
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ujvp20

Journal of Vertebrate Paleontology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ujvp20

A new titanosaurian (Dinosauria: Sauropoda)
from the Upper Cretaceous (Campanian) Quseir
Formation of the Kharga Oasis, Egypt

Eric Gorscak, Matthew C. Lamanna, Daniela Schwarz, Verónica díez Díaz,
Belal S. Salem, Hesham M. Sallam & Marc Filip Wiechmann

To cite this article: Eric Gorscak, Matthew C. Lamanna, Daniela Schwarz, Verónica díez Díaz,
Belal S. Salem, Hesham M. Sallam & Marc Filip Wiechmann (2023): A new titanosaurian
(Dinosauria: Sauropoda) from the Upper Cretaceous (Campanian) Quseir Formation of the
Kharga Oasis, Egypt, Journal of Vertebrate Paleontology, DOI: 10.1080/02724634.2023.2199810

To link to this article:  https://doi.org/10.1080/02724634.2023.2199810

© 2023. Eric Gorscak, Matthew C. Lamanna,
Daniela Schwarz, Verónica Díez Díaz, Belal
S. Salem, Hesham M. Sallam, Marc Filip
Wiechmann.

View supplementary material 

Published online: 20 Jul 2023. Submit your article to this journal 

Article views: 2503 View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ujvp20
https://www.tandfonline.com/loi/ujvp20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/02724634.2023.2199810
https://doi.org/10.1080/02724634.2023.2199810
https://www.tandfonline.com/doi/suppl/10.1080/02724634.2023.2199810
https://www.tandfonline.com/doi/suppl/10.1080/02724634.2023.2199810
https://www.tandfonline.com/action/authorSubmission?journalCode=ujvp20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ujvp20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/02724634.2023.2199810
https://www.tandfonline.com/doi/mlt/10.1080/02724634.2023.2199810
http://crossmark.crossref.org/dialog/?doi=10.1080/02724634.2023.2199810&domain=pdf&date_stamp=2023-07-20
http://crossmark.crossref.org/dialog/?doi=10.1080/02724634.2023.2199810&domain=pdf&date_stamp=2023-07-20


ARTICLE
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ABSTRACT—Dinosaur fossils from the latest Cretaceous (Campanian–Maastrichtian) ofAfrica and theArabian Peninsula are
rare.Most discoveries to date have consisted of limited fossils that have precluded detailed phylogenetic and paleobiogeographic
interpretations. Fortunately, recent discoveries such as the informative Egyptian titanosaurian sauropod dinosaur
Mansourasaurus shahinae are beginning to address these long-standing issues. Here we describe an associated partial
postcranial skeleton of a new titanosaurian taxon from the Upper Cretaceous (Campanian) Quseir Formation of the Kharga
Oasis, Western Desert of Egypt. Consisting of five dorsal vertebrae and 12 appendicular elements, Igai semkhu gen. et sp. nov.
constitutes one of the most informative dinosaurs yet recovered from the latest Cretaceous of Afro-Arabia. The relatively
gracile limb bones and differences in the coracoid and metatarsal I preclude referral of the new specimen to Mansourasaurus.
Both model-based Bayesian tip-dating and parsimony-based phylogenetic analyses support the affinities of Igai semkhu with
other Late Cretaceous Afro-Eurasian titanosaurs (e.g., Mansourasaurus, Lirainosaurus astibiae, Opisthocoelicaudia
skarzynskii), a conclusion supported by posterior dorsal vertebrae that lack a postzygodiapophyseal lamina, for example. Igai
semkhu strengthens the hypothesis that northern Africa and Eurasia shared closely related terrestrial tetrapod faunas at the
end of the Cretaceous and further differentiates this fauna from penecontemporaneous assemblages elsewhere in Africa, such
as the Galula Formation in Tanzania, that exhibit more traditional Gondwanan assemblages. At present, the specific
paleobiogeographic signal appears to vary between different dinosaur groups, suggesting that Afro-Arabian Cretaceous biotas
may have experienced evolutionary and paleobiogeographic histories that were more complex than previously appreciated.
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INTRODUCTION

Paleontological discoveries over the past three decades have
substantially improved the fossil record of latest Cretaceous
(Campanian–Maastrichtian) non-avian dinosaurs and other ter-
restrial vertebrates from landmasses that formerly comprised
the Gondwanan supercontinent. Phylogenetically and paleobio-
geographically informative Campanian and/or Maastrichtian
dinosaur finds have come from South America (Bonaparte,
1986, 1996; Leanza et al., 2004; Novas, 2009; Novas et al., 2013;
de Jesus Faria et al., 2015; Ezcurra and Novas, 2016; Rozadilla
et al., 2021), Madagascar (Krause et al., 1999, 2006, 2019),
Indo-Pakistan (e.g., Jain and Bandyopadhyay, 1997; Wilson
et al., 2003, 2005; Novas et al., 2010; Khosla and Bajpai, 2021),
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and even Antarctica (Reguero et al., 2013, 2022; Lamanna et al.,
2019). Nevertheless, the latest Cretaceous dinosaur records of
two major Gondwanan land areas—Australasia and mainland
Africa (i.e., Africa to the exclusion of Madagascar)—remain
woefully incomplete, hindering meaningful insights into the evol-
utionary and paleobiogeographic relationships of their respect-
ive dinosaur faunas during this time (Krause et al., 1999, 2006,
2019; Wilson et al., 2001; Ali and Krause, 2011; Lamanna, 2013;
Sallam et al., 2018). In particular, and although this situation is
beginning to change (e.g., Sertich et al., 2005, 2006, 2013; El-
Dawoudi et al., 2017; Sallam et al., 2018; Abu El-Kheir et al.,
2019; Salem et al., 2020), the Campanian–Maastrichtian dinosaur
record of mainland Africa is exceptionally poor, with most dis-
coveries consisting of isolated skeletal elements of often
limited morphological and phylogenetic utility (e.g., Gemmel-
laro, 1921; Stromer and Weiler, 1930; Rauhut and Werner,
1995, 1997; Martill et al., 1996; Rauhut, 1999; Schulp et al.,
2000, 2008; Buffetaut et al., 2005, 2015; Smith and Lamanna,
2006; Mateus et al., 2012; Kear et al., 2013; Sallam et al., 2016;
Owusu Agyemang et al., 2019; Abu El-Kheir et al., 2019;
Salem et al., 2021).
At present, the most complete—and critically, diagnostic—

dinosaur fossil that is unquestionably from the latest Cretac-
eous of mainland Africa is the holotypic partial skeleton of
the titanosaurian sauropod Mansourasaurus shahinae from
the Campanian Quseir Formation of the Dakhla Oasis,
Western Desert of Egypt (Sallam et al., 2018). Although the
specimen includes craniomandibular, postcranial axial, appen-
dicular, and possible dermal elements, and therefore preserves
a broad representation of the skeleton, many bones are incom-
plete and/or significantly deformed, hindering their full ana-
tomical interpretation and potential. A partial hind limb of a
titanosauriform sauropod has also been reported from Maas-
trichtian phosphatic deposits in the Ouled Abdoun Basin of
Morocco (Pereda Suberbiola et al., 2004; Lamanna and Hase-
gawa, 2014), and additional associated titanosauriform material
from these beds was briefly mentioned by Longrich et al.
(2017, 2021), who also described the abelisaurid theropod Che-
nanisaurus barbaricus (Longrich et al., 2017) and the hadro-
saurid ornithopod Ajnabia odysseus (Longrich et al., 2021)
based on isolated dentigerous elements. Other informative
latest Cretaceous dinosaur fossils have been recovered from
Kenya and Jordan, but most of these specimens await formal
description and analysis (Sertich et al., 2005, 2006, 2013;
Wilson et al., 2006; D’Emic and Wilson, 2012; O’Connell
et al., 2012; Gorscak, 2016; Gorscak et al., 2019). Moreover,
two partial titanosaurian skeletons (Rukwatitan bisepultus and
Shingopana songwensis) and multiple isolated dinosaur bones
have been described from the Upper Cretaceous Namba
Member of the Galula Formation of southwestern Tanzania
(O’Connor et al., 2006; Roberts et al., 2010; Gorscak et al.,
2014, 2017). Although the Namba Member may potentially
date to the Campanian, the possibility remains that this unit
is somewhat older, perhaps Cenomanian–Santonian in age
based on an alternative interpretation of the paleomagnetic
data derived from this unit (Widlansky et al., 2018; Gorscak
and O’Connor, 2019; Orr et al., 2021).
Although most of the abovementioned fossils were discovered

during the past two decades, in 1977, a field team from the Tech-
nische Universität Berlin (TUB) recovered a variety of fossil ver-
tebrate remains from the Western Desert of Egypt (Barthel and
Böttcher, 1978; Barthel and Herrmann-Degen, 1981). Among
the most significant of these was a closely associated partial post-
cranial skeleton of a medium-sized titanosaurian sauropod col-
lected from the Campanian Quseir Formation of the Kharga
Oasis (Fig. 1). The specimen was briefly reported in abstracts
by Brinkmann and Buffetaut (1990) and Wiechmann (1999a)
and was the focus of a degree thesis by one of the current

authors (M.F.W.; Wiechmann, 1999b), but it has never been for-
mally described or analyzed within a broader phylogenetic and
paleobiogeographic context. Although the skeleton is fragmen-
tary, and many elements are incomplete and/or taphonomically
distorted, it is currently the second-most complete and informa-
tive (after the Mansourasaurus holotype) Campanian–Maas-
trichtian dinosaur specimen from mainland Africa. Owing to
the rarity of latest Cretaceous terrestrial tetrapod fossils from
the continent, plus exhibiting several uncommon morphologies,
we provide a detailed description and phylogenetic assessment
of the skeleton herein, following from the brief reports presented
by Lamanna et al. (2017), Díez Díaz et al. (2017), and Gorscak
et al. (2020). Another titanosaurian partial skeleton that was
recently discovered from the Quseir Formation of the Kharga
Oasis (El-Dawoudi et al., 2017; Salem et al., 2020) will be
described elsewhere.

Institutional Abbreviations—FMNH, Field Museum of
Natural History, Chicago, U.S.A.; FUB, Freie Universität
Berlin, Berlin, Germany;MAL, Malawi Department of Antiqui-
ties, Lilongwe and Blantyre, Malawi;MCNA, Museo de Ciencias
Naturales de Álava/Arabako Natur Zientzien Museoa, Vitoria-
Gasteiz, Spain; MDE, Musée des Dinosaures, Esperaza,
France; MfN, Museum für Naturkunde, Berlin, Germany;
MPCA, Museo Provincial Carlos Ameghino, Cipolletti, Argen-
tina; MRS, Museo Argentino Urquiza, Rincón de los Sauces,
Argentina; MUVP, Mansoura University Vertebrate Paleontol-
ogy Center, Mansoura, Egypt; SFB, Sonderforschungsbereiches
(= Collaborative Research Center) of the Technische Universität
Berlin; TMM, Texas Memorial Museum, Austin, Texas, U.S.A.;
TUB, Technische Universität Berlin, Berlin, Germany; USNM,
United States National Museum (now National Museum of
Natural History), Washington, U.S.A.; Vb; vertebrate fossil col-
lections of the Sonderforschungsbereiches 69 of the Technische
Universität Berlin, Germany.

HISTORICAL CONTEXT

The titanosaurian specimen described herein has a compli-
cated history. It was discovered and collected in early Novem-
ber 1977 by K. Werner Barthel and Ronald Böttcher of the
TUB, who recovered it over the course of three days (Wiech-
mann, 1999b). Barthel and Böttcher were conducting research
under the auspices of the TUB Sonderforschungsbereiches
(SFB, = Collaborative Research Center) 69, “Geoscientific Pro-
blems in Arid and Semiarid Regions.” The skeleton was sent
to the TUB in 27 plaster jackets, where it was kept in the
SFB 69 collection for nearly two decades. According to
Wiechmann (1999b), translated from German by one of the
present authors (D.S.), “Barthel’s field records prove that
the titanosaur partial skeleton was in a much better state of
preservation before salvage in 1977. The first damage
occurred during the salvage campaign due to the use of insuf-
ficient preservatives. Further damage was caused before and
during preparation in the SFB… and due to insufficient
storage facilities.”

The Kharga Oasis titanosaur skeleton was first mentioned in
the scientific literature as the subject of an abstract by Brink-
mann and Buffetaut (1990), and again in another abstract by
one of the present authors (M.F.W.; Wiechmann, 1999a). At
approximately the time of the latter publication, the specimen,
then including the currently missing left tibia, was transferred
to the former Institut für Paläontologie (today the Institut für
Geowissenschaften, Sektion Paläontologie) of the Freie Univer-
sität Berlin, and was studied by M.F.W. as the focus of his Diplo-
marbeit (= Diploma thesis) (Wiechmann, 1999b). Other fossils
collected by the SFB 69 from the Egyptian Western Desert
were also part of this transfer including TUB Vb-646, the titano-
sauriform sauropod femur from the Maastrichtian of the Dakhla
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Oasis described by Rauhut and Werner (1997). The Kharga skel-
eton was examined by one of us (M.C.L.) at the FUB in 2000 at
the invitation of M.F.W. but was not made the subject of a formal
publication at that time.
Roughly eight years later, the Institut für Geowissenschaf-

ten, Sektion Paläontologie of the FUB elected to abandon its
vertebrate paleontological research program and to transfer
its vertebrate fossil collection to the MfN. On September 11,
2008, the Kharga Oasis titanosaur skeleton and many other
Cretaceous fossils from Egypt and Sudan were relocated to
the MfN. In 2017, the present authors formed a collaborative
project to study the skeleton, publishing two associated
abstracts during that year (Díez Díaz et al., 2017; Lamanna
et al., 2017). Finally, in September 2019, several of us (E.G.,
M.C.L., and D.S.) convened at the MfN to complete work on
the specimen. Nearly all bones described by Wiechmann
(1999b) were accounted for, and most were unchanged from
their condition as depicted in his Diplomarbeit, although a
few suffered damage that has since been largely restored
and/or ameliorated by the existence of three-dimensional
photogrammetric models made by one of us (V.D.D.) prior
to damage. Unfortunately, however, the left tibia (Vb-634) is
currently missing, and it appears to have never been trans-
ferred to the MfN; this is also the case for the isolated
Dakhla Oasis femur TUB Vb-646. The current whereabouts
of these two bones are unknown. However, documentation

(i.e., images, description, measurements) of the left tibia
based on Wiechmann’s (1999b) thesis and M.C.L.’s previous
examination of this bone is presented in the current study.

SYSTEMATIC PALEONTOLOGY

DINOSAURIA Owen, 1842
SAUROPODA Marsh, 1878

TITANOSAURIA Bonaparte and Coria, 1993
LITHOSTROTIA Upchurch et al., 2004

IGAI SEMKHU gen. et sp. nov.
(Figs. 2–16; Tables 1–2)

Holotype—Vb-621–640, a closely associated partial postcranial
skeleton consisting of five fragmentary dorsal vertebrae, partial
left coracoid, partial left ulna, three left metacarpals (I, IV, and
V), the proximal part of the left pubis, both tibiae (a partial right
and the complete and well-documented but currently missing left,
Vb-634), the left fibula, and three metatarsals (left I, left and right
II). Numerous additional fragments of the specimen were appar-
ently discovered (Fig. 1C) but were not described by previous
authors (Brinkmann and Buffetaut, 1990; Wiechmann, 1999a,
1999b) and cannot be accounted for at present.

Locality and Horizon—East of Maks El-Bahari, southeast
of the town of Baris, roughly 500 m east of the Darb Al

FIGURE 1. Location of discovery and quarry map of Igai semkhu (Vb-621–640). A, map of Egypt showing the location of the town of Baris in the
Kharga Oasis region, denoted by orange star (modified from Sallam et al., 2018:fig. 1a); B, satellite image from Google Earth Pro of the research area
south of Baris with approximate quarry location indicated by orange star;C, quarry map showing disposition of skeletal elements in situ with currently
missing and/or obliterated elements in gray, modified from Wiechmann (1999b:17); and D, skeletal silhouette (reversed and modified from Sallam
et al., 2018:fig. 1c) with elements described in the current study shown in orange. Abbreviations: cor, coracoid; dv, dorsal vertebra; fib, fibula; mtc
I, metacarpal I; mtc IV, metacarpal IV; mtc V, metacarpal V; mtt I, metatarsal I; mtt II, metatarsal II; pub, pubis; tib, tibia; ul, ulna.
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Arbaein, Kharga Oasis, Western Desert of Egypt (approxi-
mately 24°35′36′′N, 30°35′57′′E based on Wiechmann 1999b;
Fig. 1A, B). Upper Cretaceous (Campanian) Quseir For-
mation. See Churcher (1995), Mahmoud (1998, 2003), El
Atfy et al. (2016), Sallam et al. (2016), Fathy et al. (2021),
and Zaghloul (2021) for discussions of the geology and age
of the Quseir Formation. For additional locality and strati-
graphic context, see Figures S1–3 in the Supplementary Files.
Etymology—“Igai” is the name of the enigmatic “lord of the

oasis” deity that was venerated by inhabitants of the Dakhla
and Kharga oases (and surrounding regions) in Egypt from
roughly the Old Kingdom to the Late Period. The species
epithet “semkhu” is the perfect passive singular participle, “the
forgotten,” of “semekh,” the ancient Egyptian verb “to forget.”
Collectively, “the forgotten lord of the oasis” alludes to both
the relatively recent emergence of latest Cretaceous non-
marine vertebrate fossils from continental Africa (particularly
Egypt) and the lengthy and complicated history of the holotypic
specimen (see above).
Diagnosis—Characters supporting Igai semkhu as a titano-

saurian sauropod dinosaur: dorsal vertebrae lacking hypo-
sphene-hypantrum articulations; and ulna with prominent
olecranon process. Autapomorphic characters of Igai semkhu:
metacarpal V with proximomedial and distomedial tubercles;
reduced cnemial crest of the tibia (does not exceed anterior
margin of distal end of the tibia); and distal groove along
dorsal margins of metatarsals I and II.

DESCRIPTION AND COMPARISONS

Terminology—We employ the terminology for saurischian
dinosaur vertebral laminae presented by Wilson (1999, 2012),
and the terminology for vertebral fossae developed by Wilson
et al. (2011a). Furthermore, we describe the coracoid of Igai
(Vb-627) with its anteroposterior axis aligned with the long
axis of the (missing) scapula such that the coracoid foramen
and scapular articulation are posteriorly located.
Computed Tomography and Digital Models—The computed

tomographic (CT) scans were acquired at the Leibniz Institute
for Zoo- and Wildlife Research Berlin (IZW) in 2021, using a
high-resolution 64 row multislice CT scanner (Aquilion CX;
Toshiba, Otawara, Japan). For each specimen, a separate 134
spiral scan with a 0.5 mm interval was made and saved as a
DICOM stack. CT images were taken with a setting of 135 kV
and 250 mA. Data reconstruction (bone algorithm) was done
with a Vitrea Workstation (Vitrea 2, Version 4.1.2.0, Vital
Images, Inc., Minnetonka, Minnesota, U.S.A.) and an OsiriX
Workstation (OsiriX Version 3.9.4, 64 Bit). Additionally, fossils
were digitized via structure-from-motion photogrammetry, fol-
lowing the protocols of Mallison and Wings (2014). A digital
SLR camera (Canon EOS 70D with Canon 10–18 mm f4.5–5.6
lens) was used with an LED ring light. Images were processed
in Agisoft PhotoScan Professional Version 1.4.3 in order to
obtain three-dimensional models of each bone. High-quality
polygon mesh files were created for curatorial and museological
purposes, but also lower resolution color-free STL files (50,000
polygons) were created to facilitate visualization. All created
files were saved following the best practice guidelines proposed
by Davies et al. (2017), which are also accessible under
request. Scanning data, digital models, and supporting phyloge-
netic files are available on the Morphobank Project page for
Igai (http://morphobank.org/permalink/?P4387).
Preservation—Although Igai includes a variety of axial and

appendicular bones, and therefore preserves a wide represen-
tation of the postcranial skeleton, most of these elements are
incomplete and/or taphonomically distorted. This is especially
true for the five dorsal vertebrae, all of which are at least slightly
deformed and only four of which preserve parts of both the

centrum and neural arch. For example, Vb-622 and Vb-623 are
severely anteroposteriorly compressed and sheared toward the
left dorsolateral direction, whereas Vb-624 is missing nearly its
entire left side. Several of the more proximal appendicular
elements (the coracoid, ulna, pubis, and right tibia) are also
lacking significant portions, and most of the metapodials have
been compressed primarily along their respective dorsopalmar
or dorsoplantar axes. The ends of several limb bones are pre-
served essentially as loosely compacted sediment and are thus
extremely prone to damage (especially crumbling) in the
absence of delicate care. Regions of several bones (e.g., the ven-
trolateral area of the coracoid, the anterior surface of the distal
end of the ulna, and roughly the medial half of the proximal
right tibia) have been completely cleaved away and as such
these surfaces consist of flat, featureless areas of exposed internal
bone.

The quarry map of the Igai excavation that is based on a field
sketch by K. Werner Barthel of the TUB, redrawn by Brinkmann
and Buffetaut (1990) and Wiechmann (1999b), indicates that,
upon discovery, many skeletal elements remained in approxi-
mate life position (Fig. 1C). The five dorsal vertebrae, all of
which appear to represent the posterior half of the series, were
found clustered adjacent to the pelvic and hind limb bones; of
the latter, the left tibia was found above the left fibula. The pec-
toral and most forelimb elements (i.e., coracoid, ulna, metacar-
pals I and V) were found approximately 1 meter north of the
pelvic and hind limb bones apart from the metacarpal IV
located closer to posterior elements such as the metatarsals
(Fig. 1C). Most of the skeleton pertains the left side of the indi-
vidual, although there are a few elements from the right side as
well. According to Wiechmann (1999b), Barthel’s field notes
indicate that the skeleton was substantially more complete and
better preserved prior to its attempted recovery, and indeed,
this is borne out by his field sketch, which suggests the presence
of more than 30 other elements that cannot currently be
accounted for (see the gray shapes in Fig. 1C). Presumably, the
delicate nature of these elements (judging from the fragility of
currently preserved material of Igai) led to their destruction at
some point between their initial discovery and the completion
of Wiechmann’s (1999b) thesis (i.e., they may have been uninten-
tionally destroyed or lost in the field, in transit to Berlin, during
scientific preparation, during transport between institutions, and/
or even during study).

Ontogenetic Stage and Body Size—The neural arches of all
preserved dorsal vertebrae are fused to their respective centra;
as such, the holotypic specimen of Igai was probably somatically
mature, or nearly so, at the time of death. This, however, is not
totally certain, as the presence of a possible articular surface
for the scapula on the left coracoid suggests that these two
bones may not have been fully co-ossified at time of death.
Absent other vertebrae from different regions of the axial skel-
eton and a complete scapulocoracoid to compare, the assessment
of the ontogenetic stage remains incomplete, as sauropodo-
morphs tend to exhibit differing orders of skeletal element
fusion through ontogeny (Griffin et al., 2021). Comparisons of
the dimensions of known limb elements of Igai (i.e., the ulna,
tibiae, and fibula; Table 2) to more complete titanosaurs
suggest that the individual was relatively medium-sized for the
clade, perhaps 10–15 m in estimated total body length (e.g.,
approximately in the range of Diamantinasaurus matildae,
Epachthosaurus sciuttoi, and Opisthocoelicaudia skarzynskii).
Therefore, the specimen of Igai was probably at least slightly
larger than the holotype specimen of Mansourasaurus shahinae,
the other named titanosaur species from the Quseir Formation
and nearby the Dakhla Oasis, the total body length of which is
estimated at 8–10 m (Sallam et al., 2018).

Interestingly, and perhaps not coincidentally, all known titano-
saurians from Campanian–Maastrichtian deposits in northern
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Africa (i.e., Igai,Mansourasaurus, and an unidentified form from
Morocco) and the then-conjoined Arabian Peninsula (an
unnamed taxon from Jordan; D’Emic and Wilson, 2012; O’Con-
nell et al., 2012) were small to medium-sized for sauropod dino-
saurs. The same is true for most Campanian–Maastrichtian
titanosaurs from southern Europe, such as Ampelosaurus atacis
(Le Loeuff, 2005), Atsinganosaurus velauciensis (Díez Díaz
et al., 2018), Garrigatitan meridionalis (Díez Díaz et al., 2021),
Lirainosaurus astibiae (Sanz et al., 1999), Lohuecotitan pandafi-
landi (Díez Díaz et al., 2016), Magyarosaurus dacus (Jianu and
Weishampel, 1999), and Paludititan nalatzensis (Csiki et al.,
2010), except for the recently described, large-bodied Iberian
titanosaur Abditosaurus kuehnei (Vila et al., 2022). By contrast,
some Campanian–Maastrichtian titanosaurians from the Ameri-
cas (e.g., Alamosaurus sanjuanensis, Dreadnoughtus schrani,
Puertasaurus reuili) reached much greater body dimensions,
and similarly large-bodied taxa occurred at more southerly lati-
tudes in Africa during a roughly equivalent geologic period
such as reported yet-undescribed giant titanosaur bones from
the ?Maastrichtian Lapur Sandstone of northwestern Kenya
(Gorscak et al., 2019).

Postcranial Axial Skeleton

Dorsal Vertebrae—The Igai holotype includes five partial
dorsal vertebrae (Vb-621–625; Figs. 2–7). Of these, Vb-623 is a
largely complete posterior dorsal vertebra, Vb-624 and Vb-622
are partial posterior dorsal vertebrae, Vb-621 is a portion of a
middle–posterior dorsal centrum, and Vb-625 is a middle–pos-
terior dorsal vertebral fragment that includes parts of the
centrum and neural arch. Vertebrae Vb-623, Vb-624, and to a
lesser extent Vb-622 are substantially more complete and anato-
mically informative than the others, and as such, much of our
description of the dorsal vertebrae of Igai focuses on these
three elements. All preserved centra are opisthocoelous, have
large, deep, elliptical pleurocoels (i.e., lateral pneumatic
fossae), and, as demonstrated by CT images acquired during
study and exposed breaks, are internally comprised of camellate
(i.e., spongy, somphospondylous) bone tissue (see below for
detailed description of pneumaticity). There is no evidence for
a hypantrum-hyposphene articulation complex in any of the
dorsal vertebrae with neural arches as preserved, a feature that
is absent in most titanosaurian sauropods (Wilson, 2002;
Powell, 2003; D’Emic, 2012). As noted above, all five vertebrae
have been taphonomically deformed to varying degrees, so we
opted to describe the elements based on preservation, from
least to most complete and informative, rather than a traditional
order of anatomical position due to the degree of ambiguity due
to preservation.
Dorsal vertebrae Vb-621 (Fig. 2) and Vb-625 (Fig. 3) consist

of incomplete centra, with the latter also preserving a small
part of the neural arch. The spool-shaped centrum of Vb-621
preserves only the left lateral surface and is relatively elongate
compared with those of the other dorsal vertebrae (Table 1),
suggesting that this vertebra was placed nearer the middle
section of the dorsal vertebral column. The ventral surface
appears only slightly transversely constricted, but this may be
an artifact of taphonomic compression. What remains of the
pleurocoel suggests that it was relatively large, extending
almost the entire length of the centrum (Fig. 2A). Dorsal ver-
tebra Vb-625 is significantly distorted, being compressed at an
oblique angle between the anteroposterior and mediolateral
axes (Fig. 3A). The posterior cotyle and a small portion of
the anterior condyle are preserved. Both pleurocoels are
present; the left is significantly smaller and penetrates deeper
into the centrum (Fig. 3A), whereas the right pleurocoel is
larger and shallower, hinting at potential asymmetry in the
expression of pneumatic features as previously noted in other

sauropod fossils (e.g., Wedel et al., 2000; Wedel, 2003). The
remnants of the neural canal floor are present near the pre-
served fragment of the neural arch (Fig. 3A). This part of
the neural arch may include lamina(e) that connect with the
prezygapophysis, but it is too distorted to enable confident
interpretation.

Dorsal vertebra Vb-622 is incomplete and deformed, preser-
ving only the centrum and the ventral region of the neural
arch, the latter of which is more complete anteriorly and on
the left side (Fig. 4). The deformation is asymmetric, exhibiting
oblique shearing and compression relative to the anteroposterior
axis. Both the anterior condyle and the posterior cotyle of the
centrum are worn but appear to have been wider than tall (Fig.
4A, D). The ventral surface of the centrum is smooth, with no
indication of ridges or foramina, whereas the other surfaces are
abraded, exposing camellate (somphospondylous) internal
tissue. The pleurocoels (i.e., lateral fossae) are deep and ellipti-
cal. The dorsal surface of the left pleurocoel exhibits ridges,
although these are less pronounced than those in vertebra Vb-
624 (see below). The neural canal is indistinguishable from the
rest of the element, and only a handful of laminae are evident
on the neural arch. A notably developed X-lamina complex
(see further description below) is present anteriorly, bordered
ventrally by the neural canal and laterally by the right and left
centroprezygapophyseal fossae; the latter is in turn bordered
by the left centroprezygapophyseal lamina, but the right counter-
part of this lamina is not preserved (Fig. 4A). The left transverse
process is incomplete, but the preserved part suggests that it may
have been dorsolaterally angled.

Of the three relatively complete Igai dorsal vertebrae (Vb-
622–624), Vb-623 is tentatively interpreted as the most anterior,
situated roughly towards the middle–posterior region of the
series (Fig. 5). Previous work (Wiechmann, 1999b) interpreted
the presence of the partial left parapophysis near the junction
of the centrum and neural arch, but our observations suggest
that this structure is in fact an artifact of deformation and
erosion of bone in this area. Instead, we interpret that the para-
pophysis is positioned further dorsally on the neural arch, closer
to the diapophysis, as would be expected in a middle-posterior
dorsal vertebra. Immediately anteroventral to the right diapo-
physis is an erosional surface that exposes internal camellate
structures (Fig. 5B). Furthermore, the structure previously inter-
preted as the left diapophysis (Wiechmann, 1999b) is now recog-
nized as the left parapophysis since it is at the same height on the
neural arch as the inferred right parapophysis (Fig. 5A, B). This is
further supported by the fact that the area posterodorsal to the
left parapophysis is an eroded structure, implying the existence
of the diapophysis on this side of the vertebra, as well as the
remaining part of the left transverse process.

The vertebra is mostly complete but severely compressed, pri-
marily in the anteroposterior direction and especially within the
neural arch. The centrum is strongly convex anteriorly and
concave posteriorly, and appears anteroposteriorly short,
although this latter condition has probably been exaggerated
by compression. The centrum is slightly wider than tall whereas
the posterior cotyle is more subcircular but with eroded
margins and the overall state of preservation obscures the true
dimensions (Fig. 5A, C). However, the centrum does not reach
the markedly wide extent seen in taxa such as Pellegrinisaurus
powelli (Salgado, 1996; Cerda et al., 2021) and Opisthocoelicau-
dia (Borsuk-Bialynicka, 1977). The pleurocoels are ovate along
their margins and unusually large, spanning almost the entire
length of the centrum. Unlike in the other dorsal vertebrae, the
dorsal surface of the right pleurocoel is nearly smooth whereas
that of the left is lightly rugose. The pleurocoels extend deep
into the centrum and, as evidenced by CT images, are separated
only by a thin midline bony wall (Fig. 5B, 7B). The preserved
portion of the neural arch is approximately as tall as the
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centrum. The neural canal is small, and teardrop shaped (with
the acute end directed dorsally) along the margins of its anterior
and posterior openings. Interestingly, the anterior floor of the
neural canal exhibits a shallow fossa that does not appear to be
a product of erosion because it is surrounded by a nearly
smooth bony surface (Fig. 5G), whereas a similar condition is
present in the caudal vertebrae of the geologically older and

phylogenetically distant eusauropods Wamweracaudia and
‘Bothriospondylus’ (Mannion et al., 2019).
Among the most distinctive features of the neural arch is the

prominent, well-developed X-shaped lamina complex comprised
by what Wiechmann (1999b) termed “supra-neural canal
laminae” (“supraneuralkanalleiste”) ventrally and likely a modi-
fied interprezygapophyseal lamina with the potential

FIGURE 2. Middle–posterior dorsal vertebral centrum of Igai semkhu (Vb-621). A, left lateral; and B, internal views. Abbreviations: cot, cotyle; pc,
pleurocoel. Scale bar equals 10 cm.

FIGURE 3. Partial middle–posterior dorsal vertebra of Igai semkhu (Vb-625). A, left lateral; B, right lateral; and C, posterior views. Abbreviations:
cam, camellate internal texture; cot, cotyle; nc, neural canal; pc, pleurocoel. Scale bar equals 10 cm.

TABLE 1. Measurements (mm) of posterior dorsal vertebrae of Igai semkhu (Vb-621–640; fromWiechmann, 1999b). Specimen Vb-623 is regarded
as the most anteriorly positioned of the three relatively well-preserved posterior dorsal vertebrae, whereas Vb-622 and Vb-624 were situated further
posteriorly. The specific positions of Vb-621 and Vb-625 within the posterior dorsal series are uncertain. Abbreviations: + , element incomplete,
dimension would have been greater in life; ?, uncertain; NR, not reported by Wiechmann (1999b).

Measurement/element Vb-621 Vb-625 Vb-622 Vb-623 Vb-624

Anteroposterior length, centrum 240+ 263+ 125? 115+ 275
Dorsoventral height, centrum, anterior articular surface 122+ 133+ 133? 100+ 130+
Transverse width, centrum, anterior articular surface NR NR 155? 115+ NR
Dorsoventral height, centrum, posterior articular surface 158+ NR 112? 115+ 153+
Transverse width, centrum, posterior articular surface NR NR 146? 115+ NR
Anteroposterior length, neural arch NR NR NR NR 224+
Transverse width, neural arch NR NR 165+ 257+ NR
Dorsoventral height, vertebra, total NR 212+ 325+ 321+ 325+
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development of accessory laminae to form the X-shape configur-
ation. The ventral laminae of the X-lamina complex may poten-
tially correspond to an accessory medial ramus of the
centroprezygapophyseal lamina, given that a bilaterally paired
centroprezygapophyseal lamina occurs in the dorsal vertebrae
of Saltasaurus loricatus from the Upper Cretaceous of northern
Argentina, although only in the anterior part of the series (e.g.,
Zurriaguz and Powell, 2015:fig. 7a). For consistency, we refer to
this structure as the X-lamina complex (Fig. 5A) given its distinct
morphology. The X-lamina complex is rare within Titanosauria,
seen elsewhere only in posterior dorsal vertebrae of Saltasaurus
(Zurriaguz and Powell, 2015), Lirainosaurus from the Upper
Cretaceous of Spain but exhibits thicker laminae and smaller sur-
rounding fossae (Díez Díaz et al., 2013a), and Tapuiasaurus
macedoi from the Early Cretaceous of Brazil (Zaher et al.,
2011:fig. 4a), albeit not as well-developed and defined as in
Igai. The titanosauriform Yongjinglong datangi from the Lower
Cretaceous of China also exhibits a similar condition in its
dorsal vertebrae (Li et al., 2014). Immediately lateral to the X-
lamina complex is a well-defined cavity that we interpret as the
centroprezygapophyseal fossa following Wilson et al. (2011a)
and Voegele et al. (2017). The X-lamina complex is bordered dor-
sally by a shallowmidline fossa that is subequal to the neural canal

in dorsoventral diameter. The anterior and posterior centropara-
pophyseal laminae are present on both sides, with the latter
lamina less developed; however, these laminae on the left side
are not as well-preserved (Fig. 5B, F). The postzygapophyses
and centropostzygapophyseal laminae are not preserved. Interest-
ingly, the right side of this dorsal vertebra preserves a well-defined
‘unnamed diapophyseal lamina’ that connects the diapophysis on
the dorsal surface of the transverse process to the base of the con-
fluent spinoprezygapophyseal + prezygapophyseal spinodiapo-
physeal fossa (i.e., anterior portion of the neural arch and dorsal
to the neural canal). This enigmatic lamina is present in the
dorsal vertebrae of Saltasaurus andNeuquensaurus australis (Zur-
riaguz and Powell, 2015) and does not appear to be present in any
other titanosaurian (Fig. 5A, C). The parapophyses likely would
have been placed ventral or slightly anteroventral to the diapo-
physes, a feature present in some European titanosaurians such
as Ampelosaurus (Le Loeuff, 2005), Lirainosaurus (Díez Díaz
et al., 2013a), Lohuecotitan (Díez Díaz et al., 2016), and Paluditi-
tan (Csiki et al., 2010), as well as the South American taxa Salta-
saurus (Zurriaguz and Powell, 2015) and Neuquensaurus
(Salgado et al., 2005).

Although middle–posterior dorsal vertebra Vb-624 consists of
only the right half of the element, it includes several identifiable,

FIGURE 4.Middle-posterior dorsal vertebra of Igai semkhu (Vb-622).A, anterior;B, left lateral;C, dorsal;D, posterior;E, right lateral; and F, ventral
views. Abbreviations: cprf, centroprezygapophyseal fossa; cprl, centroprezygapophyseal lamina; xl, X-lamina complex (see Description for details).
Scale bar equals 10 cm.
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informative laminae and portions of the neural arch that are not
preserved in the other vertebrae (Fig. 6). Notably, the element
lacks a postzygodiapophyseal lamina, a structure that is similarly
absent in posterior dorsal vertebrae of many Laurasian titano-
saurs (e.g., Ampelosaurus, Opisthocoelicaudia) and variably
developed and oriented throughout the middle and posterior
dorsal vertebral region in some South American taxa such as
Bonitasaura (Gallina and Apesteguía, 2015), Neuquensaurus
(Salgado et al., 2005), and Trigonosaurus (Campos et al., 2005;
Wilson, 2012). There is no sign of this lamina, reduced or fully
developed, spanning the area between the approximate locations
of the diapophysis and postzygapophysis in Vb-624 (Fig. 6A).
Eroded surfaces expose the camellate internal texture that is
present in all other Igai vertebrae. The spool-shaped centrum is
relatively elongate compared with those of the other dorsal ver-
tebrae (Table 1), with the neural arch pedicel encompassing
approximately half its length and being situated symmetrically

over roughly the anteroposterior midline of the centrum. The
anterior condyle is heavily eroded and the posterior cotyle
appears to have been deep despite its incomplete preservation.
The ventral surface may have a midline ridge, but this could
also be an artifact of taphonomic distortion. The teardrop-
shaped pleurocoel is deep, artificially appearing to completely
pierce the centrum since the entire left half of the vertebra is
missing. The pleurocoel itself appears set within a larger fossa.
As in other dorsal vertebrae (Table 1), the posterior region of
the dorsal margin of the pleurocoel exhibits several ridges. The
partially preserved right wall of the neural canal is exposed on
the left side of the element (Fig. 6B).

Several identifiable laminae are evident, exhibiting interesting
configurations alongside associated accessory laminae; unfortu-
nately, however, the transverse compression of the vertebra pre-
cludes assessment of any lateral or dorsolateral projection of
these and other neural arch landmarks. Part of the right

FIGURE 5. Posterior dorsal vertebra of Igai semkhu (Vb-623). A, anterior; B, right lateral; C, posterior; D, left lateral; E, dorsal; F, ventral; and G,
close-up of neural canal in anterodorsal views. Abbreviations: acdl, anterior centrodiapophyseal lamina; acpl, anterior centroparapophyseal lamina;
cprf, centroprezygapophyseal fossa; dp, diapophysis; nc, neural canal; pc, pleurocoel; pcpl, posterior centroparapophyseal lamina; pp, parapophysis;
pr, prezygapophysis; prdl, prezygodiapophyseal lamina; sf, shallow fossa (asterisk denotes G inset view); udl, unnamed diapophyseal lamina; xl, X-
lamina complex (see Description for details). A-F scale bar equals 10 cm.
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prezygapophysis is preserved, but its degree of inclination and
the development of its articular facet have been obscured by
erosion. The remnants of the postzygapophysis, parapophysis,
and diapophysis are almost entirely eroded, but the laminae
that connected these structures provide some indication of
their respective locations. The centroprezygapophyseal lamina
is singular and curves anterodorsally to the base of the prezyga-
pophysis. Both the anterior and posterior centroparapophyseal
laminae have wide ventral bases and merge at roughly half
their lengths toward the eroded parapophysis. A less prominent
ridge extends parallel and immediately ventral to the posterior
centroparapophyseal lamina. Interestingly, an accessory lamina,
which bifurcates anterodorsally, within the parapophyseal cen-
trodiapophyseal fossa extends parallel and dorsal to the posterior
centroparapophyseal lamina (see Fig. 6A, “apcpl”). This
resembles the ‘unnamed parapophyseal lamina’ present in the
saltasaurines Neuquensaurus and Rocasaurus muniozi (Salgado
et al., 2005); however, this lamina is better developed in these
taxa. This accessory lamina is also more notably developed in
Diamantinasaurus from Australia, in which it has been described
as a dorsal posterior parapophyseal lamina (Poropat et al., 2021).
A lamina in this fossa that is similar in development to that seen
in Igai appears present in Lirainosaurus (Díez Díaz et al., 2013a:
fig. 4c), where it does not intersect the centroparapophyseal or
centrodiapophyseal laminae. These parallel parapophyseal
laminae tend to be common within titanosauriforms (D’Emic,
2012; Mannion et al., 2013). The anterior centrodiapophyseal

lamina is present and intersects the posterior centrodiapophyseal
lamina near the midpoint of the latter (Fig. 6A). This latter
lamina is anteroposteriorly thick and its ventral portion is incipi-
ently divided by a shallow groove. The centropostzygapophyseal
lamina is singular and nearly vertical. As mentioned above, the
postzygodiapophyseal lamina is absent in this dorsal vertebra
of Igai but the other dorsal vertebrae do not preserve this
region to assess the variation of this lamina along the vertebral
column. The preserved remnant of the spinodiapophyseal
lamina is short and curved dorsally upon the neural spine
remnant (Fig. 6A).

Computed tomographic (CT) scans of the dorsal vertebrae
were taken to investigate their internal morphology and pneu-
matic qualities (Fig. 7). All are fully camellate, corresponding
to the somphospondylous pattern of pneumaticity (e.g., Wedel
et al., 2000; Wedel, 2003). The centrum typically contains only
small camellae and deep, elliptical pleurocoels, whereas the
neural arch houses a few larger, rounded camellae that are
mostly related with the pneumatization of the diapophysis. The
typical somphospondylous pattern of honeycomb-shaped camel-
lae is most evident in anterior and lateral cross-sectional views
(Fig. 7). Pneumatic camellae within the centrum are mostly
torpedo-shaped, with an average length of 10–20 mm, a width
of 3–9 mm, and a height of 5–10 mm (Fig. 7C). The camellae
are evenly distributed between the anterior condyle and the
pleurocoel, but less ordered and ovoid in shape more posteriorly,
with some variation toward the dorsal part of the centrum.

FIGURE 6. Posterior dorsal vertebra of Igai semkhu (Vb-624). A, right lateral; and B, left lateral views. Abbreviations: acdl, anterior centrodiapo-
physeal lamina; acpl, anterior centroparapophyseal lamina; apcpl, accessory posterior centroparapophyseal lamina; cam, camellate internal texture;
cpol, centropostzygapophyseal lamina; cprl, centroprezygapophyseal lamina; nc, neural canal; pcdl, posterior centrodiapophyseal lamina; pcpl, pos-
terior centroparapophyseal lamina; pr, prezygapophysis; spdl, spinodiapophyseal lamina. Scale bar equals 10 cm.
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Locally, clusters of smaller camellae are interwoven within the
general pattern. The posterior cotyle is hollowed out, with
more rectangular and evenly distributed camellae up to the rim
of this structure (Fig. 7C). The dorsal vertebral pleurocoels are
elliptical at their outermost margins and penetrate relatively
deeply into the centra. The pleurocoels are funnel-shaped, nar-
rowing in diameter toward their deepest extent (Fig. 7B). Open-
ings along the anterodorsal and posterior margins of the
pleurocoel often communicate with the camellae within the
neural arch and posterior cotyle. Other communicating pneu-
matic foramina are present within the prezygapophyseal centro-
diapophyseal fossa (e.g., Vb-623) and are typically elliptical in
shape. The ventral surface of the pleurocoel is generally
smooth as it transitions to the remainder of the centrum. The
dorsal surface of the pleurocoel varies with the presence of a
few, subtle laminae, and is sharp-lipped at its margin with the
rest of the centrum and neural arch.
The pneumatic architecture of the anteroventral region of the

prezygapophysis (see, e.g., vertebra Vb-623) is similar to that of
the centrum (Fig. 7A); however, the dorsal half is only pneuma-
tized medially to the anteriormost tip and along the margin of the
articular surface. Here, the camellae are rounder and larger than
in the centrum (length 13–18 mm, width 9–13 mm) and oriented
with their long axis in the vertical plane with the prezygapophy-
sis. Between the neural arch and the prezygapophyseal articular
surface is a complex of smaller cavities (Fig. 7B). In vertebra Vb-
624, the interior of the prezygapophysis consists only of isolated,
slightly larger camellae (Fig. 7C). The postzygapophyseal region
is comprised by small, rounded camellae like those in the base of
the neural arch. The remainder of the neural arch (including the
diapophysis) is fully pneumatized by small cavities and a few
larger, rounded camellae. These are generally evenly distributed,
slightly larger, and more rectangular than those in the centrum.
Even the laminae, such as the X-lamina complex, are pneuma-
tized by diminutive camellae (Fig. 7A). The centroprezygapo-
physeal fossae diminish in cross section and adopt a more
rounded triangular shape the deeper they penetrate the vertebra;
moreover, they have some connections to the adjacent

pneumatic camellae. The neural canal is not connected to the sur-
rounding pneumatic structures in the neural arch (Fig. 7B).
Dorsal to the prezygodiapophyseal lamina and prezygapophysis,
the camellae are more rectangular (roughly 6–12 mm in both
length and width) and have crosshatched walls; some of these
are oriented obliquely anteroventrally–posterodorsally whereas
others are posteroventrally–anterodorsally oriented. The neural
arch is filled with many small, thin-walled, irregular, slightly ver-
tically oriented cavities with sigmoidal vertical walls that can
themselves contain sub-chambers (Fig. 7B, C). Toward the pos-
terior part of the neural arch, the pneumatic cavities appear
smaller and less ordered in the center but larger on the lateral
side. In Vb-624, the dorsal, laminar part of the remnant neural
spine is preserved and filled with larger, isolated camellae (Fig.
7C). The diapophysis is fully pneumatized by two large,
rounded camellae in its anterior half and some smaller,
rounded camellae parallel to its dorsal margin. The posterior dia-
pophyseal process exhibits a deep pneumatic cavity that is devel-
oped into a canal. In this part, the dorsal half of the diapophysis is
filled with small, subrectangular camellae and houses another
large chamber in its ventral half.

All Igai dorsal vertebrae show a fully camellate pattern of
internal bony structure that is comparable to that seen in ver-
tebrae of other somphospondylous titanosauriforms (Wedel
et al., 2000; Wedel, 2003; Aureliano et al., 2021). The architecture
and distribution of the camellae appears similar to the patterns
observed in cervical vertebrae of Uberabatitan ribeiroi (Silva
Junior et al., 2019:figs. 3, 4; Aureliano et al., 2020), Bonitasaura
salgadoi (Gallina and Apesteguía, 2015:fig. 4), and possibly Sar-
mientosaurus musacchioi (Martínez et al., 2016), the dorsal ver-
tebrae of indeterminate titanosaurs from Brazil (Castro et al.,
2007), a dorsal neural spine of Alamosaurus (see Wedel, 2003:
fig. 11a, b), the dorsal centra of Austrosaurus mckillopi
(Longman, 1933:fig. 3; Poropat et al., 2017) and Savannasaurus
elliottorum (Poropat et al., 2020:figs. 6c, 7d), and the caudal ver-
tebrae of Yamanasaurus lojaensis (Apesteguía et al., 2020). Salt-
asaurus is also extensively pneumatized, but has a more spongy
pattern of pneumatic cavities in the dorsal centra, with larger

FIGURE 7. Computed tomographic (CT) scans of posterior dorsal vertebrae of Igai semkhu Vb-623 in A, coronal cross section view taken near
anterior end of vertebra and B, coronal cross section view taken near mid-length of vertebra; and Vb-624 in C, right parasagittal cross section
view. Abbreviations: cot, cotyle; cprf, centroprezygapophyseal fossa; nc, neural canal; pc, pleurocoel; pr, prezygapophysis; xl, X-lamina complex
(see Description for details). Scale bar equals 10 cm.
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and less clearly separated camellae (Powell, 1986:pl. 30; Wedel,
2003:fig. 11e, f). However, a figured CT section of a caudal verte-
bra of this Argentinean titanosaur (Cerda et al., 2012; Zurriaguz
and Cerda, 2017:fig. 4m) shows a pattern of pneumatic camellae
similar to that in dorsal vertebrae of Igai, so this variation might
be local or regional within the postcranial axial skeleton. Further-
more, middle caudal vertebrae of Rocasaurus (Cerda et al., 2012;
Zurriaguz and Cerda, 2017:fig. 4a–l) exhibit a somphospondylous
pattern of camellae comparable to that observed in dorsal ver-
tebrae of Igai. Camellate texturing in the presacral vertebrae
has been confirmed in Malawisaurus dixeyi (Gomani, 2005);
however, as illustrated by Wedel and Taylor (2013:fig. 1), one
caudal neural arch of this African taxon has an internal pattern
of pneumaticity resembling that in dorsal vertebrae of Igai.
Due to the taphonomic flattening of all Igai vertebrae, the pres-
ence of the circumferential camellae in the cotylar area and the
internal bony plate that supports these structures described in
a small-bodied saltasaurid from the Upper Cretaceous of Brazil
(Aureliano et al., 2021) cannot be confirmed in the new Egyptian
taxon.

Appendicular Skeleton

Coracoid—The left coracoid (Vb-627) is missing substantial
portions dorsally and ventrally (Fig. 8). Judging from fortuitous
breaks, the bone appears apneumatic, unlike the rare condition
in saltasaurines that exhibit a partially pneumatized coracoid as
in Saltasaurus (Cerda et al., 2012). The medial (i.e., internal)
and lateral (external) surfaces are slightly concave and convex,
respectively. There appears to be a modest mediolateral thicken-
ing in the anterior half of the coracoid, best visible in dorsal and
ventral views (Fig. 8D, F). The coracoid foramen is evident on
both the lateral and medial surfaces of the element. It is ovoid
with its long axis oriented anteroposteriorly and is fully enclosed
by bone. A small part of the scapular articulation is preserved,
demonstrating that the coracoid was not—at least at this
location—fully co-ossified to the scapula at the time of death of
this individual of Igai (Fig. 8A, B). The preserved portion of
Vb-627 generally resembles the corresponding area of the

coracoid of Mansourasaurus, which is also from the Campanian
Quseir Formation of Egypt (Sallam et al., 2018). This, however,
is not necessarily indicative of a close relationship between
these titanosaurs, as the Mansourasaurus coracoid differs from
that of Igai in having a more circular coracoid foramen that is
located at the scapular articulation and thus not fully enclosed
by bone (see below). Nevertheless, the ontogenetic stage of the
Mansourasaurus holotype is unclear, given that it has yet to be
subjected to osteohistological analysis; moreover, whereas the
centra of the three preserved cervical vertebrae are fully fused
to their respective neural arches, the scapula and coracoid
appear only partially co-ossified (Sallam et al., 2018). Small nutri-
ent foramina are evident across the medial surface of the Igai
coracoid.

Ulna—The left ulna Vb-631 is generally poorly preserved
and missing most of its posterolateral portion; nevertheless,
the anteromedial process and the base of the moderately
developed olecranon process are largely intact but compressed,
forming a concave articular surface for the humerus on the
proximal end (Fig. 9). As is typical of sauropods, this surface
is slightly rugose in a manner that suggests the attachment of
cartilage. The anteromedial process is subtriangular at its prox-
imal corner, the medial margin of the ulnar shaft is slightly
concave, and the distal end is rounded and moderately
expanded mediolaterally. The distal end also appears to
either bow or slightly expand posteromedially as preserved,
and the anterior surface of this end appears to preserve part
of an interosseous ridge along its medial margin (Fig. 9B, D).
Overall, and like the other limb bones (see also below), the
preserved part of the Igai ulna gives the impression of a
long, gracile element, comparable in slenderness to that of
Atsinganosaurus (Díez Díaz et al., 2018:fig. 10k–p), Mendoza-
saurus neguyelap (González Riga et al., 2018:fig. 16e–h), and
the juvenile Rapetosaurus krausei FMNH PR 2209 (Curry
Rogers, 2009:fig. 37). It is considerably less robust than the
ulnae of stout-limbed titanosaurians such as Aeolosaurus rione-
grinus (Powell, 2003:pl. 12, fig. 3), Dreadnoughtus (Lacovara
et al., 2014; Ullmann and Lacovara, 2016), Elaltitan lilloi
(Mannion and Otero, 2012:fig. 7e–h), Isisaurus colberti (Jain

FIGURE 8. Left coracoid of Igai semkhu (Vb-627). A, posterior; B, medial; C, anterior; D, dorsal; E, lateral; and F, ventral views. Abbreviation: cf,
coracoid foramen; sa, scapula articulation. Scale bar equals 10 cm.
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and Bandyopadhyay, 1997:figs. 21c, d, 22), Opisthocoelicaudia
(Borsuk-Bialynicka, 1977), and saltasaurines such as Neuquen-
saurus and Saltasaurus (e.g., Powell, 1992, 2003; Otero, 2010).
The ulna also seems slightly more gracile than those of taxa
such as Aegyptosaurus baharijensis (Stromer, 1932:pl. I, fig.
2), Ampelosaurus (Le Loeuff, 2005:fig. 4.15), Bonitasaura
(Gallina and Apesteguía, 2015:fig. 12d–h), Lirainosaurus
(Díez Díaz et al., 2013b:fig. 3.5–8), Pitekunsaurus macayai
(Filippi and Garrido, 2008:fig. 8.2), and perhaps Argyrosaurus
superbus (Mannion and Otero, 2012:fig. 2f, g). Apart from
the lateral surface of the anteromedial process, the

anterolateral side of the proximal end has been almost comple-
tely ‘sheared off,’ exposing the interior of the bone.

Metacarpus—Three left metacarpals (I, IV, and V; Vb-639, Vb-
638, and Vb-633, respectively) were recovered from the Igai
quarry. As is the case for most other elements, metacarpals I
and IV are strongly compressed; metacarpal V, however,
remains largely or perhaps even entirely undeformed. The com-
pression of metacarpals I and IV has complicated their interpret-
ation, as most osteological features have been reduced in
prominence and/or obscured as a result; nevertheless, we are con-
fident in our identifications of these bones based on comparisons

FIGURE 9. Left ulna of Igai semkhu (Vb-631).
A, proximal; B, lateral; C, medial; D, anterior;
and E, distal views. Abbreviations: amp, antero-
medial process; ior; interosseus ridge; ol, olecra-
non process. Scale bar equals 10 cm.
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to the metacarpus of other titanosaurians (e.g., Alamosaurus,
Argyrosaurus, Choconsaurus baileywillisi, Lirainosaurus). Gener-
ally, metacarpals I and IVaremediolaterally compressed. As is the
case for other Igai appendicular elements, all appear to have been
slender, consistent with a relatively gracile-limbed animal.
Wiechmann (1999b) identified Vb-639 as a metacarpal but did

not assign it to a more specific position. One surface is convex,
whereas the opposite surface is nearly flat but with a slight con-
cavity for articulation with the adjacent metacarpal (Fig. 10),
demonstrating that it represents either a medialmost or a lateral-
most metacarpal. Given that the lateralmost left metacarpal (V)
was also recovered (see description of Vb-633 below), and differs
significantly in morphology from Vb-639, this leaves the medial-
most metacarpal (I) as its only likely identity. Accordingly, we
identify Vb-639 as a metacarpal I; the convex surface is therefore
the medial side and the opposing surface is the lateral side. The
proximal and distal ends of the metacarpal are partially eroded
(the latter more so than the former), but the element is otherwise
well preserved, exhibiting only minor cracks and crushing arti-
facts. However, determining whether it pertains to the left or
the right side of the animal is not straightforward due to the com-
pression and the relative incompleteness of the articular ends.
Considering that the remaining two metacarpals are from the
left side, we tentatively suggest that Vb-639 is the left metacarpal
I. The proximal and distal ends are slightly expanded along the
dorsopalmar axis, lending the element an hourglass shape,

although this is less marked than in the first metacarpals referred
to Atsinganosaurus (Díez Díaz et al., 2018) and Garrigatitan
(Díez Díaz et al., 2021). The proximal end is teardrop-shaped
in proximal view, with the converging edges pointing toward
the palmar region (Fig. 10E). The medial surface is gently
concave along its long axis, whereas the lateral surface is nearly
flat, consistent with bordering metacarpal II. A low, proximodis-
tally aligned ridge or thickening is present within the proximal
area of the medial surface, extending toward midshaft (Fig.
10A). The surface of the distal end is fragile, being internally
composed of a loosely consolidated amalgamation of bone and
sandy matrix. The distal end appears slightly bowed like inAtsin-
ganosaurus (Díez Díaz et al., 2021:fig.10a–f), but is more mark-
edly present in titanosaurs such as Andesaurus delgadoi
(Mannion and Calvo, 2011), and Argyrosaurus (Mannion and
Otero, 2012). The generally poor state of preservation precludes
any further definitive statements regarding the morphology of
the distal articular surface. There appear to be two subtle
ridges on the medial surface of the distal end, suggesting the orig-
inal presence of weakly developed condyles. Overall, metacarpal
I of Igai closely resembles that of Mnyamawamtuka moyowam-
kia from Tanzania (Gorscak and O’Connor, 2019).

Although Wiechmann (1999b) identified Vb-638 as the left
metacarpal III, we suggest this element ismost likely the leftmeta-
carpal IV based on the morphology of its proximal end, compari-
sons to the articulatedmetacarpus of other titanosaurians, and the

FIGURE 10. Left metacarpal I of Igai semkhu (Vb-639).A, medial; B, palmar; C, lateral;D, dorsal; E, proximal; and F, distal views.Abbreviations: II,
articulation with metacarpal II; rid, ridge. Scale bar equals 10 cm.
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FIGURE 11. Left metacarpal IVof Igai semkhu (Vb-638). A, medial; B, palmar; C, lateral; D, dorsal; E, proximal; and F, distal views.Abbreviations:
III, articulation with metacarpal III; V, articulation with metacarpal V; con, concavity; rid, ridge. Scale bar equals 10 cm.

FIGURE 12. Left metacarpal Vof Igai semkhu (Vb-633) (B–G) andLirainosaurus astibiae (MCNA 14474) (A).A andB, lateral;C, palmar;D, medial;
E, dorsal; F, proximal; and G, distal views. Abbreviations: IV, articulation with metacarpal IV; cons?, possible distal condyles; grv, groove; rid, ridge;
tub, tubercle. Scale bar equals 10 cm.
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near-perfect fit between this bone and Vb-633 (identified as the
left metacarpal V) when directly articulated. The proximal end
of Vb-638 is subtriangular (Fig. 11E), with the medial margin
slightly concave to articulate with metacarpal III and the lateral
margin nearly flat to accommodate metacarpal V, a condition
seen in many titanosaurians (e.g., Argyrosaurus, Rapetosaurus).
The element is compressed mainly along the mediolateral axis,
with a slight degree of oblique compression along the dorsopal-
mar axis as suggested by the alignment of the slightly rounded
distal condyles. Metacarpal IV resembles metacarpal I in being
generally hourglass-shaped with expanded proximal and distal
ends. The proximal part of the medial surface exhibits a shallow
ovoid fossa between two low, rounded ridges that would have
articulated with metacarpal III (Fig. 11A). The proximopalmar
margin is more expanded than its proximodorsal counterpart,
which is more rounded. The palmolateral margin aligns nearly
perfectly with the palmomedial margin of metacarpal V;
however, the dorsomedial margin of the latter element is not
fully preserved (see below). The lateral surface of Vb-638 is
slightly convex proximally, but its distal half is nearly flat (Fig.
11C). The subrectangular distal end has two subtle medial
ridges that may be partially preserved condyles; however, the
distal and lateral margins of this end are slightly eroded and too
taphonomically compressed for positive identification (Fig. 11A).
Specimen Vb-633 is the least deformed and most informative

of the Igai metacarpals (Fig. 12B–G). Originally identified as
the left metacarpal II by Wiechmann (1999b), the bone is cur-
rently recognized as the left metacarpal V as it articulates well
with Vb-638. Moreover, its generally convex lateral surface
lacks morphologies that would indicate articulation with
another metacarpal. Furthermore, the element bears a general
resemblance to MCNA 14474, a left metapodial of Lirainosaurus
that was previously identified as metatarsal III but is now reinter-
preted as metacarpal V (contra Díez Díaz et al., 2013b). Overall,
metacarpal V also resembles that of Argyrosaurus from the
Upper Cretaceous of Argentina (Mannion and Otero, 2012),
and also bears some resemblance to that of Alamosaurus from

North America, although the best-preserved metacarpus of the
latter is also somewhat deformed and fragile (USNM 15560;
E.G. pers. obs. 2014). Metacarpal V is narrowly hourglass
shaped with slightly expanded proximal and distal ends. The
proximal end is missing part of the dorsal margin, and the
distal end is partially eroded. Interestingly, metacarpal V
appears to bear incipient distal condyles (Fig. 12D), which may
suggest the presence of a phalanx that is uncommonly seen in
other titanosaurians such as the metacarpal IV of Epachtho-
saurus and Opisthocoelicaudia (Borsuk-Bialynicka, 1977; Martí-
nez et al., 2004). The medial edge of the proximal articular
surface is flat, whereas the lateral margin is convex. The
palmar portion is concave, such that metacarpal V is somewhat
heart-shaped in proximal view (Fig. 12F). This concavity persists
along the proximal one-quarter of the palmar surface, defined by
a small ridge laterally and a larger ridge medially (Fig. 12C). This
medial ridge terminates in a pronounced proximomedial tuber-
cle (Fig. 12B, D). The proximal region of the medial surface is
largely flat. The dorsal margin of the metacarpal persists distally
as a sharp angle between the medial and lateral regions. The
lateral face is largely smooth and convex but is otherwise feature-
less. On the medial face at mid-length, close to the dorsal margin,
is a low, rounded ridge that persists to the eroded distal end that
is like the dorsomedial flange in the metacarpal V of Mendoza-
saurus, Muyelensaurus pecheni, and Petrobrasaurus puestoher-
nandezi (González Riga et al., 2018). On the distal end,
opposite the abovementioned proximomedial tubercle, there is
another pronounced tubercle that appears unique to Igai (Fig.
12B). These tubercles appear not as well-defined or absent in
Alamosaurus, Argyrosaurus, Epachthosaurus, Lirainosaurus
(Fig. 12A),Mendozasaurus, and Rapetosaurus, and are therefore
considered autapomorphic of Igai. A similar feature appears
present on the distal end of metacarpal V of the Australian tita-
nosaur Diamantinasaurus (termed the palmomedial bulge by
Poropat et al., 2015), but it is not as well-defined as in Igai.

Pubis—The left pubis Vb-628 is a generally flat, plate-like
bone that is lacking almost all the shaft; however, the element

FIGURE 13. Left pubis of Igai semkhu (Vb-628).A, lateral; B, anterior; C, medial;D, proximal; and E, distal views.Abbreviations: lr, lateral ridge; of,
obturator foramen. Scale bar equals 10 cm.
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has been taphonomically compressed and has therefore lost most
of its original mediolateral depth and curvature (Fig. 13). Most of
the posterior (i.e., the posteromedial, in life) edge is missing,
including the posterior margin of the obturator foramen (Fig.
13A, C). The iliac peduncle and the acetabular margin are
reasonably well-preserved on the proximal end of the bone,
and, despite the compression, their proximal faces appear to
have been nearly aligned with one another. The anterior edge
of the obturator foramen is intact, indicating that this opening
was ovoid in contour with its long axis oriented proximodistally,
seemingly subparallel to the preserved anterior and posterior
margins of the shaft. In life, the foramen was probably fully
enclosed by bone, with rare exceptions such as Bonitasaura

MPCA 460 that may be related to ontogeny (Gallina and Apes-
teguía, 2015).

As in other sauropods, the anterior margin of the proximal
end of the pubic shaft is concave. There is a proximodistally
oriented ridge on the lateral surface (Fig. 13A), as in many
other titanosaurs such as Dreadnoughtus (Ullmann and Lacov-
ara, 2016), Futalognkosaurus dukei (Calvo et al., 2007), Isi-
saurus (Jain and Bandyopadhyay, 1997), and Uberabatitan
(Salgado and de Souza Carvalho, 2008), but its original promi-
nence, whether due to general shaft convexity or a truly devel-
oped ridge as in the mentioned taxa, is unclear due to
taphonomic compression. The anterior margin of this ridge is
clearly defined, but its posterior portion grades smoothly into

FIGURE 14. Left tibia (Vb-634) (A,B) and right tibia (Vb-630) (C–F) of Igai semkhu (Bmodified fromWiechmann, 1999b:fig. 24b).A, medial;B and
D, lateral; C, proximal; E, anterior; and F, distal views. Abbreviations: 2cc, ‘second’ cnemial crest; ap, articular surface for ascending process of astra-
galus; cc, cnemial crest; fos, fossa; pvp, posteroventral process; rid, ridge. Scale bar equals 10 cm.
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the remainder of the bone. Following Borsuk-Bialynicka’s
(1977) study of Opisthocoelicaudia, Wiechmann (1999b)
regarded this ridge as an attachment site for the
M. puboischiofemoralis externus; more specifically, it may cor-
respond to the origin of the M. puboischiofemoralis externus
I, with the second head of this muscle originating nearer to
the distal end of the pubis (Voegele et al., 2021). The ridge is
angled more steeply anterodistally–posteroproximally than is
the anterior edge of the pubic shaft, such that the anterior
margin and the ridge converge distally. The symphysis with
the contralateral pubis (i.e., the posterior margin of the proxi-
mal end of the pubic shaft) is mostly incomplete; however,
approximately 25 mm of this symphysis is intact, and demon-
strates that the proximal shaft of Vb-628 is 186 mm in antero-
posterior (i.e., anterolateral–posteromedial, in life) breadth.
As such, the proximal portion of the pubic shaft was likely pro-
portionally narrow compared with those of many other

titanosaurs; however the extent of the narrowness or if the
shaft expanded distally is unknown at this time.

Tibia—Both tibiae were originally preserved, the left (Vb-634)
nearly complete and the right (Vb-630) substantially less so,
especially proximally and on its medial side (Fig. 14). Regrettably,
the better-preserved left tibia cannot currently be located; as such,
our description of the tibia of Igai is based primarily on firsthand
observations of the right element, supplemented by the images
and description of the left tibia provided by Wiechmann (1999b)
and photos of this bone taken by J. Smith and one of us
(M.C.L.) during a visit to the FUB in the first half of 2000.
Overall, and as is the case for the other limb elements of Igai,
both tibiae are slender for a titanosaurian; this is especially
evident in the left element. In this sense, the tibia of Igai is gener-
ally comparable to those of taxa such as Abditosaurus (Vila et al.,
2022:suppl. fig. 26), Aegyptosaurus (Stromer, 1932:pl. I, fig. 6),
Ampelosaurus (MDE C3-1303; Le Loeuff, 2005:fig. 4.19a–c),

FIGURE 15. Left fibula of Igai semkhu (Vb-635).A, lateral; B, posterior; C, medial;D, anterior; E, proximal; and F, distal views.Abbreviations: con,
concavity; grv, groove; lt, lateral tuberosity; pit, pits; se, secondary eminence. Scale bar equals 10 cm.
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Atsinganosaurus (Díez Díaz et al., 2018:fig. 13c–h, k–p), Lohueco-
titan (Díez Díaz et al., 2016:fig. 5k),Malawisaurus (Gomani, 2005:
fig. 25a–d), and Mnyamawamtuka (Gorscak and O’Connor, 2019:
fig. 25a–f). Some other titanosaurs, especially stout-limbed taxa
such as Aeolosaurus rionegrinus, Antarctosaurus wichmannianus,
Diamantinasaurus, Dreadnoughtus, Opisthocoelicaudia, Uberaba-
titan, and saltasaurines, have substantially more robust tibiae
(see, e.g., González Riga et al., 2019:fig. 8a–e).

The preserved parts of the proximal and distal ends of the right
tibia exhibit rugosities for cartilage attachment. The proximal
end of the left tibia is nearly complete, at least at times of
study, whereas that of the right is mediolaterally compressed
and missing the entire medial side and almost all the cnemial
crest. Due to taphonomy and compression, the degree of
anterior/anteromedial deflection of the cnemial crest of the left
tibia is ambiguous, although, as preserved, it appears to have
been more anteriorly directed. The cnemial crest of the left
tibia is proportionally smaller and less anteriorly projected
(reaches near the anterior extent of the distal end, not beyond
it) than in many titanosaurs (e.g.,Aeolosaurus rionegrinus,Atsin-
ganosaurus, Bonitasaura, Dreadnoughtus, Epachthosaurus, Kai-
jutitan maui, Laplatasaurus araukanicus, Lirainosaurus,
Lohuecotitan, Malawisaurus, Mnyamawamtuka, Petrobrasaurus
puestohernandezi, saltasaurines), more closely resembling the
juvenile Rapetosaurus FMNH PR 2209, and at least some speci-
mens of Mendozasaurus in this regard (González Riga et al.,
2018, 2019). The underdeveloped cnemial crest and proximal
end could be due, in part, to taphonomic distortion and/or
erosion, so this autapomorphy is considered tentative.
However, an articulated proximal tibia and fibula, MUVP 182,
that was also collected from the Quseir Formation, is similar to
the proximal tibia of Igai in that it exhibits a comparably devel-
oped cnemial crest morphology (Salem et al., 2021:fig. 3c–e). The
lateral surface of the proximal end of the right tibia exhibits a
well-defined, proximodistally oriented ridge that is present in
many titanosauriforms, such as in Dreadnoughtus (Ullmann
and Lacovara, 2016:fig. 13a), and has been coined as the
“second cnemial crest” (Bonaparte et al., 2000; Mannion et al.,
2013). Wiechmann (1999b) also illustrated this crest in the left
tibia (Fig. 14B). The Igai tibia is narrowest in anteroposterior
dimension near midshaft. Unfortunately, the right tibial shaft is
currently less complete than was depicted by Wiechmann
(1999b); presumably, some portions of this bone were lost
between the completion of that study and the transfer of the
specimen to the MfN nearly a decade later.

Judging from the condition evident in the right tibia, the lateral
surface of the shaft is anteroposteriorly concave, such that it exhi-
bits a broad, shallow longitudinal furrow. This may be an artifact
of taphonomic compression or crushing; however, a similar
furrow may be present in the left tibia, as illustrated and
described as concave by Wiechmann (1999b:fig. 24) (Fig. 14B).
The entire medial surface of the right tibia has been broken
away, revealing that the cortex of the bone is roughly 25 mm
thick. The distal end of the tibia is anteroposteriorly expanded
and gently bowed anteriorly, a condition that is more apparent
in the left element than the right. The distal articular face is lat-
erally oriented. It is possible that this appearance is due to tapho-
nomic deformation, but its presence, at least in some form, in
both tibiae—plus the fact that the distal end of the fibula Vb-
635 has a similar anterior projection (see below)—suggests that
it may be an authentic feature. If so, the distal tibia of Igai
differs from those of many titanosaurs (e.g., Aegyptosaurus,
Atsinganosaurus, Bonitasaura, Lirainosaurus, Malawisaurus) in
this respect, although Abditosaurus (Vila et al., 2022:suppl. fig.
26c), Lohuecotitan (Díez Díaz et al., 2016:fig. 5k), and perhaps
some tibiae of Mendozasaurus (e.g., González Riga et al., 2018:
fig. h–j) exhibit a somewhat comparable condition. The distal
end of the right tibia is mediolaterally expanded; however, the
extent of this expansion is impossible to determine since part
of the medial side of the element has been eroded away. The
articular surface for the ascending process of the missing astraga-
lus, i.e., the lateral condyle (Gallina and Apesteguía, 2015:fig.
15b), is evident on the anterolateral surface of the distal end of
the right tibia, and projects further laterally than the remaining
part of the bone. It is separated from the posteroventral
process (i.e., the posterior condyle of Gallina and Apesteguía,

TABLE 2. Measurements (mm) of appendicular elements of Igai
semkhu (Vb-621–640; from Wiechmann, 1999b). Abbreviations: +,
element incomplete, dimension would have been greater in life; L, left;
R, right.

Element/measurement

CoracoidL (Vb-627)
Anteroposterior length 357+
Dorsoventral height 185+
Anteroposterior length, coracoid foramen, medial surface 48+
Dorsoventral height, coracoid foramen, medial surface 24+
UlnaL (Vb-631)
Proximodistal length 658
Mediolateral width, proximal 185+
Mediolateral width, distal 173+
Minimum circumference, shaft 300+
Metacarpal IL (Vb-639)
Proximodistal length 343
Mediolateral width, proximal 88
Mediolateral width, distal 85
Minimum circumference, shaft 133
Metacarpal IVL (Vb-638)
Proximodistal length 332
Mediolateral width, proximal 119
Mediolateral width, distal 116
Minimum circumference, shaft 148
Metacarpal VL (Vb-633)
Proximodistal length 341
Mediolateral width, proximal 95+
Mediolateral width, distal 93+
Minimum circumference, shaft 138
PubisL (Vb-628)
Proximodistal length 400+
Anteroposterior breadth, proximal 237+
Anteroposterior breadth, distal 180+
TibiaL (Vb-634)
Proximodistal length 812
Mediolateral width, proximal 223+
Mediolateral width, distal 197
Minimum circumference, shaft 264
TibiaR (Vb-630)
Proximodistal length 810
Mediolateral width, proximal 207+
Mediolateral width, distal 165
Minimum circumference, shaft 247
FibulaL (Vb-635)
Proximodistal length 845
Anteroposterior breadth, proximal 183
Anteroposterior breadth, distal 130+
Minimum circumference, shaft 194
Metatarsal IR (Vb-636)
Proximodistal length 177
Mediolateral width, proximal 133
Mediolateral width, distal 113
Minimum circumference, shaft 184
Metatarsal IIL (Vb-640)
Proximodistal length 240
Mediolateral width, proximal 135
Mediolateral width, distal 78
Minimum circumference, shaft 158
Metatarsal IIR (Vb-637)
Proximodistal length 242
Mediolateral width, proximal 142
Mediolateral width, distal 114
Minimum circumference, shaft 169
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2015:fig. 15b) by a fossa, the depth and diameter of which have
probably been exaggerated by crushing. Wiechmann (1999b)
regarded this fossa as a site of tendon attachment. Finally, the
missing left tibia is described with a convex curvature on the
medial surface of the distal end (Wiechmann, 1999b; Fig. 13A),
which could be interpreted as the anteromedial ridge that is
present in Atsinganosaurus (Díez Díaz et al., 2018) and Liraino-
saurus (Díez Díaz et al., 2013b).
Fibula—The complete left fibula Vb-635 is among the best-

preserved bones of Igai (Fig. 15). Compared with the fibulae of
many other titanosaurians (e.g.,Aeolosaurus rionegrinus,Alamo-
saurus, Ampelosaurus (MDE C3-48 and especially MDE C3-137;
see Le Loeuff, 2005:fig. 4.20), Antarctosaurus wichmannianus,
Bonitasaura, Diamantinasaurus, Dreadnoughtus, Elaltitan,
Epachthosaurus, Laplatasaurus, Mendozasaurus, Opisthocoeli-
caudia, Uberabatitan, saltasaurines; see, for example, González
Riga et al., 2019:fig. 8f–l), it is unusually elongate and gracile,
resembling those of taxa such as Abditosaurus (Vila et al.,
2022:fig. 2n), Argentinosaurus huinculensis (Bonaparte and
Coria, 1993:fig. 8), Bonatitan reigi (Salgado et al., 2015:fig. 12a),
Jainosaurus septentrionalis (Wilson et al., 2011b:fig. 8), Liraino-
saurus (Díez Díaz et al., 2013b:fig. 5.10–13), Lohuecotitan
(Díez Díaz et al., 2016:fig. 5j), Malawisaurus (Gomani, 2005:fig.
25e–h), Mnyamawamtuka (Gorscak and O’Connor, 2019:fig.
25g–l), and the juvenile Rapetosaurus FMNH PR 2209 (Curry
Rogers, 2009) in this aspect. The proximal end is only slightly
anteroposteriorly expanded relative to the shaft, a morphology
that is again comparable to those seen in Bonatitan, Jainosaurus,
Lirainosaurus, Lohuecotitan, Malawisaurus, Rapetosaurus, and
MUVP 182 (Salem et al., 2021), but differs markedly from that
of many other titanosaurs, especially forms such asAlamosaurus,
Diamantinasaurus, Dreadnoughtus, Epachthosaurus, Uberabati-
tan, and saltasaurines. Consequently, the insertion site for the
M. flexor digitorum longus (Voegele et al., 2021; identified as
that of the M. iliofibularis by Wiechmann, 1999b) was probably
proportionally smaller in Igai than in many other titanosaurians.
The proximal and posterior margins of the fibula meet at an acute
angle, forming a subtriangular process, a condition that is also
seen in titanosaurs such as Mnyamawamtuka (Gorscak and
O’Connor, 2019),Uberabatitan (Salgado and de Souza Carvalho,
2008), and saltasaurines (e.g., Powell, 1992; Otero, 2010). The
proximal end of the fibula is slightly expanded mediolaterally,
although much less so than in titanosaurs such as Antarctosaurus
wichmannianus (Huene, 1929:pl. 33, fig. 3b), Bonatitan (Salgado
et al., 2015:fig. 12a), Bonitasaura (Gallina and Apesteguía, 2015:
fig. 16e), Diamantinasaurus (Poropat et al., 2015:fig. 21e), Lapla-
tasaurus (Gallina and Otero, 2015:fig. 3.6, 3.13), Neuquensaurus
(Otero, 2010:fig. 13c), and Rapetosaurus (Curry Rogers, 2009:
fig. 45e). The proximal mediolateral expansion more closely
resembles, but is still less pronounced than, those of Alamo-
saurus (Lehman and Coulson, 2002:fig. 10.3), Dreadnoughtus
(Ullmann and Lacovara, 2016:fig. 14e), Jainosaurus (Wilson
et al., 2011b:fig. 8e),Malawisaurus (Gomani, 2005:fig. 25e),Men-
dozasaurus (González Riga et al., 2018:fig. 20q), and Mnyama-
wamtuka (Gorscak and O’Connor, 2019:fig. 25k). The
proximomedial surface of the fibula is marked by multiple
(∼10) pits aligned parallel to the proximal edge of the bone
that likely constitute osteological correlates for ligamentous
attachment to the tibia, as is also seen in, for example, Opistho-
coelicaudia (Borsuk-Bialynicka, 1977:fig. 16a).
The distal two-thirds of the lateral surface of the fibula is

convex. The lateral trochanter (i.e., the proximodistally elongate
eminence for insertion of the M. iliofibularis) is more subtly
developed than in many titanosaurs (e.g., Dreadnoughtus, Elalti-
tan, Laplatasaurus, Neuquensaurus, Uberabatitan), and its ante-
roposteriorly widest portion is positioned proximal to midshaft,
as in most titanosaurians with a few exceptions (e.g.,Opisthocoe-
licaudia, Rapetosaurus). The lateral trochanter on the lateral

surface of the fibula is decently pronounced near midshaft as a
shallow anterior groove separates it from an anteroproximally
located secondary eminence (Fig. 15A). Thus, the lateral tro-
chanter appears to consist of a pair of subtle prominences,
albeit proximodistally offset from one another, as is the case in
Antarctosaurus wichmannianus (Huene, 1929:pl. 33, fig. 3a),Elal-
titan (Mannion and Otero, 2012), Epachthosaurus (Martínez
et al., 2004), Lohuecotitan (Díez Díaz et al., 2016), andMendoza-
saurus (González Riga et al., 2018). However, the lateral tro-
chanter does not appear as robust and singular as in the fibula
of Dreadnoughtus (Lacovara et al., 2014). The medial surface
of the fibular midshaft exhibits a longitudinal concavity that shal-
lows and flattens distally from subtle ridges antero- and postero-
medially. In contrast to the condition in some titanosaurs (e.g.,
Elaltitan, Laplatasaurus, Malawisaurus, Rapetosaurus), the
distal end of the fibula is substantially anteriorly expanded into
a mediolaterally thin, blade-like process, rendering the anterior
margin of the distal shaft noticeably concave. This blade-like
anterior process is slightly incomplete near its anterior
extreme. A comparable morphology occurs in Alamosaurus,
Bonitasaura, Dreadnoughtus, Lirainosaurus, Mnyamawamtuka,
andOpisthocoelicaudia, among other titanosaurs. The distalmost
end of the fibula is slightly mediolaterally expanded, though not
as much as in taxa such as Alamosaurus (Lehman and Coulson,
2002:fig. 10.3), Antarctosaurus wichmannianus (Huene, 1929:pl.
33, fig. 3c), Bonatitan (Salgado et al., 2015:fig. 12a), Bonitasaura
(Gallina and Apesteguía, 2015:fig. 16d), Diamantinasaurus
(Poropat et al., 2015:fig. 21c), Dreadnoughtus (Ullmann and
Lacovara, 2016:fig. 14f), Laplatasaurus (Gallina and Otero,
2015:fig. 3.7, 3.14), Lirainosaurus (Díez Díaz et al., 2013b:fig.
5.13), Malawisaurus (Gomani, 2005:fig. 25g), Mendozasaurus
(González Riga et al., 2018:fig. 20p), Mnyamawamtuka
(Gorscak and O’Connor, 2019:fig. 25l), Neuquensaurus (Otero,
2010:fig. 13d), and Rapetosaurus (Curry Rogers, 2009:fig. 45f).

Metatarsus—Three metatarsals were collected and represent
the right metatarsal I and both left and right metatarsal II.
Like the other elements of Igai, the metatarsals are taphonomi-
cally compressed but retain most of their anatomical information
otherwise. The right metatarsal I Vb-636 exhibits significant dor-
soplantar taphonomic compression; however, much of its
anatomy is still interpretable as the element is otherwise
largely intact (Fig. 16A–F). The bone is generally stout but,
due to the abovementioned compression, it is unclear to what
degree it was twisted about its long axis. Both the proximal and
distal ends are expanded, with the former being slightly wider
than the latter. Unlike metatarsal I of some other titanosaurians
(e.g., Epachthosaurus, Mansourasaurus, Mendozasaurus, Mnya-
mawamtuka, Neuquensaurus), the sides are subequal in length;
thus, neither the proximal nor the distal end are significantly
beveled, as is also seen in a few other titanosaurians such as
Atsinganosaurus (Díez Díaz et al., 2018),Dreadnoughtus (Lacov-
ara et al., 2014; Ullmann and Lacovara, 2016), and Notocolossus
gonzalezparejasi (González Riga et al., 2016). The proximal
articular surface is comma-shaped in proximal view, with the con-
cavity facing plantarly (i.e., posteriorly, if the bone is oriented
vertically). Both the lateral and the medial margins are
concave. A subtle ridge is present on the medial surface near
the apex of the dorsal curvature of the proximal margin. There
is also a small foramen or ‘divot’ near the lateral margin of the
medial surface. The lateral surface exhibits a strong ridge for
articulation with metatarsal II, though this structure has been
reduced in prominence by taphonomic compression. Near the
distolateral end of this ridge, there is a narrow, sharply delineated
groove (see Fig. 16B, C, F) that is not present in, for example,
Mansourasaurus (although the distal end of metatarsal I is
damaged and probably incomplete in the only known specimen
of that titanosaur), Mendozasaurus, and Rapetosaurus;
however, a shallower, wider canal appears present in metatarsal
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FIGURE 16. Metatarsals of Igai semkhu. Right metatarsal I (Vb-636) (A–F), right metatarsal II (Vb-637) (G–L), and left metatarsal II (Vb-640) (M–
R). A, G, M, medial; B, H, N, dorsal; C, I, O, lateral; D, J, P, plantar; E, K, Q, proximal; and F, L, R, distal views. Abbreviations: f, foramen; fos, fossa;
grv, groove; rid, ridge. Scale bar equals 10 cm.
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I of Dreadnoughtus. The well-defined groove is tentatively con-
sidered unique to Igai. The distal end of metatarsal I resembles
the proximal end in that it too is comma-shaped, but with a
thicker lateral area. Both the proximal and distal ends are slightly
rugose, suggesting cartilage attachment.
Like the right metatarsal I Vb-636, the metatarsal II Vb-637 is

compressed along the dorsoplantar axis (Fig. 16G–L). Wiech-
mann (1999b) identified this latter element as being from the
left side of the animal, but its overall similarity to Vb-636
instead suggests it was ipsilateral to this bone; Vb-637 is there-
fore herein identified as the right metatarsal II. Similarly,
Wiechmann (1999b) identified Vb-640 (Fig. 16M–R) as the
right metatarsal V and it looks similar to one without taking
the compression and taphonomy into account. However,
taking the compression into account, Vb-640 is closely compar-
able in morphology (e.g., topology of grooves and fossae) and
dimensions (Table 2) to Vb-637, so it instead appears to be
the contralateral complement to this element. Specimen Vb-
640 is therefore interpreted as the left metatarsal II. However,
the preservational state of both Vb-637 and Vb-640 had ren-
dered these bones difficult to interpret, and as such, we
acknowledge the slight possibility that they may instead corre-
spond to metatarsal III rather than metatarsal II while adopting
the latter identification herein.
Of the two second metatarsals, Vb-637 is the more complete

and less deformed (given that, for instance, Vb-640 has a
poorly preserved distal end), so our description of this element
in Igai is derived largely from the former specimen. Overall,
metatarsals I and II of Igai are similar except that the latter are
longer proximodistally. However, metatarsal II is slenderer
than its counterparts in the giant titanosaurs Dreadnoughtus
(Lacovara et al., 2014) and Notocolossus (González Riga et al.,
2016). Both the proximal and distal ends of metatarsal II are
expanded, with the former more so than the latter. The dorsome-
dial margin is concave whereas the plantar margin is straighter. A
small groove originates near the proximomedial corner of the
bone and extends along the plantar margin distally to approxi-
mately one-third its length. A similar groove is present but
more pronounced in Bonitasaura (Gallina and Apesteguía,
2015); its seemingly greater development in this Patagonian tita-
nosaur may be a consequence of the exquisite preservation of the
holotype. In Igai, the proximomedial corner of metatarsal II has
a subtle boss with a plantarly aligned ridge that extends distolat-
erally along the plantar surface toward another boss near the dis-
tolateral corner that is assumed to articulate with the ipsilateral
metatarsal III. A shallow, subtriangular fossa is present lateral
to this plantar ridge near the proximal end (Fig. 16I, O). There
are two small foramina within this fossa (Fig. 16O). At the prox-
imolateral corner, there is a shallow plantar fossa delineated by a
sharp ridge. Little can be confidently discerned about the proxi-
mal and distal articular surfaces of metatarsal II, except that they
were rugose.

COMPARISONS WITH MANSOURASAURUS
SHAHINAE

Comparisons of Igai semkhu to Mansourasaurus shahinae—
the other named titanosaurian taxon from the Upper Cretaceous
Quseir Formation of the Egyptian Western Desert—are unfortu-
nately limited due to a paucity of overlapping bones. The holoty-
pic and only unquestionable specimen of Mansourasaurus
(MUVP 200) consists mainly of elements from the anterior
part of the individual; specifically, craniomandibular, cervical,
anterior dorsal, and pectoral girdle and forelimb bones comprise
most of the specimen, with only a few, fragmentary elements
known from elsewhere in the skeleton (Sallam et al., 2018). On
the other hand, Igai preserves bones from the middle portion
of the individual, including posterior dorsal vertebrae and

elements from both sets of appendicular girdles and limbs.
Indeed, only two bones, the coracoid and metatarsal I, are
directly comparable between the Igai andMansourasaurus holo-
types. Otherwise, general limb proportions suggest that Man-
sourasaurus was a stockier animal than Igai (e.g., the
proportionally short, robust humerus and radius of the former
taxon versus the relatively gracile ulna, tibia, and fibula of the
latter). However, this putative distinction is rendered tentative
by the lack of directly comparable long bones and the tapho-
nomic biases seen in both specimens: fragmented and damaged
in MUVP 200 versus compressed in Igai. In this context, it is
worth noting that the ulna (MUVP 201) found ∼20 m from the
Mansourasaurus holotype—and that, given the rarity of dinosaur
fossils in the Quseir Formation, could conceivably pertain to the
same individual—appears substantially more robust than that of
Igai (see Sallam et al., 2018:fig. s18).

Comparisons of the coracoids of these two Quseir Formation
titanosaurians are limited by the fact that Igai preserves only the
middle portion of the element whereas inMansourasaurus the cor-
acoid is nearly complete but broken into fragments. One apparent
difference concerns the position and morphology of the coracoid
foramen. In Mansourasaurus, this opening is more circular in
shape, and its posterior margin is confluent with the scapulocora-
coid suture, such that the foramen is not fully enclosed by bone
(i.e., it is patent with the suture). In Igai, by contrast, this opening
is more elliptical with the long axis oriented anteroposteriorly
(i.e., aligned with the long axis of the coracoid as this bone is pre-
served). Furthermore, the foramen is fully enclosed by bone and
located anterior to the scapulocoracoid suture. Rather than being
indicative of taxonomic distinction, these differences may poten-
tially be due to ontogenetic variation within and among different
titanosaurian species, with less mature individuals possibly
tending to exhibit a patent coracoid foramen (see Martin, 1994
and Sallam et al., 2018). However, both the referred coracoid of
Malawisaurus (MAL-235) and Rukwatitan exhibit a patent cora-
coid foramenandappear tohavebeenmature, ornearly so, individ-
uals based on vertebral centrum and neural arch fusion (Gomani,
2005; Gorscak et al., 2014), yet Tapuiasaurus exhibits a patent cor-
acoid foramen but exhibits unfused cranial elements, such as the
braincase, suggesting this specimen was subadult (Zaher et al.,
2011; Wilson et al., 2016). Furthermore, the juvenile specimen of
Rapetosaurus (FMNH PR 2209) exhibits both unfused vertebrae
and scapulocoracoid, with the latter exhibiting a patent coracoid
foramen, but on the other hand the juvenile specimen of Alamo-
saurus (TMM 43621-1) is similar in its extent of skeletal fusion as
FMNH PR 2209 but exhibits a fully enclosed coracoid foramen
(Lehman and Coulson, 2002). These patterns suggest that the
extent of skeletal fusion through ontogeny for titanosaurians may
be variable and/or the coracoid foramen location is independent
from the timing of skeletal fusions. Taken at face value, the shape
and locationof the coracoid foramendiffers between the twoEgyp-
tian titanosaurian specimens.

Lastly, although they are hindered by the taphonomic com-
pression of this bone in Igai, general morphological comparisons
may be made between the first metatarsals of the two Quseir For-
mation taxa. One of their main differences involves the align-
ment of the proximal and distal articular surfaces relative to
the proximodistal (i.e., long) axis of the element. In Mansoura-
saurus, these surfaces are beveled to a greater degree than is
seen in metatarsal I of Igai (Vb-636). Although the latter bone
is compressed, there is no evidence to suggest that it originally
exhibited the same extent of beveling. Instead, the articular sur-
faces appear to have been oriented roughly perpendicular to the
proximodistal axis. Stated another way, the proximodistal lengths
of the lateral and medial margins of metatarsal I are roughly the
same in Igai but significantly different inMansourasaurus. Unfor-
tunately, further morphological comparisons between these two
titanosaurians are presently curtailed by their respective states
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of preservation. Nevertheless, the differences between the cora-
coid and metatarsal I and apparent distinctions in limb bone
robustness suggest that, despite having been preserved in the
same geologic unit, Igai andMansourasaurus are separate titano-
saurian taxa.

PHYLOGENETIC METHODS AND RESULTS

Although there is general agreement on the monophyly of
certain titanosaurian subclades across recent phylogenetic
studies (e.g., Aeolosaurini, Lognkosauria, Rinconsauria, Salta-
saurini, etc.), deeper nodes and relationships within Titanosauria
remain unclear (Carballido et al., 2022). Although this is outside
the scope of the current study, this lack of consensus regarding
the titanosaurian ‘phylogenetic backbone’ may be due to a com-
bination of factors, including disparate character and taxon
sampling across the various ‘dataset families’ that are currently
active. These include the following: the (1) Gallina and Apeste-
guía (2011) dataset family (which includes the datasets employed
by, for example, Salgado et al., 2015 and Díez Díaz et al., 2021);
(2) the Mannion et al. (2013) dataset family (e.g., González Riga
et al., 2018; Poropat et al., 2021); (3) the Carballido and Sander
(2014) dataset family (e.g., Cerda et al., 2021; Gallina et al.,
2021); and (4) the Gorscak and O’Connor (2016) dataset
family (e.g., Sallam et al., 2018; Gorscak and O’Connor, 2019;
Vila et al., 2022; current study). For example, European and/or
African representatives of Titanosauria tend to be underrepre-
sented or even nearly absent in many phylogenetic analyses
despite the fact that these continents have produced numerous
new titanosaurian taxa in recent decades (e.g., Smith et al.,
2001; Gomani, 2005; Csiki et al., 2010; Garcia et al., 2010;
Curry Rogers and Wilson, 2014; Gorscak et al., 2014, 2017;
Díez Díaz et al., 2016, 2021; Sallam et al., 2018; Gorscak and
O’Connor, 2019; Vila et al., 2022). A similar phenomenon has
occurred with the surge in Australian titanosauriform discoveries
within the past ∼15 years (e.g., Australotitan cooperensis, Dia-
mantinasaurus, Savannasaurus, and Wintonotitan wattsi), which
have typically been analyzed using datasets within the
Mannion et al. (2013) family (e.g., Hocknull et al., 2021;
Poropat et al., 2021). Thus, vast geographic regions and substan-
tial evolutionary branches remain absent from or underrepre-
sented in most analyses, which may in turn skew, bias, and/or
limit resulting interpretations, especially given that the majority
of titanosaurians have historically been known from South
America. This is not to say that one dataset family is more appro-
priate than any of the others—especially given the logistical chal-
lenges associated with studying this globally distributed
sauropod clade and the fact that titanosaurian discoveries have
outpaced the construction of any comprehensive phylogenetic
data matrix—but rather to recognize where deficiencies may
exist within the currently utilized datasets and in the interpret-
ations of analyses thereof.
Following the general protocols of previous analyses (e.g.,

Sallam et al., 2018; Gorscak and O’Connor, 2019), Igai semkhu
was scored (based on the holotype Vb-621–640) into the
working phylogenetic dataset of the first author (E.G.). This
dataset was revised to include several new characters and
updated taxonomic scorings based on recent publications and
observations (see Appendix S2–5 for taxon stratigraphic data,
morphological characters, dataset modifications, and citations
used for the phylogenetic analyses). Tip-dating Bayesian ana-
lyses were utilized to include both morphological characters
and temporal data to inform the phylogenetic model in calculat-
ing branch lengths, nodal age estimates, and to account for phy-
logenetic uncertainty. The updated dataset consists of 587
characters that include 285 variable characters and 302 autapo-
morphies, with the latter character type incorporated to inform
branch lengths and overall model likelihoods (Lewis, 2001;

Matzke and Irmis, 2018). The dataset includes 57 taxa with a
specific focus on representatives of Titanosauria as opposed to
non-titanosaurian members of more inclusive clades such as Tita-
nosauriformes or Sauropoda. All characters were regarded as
independent and unordered. The MkV likelihood model of evol-
ution was assumed to account for ascertainment bias (Lewis,
2001). Asymmetric rates of state changes (i.e., different rates
are estimated among the different state changes) with gamma
distribution governing rate variation were also implemented
into the model in addition to an alternative model using equal
rates of rate variation ran for model comparison. The BDSKY
tree model (birth-death-skyline serial sampling) was assumed,
allowing birth and death (= speciation and extinction) rates to
vary through time (Stadler et al., 2013), coupled with a relax-
clock using a lognormal distribution of sampled rates. The strati-
graphic range of each terminal taxon was sampled from an
assumed uniform distribution. The XML files were constructed
using the R package BEASTmasteR (Matzke, 2015) to run in
BEAST v2.1.3 along with the installation of the packages
BEASTlabs, BDSKY, SA, phylodynamics, and CA in BEAUTI
v2.1.3 (Bouckaert et al., 2014). The MCMC ran for a total of
20 million generations, a sufficient duration for the sampling
process which reached convergence relatively early, with
sampling occurring every 1,000 generations. The first 20% of
sampled trees were discarded to eliminate the initial burn-in
phase of the analysis prior to reaching convergence. A similarly
constructed uncalibrated (i.e., no temporal information such as
taxon stratigraphic ranges and a clock-like model) Bayesian
analysis was utilized using MrBayes v3.2.7a, testing two models
of equal and variable rates of character change (Ronquist
et al., 2012), with the same MCMC sampling protocols as the
tip-dating analyses. Additionally, a parsimony analysis was con-
ducted in TNT 1.5 (Goloboff et al., 2008; Goloboff and Catalano,
2016) to complement the Bayesian analyses with a more ‘tra-
ditional’ analytical perspective. The New Technology search
algorithm was employed with 10 replications using constraint,
exclusive, and random sectorial searches. Ten rounds of fusion,
ratchet, and drifting at their default settings were implemented
in the New Technology search.

The results of the tip-dating analysis are largely consistent with
studies that have employed previous analytical iterations of the
current dataset (Fig. 17; Sallam et al., 2018; Gorscak and
O’Connor, 2019). However, caution is warranted by the substan-
tial range of nodal statistics (e.g., posterior probabilities), which
indicate a degree of uncertainty in the hypothesized phylogenetic
relationships, also seen in the results of the standard Bayesian
analysis (Fig. 18B). This should not be surprising given the het-
erogeneity of the data among the sampled taxa (e.g., variable
skeletal completeness, trait homoplasy, degree of overlapping
elements among taxa), which in some ways reflects the patchy
nature of the titanosaurian fossil record and the associated chal-
lenges inherent in reconstructing the phylogeny of these sauro-
pods. In the tip-dating analysis, the model likelihood of the
variable rates model was −4711.13 compared with −4839.63 for
the equal-rates model, and −5128.18 compared with −5231.44,
respectively, for the uncalibrated Bayesian analyses. For both
the tip-dating and the uncalibrated Bayesian analyses, the vari-
able-rates model greatly outperformed its equal-rates counter-
part by significant margins, with particularly strong Bayes
factors of 257.00 and 206.52, respectively (Kass and Raftery,
1995). The results of the parsimony analysis recovered 2,271
most parsimonious trees, with each tree totaling a length of 985
steps with a Retention Index of 0.53 and Consistency Index of
0.46 (Fig. 18A). The resulting consensus trees (Fig. 18A)
resemble those generated by prior parsimony analyses of this
dataset and exhibit selected concordances with the trees
yielded by both Bayesian analyses; however, significant differ-
ences between the two topologies are noted below.
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Concerning the results of the tip-dating analysis, Igai is
hypothesized as positioned within the Afro-Eurasian titanosaur-
ian clade previously recognized by Sallam et al. (2018), which
includes Ampelosaurus, Lirainosaurus, Mansourasaurus,
Opisthocoelicaudia, among others (32% posterior probability,
moderately supported given the nature of the data). This
clade is equivalent to the definition of Opisthocoelicaudiinae
(most inclusive clade with Opisthocoelicaudia but not Salta-
saurus; McIntosh, 1990; Carballido et al., 2022). Both Egyptian
titanosaurians Igai and Mansourasaurus are unlikely to be sister
taxa within this clade, as this result was also obtained via the
parsimony and standard Bayesian analyses. These results are
further supported by the morphological differences between
the coracoid and metatarsal I of these taxa discussed above.
Support for the inclusion of Igai in this Afro-Eurasian clade
includes the absence of the postzygodiapophyseal lamina from
the posterior dorsal vertebrae (which is also absent in, for
example, Ampelosaurus, Lirainosaurus, and Opisthocoelicau-
dia). The relationship with the outgroup of this clade is rela-
tively weak in support (16% posterior probability), consisting
of the saltasaurines Neuquensaurus and Saltasaurus, a clade
equivalent to Saltasaurinae and relatively well-supported with
77% posterior probability (Carballido et al., 2022). The pos-
terior dorsal vertebrae of the saltasaurine taxa exhibit a
weakly developed postzygodiapophyseal lamina which suggests

support for this close placement with the Afro-Eurasian clade
(= Opisthocoelicaudiinae). Furthermore, the presence of the
X-lamina complex in posterior dorsal vertebrae of Liraino-
saurus, Igai, and Saltasaurus and the unnamed diapophyseal
lamina in the same bones of the latter two genera plus Neuquen-
saurus appears to draw the saltasaurine and Afro-Eurasian (=
Opisthocoelicaudiinae) clades closer together in the analysis.
Together, these two groups compose Saltasauridae according
to the definition of this clade (Saltasaurus, Opisthocoelicaudia,
their most recent common ancestor and all descendants; Bona-
parte and Powell, 1980; Wilson and Upchurch, 2003; Carballido
et al., 2022). A similar result was obtained via the uncalibrated
Bayesian analysis; however, with slightly different clade compo-
sitions within Saltasauridae (Fig. 18B).On the other hand, the par-
simony result differs in this region of the tree in two ways:
Saltasauridae includes the eastern Gondwanan titanosaurians Isi-
saurus andDiamantinasaurus, and these easternGondwanan taxa
are the sister group to the Igai and saltasaurine group. Otherwise,
this group (= Saltasaurinae) is sister to the Afro-Eurasian (=
Opisthocoelicaudiinae) group consisting of Ampelosaurus, Lirai-
nosaurus, Mansourasaurus, and Opisthocoelicaudia in a majority
(69%) of the recovered most parsimonious trees (Fig. 18A).
Overall, there are similarities among the results of the phyloge-
netic analyses, recovering the following clades and consistent
members: (1) a titanosaurian clade united by the presence of a

FIGURE 17. Maximum clade credibility tree for variable-rates tip-dated Bayesian phylogenetic analysis of Igai semkhuwithin Titanosauria. Numbers
at nodes represent posterior probabilities (posterior probabilities at or above 50% are in bold), light gray bars at each node represent 95% highest
posterior density of each node age. African terminal taxa are denoted in bold. Time scale is in units of millions of years. Abbreviations: Aeol, Aeo-
losaurini; Eutitan, Eutitanosauria; Lith, Lithostrotia; Rinc, Rinconsauria; Salt, Saltasauridae; Titan, Titanosauria.
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biconvex first caudal vertebra (e.g., Alamosaurus, Baurutitan
britoi, Dreadnoughtus, Pellegrinisaurus); (2) Aeolosaurini within
a largerRinconsauria (e.g.,Aeolosaurus,Bonitasaura,Gondwana-
titan faustoi, Overosaurus paradasorum, Rinconsaurus, Shingo-
pana, Trigonosaurus); (3) Colossosauria (e.g., Futalognkosaurus,
Patagotitan, and the titanosaurian clade with a biconvex first
caudal vertebra); (4) an early branching titanosaurian cladeAnde-
sauroidea (e.g., Andesaurus, Ligabuesaurus leanzai); and (5)
Euhelopodidae (e.g., Daxiatitan binglingi, Euhelopus zdanskyi,
Phuwiangosaurus sirindhornae), which is positioned as an out-
group to Titanosauria. Otherwise, membership of Colossosauria,
which can only be properly defined in the parsimony and uncali-
brated Bayesian analyses and is incompatible with the tip-dating
analysis among the analyses (Fig. 18; Carballido et al., 2022), gen-
erally includes taxaor closely related to taxa ofLognkosauria (e.g.,
Futalognkosaurus, Mendozasaurus) and the titanosaurian clade
with a biconvex first caudal vertebra (e.g., Alamosaurus, Dread-
noughtus), typically united by the lateral expansion of the spino-
diapophyseal lamina in the posterior cervical vertebrae. These
results differ in other analyses where Colossosauria includesAeo-
losaurini/Rinconsauria and Lognkosauria as sister groups rather
than with the titanosaurian clade with a biconvex first caudal, salt-
asaurids, and/or the Afro-Eurasian clade (González Riga et al.,
2019; Carballido et al., 2022).

DISCUSSION AND CONCLUSIONS

Decades after its discovery, specimen Vb-621–640—the holo-
type of Igai semkhu—now represents, alongside Mansourasaurus
shahinae (Sallam et al., 2018), the second titanosaurian species
to be described from the uppermost Cretaceous (Campanian)
Quseir Formation of the Western Desert oases of Egypt. Impor-
tantly, Igai reinforces the hypothesis of an Afro-Eurasian clade
of latest Cretaceous titanosaurians, with the African representa-
tives of this group being presently known only from the northeast-
ern region of the continent, specifically, Egypt (Gorscak and
O’Connor, 2016; Sallam et al., 2018; this paper). This stands in con-
trast to the hypothesized affinities of potentially penecontempora-
neous titanosaurians from sub-Saharan Africa, namely
Rukwatitan and Shingopana from the now recognized Upper Cre-
taceous NambaMember of the Galula Formation of southwestern
Tanzania (Widlansky et al., 2018; Orr et al., 2021). At present, the
known taxa and hypothesized phylogenetic relationships of Late
Cretaceous African titanosaurians suggest there was a coarse
northern/southern sauropod faunal division that may have
existed on the continent during this time, with the northern
African taxa having had closer relationships to Eurasian taxa
whereas the southern forms maintained more typical Gondwanan
affinities. All African and Malagasy titanosaurians from the latest
Cretaceous (i.e., Campanian–Maastrichtian) were recovered

FIGURE 18. Results of parsimony (A) and Bayesian (non-tip dated, variable-rates model) (B) phylogenetic analyses of Igai semkhu. A, 2,271 most
parsimonious trees (MPTs) summarized into a 50% majority-rule consensus tree with node percentages representing clade frequency within recov-
ered MPTs (frequencies of 100% are in bold to indicate the nearest node where branches collapse for the strict consensus tree). B, maximum clade
credibility summary tree from atemporal Bayesian analysis with posterior probabilities of recovered clades at each node (posterior probabilities at or
above 50% are in bold). African terminal taxa are denoted in bold.Abbreviations:Aeol, Aeolosaurini; Colos, Colossosauria; Eutitan, Eutitanosauria;
Lith, Lithostrotia; Rinc, Rinconsauria; Salt, Saltasauridae; Titan, Titanosauria.
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distantly related to one another and belong to/are closely related
with one of the major titanosaurian clades: Shingopana with Rin-
consauria/Aeolosaurini affinities;Mansourasaurus and Igai within
the Afro-Eurasian clade of Saltasauridae; and Rukwatitan within
Colossosauria. Concerning the latter, Rukwatitan and the
SpanishAbditosauruswere recovered mid-grade with lognkosaur-
ians and the titanosaurian clade with a biconvex first caudal verte-
bra within the larger Colossosauria—unlike the monophyletic
Afro-Eurasian clade—in the uncalibrated Bayesian and tip-
dating analyses, which suggests that the predominantly South
American Colossosauria included representatives in Africa and
Europe, albeit currently with fewer known taxa presently. The pla-
cement of Abditosaurus differs from that recovered by Vila et al.
(2022); however, the current dataset has been revised and
expanded compared with the older version they employed (see
Supplementary Files). Interestingly, Rapetosaurus was recovered
in all three analyses outside of these major clades, contra previous
analyses placing the taxon closer to rinconsaurians and/or aeolo-
saurins (e.g., Gorscak and O’Connor, 2016, 2019). Older Eurasian
titanosaurians such as Normanniasaurus from the Albian of
France and Tengrisaurus from the Barremian–Aptian of Russia
have also been recovered close to or within Colossosauria or Aeo-
losaurini and may indicate local/regional extirpations prior to the
signal seen in the Late Cretaceous (Mannion et al., 2019; Averia-
nov et al., 2021). How titanosaurian faunal diversity may have
related to differences along potential latitudinal gradients and/or
the specifics of African latest Cretaceous paleogeography
remain unresolved questions given that our understanding of the
biota and paleogeography of this continent during this interval is
still developing. Overall, our phylogenetic analyses suggest that
Late Cretaceous African faunas were as, or nearly as, diverse as
those from elsewhere, such as South America. This perspective
could not have been appreciated without the geologic, paleontolo-
gic, and collaborative efforts from recent years across the
continent.
Apart from paleobiogeographic perspectives based on titano-

saurians, recent insights regarding other latest Cretaceous dino-
saurs of Africa have been derived from more fragmentary
fossils, such as the type specimens (in both cases, isolated cranio-
dental materials) of the abelisaurid theropod Chenanisaurus and
the hadrosaurid ornithopod Ajnabia from upper Maastrichtian
phosphate deposits exposed in the Ouled Abdoun Basin of
Morocco (Longrich et al., 2017, 2021). These recently described
Moroccan dinosaurs provide an expanded perspective on latest
Cretaceous African terrestrial tetrapod paleobiogeography in
adding data from the northwestern region of the continent and
in introducing the possibility of potential longitudinal distinc-
tions between faunal assemblages currently known in the north-
ern part of Africa. From a paleobiogeographic standpoint, it may
be useful to consider—at least preliminarily, as a tentative frame-
work and as additional informative fossils are collected and
described—the African mainland as having been divided into
three general dinosaurian faunal regions during the latest Cretac-
eous: northwestern, mainly represented by the Moroccan abeli-
saurid, hadrosaurid, and sauropod remains (e.g., Pereda
Suberbiola et al., 2004; Longrich et al., 2017, 2021); northeastern,
represented primarily by the Egyptian titanosaurians (Igai,Man-
sourasaurus); and southern, represented by the Tanzanian titano-
saurs of the Galula Formation (Rukwatitan, Shingopana).
Furthermore, the inclusion of Madagascar expands this notion
with a fourth faunal region during the latest Cretaceous—one
with a rather unique faunal and paleobiogeographic history
(Krause et al., 2019). In the northwest, the Moroccan hadro-
saurid Ajnabia has been regarded as deeply nested within the
otherwise European lambeosaurine subclade Arenysaurini
(Longrich et al., 2021), a result that suggests a close faunistic associ-
ation with southern Europe and mirrors paleobiogeographic con-
clusions drawn from the titanosaurians Igai and Mansourasaurus

in northeasternAfricawhich, again, are also considered close rela-
tives ofEuropean taxa (Sallamet al., 2018; current study).Thus far,
no other hadrosaurid fossils have been found in Africa despite the
clade having attained a near-global distribution during the Late
Cretaceous. Yet, the then-contiguous Arabian Peninsula has
yielded a handful of fragmentary fossils referred to Hadrosauroi-
dea (Buffetaut et al., 2015), so the potential remains for the recov-
ery of these ornithopods from northeastern Africa too. The
Moroccan abelisaurid Chenanisaurus suggests a different paleo-
biogeographic scenario from that inferred from the latest Cretac-
eous African hadrosaurid and titanosaurians: a lineage that
extends into the mid-Cretaceous and forms an unresolved polyt-
omy with more ancient African members of this clade, Kryptops
palaios and Rugops primus from Niger (Sereno et al., 2004;
Sereno and Brusatte, 2008), and most other abelisaurid taxa
(Longrichet al., 2017).However, it shouldbenoted that theseMor-
occan taxa are based on very limited fossil remains which only
capture a brief glimpse into the respective species and faunas of
northwestern Africa. At present, latest Cretaceous dinosaur dis-
coveries from mainland Africa appear to suggest that the evol-
utionary and paleobiogeographic history of these animals on this
landmass may vary depending on the complex interplay between
the tectonic history of the continents throughout the Cretaceous
and the unique evolutionary paths and life histories of a given
clade. Continued field discoveries and rigorous studies of latest
Cretaceous dinosaur fossils of Africa promise to cast light on
decades-old paleobiogeographic questions and enhance an
already exciting and emerging perspective on these intriguing
biotas that have, to this point, remainedhidden in the sandsof time.
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