 1 (Continued)
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Reference phylogeny: Phylogenetic hypothesis depicted in Figure S1 of Brusatte et al.

(2014).

Composition: based on the reference phylogeny, Tyrannosauroidea includes
Proceratosauridae and Pantyrannosauria.

Eutyrannosauria Delcourt & Grillo, 2018 [this
work], converted clade name
Registration Number: 1176

Grillo (2018).

Phylogenetic definition: The largest clade containing Tyrannosaurus rex Osborn 1905,
but not Megaraptor namunhuaiquii Novas 1998. This is a maximum clade definition.
Reference phylogeny: Phylogenetic hypothesis depicted in Figure 3 of Delcourt and

Composition: Based on the refence phylogeny, Eutyrannosauria includes Dryptosaurus,
Appalachiosaurus, Bistahieversor, and Tyrannosauridae.

und historische Geologie, Munich, Germany; BYU, Brig-
ham Young University, Provo, USA; FPDM, Fukui Prefec-
tural Museum, Fukui, Japan; HMN, Humboldt Museum
fiir Naturkunde, Berlin, Germany; IVPP, Institute of Verte-
brate Paleontology and Paleoanthropology, Peking, China;
MN, Museu Nacional/Universidade Federal do Rio de
Janeiro, Rio de Janeiro, Brazil; MPCA, Museo Provincial
Carlos Ameghino, Cipolletti, Argentina; MPD, Mongolian
Paleontology Dinosaur, Paleontological Center of Mongolia,
Ulaan Baatar, Mongolia; MPEF-PV, Museo Paleontolégico
Egidio Feruglio, Trelew, Argentina; NCSM, North Carolina
Museum of Natural Science, Raleigh, North Carolina, USA;
SGM, Service Géologique du Maroc, Rabat, Morocco;
SMNK, Staatliches Museum fiir Naturkunde Karlsruhe,
Karlsruhe, Germany; UA, Université d'Antananarivo, Anta-
nanarivo, Madagascar; UC, University of Chicago, Chicago,
USA; UMNH, Utah Museum of Natural History, Salt Lake
City, USA.

3 | RESULTS

3.1 | Santanaraptor placidus and
Mirischia asymmetrica in the spotlight
3.1.1 | Axial skeleton

Mirischia asymmetrica preserves the last two trunk and
the first three sacral vertebrae, but the first and last of
this series are incomplete (Figures 2-4 and S1). Based on
circumstantial evidence, Martill et al. (2000) and Naish
et al. (2004) considered the last trunk vertebra to be
incorporated into the sacrum (= truncosacral). Yet, in
the original articulation of the specimen, its transverse
processes are clearly positioned at the level of the cranial
edge of the iliac preacetabular ala, with no space for a
proper articulation. Moreover, its right transverse process
is articulated with a typically dichocephalous trunk rib,
so that we consider it to represent the last trunk element,
that is, a free element, not incorporated into the sacrum.

pre d il

FIGURE 2 Mirischia asymmetrica (SMNK 2349). Vertebral
series in (a) left lateral and (b) right lateral views. ccdl, caudal
centrodiapophyseal lamina; d, diapophysis; ivf, intervertebral
foramen; ncs, neurocentral suture; ns, neural spine; nslc, neural
spine longitudinal concavity; poz, postzygapophysis; psl, postspinal
lamina; prz, prezygapophysis; pzcdf, postzygapophyseal
centrodiapophyseal fossa; pzdl postzygodiapophyseal lamina; r, rib;
s, sacral vertebra; spzl, spinopostzygapophyseal lamina; sr, sacral
rib; t, trunk vertebra. Scale bar equals 5 cm.

Santanaraptor placidus, on the other hand, preserves
four mid-distal tail vertebrae (Figure 5). Hence, there is
no overlap of axial elements between the two specimens.
Also, elongated and tapering gastral elements are pre-
served close to the pubis of M. asymmetrica, some of
which are curved (Figure 6).

The trunk vertebrae of M. asymmetrica have clear
neurocentral sutures (“ncs” in Figures 2 and S1). The
centrum of the last one (“t2” in Figures 2, 3, and S1) is
spool-shaped, amphicoelous, much longer than tall, with
ventral longitudinal striations near the articular surfaces,
matching what is preserved (caudal end) of the previous
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FIGURE 3  Mirischia asymmetrica (SMNK 2349). Vertebral
series in (a) dorsal and (b) ventral views. ap, aperture; cap,
capitulum; d, diapophysis; ns, neural spine; poz, postzygapophysis;
s, sacral vertebra; sr, sacral rib; srdg, sacral rib dorsal groove; srdr,
srdg, sacral rib dorsal ridge; t, trunk vertebra; tub, tuberculum.
Scale bar equals 5 cm.

FIGURE 4 Mirischia asymmetrica (SMNK 2349). Trunk vertebra
in cranial view (a) and sacral vertebra 3 in caudal view (b). c,
vertebral centrum; ch, channel; d, diapophysis; nc, neural canal; ns,
neural spine; sr, sacral rib. Scale bar equals 2 cm.

centrum. The centrum of the penultimate trunk vertebra
(“t1” in Figures 2, 3, 4a, and S1) has a concave caudal
articular facet, with a circular caudal outline. Its neural
arch is tall, about twice the centrum high. The cranial mar-
gin of the neural spine is missing, so that its shape is elu-
sive. Its caudal margin is concave in lateral view, with a
thick process expanding caudally from its dorsal margin.
Only about half of the neural arch is preserved, missing the
spinoprezygapophyseal laminae and prezygapophyses. The
breakage exposes the channels leading to both laminope-
duncular foramina (“ch” in Figure 4a), the right of which is

DELCOURT ET AL.

FIGURE 5 Santanaraptor placidus (MN 4802-V). Caudal
vertebrae in (a) left lateral; (b) dorsal views. c, vertebral centrum,;
fm, foramen; ns, neural spine; ncs, neurocentral suture; poz,
postzygapophysis; prz, prezygapophysis; tp, transverse process.
Scale bar equals 2 cm.

FIGURE 6 Mirischia asymmetrica (SMNK 2349 PAL). Gastral
elements still on the rock matrix. Scale bar equals 5 cm.

positioned slightly more ventrally, closer to the neural
canal, which is circular at the breakage and nearly half the
diameter of the centrum. The left one is deeper as pre-
served, but it is unclear if this may be due to different
degrees of preparation. The diapophyses are laterally
directed and horizontally held (forming a 90° angle with
the neural spine), with a proximal rib portion (“r” in
Figures 2b and S1), with close capitulum and tuberculum,
attached to the right element. Although incomplete distally,
the diapophyses seem to narrow craniocaudally towards
their distal ends. Each diapophysis is connected to the post-
zygapophysis and the caudoventral corner of the neural
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arch respectively by the postzygodiapophyseal (“pzdl” in
Figure 2b,s) and caudal centrodiapophyseal (“ccdl” in
Figures 2a and S1) laminae. The former of which is more
marked, roofing a deep postzygapophyseal centrodiapophy-
seal fossa (“pzcdf” in Figures 2 and S1). Given the lack of
the cranial part of the neural arch, other diapophyseal lami-
nae are not preserved in that vertebra. Its postzygapophyses
are caudolaterally projected, with the articular facets latero-
ventrally oriented; a small, rounded tubercle is seen on the
dorsal surface of the right element. The centropostzygapo-
physeal (“cpzl” in Figures 2 and S1) and spinopostzygapo-
physeal (“spzl” in Figures 2 and S1) laminae form strongly
concave caudal margins in lateral view, the pair of the latter
forming the lateral margins of a deep spinopostzygapophy-
seal fossa, triangular in caudal view.

The last trunk vertebra of M. asymmetrica is like the
preceding element in several aspects. Its centrum is lon-
ger than deep, spool-shaped, with concave lateral and
ventral margins. Ventral striations are seen near the
articular surfaces and the right surface is pierced by a
small foramen, set at the mid-height of its cranial half.
The neural spine expands dorsally, following a fan-
shaped lateral outline, with concave cranial and caudal
margins. The spinoprezygapophseal and spinopostzyga-
pophseal fossae are both deep, ventrally broader, and
triangular-shaped in cranial/caudal views. The lateral
surfaces of the neural spine bear a dorsoventrally elon-
gated subtle concavity at their central part (“nslc” in Fig-
ures 2 and S1). This is caudally bordered by a vertical
ridge that continues along the dorsal surface of the post-
zygapophysis in the form of the spinopostzygapophyseal
lamina, the pair of which delimit the spinopostzygapo-
physeal fossa. Medial to those laminae, the postspinal
lamina (“psl” in Figures 2 and S1) divides the dorsal part
of the spinopostzygapophyseal fossa, extending dorsally
to form the caudally projected caudodorsal expansion of
the neural spine, the lateral surface of which is also
depressed relative to the dorsal portion of the spinopost-
zygapophyseal lamina. The dorsal margin of the neural
spine is lateromedially broader at its caudal portion. The
prezygapophyses are triangular in lateral view, with
rounded apices that do not extend beyond the cranial
edge of the centrum. The postzygapophyses are dorsoven-
trally shallower than those of the previous vertebra and
project caudolaterally forming a higher (almost 45°)
angle to the sagittal plane. Although mostly covered by
the next prezygapophysis, their articular facets seem
elongated rather than circular, and more vertically ori-
ented than those of the previous trunk vertebra.

The diapophyses of the last trunk vertebra expand
strictly laterally and horizontally, but are slightly twisted
at their distal ends, becoming cranioventrally to caudo-
dorsally oriented in lateral outline (Figures 2 and S1).
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The distal margin of the left element is slightly deeper
dorsoventrally, whereas that of the right side is articu-
lated with its respective rib, which led Martill et al.
(2000) to erroneously suggest that the diapophysis was
longer on that side. That apophysis is surrounded by four
well-developed laminae. The pre- and postzygodiapophy-
seal laminae are subhorizontal, respectively leading to
the zygapophyses, whereas the caudal centrodiapophy-
seal lamina extends towards the caudoventral corner of
the neural arch. Opposite to the latter, a ridge connects
the diapophysis to the cranioventral corner of the neural
arch, bearing an articular facet as it approaches the dia-
pophysis. This is interpreted here as the parapophysis, so
that most of that lamina corresponds to the centropara-
pophyseal lamina (“cpl” in Figures 2 and S1). Those lami-
nae form the boundaries of three fossae: the
prezygapophyseal centroparapophyseal fossa, which is
much deeper, and the centrodiapophyseal and postzyga-
pophyseal centrodiapophyseal fossae (Figures 2b and S1).
As in the preceding vertebra, the centropostzygapophy-
seal lamina forms a concave caudal margin in lateral
view, but the part of the pedicel below it is shallower.
The proximal articulation of the associated right rib is
composed of a craniocaudally wider tuberculum, con-
nected but unfused to the diapophysis, and a more gracile
capitulum that expands more medially to reach the para-
pophysis. An aperture (“ap” in Figures 2 and S1) is
formed between the capitulum and the tuberculum/dia-
pophysis. Martill et al. (2000) identified this rib as possi-
bly parts of an ossified iliosacral ligament.

The sacral centra of M. asymmetrica are co-ossified to
one another, although suture lines are visible between
the elements, as are the neurocentral sutures. They are
amphicoelous, as is the last trunk vertebra, with ventral
transverse striations near the articular facets. The first
two elements are nearly of the same size and stouter (cra-
niocaudally shorter and lateromedially broader) than the
last trunk centrum. They are spool-shaped like that ele-
ment, but much less lateromedially compressed at the
middle (especially the second centrum). The cranial artic-
ulation of the first sacral centrum is lateromedially nar-
rower and dorsoventrally deeper than the caudal,
whereas that of the following centrum is both deeper and
broader compared to its caudal facet. This caudal reduc-
tion of centrum depth leads to a dorsal sloping of the ven-
tral surface of the cranial (as preserved) part of the
sacrum. The ventral surfaces of the sacral centra are
slightly flattened and covered by faint longitudinal stria-
tions. Each also bears a shallow midline sulcus, restricted
to the caudal portion in the first centrum, but extending
along the entire surface of the second element and enter-
ing the third centrum. Not much else can be said about
the latter element, which is represented only by its
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cranial third, except that its shape mostly matches that of
the previous vertebra.

The sacral neural spines are craniocaudally expanded
towards their dorsal margins, but not as abruptly as in
the preserved trunk vertebrae. The base of the second
neural spine is craniocaudally broader than that of the
first and its caudodorsal corner is missing. As in the last
trunk vertebra, the lateral surface of the first sacral neu-
ral spine has a central, dorsoventrally elongated concav-
ity (“nslc” in Figures 2 and S1), caudally bound by a
vertical ridge that forms the spinopostzygapophyseal lam-
ina. The base of that concavity is particularly excavated
in that vertebra, whereas the second sacral element lacks
the concavity altogether, its neural spine bearing a flat
lateral surface instead. As in the last trunk vertebra, but
not in the second sacral element, a postspinal lamina
divides the dorsal part of the spinopostzygapophyseal
fossa in the first sacral vertebra. Unlike those of the trunk
vertebrae, the preserved sacral neural arches do not cover
the entire dorsal surface of the respective centrum, but
only about their cranial two-fifths. Their caudal fifth is
occupied by the rib of the following vertebra, with the
space between that and the arch filled by the subcircular
intervertebral foramen (“ivf” in Figures 2 and S1), which
is larger in the second element. These craniocaudally
shortened neural arches have less conspicuous laminae
and fossae surrounding the ribs. The very deep prezyga-
pophyseal centrodiapophyseal fossa—that is, the foramen
opening into the lumen sensu Martill et al. (2000)—of
the first element is floored by the base of its rib and
roofed by a short prezygodiapophyseal lamina. Given the
position of their ribs, those lamina and fossa are obliter-
ated in the next two vertebrae. Inconspicuous caudal cen-
trodiapophyseal and postzygodiapophyseal laminae are
seen in the two first sacral vertebrae, bounding the post-
zygapophyseal centrodiapophyseal fossa. These are shal-
lower compared to those of the trunk vertebrae, but
slightly deeper in the first sacral element. As for the cen-
trodiapophyseal fossa, this is only visible as a subtle sub-
triangular depression below the rib of the first sacral
vertebra. The prezygapophyses of the first sacral vertebra
expand craniodorsally beyond the cranial articulation of
the respective centrum. Their facets face dorsomedially
and are not fused to the last trunk postzygapophyses. On
the contrary, the prezygapophyses of the second and
third sacral vertebrae are respectively fused to the postzy-
gapophyses of the first and second elements, although
their suture lines are still visible. These are set just above
the intervertebral foramen, showing that these zygapo-
physeal articulations are more cranially placed compared
to those of the preserved trunk vertebrae.

The sacral ribs expand strictly laterally in dorsal view
and bear laterodorsally oriented articular facets. The first
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ones are more laterally expanded than those of the sec-
ond sacral vertebra, whereas the caudally incomplete
third sacral ribs are again more expanded. The iliac artic-
ulation of the first sacral rib is ovoid, with the long axis
mainly craniocaudally oriented. That of the second rib is
more elongated, with the long axis craniodorsally to cau-
doventrally oriented. The sacral ribs are all positioned
towards the cranial portion of the respective vertebra, but
the first of those is the only one that does not also articu-
late to the previous element. On the contrary, the ribs of
the second and third sacral vertebrae are more cranially
positioned, with their bases shared with the centra of the
preceding vertebrae. Yet, contra Martill et al. (2000),
those ribs are not fused to the neural arch of the preced-
ing vertebrae, but restricted to their respective arches. In
all these cases, despite their fusion, it is possible to iden-
tify the suture lines between the rib bases and the centra.
Equivalent sutures, formed between the ribs and the
respective neural arches, are harder to discern in dorsal
view. Instead, the dorsal surfaces of each preserved sacral
rib harbor a longitudinal ridge (“srdr” in Figures 2 and S1),
which divides such surfaces into two elongated concavities
(“srdg” in Figures 2 and S1), which have been interpreted
as housing tendons (Martill et al., 2000). They form a nearly
continuous structure, separated only by depressions posi-
tioned above the postzygapophyses of the two first sacral
vertebrae.

Santanaraptor placidus includes four tail vertebrae
from the mid-distal portion of the series (Figure 5), one
isolated and three articulated, the last of which is repre-
sented only by a portion of the left neural arch leading to
the prezygapophysis. They have similar sizes, but the iso-
lated vertebra is stouter, with a slightly higher neural
arch, suggesting a more proximal position in the tail. Like
the M. asymmetrica vertebrae, the neural arches and cen-
tra of the S. placidus tail are not fused, with the sutures
clearly visible in the articulated set and slightly displaced
in the isolated element. The tail centra are amphicoelous
and about 2.5 times longer than deep; there are no pleur-
ocoels, but a few foramina pierce their lateral surfaces
(“fm” in Figure 5). Their ventral surfaces are smooth,
without ridges or grooves, and slightly concave in lateral
view. Kellner (1999) described haemal arches associated
with the tail of S. placidus as half the length of the centra,
with craniocaudally expanded distal ends. Yet, these were
not identified among the specimens studied by the senior
author.

The tail neural arches are low, slightly shallower than
the respective centrum, as are the neural spines. In the
articulated set, those latter structures are composed
of raised proximal and distal tips, separated by a con-
cave margin, as seen in lateral view. The shorter proxi-
mal tip expends proximodorsally, barely entering the
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interprezygapophyseal space. Although not fully pre-
served in either vertebra, the distal tip is further elon-
gated, expanding distal to the postzygapophyses. The
proximal tip is not preserved, perhaps absent or much
reduced in the isolated vertebra. Yet, the portion of its
spine that corresponds to the distal tip in the articulated
set is better developed, raising dorsally since the proximal
half of the neural arch and expanding further dorsal to
the postzygapophyses; what also suggests a more proxi-
mal position in the tail. The transverse processes form
horizontally held laminae, the lateral margins of which
are not complete in any of the specimens. Yet, those of
the isolated element seem longer and are more proxi-
mally placed in the centrum, whereas those of the articu-
lated set are more distally placed and angled. There are
no fossae or large pneumatic perforations in the neural
arches, but a relatively large foramen is seen below the
left transverse process of the first articulated vertebra.
The prezygapophyses expand proximally, forming angles
of, respectively, ca. 30° and 20° relative to the horizontal
and sagittal planes. When articulated, they expand proxi-
mal to the level of the postzygapophyseal articular facets,
but overlap less than one-fourth of the previous centrum
length. They laterally conceal the postzygapophyses that,
consequently, are not as laterally expanded, although
forming a steeper angle to the sagittal plane. In fact,
those zygapophyses are held on stalks along with the dis-
tal tip of the neural spine, with their distal margins barely
reaching those of the centrum and neural spine.

FIGURE 7 Mirischia asymmetrica
(SMNK 2349 PAL). Cast before the
preparation in (a) right lateral, (b) left
lateral, and (c) dorsal views. F, femur; I,
ischium; 111, left ilium; P, pubis; r1l, right
ilium; T, tibia. Scale bar equals 5 cm.
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3.1.2 | Pelvic girdle

The pelvic girdle is more complete in M. asymmetrica than
in S. placidus. The former includes both pubes and ischia,
as well as the cranial portions of both ilia (Figures 7-10).
Only the ischia are preserved in S. placidus (Figure 11),
which nonetheless allows comparing both specimens. The
right ilium of M. asymmetrica is more complete and forms
the basis of this description. It includes part of the central
body, leading to most of the preacetabular ala, the entire
pubic peduncle, and a small portion of the acetabular mar-
gin of the ischiadic peduncle. The dorsal margin of the
ilium is complete until about the level of the caudal mar-
gin of the preacetabular incisure. Caudal to that, for about
the craniocaudal length of the pubic peduncle, the pre-
served margin seems to roughly follow the original con-
tour of the bone. Yet, from that point, a fracture extends
until the caudodorsal margin of the acetabulum, missing
all iliac parts caudal to that. The preserved dorsal margin
of the ilium is slightly convex, with a markedly striated lat-
eral border interpreted as the origin of m. iliotibialis 2
(Bates et al., 2012; Carrano & Hutchinson, 2002). That ori-
gin extends cranioventrally along the dorsal half of the cra-
nial margin of the ala, whereas the more verticalized and
convex margin ventral to that harbored the origin of
m. iliotibialis 1 (Bates et al., 2012; Carrano &
Hutchinson, 2002), which is broader and marked by
coarser striations. Indeed, the boundary separating the
two muscles corresponds to subtle concavity seen in

(b)
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the craniodorsal corner of the ala (“cc” in Figure 8). This
is not a breakage, unlike suggested by Brusatte et al.
(2014), and is set in the same position as the notch com-
mon to tyrannosauroids (Brochu, 2003; Xu et al., 2006).
The lateral surface of the preserved supracetabular portion

(d)

FIGURE 8 Mirischia asymmetrica (SMNK 2349 PAL). Right
(a—c) and left (d-e) ilia in (a, d) lateral, (b, €) medial, and (c) medial
views. 2sra; ac, acetabulum; cc, concavity; ip, ischiadic peduncle;
it1-2 origins of M. iliotibialis 1 and 2; fc, fossa cuppedicus; pa, pubic
articulation; paa, preacetabular ala; paamr, preacetabular ala
medial ridge; pai, preacetabular incisure; pp, pubic peduncle; ppmr,
pubic peduncle medial ridge; sac, supraacetabular crest; sra,
articulation facets for sacral ribs 1 and 2. Scale bar equals 5 cm.

(a)
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of the ilium is dorsoventrally concave, hosting the origin
of m. iliofemoralis externus, but becomes flatter towards
the cranioventral tip of the preacetabular ala. Yet, the ver-
tical ridge that marks the caudal end of that muscle
attachment (Carrano & Hutchinson, 2002) is not seen,
probably because that part of the bone is missing. The cra-
nial portion of the ala is also slightly deeper dorsoventrally
and its ventral margin is concave, accompanying the con-
vexity of the dorsal margin, so that the ala as a whole is
hook-shaped, curving ventrally towards its cranial end to
nearly reach the ventral level of the pubic articulation.
The ventral margin of the preacetabular ala extends cau-
dally as a ridge along the lateral surface of the ilium. This
marks the dorsal edge of the m. iliofemoralis internus ori-
gin (i.e., fossa cuppedicus) on the pubic peduncle (“fc” in
Figure 8), which hosts two large foramina on the right and
one on the left side. Similarly, the cranial margin of the
peduncle extends craniodorsally as a ridge along the
medial surface of the ala. In dorsal view, the preacetabular
ala curves laterally towards its cranial end. In articulation,
the dorsal margins of the ilia are rather close to one
another in the center of the bone (Figure 7), separated by
a space equivalent to the lateral expansion of both the
supracetabular crest and cranioventral tip of the ala.

The pubic peduncle is longer than broad in lateral/
medial views, with a convex ventral margin. Its ventral
end expands cranially, accentuating its already concave
cranial margin. The external margin of the peduncle is
craniocaudally convex, whereas its articular facet
is slightly excavated caudally, but flat cranially. Its ven-
tral outline is subrectangular, with the cranial portion
narrower than the caudal. As preserved, the acetabulum
has the shape of a pointed dome and is almost fully

FIGURE 9 Mirischia asymmetrica
(SMNK 2349 PAL). Articulated pubes and
ischia in (a) right and (b) left lateral views.
am, acetabular margin; I, ischium; ia, iliac
articulation; ip, iliac peduncle; isa, ischiadic
articulation; isp, ischiadic peduncle; obtf,
obtp, obturator foramen; obtp, obturator
plate; of; P, pubis; pb, pubic boot; plr, pubic
lateral ridge. Scale bar equals 5 cm.
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opened, except for a narrow wall on its cranial margin.
Its dorsal margin is marked by a very projected suprace-
tabular crest, almost as expanded as the acetabular is dor-
soventrally deep, reaching more laterally than the
cranioventral tip of the preacetabular ala. The breakage
through the supracetabular crest shows that it is wedge-
shaped in cross-section, and its dorsal/ventral outline is
rounded. Of the ischial peduncle, only part of its acetabu-
lar margin is preserved. Yet, if this corresponds to most
of its ventral expansion, that element would be signifi-
cantly shorter than the pubic peduncle. The medial sur-
face of the preacetabular ala is almost flat and covered
with thin striations, mostly craniocaudally oriented. For
the rest of the medial surface of the bone, a ridge (“ppmr”
in Figure 8) longitudinally crosses the center of the pubic

FIGURE 10 Mirischia asymmetrica (SMNK 2349 PAL).
Articulated pubes and ischia in (a) cranial and (b) caudal views. dg,
distal gap; th, femoral head; I, ischium; P, pubis; pa, pubic apron;
pb, pubic boot; pml, pubis medial lamina; pmp, pubic midline
process. Scale bar equals 5 cm.

FIGURE 11 Santanaraptor
placidus (MN 4802-V). Right (a-c) and
left (c—e) ischia in (a, d) lateral, (b, €)
medial, and (c) ventral views. am,
acetabular margin; ftio, origin of

M. flexor tibialis internus 3; ip, iliac
peduncle; isp, ischiatic peduncle; Ir,
longitudinal ridge; obpt, obturator plate;
on, obturator notch. Scale bar

equals 5 cm.
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peduncle, on a cranioventral to caudodorsal direction,
dorsal to which it meets a subhorizontal ridge (“paamr”
in Figure 8) coming from the preacetabular ala in the
direction of the dorsal end of the acetabulum, so that
they form a triradiate set of ridges. The articulation areas
of the two first sacral ribs are clearly identified, based on
both their scars on the medial surface of the ilium and
relative positions inferred from the comparison of the
articulated vertebra and the original position of
the bones. The facet for the first sacral rib is rounded and
positioned right caudal to the ventral part of the preace-
tabular ala and above the cranial part of the pubic pedun-
cle. Only the cranial part of the second sacral rib
articulation is preserved in the right ilium, above the part
of the horizontal ridge that is itself positioned above the
acetabulum.

s =

. ms
."‘ -
>
-

FIGURE 12 Mirischia asymmetrica (SMNK 2349 PAL). Detail
of the left femoral head articulated with the pelvic elements. faa,
facies articularis antitrochanterica; th, femoral head; gt, greater
trochanter; ms, medial sulcus for the capitate ligament. Without
scale.
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Both pubes of M. asymmetrica (Figures 9 and 10) are
slender elements that form angles of about 55° to the
long axis of the sacrum and 70° to that of the ischium. In
lateral view, the cranial margin of the pubic body is
straight, with the shaft distal to that arching slightly cra-
nially. In cranial view, the proximal portion of the pubis
arches outwards, whereas the shaft is straight, but gets
closer to its pair as it extends distally. The proximal mar-
gin of the pubis bears a concave (in lateral/medial views)
cranial portion that matches the size of the distal articu-
lation of the pubic peduncle of the ilium, representing
the articulation between these two bones (“ia” in
Figure 9). Caudal to that, the pubic body is subrectangu-
lar, almost hatch-shaped. Its dorsal margin takes part in
the acetabulum and faces slightly caudally (“am”
in Figure 9), whereas the caudal margin forms a sigmoid
(in lateral/medial views) articular facet for the ischium
“isa” in Figure 9). The obturator flange expands ven-
trally from the pubic body, forming a laminate structure
that merges distally to the ventral margin of the pubic
shaft. An ovoid obturator foramen, with the long axis
subparallel to that of the shaft, perforates the flange on
the right side, whereas the left flange bears a notch. This
part of the left flange is here considered lost (contra
Naish et al., 2004) possibly due to preparation, so that it
would also have originally delimited an obturator fora-
men (Figure S2). The lateral surface of the pubic body is
traversed by a subtle ridge (“plr” in Figure 9), the rugose
proximal portion of which likely received the origin of
m. ambiens (Bates et al, 2012; Carrano &
Hutchinson, 2002). It extends distally, entering the proxi-
mal portion of the shaft, which is lateromedially flat-
tened. Distal to that, the pubes are conjoined by their
medial laminae (“pml” in Figure 10), which extend from
the dorsal margin of the rod-like shafts to meet one
another at the midline, forming the pubic apron; conse-
quently, most of the distal two-thirds of the pubis is flat
cranially and concave caudally. The proximal margin of
the apron is w-shaped, due to the presence of a proxi-
mally expanded midline process (“pmp” in Figure 10).
Because the shafts come closer distally, the laminae get
lateromedially narrower in the same direction, not reach-
ing the distal end of the bone. At this point, they form
the proximal margin of a proximodistally elongated gap
(“dg” in Figure 10), set at the midline to separate the cra-
nial portion of the distal ends of the pubes, possibly
accommodating a duct leading to a post-pubic air sac
(Martill et al., 2000). Yet, caudal to that, the distal end of
the pubis extends caudally to meet and co-ossify with its
pair, forming a large pubic boot. The lateral surface of
the boot is depressed, whereas its dorsal surface bears a
pair of ridges that extend along the caudal surface of the
distal portion of the shafts. The distal margin of the boot
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is flat in lateral view, with a subtriangular distal outline,
broader cranially than caudally.

The ischium is the only pelvic element common to
both M. asymmetrica and S. placidus (Figures 9-11). They
are isolated in the latter and articulated to the pelvis in
the former, but neither has a complete distal end,
although those of S. placidus are more so. The ischium is
also the common skeletal part that differs the most
between the two specimens, providing evidence that they
belong to different species. As with the pubis, the ischium
is composed of a main body, the laminar obturator plate,
and a rod-like shaft. In lateral/medial views, the acetabu-
lar margin is strongly concave, with its caudodorsal mar-
gin formed by a subrectangular iliac peduncle. The
laterodorsal surface of the peduncle is marked by a longi-
tudinal crest, that extends distally, forming the laterodor-
sal edge of the shaft; this is more marked in S. placidus
(especially in the left side; “Ir” in Figure 11) than in
M. asymmetrica. Also, in lateral/medial views, the dorsal
margin of the peduncle is mostly concave in
M. asymmetrica, whereas S. placidus bears a rugose pro-
tuberance (“ftio” in Figure 11) for the origin of m. flexor
tibialis internus 3 (Carrano & Hutchinson, 2002; Rhodes
et al., 2021). As such, the peduncle of the latter specimen
is somewhat cranially bent, with a more verticalized iliac
articular facet. The ischial peduncle of S. placidus is sub-
rectangular, whereas that of M. asymmetrica is dorsoven-
trally deeper and hatchet-shaped. This is because its
cranial portion projects more ventrally, forming more
extensive pubic articulation and cranial edge of a rela-
tively small obturator foramen. In fact, the ischium of
S. placidus is completely devoid of such extension, so that
it bears a wide obturator notch, rather than a foramen.
Indeed, we agree with Brusatte et al. (Brusatte
et al.,, 2014); (contra Martill et al., 2000, and Naish
et al, 2004) that the right obturator plate of
M. asymmetrica is broken, suggesting the presence of a
fully enclosed obturator foramen, as in the left side. In
fact, in the later side, the bone surface of the plate that
closes the foramen was lost, probably due to overprepara-
tion with chemical agents. The same, but more exten-
sively, seems to have happened on the right side, as
indicated by the ventrally truncated part of the plate cra-
nial to the aperture, which was surely more extensive,
reaching the part ventral to the aperture and enclosing
the foramen. Hence, the obturator plate of S. placidus
could be described as subtriangular/spur-like and placed
more distally along the ventral margin of the ischium.
Yet, it clearly corresponds to the part of the plate that, in
M. asymmetrica, is placed distal to the foramen. This part
of the plate is more proximally placed on the
M. asymmetrica ischium than in that of S. placidus. More
distally, the plate merges smoothly onto the ventral
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surface of the shaft in S. placidus, extending as a thin,
medioventral flange for about half the length of its pre-
served portion. Instead, the plate is not so distally exten-
sive in M. asymmetrica and its distal margin ends more
abruptly onto the shaft. Yet, it is important to note that,
in the right ischium, the “deep notch” between the obtu-
rator plate and the shaft is actually a breakage in the
bone. The shaft itself extends caudoventrally in both
specimens. It is more lateromedially compressed in
S. placidus, forming a low angle to the dorsal margin of
the ischial body in lateral/medial views. That of
M. asymmetrica is more rod-like, its dorsal margin follow-
ing a more even concavity with that of the ischial body.

3.1.3 | Hindlimb

The hindlimb is partially preserved in both
M. asymmetrica and S. placidus, with significant overlap
among parts. The femora of M. asymmetrica were origi-
nally preserved articulated to the pelvis (Figures 7 and
12). Most of both bones (Figures 13-15) were prepared
out, but separated from the medial part of their heads in
the process, which were kept within the acetabulum.
Apart from that, the right element is nearly complete,
missing only the lateral portion of its distal end, whereas
only about the proximal three-fourths of the left femur is
preserved. As for S. placidus, its left femur is nearly com-
plete and prepared out of the matrix (Figures 16 and 17),
whereas the right element was still partially within the
bearing rock when last seen by the authors. Only
the proximal end of the right tibia is preserved in
M. asymmetrica (Figure 18), whereas S. placidus pre-
served both elements (Figures 19-21). This includes the
isolated distal half of the right element and its proximal
end still within the bearing rock, plus the isolated proxi-
mal half of the left element, but with a badly damaged
proximal articulation. The fibula is represented only by a
proximal fragment of the left bone in S. placidus
(Figure 22; but see below). The tarsus and pes are pre-
served only in S. placidus, including isolated right astrag-
alus and calcaneum (Figures 23 and 24), as well as distal
tarsals IIT and IV of that side appressed to the metatar-
sals, as is also the case of the left distal tarsal IV
(Figure 25). Both pes are partially complete, the left miss-
ing only digit I and the ungual phalanx of digit III
(Figure 26), whereas the right has the ungual phalanx of
digit I covered by the right femur, and the distal end
of digit IV covered by digit IIT (Figure 27).

The femora of M. asymmetrica and S. placidus are
rather similar, with the latter slightly smaller and mar-
ginally narrower at midshaft, compared to the length of
the bone. The shaft is nearly straight in cranial/caudal
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(a)

FIGURE 13  Mirischia asymmetrica (SMNK 2349 PAL). Right
femur in (a) cranial, (b) medial, (c) caudal, and (d) lateral views.
4th, fourth trochanter; at, accessory trochanter; b, lateral bulge; cfli,
insertion of M. caudofemoralis longus; clil, caudolateral
intermuscular line; cmdc, craniomedial distal crest; crd, cranial
depression; cril, cranial intermuscular line; dlt, dorsolateral
trochanter; gt, greater trochanter; lc, lateral condyle; It, lesser
trochanter; mc, medial condyle. Scale bar equals 5 cm.

(a)

cril

FIGURE 14 Mirischia asymmetrica (SMNK 2349 PAL). Left
femur in (a) cranial, (b) medial, (c) caudal, and (d) lateral views.
4th, fourth trochanter; at, accessory trochanter; b, lateral bulge; cfli,
insertion of M. caudofemoralis longus; clil, caudolateral
intermuscular line; cril, cranial intermuscular line; dlt, dorsolateral
trochanter; f, foramen; gt, greater trochanter; It, lesser trochanter;
ts, trochanteric shelf. Scale bar equals 5 cm.

views, but strongly bowed cranially in lateral/medial
views. As best seen in the left element of S. placidus, the
femoral head expands medially, its long axis forming an
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(a) (b)

FIGURE 15 Mirischia asymmetrica (SMNK 2349 PAL). Right
(a, b) and left (c) femora in (a, c) proximal and (b) distal views. fc,
fibular condyle; fh, femoral head; gt, greater trochanter; Ic, lateral
condyle; 1t, lesser trochanter; mc, medial condyle; pf, popliteal
fossa. Scale bar equals 2 cm.

ms 2 g

cfli

clil

mc

FIGURE 16 Santanaraptor placidus (MN 4802-V). Left femur
in (a) cranial, (b) medial, (c) caudal, and (d) lateral views. 4th,
fourth trochanter; at, accessory trochanter; b, lateral bulge; cmdc,
craniomedial distal crest; cfli, insertion of M. caudofemoralis
longus; clil, caudolateral intermuscular line; cril, cranial
intermuscular line; dlt, dorsolateral trochanter; fh, femoral head;
gt, greater trochanter; Ic, lateral condyle; It, lesser trochanter; mc,
medial condyle; md, medial depression; mde, mediodistal
emargination; ms, medial sulcus for the capitate ligament; or, oval
rugosity. Scale bar equals 5 cm.

angle of about 15° to the distal intercondylar line; in
M. asymmetrica, this angle is about 30°. The articular sur-
face is smooth and separated from the striated surfaces
that surround it by a slightly raised lip (“thl” in
Figure 17). It covers the proximal margin, but also
expands distally along the entire medial margin of the
head. The proximal outline of the femur is ovoid, with
the lateral portion (greater trochanter) more compressed
craniocaudally and separated from the main medial
portion by a subtle groove on the proximal surface. The

DELCOURT ET AL.

caudolateral corner of the head projects slightly caudally,
bordering the facies articularis antitrochanterica (“faa” in
Figures 12 and 17). On its turn, the craniolateral corner is
more rounded in M. asymmetrica than in S. placidus, in
which it forms a subsquared lateral margin. As for the
medial margin, the articular facet forms a caudal loop, as
it extends medially, surrounding a very deep, caudally
positioned, sulcus (“ms” in Figures 12, 16, and 17) for the
capitate ligament (= ligamentum capitis femoris). This is
clearly seen in the left side of S. placidus (Figures 16 and
17), but also (contra Naish et al., 2004) in the medial por-
tion of the right femoral head of M. asymmetrica
(Figure 12). The head has a subsquared medial outline
(Figure 17b), with flat proximal, cranial, and distal mar-
gins, and a pointed caudal margin that represents the
maximal extension of the loop. The caudal surface is
mostly excavated, with the distal margin of its medial
expansion formed by a subtle ridge (“r” in Figure 17) that
extends distally towards the shaft. The cranial surface of
the head is divided into a striated proximolateral area
and a smoother mediodistal emargination (“mde” in
Figure 16). In addition, as best seen in M. asymmetrica,
the craniolateral corner of the head is distally sloped,
extending distally as a column subtly separated from the
rest of the head contour (“dIt” in Figures 13, 14, and 16).
This corresponds to the “dorsolateral trochanter” of early
dinosaurs, which probably served as an insertion point
for m. puboischiofemorales externi (Hutchinson, 2001) or
part of the iliotrocanteric musculature (Langer, 2003).
The flange composed of the lesser and accessory tro-
chanters (Hutchinson, 2001) projects from the craniolat-
eral margin of the proximal fifth of the femur, right distal
to the head, and is lateromedially compressed. In
M. asymmetrica, it is vertically oriented in cranial view
and its main axis is craniocaudally oriented in proximal
view. Instead, it is more oblique in S. placidus, curving
slightly more medially and having its proximal portion
more laterally positioned, relative to the distal. It has a
bilobate shape, with a cranioproximal expansion (lesser
trochanter s.s.), which is set apart from the shaft by the
intertrochanteric fossa, and a cranially expanded base
(accessory trochanter; Hutchinson, 2001). This shape is
best seen in M. asymmetrica, but also hinted at by its bro-
ken margin in S. placidus. The lesser and accessory tro-
chanters can be respectively interpreted as the insertion
areas of mm. iliotrochantericus caudalis and pubo-
ischiofemoralis internus 2 (Hutchinson, 2001), although a
correlation of the lesser trochanter to the
m. iliofememoralis cranialis has also been proposed
(Walker, 1977; Langer, 2003). In M. asymmetrica, a
rugose area extends caudally from the accessory trochan-
ter, along the lateral surface of the bone, leading to a
bulge (“b” in Figures 13 and 14) on its caudolateral
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FIGURE 17 Santanaraptor placidus (a
(MN 4802-V). Proximal (a-c) and distal (d—f)

ends of the left femur in (a, c, €) caudal,

(b) medial, (d) cranial, and (f) distal views.

at, accessory trochanter; cmdc, craniomedial

distal crest; crd, cranial depression; dd,

distal depression; eg, extensor groove; faa,

facies articularis antitrochanterica; fc,

fibular condyle; th, femoral head; fhl,

femoral head lip; fm, foramen; gr, groove;

gt, greater trochanter; Ic, lateral condyle; It,
lesser trochanter; mc, medial condyle; ms, (d)
medial sulcus for the capitate ligament; pf,
popliteal fossa; r, ridge; tfc, crista
tibiofibularis. Scale bar equals 5 cm.

cmde

( d) icn

mc

FIGURE 18 Mirischia asymmetrica (SMNK 2349 PAL).
Proximal end of right tibia in (a) proximal, (b) cranial, (c) lateral,
(d) caudal, and (e) medial views. cn, cnemial crest; cp, caudal
process; fc, fibular condyle; ff, fibular flange; icn, intercondylar
notch; it, incisura tibialis; If, lateral fossa; mc, medial condyle. Scale
bar equals 2 cm.

corner, the latter of which is also seen in S. placidus
(Figure 16). This corresponds to the trochanteric shelf of
early saurischians and correlates to the insertion
of m. iliofemoralis externus (= gluteus medius et minimus,
in McGowan, 1979; Hutchinson, 2001; Carrano &
Hutchinson, 2002; Langer, 2003; Brochu, 2003; Naish
et al., 2004). The lesser trochanter does not reach the
proximal margin of the head in either M. asymmetrica or
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(c)

FIGURE 19 Santanaraptor placidus (MN 4802-V). Left tibia in
(a) cranial, (b) lateral, and (c) medial views. cn, cnemial crest; ff,
fibular flange; fm, foramen. Scale bar equals 5 cm.

S. placidus, but gets significantly closer to that in the lat-
ter. The proximal surface of the intertrochanteric fossa of
S. placidus is pierced by a large nutrient foramen (“fm”
in Figure 17), in the same position in which
M. asymmetrica bears a large pit. Yet, it is not clear if that
pit pierced the bone, and several other pits are seen in
various positions around the lesser trochanter on both
femora of that specimen.

The fourth trochanter forms a low crest on the caudo-
medial border of the shaft. Its apex is positioned at the
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middle of the proximal half of the S. placidus femur, but
somewhat more distally in M. asymmetrica. Cranial to
the fourth trochanter, on the lateral surface of the femur,
a depressed rugose area (“cfli” in Figures 13, 14, and 16)
represents the insertion of m. caudofemoralis longus
(Carrano & Hutchinson, 2002; Langer, 2003). In the right
side of M. asymmetrica, an ovoid scar is seen at the proxi-
mocaudal portion of that area, which could be part of the
m. caudofemoralis longus insertion or that of
m. puboischiofemoralis internus (Brochu, 2003). Slightly
cranial to that, but in the left side, the femur of
S. placidus is pierced by a nutrient foramen (“f” in
Figure 14), which could not be identified in the right
bone, or in S. placidus, due to broken surfaces in the area.
On the caudal margin of the lateral surface of the shaft,
the caudolateral intermuscular line (“clil” in Figures 13,

cbod -

FIGURE 20 Santanaraptor placidus (MN 4802-V). Proximal
(a, b) and distal (c) ends of the right tibia in (a) lateral,

(b) proximal, and (c) distal views. af, astragalar facet; cb, caudal
buttress; cn, cnemial crest; cp, caudal process; cran, cranial; fc,
fibular condyle; icn, intercondylar notch; im, inner malleolus; it,
incisura tibialis; lat, lateral; mc, medial condyle; od, ovoid
depression; om, outer malleolus. Scale bar equals 2 cm.

(a) (b)

rd
cr

om im
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14, and 16) extends distally from the trochanteric shelf
bulge until the fibular condyle, setting the caudal limit of
m. femorotibialis lateralis (Carrano & Hutchinson, 2002;
Langer, 2003). Near the distal end of that line, on the
caudal surface of the femur, an oval rugosity (“or” in
Figure 16) marks the insertion of muscles of the digital
flexor group (Carrano & Hutchinson, 2002; Langer,
2003). Likewise, on the cranial surface of the shaft, the
cranial intermuscular line (“cril” in Figures 13, 14, and
16) extends from the accessory trochanter until the cra-
niomedial corner of the distal end, setting apart the later-
alis and mediallis (= externus and internus) parts of
m. femorotibialis (Carrano & Hutchinson, 2002; Lacerda

et al.,, 2023). That line leads to a subtle craniomedial
(a) (b)
FIGURE 22 Santanaraptor placidus (MN 4802-V). Possible

proximal portion of left fibula in (a) lateral, (b) medial, and
(c) proximal views. mf, medial fossa. Scale bar equals 1 cm.

FIGURE 21 Santanaraptor
placidus (MN 4802-V). Distal end of
right tibia in (a) cranial, (b) lateral,
(c) caudal, and (d) medial views. af,
astragalar facet; cb, caudal buttress;
cd, caudal depression; cr, crest; im,
inner malleolus; om, outer
malleolus; rd, ridge. Scale bar
equals 2 cm.
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distal crest (Hutchinson 2021; = “medial epicondylar
flange” of Carrano & Sampson 2008; = “medial-distal
crest” of Hocknull et al., 2009), slightly more marked in
S. placidus than in M. asymmetrica (“cmdc” in Figures 13
and 16). It expands medially, forming a sharp corner that
borders a broad depression (“crd” in Figures 13 and 16)
on the cranial surface of the bone and a deeper proximo-
distally elongated depression on its medial surface (“md
in Figure 16). The shaft, broken at its distal third in the
right femur of S. placidus, reveals an ovoid cross-section,
with the long axis oriented craniomedially to caudolater-
ally. At this point, the bone wall corresponds to about
10% of the femoral thickness.

The distal articulation of the femur is more complete
in S. placidus than in M. asymmetrica, which preserved
only the medial portion of the right bone. Hence, the fol-
lowing accounts are based on the former specimen, with
notes on the latter at the end. In distal view, the well-
developed extensor groove (“eg” in Figure 17) is seen as a
concavity in the cranial margin of the bone. This is
slightly displaced laterally and leads to depressions on
both the distal and cranial surfaces of the bone; the for-
mer (“dd” in Figure 17) separated from the popliteal fossa
by a raised area of the distal articulation. The cranial
depression (“crd” in Figures 13 and 17) is rather reduced
and separated from the (shallower, broader, and more
proximal) depression set laterally to the craniomedial

(a) (b)

p—
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distal crest by artificial perforations on the bone surface.
In distal view, the cranial outline of the bone adjacent to
the extensor groove is composed of slightly concave, obli-
que lateral and medial margins. Caudal to that, the
medial and, especially, lateral margins of the bone are
excavated; the cranial margin of the latter marked by the
strong lateral expansion of the fibular condyle. The distal
surface of that condyle is separated from that of the lat-
eral condyle by a broad, subtle groove (“gr” in Figure 17).
Both the medial and fibular condyles have broadly globu-
lar distal surfaces. The lateral condyle and the caudal
portion of the medial condyle are subsquared in distal
view, subequal and equally projected caudally, although
the caudolateral corner of the former forms a sharper

(a} cr. {b}_l_ m )

- RE

FIGURE 24 Santanaraptor placidus (MN 4802-V). Right
calcaneum in (a) lateral, (b) proximal, and (c) medial views. fa,
fibula articulation; sa, scarred area; ta, tibia articulation. Scale bar
equals 1 cm.

(d)

cIps

mc

FIGURE 23  Santanaraptor placidus (MN 4802-V). Right astragalus in (a) cranial, (b) lateral, (c) caudal, (d) medial, and (e) distal views.
ap, ascending process; ca, calcaneum articulation; cps, caudal proximal surface; crps, cranial proximal surface; fa, fibula articulation; hr.,

horizontal ridge; Ic, lateral condyle; Icp, laterocranial process; g, lateral groove; mc, medial condyle; rd, ridge; ta, tibia articulation. Scale bar

equals 2 cm.
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crl

MtV

—Mtll

FIGURE 25 Santanaraptor placidus (MN 4802-V). Right (a, c)
and proximal portion of left (b, d-g) metatarsi in (a, d) cranial, (b,
¢) proximal, (e) medial, (f) caudal, and (g) lateral views. cran,
cranial; dT, distal tarsal; Mt., metatarsal. Scale bar equals 2 cm.

Mt 11
Mt Il
Mi IV

wu

V4 IV IV2 IVI

FIGURE 26 Santanaraptor placidus (MN 4802-V). Articulated
left pes. Mt, metatarsals; res, reticulated scales; T, left tibia; U,
ungual phalanx. Roman numbers refer to digit numbers; Arabic
numbers refer to phalanx numbers. Scale bar equals 5 cm.

angle compared to the caudomedial corner of the latter.
The popliteal fossa (= intercondylar fossa; = flexor
groove) is deep and also subsquared in shape, excavating
about one-third of the craniocaudal breadth of the distal
articulation. In caudal view, the distal femoral margin is
concave at the level of the popliteal fossa, which extends
proximally excavating the caudal surface of the bone for
about 15% of its total length. For most of its length, this
fossa is bordered laterally by the sharp, crest-like proxi-
mal extension of the lateral condyle (= crista

DELCOURT ET AL.

FIGURE 27 Santanaraptor placidus (MN 4802-V). Articulated
right pes. Mt, metatarsals; F, femur; U, ungual phalanx. Roman
numbers refer to digit numbers; Arabic numbers refer to phalanx
numbers. Scale bar equals 5 cm.

tibiofibularis; “tfc” in Figure 17). Regarding the preserved
part of the distal femoral end of M. asymmetrica, it differs
from that of S. placidus by having a slightly convex,
rather than concave medial margin.

The proximal end of the tibia is best preserved in the
right side of both M. asymmetrica and S. placidus. It
includes three main projections, the medial and fibular
condyles and the cnemial crest, which respectively
expand caudomedially, caudolaterally and cranially, giv-
ing the proximal outline a subtriangular shape. The prox-
imal surface is broadly flat, but subtly excavated between
the caudal condyles, as well as between these and the
cnemial crest. The cranial expansion of the cnemial crest
is also evident in lateral/medial views. Its cranial tip is
distally departed from its proximal end, whereas its distal
margin merges smoothly into the shaft. In S. placidus,
the crest expands proximal to the level of the caudal con-
dyles to form a subtriangular tip (Figure 20a). That
expansion is larger and subrectangular in M. asymmetrica
(Figure 18c,e), with a more rugose proximolateral mar-
gin, but the tip is partially broken, hampering a reliable
assessment of its shape. In caudal view, the fibular con-
dyle slopes distally in M. asymmetrica, but is set at the
same proximal level as the medial condyle in S. placidus.
In proximal view, the cnemial crest is relatively narrow,
and curves medially as it expands cranially. Its medial
margin is continuous with that of the medial condyle,
forming a soft convexity. On the contrary, its lateral mar-
gin is strongly excavated by the incisura tibialis (“it” in
Figure 20), which also forms the cranial margin of the
fibular condyle. The medial condyle is ovoid, bears a
marked spine-like caudal process (“cp” in Figures 18 and
20), and is separated from the fibular condyle by a deep
intercondylar notch. Both the condyle and the caudal
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process are more voluminous relative to the fibular con-
dyle in M. asymmetrica, although the condyles are subeq-
ual in lateromedial breadth. On the contrary, the fibular
condyle is significantly more voluminous and almost
twice lateromedially broader than the medial condyle in
S. placidus. It has a marked subrectangular contour, with
flat lateral and caudal margins, whereas this is less clear
in M. asymmetrica.

The fibular condyle gives rise to a straight, distally
extending ridge. This distally leads to the fibular flange
(“ff” in Figures 18 and 19), the proximal margin of which
is at the level of the distal end of the cnemial crest. As
best preserved in the left tibia of S. placidus (Figure 19),
the flange is straight, rugose, and well-marked, but not
much laterally expanded, extending proximodistally
along the estimated proximal third of the bone. That
same element reveals that the proximal half of the tibial
shaft is nearly straight in cranial/caudal views, but cau-
dally arched in lateral/medial views. This is enhanced by
the cranial expansion of the cnemial crest, so that the
preserved portion of the tibia has a concave cranial mar-
gin in lateral/medial views. Right caudal to the fibular
flange, a foramen (“fm” in Figure 20) enters the lateral
surface of the tibia in a distomedial direction. As revealed
by the distal breakages, the cross section of the tibia is
subtriangular near the cnemial crest (M. asymmetrica),
becoming ovoid (craniocaudally compressed) more dis-
tally (S. placidus).

Preserved isolated from its proximal portion, the dis-
tal half of the right tibia of S. placidus has a sub-rounded
cross section at the shaft. Its distal end expands well
lateromedially to form the outer and inner malleoli, the
former of which is more projected. As such, its proximal
margin is less verticalized, but merges as smoothly as that
of the inner malleolus into the shaft in cranial/caudal
views. The flattened medial margin of the distal tibial
end faces slightly caudally and is bound by marked
cranio- and caudomedial corners. The former expands
cranially to form the inner malleolus and extends proxi-
molaterally onto the cranial surface of the tibia, forming
a crest (“cr” in Figure 21) that sets the medial limits of
the articular facet for the ascending process of the astrag-
alus. That articular facet is subtriangular in cranial view
and marked by strong striations. Its lateral edge mirrors
the medial in cranial view, but is formed by a more sub-
tle, although sharper ridge (“rd” in Figure 21) that
extends laterodistally towards the tip of the outer malleo-
lus. In caudal view, the proximodistally oriented buttress
(“cb” in Figures 20 and 21) that forms the caudomedial
corner of the tibia also marks the medial edge of a subtle
depression (“cd” in Figure 21). This occupies most of the
caudal surface of the tibial end, expanding towards
the outer malleolus. In cranial/caudal views, the distal
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margin of the tibia expands slightly at the level of the
malleoli, and is subtly concave between them, right lat-
eral to the vertical buttress. The tibial distal outline is
subtriangular (Figure 20c), with an ovoid depression at
its centre. From a craniocaudally broad medial margin,
the outline tapers laterally to reach a caudally curving
lateral tip (i.e., outer malleolus).

The proximal portion of the left fibula of S. placidus
(Figure 22) was not originally described by Kellner
(1999). It lacks its proximal margin and tapers distally
along its entire preserved length. A broad fossa excavates
the medial surface of the bone and also tapers distally. Its
cranial margin is thicker than the caudal, so that the
shaft is “coma-shaped” in cross section. The lateral sur-
face is smooth, with no preserved fibular tubercle. Martill
et al. (2000) and Naish et al. (2004) described, but not fig-
ured, the proximal portion of a right fibula for
M. asymmetrica. As seen by the first author in 2024, the
material catalogued under includes a single piece that
could possibly correspond to that element. It is laminar
bone twisted along its long axis, probably due to deforma-
tion. It does not fit the description of those authors, nei-
ther the anatomy of a proximal fibular end (unless highly
distorted). So, we refrain from ascribing a fibula to
M. asymmetrica.

Neither of the tarsal bones of S. placidus is fused to
the epipodium, to the metatarsi, nor to one another. The
astragalus is a complex bone, with a proximodistally flat-
tened body and a very large laminar (craniocaudally com-
pressed) ascending process. As seen in caudal view
(Figure 23c), because its cranial surface was still covered
in matrix when last analyzed by the first author, the
ascending process has a symmetrically triangular shape
and is more than twice the maximal height (at its cranio-
lateral portion) of the astragalar body. Its medial margin
is confluent with that of the astragalar body, whereas the
lateral margin is offset medially from that of the body.
The distal surface of the astragalar body is saddle-shaped,
with expanded (both distally and craniocaudally) lateral
and medial condyles and a compressed central part. The
distal surface is smooth, lateromedially concave and cra-
niocaudally convex. The medial condyle expands slightly
more distally than the lateral and is craniocaudally
broader. The lateral surface of the astragalus is mostly
excavated, with raised distal and cranial borders and a
more subtle caudal edge framing the tibial articulation
(“ta” in Figure 23). The excavated area is divided by a
subtle sub horizontal ridge (“hr” in Figure 23), that
extends caudally from the astragalar laterocranial process
(“lcp” in Figure 23). Distal to that, the bone surface is
more rugose, corresponding to the calcaneal articulation

“ca” in Figure 23). Proximally, the surface is smoother
and corresponds to the fibular articulation (“fa” in
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Figure 23). That surface is continuous with that of the lat-
eral margin of the ascending process, which is cranio-
caudally broader compared to its main proximal portion.
The lateral surface of the astragalus is pierced by foram-
ina, one of them near the base of the ascending process.
The medial margin of the astragalar body has an “L-
shaped” outline (Figure 23d), with a proximodistally flat-
tened base and a proximally extensive cranial part that
leads to the ascending process. Partially broken on its cra-
nial portion, the medial surface is relatively featureless
forming a convex outline in proximal/distal views. The
proximal surface of the astragalus is divided into subhori-
zontal cranial (“crps” in Figure 23), and caudal (“cps” in
Figure 23) areas by the transversally extensive ascending
process. This is displaced cranially, so that the area cau-
dal to the process is craniocaudally broader compared to
that cranial to it. The latter is mostly occupied by a
curved (following the concave cranial margin of the
bone) continuous depression that gets craniocaudally
narrower towards its medial portion. Its lateral margin is
formed by a subtle ridge (“rd” in Figure 23) that extends
craniolaterally from the lateral edge of the ascending pro-
cess towards the laterocranial process, setting the cranio-
medial limit of the fibular articulation. The surface
caudal to the ascending process is convex lateromedially
and entirely occupied by the tibial articulation. Distal to
that, the astragalar body is proximodistally shallow, with
a smooth caudal surface. On the contrary, the cranial
portion of the body is much deeper, and its cranial sur-
face is marked by longitudinal striations (Figure 23a). Its
lateral end expands proximodistally, with the proximal
portion of its lateral margin giving rise to the astragalar
laterocranial process. In distal view, the caudal limit of
that process is marked by a subtle groove (“lg” in
Figure 23), expanding medially from the lateral margin
of the bone.

The calcaneum is a small bone, strongly flattened
lateromedially. Its lateral surface is overall depressed
(Figure 24a), with raised outer borders, and pierced by
several foramina, especially on its cranial portion. The
medial surface is more rugose and equally bears several
foramina, some of which are significantly larger. Most of
that surface is also depressed, with raised outer borders,
but not near its cranial margin, where a scared area (“sa
in Figure 24c) represents the articulation with the latero-
cranial process of the astragalus. The bone has an irregu-
lar shape in lateral/medial views, with a large concave
proximal articulation for the fibula and a smaller
concave caudodorsal articulation for the outer malleolus
of the tibia. Ventral to this the calcaneal contour is
formed by three nearly straight, but slightly convex mar-
gins: two larger ones facing cranio- and caudoventrally,
and a smaller one facing cranially. The tibial articulation
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is bound by a raised lateral margin, which is cranially
continuous with the medial margin of the fibular articu-
lar facet. The lateral margin of that facet is marked by a
fainter corner, which extends caudolaterally from the
proximocranial tip of the bone.

Distal tarsals are preserved in both pedes of
S. placidus. They correspond to proximodistally flattened
disk-like bones placed over the proximal surface of the
metatarsals (Figure 25b). Distal tarsal III has a slightly
convex proximal surface and is trapezoidal in proximal/
distal outline, with the caudal margin larger than the cra-
nial. It fits in a central concavity on the proximal surface
of metatarsal III, but it also seems to articulate with a lat-
eral excavation of the proximal surface of metatarsal
II. Distal tarsal IV has a flatter proximal surface. Its proxi-
mal/distal outline is irregular, with a flat medial margin,
a caudal concavity, and a lateral pointed projection that
is more cranially placed on the right side and more cau-
dally placed on the left side.

To preserve soft tissues, the feet of S. placidus were
not fully prepared out of the calcareous matrix. The
exposed surface of the more distal elements is mostly
abraded, especially on the right side, so that most details
are unavailable. The gracile and elongated weight-
bearing metatarsals II-IV are closely packed
(Figures 25-27), but not fused to one another. Metatarsal
IIT is the widest and longest, nearly 80% the femoral
length, whereas metatarsals II and IV are about 5%
shorter and also subequal in width. Only the distal end of
metatarsal I is exposed (Figure 27), and it is unclear how
much of its laminar body extended along the lateral sur-
face of metatarsal II, but it most certainly did not reach
its proximal end. The more robust distal part diverges
laterodistally from that metatarsal and bears two well-
developed condyles (the medial slightly larger), with a
deep extensor pit set on the dorsal surface between them.
The distal margin of metatarsal I barely reaches the distal
fifth of metatarsal II.

The proximal end of metatarsal II expands medially,
cranially, and especially caudally relative to the shaft
(Figure 25e). Its outline is somewhat “D-shaped”
(Figure 25b,c), with a flat lateral margin and a general
convex contour including the cranial, lateral, and caudal
margins. The cranial portion of the outline is, however,
more medially expanded, whereas the caudal part tapers
towards its caudolateral corner. The proximal surface is
excavated at the center of its lateral half, likely for articu-
lation with the third distal tarsal. The caudal projection
of the articular facet extends distally for a short distance
as a broad ridge along the caudal surface of the bone.
Indeed, it does not reach the distal two-thirds of the
metatarsal, as revealed by the sub-squared cross
section of the shaft at its proximal third. This matches its

85US0| 7 SUOWILLIOD aA1Ee.D) 3|qeal|dde ayy Aq peussnob ae Sajo1le O ‘8sn JO'Sa|nl 1o} ARid1T 8uluQ /8] UO (SUONIPUOD-pUR-SW R0 A3 1M AReIq ]BU1[UO//SANY) SUOIIPUOD pUe SWe | 8y1 89S *[SZ0zZ/TT/8T] uo Akeiqiauljuo A|IM ‘@ous|jeaxd 8:ed pue YifeeH Jojaimisu| feuoleN ‘3OIN Ag G800/ /200T 0T/10p/woo A8 |im AreiqjpuljuosgndAwioreue//:sdny wouy pepeojumod ‘0 ‘v6v8ZE6T



DELCOURT ET AL.

flat dorsal surface (Figure 26), bound by prominent
medio- and laterocranial corners, which are more con-
spicuous proximally. The laterocranial corner extends as
a ridge towards the ovoid lateral collateral pit. The distal
end of the metatarsal lacks a deep extensor pit, and the
medial condyle expands more distally than the lateral.

The proximal end of metatarsal III is slightly shorter
craniocaudally than that of metatarsal II, expanding cra-
nially and, especially, caudally relative to the shaft
(Figure 25g). Its proximal articular facet has flat cranial,
caudal, and medial margins, whereas the lateral is con-
cave for the reception of metatarsal IV. This produces a
sub-rectangular outline, but slightly craniolaterally to
caudomedially sloped (somewhat forming a parallelo-
gram). In this configuration, its caudomedial corner
meets the caudolateral corner of metatarsal II in the form
of a caudal subtriangular projection (Figure 25b). The
proximal surface is excavated at its center for the articula-
tion with the third distal tarsal, as revealed by its concave
proximal margin in lateral view (Figure 25g). In that
view, the proximal portion of the bone is T-shaped, fol-
lowing the craniocaudal expansion of its proximal end,
and bears a subtriangular, distally tapering facet for the
articulation of metatarsal IV. Right distal to the expanded
proximal end, the caudomedial corner of the shaft forms
a subtle flange that expands towards metatarsal II (“fl” in
Figure 25f). Although the cross section of its proximal
portion is basically circular, the entire dorsal surface of
the shaft is flat (Figures 25a and 27). Yet, this is enhanced
at its distal half, where the shaft gets gradually broader,
forming a subtle medial flange for the contact with meta-
tarsal IT at the level of its condyles. Distal to that flange,
the metatarsal narrows down, widening lateromedially
again to form its distal articulation. The medial flange
and the constriction distal to that are reminiscent of the
condition seen in tyrannosauroids, ornithomimosaurs,
and some other coelurosaurs (Choiniere et al., 2012;
Saydo et al., 2020).

The proximal end of metatarsal IV is also “D-shaped”,
with a flat medial margin, which contacts metatarsal II1,
and a convex lateral border. As in metatarsal III, the cau-
domedial corner of the proximalmost portion of the shaft
forms a subtle flange that expands towards that same ele-
ment. Distal to that, but still in the proximal third of the
shaft, a breakage reveals a subsquare cross section. The
distal portion of the bone curves slightly laterally
(Figure 25a), but is very damaged on both sides, revealing
nothing but the expansion of its distal end.

The phalangeal formula of S. placidus is 2-3-4-5
(Figures 26 and 27). Digit II is almost as long as digit IV,
whereas digit IIT is about 40% longer than those. The left
foot is significantly best preserved and forms the basis of
this account for overlapping elements. Despite the
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preservation of soft tissue in S. placidus (Hendrickx
et al., 2022), there is no evidence of corneous tissue in the
ungual phalanges. Phalanx I-1 is the smallest (shortest
and thinnest) of the foot (Figure 27). It was not weight-
bearing, projecting laterodistally as a “spur” from the
packed metatarsus. It tapers distally until it expands sig-
nificantly to form the distal condyles, the exposed of
which (likely the medial) bears a large (considering the
phalanx size) and deep collateral pit. Phalanx II-1 is more
than three times longer than wide at its proximal end,
with a subtriangular shaft cross-section. The medial con-
dyle is more developed than the lateral and the lateral
collateral pit is deep and ovoid shaped. Phalanx II-2 and
II-3 are exposed on their lateral sides. The former is about
two thirds the length of the preceding phalanx and three
times longer than the dorsoventral depth of its distal end.
Its proximal end is not well-preserved, but it expands dor-
sal to the level of the shaft, suggesting the presence of an
extensor tubercle. In the distal end, the lateral condyle
bears a well-developed and proximodistally elongated
collateral pit. Because the condyle is ventrally expanded,
the pit is positioned towards its dorsal portion. The ven-
tral length of phalanx II-3 is nearly two-thirds of that of
phalanx II-2. In lateral view, its dorsal margin is convex,
the contrary being the case for the proximal and ventral
margins. Indeed, this is the most strongly recurved
ungual of the pes, with a tapering distal tip. Small longi-
tudinal striations cover the lateral surface near the proxi-
mal articulation and a nutrient foramen is seen distal to
these striations, towards the dorsal part of the phalanx.
The extensor tuber expands proximally as a curved taper-
ing process, corresponding to about one-fifth of the total
length of the phalanx. A single lateral groove extends
along the distal half of the bone, somewhat following its
curved contour. It enters the dorsal surface of the pha-
lanx as it extends distally, but does not reach its
distal end.

Phalanx III-1 is the largest of the foot, slightly sur-
passing the length of phalanx II-1, but is well-preserved
only at midshaft. Its general morphology is conservative,
with a mediolaterally constricted mid-shaft and equally
enlarged proximal and distal ends. The lateral collateral
pit seems well-developed and large as in the previously
described phalanges. Phalanx III-2 is better preserved
than the previous one and about four-fifths of its total
length. It is constricted at the mid-shaft, with a relatively
flat dorsal surface, and a distal end not as lateromedially
expanded as the proximal. The extensor pit is broad, sub-
triangular, and distally deeper, whereas the lateral collat-
eral pit is large and proximodistally elongated. Phalanx
ITI-3 lacks its distal end on the left side and most of its
surface on the right. It is almost as long as phalanx III-2,
but more gracile, that is, narrower both at mid-shaft and
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at the distal end. The ungula phalanx of digit III is
shorter and less curved than that of digit II, with the lat-
eral groove more ventrally positioned at its distal end.
The phalanges of digit IV are reduced compared to those
of the other digits. Phalanx IV-1 is the longest, with the
others shortening to about three-quarters to two-thirds of
the length of the previous one. The ungual is, however,
longer than the two preceding elements. The extensor
tubercle and flexor platform are well-developed in IV-2,
IV-3, and IV-4, and the preserved lateral collateral pits
are relatively smaller compared to those of more medial
digits. The ungual phalanx is less recurved and slightly
shorter than that of digit II, with the lateral groove also
ending more dorsally, unlike that of digit III.

3.14 | Soft tissues

Both S. placidus and M. asymmetrica exceptionally pre-
serve soft tissues. Kellner (1996) briefly described those of
S. placidus, mentioning the preservation of skin, muscle
fibers, and possibly blood vessels. The latter two were
identified under scanning electron microscopy and our
naked-eye revaluation of the specimen obviously pro-
vided no further detail about these elements. More
recently, Hendrickx et al. (2022; appendix S3.5) provided
a comprehensive treatment of the scaly skin of
S. placidus (i.e., squamous integument in the metatarsals,
crus, and pes, more precisely lateral to metatarsal IV, and
lateral/ventrolateral to pedal digits III and IV), a sum-
mary of which is given here. Two types of scales are pre-
served in negative relief form the squamous integument.
Relatively large (~0.3-0.6 mm maximum dimension)
hexagonal scales visible lateral to the proximal portion of
metatarsal IV represent the first type. They are larger and
more elliptical than the rest of the scales and oriented
parallel to the metatarsus. Owing to their position lateral
to the metatarsus, large size, hexagonal shape, and the
fact that they increase in size towards the metatarsal,
they were interpreted by Hendrickx et al. (2022) as scutel-
late scales. Minute diamond-shaped scales (<0.1 mm)
ventral to the distal portion of metatarsal IV and pedal
digits III and IV and forming quadrangular pits between
the raised interstitial tissue form the second integumen-
tary type. Their presence in the ventral part of the foot
makes them reticulate scales, which form a regular net-
work, the external margin of which ventral to the pedal
digit defines plantar pads. A single plantar pad is visible
in line with the joint between the first and second pha-
lanx of digit III. Conversely, four points invaginate the
straight external margin of the integument, approxi-
mately at the mid-shaft of each phalanx. Although the
associated soft tissues on the digits do not necessarily
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reflect the shape and arrangement of the plantar pads,
the position of the invaginations ventral to pedal digits
IIT and IV supports an arthral condition. The association
of scutellate and reticulate scales seen in S. placidus
forms a podotheca which, in the carcharodontosaurid
Concavenator corcovatus, also includes large polygonal
scutate scales lateral to the proximal portion of the meta-
tarsals (Cuesta et al., 2018; Hendrickx et al., 2022). These
scutate scales are, however, absent in S. placidus, possibly
due to the fact of not having the proximalmost portions
of the metatarsals preserved. The distal portions of the
S. placidus digits resemble those of early Avialae, which
have minute reticulate scales covering the plantar sur-
faces (O'Connor, 2025; O'Connor et al., 2025), as well as
plantarly expanded joint pads adapted for terrestrial loco-
motion (O'Connor et al., 2025).

Soft tissue in M. asymmetrica is associated with the
pelvic girdle (Figure 28) and its nature is more difficult to
interpret. Martill et al. (2000, p. 898) described “a conical
structure [...] in the matrix behind the pubis, between the
ventral surface of the sacrum and the distal end of
the pubis”. A thin section made by these authors revealed
that the internal texture of this structure was spongy,
with “small, irregular, calcite-lined vacuities”, whereas
the outer layer was smooth and dense. Martill et al.
(2000) identified this structure tapering towards the pubis
and extending caudodorsally as a lithified portion of the
intestine. They provided a detailed description of
the route of the presumed intestinal tract: it enters cra-
nioventrally inside the opening made by the pubic apron
and the sacrum in a straight line, turns to the right to pass
medially to the right pubic shaft, then turns caudodorsally
to extend medial to the caudal margin of the pubic shaft
and the ventral margin of the proximal portion of the
pubis. It then loops ventromedially to reach the ventral
margins of the ischia, where it apparently continues hori-
zontally between the ischia. Based on its location, internal
structure, and the route it follows, the interpretation of
this structure as an intestinal tract is completely pertinent.
As remarked by Martill et al. (2000), the route they identi-
fied indeed very closely matches that followed by the intes-
tine of the coelurosaur Scipionyx samniticus, the only non-
avian theropod for which the intestinal tube is (exception-
ally) preserved. Based on a comprehensive description of
this organ given by Dal Sasso and Maganuco (2011), the
portion of the intestinal tract ventral to the ilium and
ischium can further be identified as the rectum. Likewise,
the stony protuberance attached to the ventral portion of
the ischium, identified by Martill et al. (2000) as a loop
taken by the intestine, logically corresponds to the wide
loop made by the caudalmost portion of the rectum before
terminating as a straight tract (Dal Sasso &
Maganuco, 2011, figure 150).
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FIGURE 28 Mirischia asymmetrica (SMNK 2349 PAL). Soft
tissue associated with the pelvis in (a) right lateral and (b) cranial
views; with a close-up on (c) a cross section of the rectum situated
between the proximal branches of the left and right pubes in
cranial view; (d) the rectum loop ventral to the right ischium in
right lateral view; and (e) the globular surface texture of the rectum
ventral to the obturator flange, and (f) within the obturator notch
of the ischium in lateroventral views. obtf, obturator foramen; obtp,
obturator plate; rec, rectum; tex, surface texture of the rectum.
Scale bars equal 5 cm (a, b) and 1 cm (¢, d); e and f without scale.

We, however, observe some differences in the posi-
tion and external surface of the rectum of
M. asymmetrica and Sc. samniticus. In the latter, the wide
loop made by the distalmost portion of the rectum is pre-
served caudal to the ischium, whereas the supposed
intestinal loop in M. asymmetrica occurs ventral to the
ischium. Such a difference can, however, be explained by
the “anomalous caudodorsal displacement of the rectum”
noticed by Dal Sasso and Maganuco (2011, p. 151) for Sc.
samniticus. We additionally note that the rectum of
M. asymmetrica ventral to the ischium is not clearly
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delimited, but this might be due to the large dimension
of this organ. The width of the rectum at the level of the
ischium is indeed particularly large in Sc. samniticus,
occupying approximately the proximal half of the bone,
whereas the loop formed by the rectum at the level of the
ischium extends over two-thirds of the proximodistal
length of this pelvic bone. Finally, the external surface
texture of the intestinal loop on the lateral side of the
right pelvic girdle of M. asymmetrica is globular and rem-
iniscent of epidermal scales (Figure 28), whereas the
best-preserved surface of the rectum of Sc. samniticus is
smooth and does not show a similar bumpy appearance.
In M. asymmetrica, the globular texture visible on the
concretion attached to the ventral surface of the ischium
is made of irregularly shaped rounded bumps, changing
gradually in size along its craniocaudal length
(Figure 28). The surface is made of minute (0.45-0.95)
mainly subcircular bumps ventral to the obturator flange
and cranial to the ischial shaft (Figure 28). It conversely
shows larger (0.8-1.9 mm) irregularly shaped rounded
bumps within the obturator notch of the right ischium
(Figure 28). Based on the regular distribution of the
bumps and the gradual change in size along the concre-
tion, the globular texture was initially thought to have
resulted from the imprints of the overlying epidermal
scales from the skin covering this portion of the pelvis.
The bumpy texture is, however, visible on the ventral-
most portion of the loop made by the rectum as well as
its portion extending in a straight line between the pubic
apron and the sacrum, rejecting the hypothesis that they
represent the imprint of epidermal scales. Because Sc.
samniticus corresponds to a hatchling individual whereas
M. asymmetrica died as a much older and larger individ-
ual, although interpreted by Martill et al. (2000) as still
immature, this suggests that the external surface texture
of the rectum varied between theropods or possibly dur-
ing growth.

Consequently, based on the route, position, and
dimension of the rectum of Sc. samniticus, we concur
with Martill et al. (2000) that the structure associated
with the pelvic girdle of M. asymmetrica most probably
corresponds to the fossilized intestinal tube, here identi-
fied as the rectum. We further postulate that the globular
texture visible on different portions of the rectum genu-
inely represents the surface texture of this exceptionally
preserved lithified portion of the intestine.

3.2 | Phylogenetic results

Both equal and implied weight analyses resulted in
broadly similar trees, with the main coelurosaur clades
remaining largely consistent in their inclusivity and
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relations to one another. Main differences between the
analyses include the number of trees found and the
resulting position of some taxa at the base of Coeluro-
sauria (including S. placidus and M. asymmetrica). The
analysis using equal weights resulted in 100.000 trees
(overflow) with a score of 8.403, whereas the analysis
using the implied weight of k = 16 produced only nine
trees with a score of 286.2031. Both analyses placed
S. placidus and M. asymmetrica within Coelurosauria, but
in differing positions. Under equal weights, S. placidus is
placed as an early branching Megaraptora, with that
clade nested within Tyrannosauroidea, whereas
M. asymmetrica is placed in a large polytomic clade of
Ornithomimosauria (Figure 29a). With implied weight,
both were found at the earliest-branching clade of Manir-
aptoromorpha, together with Tanycolagreus topwilsoni
and Juratyrant langhani (Figure 29b). The unstable posi-
tions of S. placidus and M. asymmetrica likely result from
their high amount of missing data (85.1% and 86.3%
respectively) and the influence of homoplasy in the early
radiation of Coelurosauria. Among the other interesting
results of our analyses is the position of Coelurus fragilis
and the enigmatic Gondwanan theropods Deltadromeus
agilis and Gu. shinyae, within the Ornithomimosauria.
Although an in-depth examination of ornithomimosaur
phylogeny is beyond the scope of this study and we do
not expect to definitively settle this issue, the position of
these taxa does deserve further discussion.

4 | DISCUSSION

4.1 | Alpha-taxonomy of S. placidus and
M. asymmetrica

Are S. placidus and M. asymmetrica unique taxa? Is the
latter a junior synonym of the former? The latter question
is relatively easy to evaluate and refute. Starting with
their provenances, Kellner (1999) stated that the concre-
tion preserving the holotype of S. placidus probably came
from around the town of Santana do Cariri, Ceard,
whereas Martill et al. (2000) suggested that the nodule
preserving the holotype of M. asymmetrica came from the
region of Araripina, Pernambuco, but that other source
areas cannot be ruled out. Indeed, as almost all
Romualdo Formation fossils that came to scientific
knowledge were excavated by private fossil collectors of
the Araripe Plateau, their ultimate provenances remain
elusive. Hence, this is not useful to set them apart, but
the two holotypes do bear several anatomical differences.

Among the skeletal parts that overlap between
S. placidus and M. asymmetrica, that is, ischium, femur,
and tibia, the former bone arguably bears more
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differences. Indeed, the iliac peduncle of S. placidus has a
rugose dorsal protuberance for muscle attachment and is
somewhat cranially bent, supporting a more verticalized
iliac articular facet, whereas that of M. asymmetrica has a
smoothly concave dorsal surface, supporting a more dor-
sally facing iliac articulation. The pubic peduncle of
S. placidus is proximodistally narrower and tab-shaped,
whereas that of M. asymmetrica is hatchet-shaped, lead-
ing to a more extensive pubic articulation. Its ventral
extension transitions towards the obturator plate, which
forms the cranial margin of the obturator foramen, fully
enclosing that aperture. Instead, the obturator plate of
S. placidus has a completely different configuration,
forming a subtriangular projection that is equivalent only
to the portion of the plate that, in M. asymmetrica, is
positioned distal to the foramen. Indeed, that aperture
is equivalent, in S. placidus, to a broad, cranioventrally
open obturator notch. Such differences in the obturator
plate were already used by Naish et al. (2004) to reject
the synonymy between the two taxa. Another difference
is that the distal margin of the plate merges smoothly
onto the shaft in S. placidus, but more abruptly in
M. asymmetrica. The femora of the two taxa are very sim-
ilar, with only marginal differences, for example, that of
M. asymmetrica is slightly more robust, has a less
inturned head, a more distally positioned (as is also the
case of the fourth trochanter) and proximodistally ori-
ented lesser trochanter, and a distal end that bears a less
marked “medial epicondylar flange” and a slightly con-
vex (rather than concave) medial margin. As for the tibia,
the cnemial crest seems to be more expanded in
M. asymmetrica, but major differences relative to
S. placidus are concentrated in the caudal portion of the
proximal articulation, that is, the fibular condyle is dis-
tally displaced, has a more rounded contour, and is much
less voluminous relative to the medial condyle. As such,
we consider that there is compelling evidence for the
non-synonymy between the two Romualdo taxa. Of note,
Naish et al. (2004) also differentiated M. asymmetrica
from S. placidus based on the absence of a large groove in
the femur, which likely refers to the capitate ligament
sulcus of the femoral head. Yet, although partially hidden
by sedimentary matrix and the acetabulum, the proximal
portion of that sulcus is exposed in the proximal view of
both M. asymmetrica femora (Figure 12), supporting the
fact that it is as well developed as that of S. placidus.

The important differences displayed by the ischial
obturator plates of M. asymmetrica from S. placidus
deserve some discussion. Among non-averostran neother-
opods (Figure 30), the plate is plesiomorphically placed
proximally, continuous with the pubic peduncle
(Griffin, 2018; Langer et al., 2017; Marsh & Rowe, 2020;
Martill et al., 2016; Martinez & Apaldetti, 2017;
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FIGURE 29
(a) early branching Megaraptora and Ornithomimosauria, respectively; and (b) early branching Maniraptoromorpha. Arrows indicate
branch-based clades and circles indicate node-based clades, based on Table 1. Colored bars indicate the temporal range and geographical
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Phylogenetic hypotheses showing the position of Santanaraptor placidus and Mirischia asymmetrica (green outlines) as

Souza et al., 2021; Gilmore, 1920; Pol & Rauhut, 2012;
Rauhut & Carrano, 2016; Xu et al., 2009). Conversely, the
obturator process of maniraptorans is much more distally

Rauhut, 2003; Spiekman et al., 2021), and sometimes per-
forated by a foramen (Carrano et al., 2005), a condition
typically retained by ceratosaurs (Coria et al., 2006; de
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placed along the ischium (Rauhut, 2003), as seen in theri-
zinosaurs (Liao et al., 2021; Zanno, 2010; Zanno
et al., 2009), oviraptorosaurs (Barsbold et al., 2000;
Funston et al., 2020; Lii et al., 2013), troodontids (Rhodes
et al., 2021; Russell & Dong, 1993), and dromaeosaurs
(Norell & Makovicky, 1997, Novas et al., 2021;
Ostrom, 1969; Rhodes et al., 2021). In these taxa, the pro-
cess is never perforated by a large opening and instead
forms the distal margin of a broad obturator notch, which
is arguably equivalent to the obturator foramen. The
obturator process of maniraptorans would be, therefore,
not equivalent to the whole obturator plate of early thero-
pods, but only to its distal part. In fact, M. asymmetrica
provides evidence for this homology, as its left ischium
has a “notch” equivalent to the foramen on its right side
and a “process” similar to that of maniraptorans and
some other coelurosaurs, including S. placidus. We inter-
pret the left obturator plate of M. asymmetrica as incom-
plete and note that its “hook-shaped” proximal and
“spur-like” distal parts are reminiscent of the condition
seen in some other non-maniraptoran coelurosaurs such
as Ornitholestes hermanni and Huaxiagnathus orientalis
(Hwang et al., 2004; Carpenter, 2005), possibly represent-
ing a stereotyped breakage pattern of the bone. Indeed,
non-maniraptoran tetanurans display some variation in
the position of the ischial obturator plate/process, with
some exhibiting a plate plesiomorphically closer to the
pubic peduncle, whereas others have a distally displaced
process (although normally not as much as that of manir-
aptorans). Among coelurosaurs, S. placidus clearly fits
onto the latter pattern, which also includes most ornitho-
mimosaurs (Kobayashi & Lii, 2003; Macdonald &
Currie, 2019; Makovicky et al., 2004; McFeeters
et al., 2018; Smith & Galton, 1990; Yao et al., 2022) and
tyrannosaurids (Brochu, 2003; Brusatte et al., 2010;
Sereno et al., 2009), as well as taxa typically classified
among Compsognathidae (Currie & Chen, 2001;
Ostrom, 1978; Qiu et al., 2025; Xing et al., 2012). Some
non-coelurosaur tetanurans also have a distally displaced
process (Madsen Jr, 1976; Currie & Zhao, 1993; Sereno
et al., 1994; Brusatte et al., 2008; Malafaia et al., 2020;
Canale et al., 2015, 2022), although these are usually not
“spur-like” as in the above-mentioned coelurosaurs. On
the contrary, some tetanurans (Allain et al, 2012;
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Charig & Milner, 1997; Gao, 1993; Rauhut et al., 2012)
retain the plesiomorphic condition of a proximally placed
plate continuous with the pubic peduncle, at times perfo-
rated by a foramen. This condition approaches that
inferred for M. asymmetrica, suggesting that it is indeed
plesiomorphic relative to that of S. placidus. Finally, the
presence of the plesiomorphic condition in members of
major coelurosaur clades (Ji et al., 2003; Xu et al., 2006)
that otherwise typically share the apomorphic condition,
suggests a considerable degree of homoplasy in the shape
and position of the ischial obturator plate/process in the
early radiation of Coelurosauria.

As for the taxonomic uniqueness of S. placidus and
M. asymmetrica relative to other taxa, they are the only
non-spinosaur theropods named from the upper carbon-
ate concretion levels of the Romualdo Formation, and we
consider that such provenance would be, based on topo-
typical principles, enough to dismiss the possibility that
either of them is synonymous with any other theropod
named from elsewhere in the world (both geographically
and chronologico-stratigraphically). In any case, their
rescoring into the MTWG taxon-character matrix
revealed that both have a unique combination of features
in relation to other theropods of the rather comprehen-
sive sample of that dataset (see Data S1). Hence, for now,
we see no evidence for synonymy of either S. placidus or
M. asymmetrica with other taxa.

4.2 | Taxonomic affinities of S. placidus
and M. asymmetrica

Under equal weighting, our phylogenetic analysis places
S. placidus and M. asymmetrica among distantly related
coelurosaur clades, respectively Megaraptora and
Ornithomimosauria (Figure 29a). Only three characters
pull S. placidus into Megaraptora: (1) neural spines on
distal caudal vertebrae forming low ridges (char. 615);
(2) femur with caudolateral bulge for m. iliofemoralis
externus attachment (char. 849); (3) phalanx IV-2 with
neck longer than distal ginglymus (char. 955). Among
the megaraptors included in our dataset, the first condi-
tion is only shared with Fukuiraptor kitadaniensis and
the latter two only with Australovenator wintonensis. We

FIGURE 30 Ischia of assorted theropods in lateral view (not at the same scale and reversed from right to left if needed). (a) from Raath
(1977); (b) from Martill et al. (2016); (c) from Xu et al. (2009); (d) MPEF-PV 3990; (e) from Gao (1993); (f) from Allain et al. (2012);

(g) NCSM-14345; (h) UC OBA-1; (i) from Madsen (1976); (j) from Rauhut et al. (2012); (k) from Xu et al. (2006); (1) from Brusatte et al.
(2012); (m) B.S.P. A.S. I 563; (n) from Currie and Chen (2001); (o) from Hwang et al. (2004); (p) from Qiu et al. (2025); (q) from Xing et al.
(2012); (r) AMNH FARB 619; (s) SMNK 2349 PAL; (t) SMNK 2349 PAL (personal archive); (u) MN 4802-V; (v) from Smith and Galton
(1990); (w) from Yao et al. (2022); (x) from Rhodes et al. (2021); (y) from Pu et al. (2013); (z) IVPP-V 12344; (aa) from Tsuihiji et al. (2014);
(ab) from Gianechini et al. (2018); Blue line = iliac articulation; red line = pubic articulation; yellow shadowing = obturator plate.
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note that these characters are widespread among Manir-
aptoriformes, as exemplified by Albertosaurus sarcopha-
gus, Saurornithoides mongoliensis, Mei long, and
Sinornithosaurus millenii. Hence, although S. placidus
was placed within Tyrannosauroidea by Delcourt and
Grillo (2018), and even though our results (see also Por-
firi et al., 2018; Rolando et al., 2019, 2022) place Megarap-
tora as the sister-clade of Tyrannosauroidea, we do not
find any compelling evidence for the nesting of
S. placidus within Megaraptora.

As for the nesting of M. asymmetrica within Ornitho-
mimosauria (Figure 29a), this is likewise supported by a
reduced sample of homoplastic characters spread among
theropods in general (e.g., Alioramus altai, Masiaka-
saurus knopfleri, Buitreraptor gonzalezorum), namely:
(1) elongated last trunk vertebrae (char. 550); (2) trunk
postzygapophyses abutting above the neural canal, with
the opposing hyposphenes meeting medially to form a
lamina (char. 566); (3) pubic boot projecting mostly cau-
dally, with little or no cranial process (char. 811). Among
the ornithomimosaurs included in this analysis, the last
condition is only shared with Deinocheirus mirificus, with
which M. asymmetrica also shares an enclosed obturator
foramen (Lee et al., 2014), but the pubic boot is clearly
less cranially expanded in the Brazilian taxon. We also
note that M. asymmetrica lacks a crest in the caudome-
dial surface of the femur for the attachment for
m. adductor femoris 1 (Carrano & Hutchinson, 2002;
char. 860), which is a condition observed in D. agilis and
core ornithomimosaurs such as Str. altus and Gal. bulla-
tus. Indeed, our analysis nested not only D. agilis, but also
Gu. shinyae among ornithomimosaurs, as similarly
obtained by Kellermann and Rauhut (2022).

Our implied weighted (IW) K = 16 analysis produced
significantly different results (Figure 29b). Most impor-
tantly, we found M. asymmetrica and S. placidus nested
into a clade of early diverging maniraptoromorphs, along
with Tanycolagreus topwilsoni from the Morrison Forma-
tion (Carpenter et al., 2005) and Juratyrant langhami
from the Kimmeridge Clay (Brusatte and Benson, 2013).
Juratyrant langhami is the first-branching member of
that clade, whereas S. placidus and T. topwilsoni are sis-
ter-taxa. The clade is supported by five synapomorphies:
craniocaudally long and narrow pubic peduncle of the
ilium (char. 783); lateromedially narrow flange below the
ischial peduncle of the pubis (char. 796); enclosed pubic
obturator foramen (char. 797); small bulge in the proxi-
mocaudal portion of the ischium (char. 821); arcuate and
caudally angular medial condyle of the tibia (char. 883).
This last character deserves some attention. In proximal
view, the caudal margin of the medial condyle of the tibia
is typically rounded among theropods (Figure 31). Its lat-
eral side in S. placidus and M. asymmetrica is, however,
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marked by a subtriangular process that expands caudally
and slightly laterally, forming a sharp caudolateral corner
for the condyle. This process is very distinctive in
S. placidus, but larger and more continuous to the medial
margin of the condyle in M. asymmetrica. As for the other
members of the clade, the medial condyle of J. langhami
bears a caudally expanding process, as seen in few other
theropods (Benson, 2008; Samathi et al., 2021), whereas
that of T. topwilsoni has a somewhat angular caudome-
dial corner, as more commonly seen in the group
(e.g., Azuma & Currie, 2000; Forster et al., 2020;
Hocknull et al., 2009; Novas, 1997; Zanno, 2010). Similar
constructions are also seen in some member of the
ornithomimosaur lineage. In N. thwazi, the process is
akin to that of M. asymmetrica, but slightly larger and
with less defined boundaries. As such, this could be inter-
preted simply as a caudolateral extension of the condyle
(see Brusatte et al.,, 2008; Novas et al.,, 2008; Zanno
et al., 2009), but with a sharp caudolateral corner, as seen
in the Romualdo forms. In D. agilis, the process is almost
identical to that of M. asymmetrica, although the lateral
condyle of its tibia is enlarged as that of S. placidus. The
condition in Gu. shinyae is more disparate. The caudolat-
eral corner of its medial condyle is clearly angular, but
the process itself is not as prominent as in the other taxa.
In unequivocal ornithomimosaurs (Allain et al., 2014;
Buffetaut et al., 2009; McFeeters et al.,, 2016; Xu
et al, 2011), the medial condyle typically exhibits a
rounded, sometimes sub-quadrangular outline, as com-
monly seen in other theropods. Yet, those of Gal. bullatus
(Osmolska et al., 1972) and Sinornithomimus dongi
(Kobayashi & Lii, 2003), as well as that of the holotype of
Coelosaurus antiquus (Sullivan, 1997), expands caudome-
dially to form an acute corner, similar to that of
N. thwagzi. In addition, the medial condyle of Garudimi-
mus brevipes bears a small lateral tuber (Kobayashi &
Barsbold, 2005) resembling the process discussed here.
The investigation of the early radiation of coeluro-
saurs is in a state of flux, with the proposal of different
arrangements for the relation of its major groups and
individual taxa of uncertain affinities (e.g., Brusatte
et al., 2014; Cau, 2024; Novas et al., 2013). This is exem-
plified by the two species dealt with here, which were
already considered to represent compsognathids
(Brusatte et al., 2014; Foth et al., 2025; Naish et al., 2004,
Qiu et al., 2025), tyrannosauroids (Delcourt & Grillo,
2018; Naish & Cau, 2022), and even noasaurid cerato-
saurs (Brownstein, 2021). Our suggestion that, along with
two Laurasian theropods, M. asymmetrica and S. placidus
instead form the earliest branch of Maniraptoromorpha
has implications for our understanding of the radiation of
coelurosaurs as a whole, and other major groups in
which the Brazilian taxa were previously included.
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Mirischia Santanaraptor Tanycolagreus Juratvrant Deltadromens Gualicho
asvimmetrica placidus topwilsoni langhami agilis shinyae
Liliensternus Ceratosaurus Piatnitzkysaurus Torvosaurus Camarillasauris Allosaurus
liliensterni Hasicornis Sloresi tanneri cirlgedae fragilis
(m) (n@ (0) @ () : (q) (r)
Asfaltovenator Fukuiraptor Ngwebasaurus Zuolong Vayuraptor Patagonykus
vialidadi kitadaniensis thwazi salleei nonghualamphuensis pueritai
(S): E | : } m): : rlj: ;l j mj@ (X)@
Falcarius Buitreraptor Rahonavis Garudiminus Gallimimus Oiupalong
utahensis gonzalezorum ostromi brevipes bullatis henanensis

FIGURE 31 Tibiae of various non-avian theropods in proximal view (not to scale and reversed from left to right if needed). (a) SMNK
2349; (b) MN 4802-V; (c) from Carpenter et al. (2005); (d) from Benson (2008); (¢) SGM-Din 2; (f) from Apesteguia et al. (2016); (g) HMN
MB.R. 2175; (h) from Samathi et al. (2021); (i) from Pradelli et al. (2025); (j) BYU 2002; (k) from Samathi et al. (2021); (1) UMNH VP 7928;
(m) MPEF PV 3440; (n) FPDM-V9712220; (0) AM 6040; (p) from Choiniere et al. (2010); (q) from Samathi et al. (2019); (r) from Novas
(1997); (s) from Zanno (2010); (t) MPCA 245; (u) UA 8656; (v) from Kobayashi and Barsbold (2005); (w) from Osmodlska et al. (1972);

(x) from Xu et al. (2011).

Indeed, the exclusion of M. asymmetrica from Compsog-  (Melo et al., 2020) to the early part of that stage (Zhong
nathidae pushes the last record of the group by approxi- et al.,, 2021). More importantly, it restricts their known
mately 10 million years, from the end of the Aptian distribution to Eurasia (Ding et al., 2020), so that the
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current fossil record of Compsognathidae is restricted to
Laurasia. Similarly, excluding S. placidus from Tyranno-
sauroidea weakens the record of the group in Gondwana,
which is now restricted to two isolated bones from the
Aptian-Albian Eumeralla Formation of Australia, includ-
ing a pubis (NMV P186046) and the type femur of Timi-
mus hermani (Benson et al., 2012; Benson, Barrett,
et al.,, 2010a; Benson, Carrano, & Brusatte, 2010b;
Delcourt & Grillo, 2018), plus the records of Megaraptora,
most probably nested within that group (Novas
et al.,, 2013; Lamanna et al., 2020; Naish & Cau, 2022;
Kotevski et al., 2024).

Brownstein (2021) recently suggested the nesting of
S. placidus within Noasauridae, based on its non-
arctometatarsalian condition, where the shafts of meta-
tarsals IT and IV are narrower than that of metatarsal III.
Even though the shaft of metatarsal II is indeed narrower
than that of metatarsal IIT in S. placidus, which is typical
of theropods, it is not as narrow as that of noasaurids
(e.g., Brisson Egli et al., 2016; Carrano et al., 2002; Godoy
et al., 2016; Rauhut & Carrano, 2016; Xu et al., 2009).
Another feature mentioned by Brownstein (2021) is
related to the dorsal surface of the distal end of metatar-
sal III, but this is not well preserved in S. placidus. Like-
wise, Qiu et al. (2025) nested M. asymmetrica within
Sinosauropterygidae, but with no further comments on
the morphological basis for such assignment (Figure 32).

The clade containing J. langhami, M. asymmetrica,
T. topwilsoni, and S. placidus appears to trace back at
least to the Late Jurassic of Laurasia, prior to the opening
of the Apulian route, which allowed faunal exchange
during the Early Cretaceous (Ding et al., 2020). In fact,
several coelurosaur groups occur in both Laurasia and
Gondwana at the time, including Megaraptora, as well as
branches of Ornithomimosauria, Alvarezsauridae, and
Dromaeosauridae (Ding et al., 2020). Our phylogenetic
proposal better matches the available biogeographical
data than those nesting the Romualdo coelurosaurs to
the mostly Laurasian Compsognathidae and Tyranno-
sauroidea. Yet, further research, including more exten-
sive field work, is needed to untangle the early radiation
of coelurosaurs, including the affinity of the Romualdo
forms.

43 | A Gondwanan ornithomimosaur
radiation and the origin of the clade

Despite its historical relevance, the affinities of Coelu. fra-
gilis have been admittedly hard to define on the cladistic
paradigm (Cau et al., 2015; Hendrickx et al., 2015;
Rauhut, 2003; Senter, 2007; Smith et al, 2007
Zanno, 2010). We do not expect to settle this issue here,
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but briefly present the synapomorphies it shares with
Ornithomimosauria in our analyses: centra of caudal
trunk vertebrae much longer than high (char. 550); neu-
ral spines of mid-caudal vertebrae subrectangular and
sheet-like (char. 610); neural spines of distal caudal verte-
brae forming a low ridge (char. 615); internal tuberosity
of the humerus triangular in cranial view (char. 663); a
deep medial fossa on the proximal portion of the fibula
(char 907). In addition, the shape of the pubic boot of
Coelu. fragilis is reminiscent of that seen in some
ornithomimosaurs (Ji et al., 2003). The recovery of
Coelu. fragilis, as the earliest member of Ornithomimo-
sauria would suggest a North American, Late Jurassic
origin for the clade.

The presence of Ornithomimosaurs in Gondwana has
been suggested on several occasions, with Afromimus
tenerensis, D. agilis, Elaphrosaurus bambergi, N. thwazi,
and T. hermani all, at one point, considered members of
the clade (e.g., Galton, 1982; Rauhut, 2003; Rich &
Vickers-Rich, 1994; Sereno, 2017). However, the recogni-
tion of Noasauridae, a Gondwanan clade of ceratosaurs
with some features common to most ornithomimosaurs,
such as overall gracile limb proportions, elongated cervi-
cal vertebrae (e.g., Nopsca 1928) and edentulousness
(de Souza et al., 2021; Pierossi et al., 2025; Wang
et al., 2017), has led to most of these taxa being reclassi-
fied over the decades. Among those, only N. thwazi
remains somewhat consistently recovered within Ornitho-
mimosauria in recent analyses (Choiniere et al., 2012;
Isasmendi et al.,, 2024; Lee et al., 2014; Serrano-Brafias
et al., 2020; Sues & Averianov, 2016). Although T. hermani
remained within Coelurosauria, either with tyrannosaur-
oid affinities (Benson et al., 2012; Delcourt & Grillo, 2018)
or as a potential Dromaeosauridae (Agnolin et al., 2010),
E. bambergi, Af. tenerensis, and D. agilis are now usually
nested within ceratosaurs (e.g., Carrano & Sampson, 2008;
Cerroni et al., 2019; Hendrickx et al.,, 2024; Rauhut &
Carrano, 2016). Gualicho shinyae was first recovered, in
close phylogenetic proximity to megaraptors, either as a
carcharodontosaur, or close to coelurosaurs, depending on
the position of Megaraptora (Apesteguia et al., 2016).
Using a previous iteration of the MTWG dataset, both
D. agilis and Gu. shinyae were recovered as early-
branching ornithomimosaurs in an unpublished Master's
Thesis (Kellermann, 2021), a result replicated in our ana-
lyses here. A detailed discussion of the position of these
two taxa is once again beyond the scope of this article, but
in brief they share the following ornithomimosaur synapo-
morphies (the first of which is only recorded in Gu. shi-
nyae): centra of caudal trunk vertebrae much longer than
high (char. 550); neural spines of mid-caudal vertebrae
subrectangular and sheet-like (char. 610); neural spines of
distal caudal vertebrae forming a low ridge (char. 615);
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FIGURE 32 Hypothetical reconstruction of Mirischia asymmetrica (left) and Santanaraptor placidus (right) disputing a lizard in what is
now northeastern Brazil ~112 million years ago (Early Cretaceous, Aptian). Illustration by Guilherme Gehr.

internal tuberosity of the humerus triangular in cranial
view (char. 663); a deep medial fossa on the proximal end
of the fibula (char 907). They also share the following syn-
apomorphies with all ornithomimosaurs other than Coelu.
fragilis and N. thwagzi (the last of which is only recorded in

Gu. shinyae): humerus straight in lateral view (char. 659);
distal humeral condyles mainly distally developed (char
676); deltopectoral crest about one quarter the length of
the humerus or less (char 668); pubic boot projecting both
cranially and caudally (char 811).
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5 | CONCLUSIONS

The comprehensive reassessment of S. placidus
(MN 4802-V) and M. asymmetrica (SMNK 2349) pre-
sented here offers new insights into the anatomy, taxon-
omy, and phylogenetic affinities of these two coelurosaur
theropods from the Early Cretaceous (Aptian) Romualdo
Formation of Brazil. Despite the minor overlapping of
skeletal elements, both specimens exhibit consistent ana-
tomical differences that support their recognition as dis-
tinct species. These differences are particularly evident in
the configuration of the ischial obturator plate and the
structure of the proximal tibial condyles.

Some of our phylogenetic results place S. placidus and
M. asymmetrica together with J. langhami and
T. topwilsoni, from the Late Jurassic of Laurasia, in a
clade of early branching maniraptoromorphs. This is the
first time that these Brazilian taxa are found closely
related within a lesser-inclusive clade, corroborating pre-
vious assumptions of close biogeographic relations
between Laurasian and Gondwanan landmasses by the
Early Cretaceous. Further biogeographic patterns are,
however, harder to define, especially having in mind the
still patchy record of Jurassic theropods in areas such as
Africa, Australia, India, Antarctica, and South America.
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