
ABSTRACT 
 

EDDY, DREW RICHARD. A Re-Analysis of the Skull of Acrocanthosaurus atokensis (NCSM 
14345): Implications for Allosauroid Morphology, Phylogeny, and Biogeography. (Under the 
direction of Julia A. Clarke.) 

 
Considerable debate has surrounded the phylogenetic position of the large-bodied theropod 

Acrocanthosaurus atokensis from the Early Cretaceous Antlers Formation of North America. 

Many phylogenetic analyses place Acrocanthosaurus as the sister taxon to the smaller-bodied 

Allosaurus, known from formations in North America and Europe, whereas others recover it as a 

member of Carcharodontosauridae, a derived group of large-bodied allosauroids that inhabited 

Gondwana. Re-examination of a well-preserved skull of Acrocanthosaurus (NCSM 14345) has 

provided new information regarding the morphology of the palatal complex and inner surfaces of 

the skull and mandible, features that were obscured by a sediment matrix during a previous 

description. From this revised description, twenty-three new characters were identified and 

added to a data matrix (164 characters; 17 terminals), the analysis of which recovered a single 

most parsimonious tree placing Acrocanthosaurus as a derived member of 

Carcharodontosauridae. This hypothesis is supported by several shared cranial characteristics, 

including: a sinuous medial groove for the maxillary dental lamina; a small accessory process 

between the quadratojugal prongs of the jugal; and a dorsal curvature of the jugal ramus of the 

ectopterygoid. The recovered phylogeny more closely agrees with the stratigraphic record than 

hypotheses that place Acrocanthosaurus as more closely related to Allosaurus, as determined 

using metrics of stratigraphic consistency. Fitch optimization of distribution patterns within 

Allosauroidea found Asia to be the most likely ancestral area for the clade, consistent with 

previous hypotheses. Distribution of carcharodontosaurid ancestors reached both North America 



and Gondwana during the Valanginian or Hauterivian stages, with Europe providing a 

connection between the paleocontinents. 
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INTRODUCTION 
 

Large-bodied theropods were once thought to be most closely related to one another than 

to smaller forms, with the assumption that large size evolved once within the group. This 

hypothesis led Huene (1920) to apply the name “Carnosauria” to a group of large theropods that 

included Megalosaurus, Ceratosaurus, Allosaurus, and Tyrannosaurus. A systematic analysis of 

Theropoda by Gauthier (1986) recovered Carnosauria as more exclusive, containing only 

theropod taxa sharing a more recent common ancestor with Coelurosauria (including modern 

birds) than with Ceratosaurus. According to Gauthier (1986), many shared morphological 

features uniting Carnosauria and Coelurosauria, to the exclusion of more-basally positioned, 

large theropods such as Ceratosaurus and Dilphosaurus, could not be considered size-related.  

Gauthier (1986) grouped theropod taxa that are now recognized as polyphyletic within 

Carnosauria (e.g. Tyrannosaurus, Acrocanthosaurus, and Albertosaurus), leading Sereno (1998) 

to propose that the use of Carnosauria should be abandoned since it had been a “waste-basket” 

taxon for large-bodied theropods. However, even though Gauthier (1986) did not 

phylogenetically define the name “Carnosauria”, a valid definition for Carnosauria was given by 

Holtz and Padian (1995): a stem-based taxon that includes all taxa sharing a more recent 

common ancestor with Allosaurus fragilis Marsh 1877, than with Passer domesticus Linneaus 

1758 (Holtz & Padian, 1995; Padian et al., 1999). 

Often used interchangeably with Carnosauria, the taxon Allosauroidea comprises a 

spatially widespread, temporally long-lived group of large-bodied theropods. The name 

“Allosauroidea” is distinct from that of “Allosauridae”, as the latter name is defined as the most 
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inclusive clade containing Allosaurus fragilis Marsh 1877, but not Sinraptor dongi Currie & 

Zhao 1993 and Carcharodontosaurus saharicus Depéret and Savornin 1927 (Padian et al., 1997). 

The name “Allosauroidea” was coined was coined by Currie and Zhao (1993) to unite 

Allosauridae with Sinraptoridae, the latter taxon representing all theropods more closely related 

to Sinraptor than to Allosaurus and Carcharodontosaurus (Padian & Hutchinson, 1997). 

Subsequently, Padian and Hutchinson (1997) phylogenetically defined the clade name 

“Allosauroidea” as a node-based taxon including all descendants of the most recent common 

ancestor of Allosaurus fragilis Marsh 1877 and Sinraptor dongi Currie and Zhao 1993. Sereno 

(1998) independently defined Allosauroidea by the same stem-based definition that Holtz and 

Padian (1995) and Padian et al. (1999) had previously applied to Carnosauria. The present 

analysis follows the taxonomic nomenclature of Padian et al. (1999), and employs the more 

restricted node-based definition of Allosauroidea.  

Early understanding of allosauroid morphology was disproportionately influenced by a 

wealth of knowledge surrounding the taxon Allosaurus fragilis, as its remains are relatively 

abundant and well-preserved in the Morrison Formation (Kimmeridgian – Tithonian) of North 

America. Allosaurus been the subject of extensive monographs (Osborn, 1912; Madsen, 1976; 

Chure, 2000), functional studies (Rayfield et al., 2001), and histological analyses of ontogeny 

and sexual maturity (Bybee et al., 2006; Lee & Werning, 2008). Although not as abundant as the 

material referred to Allosaurus, specimens referred to other allosauroid taxa have received 

similarly thorough morphological descriptions, including the basal allosauroid, Sinraptor dongi, 

from the Middle-Late Jurassic of China (Currie & Zhao, 1993). China has also produced 
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relatively complete skulls referred to other basal allosauroids (e.g. Monolophosaurus jiangi; 

Yangchuanosaurus shangyuensis) that have impacted allosauroid interrelations, but complete 

morphological descriptions of these taxa have been hindered by the inability to assess internal 

features and elements of the skull (Zhao & Currie, 1993; Dong et al., 1978).  

Along with a nearly global distribution spanning from North America to Asia, 

Allosauroidea also includes some of the largest terrestrial predators to have roamed the Earth: the 

carcharodontosaurids. The clade name “Carcharodontosauridae” was coined by Stromer (1931) 

and given a phylogenetic definition by Sereno (1998) as a stem-based taxon that includes all taxa 

more closely related to Carcharodontosaurus saharicus Depéret & Savornin, 1927, but not 

Sinraptor dongi Currie & Zhao, 1993, Allosaurus fragilis Marsh, 1877, or Passer domesticus 

Linneaus, 1758. So far, the clade is known to comprise larger-bodied animals than those of more 

basally-positioned allosauroids like Sinraptor and Allosaurus. Notably, Carcharodontosauridae 

includes the largest terrestrial predator currently described, Giganotosaurus carolinii, whose 

reconstructed size surpasses that of Tyrannosaurus rex (Coria & Salgado, 1995). However, 

cranial remains from carcharodontosaurid taxa are fragmentary, as none recovered to date 

preserves a complete (or nearly complete) skull. Within Carcharodontosauridae, the clade name 

“Carcharodontosaurinae” has been recently phylogenetically defined by Brusatte and Sereno 

(2008) as the least inclusive clade containing Carcharodontosaurus saharicus Depéret & 

Savornin 1927 and Giganotosaurus carolinii Coria & Salgado 1995, in order to account for the 

discovery of new carcharodontosaurid taxa (e.g. Eocarcharia, Tyrannotitan).  
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Despite an extensive number of phylogenies addressing Allosauroidea (Holtz, 1994; 

Sereno et al., 1996; Harris, 1998; Forster, 1999; Currie & Carpenter, 2000; Chure, 2000; Holtz, 

2000; Coria & Currie, 2002; Rauhut, 2003; Holtz et al., 2004; Novas et al., 2005; Coria & Currie, 

2006; Smith et al., 2007; Brusatte & Sereno, 2008), a consensus of allosauroid interrelations has 

yet to emerge (Brusatte & Sereno, 2008). One source of conflict affecting these phylogenetic 

analyses is the placement of Acrocanthosaurus atokensis, as many recover Acrocanthosaurus as 

a sister taxon or close relative to the small-bodied, North American Allosaurus (Holtz, 1994; 

Currie & Carpenter, 2000; Allain, 2002; Novas et al., 2005; Coria & Currie, 2006; Smith et al., 

2007). Others place Acrocanthosaurus within Carcharodontosauridae, a group of larger-bodied 

theropods that predominantly inhabited Gondwana (Sereno et al., 1996; Harris, 1998, Chure, 

2000; Holtz et al., 2004; Sereno & Brusatte, 2008; Brusatte & Sereno, 2008). The study 

presented here brings new morphological data concerning Acrocanthosaurus to bear on the 

phylogenetic placement of the taxon within Allosauroidea. Additionally, allosauroid 

interrelations are examined using new characters identified from the skull of Acrocanthosaurus 

(NCSM 14345).  

In addition to the skull described in the present analysis (NCSM 14345), holotype 

material referred to Acrocanthosaurus atokensis (OMNH 10146) includes a complete braincase 

and fragmentary posterior elements of the skull and mandible recovered from the Trinity 

Formation (Aptian-Albian) of Oklahoma (Stovall & Langston, 1950). A paratype specimen was 

also described (OMNH 10147) that preserved entirely post-cranial material. Both specimens 

preserved cervical and dorsal vertebrae with exceptionally tall neural spines, a character 
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referenced by the name Acrocanthosaurus (from the Latin for “high-spined lizard”; Stovall & 

Langston, 1950). As the crania of both holotype and paratype specimens were largely incomplete, 

reconstructions of the skull of the animal were not possible, and an early diagnosis of 

Acrocanthosaurus allied it with Tyrannosauridae (Langston, 1974). Approximately fifty years 

after the holotype and paratype material was described, a second specimen of Acrocanthosaurus 

(SMU 74646) was described from the Aptian-Albian of Texas (Harris, 1998).  However, this 

specimen also preserved incomplete cranial material, including a fragmentary jugal, 

ectopterygoid, palatine, and posterior mandible.  

 In 2000, Currie and Carpenter described a fourth specimen of Acrocanthosaurus 

atokensis (NCSM 14345) from the same formation in Oklahoma as the holotype and paratype. 

Unfortunately, taphonomic information was lost during the hasty retrieval of the skeleton by a 

private company (R. Cifelli, pers. comm.). Histological analyses of long-bones and ribs from 

both the holotype of Acrocanthosaurus (OMNH 10146) and NCSM 14345 suggest that the latter 

specimens represents a mature, adult individual, whereas the former was likely a juvenile or 

young adult (Eddy, 2007). As non-adult specimens may preserve potential ontogenetic biases in 

their morphology (Fink, 1982) it is suggested that phylogenetic analyses scoring cranial 

characters of Acrocanthosaurus use the skull of NCSM 14345, rather than the holotype. 

Additionally, results from the histology of Acrocanthosaurus may benefit future studies 

attempting to compare growth strategies among allosauroid taxa, as the histology and bone 

growth patterns of Allosaurus are currently well-documented (Madsen, 1976; Bybee et al., 2005; 

Lee & Werning, 2008). 
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Although the skull of NCSM 14345 is complete, it was infilled by matrix during the 

original description (Currie & Carpenter, 2000), preventing the authors from assessing the 

delicate internal structures of the skull. However, the skull has been fully prepared since that 

time, and is fully described and extensively illustrated (Fig. 1.1-1.29) in Chapter 1. Additionally, 

newly described morphologies are compared among allosauroid taxa, and a revision of the 

cranial diagnosis of Acrocanthosaurus is made. In Chapter 2, a phylogenetic analysis is 

undertaken to better resolve the placement of Acrocanthosaurus within Allosauroidea, and to 

examine whether Acrocanthosaurus is more closely related to Allosaurus, or to members of 

Carcharodontosauridae. In this analysis, over 24 newly identified morphological characters (Fig. 

2.2-2.17) are combined with those from previous analyses and scored for 17 taxa, creating the 

data matrix (164 characters, n = 17) to be evaluated. In Chapter 3, additional analyses compare 

the recovered phylogeny to previous allosauroid phylogenies with respect to how well the 

branching events in each tree correspond to the stratigraphic record. Lastly, ancestral areas of 

allosauroid taxa are optimized to investigate hypotheses of paleobiogeographic distribution and 

the North American origin of Acrocanthosaurus. 
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CHAPTER 1 
 

A Re-Analysis of a Well-Preserved Skull  
of Acrocanthosaurus atokensis (NCSM 14345) 

 
INTRODUCTION 

 
 Allosauroid descriptions range from extensive monographs (e.g. Sinraptor; Currie & 

Zhao, 1993; Allosaurus; Madsen, 1976) to brief publications (e.g. Giganotosaurus; Coria & 

Salgado, 1995; Tyrannotitan; Novas et al., 2005). Unfortunately, many specimens referred to 

taxa with proposed allosauroid affinities are largely incomplete (e.g. Lourinhanosaurus; Mateus, 

1998; Fukuiraptor; Azuma & Currie, 2000; Megaraptor; Novas, 1998; and Siamotyrannus; 

Buffetaut et al., 1996) known from only fragmentary post-cranial material, although dentary 

fragments have been described for Fukuiraptor (Azuma & Currie, 2000). Although other taxa 

more strongly supported as allosauroids are known from specimens with complete skulls, such 

material has not been yet been fully described (e.g. Yangchuanosaurus, Dong et al., 1978; 

Monolophosaurus, Zhao & Currie, 1993). As phylogenetic analyses of allosauroidea often rely 

upon a significant amount of cranial characters (e.g. 38% - 59% of total dataset; Table 2.2), this 

lack of described allosauroid cranial material may be expected to negatively impact phylogenetic 

resolution of the group. 

It follows that specimens referred to taxa more consistently recovered with Allosauroidea 

(e.g. Allosaurus, Neovenator, Eocarcharia, Tyrannotitan, Sinraptor, Yangchuanosaurus, 

Giganotosaurus, Mapusaurus, Carcharodontosaurus, Acrocanthosaurus) preserve some amount 

of diagnosable cranial material. As previously mentioned, Allosaurus presents no missing cranial 

data. However, only a premaxilla, maxilla, nasal, partial dentary have been described for 
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Neovenator (MIWG.6348; Naish et al., 2001), although an undescribed partial palatine is 

preserved from the same specimen (pers. obs.). A specimen of Eocarcharia preserves a maxilla, 

postorbital, frontal, and prefrontal (MNN GAD2; Sereno & Brusatte, 2008), while the cranial 

material described for Tyrannotitan is limited to a jugal and dentary (MPEF-PV 1156, MPEF-PV 

1157; Novas et al., 2005).  

Members of Carcharodontosaurinae (i.e. Giganotosaurus, Mapusaurus, and 

Carcharodontosaurus), a derived group of large-bodied Gondwanan allosauroids, are known 

from a relatively more complete set of cranial elements than Neovenator, Eocarcharia, and 

Tyrannotitan. Cranial elements referred to Mapusaurus include maxillae and lacrimals (with 

fused prefrontals), as well as a nasal, jugal, postorbital, quadrate, dentary, splenial, surangular, 

and a partial prearticular (MCF-PVPH-108.1–108.202; Coria & Currie, 2006). A braincase 

(including fused frontals and parietals), maxilla, premaxilla, nasal, postorbital, dentary, 

ectopterygoid, quadrates, lacrimals (with fused prefrontals), and pterygoid have been described 

from a specimen of Giganotosaurus (MUCPv-CH1; Coria & Salgado, 1995; Coria & Currie, 

2002). Material referred to Carcharodontosaurus (Stromer, 1931) was destroyed during World 

War II, although Sereno et al. (1996) referred to the taxon a partial skull that includes a maxilla, 

nasal, lacrimal, jugal, postorbital, and braincase (SGM-Din 1). An undescribed tip of the jugal 

ramus of an ectopterygoid is also preserved from this specimen (pers. obs.). Recently, Brusatte & 

Sereno (2007) described specimens of Carcharodontosaurus (MNN IGU2, MNN IGU3) 

preserving a maxilla, lacrimal, braincase (including fused frontals and parietals), and a partial 

dentary.  
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Excluding Allosaurus, three allosauroid taxa (Sinraptor, Yangchuanosaurus, and 

Acrocanthosaurus) and one carnosaur (Monolophosaurus) are known from specimens preserving 

nearly complete skulls (Zhao & Currie, 1993; Currie & Zhao, 1993; Dong et al., 1978; Currie & 

Carpenter, 2000). A skull of Sinraptor has been thoroughly described, with multiple illustrations 

of each cranial element (IVPP 10600; Currie & Zhao, 1993). However, descriptions of partially 

prepared skulls of Monolophosaurus (IVPP 84019; Zhao & Currie, 1993), Yangchuanosaurus 

(CV 00215; Dong et al., 1978), and Acrocanthosaurus (NCSM 14345; Currie & Carpenter, 2000) 

were more limited. Descriptions of Monolophosaurus (Zhao & Currie, 1993) and 

Yangchuanosaurus (Dong et al., 1978; 1983) were restricted to lateral views of cranial, palatal, 

and mandibular elements, and medial views of the mandible (Zhao & Currie, 1993). The 

description of Monolophosaurus also figured a dorsal view of the skull.  

A description of a relatively complete skull of Acrocanthosaurus (NCSM 14345; Currie 

& Carpenter, 2000) was limited to dorsal and lateral views of the cranium and mandible, as 

internal surfaces and palatal elements were obscured by matrix. This description, as well as those 

of the skulls of Yangchuanosaurus and Monolophosaurus, were not able to fully assess the 

palatal complex, internal morphologies, and articular surfaces of cranial elements. These regions 

of the skull provide new morphological data necessary to fully address allosauroid phylogeny 

(Chapter 2). 

A full description of the skull of NCSM 14345 is presented below. The skull is currently 

displayed at the North Carolina Museum of Natural Sciences in Raleigh, North Carolina. Most 

elements have been adhered together to strengthen the structure of the mounted skull; therefore, 
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line drawings (Figs. 1.1 – 1.29) were made from cast material molded before the skull was 

reassembled and mounted. However, drawings were compared to original skull material to 

correct for features not fully reproduced by the cast (e.g. some foramina). Photographs were 

taken of original (Figs. 1.2A, 1.3, 1.5-1.8, 1.9A, 1.9C, 1.10-1.15, 1.17, 1.18, 1.22, 1.23, 1.26, 

1.27, 1.28) and cast material (Figs. 1.2B, 1.9B), although braincase images (Figs. 1.11-1.15) 

were taken from an X-ray computed tomographic (CT) scan generated at the North Carolina 

State University College of Veterinary Medicine and edited in OsiriX (Rosset et al., 2004). 

Measurements described in the text are from the left side of the skull. A full list of measurements 

is provided in Table 1.2. 

SKULL 
 
Nasal 
 

The skull of NCSM 14345 (Fig. 1.1) preserves the only nasal material referred to 

Acrocanthosaurus. Both left and right nasals are complete, but broken posteriorly near their 

contact with the lacrimal. The left nasal is also broken near its anterior contact with the 

premaxilla (Fig. 1.2), while the right nasal preserves an additional break at mid-length. A portion 

of the ascending ramus of the right maxilla has remained fused to the underside of the right nasal.  

The nasal forms the posterior margin of the external naris, contacting the posterodorsal 

prongs of the premaxilla and excluding the maxilla from participating in the opening (Currie & 

Carpenter, 2000). An elongated narial fossa extends laterally onto the surfaces of surrounding 

bones and depresses the premaxilla anteroventrally and the nasal posterodorsally (Fig. 1.2A; 

2.4B). The narial fossa is bordered dorsally and ventrally by thin nasal ridges, and the latter 
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contacts the dorsal surface of the ascending ramus of the maxilla (Fig. 1.1). This fossa is highly 

elongated in Acrocanthosaurus, Carcharodontosaurus, and Tyrannosaurus (Sereno et al., 1996; 

Osborn, 1912). In other allosauroid taxa, including Sinraptor, Allosaurus, Neovenator, and 

possibly Monolophosaurus (Currie & Zhao, 1993; Madsen, 1976; Naish et al., 2001; Zhao & 

Currie, 1993), the long axis of the narial fossa is reduced in length and the fossae assume a more 

rounded shape (Fig. 2.5A). Rounded narial fossae are also found in coelurosaurs such as Dilong 

(Xu et al., 2004), and in basal theropods such as Herrerasaurus and Coelophysus. By contrast, 

some ceratosaurs (e.g. Majungasaurus; Sampson & Witmer, 2007; Rugops; Sereno et al., 2004) 

display a third condition and lack any expansion of the narial fossa onto the nasal, as the nasals 

are highly rugose and laterally expanded in this region.  

A lateral ridge extends along the nasal (Fig. 1.2), participating in the dorsal margin of the 

antorbital fossa and continuing posteriorly onto the lacrimal horn (Currie & Carpenter, 2000). In 

contrast to the rugose nasals of Mapusaurus, Carcharodontosaurus, and Giganotosaurus (Coria 

& Currie, 2006; Sereno et al., 1996; Coria & Salgado, 1995), the nasal ridge of 

Acrocanthosaurus is relatively smooth, as in Sinraptor, Monolophosaurus, Allosaurus, and 

Neovenator. Currie and Carpenter (2000) noted pneumatic openings invading the nasal bone 

above the margin of the antorbital fenestra of Acrocanthosaurus, the anterior of which may 

represent accessory pneumatization of the narial fossa (Fig. 1.2A). However, these pneumatic 

fossae are much smaller in Acrocanthosaurus compared to larger fenestrae in Sinraptor and 

Allosaurus (Fig 2.4A). Along the ventral margin of the nasal, a narrow flange, here referred to as 

the naso-maxillary process, projects anteroventrally into a slot along the dorsal margin of 
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ascending ramus of the maxilla (Fig. 1.2; 2.4B). The nasal of Carcharodontosaurus also 

preserves this protrusion. It is absent or significantly reduced in Sinraptor, Neovenator, 

Allosaurus, and Monolophosaurus.  

In medial view, the nasal contacts its counterpart at the midline of the skull (Currie & 

Carpenter, 2000). Ventral to this contact, the nasal possesses a small fold perforated by three 

narrow, anteroposteriorly elongated foramina that open ventrally (Fig. 1.2B). Similarly placed 

foramina are present in a specimen of Allosaurus (UUVP 10854; pers. obs.). In 

Acrocanthosaurus and Carcharodontosaurus, the surface below the medial contact of the nasal 

bones extends further posteriorly in medial view than it does in Sinraptor, Neovenator, or 

Allosaurus.  

 
Premaxilla 
 
 Both premaxillae are preserved in NCSM 14345 (Fig. 1.3), and are the only known 

premaxillae described for Acrocanthosaurus. In lateral view, the premaxillary body of 

Acrocanthosaurus is taller than wide (10.75 x 9.84 cm), as in Giganotosaurus (Coria & Salgado, 

1995), Yangchuanosaurus (Dong et al., 1978), and non-allosauroid taxa (e.g. Majungasaurus, 

Ceratosaurus, and Tyrannosaurus; Sampson & Witmer, 2007; Madsen & Welles, 2000; Brochu, 

2002). In Allosaurus, Monolophosaurus, Neovenator, Sinraptor, the premaxilla is wider than tall 

(Currie & Carpenter, 2000), as in the spinosaurids Poekilopleuron and Baryonyx (Allain, 2002; 

Charig & Milner, 1990). The premaxilla of Acrocanthosaurus has four teeth, as do the 

premaxillae of Sinraptor and Giganotosaurus; five premaxillary teeth are present in both 

Neovenator and Allosaurus.  
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Foramina perforate the lateral face of the premaxillary body, a potential result of 

branching of the medial ethmoidal nerve and subnarial artery (Currie & Carpenter, 2000). 

However, these premaxillary foramina in Acrocanthosaurus are shallow and less abundant than 

those of Allosaurus and Neovenator. A single, large foramina is present at the base of the right 

supranarial process (Fig. 1.3B), possibly representing an accessory pneumatic feature of the 

narial fossa, although Currie and Carpenter (2000) suggest that premaxillary foramina may have 

resulted from branches of the medial ethmoidal nerve and subnarial artery. Sinraptor, 

Neovenator and some specimens of Allosaurus also possess this feature (Currie & Zhao, 1993; 

Naish et al., 2001; pers. obs.). However, no premaxillae have been referred to 

carcharodontosaurine taxa (i.e. Mapusaurus, Giganotosaurus, Carcharodontosaurus). Thus, the 

distribution of this feature within Allosauroidea remains equivocal.  

The supranarial and subnarial processes of the premaxilla extend posterodorsally to 

contact the nasal (Fig. 1.1), forming the anteroventral border of the external naris (Fig. 1.1). The 

subnarial process is flattened and triangular in dorsal view, excluding the maxilla from 

participating in the ventral margin of the external naris. Medial views of the premaxillae are 

obscured in NCSM 14345, as the two bones have remained fused for display purposes. However, 

in posterior view, a small process extends posteromedially, but not beyond the posterior margin 

of the premaxilla as in Sinraptor (Currie & Zhao, 1993).  

 
Maxilla 
 

Although the right maxilla of NCSM 14345 is relatively intact, damage to the left maxilla 

has resulted in seven missing teeth (alveoli 6-12) and a large chunk of material dorsal to the fifth 
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alveolus. Additionally, a crocodilomorph tooth was found lodged in the posterior process of the 

left maxilla, dorsal to the eleventh alveolus. The tooth had been overgrown by a thin layer of 

bone, suggesting that the event that embedded the tooth took place long before the death of this 

animal (V. Schneider, pers. comm.). The lateral surfaces of the maxillae of NCSM 14345 have 

been previously described (Currie & Carpenter, 2000), although the internal surfaces have not. 

NCSM 14345 is the only known specimen of Acrocanthosaurus to preserve a maxilla. 

The maxilla forms the majority of the anteroventral portion of the skull in lateral view 

(Fig. 1.1; 1.4). Contact with the premaxilla slopes posterodorsally as in Sinraptor, Mapusaurus, 

Eocarcharia, and Carcharodontosaurus (Currie & Zhao, 1993; Coria & Currie, 2006; Sereno & 

Brusatte, 2008; Sereno et al., 1996), but differs from Allosaurus, Neovenator, and 

Monolophosaurus (Madsen, 1976; Naish et al., 2001; Zhao & Currie, 1993), in that the contact 

in the latter taxa is dorsoventrally-oriented. The edge of the maxilla extends posterodorsally from 

its contact with the premaxilla to meet the subnarial flange of the nasal. Here, the maxillary 

margin is convex (Fig. 1.4A) as in Sinraptor, Mapusaurus, Carcharodontosaurus, and 

Eocarcharia. Conversely, Allosaurus, Neovenator, and Monolophosaurus possess concave 

maxillary margins.  

On the anterior body of the maxilla, labial foramina pit the lateral surface, osteological 

correlates of neurovascular tracts (Brusatte & Sereno, 2007). Most foramina are small, isolated 

depressions like those present on the maxillae of Allosaurus, Sinraptor, and Eocarcharia, 

although a few foramina form elongated, anteroventral grooves (Fig. 1.4A) similar to those along 

the alveolar margin of Carcharodontosaurus (Sereno et al., 1996; Sereno & Brusatte, 2007). 
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However, Acrocanthosaurus lacks the extensively grooved surface along and dorsal to the main 

row of labial foramina exhibited by Carcharodontosaurus. 

Two elongate processes extend from the anterior maxillary body. The first process, the 

posterodorsal ramus, separates the nasal from the antorbital fenestra and contacts the underside 

of the anteroventral ramus of the lacrimal (Currie & Carpenter, 2000). A lateral shelf along the 

anterodorsal margin of the posterodorsal ramus of the maxilla terminates anterior to a small slot 

for the naso-maxillary process of the nasal (Fig. 1.4A; 2.5B), as it does in Eocarcharia. The 

larger, more broad medial shelf is excluded from participating in the dorsal margin of the 

antorbital fossa by the lateral rim of the nasal. Pneumatic excavation of the posterodorsal ramus 

forms a shallow depression that extends posterodorsally from the maxillary fenestra. This 

excavation is narrow in Acrocanthosaurus, encompassing only half the width of the medial shelf, 

whereas in Allosaurus (Madsen, 1976; Witmer, 1997), the excavation is wider. The maxilla of 

Acrocanthosaurus also lacks the extensive pneumatic openings that pervade the ascending rami 

of Sinraptor and Yangchuanosaurus (Fig. 2.5A).  

The second process extending from the anterior body of the maxilla, the posterior ramus, 

separates the tooth row from the antorbital fenestra and broadly contacts the ventral surface of 

the jugal, terminating ventral to the orbit (Currie & Carpenter, 2000). An anteroventral ridge, 

slightly above mid-height of the ramus, demarcates the ventral margin of the antorbital fossa. 

Posterior to the last maxillary tooth, this ramus deflects slightly ventrally, as in Eocarcharia 

(Sereno & Brusatte, 2008). Along its medial surface, the posterior ramus of the maxilla contacts 

the palatine with a narrow, anteriorly-tapering shelf (Fig. 1.4B). Palatal contact terminates above 
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the midline of the eighth maxillary tooth, as in Eocarcharia, Carcharodontosaurus, and 

Neovenator. However, in Allosaurus and Sinraptor, maxillary-palatal contact terminates further 

anteriorly, often above the seventh tooth (Fig. 2.4A).  

In lateral view, interconnected fenestrae pierce the maxilla at the anteroventral corner of 

the antorbital fossa (Fig. 1.4A). According to Witmer (1997), when two fenestrae are present, the 

more anterior is termed the promaxillary fenestra, while the smaller, more posterior opening 

represents the maxillary fenestra. Both openings are present in the left and right maxillae of 

NCSM 14345 (Currie & Carpenter, 2000). In the right maxilla (Fig. 1.4), the promaxillary and 

maxillary fenestrae open posterolaterally, giving them somewhat of a tear-drop appearance. The 

fenestrae of the left maxilla open laterally (Fig. 1.1), and are therefore more rounded in 

appearance.  

The smaller (1.65 cm wide x 3.70 cm tall), anteroventrally-placed promaxillary fenestra 

of Acrocanthosaurus is partially obscured from lateral view, tucked behind the rim of the 

antorbital fossa (Currie & Carpenter, 2000). The medial vestibular bulla has been broken, 

obscuring its connection with the maxillary antrum and promaxillary recess (Fig. 1.4B). The 

larger maxillary fenestra (3.94 cm wide x 6.78 cm tall) lies posterior to the promaxillary fenestra, 

separated by a narrow promaxillary strut. Although the illustration by Currie and Carpenter 

(2000; p. 211) does not show it, the ventral rim of the maxillary fenestra is offset slightly dorsal 

to the promaxillary fenestra (Fig. 1.4A), as in Sinraptor and Eocarcharia (Currie & Zhao, 1993; 

Sereno & Brusatte, 2008). Presence of this opening is shared with other allosauroids, such as 

Allosaurus, Sinraptor, and Neovenator, although the nomenclature of this opening is contentious 
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for other taxa, including Monolophosaurus and Carcharodontosaurus (Witmer, 1997; Currie & 

Carpenter, 2000; Rauhut, 2003). Contrary to Currie & Carpenter (2000), Giganotosaurus 

possesses a maxillary fenestra, and the region anterior to this opening is broken and may have 

housed a promaxillary fenestra (MUCPv-CH1; pers. obs.). Both promaxillary and maxillary 

fenestrae are also present in Mapusaurus, although Coria & Currie (2006) do not recognize the 

posterior opening as the maxillary fenestra.  

The size and position of the maxillary and promaxillary fenestrae in Acrocanthosaurus 

most closely resemble the allosauroid Eocarcharia, although Eocarcharia possesses a large 

‘accessory fenestra’ invading the posterodorsal ramus of the maxilla (Sereno & Brusatte, 2008). 

However, both maxillae of NCSM 14345 also posses an accessory fenestra in this region, 

although the opening is smaller, more elongated, and penetrates the medial shelf of the 

posterodorsal ramus dorsal to the promaxillary fenestra (Fig. 1.4A). This accessory fenestra 

connects medioventrally to the medial apertures of the promaxillary and maxillary fenestra, all of 

which likely communicated with the nasal cavity and antorbital fossa. This accessory fenestra in 

Acrocanthosaurus may not be homologous with that of Eocarcharia, as the left maxilla of 

NCSM 14345 instead preserves an accessory fenestra tucked medially beneath the lateral shelf of 

the posterodorsal ramus (Fig. 1.1), and not penetrating the medial shelf as in the right maxilla of 

Acrocanthosaurus and Eocarcharia. However, the homology of this feature within Allosauroidea 

may be supported by the expression of a similarly positioned “foramen 4” within the ascending 

ramus of the maxilla of Sinraptor (Currie & Zhao, 1993; p. 2043). 
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In posteromedial view, a fourth opening into the maxilla of NCSM 14345 is present at the 

junction of the posterodorsal and posterior rami (Fig. 1.4B; 2.2B). Referred to here as the caudal 

maxillary fenestra, this opening at the base of maxillary antrum and internal to the postantral 

strut connects to the vestibular bulla and likely provided an additional communication pathway 

between the nasal cavity and antorbital fenestra. Although this posterior fenestra is absent in 

most individuals of Allosaurus (Witmer, 1997), it is present in Sinraptor as “pneumatic opening 

10” (Currie & Zhao, 1993; p. 2043) and in Carcharodontosaurus (pers. obs.). Unfortunately, this 

region of the maxillae of Eocarhcarcharia, Mapusaurus, and Giganotosaurus is broken, and 

therefore the prevalence of this opening within Allosauroidea is not known at this time. 

In medial view, the interdental plates of the maxilla are fused and extend dorsoventrally 

across the main anterior body (Fig. 1.4B). Plate fusion is present in all allosauroid taxa except for 

Sinraptor and probably its sister taxon, Yangchuanosaurus, although the medial surface of the 

maxilla of Yangchuanosaurus has not been figured (Currie & Zhao, 1993). Monolophosaurus 

also lacks fused interdental plates (Zhao & Currie, 1993). In Acrocanthosaurus, shallow, 

dorsoventral grooves indicate spaces between individual tooth plates. Anteriorly, a sinuous ridge 

across the interdental plates (‘nutrient groove’ of Madsen & Welles, 2000; ‘groove for dental 

lamina’ of Brusatte & Sereno, 2007) deflects sharply downward near the anterior margin of the 

maxilla. This groove rises to mid-plate height across the first six maxillary teeth before 

deflecting posteroventrally to form the ventral margin of the palatal suture (Fig. 1.4B; 2.3B). 

Acrocanthosaurus shares a sinuously-shaped groove with Eocarcharia, Carcharodontosaurus, 
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and Mapusaurus. In Sinraptor, Neovenator, and Allosaurus, the ridge is fairly straight (Fig. 2.4A) 

and positioned closer to the tooth row .  

 
Jugal 
 

Both jugals of NCSM 14345 are intact and appear to be morphologically similar to the 

left jugal of the holotype specimen, OMNH 10146 (Stovall & Langston, 1950), and the right 

jugal of SMU 74646 (Harris, 1998). The jugal from the holotype lacks the posterior 

quadratojugal prongs, while the jugal of SMU 74646 is missing most of its postorbital and 

anterior processes.  

The jugal of Acrocanthosaurus (Fig. 1.5) is laterally compressed, tripartite, and separates 

the lacrimal from the maxilla (Currie & Carpenter, 2000). An ascending postorbital process 

curves posteriorly, and its anterodorsal margin contacts the ventral ramus of the postorbital. The 

anterior jugal process extends anteriorly and dorsally to broadly contact the descending process 

of the lacrimal, and is supported ventrally by the posterior ramus of the maxilla (Currie & 

Carpenter, 2000). The anterior jugal process forms the posteroventral corners of both the 

antorbital fenestra and antorbital fossa, the latter of which is expressed as a curved ridge on the 

jugal that continues dorsally onto the lacrimal and anteriorly onto the maxilla (Fig. 1.1). A 

foramen penetrates the jugal medial to this ridge (Fig. 1.5B), as in Allosaurus, Monolophosaurus, 

and Mapusaurus (Madsen, 1970, Zhao & Currie, 1993; Coria & Currie, 2006), but not Sinraptor 

(Currie & Zhao, 1993).  

The posterior process of the jugal splits into two quadratojugal prongs that fit tongue-in-

groove with the anterior ramus of the quadratojugal (Fig. 1.5; 2.7). The dorsal quadratojugal 
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prong is taller than the ventral quadratojugal prong in Acrocanthosaurus (4.4 cm vs. 2.17 cm), 

similar to most allosauroid taxa except for Allosaurus, in which the ventral quadratojugal prong 

is consistently shorter. The ventral quadratojugal prong of Acrocanthosaurus is thin and 

elongated, contacting the majority of the ventral side of the quadratojugal process. Between these 

two quadratojugal prongs, a small, rounded accessory prong is present in Acrocanthosaurus, 

partially obscured in lateral view by the overlap of the quadratojugal bone (Fig. 1.5). This feature 

has not been described for Acrocanthosaurus, as the holotype specimen (OMNH 10146) and 

SMU 74646 fail to preserve the posterior region of the jugal (Stovall & Langston, 1950; Harris, 

1998). However, a small upper prong is preserved in Mapusaurus (Coria & Currie, 2006), and 

possibly in Carcharodontosaurus (pers. obs.). This accessory prong is absent in the jugals of 

Allosaurus and Sinraptor (Madsen, 1976; Currie & Zhao, 1993). 

In medial view, the medial jugal foramen penetrates the jugal of NCSM 14345 near the 

junction of the quadratojugal prongs (Fig. 1.5B). This foramen is present in SMU 74646 (Harris, 

1998), although its presence in the holotype specimen (OMNH 10146) is uncertain due to 

missing bone. Similar to Acrocanthosaurus, Sinraptor and Carcharodontosaurus also preserve a 

medial jugal foramen (Currie & Zhao, 1993; pers. obs.). The left jugal of NCSM 14345 contains 

an additional recess of similar size to the medially expressed jugal foramen, but situated along 

the contact with the posterior ramus of the maxilla. Sinraptor also possesses a pneumatic 

opening in this region (Currie & Zhao, 1993). 
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Lacrimal 
 

In addition to the left and right lacrimal of NCSM 14345, only the holotype specimen of 

Acrocanthosaurus (OMNH 10146) preserves a lacrimal. The left lacrimal of the holotype is 

similar to those of NCSM 14345, although the former is more weathered and has a narrower 

descending process. Currie and Carpenter (2000) described the lateral surface of the left lacrimal 

of NCSM 14345; however, the medial surfaces were not visible at that time. 

Along with the dorsal boss of the postorbital, the lacrimal horn is one of the more 

laterally prominent features of the facial region of Acrocanthosaurus. Projection of the horn 

above the dorsal margin of the skull is reduced (Fig. 1.1), consistent with Carcharodontosaurus, 

Giganotosaurus, and Sinraptor, but unlike the raised lacrimal horns of Allosaurus and 

Monolophosaurus (Currie & Carpenter, 2000). The anterior ramus of the lacrimal is straight and 

long (~32.5 cm) in dorsal view, but above the lacrimal pneumatic recess it curves laterally (Fig. 

2.7). Acrocanthosaurus shares this feature with Carcharodontosaurus and Giganotosaurus. 

Conversely, the lacrimal horns of Sinraptor and Allosaurus are straight in dorsal view (Currie & 

Zhao, 1993; Madsen, 1976). 

The rarely accessible internal structure of the lacrimal pneumatic recess is well preserved 

in NCSM 14345 (Fig. 1.6A). Although the lacrimal recess in the holotype specimen (OMNH 

10146) is visible, the delicate septa dividing the openings have been crushed. Stovall and 

Langston (1950) describe the pneumatic recess of the holotype as having two main openings, 

which differs from the single opening present in NCSM 14345 noted by Currie and Carpenter 

(2000). However, both left and right lacrimal pneumatic recesses of NCSM 14345 are tri-radiate, 
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and the openings are divided by septa into three distinct cavities that extend anterodorsally, 

posteriorly, and posteroventrally. Therefore, it appears that a single opening may have been 

present in the holotype specimen (OMNH 10146) as well, although subsequent breakage of that 

cavity has given it the appearance of multiple openings (pers. obs.). As in Acrocanthosaurus, tri-

radiate lacrimal pneumatic recesses are also present in Allosaurus and Tyrannosaurus (Witmer, 

1997).  

Unlike the holotype of Acrocanthosaurus, additional openings are present anterior to the 

main lacrimal recess in both lacrimals of NCSM 14345, a feature shared with Giganotosaurus, 

Sinraptor, and some specimens of Allosaurus (Witmer, 1997). A blind pneumatic recess ventral 

to the lacrimal recess is also present in Allosaurus (Madsen, 1976), but not in Acrocanthosaurus, 

Sinraptor, or Giganotosaurus. In posterior view, the nasolacrimal canal (lacrimal duct of Currie 

& Zhao, 1993) perforates the lacrimal with a single foramen that extends anterodorsally, as in 

Allosaurus (Witmer, 1997). By contrast, Allosaurus preserves this foramen as well as two or 

three ‘orbital recesses’ that excavate the posterior margin of the lacrimal (Witmer, 1997). 

Similarly, several posterior lacrimal foramina are present in Sinraptor and two are expressed in 

Mapusaurus (Currie & Zhao, 1993; Coria & Currie, 2006). 

In lateral view, the laterally compressed descending process of the lacrimal articulates 

with the jugal (Fig. 1.6). Two distinct, bony layers form this process: a lateral and a medial layer 

separated by a deep sulcus along the anterior margin of the descending process (Fig. 2.6). NCSM 

14345 shares this feature with Carcharodontosaurus and Giganotosaurus, although in Sinraptor, 

Allosaurus, and Monolophosaurus the descending process is not separated by a sulcus (Sereno et 
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al., 1996; Coria & Salgado, 1995; Currie & Zhao, 1993; Madsen, 1976; Zhao & Currie, 1993). 

The lateral layer of the descending process protrudes anteriorly (Currie & Carpenter 2000), 

denoting the posterior margin of the antorbital fossa; the medial layer represents the posterior 

edge of the antorbital fenestra (Fig. 1.1; 1.6). The lateral layer also extends posteriorly into the 

orbital fenestra, as it does in Giganotosaurus and Mapusaurus. In contrast, the posterior margin 

of the lacrimals of Allosaurus, Monolophosaurus, and Sinraptor are straight. 

In medial view, the lacrimal of Acrocanthosaurus possesses a series of anteroposteriorly-

oriented ridges along the medial surface of the lacrimal horn. Anteriorly, these ridges articulate 

with the nasal. Posteriorly, the ridges suture closely with the prefrontal as it curves ventrally onto 

to maintain contact with the descending process of the lacrimal. The posterior margin of the 

lacrimal horn contacts the postorbital, as in Giganotosaurus, Carcharodontosaurus, and 

Mapusaurus (Currie & Carpenter, 2000; Coria & Salgado, 1995; Sereno et al., 1996; Coria & 

Currie, 2006); the two bones are separated by a gap in Sinraptor, Allosaurus, and 

Monolophosaurus (Currie & Zhao, 1993; Madsen, 1976; Zhao & Currie, 1993), allowing 

prefrontal to be visible in lateral view.  

 
Postorbital 
 

In addition to the left and right postorbitals of NCSM 14345, two others have been 

referred to Acrocanthosaurus. The holotype specimen (OMNH 10146) preserves a left 

postorbital, although weathering has eroded the lateral surface of the orbital brow and breakage 

has damaged the anterior margin of the bone (pers. obs.). Additionally, SMU 74646 preserves an 
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undescribed, fragmentary right postorbital with a reconstructed ventral ramus and a tall dorsal 

boss (pers. obs.). 

The postorbital is a thick, tripartite bone that protrudes laterally from the dorsal margin of 

the skull of Acrocanthosaurus (Fig. 1.7; 2.8; 2.9). A rugose, sinusoidal boss extends from its 

anterior contact with the lacrimal to form the roof of the orbit, and is split in lateral view by a 

vascular groove extending along the entire length of the projection, similar to the postorbitals of 

Mapusaurus and Carcharodontosaurus (pers. obs.; Sereno & Brusatte, 2008). Eocarcharia 

possesses a vascular groove that extends along the anterior half of the orbital boss; the orbital 

boss of Giganotosaurus lacks this vascular groove completely, although in the latter taxon this 

may be an artifact of weathering. Postorbital rugosity has been noted in specimens of Allosaurus 

(Madsen, 1976), yet this taxon (as well as Sinraptor and Monolophosaurus) lacks a laterally 

expanded, vascularized postorbital boss. Foramina pit the surface of the postorbital of NCSM 

14345 along the posterior termination of the orbital boss, as in Eocarcharia (Sereno & Brusatte, 

2008). Posterior to the orbital boss, a triangular, tapering process fits into a grooved articulation 

with the squamosal (Fig. 1.7).  

A long ramus extends ventrally from the postorbital, tapering along its posterior margin 

as it contacts the ascending process of the jugal to form the anterior margin of the lateral 

temporal fenestra. Along the anterior margin of the left postorbital of NCSM 14345 lies a bony 

prominence, an intraorbital process (sensu Sereno & Brusatte, 2008), never before described for 

Acrocanthosaurus. This triangular flange protrudes into the orbital fenestra, denoting the lower 

limit of the ocular cavity and nearly contacting the posteroventral process of the lacrimal (Fig. 
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1.1; 1.7). The right postorbital of NCSM 14345 and the postorbital of the holotype specimen 

(OMNH 10146) have broken anterior margins, correctly inferred by Brusatte & Sereno (2008) to 

represent missing intraorbital processes. The robustness of this process in Acrocanthosaurus 

resembles that of Carnotaurus (Coria & Salgado, 2000). Carcharodontosaurus, Giganotosaurus, 

and Eocarcharia also possess postorbitals with an intraorbital process (Sereno et al., 1996; Coria 

& Salgado, 1995; Sereno & Brusatte, 2008), although in these taxa, the prominence is laterally 

compressed and smaller (Fig. 2.9). A lateromedially-flattened intraorbital process is also present 

in Tyrannosaurus and Majungasaurus (Osborn, 1912; Sampson & Witmer, 2007) although in 

these taxa the process is dorsoventrally taller than in the previously mentioned allosauroids. In 

Allosaurus, Monolophosaurus, Sinraptor, and Yangchuanosaurus, the anterior margin of the 

postorbital lacks an intraorbital process (Madsen, 1976; Zhao & Currie, 1993; Currie & Zhao, 

1993; Dong et al., 1978), a condition shared with Herrerasaurus, Coelophysus, and other 

theropods outside of Allosauroidea (Novas, 1993; Colbert, 1989).  

The medial surface of the postorbital of Acrocanthosaurus exhibits a folded ridge that 

contacts the prefrontal and frontal anteriorly. This ridge curves ventrally as it contacts the 

parietal and laterosphenoid, and terminates along the ventral ramus of the postorbital near 

contact with the jugal (Fig. 1.7B). In dorsal view, the postorbital of NCSM 14345 is 

lateromedially expanded, pitted with small fossa, and relatively flat, except for a raised orbital 

boss along its lateral margin. The supratemporal depresses the posterior of the postorbital dorsal 

surface, and curves medially to continue onto the frontal and parietal (Fig. 2.10). 

Acrocanthosaurus shares this feature with Carcharodontosaurus and Eocarcharia; however, in 
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Allosaurus and Sinraptor, the supratemporal fenestra expands anteriorly to depress much of the 

dorsal surface of the postorbital, nearing the anterior margin of the bone in dorsal view. 

 
Prefrontal 
 

NCSM 14345 preserves the only prefrontals referred to Acrocanthosaurus, of which only 

the dorsal surfaces have been described (Currie & Carpenter, 2000). Exposure of the prefrontal 

on the dorsal surface of the skull is minimal, and it appears triangular, wedged between the 

lacrimal horn, frontal, postorbital, and posterior process of the nasal (Currie & Carpenter, 2000). 

The prefrontal contacts the lacrimal with a flattened, ovular articular surface covered with 

several small depressions (Fig. 1.8B). The postorbital-lacrimal contact is not fused in 

Acrocanthosaurus, Sinraptor, and Allosaurus, whereas the prefrontal is fused with the lacrimal 

in Giganotosaurus, Mapusaurus, and Carcharodontosaurus (Currie & Carpenter, 2000; Brusatte 

& Sereno, 20008). Two blade-like processes extend anteriorly and ventrally from the main body 

of the prefrontal of Acrocanthosaurus to contact the frontal and nasal. The base of the anterior 

blade extends posteromedially, curving around a deep sulcus, while the ventral blade extends 

dorsomedially to contact the frontal and join with the anterior blade. This gives the medial 

articular surface of the frontal a rounded, auriform shape (Fig. 1.8A), unlike the triangular 

prefrontal of Allosaurus (Madsen, 1976).  

 
Quadratojugal 
 

Although the quadratojugals of NCSM 14345 are the only ones referred to 

Acrocanthosaurus, they are incomplete, as the dorsal rami of each quadratojugal are broken (Fig. 
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1.1; 1.9). Also, the medial surfaces of the quadratojugals of NCSM 14345 have been obscured by 

contact with the quadrate, as the two have remained in articulation due to display purposes.  

The quadratojugal is an L-shaped bone at the posteroventral corner of the cranium that 

forms much of the posterior margin of the lateral temporal fenestra (Currie & Carpenter, 2000). 

The lateral surface of the quadratojugal is relatively smooth, while the right quadratojugal 

preserves a small lateral foramen at the base of the dorsal ramus. This ramus would have 

contacted the precotyloid process of the squamosal dorsally, and the juncture of these two 

processes would have curved anteriorly into the lateral temporal fenestra, making the posterior 

margin of the opening convex in lateral view. The width of the quadratojugal immediately below 

the broken surface suggests that Acrocanthosaurus likely exhibited a narrow dorsal ramus, as in 

Sinraptor, Monolophosaurus, and Yangchuanosaurus, but unlike the anteroposteriorly broader 

rami of Allosaurus and Tyrannosaurus (Currie & Zhao, 1993; Zhao & Currie, 1993; Dong et al., 

1978; Madsen, 1976; Osborn, 1912). The anterior quadratojugal ramus trifurcates, fitting tongue-

in-groove between the dorsal and ventral quadratojugal prongs of the jugal (Fig. 1.9A, C). The 

medial process of the ramus contacts the medial surface of the jugal, while the forked lateral 

process sutures tightly between the quadratojugal prongs, overlapping the small accessory prong 

of the jugal.  

In posterior view, the posterior surface of the quadratojugal curves medially to contact 

the quadrate. Ventrally, the quadratojugal contacts the dorsolateral surface of the lateral condyle. 

This suture continues dorsally until the quadratojugal curves anterolaterally away from its 

contact with the quadrate to join the squamosal. The quadratojugal is offset laterally from the rim 
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of the posterior quadrate foramen (Fig. 1.9B), similar to Allosaurus and Sinraptor, but unlike 

Monolophosaurus and Tyrannosaurus, in which the quadratojugal forms much of the lateral rim 

of the quadrate foramen (Rauhut, 2003).  

 
Quadrate  
 

The only quadrate material referred to the taxon Acrocanthosaurus are from NCSM 

14345. The left and right quadrates are relatively intact, although the pterygoid wing of the right 

quadrate has been reconstructed. Only posterior views of the quadrate were available during the 

description by Currie and Carpenter (2000).  

In posterior view, the medial condyle of the quadrate of extends further posteriorly than 

the lateral condyle (Fig. 1.9C), although the lateral condyle is wider, as is the condition in most 

theropods. The quadratojugal contacts the quadrate in an extensive medial suture, obscuring the 

lateral surface of the quadrate from view. Along this suture, the quadrate is pierced posteriorly 

by the quadrate foramen. Similar to Allosaurus, Mapusaurus, Sinraptor, and Giganotosaurus 

(Madsen, 1976; Coria & Currie, 2006; Currie & Zhao, 1993; Coria & Salgado, 1995), most of 

the quadrate foramen is surrounded by the quadrate itself, while the quadratojugal forms a small 

portion of its lateral margin (Fig. 1.9 B). Dorsal to this foramen, a large pneumatic recess (5.80 

cm tall x 3.44 cm wide) penetrates the body of the quadrate of NCSM 14345, opening into two 

blind cavities subdivided by a thin septum. Acrocanthosaurus shares this feature with 

Mapusaurus, although the pneumatic recess is shallower, dorsally elongated, and not split by a 

septum in the latter taxon (Fig. 2.13). 
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The pterygoid wing, a lateromedially flattened sheet of bone, extends anteriorly from the 

quadrate to articulate with the quadrate ramus of the pterygoid. In medial view, the left quadrate 

of NCSM 14345 preserves a large, rounded pneumatic recess (3.27 cm tall x 3.73 cm long) 

within the posteroventral corner of the pterygoid wing (Fig. 1.9C). This medial pneumatic recess 

may have been present in the right quadrate, but crushing of the posterior of the skull has 

damaged the right pterygoid wing. Similar to the posterior pneumatic recess of the quadrate, a 

septum splits the medial pneumatic recess, and the floor of the opening is formed by the ventral 

surface of the pterygoid wing. The quadrates of Giganotosaurus and Mapusaurus preserve a 

medial recess in the same position (pers. obs.; Coria & Currie, 2006), although in the former 

taxon the opening is small and round, and in the latter it is large and anterodorsally elongated. 

The quadrates of basal allosauroid taxa such as Sinraptor and Allosaurus preserve a shallow 

depression in this region (Currie & Zhao, 1993; Madsen, 1976), but lack a sharply defined 

pneumatic recess.  

Squamosal 
 
 The left and right squamosals of NCSM 14345 are the most complete such elements 

referred to Acrocanthosaurus. The squamosal referred to Acrocanthosaurus comes from the 

holotype specimen (OMNH 10146), a fragmentary left squamosal missing portions of the 

quadratojugal and postcotyloid processes. Both squamosals of NCSM 14345 are intact, tri-

radiate elements at the posterodorsal margin of the skull, forming the posterodorsal corners of 

the lateral temporal fenestrae (Fig. 1.1; 1.10). The dorsal process of the squamosal is 

lateromedially broad, and its lateral surface bears a rectangular-shaped articular suture for the 
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postorbital. The medial side of the dorsal process contacts the parietal with a tapering, rounded 

surface that is smooth and flat (Fig. 1.10B). Posteroventral to contact with the parietal, the 

articular surface for the paroccipital process exhibits a slight medial concavity. The tip of a 

nuchal crest is preserved on the left squamosal of NCSM 14345 (Fig. 1.10C).  

The quadratojugal process of the squamosal extends anteroventrally into the lateral 

temporal fenestra and likely articulated with the dorsal quadratojugal ramus (Fig. 1.1). The 

postcotyloid process wraps around the posterodorsal edge of the quadrate cotyle, appearing as an 

expanded, triangular process in lateral view (Fig. 1.10A); the neck of this process is 3.70 cm in 

width, while its distal expansion is 6.27 cm wide. This postcotyloid expansion may be a 

synapomorphy of Carcharodontosauridae, but for now it remains a proposed autapomorphic trait 

of Acrocanthosaurus, as no other squamosals have been described from carcharodontosaurid 

taxa. This expansion of the postcotyloid in Acrocanthosaurus contrasts with the posteriorly 

tapering squamosals of Allosaurus, Monolophosaurus, and Sinraptor (Fig. 2.11). The latter of 

these taxa may have an expanded postcotyloid, but bone missing from the squamosal precludes 

this observation (Currie & Zhao, 1993). However, given that the postcotyloid of 

Yangchuanosaurus, the sister taxon to Sinraptor, is not expanded, it is likely that Sinraptoridae 

shares a tapering postcotyloid with other basal allosauroids. The postcotyloid of Tyrannosaurus 

is large and rounded (Osborn, 1912), although in some specimens it is posteriorly squared 

(Brochu, 2002). In more basally-positioned theropod taxa (e.g. Ceratosaurus, Cryolophosaurus, 

Coelophysus) the postcotyloid process of the squamosal tapers posteriorly (Madsen & Welles, 

2000; Smith et al., 2007; Colbert, 1989). 
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The squamosal of NCSM 14345 is triangular in ventral view (Fig. 1.10B), with a 

pneumatic recess penetrating its posterodorsal corner. This fenestra is present in Tyrannosaurus 

and Majungasaurus, but absent in Allosaurus and Sinraptor (Brochu, 2002; Sampson & Witmer, 

2007; Madsen, 1976; Currie & Zhao, 1993). The holotype specimen of Acrocanthosaurus 

(OMNH 10146) may possess this also fenestra, but breakage has obscured this region. 

 
Frontal 
 
 The frontals, parietals, and braincase of NCSM 14345 are fused, as in the holotype 

specimen of Acrocanthosaurus (OMNH 10146; Stovall & Langston, 1950). The frontals of the 

holotype are well preserved, although the anterior processes that would have contacted the nasals 

are missing. The paired frontals of Acrocanthosaurus are dorsoventrally flattened and form a 

large part of the roof of the dorsal surface of the skull, roofing the orbits and olfactory region of 

the braincase (Fig. 1.11, 1.12, 1.13, 1.15). The frontals have remained in articulation with the 

parietal and orbitosphenoid, obscuring the articular surfaces of those elements. Additionally, the 

suture between the frontals is obliterated (Currie & Carpenter, 2000), and the two bones take on 

a triangular shape in dorsal view (Fig. 1.13). Frontal fusion is present in the holotype specimen 

of Acrocanthosaurus, as well as specimens of Carcharodontosaurus and Giganotosaurus 

(Stovall & Langston, 1950; Brusatte & Sereno, 2007; Coria & Currie, 2002). However, the 

frontals of Allosaurus, Monolophosaurus, and Sinraptor remain unfused, a condition attributed 

to their smaller size (Currie & Carpenter, 2000). The frontals of Acrocanthosaurus contact the 

posterior-most processes of the paired nasals with two triangular processes. These triangular 

flanges are dorsally exposed and slightly underlie the nasals, as in Giganotosaurus and 
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Allosaurus; the nasal processes of the frontals of Sinraptor extend much farther anteriorly along 

the underside of the nasals (Coria & Currie, 2002; Madsen, 1976; Currie & Zhao, 1993).  

Anterolaterally, the frontal contacts the prefrontal and postorbital, and a shallow 

depression is developed at their junction (Currie & Carpenter, 2000). Posterior to this contact, 

the frontal develops a slightly raised rim that becomes less pronounced as it extends laterally 

onto the postorbital, forming the anteromedial margin of the supratemporal fossa (Fig. 1.13). 

Further posteriorly, the frontal-parietal suture forms a raised ridge that expands laterally across 

the supratemporal fossa and terminates as it contacts the postorbital.  

In ventral view, an anteroposteriorly-oriented sulcus separates the frontal of 

Acrocanthosaurus from the orbitosphenoid (Fig. 1.15); posteriorly, the sulcus curves laterally to 

meet the laterosphenoid. Anterior to this, a ridge extends anterolaterally from the orbitosphenoid 

to meet to the junction of the frontal, prefrontal, and postorbital (Fig. 1.15). This raised ridge is 

present in the holotype specimen of Acrocanthosaurus, OMNH 10146 (pers. obs.), as well as 

Carcharodontosaurus, Giganotosaurus, Allosaurus, and Sinraptor (Brusatte & Sereno, 2007; 

Coria & Currie, 2002; Madsen, 1976; Currie & Zhao, 1993), and outgroups to Allosauroidea (e.g. 

Tyrannosaurus; Osborn, 1912; Majungasaurus; Sampson & Witmer, 2007; and Poekilopleuron; 

Allain, 2001).  

  
Parietal 
  

Like the frontals, the parietals of NCSM 14345 are also fused, similar to the holotype 

specimen of Acrocanthosaurus (OMNH 10146), as well as in Carcharodontosaurus and 

Giganotosaurus. The anterior portion of the parietal contacts the frontal and extends laterally to 
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contact the postorbital (Fig. 1.11, 1.13, 1.15). The parietals meet along the midline of the skull, 

forming a flat, anteroposterior crest between the transverse nuchal crest and the frontals (Fig. 

1.13). In Acrocanthosaurus, the lateral margin of this anteroposterior crest is oriented vertically, 

forming the medial wall of the supratemporal fenestra, as in Sinraptor, Monolophosaurus, and 

Allosaurus (Currie & Zhao, 1993; Zhao & Currie, 1993; Madsen, 1976). This crest is 

significantly wider in Carcharodontosaurus and Giganotosaurus, and the transverse nuchal crest 

is shifted forward to roof over the posteromedial corner of the supratemporal fenestra in these 

taxa (Coria & Currie, 2002; Brusatte & Sereno, 2007).  

The parietals form the posterior wall of the supratemporal fenestrae, as the transverse 

nuchal crest extends posterolaterally from the midline to contact the dorsal surfaces of the 

exoccipital processes. Anteroventral to this crest, parietal-laterosphenoid contact is slightly 

distorted by posterior crushing of the skull. Posterodorsally the parietals contact the 

supraoccipital process near the midline of the braincase, although the lateral extent of this 

contact is also obscured (Fig. 1.13, 1.14).  

 In posterior view, the nuchal crest of the parietals of Acrocanthosaurus surrounds either 

side of the supraoccipital (Fig. 1.14) and exhibits a squared shape similar to the parietal of 

Sinraptor (Currie & Zhao, 1993), but unlike the rounded, heart-shaped nuchal crests of 

Giganotosaurus, Monolophosaurus, and Allosaurus (Coria & Currie, 2002; Zhao & Currie, 1993; 

Chure, 2000). Additionally, the dorsal margins of the parietals are level with or slightly lower 

than the supraoccipital. In Allosaurus, the nuchal crest of the parietals extends significantly 

above the supraoccipital (Madsen, 1976). 
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Braincase 
 
 Although the braincase of NCSM 14345 is relatively well-preserved, many of its sutures, 

cranial nerve exits, and delicate bony processes (e.g. the preotic pendant, interorbital septum, and 

stapes) have been lost or crushed by distortion of the posterior of the skull (Fig. 1.11, 1.12, 1.13, 

1.14, 1.15). Furthermore, the addition of stabilizing material to prevent any additional braincase 

breakage has obscured its openings and sutures. In this respect, the braincase of the holotype 

specimen of Acrocanthosaurus (OMNH 10146) is better preserved than that of NCSM 14345. 

Additionally, a digital endocast from a CT scan of the braincase of OMNH 10146 has been 

described (Franzosa & Rowe, 2005), and will be compared with a similar endocast from NCSM 

14345 (Eddy, in prep.).  

The anterior-most portion of the braincase of NCSM 14345 to be preserved is the 

orbitosphenoid, which is bordered dorsally by the parietal (Fig. 1.11). Cylindrically-shaped, the 

orbitosphenoid is hollowed-out by the large olfactory nerve (C-I) that exits the braincase 

anteriorly and continues toward the nasal cavities. In anterior view, the opening for the olfactory 

nerve is circular and split by a median septum, the mesethemoid (Fig. 1.12), as in 

Giganotosaurus (Coria & Currie, 2002) and Carcharodontosaurus (Bruastte & Sereno, 2007). In 

Sinraptor and Allosaurus, the exit for the olfactory nerve is expressed as a single opening (Currie 

& Zhao, 1993). This may be an artifact of preservation in Sinraptor (Franzosa & Rowe, 2005), 

but multiple specimens of Allosaurus lack a mesethemoid (e.g. UUVP 5961, 7145, 16645; BYU 

671/8901; pers. obs.). Ventral to the orbitosphenoid, Acrocanthosaurus lacks an interorbital 
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septum connecting the orbitosphenoid to the parasphenoid region, as in Allosaurus and Sinraptor; 

this septum is present in Giganotosaurus and Carcharodontosaurus (Coria & Currie, 2002). 

The orbitosphenoid also preserves the exit for the optic (C-II) and oculomotor nerves (C-

III). In the holotype specimen (OMNH 10146), it is not clear whether the optic nerves exited the 

brain through a single opening (Franzosa & Rowe, 2005), as in Allosaurus and Sinraptor, or 

through separate foramina as in Carcharodontosaurus and Giganotosaurus. However, NCSM 

14345 preserves a singe opening for C-II that is overlain by a lateromedially flattened, tapering 

flange of bone (Fig. 1.11). The exit for the oculomotor nerve (C-III) is proximal to the optic 

nerve and exits posteroventrally to C-II on the right side of the braincase; on the left side, the 

thin bony process separating C-II and C-III is broken. Crushing and post-excavation 

reconstruction also appear to have obscured the exit for the trochlear nerve (C-IV), which should 

be located slightly posterodorsal to the ocular nerve exit (Stovall & Langston, 1950). However, a 

small, closed pit on the right side of the orbitosphenoid may represent C-IV. The pituitary fossa 

(Fig. 1.11; 1.12), composed of the basisphenoid and parasphenoid complex, descends ventral to 

the optic and oculomotor foramina, but is not as well preserved as the pituitary fossa of the 

holotype specimen. This discrepancy is evidenced by the absence of an opening for the abducens 

nerve (C-VI) lateral to the pituitary region in NCSM 14345, a foramina that is present in OMNH 

10146. 

Posteriorly, the orbitosphenoid contacts the laterosphenoid (Fig. 1.11), and the latter 

participates in the anterior margin of the supratemporal fenestra, contacting the parietal dorsally 

(Fig. 1.13). The laterosphenoid extends laterally and contacts the postorbital. Posteroventral to 
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the laterosphenoid, the left prootic is perforated by exits for the trigeminal (C-V) and palatine 

branch of the facial (C-VIIp) cranial nerves. The trigeminal nerve is large, ovular, and exits 

lateroventrally from the skull (Fig. 1.11). As in Carcharodontosaurus and Giganotosaurus, the 

trigeminal nerve of Acrocanthosaurus exits as a single foramen (pers. obs.), unlike the split 

foramen in Allosaurus and Sinraptor (Franzosa & Rowe, 2005). Ventral and slightly anterior to 

the trigeminal foramen, the palatine branch of the facial nerve opens posteroventrally. The 

hyomandibular branch of the facial nerve (C-VIIh) is not well preserved in NCSM 14345, but a 

small pit posterior to C-VIIp probably represents its exit from the braincase. Similarly, the right 

side of the braincase does not preserve either trigeminal or facial nerve foramina, only 

depressions where the nerves likely exited. However, the holotype specimen (OMNH 10146) 

preserves exits for both C-VIIp and C-VIIh, and, as noted by Franzosa and Rowe (2005), 

Acrocanthosaurus is the only known allosauroid to preserve a branched facial nerve. Ventral to 

the trigeminal and facial nerve exits, the base of the broken preotic pendant is visible on the left 

side of the braincase, and would have laterally covered the entrance for the internal carotid artery 

(Fig. 1.11).  

 Below the exoccipital and orbitosphenoid, the basisphenoid-parasphenoid complex forms 

the anteroventral portion of the braincase (Fig. 1.11, 1.12, 1.15). Unlike some exceptionally 

preserved specimens of Allosaurus (e.g. UUVP 5961; Madsen, 1976), the parasphenoids of 

Acrocanthosaurus, Giganotosaurus, Carcharodontosaurus, and Sinraptor (Stovall & Langston, 

1950; Coria & Currie, 2002; Brusatte & Sereno, 2007; Currie & Zhao, 1993), are significantly 

damaged or missing. In ventral view, a deep, rounded basisphenoid recess is developed between 
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the basipterygoid processes and the basal tubera, and divided medially by a thin septum (Fig. 

1.15). Basisphenoid recesses are present in most theropods, yet the openings in 

Acrocanthosaurus and Carcharodontosaurus are significantly larger than those in Allosaurus 

and Sinraptor (Brusatte & Sereno, 2007). Anteroventrally, the basipterygoid processes articulate 

with the medial surface of the pterygoid, fitting between the quadrate ramus and the pterygoid 

medial process. 

The supraoccipital occupies the posterodorsal region of the braincase, posterior to the 

transverse nuchal crest of the parietal (Fig. 1.13, 1.14). The dorsal projection of the 

supraoccipital, also known as the supraoccipital wedge (Rauhut, 2003), preserves a fold along its 

midline (Fig. 1.13), separating the process into two distinct knobs (“double boss” of Currie & 

Carpenter, 2000) that converge ventrally and give the projection a triangular appearance in 

posterior view (Fig. 1.14). This feature is also present in the holotype specimen of 

Acrocanthosaurus (OMNH 10146), although the broken posterodorsal surface of the 

supraoccipital obscures its actual shape (pers. obs.). The supraoccipitals of Sinraptor, 

Carcharodontosaurus, and Giganotosaurus lack this fold, and instead preserve a single posterior 

ridge (Currie & Zhao, 1993; Brusatte & Sereno, 2007; Coria & Currie, 2002). Some specimens 

of Allosaurus preserve a folded supraoccipital wedge (e.g. DINO 11541; Chure, 2000), although 

others exhibit a single medial ridge (BYU 725/17879; pers. obs.). This fold is distinct from a 

midline ridge along the dorsal margin of the supraoccipital (Fig. 1.13) that Acrocanthosaurus 

shares with Carcharodontosauridae, Sinraptor, and Allosaurus (Currie & Carpenter, 2000). 

Paired exits for the dorsal head vein (“vena capita dorsalis” of Witmer, 1997) penetrate the 
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supraoccipital below the supraoccipital wedge, and their location in Acrocanthosaurus is similar 

to that of other allosauroid taxa. The supraoccipital is bordered laterally by the exoccipitals, and 

ventrally it participates in the dorsal margin of the foramen magnum, but does not contact the 

basioccipital as it does in Giganotosaurus (Coria & Currie, 2002).  

In posterior view, the exoccipitals border the supraoccipital ventrolaterally (Fig. 1.14). 

The exoccipitals do not meet medially on the occipital condyle; they are separated by a thin 

dorsal exposure of the basioccipital that participates in the ventral margin of the foramen 

magnum. Accordingly, the basioccipital comprises most of the spherical occipital condyle, while 

the exoccipital forms the left and right dorsolateral surfaces of the projection. The thin dorsal 

exposure of the basioccipital between the exoccipitals extends anteriorly into the foramen 

magnum, and is depressed by a shallow, anteroposterior sulcus (Fig. 1.13, 1.14). Anteroventral to 

the neck of the occipital condyle, a large fossa penetrates the left exoccipital. This feature may 

have been present in the right exoccipital of NCSM 14345, but a medial deflection of the right 

paroccipital processes has deformed this region. As in other allosauroid taxa, the paroccipital 

processes of the exoccipital of Acrocanthosaurus are ventrally deflected, extending below the 

foramen magnum and occipital condyle (Fig. 1.14). The left exoccipital extends posterolaterally 

to contact the squamosal and quadrate, although the right exoccipital of NCSM 14345 is 

deflected medially by approximately twenty degrees in dorsal view (Fig. 1.13).  

The foramen magnum of Acrocanthosaurus opens posteroventrally, and its lateral rims 

are sharp and raised (Fig. 1.14), as in Giganotosaurus (Coria & Currie, 2002), extending 

posteroventrally onto the occipital condyle. Similarly, Carcharodontosaurus has a pronounced 
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dorsal rim of the foramen magnum (Brusatte & Sereno, 2007). These ridges contrast with the 

smoother, more rounded rims of Allosaurus and Sinraptor (Madsen, 1976; Currie & Zhao, 1993). 

Internal to the foramen magnum of NCSM 14345, exits for hypoglossal nerves (C-XII) are found 

along the lateral walls of the endocranium, although they remain obscured in dorsal and posterior 

views.  

 
Pterygoid 
 

The palatal complex of Acrocanthosaurus is currently known from a right palatine and 

ectopterygoid of SMU 74646, and a partial right ectopterygoid from the holotype (OMNH 

10146). Palatal elements of NCSM 14345 are nearly complete, except for a missing right 

epipterygoid and a broken portion of the quadrate ramus of the right ectopterygoid. The entirety 

of the palatal complex was obscured by matrix during the description by Currie and Carpenter 

(2000).  

The pterygoid is a the longest bone of the palatal complex of Acrocanthosaurus, 

measuring ~61 cm from the anterior tip of the vomeropalatine ramus to the posterior margin of 

the quadrate ramus (Fig. 1.16, 1.20, 1.21). Posteriorly, the pterygoid is separated from its 

counterpart by an elongated interpterygoid vacuity that traverses the midline of the skull (Fig. 

1.20). The laterally compressed vomeropalatine ramus expands anteriorly from the main body of 

the pterygoid, while its lateral surface contacts the medial surface of the vomeropterygoid 

process of the palatine (Fig. 1.18, 1.21). Further anteriorly, the vomeropalatine ramus contacts 

the posterior of the vomer. In lateral view, the pterygoid is limited in exposure anterior to the 

palatine, and it appears to fit medially between the split processes of the vomer (Fig. 1.21). This 
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is supported by the fact the vomeropalatine ramus of the pterygoid extends much further 

anteriorly in ventral view than in dorsal or lateral view (Fig. 1.19). In ventral view, the ramus 

contacts its counterpart as both rami terminate posterior to the splitting of the vomer (Fig. 1.20). 

This kinetic region of the palatal complex of NCSM 14345 resembles that of Sinraptor, although 

the latter taxon possesses vomeropalatine rami that may have extended past the split section of 

the vomer (Currie & Zhao, 1993). As noted by Currie and Zhao (1993; p. 2051), Madsen (1976) 

did not show the vomeropalatine ramus of the pterygoid of Allosaurus contacting the vomer, 

although such contact has since been supported (Chure, 2000). 

The short, blade-like ectopterygoid ramus of the pterygoid extends ventrally to contact 

the medial surface of the ectopterygoid and the ectopterygoid pneumatic recess (Fig.1.17). 

Medially, a large fossa penetrates this ramus, extending into the medial pterygoid process (Fig. 

2.14). This feature is also present in Sinraptor (Currie & Zhao, 1993), but absent in 

Giganotosaurus, Allosaurus, and Majungasaurus. The quadrate ramus of Acrocanthosaurus is 

tall and broad, and contacts the epipterygoid along its anterolateral edge and the pterygoid wing 

of the quadrate along much of its posterior margin (Fig. 1.17). The basipterygoid process 

articulates with the pterygoid medial to the quadrate ramus, between it and the medial pterygoid 

process. The pterygoid medial process is developed as a rounded flange of bone that projects 

posteriorly or posteroventrally in many theropods (e.g. Allosaurus; pers. obs.; Majungasaurus; 

Sampson & Witmer, 2007; Ceratosaurus; Madsen & Welles, 2000; and Tyrannosaurus; Brochu, 

2002), confluent with the angle of the vomeropalatine ramus (Fig. 1.16). However, in 

Acrocanthosaurus and Sinraptor, the flange is rotated posterodorsally (Fig. 2.14). Lateral to the 
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basipterygoid contact, a deep, posteroventrally-sloping fossa is developed on the medial side of 

the quadrate ramus (Fig. 1.21), and may have communicated with the fossa of the ectopterygoid 

ramus. This feature is also present in Sinraptor (Currie & Zhao, 1993), but not in Allosaurus and 

Giganotosaurus (pers. obs.).  

 
Palatine 
 

The left and right palatines of NCSM 14345 (Fig. 1.16, 1.18, 1.19, 1.21) are similar to a 

right palatine described by Harris (1998; SMU 74646). Although the palatine of SMU 74646 is 

relatively complete, it is missing the dorsal portion of the vomeropterygoid ramus. Additionally, 

the internal naris is reduced in height, and the pterygoid process is deflected ventrally in contrast 

to the palatines of NCSM 14345.  

The palatine of Acrocanthosaurus is a quadra-hyphenated, tri-radiate bone that, along 

with the ectopterygoid, braces the palatal complex against the facial skeleton (Sampson & 

Witmer, 2007). In lateral view, two processes comprise the ventral margin of the palatine (Fig. 

1.18A). The maxillary process of the palatine extends anteriorly, marked by longitudinal ridges 

that articulate with the posterior ramus of the maxilla. Posteriorly, a second palatal process 

contacts the medial surface of the jugal. A large palatine pneumatic recess (~4.6 cm wide) is 

developed within the main body of the lateral surface of the palatine of Acrocanthosaurus, and is 

also present in SMU 74646 (Harris, 1998). The posterodorsal edge of this recess is poorly 

preserved, and a small, irregularly shaped flange contacts the jugal and lacrimal. Medial to this 

flange extends the blade-like, tapering pterygoid process of the palatine. The medial surface of 

the pterygoid process contacts the lateral edge of the vomeropalatine process of the pterygoid 
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and forms the ventral margin of the pterygopalatine fenestra. This fenestra is present in Sinraptor, 

Yangchuanosaurus, and Tyrannosaurus, but absent in Allosaurus (Currie & Zhao, 1993; Dong et 

al., 1976; Osborn, 1912; Madsen, 1976). Although there have been no palatines described from 

derived carcharodontosaurid taxa (e.g. Mapusaurus, Carcharodontosaurus, Giganotosaurus), a 

fragmentary palatine of Neovenator (pers. obs.) lacks this fenestra as well. 

The fourth and largest palatal process is the vomeropterygoid ramus, expanding 

anterodorsally from the main body of the palatine and forming the posterior margin of the 

internal naris (Fig. 1.18). The lateral surface of this pendulum-shaped extension is slightly rugose 

and serves at the attachment site for the M. pterygoidus, pars dorsalis (Witmer, 1997). The 

medial surface of the palatine contacts the lateral surface of the vomeropalatine process of the 

pterygoid extensively (Fig. 1.17, 1.18B; 1.19, 1.20, 1.21). Additionally, a reduced, medioventral 

contact with the posterior of the vomer is also present (Fig. 1.19, 1.20). Dorsal to this contact 

with the vomeropalatine processes of the pterygoid, the palatines meet medially (Fig. 1.16) along 

a narrow symphysis.  

 
Vomer 
 

No vomer has yet been referred to Acrocanthosaurus; that of NCSM 14345 is the first 

described for the taxon. The elongated vomer (46.1 cm long) contacts the medial symphysis of 

the premaxilla with a short, tapering process that deflects ventrally (Fig. 1.16, 1.20, 1.21). 

Posterior to this, the vomer flattens dorsoventrally and widens laterally into a sub-rectangular 

flange that may have contacted the anteromedial processes of the maxillae, as in Sinraptor in 

Tyrannosaurus (Currie & Zhao, 1993; Osborn, 1912). Further posteriorly, the vomer becomes 
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lateromedially compressed and dorsoventrally expanded before it contacts the palatine (Fig. 

1.21). Here, the vomer splits along its midline into left and right processes, remnants of 

ancestrally paired vomers (Fig. 1.16, 1.20). A deep sulcus splits the vomer, extending further in 

ventral view than in dorsal view. Anterior to the palatines, the vomeropalatine rami of the 

pterygoid overlap the vomer laterally, and are present in dorsal view (Fig. 1.16, 1.19). Unlike 

Sinraptor, ventral troughs for contact with the pterygoid are not visible in the vomer of 

Acrocanthosaurus. As noted by Currie and Zhao (1993), the vomer figured for Allosaurus 

(Madsen, 1976) is incorrect in that it is shown failing to contact the pterygoids, a plesiomorphic 

condition that is present in both Acrocanthosaurus and Sinraptor. The well-known lateral view 

of the skull of Allosaurus figured by Madsen (1976) is also incorrect, as the vomeropterygoid 

processes of the palatines are not drawn in contact with the posterior of the vomer; however, 

proper diagrams of the skull of Allosaurus in lateral view have since been used (Rayfield et al., 

2001). 

In ventral view, the vomeropalatine rami of the pterygoids are expressed within the 

vomeral sulcus; they contact each other medially and are bordered laterally by medial surfaces of 

the split vomer. The vomer terminates posteriorly, and its lateral surface contacts the medial side 

of the vomeropterygoid process of the palatine (Fig. 1.19). A similar arrangement is present in 

Sinraptor (Currie & Zhao, 1993), although in Acrocanthosaurus, dorsal troughs on the vomer for 

an overlapping contact with the palatine are not present, but may be inferred.  
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Ectopterygoid 
 

As previously mentioned, two other ectopterygoids have been described from 

Acrocanthosaurus: a partial right ectopterygoid from the holotype specimen (OMNH 10146; 

Stovall & Langston, 1950) and a right ectopterygoid from SMU 74646 (Harris, 1998; the 

ectopterygoid is misidentified as belonging to the left side. A closely-fitting sutural surface on 

the right jugal for the jugal ramus of the right ectopterygoid confirms this observation). The 

ectopterygoids of NCSM 14345 are morphologically similar to that of OMNH 10146 and SMU 

74646. Both left and right ectopterygoids of NCSM 14345 are well-preserved and were not 

visible during the original description by Currie and Carpenter (2000). 

The ectopterygoid of Acrocanthosaurus is hook-shaped in dorsal view (Harris, 1998), 

and the jugal ramus extends posterolaterally from the medial body of the bone to contact the 

medial surface of the jugal (Fig. 1.22 A, C). In Allosaurus, Sinraptor, and spinosauroid taxa (e.g. 

Poekilopleuron), the ectopterygoid contacts the jugal with an expanded, triangular ramus (Fig. 

2.15). In Acrocanthosaurus, Giganotosaurus, and a possible partial ectopterygoid from 

Carcharodontosaurus (pers. obs.), the jugal ramus is rectangular in lateral view, with parallel 

dorsal and ventral margins. Additionally, the jugal ramus of Allosaurus, Sinraptor, and 

Poekilopleuron runs parallel to the ventral margin of the main body of the ectopterygoid 

(Madsen, 1976; Currie & Zhao, 1993; Allain, 2001), whereas in Acrocanthosaurus and 

Mapusaurus (Harris, 1998; Coria & Currie, 2006), the arm is rotated dorsally by approximately 

twenty degrees (Fig. 2.15).  
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The medial surface of the ectopterygoid shares an extensive contact with the pterygoid 

between the vomeropalatine and ectopterygoid rami (Fig. 1.22B). The ectopterygoid opens 

medially with an elongate, ovular vacuity that fills the main body of the bone and protrudes into 

the base of the jugal ramus, unlike the sub-circular ectopterygoid recess of Tyrannosaurus 

(Maleev, 1974). The ectopterygoid of Acrocanthosaurus is also characterized by foramina along 

the medial edge of the main body, posterior to the large medial vacuity. This feature is visible in 

NCSM 14345, but not preserved in either ectopterygoid of SMU 74646 or OMNH 10146. These 

foramina are present in both left and right ectopterygoids, and probably communicated with the 

ectopterygoid vacuity and the fossa within the ectopterygoid ramus of the pterygoid. 

Giganotosaurus preserves two accessory foramina, whereas Allosaurus and Sinraptor have none 

(Coria & Salgado, 1995; Madsen, 1976; Currie & Zhao, 1993).  

 
Epipterygoid 

 
Only the left epipterygoid of NCSM 14345 is preserved, the first such element to be 

referred to Acrocanthosaurus. The epipterygoid is laterally compressed, triangular, and overlaps 

the lateral surface of the pterygoid quadrate ramus (Fig. 1.16, 1.23). In medial view, a thin ridge 

is present along the anteromedial surface and expands posteriorly to contact the pterygoid. Here, 

the margin of the epipterygoid develops a rounded, tapering process ventral to the triangular 

body. Dorsally, the epipterygoid may have contacted the laterosphenoid, a feature present in 

other theropods (e.g. Tyrannosaurus; Brochu, 2002; Cryolophosaurus; Smith et al., 2007). In an 

articulated skull of Allosaurus (BYU 571/8901; Smith et al., 1999), an undescribed epipterygoid 

articulates with the pterygoid and nears, but does not contact, the orbitosphenoid (pers. obs.). 
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However, as the palatal complex of Acrocanthosaurus is disarticulated, it is unclear if the 

epipterygoid contacted the braincase.  

The epipterygoid of Acrocanthosaurus is morphologically similar to that of other 

theropods. The dorsal tip tapers to a point, as in Ceratosaurus (Madsen & Welles, 2000), 

Cryolophosaurus (Smith et al., 2007), and some tyrannosauroids (Carr, 2005). By contrast, in 

two specimens of Allosaurus (UUVP 1414; Madsen, 1976; BYU 671/8901; Smith et al., 1999), 

and one Tyrannosaurus specimen (FMNH PR2081; Brochu, 2002), the dorsal tip of the 

epipterygoid is wide and bulbous (Fig. 2.16). The epipterygoids of Monolophosaurus and 

Sinraptor are preserved, but no comparisons can be made at this time as neither is completely 

figured (Zhao & Currie, 1993; Currie & Zhao, 1993). 

 
MANDIBLE 

 
Dentary, Supradentary, & Coronoid 
 

 NCSM 14345 preserves the first relatively complete mandible to be referred to 

Acrocanthosaurus, as only the right coronoid is missing. The holotype specimen (OMNH 10146; 

Stovall & Langston, 1950) and SMU 74646 (Harris, 1998) preserve portions of a posterior left 

and right ramus, respectively; the holotype preserves an articular and partial surangular, while 

SMU 74646 has an articular, partial surangular, partial prearticular, and fragmentary splenial. 

The dentary of NCSM 14345 (Fig. 1.1, 1.24, 1.25) is long (82.1 cm), lateromedially 

compressed (4.2 cm wide), and preserves 17 teeth (Currie & Carpenter, 2000). Dentary tooth 

counts vary in specimens of Allosaurus from 14 to 17, with an average count of 16 dentary teeth 

(Madsen, 1976). The dentaries of Monolophosaurus preserve 17 and 18 dentary teeth, while 
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Sinraptor has 16 teeth per dentary (Zhao & Currie, 1993; Currie & Zhao, 1993). Other 

allosauroid taxa (Tyrannotitan, Neovenator, Giganotosaurus, and Carcharodontosaurus) 

preserve partial dentaries from which tooth counts are not attainable. In lateral view, the 

posterior margin of the dentary contacts the surangular and angular (Fig. 1.1, 1.25A). The 

intramandibular joint is visible near the dorsal margin of the mandibles where the dentary 

contacts the surangular, as a posteriorly projecting lateral process of the dentary overlaps the 

surangular. Ventral to this joint, the intramandibular process of the surangular projects, 

overlapping the lateral surface of the dentary. This overlap is present in Sinraptor, but appears to 

be reduced in Monolophosaurus, Allosaurus, and Yangchuanosaurus (Currie & Zhao, 1993; 

Zhao & Currie, 1993; Madsen, 1976; Dong et al., 1978). At this time, no posterior dentaries have 

been described for derived carcharodontosaurid taxa (e.g. Carcharodontosaurus, 

Giganotosaurus, and Mapusaurus). 

The dentary of NCSM 14345 extends posteroventrally from the intramandibular joint, 

remaining in contact with the surangular, and bifurcates to form the anterior margin of the 

external mandibular fenestra (Fig. 1.25A). The upper prong articulates with the surangular 

dorsally and posteriorly, while the lower prong overlaps the lateral surface of the anterior portion 

of the angular (Currie & Carpenter, 2000). The forked posterior processes of the dentary of 

Acrocanthosaurus are not as pronounced as those of Sinraptor and Yangchuanosaurus (Currie & 

Zhao, 1993; Dong et al., 1978), but it is significantly more forked than the dentaries of 

Monolophosaurus and Allosaurus (Zhao & Currie, 1993; Madsen, 1976).  
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 Ventral to the alveolar margin of the dentary, a deep lateral sulcus extends 

anteroposteriorly across the dentary to accommodate a row of elongated foramina (Fig. 1.25A, 

2.16C). As the sulcus terminates anteriorly, the foramina continue anterodorsally, although the 

depressions become smaller and more rounded. The anterior form of the sulcus is significantly 

different in Acrocanthosaurus than in more basal allosauroid taxa. In Allosaurus, Neovenator, 

and Monolophosaurus, foramina are developed upon the dentary surface (2.16B), but no sulcus 

is present (Madsen, 1976; Naish et al., 2001; Zhao & Currie, 1993). Sinraptor appears to display 

an intermediate condition, as the posterior foramina are inset within a sulcus, but the depression 

does not continue as far anteriorly as it does in Acrocanthosaurus (Fig. 2.17A). Mapusaurus 

(Coria & Currie, 2006) shares this anteriorly-projecting sulcus with Acrocanthosaurus; in 

Giganotosaurus (Calvo & Coria, 2000), the lateral sulcus of the dentary is deeply inset 

posteriorly and extends anteriorly, but damage to the bone has obscured the anterior extent of the 

groove. 

In medial view, a thin supradentary process overlaps the dentary immediately ventral to 

the alveolar margin (Fig. 1.24, 1.25B). Overlap of the supradentary begins ventral to the fourth 

tooth, as in Monolophosaurus (Zhao & Currie, 1993). Posteriorly, the supradentary extends past 

the dentary and appears to contact the medial surface of the surangular. It then dips 

posteroventrally and is continuous with the coronoid (Fig. 1.24; 1.29B). The coronoid is a 

lateromedially flattened, sub-rectangular sheet of bone split anteriorly by a narrow sulcus that 

separates the bone into dorsal and ventral processes. The dorsal process, as mentioned, is 

continuous with the supradentary, while the ventral process tapers to a point and wraps 
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dorsomedially around an anteriorly-projecting process of the surangular (Fig 1.29B). This 

surangular process is part of the medial shelf of the surangular, and it extends past the 

mandibular joint to overlap the medial surface of the dentary (Fig. 1.24B).  

Supradentary-coronoid continuity has been observed in Monolophosaurus (Zhao & 

Currie, 1993) as well as in some specimens of Tyrannosaurus (Brochu, 2002). As noted by 

Brochu (2002), this feature may be broadly distributed within Theropoda, but as the coronoid is 

prone to disarticulation, due to its ligamentous attachment to the mandible, such a connection is 

not commonly preserved. For example, associated specimens of Allosaurus described by Madsen 

(1976) preserve isolated supradentaries and coronoids. Although the supradentaries of 

Monolophosaurus, Tyrannosaurus, and Allosaurus (Zhao & Currie, 1993; Brochu, 2002; Madsen, 

1976) are similar in morphology to that of Acrocanthosaurus, coronoids of the three former taxa 

appear triangular in medial view, with a tapering posterodorsal flange that is absent in 

Acrocanthosaurus. As no coronoids have been described for Sinraptor, Yangchuanosaurus, or 

carcharodontosaurid taxa, the extent of morphological variation of this element within 

Allosauroidea is unclear at this time. 

Much of the medial surface of the right dentary of NCSM 14345 is obscured by the 

splenial, although in the left mandible the two elements are disarticulated. The splenial extends 

anteriorly to below the eighth tooth, and follows the posteroventral curvature of the dentary 

posteriorly. The enclosed mylohyoid foramen of the splenial opens medially onto the dentary 

surface the Meckelian groove, an elongated, deeply-inset medial sulcus of the dentary (Fig. 1.24). 

Medial to the mylohyoid foramen, the Meckelian groove terminates posteriorly at two crescentic, 
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posteriorly-opened foramina for the alveolar nerve (Fig. 1.25B). The dorsal foramen is slightly 

posteriorly offset from its ventral counterpart approximately half the width of a tooth, as in 

Sinraptor. In Allosaurus, the two foramina are further apart, usually by greater than one tooth’s 

width. The Meckelian groove continues anteriorly, terminating ventral to the second dentary 

tooth. Here, the alveolar nerve penetrates the dentary with a large foramina.  

The anteroventral margin of the dentary of Acrocanthosaurus is squared in both medial 

and lateral views (Fig. 1.25), as in Giganotosaurus, Tyrannotitan, Mapusaurus, and 

Carcharodontosaurus (Calvo & Coria, 2000; Novas et al., 2005; Coria & Currie, 2006; Brusatte 

& Sereno, 2007). Along the anteromedial surface (Fig. 1.25B), the dentary articulates with its 

counterpart with a short, anteroventrally-projecting flange (“articular brace” of Brusatte & 

Sereno, 2007). This flange is also present in the four carcharodontosaurid taxa mentioned above. 

In Monolophosaurus, Sinraptor, Yangchuanosaurus, Allosaurus, and Neovenator, the shape of 

the dentary is rounded and the articular flange is absent or greatly reduced (Zhao & Currie, 1993; 

Currie & Zhao, 1993; Dong et al., 1978; Naish et al., 2001). Above this flange, a groove for the 

dental lamina curves posteriorly from its origin at the base of the first dentary tooth and is 

overlain by the splenial. 

 
Splenial 
 
 The only splenial referred to Acrocanthosaurus is highly fragmentary (SMU 74646; 

Harris, 1998), and its identification as such is equivocal (pers. obs.). Both splenials of NCSM 

14345 are well preserved, although the right splenial has remained in articulation with the 

dentary, obscuring its internal surface.  
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The splenial is a long (~60.5 cm), medially convex sheet of bone in articulation with the 

medial surface of the dentary (Fig. 1.24; 1.26). The ventral margin of the splenial curves 

posteroventrally in Acrocanthosaurus, Mapusaurus, and Allosaurus, whereas in Sinraptor, 

Yangchuanosaurus, and Monolophosaurus this margin is straight (Coria & Currie, 2006; Chure, 

2000; Currie & Zhao, 1993; Dong et al., 1978). Anteriorly, the dentary process of the splenial is 

forked, and the larger dorsal prong extends to below the eighth tooth (Fig. 1.24), while the 

ventral prong terminates below the ninth dentary tooth. Along the ventral splenial margin, the 

anterior mylohyoid foramen, an anteroposteriorly elongated opening enclosed by the splenial 

(Fig. 1.26) is developed. The enclosure of the mylohyoid foramen in Acrocanthosaurus is also 

present in Tyrannosaurus, Ceratosaurus, Sinraptor, and Mapusaurus (Brochu, 2002; Madsen & 

Welles, 2000; Currie & Zhao, 1993; Coria & Currie, 2006). In Majungasaurus, 

Monolophosaurus, and most specimens of Allosaurus (Sampson & Witmer, 2007; Zhao & Currie, 

1993; Chure, 2000), the foramen is present, but the anterior margin is not enclosed by the 

splenial.  

A short, posterodorsal process of the splenial of NCSM 14345 is squared in medial view 

and contacts the anteroventral margin of the prearticular. Here, the margin of the splenial 

concaves anteroventrally to accommodate the rounded tip of the prearticular (Fig. 1.24, 1.26), 

and also likely contacted the surangular dorsomedially. The posterodorsal process of the splenial 

is greatly reduced in Ceratosaurus and Allosaurus, but not in Sinraptor, Monolophosaurus, or 

Tyrannosaurus. The posteroventrally-oriented angular process of the splenial follows the 

posteroventral curvature of the dentary. Internally, an infra-angular ridge is developed along the 
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posteroventral margin of the splenial contacting the dentary and angular. This ridge is relatively 

thin in Acrocanthosaurus, Sinraptor, and Allosaurus, compared to the raised infra-angular ridges 

of Ceratosaurus, Tyrannosaurus, and Mapusaurus. This condition is uncertain in 

Giganotosaurus and Carcharodontosaurus, as no splenials have been referred to those taxa. 

 In medial view (Fig. 1.26B), the posterior margin of the splenial forms the anterior edge 

of the internal mandibular fenestra (“Meckelian fossa” of Brochu, 2002). This opening is 

similarly developed between the splenial and prearticular of Sinraptor and Mapusaurus (Currie 

& Zhao, 1993; Coria & Currie, 2006). However, Sampson & Witmer (2007) show the internal 

mandibular fenestra as an open space dorsal to the prearticular and ventral to the medial 

surangular shelf in Majungatholus. 

 
Prearticular 
 
 A partial prearticular (SMU 74646; Harris, 1998) has been previously described for 

Acrocanthosaurus, although the only the posterior portion is preserved. The posterior of a 

fragmentary prearticular is also preserved in the holotype specimen (OMNH 10146; Stovall & 

Langston, 1950). The prearticular of NCSM 14345 is a narrow, ventrally curved bone exposed 

along the medial surface of the mandibles (Fig. 1.24; 1.27). Posteriorly, it expands to broadly 

underlap the articular and the posterior process of the surangular. Here, the prearticular thickens 

lateromedially, taking on a sub-cylindrical shape. The prearticular extends anteroventrally to 

contact the medial surface of the angular, and the two bones form the ventral margin of the 

mandible. Compared to the more shallow curvature of the posterior mandibles of 

Monolophosaurus, Sinraptor, Allosaurus, and some ceratosaurs (Zhao & Currie, 1993; Currie & 
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Zhao, 1993; Chure, 2000; Sampson & Witmer, 2007), in Acrocanthosaurus, this region of the 

mandibles bows deeply downwards.  

Internally, the surface of the prearticular is marked by a series of parallel ridges and 

depressions that extend anteroventrally along the bone (Fig. 1.27B). Anterior to this ridged 

region, a large concavity (8.55 cm long) along the ventral margin of the prearticular, the 

posterior mylohyoid foramen, opens anteroventrally. This opening is offset anteriorly to the 

ventral apex of the prearticular, and likely communicated with the internal mandibular fenestra 

(Fig. 1.24). Other theropods, such as Sinraptor, Monolophosaurus, Majungasaurus, and 

Tyrannosaurus (Currie & Zhao, 1993; Zhao & Currie, 1993; Sampson & Witmer, 2007; Brochu, 

2002), do not preserve the posterior mylohyoid fenestra (Fig. 2.18A), although the prearticular 

may develop a slight concavity along this region. In Allosaurus, the posterior mylohyoid 

foramen is present (Fig. 2.18B); however, it is not as pronounced or well-developed as in 

Acrocanthosaurus (Fig. 2.18C). The left prearticular of NCSM 14345 preserves a small medial 

knob along the anterior margin of this fenestra (Fig. 1.27B), although the right prearticular lacks 

this prominence. 

 The prearticular extends anterodorsally and tapers as it nears the dorsal margin of the 

mandible (Fig. 1.24) and may contact the coronoid (Fig. 1.27). The anterior tip of the prearticular 

contacts the posterodorsal process of the splenial, while the anteroventral margin forms the 

posterodorsal rim of the internal mandibular fenestra. 
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Angular 
 
 The angular of Acrocanthosaurus is lateromedially flattened and parallels the curvature 

of the prearticular to form the ventral margin of the posterior of the mandible (Fig. 1.28). 

Posteriorly, the angular overlaps the lateral surface of the surangular (Fig. 1.1), and contacts the 

prearticular medially (Currie & Carpenter, 2000). The medial surface of the angular develops a 

thin ridge along its ventral margin whose surface articulates with the medial ridge of the 

prearticular. The dorsal margin of the angular forms the ventral edge of the external mandibular 

fenestra, and anteroposteriorly elongated foramina are present below this margin. It is unclear 

whether the depressions are accessory pneumatic structures of the external mandibular fenestra 

or neurovascular canals, although they are developed in both left and right angulars of NCSM 

14345. These foramina are absent in Sinraptor, Monolophosaurus, and Allosaurus (Currie & 

Zhao, 1993; Zhao & Currie, 1993; Madsen, 1976), although Tyrannosaurus preserves large 

openings that perforate the angular near this region (Brochu, 2002). This feature may be 

distributed within Carcharodontosauridae, although angulars from Giganotosaurus, 

Carcharodontosaurus, Tyrannotitan, Mapusaurus, and Neovenator have not been recovered. 

Anteriorly, the angular of Acrocanthosaurus narrows and curves anterodorsally to contact medial 

surface of the dentary and internal surface of the splenial. 

 
Surangular  
 
  As previously mentioned, partial surangulars have been referred to Acrocanthosaurus: a 

left surangular from the holotype specimen (OMNH 10146; Stovall & Langston, 1950), and a 

right surangular from SMU 74646 (Harris, 1998). As with these two specimens, the posterior 
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mandibular elements (i.e. surangular, articular, and posterior prearticular) of NCSM 14345 are 

preserved in articulation (Fig. 1.29). The surangular is long (~59.1 cm), and its anterior portion is 

lateromedially flattened, except for the expanded lateral and medial shelves of the surangular. In 

lateral view, the medial shelf is taller than the lateral shelf, and a wide groove between the two 

shelves accompanied the quadratojugal, jugal, and maxilla when the mouth closed. The 

elongated lateral shelf of the surangular (Fig. 1.29C) serves as the insertion site of the M. 

adductor mandibulae externus (Sampson & Witmer, 1997).  

As noted by Currie and Carpenter (2000), a knob is developed along the posterior margin 

of this shelf near the jaw articulation, a feature also present in SMU 74646 (Harris, 1998). 

Ventral to this shelf, a large, rounded posterior surangular foramen is present (Fig. 1.29A). 

Anteroventral to the foramen, the surangular develops an anteroventral flange that is bordered 

laterally by the angular. Together, this flange and the angular form the posterior and ventral 

margins of the external mandibular fenestra. The anterior expansion of the surangular forms the 

dorsal margin of this opening, and is perforated by two large, irregular openings, as is the thin 

posterior process of the dentary (Fig. 1.25, 1.29A). Similar openings are described in the 

surangular of Tyrannosaurus as lesions (Brochu, 2002). However, in Acrocanthosaurus these 

fenestrae are neither abundant nor surrounded by rings of inflated bone, as they are in 

Tyrannosaurus. 

 The anterior process of the surangular is tall (>16 cm), and contacts the dentary with a 

posteroventrally-sloping margin (Fig. 1.29C). Anterodorsally, the surangular participates in the 

external mandibular joint (Fig. 1.24; 1.29A), and a thin, blade-like anterior flange overlaps the 
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lateral surface of the dentary (Currie & Carpenter, 2000). Posteriorly, this flange is slightly offset 

from the lateral surface of the surangular, and the dorsal margin of the flange terminates at the 

entrance for the anterior surangular foramen.  

In medial view, a large foramina opens anteriorly between the anterior process of the 

right surangular and prearticular; this depression is absent in the left ramus. The medial shelf of 

the surangular projects anteriorly and bifurcates into dorsal and ventral processes. The anterior 

extent of the dorsal process is unclear, as it is obscured by the supradentary (Fig. 1.24; 1.29B). 

The ventral process contacts the internal surface of the coronoid and extends anteriorly to 

overlap the medial surface of the dentary. 

 
Articular 
 

The articular is well-represented in Acrocanthosaurus specimens, as it is preserved in 

both the holotype (OMNH 10146; Stovall & Langston, 1950) and SMU 74646 (Harris, 1998). 

Anteriorly and ventrally, the articular articulates with the surangular and prearticular, obscuring 

the surfaces that contact those elements. The dorsal surface of the articular is wide (14.25 cm), 

with a complex sequence of bony ridges and deep channels surrounding a depressed glenoid 

region. The lateral and medial glenoids articulate with the quadrate condyles, and are separated 

by a low, anteromedial-posterolaterally oriented ridge. As noted by Harris (1998), the glenoid of 

Allosaurus possesses a much sharper ridge than that of Acrocanthosaurus. The articular of 

Sinraptor also develops a pronounced glenoid ridge (Currie & Zhao, 1993), whereas that of 

Mapusaurus (Coria & Currie, 2006) is greatly reduced. Acrocanthosaurus lacks an ossified 

antarticular, as the only allosauroid to possess this neomorph is Allosaurus (Madsen, 1976). 
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Along the medial margin of the articular, an internally-projecting, bowl-shaped recession 

envelops the foramen posterior chorda tympani (Fig. 1.29B). Immediately posterior to this, the 

semi-circular retroarticular process of the articular extends posterodorsally. The posterior margin 

of the articular, excluding the retroarticular process, is steeply inclined anterodorsally. Anterior 

to the retroarticular process, a tall, rounded spine forms the posterior of the glenoid fossa region, 

as in SMU 74646 (Harris, 1998). This spine is taller and more strongly developed in 

Acrocanthosaurus than in any other allosauroid from which an articular has been described, 

including Sinraptor, Monolophosaurus, Yangchuanosaurus, and Allosaurus (Currie & Zhao, 

1993; Zhao & Currie, 1993; Dong et al., 1978; Madsen, 1976). This region is reduced in 

outgroup taxa such as Tyrannosaurus, Coelophysus, and Cryolophosaurus (Brochu, 2002; 

Colbert, 1989; Smith et al., 2007) However, a similarly pronounced spine developed in 

Mapusaurus (Coria & Currie, 2006) indicates that this feature may be broadly distributed within 

Carcharodontosauridae. 

 
DISCUSSION AND REVISED DIAGNOSIS OF ACROCANTHOSAURUS ATOKENSIS 

 
 The re-description of the skull of NCSM 14345 is a necessary step toward understand the 

full extent of diversity in allosauroid cranial morphology since, as will be shown in the following 

chapter, Acrocanthosaurus represents the only carcharodontosaurid with a complete skull. Thus, 

the newly observed morphologies described in NCSM 14345 represent the only currently known 

source of data for the palatal complex and fully articulated mandible of Carcharodontosauridae. 

Upon the discovery of more complete carcharodontosaurid specimens, the cranial morphologies 

of NCSM 14345 may help explain the transition from skulls of smaller, more basally-positioned 
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allosauroids (which are relatively well known), to larger, more derived members of the clade (e.g. 

Carcharodontosaurus, Giganotosaurus). 

Cranial characteristics listed in the diagnosis of Acrocanthosaurus atokensis by Harris 

(1998) include fused frontals and parietals, a bifurcating jugal process of the palatine, a 

pronounced knob on the lateral surangular shelf above a large caudal surangular foramen, and a 

reduced ridge dividing the glenoid region of the articular. Harris (1998) also commented on the 

formal, yet outdated diagnosis of Acrocanthosaurus by Stovall and Langston (1950). Currie and 

Carpenter (2000) also revised the diagnosis of the taxon, adding two cranial featues: lacrimal-

postorbital contact, and a supraoccipital that protrudes as a double-boss on either side of the 

midline behind the nuchal crest. Newly identified cranial morphologies from NCSM 14345 have 

prompted an additional modification of the cranial diagnosis of Acrocanthosaurus atokensis: a 

large theropod with elongated narial fossa significantly expanded onto nasal; pronounced naso-

maxillary process along ventral nasal margin; accessory fenestra along medial shelf of maxillary 

ascending ramus; caudal maxillary fenestra between interfenestral and postantral struts; sinuous 

groove along medial surface of maxilla for dental lamina; maxillary-palatal contact terminating 

posterior to 8th maxillary tooth; laterally-curving lacrimal ramus; pronounced lateral jugal ridge; 

small accessory prong of jugal; intra-orbital process on postorbital (first described here, but 

originally inferred by Brusatte & Sereno, 2008); rugose postorbital boss with expanded vascular 

groove; quadrate with large posterior and medial recesses; olfactory nerve exit split by 

mesethemoid (described from the holotype specimen by Stovall & Langston, 1950, as a “vertical 

septum” dividing the nerve exit); raised lateral rims of foramen magnum; fossae penetrating 
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quadrate and ectopterygoid rami of pterygoid; pointed dorsal tip of epipterygoid; jugal ramus of 

ectopterygoid narrow, rectangular in lateral view, and rotated dorsally with respect to main body; 

vomeropalatine ramus of pterygoid extends past palatine; anteriorly-expanded lateral sulcus of 

dentary; articular brace along anteromedial surface of dentary; sub-rectangular coronoid 

continuous with supradentary; enclosed anterior mylohyoid foramen of splenial; and expanded 

posterior mylohyoid foramen of prearticular. Many of these newly identified features are utilized 

as characters in an analysis of Allosauroidea in Chapter 2 (see Figs. 2.3-2.18; Appendix I).  
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FIGURE 1.1. Line drawing of the skull of Acrocanthosaurus atokensis (NCSM 14345) in left 
lateral view. Hatched lines represent missing material. Scale = 20 cm. A, angular; aof, antorbital 
fenestra; AR, articular; D, dentary; emf, external mandibular fenestra; iop, intraorbital process of 
postorbital; J, jugal; L , lacrimal; lpr , lacrimal pneumatic recess; ltf , lateral temporal fenestra, M , 
maxilla; mf, maxillary fenestra; N, nasal; o, orbit; ob, orbital boss of postorbital; P, parietal; PM, 
premaxilla; pmf, promaxillary fenestra; PO, postorbital; PRE, prearticular; Q, quadrate; QJ, 
quadratojugal; SA, surangular; soc, supraoccipital; SQ, squamosal. 
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FIGURE 1.2. Left nasal of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral and (B) 
medial views. Anterior and posterior regions are missing from figure. Scale = 10 cm. Hatched 
lines represent broken surfaces; dashed lines represent missing material. en, external naris; fo, 
foramen; lrn , lateral ridge of nasal; m, maxillary contact; ms, medial symphysis; nf, narial fossa; 
nmp, naso-maxillary process. 



 

64 

 

 
 
FIGURE 1.3. Premaxillae of Acrocanthosaurus atokensis (NCSM 14345) in (A) left lateral and 
(B) right lateral views. Scale = 10 cm. en, external naris; fo, foramina; m, maxillary contact; n, 
nasal contact; nf, narial fossa; v, vomeral contact. 
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FIGURE 1.4. Right maxilla of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral and (B) 
medial views. Scale = 10 cm. aof, antorbital fenestra; alf, accessory lateral fenestra of the 
maxilla; b, break; cfam, caudal fenestra of the maxilla; gdl, groove for dental lamina; ifs; 
interfenestral strut; j , jugal contact; lsm, lateral shelf; mf, maxillary fenestra; n, nasal contact; 
nvf, neurovascular foramina; pas, postantral strut; pdrm , posterodorsal ramus of the maxilla; 
pem, pneumatic excavation of the posterodorsal ramus; pm, premaxillary contact; pmf, 
promaxillary fenestra; prm ; posterior ramus of the maxilla. 
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FIGURE 1.5. Left jugal of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral and (B) 
medial views. Scale = 10 cm. aof, antorbital fenestra; dqjp , dorsal quadratojugal prong; l, 
lacrimal contact; ljf , lateral jugal foramen; ltf , lateral temporal fenestra; M , maxilla; mjf , medial 
jugal foramen; o, orbit; po, postorbital contact; pop, postorbital process of jugal; qj , 
quadratojugal contact; sap, small accessory prong; vqjp , ventral quadratojugal prong. 
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FIGURE 1.6. Left lacrimal of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral and (B) 
medial views. Scale = 10 cm. aof, antorbital fenestra; b, break; fo, foramina; iopl, intraorbital 
process of lacrimal; j , jugal contact; llp , lacrimal lateral plate; lmp, lacrimal medial plate; lpr , 
lacrimal pneumatic recess; N, nasal; o, orbit; pf, prefrontal contact; po, postorbital contact. 
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FIGURE 1.7. Left postorbital of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral and 
(B) medial views. Scale = 10 cm. f, frontal contact; fo, foramina; iop, intraorbital process of 
postorbital; j , jugal contact; l, lacrimal contact; ls, laterosphenoid contact; ltf , lateral temporal 
fenestra; o, orbit; ob, orbital boss of postorbital; p, parietal contact; pf, prefrontal contact; sq, 
squamosal contact; vg, vascular groove. 
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FIGURE 1.8. Left prefrontal of Acrocanthosaurus atokensis (NCSM 14345) in (A) medial and 
(B) lateral views. Scale = 10 cm. f, frontal contact; l, lacrimal contact; n, nasal contact; po, 
postorbital contact. 
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FIGURE 1.9. Left quadratojugal and quadrate of Acrocanthosaurus atokensis (NCSM 14345) in 
(A) lateral, (B) posterior, and (C) medial views. Hatched lines represent missing material. Scale 
= 10 cm. j , jugal contact; lc, lateral condyle of quadrate; ltf , lateral temporal fenestra; mc, medial 
condyle of quadrate; mpr , medial pneumatic recess of quadrate; ppr , posterior pneumatic recess 
of quadrate; pt, pterygoid contact; Q, quadrate; qc, quadrate cotylus; QJ, quadratojugal; quf, 
quadrate foramen; sq, squamosal contact. 
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FIGURE 1.10. Left squamosal of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral, (B) 
ventral, and (C) medial views. Scale = 10 cm. ltf , lateral temporal fenestra; p, parietal contact; 
po, postorbital contact; pop, contact with paroccipital process; pqp; postcotyloid process of 
squamosal; q, quadrate contact; qj , quadratojugal contact; qjp , quadratojugal process of 
squamosal; sptf, supratemporal fenestra; tnc, transverse nuchal crest.  



 

72 

 
 

FIGURE 1.11. Frontals, parietals, and braincase of Acrocanthosaurus atokensis (NCSM 14345) 
in lateral view. Scale = 10 cm. bpt, basipterygoid process; bt, basal tubera; BS, basisphenoid; c-I, 
olfactory nerve exit; c-II , optic nerve exit; c-III , oculomotor nerve exit; c-V, trigeminal nerve 
exit; c-VIIh , hyomandibular branch of facial nerve exit; c-VIIp , palatine branch of facial nerve 
exit; F, frontal; ic, internal carotid artery entrance; LS, laterosphenoid; n, nasal contact; OS, 
orbitosphenoid; P, parietal; PAS, parasphenoid; pf, prefrontal contact; pit , pituitary fossa; po, 
postorbital contact; popr; paroccipital process; pp, preotic pendant; PRO, prootic; SOC, 
supraoccipital; tnc, transverse nuchal crest.  
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FIGURE 1.12. Frontals, parietals, and braincase of Acrocanthosaurus atokensis (NCSM 14345) 
in anterior view. Scale = 10 cm. bpt, basipterygoid process; bt, basal tubera; BS, basisphenoid; 
c-I, olfactory nerve exit; c-V, trigeminal nerve exit; F, frontal; LS, laterosphenoid; OS, 
orbitosphenoid; P, parietal; PAS, parasphenoid; pit , pituitary fossa; popr; paroccipital process; 
pp, preotic pendant; PRO, prootic; pt, pterygoid contact; tnc, transverse nuchal crest.  
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FIGURE 1.13. Frontals, parietals, and braincase of Acrocanthosaurus atokensis (NCSM 14345) 
in dorsal view. Scale = 10 cm. bo, basioccipital; bpt, basipterygoid process; EO, exoccipital; F, 
frontal; fm, foramen magnum; LS, laterosphenoid; n, nasal contact; P, parietal; pf, prefrontal 
contact; po, postorbital contact; popr; paroccipital process; SOC, supraoccipital; sptf, 
supratemporal fenestra; sq, squamosal contact; tnc, transverse nuchal crest.  
 
 



 

75 

 
 

FIGURE 1.14. Frontals, parietals, and braincase of Acrocanthosaurus atokensis (NCSM 14345) 
in posterior view. Scale = 10 cm. bo, basioccipital; BS, basisphenoid; bsr, basisphenoid recess; 
EO, exoccipital; F, frontal; fm, foramen magnum; LS, laterosphenoid; P, parietal; popr; 
paroccipital process; pt, pterygoid contact; SOC, supraoccipital; sq, squamosal contact; vcd, 
vena capita dorsalis. 
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FIGURE 1.15. Frontals, parietals, and braincase of Acrocanthosaurus atokensis (NCSM 14345) 
in ventral view. Scale = 10 cm. bo, basioccipital; bpt, basipterygoid process; bsr, basisphenoid 
recess; bt, basal tubera; F, frontal; LS, laterosphenoid; OS, orbitosphenoid; P, parietal; popr; 
paroccipital process; sptf, supratemporal fenestra. 
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FIGURE 1.16. Palatal complex of Acrocanthosaurus atokensis (NCSM 14345) in dorsal view. 
Scale = 10 cm. bs, basisphenoid contact; ECT, ectopterygoid; EPI, epipterygoid; j , jugal contact; 
in, internal naris; iptv ; interpterygoid vacuity; m, maxillary contact; PA, palatine; papr, palatine 
pneumatic recess; pm, premaxillary contact; PT, pterygoid; ptmp, pterygoid medial process; 
ppp; pterygoid process of palatine; q, quadrate contact; stf, subtemporal fenestra; V, vomer; 
vpar, vomeropalatine ramus of the pterygoid. 
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FIGURE 1.17. Right pterygoid of Acrocanthosaurus atokensis (NCSM 14345) in lateral view. 
Scale = 10 cm. b, break; ect, ectopterygoid contact; er, ectopterygoid ramus of pterygoid; epi, 
epipterygoid contact; pa, palatal contact; ptf ; pterygopalatine fenestra; q, quadrate contact; qr ; 
quadrate ramus of pterygoid; vpar, vomeropalatine ramus of pterygoid. 
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FIGURE 1.18. Left palatine of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral and (B) 
medial views. Scale = 10 cm. in, internal naris; j , jugal contact; l, lacrimal contact; m, maxillary 
contact; pa, palatine contact; papr, palatine pneumatic recess; pt, pterygoid contact; ptf , 
pterygopalatine fenestra; ppp, pterygoid process of palatine; vpal, vomeropterygoid ramus of the 
palatine; vpar, vomeropalatine ramus of the pterygoid. 
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FIGURE 1.19. Right pterygoid, palatine, and vomer of Acrocanthosaurus atokensis (NCSM 
14345) in lateral view. Dashed lines represent hidden surfaces inferred by observing medial and 
ventral exposures. Scale = 10 cm. m, maxillary contact; j , jugal contact; papr, palatine 
pneumatic recess; ptf , pterygopalatine fenestra; ppp, pterygoid process of palatine; vpar, 
vomeropalatine ramus of pterygoid. 
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FIGURE 1.20. Vomer of Acrocanthosaurus atokensis (NCSM 14345) in ventral view. Scale = 
10 cm. m, maxillary contact; PA, palatine; pm, premaxillary contact; V, vomer; vpar, 
vomeropalatine ramus of pterygoid. 
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FIGURE 1.21. Right pterygoid, palatine, and vomer of Acrocanthosaurus atokensis (NCSM 
14345) in medial view. Left vomer is shown until its contact with the left palatine. Scale = 10 cm. 
er, ectopterygoid ramus of the pterygoid; erf, fossa of the ectopterygoid ramus of the pterygoid; 
PA, palatine; pm, premaxillary contact; pmp, pterygoid medial process; ptf , pterygopalatine 
fenestra; ppp; pterygoid process of palatine; qrf ; fossa of the quadrate ramus of the pterygoid; V, 
vomer; vpar, vomeropalatine ramus of the pterygoid. 
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FIGURE 1.22. Left ectopterygoid of Acrocanthosaurus atokensis (NCSM 14345) in (A) dorsal, 
(B) medial, (C) ventral, and (D) lateral views. Scale = 10 cm. emr, ectopterygoid medial recess; 
fo, foramen; j , jugal contact; jr , jugal ramus of ectopterygoid; pt, pterygoid contact; stf, 
subtemporal fenestra. 
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FIGURE 1.23. Left epipterygoid of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral 
and (B) medial views. ls, laterosphenoid contact; pt, pterygoid contact. 
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FIGURE 1.24. Left mandible of Acrocanthosaurus atokensis (NCSM 14345) in medial view. 
Scale = 10 cm. A, angular; AR, articular; abr, dentary articular brace; C, coronoid; D, dentary; 
emf, external mandibular fenestra; fo, foramina; fpct, foramen posterior chorda tympani; gl, 
glenoid region; imf , internal mandibular fenestra; mg, Meckelian groove; mhf, mylohyoid 
foramen; mssa, medial shelf of the surangular; PRE, prearticular; retp, retroarticular process of 
articular; SA, surangular; SPD, supradentary; SPL, splenial. 
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FIGURE 1.25. Left dentary of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral and (B) 
medial views. Scale = 10 cm. a, angular contact; abr, articular brace of the dentary; b, break; 
emf, external mandibular fenestra; fan, foramina of the inferior alveolar nerve; lsd, lateral sulcus 
of the dentary; mg, Meckelian groove; ms, medial symphysis; nvf, neurovascular foramina; SA, 
surangular; sa, surangular contact; SPD, supradentary; spl, splenial contact. 
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FIGURE 1.26. Left splenial of Acrocanthosaurus atokensis (NCSM 14345) in (A) medial and 
(B) internal views. Scale = 10 cm. a, angular contact; aps, angular process of the splenial; dps, 
dentary process of the splenial; iar , infra-angular ridge; mhf, mylohyoid foramen; pre, 
prearticular contact. 
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FIGURE 1.27. Left prearticular of Acrocanthosaurus atokensis (NCSM 14345) in (A) medial 
and (B) internal views. Scale = 10 cm. a, angular contact; b, break; c, coronoid contact; imf , 
internal mandibular fenestra; mhf, mylohyoid foramen; sa, surangular contact; spl, splenial 
contact. 
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FIGURE 1.28. Left angular of Acrocanthosaurus atokensis (NCSM 14345) in (A) lateral and (B) 
medial views. Scale = 10 cm. d, dentary contact; emf, external mandibular fenestra; fo, foramina; 
pre, prearticular contact; sa, surangular contact.  
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FIGURE 1.29. Left surangular, articular, and coronoid of Acrocanthosaurus atokensis (NCSM 
14345) in (A) lateral, (B) medial, and (C) dorsal views. Scale = 10 cm. Hatched lines represent 
broken surfaces. a, angular contact; af, adductor fossa; apsa, angular process of surangular; AR, 
articular; asf, anterior surangular foramen; b, break; C, coronoid; D, dentary; d, dentary contact; 
emf, external mandibular fenestra; fpct, foramen posterior chorda tympani; gl, glenoid region of 
articular; lssa, lateral shelf of surangular; mame, insertion for the M. adductor mandibulae 
externus; mssa, medial shelf of surangular; PRE, prearticular; psf, posterior surangular foramen; 
retp, retroarticular process; SA, surangular; SPD, supradentary.  
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CHAPTER 2 

Phylogenetic Analysis of Allosauroidea and the Systematic Position  
of Acrocanthosaurus atokensis 

 
INTRODUCTION 

 
The phylogenetic placement of Allosauroidea within Theropoda is well-established (Fig. 

2.1), and most phylogenies recover Allosauroidea as the sister taxon to Coelurosauria and 

Spinosauroidea as the nearest outgroup to this clade (Sereno, 1999; Rauhut, 2003; Holtz, 2000; 

Holtz et al., 2004; O’Connor & Claessens, 2005). However, relationships within Allosauroidea 

are not as well resolved (Fig. 2.2). This lack of resolution remains despite the fact that more than 

a dozen phylogenetic analyses over the past fifteen years have addressed the group (Holtz, 1994; 

Sereno et al., 1996; Harris, 1998; Forster, 1999; Currie & Carpenter, 2000; Chure, 2000; Holtz, 

2000; Coria & Currie, 2002; Rauhut, 2003; Holtz et al., 2004; Novas et al., 2005; Coria & Currie, 

2006; Smith et al., 2007; Brusatte & Sereno, 2008). Accordingly, when eleven previously 

proposed allosauroid phylogenies were trimmed to six shared taxa (Sinraptor, Allosaurus, 

Neovenator, Acrocanthosaurus, Carcharodontosaurus, and Giganotosaurus) an analyzed with a 

strict consensus, a completely unresolved polytomy was recovered (Brusatte & Sereno, 2008; fig. 

2).  

One source of conflict affecting the resolution of allosauroid relationships is the 

placement of the North American taxon, Acrocanthosaurus. Many phylogenies recover 

Acrocanthosaurus as a sister taxon or close relative to Allosaurus, a smaller allosauroid from the 

Jurassic of North America (Holtz, 1994; Currie & Carpenter, 2000; Allain, 2002; Novas et al., 

2005; Coria & Currie, 2006; Smith et al., 2007), while others place Acrocanthosaurus within 
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Carcharodontosauridae, a group of larger-bodied theropods that predominantly inhabited Africa 

and South America (Sereno et al., 1996; Harris, 1998, Chure, 2000; Holtz et al., 2004; Sereno & 

Brusatte, 2008; Brusatte & Sereno, 2008). Assessment of previously undescribed cranial surfaces 

and elements of Acrocanthosaurus (Chapter 1) brings forward new data to address the 

phylogenetic relationships within Allosauroidea. Additionally, histological analyses of long-

bones and ribs from both the holotype of Acrocanthosaurus (OMNH 10146) and NCSM 14345 

suggest that the latter specimens represents a fully mature adult, whereas the former was likely a 

sub-adult juvenile (Eddy, 2007). Therefore, it is suggested that future phylogenetic analyses use 

the skull of NCSM 14345 for scoring purposes, as non-adult specimens may preserve potential 

ontogenetic biases in their morphology (Fink, 1982). 

The main objectives of the current chapter are to: (1) evaluate specifically the two 

previously proposed phylogenetic placements of Acrocanthosaurus within Allosauroidea; (2) 

evaluate allosauroid interrelationships more broadly using new characters identified from the 

skull of NCSM 14345; (3) investigate the effects of including taxa with proposed allosauroid 

affinities described from highly fragmentary specimens (e.g. Siamotyrannus, Lourinhanosaurus, 

Fukuiraptor, Megaraptor), and (4) highlight autapomorphies of Acrocanthosaurus and potential 

synapomorphies of Carcharodontosauridae resulting from the re-examination of the skull of 

NCSM 14345 and the optimization of character states across the recovered allosauroid 

phylogeny. 
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MATERIALS AND METHODS 
 

The phylogenetic analysis of Allosauroidea addresses 11 taxa previously recovered 

within Allosauroidea, the majority of which are represented by single species (Table 2.1) in 

monotype “generic level” taxa. These taxa include Monolophosaurus, Sinraptor, 

Yangchuanosaurus, Allosaurus, Neovenator, Tyrannotitan, Eocarcharia, Acrocanthosaurus, 

Carcharodontosaurus, Giganotosaurus, and Mapusaurus, and represent the best known 

members of the group. Of these 11 taxa, only three (Yangchuanosaurus, Eocarcharia and 

Tyrannotitan) possessed percentages of missing data greater than 80%. Allosaurus and 

Acrocanthosaurus represented the most complete taxa in the dataset, with 0% and 6% missing 

data, respectively, for characters evaluated. Missing data percentages for all taxa included are 

presented in Table 2.1.  

Four taxa with proposed allosauroid affinities and a high amount (>87%) of missing data 

(i.e. Fukuiraptor, Megaraptor, Lourinhanosaurus, and Siamotyrannus; Table 2.1) were also 

scored in the analysis. Although the highly fragmentary taxon Megaraptor (97% missing data) 

was coded for this analysis (Appendix II), its inclusion created a large polytomy that 

encompassed Coelurosauria, Piatnitzkysaurus, and Coelophysidae, leaving the majority of 

terminals unresolved. Therefore, Megaraptor is not shown in resultant cladograms (Fig. 2.19; 

2.21)  

Six non-allosauroid theropod taxa were included as multiple outgroups to determine 

character-state polarity within the ingroup (i.e. Herrerasaurus, Coelophysidae, Piatnitzkysaurus, 

Tyrannosaurus, Dilong, and Compsognathidae). These taxa represent parts of successively more 
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closely related outgroups of Allosauroidea, with the latter three taxa comprising basal parts of 

Coelurosauria, the well-established sister taxon to Allosauroidea (Gauthier, 1986; Holtz, 1994; 

Holtz et al., 2004). Supraspecific outgroup taxa (i.e. Coelophysidae, Compsognathidae) were 

used in order to incorporate character scorings from previous analyses into the data matrix 

(Appendix II). All scorings taken from the literature were confirmed by analysis of published 

illustrations, images provided by other researchers (see Acknowledgements), and/or personal 

observations (Table 2.1).  

Illustrated at the end of this chapter are several of the 23 new morphological characters 

identified from the palate, mandibles, and internal surfaces of the skull of NCSM 14345 (Fig. 

2.3-2.18; Appendix 1). Although these areas of the skull have provided characters in previous 

phylogenetic analyses involving Allosauroidea (e.g. Coria & Currie, 2002; Holtz et al., 2004; 

Brusatte & Sereno, 2008), the majority of previously identified cranial characters come from 

external views of the skull. Additionally, many of the new characters in this analysis (14% of the 

dataset) were identified from elements that are often inaccessible or fail to preserve, such as the 

ectopterygoid, pterygoid, and prearticular.  

Characters drawn from previously published analyses totaled 141 (86% of the dataset), 

and included characters from Gauthier et al. (1988), Sereno et al. (1996; 1998), Harris (1998), 

Forster (1999), Sereno (1999), Holtz (2000), Azuma and Currie (2000), Currie and Carpenter 

(2000), Allain (2002), Carrano et al. (2002), Coria and Currie (2002), Rauhut (2003), Holtz et al. 

(2004), Tykoski and Rowe (2004), Smith et al. (2007), and Brusatte and Sereno (2008). The 

majority of previously used characters, regardless of wording changes or modification, were 
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taken from compilations in Holtz et al.’s (2004) and in Smith et al.’s (2007) analysis of basal 

tetanurans and in Brusatte and Sereno’s (2008) analysis of allosauroid interrelationships. Of the 

141 characters, 22 came from Holtz et al. (2004), 46 were taken from Smith et al. (2007), and 61 

were from Brusatte and Sereno (2008). Overlapping characters and those non-informative for 

Allosauroidea were removed, although a few characters taken from Holtz et al. (2004) were 

selected to help resolve coelophysoid relationships. The latter two analyses, Smith et al., 2007 

and Brusatte and Sereno, 2008, were selected to provide the majority of previously identified 

characters (>75%), as they not only represent the most recent phylogenetic analyses to 

investigate Allosauroidea, but also because they recover discrepant placements of 

Acrocanthosaurus within the clade. For example, Brusatte and Sereno (2008) place 

Acrocanthosaurus as the sister taxon to Eocarcharia near the base of Carcharodontosauridae, 

whereas Smith et al. (2007) recover Acrocanthosaurus as more closely related to Allosaurus. 

The data matrix totaled 164 characters (Appendix I), including 99 (60.4%) cranial 

characters, 27 (16.5%) axial characters, and 38 (23.2%) appendicular characters. Thirteen multi-

state characters (7, 15, 23, 28, 47, 57, 72, 90, 97, 147, 148, 159, 160) were ordered upon 

determination of a likely morphocline (Slowenski, 1993) and are indicated in Appendix I (e.g. 

Dentary, lateral sulcus: absent or reduced, foramina expressed at the surface of the dentary [0]; 

present, only posterior foramina inset within sulcus [1]; present, most or all foramina inset within 

lateral sulcus [2]; Fig. 2.17). 

The data matrix was edited in MESQUITE v.2.0 (Maddison & Maddison, 2007) and 

analyzed in TNT v.1.1 (Tree Analysis Using New Technology; Goloboff et al., 2003) using the 
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implicit enumeration option, which is algorithmically similar to the branch-and-bound search 

option in PAUP*v.4.0b10 (Swofford, 2002). Branches were collapsed to soft polytomies if the 

minimum length equaled zero. The robustness of the resulting most parsimonious tree (MPT) 

was assessed by two tree-support measures. Bootstrap (from 1000 replicates, same settings as in 

the primary analysis; Felsenstein, 1985) and Bremer support values (Bremer, 1994) were 

calculated and shown on the resultant cladograms (Fig. 2.19). Consistency (CI), rescaled 

consistency (RCI), retention indices (RI) were calculated in MacClade 4.06 (Maddison & 

Maddison, 2003) and PAUP*. Character state optimizations were also evaluated in MacClade 

and MESQUITE. 

RESULTS 
 

A fully-resolved, single most parsimonious tree with a length of 304 steps, a consistency 

index (CI) of 0.60, a rescaled consistency index (RCI) of 0.40, and a retention index (RI) of 0.66 

was recovered (Fig. 2.19). A monophyletic Carnosauria and Allosauroidea are recovered, with 

Monolophosaurus as the most basal carnosaur and sister taxon to Allosauroidea. Within 

Allosauroidea, Allosaurus is positioned more basally, while Acrocanthosaurus is recovered as a 

derived member of Carcharodontosauridae and the sister taxon to Carcharodontosaurinae. This 

differs significantly from the phylogeny of Smith et al. (2007), who recover Acrocanthosaurus as 

the sister taxon to a Neovenator + Allosaurus pairing. An additional 39 steps are needed to 

remove Acrocanthosaurus from its present position within Carcharodontosauridae and place it as 

the sister taxon to Allosaurus (Fig. 2.19). 
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The recovered allosauroid topology is consistent with that of Brusatte and Sereno (2008), 

except for the placement of Eocarcharia. The present analysis (from the TNT results; Goloboff 

et al., 2003) places Eocarcharia as a basal part of Carcharodontosauridae, whereas Brusatte and 

Sereno (2008) recover it as the sister taxon to Acrocanthosaurus and place this clade at the base 

of Carcharodontosaurinae. However, the branch-and-bound search in PAUP* v.4.0b10 did not 

resolve whether Eocarcharia or Tyrannotitan was more closely related to Acrocanthosaurus + 

Carcharodontosaurinae. Large amounts of missing data for Eocarcharia (87%), as well as for 

Tyrannotitan (82%), contribute to the low bootstrap and Bremer support values in this region of 

the tree (Fig. 2.19). New data for these taxa is needed to more fully evaluate the position of 

Eocarcharia and Tyrannotitan within Carcharodontosauridae. 

Although relatively low bootstrap and Bremer support values were recovered for most 

nodes (Fig. 2.19), additional analyses suggested the phylogenetic placement of 

Acrocanthosaurus within Carcharodontosauridae, and not as the sister taxon to Allosaurus. For 

example, when proposed allosauroids known from fragmentary specimens (i.e. 

Lourinhanosaurus, Fukuiraptor, and Siamotyrannus; previously excluded as they preserve no 

cranial material and >87% missing data; Table 2.1) were added to the analysis, a large polytomy 

was recovered at the base of Carnosauria (Fig. 2.21). Although more basally positioned members 

of Carcharodontosauridae were affected by the polytomy, Acrocanthosaurus remained placed as 

the sister taxon to Carcharodontosaurinae.  

Consistent with the analyses of Rauhut (2003) and Holtz et al. (2004), Coelurosauria is 

recovered as the sister taxon to Carnosauria (Fig. 2.19). Within this clade, Dilong and 
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Tyrannosaurus are more closely related to each other than either is to Compsognathidae. Xu et al. 

(2004) originally suggested Dilong was a member of Tyrannosauroidea, and this relationship has 

been supported by the phylogenetic analysis of Smith et al. (2007). Recovered by Holtz et al. 

(2004) as a spinosauroid, Piatnitzkysaurus is placed as an outgroup to Carnosauria in the present 

analysis. Coelophysidae (sensu Nopcsa, 1923) and Herrerasaurus are recovered as the basal-

most outgroups, similar to other analyses of basal theropods (Rauhut, 2003; Coria & Currie, 

2006; Smith et al., 2007; Brusatte & Sereno, 2008). 

DISCUSSION 

Notable results from the present analysis include: (1) exclusion of Monolophosaurus 

from Allosauroidea; (2) recovery of Neovenator as a basal carcharodontosaurid; and (3) new 

support for Acrocanthosaurus as the sister taxon to Carcharodontosaurinae. 

The phylogenetic placement of the small-bodied, Middle Jurassic taxon 

Monolophosaurus (Zhao & Currie, 1993) has been a source of considerable debate (Fig. 2.2), as 

it has been recovered as basal to Carnosauria (Smith et al., 2007), as a carnosaur placed outside 

of Allosauroidea (Rauhut, 2003; Novas et al., 2005), and as a member of Allosauroidea (Chure, 

2000; Holtz et al., 2004; Coria & Currie, 2006; Brusatte & Sereno, 2008). In the present analysis, 

a high Bremer value of 4 supports a monophyletic Carnosauria with Monolophosaurus as the 

basal-most member of the clade, but outside of Allosauroidea. Several unambiguously optimized 

synapomorphies (Fig. 2.20) support the monophyly of Carnosauria in this analysis. These 

synapomorphies have been recognized by previous analyses (e.g. Rauhut, 2003; Holtz et al., 

2004; Smith et al., 2007; Brusatte & Sereno, 2008) and include: (character 23) lateral surface of 
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nasal participating in antorbital fossa; (54) a pronounced, posteriorly-placed dorsal projection of 

parietal; (62) transverse distance across basal tubera less than width of occipital condyle; (84) 

palatines meet medially; (85) tetra-radiate palatine; (96) articular with a pendant medial process; 

(102) and ventral margin of the axial intercentrum angled strongly dorsally.  

Low bootstrap (<50%) and Bremer support (1) is recovered for Allosauroidea. Given the 

contentious phylogenetic position of Monolophosaurus (Holtz et al., 2004; Smith et al., 2007; 

Brusatte & Sereno, 2008), this is not a surprising result, as including the taxon within 

Allosauroidea adds only one step to the overall tree length. Relative to Monolophosaurus and 

other outgroup taxa, Allosauroidea is supported by four unambiguously optimized, previously 

recognized synapomorphies: (character 5) subnarial process of the premaxilla strongly reduced 

in width; (71) paroccipital processes of the braincase deflected below level of occipital condyle; 

(114) hourglass-shaped centrum with dorsoventral thickness less than 60% height of cranial face; 

and (145) obturator foramen of pubis opens ventrally (see Appendix I for the original authorship 

of these and other characters). 

The phylogenetic placement of the Lower Jurassic allosauroid Neovenator (Naish et al., 

2001) has been an additional source of disagreement (Brusatte & Sereno, 2008). Although 

consistently recovered as a member of Allosauroidea (Fig. 2.2), Neovenator has been placed as 

the sister taxon to Allosaurus (Coria & Currie, 2006; Smith et al., 2007), or a basal member of 

Carcharodontosauridae (Harris, 1998; Rauhut, 2003; Holtz et al., 2004; Brusatte & Sereno, 

2008). The current analysis supports the latter hypothesis, as Neovenator is recovered as the 

basal-most member of Carcharodontosauridae (Fig. 2.19). Despite a Bremer support of 2 for the 
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clade, eight unambiguous synapomorphies diagnose Carcharodontosauridae (Fig. 2.20), 

including: (character 4) posterodorsal inclination of premaxilla anterior margin by at least 10°; 

(10) solid medial wall of promaxillary recess; (21) nasals of subequal width throughout length; 

(22) flat lateral nasal margin lacking crest; (25) nasal lateral recesses absent or reduced to small 

pits; (104) pleurocoels on postaxial cervicals with multiple openings; (112) pleurocoels present 

on all dorsals; and (156) distal extent of lateral malleolus of tibia beyond that of the medial 

malleolus and 7% or more of the length of the tibia. Each of these character states is present in 

Acrocanthosaurus.  

Upon the discovery of carcharodontosaurid specimens preserving more complete skulls, 

many of the newly recognized cranial characters present in Acrocanthosaurus (Chapter 1) may 

become unambiguously optimized synapomorphies of Carcharodontosauridae. Presently, the 

following characters are ambiguously optimized for Carcharodontosauridae, and include: 

(character 12) a caudal maxillary fenestra between interfenestral and postantral struts; (13) a 

sinuous groove along medial surface of maxilla for dental lamina; (14) maxillary-palatal contact 

terminating posterior to 8th maxillary tooth; (32) a laterally-curving lacrimal ramus; (34) a small 

accessory prong of jugal; (55; 58) quadrate with large posterior and medial recesses; (79; 81; 82) 

a narrow, rectangular, dorsally rotated ectopterygoid jugal ramus; (90) and an anteriorly-

expanded lateral sulcus of dentary. 

The present analysis recovers Acrocanthosaurus as the sister taxon to 

Carcharodontosaurinae (Fig. 2.19), a finding concordant with Chure (2000) and Holtz et al., 

(2004). Brusatte and Sereno (2008) recovered this placement as well; however, they found 
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Eocarcharia as the sister taxon to Acrocanthosaurus at the base of Carcharodontosaurinae (Fig. 

2.2). By contrast, the current analysis recovers Eocarcharia as basal to both Acrocanthosaurus 

and Tyrannotitan. However, a high percentage of missing data for Tyrannotitan and Eocarcharia 

(82% and 87%, respectively) resulted in low bootstrap and Bremer support values for the nodes 

occupying this section of the tree. More complete specimens of Tyrannotitan and Eocarcharia 

are needed to more fully evaluate and resolve relationships in this section of the tree. 

Although adding taxa with proposed allosauroid affinities and greater than 87% missing 

data (e.g. Fukuiraptor, Lourinhanosaurus, and Siamotyrannus; Buffetaut et al., 1996; Mateus, 

1998; Azuma & Currie, 2000) broadens the taxonomic sample, it creates a large polytomy at the 

base of Allosauroidea (Fig. 2.21). Similarly, Holtz et al.’s (2004) phylogeny included these three 

taxa and recovered a large polytomy at the base of Allosauroidea (Fig. 2.2). One notable result 

from present analysis finds that Siamotyrannus and Lourinhanosaurus are placed outside of 

Allosauroidea as successively more basal members of Carnosauria, while Monolophosaurus and 

Fukuiraptor are included within Allosauroidea. These findings highlight the uncertainty 

surrounding the placement of Monolophosaurus close to the base of Allosauroidea and re-

emphasizes the need for a re-description of its cranial material and a re-analysis of the taxon in 

the context of a larger taxonomic sample. With the addition of taxa with proposed allosauroid 

affinities, Acrocanthosaurus remains the sister taxon to Carcharodontosaurinae (Fig. 2.21); its 

position is unaffected by the loss of resolution at the base of Allosauroidea. This further supports 

the hypothesis that Acrocanthosaurus is a member of Carcharodontosauridae, and not the sister 

taxon to Allosaurus. This result is therefore robust to changes in taxon sampling. 
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As previously mentioned, Megaraptor is not shown in Figure 2.19, as a loss of resolution 

for all of Tetanurae resulted when the taxon is incorporated into the present analysis. This is not 

entirely surprising, as inclusion of extremely fragmentary taxa may often result in large numbers 

of equivalent topologies, the strict consensus of which leaves regions of the phylogeny 

unresolved (Kearney & Clark, 2003). More complete specimens and a broader taxonomic sample 

are needed to place Megaraptor within Theropoda, as it has been proposed by Calvo et al. (2004) 

and Smith et al. (2007) to have spinosauroid affinities (although Smith et al. recovered it as a 

carcharodontosaurid), and by Lamanna et al. (2004) to be the basal-most allosauroid taxon.  

Three unambiguously optimized autapomorphies are recognized for Acrocanthosaurus 

(Fig. 2.20), including: (character 24) medial projection of nasal posterior suture extending further 

than lateral projection; (113) height of dorsal neural spines more than twice centrum height; and 

(142) distal end of ischium expanded into distinct boot with anterior and posterior projections. 

Character 113 was once thought to unite Acrocanthosaurus with the high-spined Spinosauroidea, 

although now this character is recognized to have evolved independently in Allosauroidea. 

Newly recognized morphologies from the skull of NCSM 14345 (Chapter 1) have prompted the 

recognition of the following ambiguously optimized autapomorphies for Acrocanthosaurus: 

(character 19) naso-maxillary process of the nasal contacting posterodorsal ramus of maxilla; (26) 

elongated narial fossa; (83) epipterygoid with pointed dorsal tip; and (97) prearticular with 

expanded posterior mylohyoid foramen. More complete specimens of carcharodontosaurid taxa, 

as well as full descriptions of the palate and mandibles of basal carnosaurs (e.g. 
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Monolophosaurus, Yangchuanosaurus) are needed to determine the distribution of such 

characters within Allosauroidea. 

The addition of the new characters identified from the skull of NCSM 14345 elucidates 

carcharodontosaurid relationships. Upon removal of the 23 novel cranial characters included in 

the current analysis (Fig. 2.3-2.19; Appendix I), resolution of basal carcharodontosaurid 

relationships is lost. A strict consensus of 4 MPT’s (TL = 269; CI = 0.60; RCI = 0.41; RI = 0.68) 

recovers a polytomy at the base of Carcharodontosauridae that includes Acrocanthosaurus, 

Eocarcharia, Tyrannotitan, and Carcharodontosaurinae. The base of Allosauroidea remains 

resolved, as does the placement of Neovenator as the basal-most carcharodontosaurid.  

A significant amount of homoplasy is evident in the present analysis, which may preclude 

the unambiguous optimization of several synapomorphies. As noted by Brusatte and Sereno 

(2008), Sinraptor shares braincase characters (characters 68, 69 in this analysis) with 

Carcharodontosaurus and Giganotosaurus to the exclusion of Allosaurus and Acrocanthosaurus. 

With Brusatte and Sereno’s recovered tree topology (Fig. 2.2), the authors suggested that these 

character states evolved independently in Sinraptor and Carcharodontosaurinae. In a similar 

manner, newly identified characters of the pterygoid (characters 77, 78; Fig. 2.14) may have also 

evolved independently in Sinraptor and Carcharodontosauridae. For example, in both Sinraptor 

and Acrocanthosaurus, the medial pterygoid process is rotated dorsally with respect to the 

vomeropalatine ramus, and the pterygoid itself is invaginated by fossae of the ectopterygoid and 

quadrate rami. Conversely, in Allosaurus, the medial pterygoid process is approximately 

confluent with the vomeropalatine ramus, and no fossae are present. It is unclear whether or not 
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Sinraptor and Acrocanthosaurus share these character states with other parts of Allosauroidea, as 

pterygoids are either not preserved or have yet to be described from the remaining allosauroid 

taxa. Giganotosaurus is the only member of Carcharodontosauridae aside from 

Acrocanthosaurus with referred pterygoid material, although the fragmentary nature of the 

pterygoid of Giganotosaurus (MUCPv-Ch1) precludes scoring of the above character states for 

the taxon. Examination of the undescribed pterygoid material of Yangchuanosaurus and 

Monolophosaurus, as well as discoveries of palatal material from other carcharodontosaurid taxa, 

are needed to evaluate palatal evolution and to determine the full extent of homoplasy within 

Carnosauria. 

New characters identified from more commonly preserved areas of the skull also exhibit 

complex distributions for the recovered topology. For example, the nasals of Acrocanthosaurus 

and Carcharodontosaurus share the derived state for characters 19 and 26 (Fig. 2.5): a developed 

naso-maxillary process protruding from the ventral margin of the nasal into the ascending ramus 

of the maxilla, and a highly elongated narial fossa. Nasals described from other taxa, including 

Sinraptor, Allosaurus, Neovenator, Giganotosaurus, and Mapusaurus exhibit primitive states for 

these characters, suggesting that these features may have evolved independently in 

Acrocanthosaurus and Carcharodontosaurus. Conversely, these nasal characters may have been 

acquired by Tyrannotitan or Eocarcharia, successively retained by Acrocanthosaurus and 

Carcharodontosaurus, and secondarily lost in Giganotosaurus and Mapusaurus. Nasal material 

referable to Tyrannotitan and Eocarcharia is needed to confirm this. Additionally, the highly 

rugose lateral surfaces of the nasals of Giganotosaurus and Mapusaurus may have obliterated 
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the region occupied by the narial fossa, and likewise preclude identification of a naso-maxillary 

process. Closer examination of the nasals of these two taxa is needed to better determine the 

homoplastic nature of these two newly identified nasal characters. 

Twenty-four character states optimized as potential synapomorphies with which to 

diagnose Carcharodontosauridae, including: (character 30) a lacrimal suborbital process; (32*) 

lateral curvature of lacrimal dorsal to recess; (34*) a small accessory jugal prong between dorsal 

and ventral quadratojugal prongs; (35) a lateral ridge extending from ventral jugal margin; (38) a 

laterally expanded postorbital boss; (42) a suborbital process of postorbital; (41*) restricted 

expansion of supratemporal fenestra onto main body of postorbital; (49) fused frontals; (51) 

fused frontoparietal suture; (52) lacrimal-postorbital contact; (55*) medial and (58*) posterior 

pneumatic recesses of quadrate; (59) exit for olfactory nerve split by mesethemoid; (79*) width 

of ectopterygoid jugal ramus less than 66% width of subtemporal fenestra; (81*) dorsally rotated 

jugal ramus lacking an expansion along its anteroventral margin; (87) squared dentary in lateral 

view; (89) articular flange along dentary medial symphysis; (90*) broad lateral sulcus of dentary; 

(92) convergence of dentaries U-shaped in dorsal view; (121) distal caudal prezygapophyses 

overlap less than 40% of preceeding centra; (126) rod-like mid-caudal chevrons; (127) club-

shaped distal gastralia with multiple fused elements; (130) reduced acromion process of scapula; 

(155) medial malleolus of tibia expanded greater than 9% tibia length; and (157) fibula less than 

70% femur length. Those characters with an asterisk (*) represent newly identified potential 

synapomorphies of the group (see Appendix I for the original authorship of other characters), 

although discoveries of more complete specimens are needed to unambiguously optimize all 
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preceding character states within Carcharodontosauridae. Also, characters 79 and 81 may appear 

to be dependent, as both Acrocanthosaurus and Giganotosaurus share an ectopterygoid with a 

narrow jugal ramus (character 79:1) that is rotated dorsally (81:1). In Allosaurus and Sinraptor, 

the jugal ramus is wide (79:0) and runs parallel to the main body of the ectopterygoid (81:0). 

However, the presence of a dorsally rotated jugal ramus (81:1) in Carnotaurus (Madsen & 

Welles, 2000) coincides with a wide jugal ramus and narrow subtemporal fenestra (79:0), 

suggesting that the states are independent.  

CONCLUSIONS 

 Information from the re-analysis of the skull of NCSM 14345 (Fig. 2.3-2.19) has brought 

a new set of phylogenetically informative characters for Allosauroidea to bear on allosauroid 

interrelationships. These new characters were essential to the resolution of 

Carcharodontosauridae, as the data matrix used in this analysis incorporated characters from 

previous analyses that recovered disparate allosauroid relationships (Fig. 2.2). The current 

analysis supports the placement of Acrocanthosaurus atokensis within Carcharodontosauridae, 

and not as the sister taxon to Allosaurus fragilis (Fig. 2.19), a finding that holds important 

implications for the stratigraphic consistency and paleobiogeography of Allosauroidea (see 

Chapter 3). 

Low Bremer and bootstrap support for Carcharodontosauridae suggest that, upon the 

discovery of more complete carcharodontosaurid specimens and/or new taxa, hypothesized 

interrelations within that clade may change. Similarly, discoveries of more complete specimens 

of several taxa presently missing a significant amount of character data (e.g. Siamotyrannus, 
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Lourinhanosaurus, Fukuiraptor) are needed to better estimate their phylogenetic placement 

within Allosauroidea. Lastly, a full description of cranial material of Monolophosaurus, followed 

by a phylogenetic analysis incorporating the novel cranial characters presented here, is needed to 

better resolve the placement of the taxon within Carnosauria. 
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FIGURE 2.1. Theropod phylogeny proposed by O’Connor and Claessens (2005), illustrating the 
placement of Allosauroidea. Carnosauria is likely synonymous with Allosauroidea in the analysis. 
a, Theropoda; b, Tetanurae; c, Coelurosauria 
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FIGURE 2.2. Six recently published phylogenies recovered by analyses of Carnosauria and 
outgroup taxa. The three analyses along the top row recover Acrocanthosaurus as a member of 
Carcharodontosauridae, while the bottom row represents analyses that place Acrocanthosaurus 
as close relative and/or sister taxon to Allosaurus. 
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FIGURE 2.3. Right maxilla of (A) Allosaurus fragilis (UUVP 5499) in posteromedial view and 
(B) Acrocanthosaurus atokensis (NCSM 14345) in posterior view, illustrating character 12. 
Scale = 10 cm. ascr, ascending ramus of the maxilla; cfam, caudal maxillary fenestra; ifs, 
interfenestral strut; pas, postantral strut.  
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FIGURE 2.4. Left maxillae of (A) Allosaurus fragilis (figure modified from Madsen, 1976; 6B), 
(B) Acrocanthosaurus atokensis (NCSM 14345) and (C) Carcharodontosaurus saharicus (SGM-
Din 1) in medial view, illustrating characters 13 and 14. Scale = 10 cm. aof, antorbital fenestra; 
cfam, caudal maxillary fenestra; gdl, groove for dental lamina of maxilla; j , jugal contact; mf, 
maxillary fenestra; n, nasal contact; pa, palatine contact; pmf, promaxillary fenestra. 
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FIGURE 2.5. Left rostra of (A) Sinraptor dongi (figure modified from Currie & Zhao, 1993; 3B) 
and (B) Acrocanthosaurus atokensis (NCSM 14345), illustrating characters 19, 25, and 26. Scale 
= 10 cm. aof, antorbital fenestra; en, external naris; mf, maxillary fenestra; nf, narial fossa; nmp, 
naso-maxillary process; nr , nasal recesses; pmf, promaxillary fenestra. 
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FIGURE 2.6. Right lacrimal of Acrocanthosaurus atokensis (NCSM 14345) in anterolateral 
view, illustrating character 31. Scale = 10 cm. j , jugal contact; llp , lateral lacrimal plate; lmp, 
lacrimal medial plate; lpr , lacrimal pneumatic recess; m, maxillary contact; n, nasal contact. 
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FIGURE 2.7. Right lacrimals of (A) Sinraptor dongi (figure modified from Currie & Zhao, 
1993; 3A), (B) Allosaurus fragilis (UUVP 5198), (C) Acrocanthosaurus atokensis (NCSM 
14345), and (D) Giganotosaurus carolinii (MUCPv-CH-1) in dorsal view, illustrating characters 
32, 45, and 52. Scale = 10 cm. n, nasal; PF, prefrontal; pf, prefrontal contact; po, postorbital. 
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FIGURE 2.8. Right jugals of (A) Sinraptor dongi (figure modified from Currie & Zhao, 1993; 
6F), (B) Allosaurus fragilis (figure modified from Madsen, 1976; 4E), (C) Acrocanthosaurus 
atokensis (NCSM 14345), (D) Carcharodontosaurus saharicus (SGM-Din 1), and (E) 
Mapusaurus roseae (MCF-PVPH-108.167) in lateral view, illustrating characters 33 and 34. 
Scale = 10 cm. dqjp , dorsal quadratojugal prong; pop, postorbital process of jugal; sap, small 
accessory prong; vqjp , ventral quadratojugal prong. 
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FIGURE 2.9. Left postorbitals of (A) Sinraptor dongi (after Currie & Zhao, 1993; 8B), (B) 
Acrocanthosaurus atokensis (NCSM 14345), (C) Carcharodontosaurus saharicus (after Sereno 
& Brusatte, 2008; 19B1), and (D) Eocarcharia dinops (after Sereno & Brusatte, 2008; 19A1) in 
lateral view, illustrating characters 38, 39, and 42. Scale = 10 cm. iop, intra-orbital process; j , 
jugal contact; l, lacrimal contact; ob, orbital boss; sq, squamosal contact; vg, vascular groove. 
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FIGURE 2.10. Left postorbitals of (A) Allosaurus fragilis (UUVP 5160), (B) Acrocanthosaurus 
atokensis (NCSM 14345), (C) Carcharodontosaurus saharicus (image modified from Sereno & 
Brusatte, 2008; 19B3), and (D) Eocarcharia dinops (image modified from Sereno & Brusatte, 
2008; 19A3) in dorsal view, illustrating character 41. Scale = 10 cm. f, frontal contact; l, lacrimal 
contact; ls, laterosphenoid contact; ob, orbital boss; p, parietal contact; pf, prefrontal contact; 
sptf, supratemporal fossa; sq, squamosal contact. 
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FIGURE 2.11. Left squamosals of (A) Allosaurus fragilis (AMNH 14554) and (B) 
Acrocanthosaurus atokensis (NCSM 14345) in lateral view, illustrating character 44.  
Scale = 10 cm. ltf , lateral temporal fenestra; po, postorbital contact; pqp, post-quadratic process; 
q, quadrate contact; qjp , quadratojugal process. 
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FIGURE 2.12. Left prefrontals of (A) Allosaurus fragilis (image modified from Madsen, 1976; 
4A) and (B) Acrocanthosaurus atokensis (NCSM 14345) in medial view, illustrating character 
46. Scale = 10 cm. f, frontal contact.  
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FIGURE 2.13. Left quadrates of (A) Allosaurus fragilis (UUVP 3082), (B) Acrocanthosaurus 
atokensis (NCSM 14345), and (C) Mapusaurus roseae (image modified from Coria & Currie, 
2006; 7A), illustrating character 58. Scale = 10 cm. lc, lateral condyle; mc, medial condyle; ppr , 
posterior pneumatic recess; Q, quadrate; QJ, quadratojugal; quf, quadrate foramen. 
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FIGURE 2.14. Right pterygoids of (A) Sinraptor dongi (image modified from Currie & Zhao, 
1993; 9C), (B) Allosaurus fragilis (UUVP 5748), and (C) Acrocanthosaurus atokensis (NCSM 
14345) in medial view, illustrating characters 77 and 78. Scale = 10 cm. er, ectopterygoid ramus; 
erf, ectopterygoid ramus fossa; pmp, pterygoid medial process; qr , quadrate ramus; qrf , 
quadrate ramus fossa; vpar, vomeropalatine ramus. 
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FIGURE 2.15. Left ectopterygoids of (A) Sinraptor dongi (after Currie & Zhao, 1993), (B) 
Allosaurus fragilis (after Madsen, 1976), (C) Acrocanthosaurus atokensis (NCSM 14345), and 
(D) Giganotosaurus carolinii (MUCPv-CH-1) in dorsal (top row) and lateral (bottom row) views, 
illustrating characters 79, 81, and 82. Scale = 10 cm. j , jugal contact; jr , jugal ramus; pt, 
pterygoid contact; stf, subtemporal fenestra. 
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FIGURE 2.16. Left epipterygoids of (A) Allosaurus fragilis (UUVP 1414) and (B) 
Acrocanthosaurus atokensis (NCSM 14345) in medial view, illustrating character 83. Both 
elements shown are complete. Scale = 10 cm. ls, laterosphenoid contact. 
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FIGURE 2.17. Left dentaries of (A) Allosaurus fragilis (UUVP 871), (B) Sinraptor dongi 
(image modified from Currie & Zhao, 1993; 11A), and (C) Acrocanthosaurus atokensis (NCSM 
14345) in lateral view, illustrating character 90. Scale = 10 cm. a, angular contact; emf, external 
mandibular fenestra; lsd, lateral sulcus of the dentary; sa, surangular contact.  
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FIGURE 2.18. Left prearticulars of (A) Sinraptor dongi (image modified from Currie & Zhao, 
1993; 10C), (B) Allosaurus fragilis (image modified from Madsen, 1976; 7F), and (C) 
Acrocanthosaurus atokensis (NCSM 14345) in internal views, illustrating character 97. Scale = 
10 cm. Hatched lines indicate broken surfaces. a, angular contact; ar, articular contact; d, 
dentary contact. 
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FIGURE 2.19. Single most parsimonious tree resulting from the phylogenetic analysis of 164 
characters across 17 taxa (Length = 304 steps; CI = 0.59; RI = 0.64; RCI = 0.38). Bootstrap 
values >50% are to the left of the nodes; Bremer support values >1 are to the right. The arrow 
represents the number of steps needed to remove Acrocanthosaurus from its current 
carcharodontosaurid position and place it as the sister taxon to Allosaurus, a relationship 
proposed by previous authors (Fig. 2.2). Lettered nodes are stem-based taxa. a, Neotheropoda; b, 
Tetanurae; c, Avetheropoda; d, Coelurosauria; e, Carnosauria; f, Allosauroidea; g, Sinraptoridae; 
h, Carcharodontosauridae; I , Unnamed node; j , Carcharadontosaurinae (node-based taxon). 
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FIGURE 2.20. Unambiguously optimized synapomorphies and autapomorphies resulting from 
the recovered phylogeny (Fig. 2.19). Numbers immediately right of the bars represent character 
number (see Appendix I); numbers further to the right indicate character change. For example, 
“43: 0 � 1” represents a change in character 43 from state 0 to state 1 in all taxa above the 
branch, unless a reversal occurs. 
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FIGURE 2.21. Phylogeny of Carnosauria upon the inclusion of proposed allosauroid taxa 
known from highly fragmentary specimens (Siamotyrannus, Lourinhanosaurus, and 
Fukuiraptor). A full phylogenetic analysis of 20 terminals recovered 4 MPT’s (TL = 307 steps), 
the strict consensus of which is shown below. This phylogeny has been cropped to show 
carnosaurian relationships, as the outgroup taxa were unaffected. 
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CHAPTER 3 
 

Implementations of Phylogenetic Results for the Stratigraphic Fit of  
Allosauroid Phylogeny and Paleobiogeography  

 
INTRODUCTION 

 
 The phylogeny recovered by the present analysis (Fig. 2.19) indicates that 

Acrocanthosaurus is a member of Carcharodontosauridae, a group of large-bodied allosauroids 

that predominantly inhabited Africa and South America. Phylogenies that recover 

Acrocanthosaurus as the sister taxon to Allosaurus (Currie & Carpenter, 2000; Allain, 2002; 

Novas et al., 2005; Coria & Currie, 2006; Smith et al., 2007; Fig. 2.2), a smaller-bodied 

allosauroid known mainly from deposits in North America and Europe (Pérez-Moreno et al., 

1999), differ not only with respect to allosauroid interrelations, but also in terms of stratigraphic 

congruence and paleobiogeographic hypotheses.  

Measures of stratigraphic fit allow the structure of the present phylogeny to be compared 

with previously recovered phylogenies (Fig. 3.1, 3.2), effectively determining which of these 

recovered topologies better match the fossil record of Allosauroidea (Angielczyk & Fox, 2006). 

Although using stratigraphic information from fossils to estimate phylogeny remains 

controversial (Adrain & Westrop, 2001), incorporating measures of stratigraphic fit to help 

choose between competing phylogenetic hypotheses is more widely accepted (Angielczyk & Fox, 

2006). The hierarchical nature of each phylogeny implies a specific order that the divergences 

within that phylogeny must have occurred (Angielczyk & Fox, 2006), and this order can be 

compared to first appearance in the fossil record. Thus, stratigraphic occurrence data can provide 

an independent test of the divergences recovered by different phylogenetic analyses.  
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By combining stratigraphic and paleogeographic occurrence data of allosauroid taxa, 

ancestral areas can be optimized to elucidate paleobiogeographic dispersal patterns of 

Allosauroidea. This allows competing phylogenetic hypotheses to be compared, prompting the 

emergence of new paleobiogeographic questions. For example, how might the close relationship 

of the North American Acrocanthosaurus to the Gondwanan Carcharodontosaurinae be 

explained if, by the time both taxa appeared in the stratigraphic record, North America and 

Gondwana were separated? Conversely, what need be inferred if Acrocanthosaurus and 

Allosaurus, two North American allosauroids, were sister taxa?  

Both questions involve a gap in the North American fossil record, yet require separate 

hypotheses to explain it: (1) the distribution of a carcharodontosaurid ancestor into North 

America from Europe or Gondwana must have occurred prior to the isolation of these continents 

(Sereno et al., 1996; Harris, 1998), and the gap in the North American fossil record accurately 

records the period of time between the extinction of Allosaurus and the arrival of 

Acrocanthosaurus; (2) the current phylogeny is incorrect, Acrocanthosaurus is the sister taxon to 

Allosaurus, and the gap in the North American allosauroid lineage is an artifact of the fossil 

record. The latter hypothesis involves a long ghost lineage, a period of time for which no 

allosauroid fossil record exists in North America, but the presence of such taxa is inferred. 

METHODS 
 
Two analyses were run using the recovered tree topology (Fig. 2.19), and included: (1) 

calculations of stratigraphic fit metrics, and (2) reconstructions of ancestral areas in order to test 

hypotheses of allosauroid paleobiogeography. Additionally, the stratigraphic fit of the present 
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phylogeny was compared to two recent phylogenies for Allosauroidea; the first placed 

Acrocanthosaurus as the sister taxon to Eocarcharia at the base of Carcharodontosauridae 

(Brusatte & Sereno, 2008), while the second recovered Acrocanthosaurus as more closely related 

to Allosaurus (Smith et al., 2007), with both taxa excluded from Carcharodontosauridae (Fig. 

2.1). As a matter of convenience, these two analyses will be referred to as BAS (for Brusatte & 

Sereno, 2008) and SET (for Smith et al., 2007) from this point forward; the current phylogeny 

will referred to as DRE (for Drew R. Eddy). 

DRE, BAS, and SET each recover different topologies (Fig. 2.1, 2.19) and include 

taxonomic samples of different sizes (17, 14, and 56, respectively). In order to calculate metrics 

of stratigraphic consistency while avoiding avoid biases associated with sample size (Siddall, 

1996; Pol & Norell, 2006), each tree was pruned to eight shared taxa: Monolophosaurus, 

Sinraptor, Allosaurus, Neovenator, Acrocanthosaurus, Tyrannotitan, Carcharodontosaurus, and 

Giganotosaurus. Since Eocarcharia was not analyzed by Smith et al., 2007, it was not included 

as one of the eight shared taxa. 

The topology of DRE and BAS differ only with respect to the placement of 

Monolophosaurus and Eocarcharia. Although BAS did not include Monolophosaurus in their 

tree (Fig. 2.1), scorings were coded for the taxon that placed it as more derived than Sinraptor 

(Brusatte & Sereno, 2008). DRE recovered Monolophosaurus as basal to both Sinraptor and 

Yangchuanosaurus (Fig. 2.18). However, since the maximum age of first appearance of 

Monolophosaurus does not significantly differ from that of Sinraptor (Table 3.1), placement of 

the taxon did not affect measures of stratigraphic consistency. Metrics of stratigraphic fit for the 
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pruned, eight-taxa phylogenies were the same for BAS and DRE; therefore, all further 

comparisons between DRE and SET imply the same comparison between BAS and SET.  

Phylograms of DRE and SET (Fig. 3.2) were constructed by combining the structure of 

each cropped phylogeny with the reported epochs or stages of first appearance of the eight 

shared taxa (Table 2.1; 3.1). Absolute ages for each epoch or stage were taken from the current 

International Stratigraphic Chart (International Commission on Stratigraphy, 2008), and included 

errors associated with upper and lower bounds.  

A new program, ASCC (Assistance with Stratigraphic Consistency Calculations; Boyd et 

al., in prep.), generated measures of stratigraphic fit for from DRE and SET, including GER 

Range and MSM* Range (Table 3.2). The Gap Excess Ratio (GER; Wills, 1999) is usually 

calculated as a single value using the maximum, midpoint, or minimum age of first appearance. 

However, ASCC generated a range of GER values, as well as MSM* Range (modified 

Manhattan Stratigraphic Measure; Siddall, 1998; Pol & Norell, 2001; 2006). To do so, minimum 

and maximum ages of first appearance were entered into ASCC for each taxon, as well as the 

three structure of the phylogenies to be compared. ASCC then output a file to be analyzed using 

the maximum parsimony optimality criterion in TNT (Tree analysis using New Technology; 

Goloboff et al., 2000). Replications were set to 1000, and after analyzing the phylogenetic and 

stratigraphic data, TNT generated an Excel file containing values of GER and MSM*. From this, 

GER Range and MSM* Range were obtained. Values of MSM*, as well as their associated  p-

values, were calculated for maximum ages of first appearance in PAUP* (Swofford, 2000) with 

input from files generated following the Pol & Norell (2001) methodology. SCI values 
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(Stratigraphic Consistency Index; Huelsenbeck, 1994) were calculated using the program Ghosts 

v.2.4 (Wills, 1999).  

To examine allosauroid paleobiogeography, ancestral areas reconstructions were 

generated in MESQUITE (Maddison & Maddison, 2007) using the maximum likelihood setting 

(Huelsenbeck, 1997) of the program’s Ancestral State Reconstruction Package (Fig. 3.3), which 

uses a generalization of the Jukes-Cantor model (Jukes & Cantor, 1969). Maximum parsimony 

reconstructions were also made in MESQUITE (Fig. 3.4B), which uses a Fitch optimization 

optimality criterion (Fitch, 1971). Each taxon was coded for one ancestral area (i.e. Asia, Europe, 

North America, and Gondwana), except for Allosaurus, whose remains are known from both 

North America and Europe (Pérez-Moreno et al., 1999). Since Allosaurus could not receive a 

polymorphic coding under the maximum likelihood reconstruction of MESQUITE, two 

terminals were assigned to the taxon, one each from Europe and North America. 

The default setting in MESQUITE is to assign each branch a length of 1.0. However, this 

may generate ancestral area reconstructions overly influenced by taxa far removed from the 

ancestor of interest (Fig. 3.4A). For example, under the default setting, a distance of 6.0 steps 

separated the first appearance of Giganotosaurus from the most recent common ancestor of 

Carcharodontosauridae (5 internodes + 1 branch leading to Giganotosaurus, with an assigned 

length of 1.0 for each); similarly, a distance of only 4.0 separated this ancestor from 

Monolophosaurus (3 internodes + 1 branch). However, when branch lengths separating the 

carcharodontosaurid ancestor from Giganotosaurus and Monolophosaurus were adjusted for 

time by adding maximum ages of first appearance to the necessary internodes (Fig. 3.3A), the 
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distance separating the carcharodontosaurid ancestor from these taxa increased to 24.5 (6.3 + 1.0 

+ 1.0 + 14.0 + 1.0 + 1.0) and 43.7, respectively. Using minimum age of first appearance 

separated the carcharodontosaurid ancestor from Giganotosaurus and Monolophosaurus by 

lengths of 42.1 (14.0 + 1.0 + 13.5 + 6.8 + 1.0 +1.0) and 36.3, respectively (Fig. 3.3B). By doing 

so, the influence of the ancestral areas of Giganotosaurus (Gondwana) and Monolophosaurus 

(Asia) on the reconstruction of the ancestral area of the carcharodontosaurid ancestor was 

reduced. The taxon nearest the ancestor given the tree topology (Neovenator) had more of an 

effect on that ancestor’s reconstructed area. This “stratigraphically-adjusted” likelihood is 

suggested to better account for the ages between the ancestors (nodes), as it reduced the 

influence of taxa that are the far removed from the ancestor of interest. For this analysis, both 

minimum and maximum age of first appearance were optimized (Fig. 3.3). Fitch parsimony was 

also compared to maximum likelihood reconstructions under the default setting in MESQUITE 

(all branch lengths = 1.0), as adjusting branch lengths had no affect on the optimization of 

ancestral areas when using parsimony. 

Paleobiogeographic patterns across time were examined by plotting the presence/absence 

of each taxa, according to their stratigraphic occurrences, onto world maps from Smith et al.’s 

(1994) Atlas of Mesozoic and Cenozoic Coastlines (Fig. 3.5). Scotese’s (2004) Paleomaps were 

also consulted to assess the timing of continental separation. 

RESULTS 
 

The results from the stratigraphic consistency analyses for DRE, BAS, and SET are 

presented in Table 3.2. GER Range and MSM* Range were considerably higher for DRE (and 
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therefore also BAS) than for SET, as the highest values for SET (0.82; 0.76) did not overlap the 

lowest values for DRE (0.89; 0.85). SCI values were also higher for DRE (1.0) than for SET 

(0.6). MSM* values were also higher for DRE and BAS than for SET, and the former were 

significantly congruent with the stratigraphic record at the p < 0.05 level; the MSM* value for 

SET (p = 0.185) was not found to be significant at this level. Phylograms (Fig. 3.1; 3.2) confirm 

this difference visually, as BAS and DRE matched the stratigraphic record quite well, whereas 

the SET phylogram evidenced sizable ghost lineages.  

Plotting the paleobiogeography of Allosauroidea through time using Smith et al.’s (1994) 

reconstruction of paleocoastlines (Fig. 3.5), suggested the following hypotheses: (1) allosauroid 

taxa became established in Asia by the onset of the Callovian (168.7 MYA; ICS, 2008) and 

subsequently dispersed westward to Europe and North America; (2) a common 

carcharodontosaurid ancestor likely dispersed into both North America and Gondwana before the 

start of the Aptian (126.0 MYA); and (3) the common ancestor of Carcharodontosaurinae 

(Giganotosaurus, Mapusaurus, and Carcharodontosaurus) occupied both Africa and South 

America by the Cenomanian (101.5 MYA).  

These hypotheses correlated well with the stratigraphically-adjusted ancestral area 

reconstruction (Fig. 3.3), regardless of using minimum or maximum ages of first appearance.  

For example, the common ancestor of Allosauroidea is most likely to have come from Asia (> 

95%) according to both maximum likelihood optimization methods. The most probable ancestral 

area for the ancestor of Carcharodontosauridae was Europe (> 75%), although the default 

likelihood reconstruction (non-stratigraphically adjusted) recovered a 52% probability of a 
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European origin for Carcharodontosauridae. The common ancestor of Acrocanthosaurus + 

Carcharodontosaurinae was reconstructed as having approximately equal probabilities (47% each) 

of inhabiting North America or Gondwana, although when using minimum age of first 

appearance (Fig. 3.3B), the probability of a North American origin increased to 75%. Ancestral 

area reconstructions using maximum parsimony (Fig. 3.4B) generally agreed with the results 

from the “stratigraphically-adjusted” likelihood, with the exception being that the common 

ancestor of Acrocanthosaurus + Carcharodontosaurinae was shown to have inhabited Gondwana 

when using parsimony.  

DISCUSSION AND CONCLUSIONS 
 

The phylogenetic placement of Acrocanthosaurus as a member of the large-bodied, 

predominantly Gondwanan carcharodontosaurids, as opposed to the sister taxon of the smaller 

North American Allosaurus, is strongly supported by measures of stratigraphic fit (Table. 3.2) 

and visual examination of phylograms (Fig. 3.1, 3.2). Although more inclusive, future datasets 

will apply stronger tests to the placement of Acrocanthosaurus, the results outlined above 

support the allosauroid phylogeny proposed by the current analysis (DRE), and that recovered by 

Brusatte and Sereno (2008; BAS), over the allosauroid relationships proposed by Smith et al. 

(2007; SET).  

Paleobiogeography was once thought to weaken the phylogenetic hypothesis that 

Acrocanthosaurus was more closely related to Carcharodontosauridae, as no likely connection 

between North America and Gondwana was thought to have existed for a carcharodontosaurid 

ancestor to cross (Harris, 1998; Currie & Carpenter, 2000). However, paleobiogeographic 
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dispersal routes between continents may have existed in the Early Cretaceous, providing a link 

between carcharodontosaurid ancestors (Fig. 3.6). The following ancestral area reconstruction is 

suggested by the “stratigraphically-adjusted” maximum likelihood method calibrated to 

maximum age of first appearance (Fig. 3.3A).  

Assuming the present phylogeny is accurate and Neovenator is the most basal member of 

Carcharodontosauridae, it follows that the common ancestor of the clade likely inhabited Europe 

before the start of the Barremian (131.5 MYA; Fig. 3.3, 3.4). During the Valanginian (143.2 – 

133.9 MYA), Europe and North America were still connected, while the northern tip of 

Gondwana is reconstructed to have been narrowly separated by the opening of the Tethys Ocean 

(Smith et al., 1994). At this time, relatively shallow oceans (< 200m) surrounded the European 

archipelago (Scotese, 2004), and two distinct sea-level regressions near the beginning of the 

Valanginian (Haq et al., 1987) could have conceivably exposed a land bridge between Europe 

and Gondwana, permitting travel between Gondwana and North America. Accordingly, the 

ancestor of Carcharodontosauridae could have given rise to Neovenator in Europe before the 

appearance of that taxon (~130 MYA); simultaneously, a portion of the ancestral 

carcharodontosaurid population could have dispersed southward into Gondwana to later give rise 

to Eocarcharia and Tyrannotitan. A portion of that ancestral population could have then 

distributed back through Europe and into North America, giving rise to Acrocanthosaurus by the 

Aptian (126.0 – 111.0 MYA; Fig. 3.6). Harris (1998) acknowledged the possibility of a 

distribution route through Europe for an ancestor to Acrocanthosaurus, although he did not 

include Neovenator in his analysis of Allosauroidea.  
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Optimizing ancestral areas using likelihood adjusted for minimum age of first appearance 

(Fig. 3.3B) suggests that the common ancestor of Acrocanthosaurus + Carcharodontosaurinae 

originated in North America (~75%). This is unlikely, as it would require a third dispersal of a 

carcharodontosaurine ancestor from North America and into Gondwana before the Aptian, in 

addition to the previously hypothesized carcharodontosaurid dispersals. Furthermore, other 

ancestral areas optimization methods (i.e. parsimony, maximum likelihood, and 

“stratigraphically-adjusted” likelihood using maximum age of first appearance) suggest that the 

common ancestor to Acrocanthosaurus + Carcharodontosaurinae inhabited Gondwana, not North 

America. 

It should be noted that the relationships separating Eocarcharia, Tyrannotitan, and 

Acrocanthosaurus are poorly supported in comparison to the rest of the phylogeny (Fig. 2.19); as 

new information becomes available concerning the morphologies of Eocarcharia and 

Tyrannotitan, allosauroid relationships, and therefore paleobiogeographic reconstructions, will 

likely change.  

The paleobiogeographic hypotheses outlined above markedly contrast with those implied 

by the phylogeny of SET, in which Acrocanthosaurus is more closely related to the North 

American taxon Allosaurus. If this were accurate, a ghost lineage in the fossil record of at least 

15.5 million years must be assumed (Fig. 3.6B) from the implied minimum potential age of 

Allosaurus (Tithonian – 141.5 MYA) to the maximum age of first appearance of 

Acrocanthosaurus (Aptian – 126 MYA; ICS, 2008). The inferred lack of preservation of North 

American allosauroids is weakened by the fact that sedimentary environments in the Early 
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Cretaceous have produced an array of other North American dinosaur taxa (Kirkland et al., 1997; 

Carpenter, 2006). A global dearth of allosauroid taxa during this time is also unlikely, as 

Neovenator is known from the Lower Cretaceous of Europe (Naish et al., 2001), and a likely 

allosauroid astragalus has been recovered from Lower Cretaceous sediments in Australia 

(Molnar et al., 1985). Conversely, this North American ghost lineage is not required to explain 

the present phylogeny, nor that of BAS, although dispersals of a carcharodontosaurid ancestor 

into and out of Gondwana during the Early Cretaceous may become more poorly supported upon 

phylogenetic analyses of more complete datasets. 

Although allosauroids diversified globally after the Albian, as evidenced by the presence 

of Giganotosaurus, Mapusaurus, and Carcharodontosaurus in the Upper Cretaceous of Africa 

and South America, the North American allosauroid lineage likely ended with the demise of 

Acrocanthosaurus. Nevertheless, post-Albian North American sediments should not be ruled out 

as potential sources for new allosauroid taxa. Globally, poorly explored regions of similar 

stratigraphic age may also produce new allosauroid taxa; the paleobiogeographic hypotheses 

proposed in this analysis suggest that Lower Cretaceous sediments in Europe may be a likely 

candidate for the discovery of additional basal carcharodontosaurids.  
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FIGURE 3.1. Phylogram constructed from the present phylogeny and the absolute age ranges of 
10 allosauroid taxa (+ Monolophosaurus) listed in Table 3.1.  
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FIGURE 3.2. Phylograms constructed from the phylogenies recovered by (A) the present 
analysis and (B) Smith et al. (2007). Phylograms have been cropped to 8 shared taxa in order to 
calculate measures of stratigraphic consistency (Table 3.2). 
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FIGURE 3.3. Ancestral area reconstructions of 10 allosauroid taxa (+ Monolophosaurus) using 
the maximum likelihood setting in the Ancestral State Reconstruction Package of MESQUITE 
(Maddison & Maddison, 2007). Branch lengths have been adjusted to account for maximum (A) 
and minimum (B) age of appearance in the geologic record, as reported in Table 3.1. Allosaurus 
is shown with two codings, as it is known from both Europe and North America. 
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FIGURE  3.4. Ancestral area reconstructions of 10 allosauroid taxa (+ Monolophosaurus) using 
(A) maximum likelihood and (B) maximum parsimony in the Ancestral State Reconstruction 
Package of MESQUITE (Maddison & Maddison, 2007). Branches are equal in length, kept at the 
default of 1.0. Allosaurus is shown with two codings, as it is known from both Europe and North 
America. 
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FIGURE 3.5. Paleobiogeographic distribution of Allosauroidea during the Jurassic to 
Cretaceous Periods. Taxa and geographic occurrence imposed on Smith et al.’s (1994) Atlas of 
Mesozoic and Cenozoic Coastlines. A, Callovian; B, Oxfordian; C, Barremian –Hauterivian;     
D, Aptian; E, Albian; F, Cenomanian; G, Conacian; H, Campanian. 
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FIGURE 3.6. Representation of the paleobiogeographic hypotheses addressing the origin of 
Acrocanthosaurus in North America by (A) dispersal of a Carcharodontosaurid ancestor and (B) 
a long North American ghost lineage separating Allosaurus and Acrocanthosaurus. Ages are 
expressed in MYA; arrows show inferred ancestral dispersal routes. 
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CONCLUDING COMMENTS 
 

 The present study fills a critical gap in the knowledge of the cranial morphology of 

Allosauroidea, and establishes Acrocanthosaurus atokensis as one of the most extensively-

described theropods to date. Although much of the re-analysis of the skull of NCSM 14345 is 

consistent with previous descriptions of Acrocanthosaurus (i.e. Stovall & Langston, 1950; Harris, 

1998; Currie & Carpenter, 2000), several new morphological features have been brought to light. 

Upon the discovery of new carcharodontosaurid specimens, many of the cranial characters 

present in Acrocanthosaurus may become recognized as unambiguously optimized 

synapomorphies of Carcharodontosauridae. These include: a caudal maxillary fenestra between 

interfenestral and postantral struts; a sinuous groove along medial surface of maxilla for dental 

lamina; maxillary-palatal contact terminating posterior to 8th maxillary tooth; a laterally-curving 

lacrimal ramus; a small accessory prong of jugal; quadrate with large posterior and medial 

recesses; a narrow, rectangular, dorsally rotated ectopterygoid jugal ramus; and an anteriorly-

expanded lateral sulcus of dentary. 

Ambiguously optimized autapomorphies for Acrocanthosaurus are also presented here: a 

naso-maxillary process of the nasal contacting posterodorsal ramus of maxilla; elongated narial 

fossa; epipterygoid with pointed dorsal tip; and prearticular with expanded posterior mylohyoid 

foramen. Full descriptions of the palate and mandibles of Monolophosaurus and 

Yangchuanosaurus are needed to unambiguously optimize the autapomorphic nature of these 

characters for Acrocanthosaurus.  
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 New characters identified from the skull of NCSM 14345 have been included in a 

phylogenetic analysis attempting to better evaluate the interrelationships of Allosauroidea. These 

characters played a key role in the resolution of Carcharodontosauridae, and provided strong 

support for the placement of Acrocanthosaurus atokensis within that clade, consistent with many 

previous phylogenies (Sereno et al., 1996; Harris, 1998, Chure, 2000; Holtz et al., 2004; Sereno 

& Brusatte, 2008; Brusatte & Sereno, 2008), and contradictory to those that recovered 

Acrocanthosaurus as the sister taxon to Allosaurus (Holtz, 1994; Currie & Carpenter, 2000; 

Allain, 2002; Novas et al., 2005; Coria & Currie, 2006; Smith et al., 2007). 

 The placement of Acrocanthosaurus within Carcharodontosauridae also retains a 

significantly better fit to the fossil record than phylogenies that group Acrocanthosaurus with 

Allosaurus, as the current analysis is more robustly supported by stratigraphic metrics such as 

GER Range, MSM* Range, and RCI values, as well as visual assessment of phylograms.  

Finally, the paleobiogeographic patterns of Allosauroidea have been examined, providing 

hypotheses of ancestral dispersal during the Mesozoic break-up sequence of Pangaea. The 

common ancestor of Allosauroidea is reconstructed as inhabiting Asia before dispersing 

westward to Europe and North America. Given the recovered phylogeny, the common ancestor 

of Carcharodontosauridae likely achieved a trans-continental distribution during the Valanginian, 

inhabiting Europe and possibly migrating into and out of Gondwana during sea-level recessions 

of the shallow Tethys Sea (Haq et al., 1987; Scotese, 2004), reaching North America by the 

Aptian to give rise to Acrocanthosaurus. 
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TABLE 1.1. List of cranial elements referred to the taxon Acrocanthosaurus atokensis. 
 

NCSM 14345 Nasals  
Premaxillae 
Maxillae 
Lacrimals 
Jugals 
Postorbitals 
Prefrontals 
Frontals 
Braincase 
Squamosals 
Quadratojugals† 
Quadrates 
Vomer° 
Palatines 
Pterygoids° 
Ectopterygoids 
L Epipterygoid° 
Articulars 
Surangulars 
Angulars 
Dentaries  
Prearticulars° 
Splenials° 
Supradentaries° 
L Coronoid° 
 

OMNH 10146 
(holotype) 
 
 
 
 
 
 
 
 
 
 
OMNH 10147  
(paratype) 
 
SMU 74646 
(FWMSH 93B-9) 
 
 
 
 
 
 
 
UNSM 497718,  
497722 - 497726  

Braincase 
Frontals 
Parietals 
L Jugal† 
L Lachrymal 
R Squamosal† 
R Postorbital 
R Ectopterygoid 
L Surangular† 

L Articular 
Isolated Teeth 
 
No Cranial Material  
 
 
R Palatine 
R Ectopterygoid* 
R Jugal†* 
R Postorbital 
R Surangular† 
R Surangular† 
R Prearticular† 
R Splenial† 

Isolated Teeth 
 
Isolated Teeth 

† = Partial or incomplete element 
° = First complete element described from Acrocanthosaurus 
* = Side corrected by personal observations 
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TABLE 1.2. Measurements of Acrocanthosaurus atokensis specimen NCSM 14345, reported in centimeters. H, maximum 
height; L, maximum length; W, maximum width; * = measurement reconstructed from broken element; N/A, not available 

Element Right  Left Element Right  Left 
Premaxillary body, H 10.99  10.75 Occipital condyle, H 5.59 
Premaxillary body, L 9.45  9.84 Occipital condyle, W 6.97 
Premaxillae W 15.10 Vomer, L* 46.10 
Maxilla, H 44.85  38.58 Vomer, W 3.66 
Maxilla, L 80.76  82.33 Vomer, H 4.45 
Nasals, L 75.45 Palatine, H 16.20  16.55 
Nasals, W 12.72 Palatine, L (maxillary-jugal process) 31.30  29.48 
Lacrimal, H 39.41  35.97 Pterygoid, L* 74.00  78.40 
Lacrimal horn, L 33.70  32.46 Pterygoid, H  N/A   23.73 
Jugal, H 32.11  29.97  Ectopterygoid, L 23.40  23.02 
Jugal, L 51.77  48.80 Ectopterygoid, W 14.40  15.51 
Postorbital, H 30.23  29.50 Epipterygoid, H  N/A   15.56 
Postorbital, L 26.72  28.75 Epipterygoid, L   N/A   5.80 
Quadrate, H (condyles-cotyle) 35.43  35.20 Dentary, L 83.10  82.14 
Quadrate, W (condyles) 14.27  13.85 Dentary, H (mid-tooth row) 11.13  10.47 
Quadratojugal, L 26.79  26.60 Dentary, W (mid tooth row) 4.55   4.12 
Squamosal, H 16.70 15.52  Surangular, L 61.40  59.08 
Squamosal, L 21.95  20.90 Surangular, H  16.44  18.72 
Prefrontal, H 14.20  14.36 Supradentary/Coracoid L   N/A   72.14 
Prefrontal, L 15.95  16.17 Coracoid, H N/A   8.10 
Frontals, L 19.10 Supradentary, H 2.24   2.45 
Frontals, W 21.44 Angular, L 55.97  61.50 
Parietals, W (nuchal crest) 15.82 Prearticular, L 69.05  71.00 
Foramen magnum, W 3.54 Splenial, L  N/A   60.51 
Supraoccipital knob, W 7.52 Articular, W 13.74  14.25 
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TABLE 2.1. Sources for character state scorings. * = taxa with specimens visited by author; † = taxa scored from images 
provided by other researchers (see Acknowledgements). All other scorings relied on the consulted publications below, as well 
as those cited in the text and character list (Appendix I). 
 

Operational Taxonomic 
Unit (OTU) 

Missing 
Data (%) 

Referred Species Consulted Publication(s)  

Herrerasaurus  16 Herrerasaurus ischigualastensis† Novas 1993; Sereno 1993; Sereno & Novas 1993 
Coelophysidae 16 

 
Coelophysis bauri* 
Coelophysis rhodesiensis 
Zupaysaurus rougieri 

Colbert 1989; Bristowe & Raath 2004;  
Tykoski & Rowe 2004 

Megaraptor  97 Megaraptor namunhuaiquii Novas 1998; Calvo et al. 2004;  
Lamanna et al. 2004 

Monolophosaurus  44 Monolophosaurus jiangi Dong 1992; Zhao & Currie 1993 
Yangchuanosaurus 81 Yangchuanosaurus shangyuensis 

Yangchuanosaurus magnus 
Dong et al. 1978, 1983; Dong 1992 

Sinraptor  8 Sinraptor dongi 
Sinraptor hepengensis 

Gao 1992; Currie & Zhao 1993;  

Allosaurus 0 Allosaurus fragilis*   
Allosaurus jimmadseni* 
Allosaurus maximus* 

Osborn 1912; Madsen 1976; Smith 1998;  
Pérez-Moreno et al. 1999; Smith et al. 1999;  
Chure 2000 

Neovenator 57 Neovenator salerii† Hutt et al. 1996; Naish et al. 2001 
Siamotyrannus 94 Siamotyrannus isanensis Buffetaut et al. 1996 
Lourinhanosaurus 87 Lourinhanosaurus antunesi Mateus 1998 
Fukuiraptor 95 Fukuiraptor kitadaniensis Azuma & Currie 2000 
Tyrannotitan 82 Tyrannotitan chubutensis† Novas et al. 2005 
Acrocanthosaurus 6 Acrocanthosaurus atokensis* Stovall & Langston 1950; Harris 1998;  

Currie & Carpenter 2000; Franzosa & Rowe 2005 
Eocarcharia 87 Eocarcharis dinops*  Sereno & Brusatte 2008 
    



 

151 

TABLE 2.1 (continued) 
 

Operational Taxonomic 
Unit (OTU) 

Missing  
Data (%) 

Referred Species Consulted Publication(s)  

Carcharodontosaurus 52 Carcharodontosaurus saharicus* 
Carcharodontosaurus iguidensis* 

Depéret & Savornin 1927; Stromer 1931, 1934;  
Rauhut 1995; Sereno et al. 1996;  
Brusatte & Sereno 2007; Brusatte & Sereno 2008 

Giganotosaurus 33 Giganotosaurus carolinii† Coria & Salgado 1995; Calvo & Coria 2000; Coria 
& Currie 2002 

Compsognathidae 
 
 

52 Compsognathus longipes 
Huaxiagnathus orientalis 
Sinosauropteryx prima 

Wagner 1861; Ostrom 1978; Ji & Ji 1996;  
Chen et al. 1998; Currie & Chen, 2001;  
Hwang et al. 2004; Naish et al., 2004; Peyer, 2006 

Tyrannosaurus 18 Tyrannosaurus rex Osborn 1912; Brochu 2003; Carr 2005 
Dilong 54 Dilong paradoxus Xu et al. 2004 
Piatnitzkysaurus 78 Piatnitzkysaurus floresi† Bonaparte, 1979 
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TABLE 2.2 Comparison of the number of total characters and number of phylogenetically informative characters for 
Allosauroidea (+ Monolophosaurus) among the present and recent analyses illustrated in Figure 2.2. Supplemental 
information for Novas et al. (2005), containing the data matrix used in the analysis, was not accessible from the online source 
provided by the publication.  
 
 

Phylogenetic Analysis # Characters # Cranial Characters     
(% of Total Dataset) 

# Characters Informative 
for Allosauroidea  

Present Analysis 164 99  (60.3%) 131 
Brusatte & Sereno, 2008 99 59  (59.6%) 99 
Smith et al., 2007 347 141 (40.6%) 108 
Coria & Currie, 2006 110 42  (38.2%) 66 
Novas et al., 2005 108 ? ? 
Holtz et al., 2004 638 272 (42.6%) 185 
Chure, 2000 112 50 (44.6%) 57 
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TABLE 3.1. Stratigraphic occurrence and geologic age ranges for 11 carnosaurian taxa used in stratigraphic consistency 
analysis.  Geologic and absolute ages taken from the literature (Table 2.1) and current International Stratigraphic Chart (ICS, 
2008), respectively. 
 
Operational Taxonomic Unit  
(OTU) 

Stratigraphic Occurrence(s) Geologic Age(s) 
(Epoch) 

Age Range 
(MYA) 

Monolophosaurus Wucaiwan Formation, China Bathonian - Callovian 
(Middle Jurassic) 

171.2 – 157.2 

Yangchuanosaurus Upper Shaximiao Formation, China Bathonian – Oxfordian 
(Middle – Upper Jurassic) 

171.2 – 155.6 

Sinraptor Shishugou Formation, China Bathonian – Oxfordian 
(Middle – Upper Jurassic) 

171.2 – 155.6 

Allosaurus Morrison Formation, USA; 
Lourinha Formation, Portugal 

Kimmeridgian – Tithonian 
(Upper Jurassic)  

155.6 – 141.5 

Neovenator Wessex Formation, England Barremian  
(Lower Cretaceous) 

131.5 – 124.0 

Eocarcharia Elrhaz Formation, Niger Aptian – Albian 
(Lower Cretaceous) 

126.0 – 98.5 

Tyrannotitan Cerro Barcino Formation, 
Argentina 

Aptian 
126.0 – 111.0 

Acrocanthosaurus Antlers Formation, USA;  
Twin Mountains Formation, USA 

Aptian – Albian 
(Lower Cretaceous) 

126.0 – 98.5 

Carcharodontosaurus Bahariya Formation, Egypt;  
Tegana Formation, Morocco;  
Echkar Formation, Niger 

Aptian – Cenomanian  
(Lower – Upper Cretaceous) 113.0 – 92.8 

Mapusaurus Huincul Formation, Argentina Aptian – Cenomanian 
(Lower – Upper Cretaceous) 

113.0 – 92.8 

Giganotosaurus Ro Limay Formation, Argentina Aptian – Cenomanian 
(Lower – Upper Cretaceous) 

113.0 – 92.8 

    



 

154 

TABLE 3.2. Stratigraphic consistency metrics for the current analysis (DRE) and the analyses of Brusatte and Sereno (BAS; 
2008) and Smith et al. (SET; 2007). 
 
 
 

Analysis GER Range MSM* Range MSM*  
(First Appearance) 

p  
(MSM*) 

SCI 

DRE  
(Full analysis) 

1.00 – 0.76 1.00 – 0.59 1.00 <0.050 1.0 

DRE / BAS 
(Cropped to 8 shared taxa) 

1.00 – 0.89 1.00 – 0.85 1.00 <0.050 1.0 

SET 
(Cropped to 8 shared taxa) 

0.82 – 0.46 0.76 – 0.44 0.45 0.185 0.6 
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Appendix I: Description of Characters in Phylogenetic Analysis 
 

Many of the characters taken from previous analyses were modified with respect to either 
minor wording changes (“wording modified from”) or the actual character and character 
states (“modified from”).  
 
Cranial 
 

1. Premaxilla, number of teeth: three or four (0); five (1). (Brusatte & Sereno, 2008:2; 
modified from Harris, 1998:47) 

2. Premaxilla, lateral view, position of posterior end of tooth row: ventral to external 
naris (0); anterior to external naris (1). (wording modified from Sereno, 1999:36)  

3. Premaxilla, lateral view, ratio of height from external naris to alveolar margin relative 
to length of premaxillary alveolar margin: 0.5 to 1.25 (0); less than 0.5 (1); greater 
than 1.25 (2). (modified from Smith et al., 2007:5; Rauhut, 2003:1) 

4. Premaxilla, lateral view, anterior margin immediately above alveolar rim, inclination 
from vertical: 0-9° (0); 10-20° (1). (Sereno & Brusatte, 2008:2) 

5. Premaxilla, subnarial posterior process: wide, plate-like, broadly contacting the nasals 
and excluding the maxilla from the external nares (0); strongly reduced in width, but 
still contacting the nasals (1); strongly reduced process does not contact the nasals, 
and the maxilla forms part of the posteroventral border of the external nares (2). 
(wording modified from Rauhut, 2003:6; Gauthier et al., 1988:2)  

6. Maxilla, ventral margin of antorbital fenestra, position of the medial rim: lower than 
(0); or level with (1) lateral rim. (Brusatte & Sereno, 2008:5; modified from Holtz et 
al., 2004:36) 

7. Maxilla, promaxillary fenestra, lateral exposure: absent, no fenestra (0); partially or 
fully exposed (1); present, but completely obscured by the lateral lamina of the 
ascending ramus (2). (modified from Brusatte & Sereno, 2008:6; Ordered) 

8. Maxilla, maxillary fenestra, position relative to the anterior corner of the antorbital 
fossa: absent or anterior margin terminates posterior to the anterior margin of the 
antorbital fossa (0); terminates along the anterior margin of the antorbital fossa (1). 
(Brusatte & Sereno:8; modified from Holtz et al. 2004:43) 

9. Maxilla, pneumatic excavation on the medial lamina of the ascending ramus: absent 
(0); present (1). (Brusatte & Sereno, 2008:9; modified from Harris, 1998:2) 

10. Maxilla, promaxillary recess, form of medial wall: recess absent or small (0); solid 
(1); fenestrated, open medially (2). (Brusatte & Sereno, 2008:10; Allain, 2002:5) 

11. Maxilla, dorsal view, orientation with respect to counterpart: acutely angled (0); 
subparallel (1). (wording modified from Holtz et al., 2004:27) 

12. Maxilla, posterior view, lateromedial separation between interfenestral and postantral 
struts: wider (0); or narrower (1) than the combined width of interfenestral and 
postantral struts. (New character; Fig. 2.3)  
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13. Maxilla, medial view, curvature of ridge across interdental plates: absent (0); present, 
straight ridge (1); present, sinuous ridge with significant anteroventral deflection near 
anterior margin of maxilla (2). (New character; Fig. 2.4) 

14. Maxilla, medial view, anterior termination of palatal suture with respect to maxillary 
tooth row: dorsal or anterior to contact between tooth seven and eight (0); dorsal or 
posterior to tooth eight (1). (New character; Fig. 2.4) 

15. Maxilla, curvature of posterior ramus: absent (0); present, ventral deflection does not 
surpass the ventral margin of largest maxillary tooth (1); present, ventral deflection 
equal to or surpasses ventral margin of largest maxillary tooth (2). (modified from 
Holtz et al., 2004:32; Ordered)  

16. Maxilla, medial view, fusion of interdental plates: absent (0); present (1). (wording 
modified from Forster, 1999:3) 

17. Maxilla, external sculpturing, extent: absent, or present and restricted to the anterior 
and lateral margins above the tooth row (0); present, extensively covering the main 
body of the maxilla (1). (Brusatte & Sereno, 2008:13; modified from Forster, 1999:11) 

18. Maxilla, anterior interdental plates, dorsoventral depth: less (0) or more (1) than twice 
anteroposterior width. (Brusatte & Sereno, 2008:15)  

19. Nasal, lateral view, naso-maxillary process: absent (0); present (1). (New character; 
Fig. 2.5) 

20. Nasal, dorsal surface: low texture (0); heavily rugose (1). (Brusatte & Sereno, 
2008:16; modified from Forster, 1999:11; Rauhut, 2003:18) 

21. Nasal, shape in dorsal view: expanding posteriorly so that lateral margins diverge (0); 
equal or subequal width throughout their length (1). (modified from Brusatte & 
Sereno, 2008:17; Rauhut, 2003:21) 

22. Nasal, lateral margin, form: flat (0); offset with a small lateral crest (1). (Brusatte & 
Sereno, 2008:18; modified from Rauhut, 2003:22) 

23. Nasal, participation in the antorbital fossa: nasal entirely excluded from the antorbital 
fossa (0); antorbital fossa reaches the nasomaxillary suture, but the lateral surface of 
the nasal is excluded from the antorbital fossa (1); lateral surface of the nasal 
participates in the antorbital fossa (2). (wording modified from Holtz et al., 2004:53; 
Ordered) 

24. Nasal, shape of the posterior suture: medial projection extends as far or farther 
posteriorly than the lateral projection (0); lateral projection extends farther posteriorly 
than the medial projection (1). (Brusatte & Sereno, 2008:19; wording modified from 
Holtz et al. 2004:56) 

25. Nasal, lateral view, size of recesses: absent or reduced to the size of small pits (0); 
present as large recesses (1). (modified from Holtz et al., 2004:62) 

26. Narial fossa, shape: ovular (0); highly elongated, with significant posterodorsal 
expansion onto nasal (1); absent (2). (New character; Fig. 2.5) 

27. Lacrimal, lateral view, dorsal surface relative to skull roof: level with or slightly 
raised above skull roof (0); rugose, with a raised crest or a pronounced horn (1). 
(wording modified from Brusatte & Sereno, 2008:20; Smith et al., 2007:52) 
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28. Lacrimal, length of anterior ramus: greater than 65% of the height of the ventral 
ramus (0); less than or equal to 65% of the height of the ventral ramus (1); anterior 
ramus strongly reduced and almost nonexistent (2). (Smith et al., 2007:56; Sereno et 
al., 1998:2; Ordered) 

29. Lacrimal, shape and proportions of ventral ramus: broadly triangular, contact with 
jugal nearly twice as wide anteroposteriorly as the lacrimal at the junction between 
anterior and ventral rami (0); bar- or strut-like, roughly the same anteroposterior 
width throughout (1). (wording modified from Smith et al., 2007:59) 

30. Lacrimal, suborbital process along posterior margin of ventral ramus: absent (0); 
present (1). (modified from Holtz et al., 2004:79) 

31. Lacrimal, lateral view, contact between lateral and medial plates of ventral ramus: 
present, plates fused (0); absent, deep sulcus along anterior margin (1). (New 
character; Fig. 2.6) 

32. Lacrimal, shape in dorsal view: straight (0); exhibiting a lateral curvature above the 
lacrimal recess (1). (New character; Fig. 2.7) 

33. Jugal, lateral view, relative heights of quadratojugal prongs: dorsal prong absent, 
shorter, or equal in height (0); or taller (1) than ventral prong. (New character; Fig. 
2.8) 

34. Jugal, lateral view, small accessory prong ventral to upper prong of quadratojugal 
process: absent (0); present (1). (New character; Fig. 2.8) 

35. Jugal, lateral ridge expressed along the ventral margin of the jugal: absent, smooth 
lateral surface (0); present, overhanging posterior ramus of maxilla (1). (modified 
from Smith et al., 2007:49)  

36. Jugal, lateral view, accessory pneumatization of the antorbital fossa: absent or 
shallow (0); extensive, invaginated recess (1). (modified from Brusatte & Sereno, 
2008:28; Harris, 1998:12) 

37. Jugal, medial view, foramen present on medial surface ventral to postorbital process: 
absent (0); present (1). (wording modified from Smith et al., 2007:48; Currie & 
Carpenter, 2000:16) 

38. Postorbital, dorsal boss, lateral expansion: absent or only slightly overhanging orbit 
(0); bulbous swelling extensively overhanging orbit (1). (wording modified from 
Brusatte & Sereno, 2008:26) (Fig. 2.9) 

39. Postorbital, dorsal boss, extent of vascular groove: limited to anterior half of dorsal 
boss (0); present across entire dorsal boss (1); absent (2). (New character; Fig. 2.9) 

40. Postorbital, ventral termination of ventral ramus: close to ventral margin of the orbit 
and ventral to squamosal-quadratojugal contact (0); dorsal to ventral margin of orbit 
and at same height or dorsal to squamosal-quadratojugal contact (1). (Modified from 
Harris, 1998:7) 

41. Postorbital, dorsal view, expansion of supratemporal fossa onto main body of 
postorbital: closer to anterior margin of main body (0); closer to posterior margin of 
main body (1); absent (2). (New character; Fig. 2.10) 
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42. Postorbital, suborbital flange on ventral process, form: absent or indistinct (0); 
present as a discrete projection on the ventral ramus (1). (Brusatte & Sereno, 2008:23; 
modified from Sereno et al. 1996:49) (Fig. 2.9) 

43. Postorbital, cross-section of ventral process: triangular (0); U-shaped (1); (Smith et 
al., 2007:71; Sereno et al., 1996:35) 

44. Squamosal, lateral view, distal end of postquadratic (= postcotyloid) process: rounded 
and slightly tapering (0); squared and expanded (1). (New character; Fig. 2.11)  

45. Prefrontal: present as a distinct element (0); absent, lost or coossified with the 
lacrimal or frontal and not visibly distinct (1). (Brusatte & Sereno, 2008:31) (Fig. 2.7) 

46. Prefrontal, medial view, shape of frontal articular surface: triangular (0); rounded (1). 
(New character; Fig. 2.12) 

47. Frontal, supratemporal fossa: absent (0); occupying the caudolateral third (1), 
occupying the caudolateral half (2); occupying most of the caudal frontal, meeting 
along the midline to form a frontal sagittal crest (3). (Holtz et al., 2004:87; Ordered)  

48. Frontal, dorsal view, anteromedial corner of supratemporal fossa, open dorsally (0); 
roofed over by frontoparietal shelf (1). (wording modified from Forster, 1999:33; 
Coria & Currie, 2002:1)  

49. Frontal, dorsal view, suture with counterpart: unfused (0); fused (1). (wording 
modified from Brusatte & Sereno, 2008:34; Holtz, 2000:41) 

50. Frontal, dorsal view, relative length of associated frontals: longer than wide (0); as 
wide as (or wider than) long (1). (wording modified from Smith et al., 2007:63; 
Allain, 2002:21) 

51. Frontal, dorsal view, suture with parietal: unfused (0); fused (1). (wording modified 
from Forster, 1999:38) 

52. Frontal, contribution to the orbital rim: present (0); absent, excluded by lacrimal-
postorbital contact (1). (Brusatte & Sereno, 2008:36; modified from Sereno et al., 
1996:48) 

53. Frontal, contribution to midline nasal crest: absent (0); present (1). (wording modified 
from Smith et al., 2007:64) 

54. Parietal, posteriorly-placed knob-like dorsal projection, form: absent or very low (0); 
pronounced (1). (Brusatte & Sereno, 2008:38; modified from Rauhut, 2003:42) 

55. Quadrate, medial view, pneumatization of ventral shelf of pterygoid wing (=quadrate 
recess): absent (0); present (1). (modified from Rauhut, 2003:48; Allain, 2002:26) 

56. Quadrate, posterior view, quadrate foramen: developed as a distinct opening between 
the quadrate and quadratojugal (0); almost entirely enclosed in the quadrate (1); 
absent (2). (wording modified from Smith et al., 2007:87; Rauhut, 2003:49) 

57. Quadrate, ventral view, anterior most extension of jaw joint: only slightly posterior to 
(0); well posterior to (1); or anterior to (2) the posterior margin of the occipital 
condyle. (modified from Holtz et al., 2004:132; Ordered) 

58. Quadrate, posterior view, large pneumatic fossa distinct from quadrate foramen: 
absent (0); present (1). (New character; Fig. 2.13)  
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59. Braincase, anterior view, exit for olfactory nerve (C-I): single opening (0); opening 
split medially by mesethemoid (1). (New character)  

60. Braincase, participation of the supraoccipital in the dorsal margin of the foramen 
magnum: present (0); absent or reduced (1). (wording modified from Smith et al., 
2007:96; Allain, 2002:45) 

61. Braincase, supraoccipital, width of dorsal expansion: less than twice the width (0); or 
more than twice the width (1) of the foramen magnum. (wording modified from 
Smith et al., 2007:97; Coria & Currie, 2002:13) 

62. Braincase, transverse distance across basal tubera: greater than width of occipital 
condyle (0); less than width of occipital condyle (1). (modified from Brusatte & 
Sereno, 2008:39; Holtz, 2000:97) 

63. Braincase, angle between occipital condyle and basal tubera: perpendicular, at or near 
90º (0); acute (1). (wording modified Smith et al., 2007:99; Coria & Currie, 2002:7).  

64. Braincase, shape of occipital condyle: subspherical (0); dorsoventrally compressed 
(1). (wording modified from Coria & Currie 2002:15)  

65. Braincase, posteroventral view, neck of occipital condyle invaded by ventrolateral 
pair of pneumatic cavities that join medially: absent (0); present (1). (wording 
modified from Coria & Currie 2002:6)  

66. Braincase, ossification of the interorbital septum: absent (0); present (1). (Brusatte & 
Sereno, 2008:43; modified from Coria & Currie 2002:4) 

67. Braincase, location of trigeminal foramen (nerve V) relative to nuchal crest: anterior 
or ventral (0); posterior (1). (wording modified from Brusatte & Sereno, 2008:44; 
Coria & Currie 2002:2) 

68. Braincase, form of trigeminal foramen (nerve V) exit: single (0); fully split (1). 
(wording modified from Smith et al., 2007:108) 

69. Braincase, pneumatic openings associated with the internal carotid artery: absent (0); 
present (1). (wording modified from Smith et al., 2007:106; Allain, 2002:23) 

70. Braincase, basal tubera, composition: formed equally by the basioccipital and 
basisphenoid and not subdivided (0); subdivided by a lateral longitudinal groove into 
a medial part entirely formed by the basioccipital and a lateral part entirely formed by 
the basisphenoid (1). (Brusatte & Sereno, 2008:46; modified from Rauhut, 2003:55; 
Sereno et al. 1996:44) 

71. Braincase, posterior view, paroccipital process: directed laterally, or slightly 
ventrolaterally (0); directed strongly ventrolaterally, with distal end entirely below the 
level of the foramen magnum (1). (Smith et al., 2007:90; modified from Holtz et al., 
2004:167; Rauhut, 2003:52) 

72. Braincase, basisphenoid recess, form: absent or poorly developed (0); present 
between basisphenoid and basioccipital (1); present entirely within basisphenoid (2). 
(Smith et al., 2007:104; modified from Rauhut, 2003:57; Ordered) 

73. Braincase, basisphenoid recess, shape of posterior opening: single opening (0); 
divided into two small, circular foramina by a thin bar of bone (1). (wording modified 
from Smith et al., 2007:105) 



 

172 

74. Braincase, exposure of middle ear region in occipital view: absent (0); present (1). 
(wording modified from Coria & Currie, 2002:3) 

75. Braincase, median ridge separating exit of nerve VI: present (0); absent (1). (wording 
modified from Coria & Currie, 2002:5)  

76. Palatine, pneumatic recess, form: absent or small foramen (0); large fossa with one or 
more foramina (1). (Brusatte & Sereno, 2008;47; modified from Harris 1998:33) 

77. Pterygoid, medial view, deep fossae depressing the quadrate and ectopterygoid rami: 
absent (0); present (1). (New character; Fig. 2.14) 

78. Pterygoid, medial view, angle of medial process with respect to angle of 
vomeropalatine ramus: parallel or subparallel (0); rotated dorsally by at least 30º (1). 
(New character; Fig. 2.14) 

79. Ectopterygoid, dorsal view, ratio of anteroposterior width of jugal ramus to 
lateromedial width of subtemporal fenestra: greater than or equal to 0.66 (0); less than 
0.66 (1). (New character; Fig. 2.15)  

80. Ectopterygoid, medial view, number of foramina: none (0); one (1); two (2). (wording 
modified from Holtz et al., 2004:153). 

81. Ectopterygoid, angle of jugal process with respect to main body of ectopterygoid: 
parallel or rotated dorsally less than 15º (0); non-parallel, dorsal rotation greater than 
or equal to 15º (1). (New character; Fig. 2.15)  

82. Ectopterygoid, lateral view, ventral margin of jugal process: anteroventrally expanded, 
jugal ramus triangular (0); parallel to dorsal margin, jugal ramus rectangular (1). 
(New character; Fig. 2.15) 

83. Epipterygoid, dorsal region, shape: rounded, bulbous tip (0); pointed tip (1). (New 
character; Fig. 2.16) 

84. Palatines, medial contact: absent, separated by vomer and/or pterygoid (0); present 
(1). (wording modified from Holtz et al., 2004:140) 

85. Palatine, shape: subrectangular or trapezoidal (0); tetra-radiate (1); triradiate with no 
jugal processes (2). (Holtz et al., 2004:141; Harris, 1998:29) 

86. External mandibular fenestra, lateral view, maximum anteroposterior length of 
fenestra relative to length of mandible: greater than 15% (0); less than 15% (1). 
(modified from Harris 1998:38) 

87. Dentary, lateral view, shape of anterior end: rounded (0); squared and expanded (1). 
(modified from Brusatte & Sereno, 2008:49; Sereno et al. 1996:50)  

88. Dentary, posterior end, form: strongly forked (0); slightly forked or straight (1). 
(Brusatte & Sereno, 2008:55; modified from Rauhut 2003:77) 

89. Dentary, medial view, flange at anteroventral symphysis: absent or reduced (0); 
prominent (1). (modified from Brusatte & Sereno, 2008:50) 

90. Dentary, lateral sulcus: absent or reduced, foramina expressed at the surface of the 
dentary (0); present, posterior foramina inset within sulcus (1); present, most or all 
foramina inset within lateral sulcus (2). (New character; Fig. 2.17; Ordered) 

91. Dentary teeth, number: less than 25 (0); 25 to 30 (1); greater than 30 (2). (modified 
from Smith et al., 2007:127) 
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92. Dentary, symphysis, angle in dorsal view: low, acute angle, tooth row forms V-
shaped convergence (0); high, obtuse angle, tooth row forms U-shaped convergence 
(1). (Brusatte & Sereno, 2008:53). 

93. Splenial, medial view, mylohyoid foramen: present, completely enclosed by splenial 
(0); present, opens anteroventrally (1); absent (2). (modified from Holtz et al., 
2004:239)  

94. Angular, posterior termination: posterior or ventral to surangular foramen (0); 
anterior to surangular foramen (1). (wording modified from Holtz et al., 2004:233) 

95. Surangular, dorsoventral depth over the external mandibular fenestra: less (0) or more 
than (1) half the depth of the mandible. (Brusatte & Sereno, 2008:56; modified from 
Sereno et al. 1996:47) 

96. Articular, pendant medial process: absent (0); present (1). (Holtz et al., 2004:246) 
97. Prearticular, anteroventral margin, mylohyoid foramen: absent, margin continuous (0); 

present, foramen approximately same size or smaller than splenial mylohyoid 
foramen (1); present, foramen significantly larger than splenial mylohyoid foramen 
(2). (New character; Fig. 2.18; Ordered) 

 
Dentition 
 

98. Premaxillary teeth, shape of cross-sections: elliptical (0); subcircular (1); D-shaped 
(2). (wording modified from Smith et al., 2007:18; Carrano et al., 2002:56) 

99. Premaxillary teeth, labiolingual symmetry: symmetrical (0); asymmetrical (1). 
(wording modified from Smith et al., 2007:19) 

 
Axial Skeleton 
 

100. Axis, pleurocoel: absent (0); present (1). (Smith et al., 2007:142; Tykoski & Rowe, 
2004:74) 

101. Axis, ventral keel: present (0); absent (1). (Harris, 1998:51) BAS 61 
102. Axis, ventral margin of the axial intercentrum, orientation relative to the ventral 

margin of the axial centrum: approximately parallel (0); angled strongly dorsally (1). 
(Brusatte & Sereno, 2008:60; wording modified from Harris, 1998:50) 

103. Cervicals, number of pleurocoels: two (0); one (1). (Smith et al., 2007:148) 
104. Cervicals, pleurocoels on postaxial cervicals, form: absent or single opening (0); 

multiple openings within a single fossa (1). (Brusatte & Sereno, 2008:65; modified 
from Harris, 1998:61) 

105. Cervicals, vertebral centra: amphi-to platycoelous (0); strongly opisthocoelous (1). 
(wording modified from Smith et al., 2007:151) 

106. Cervicals, posterior articular face of mid cervical centra, width: approximately as 
broad as tall (0); at least 20% broader than tall (1). (Brusatte & Sereno, 2008:62; 
modified from Sereno et al. 1996:53) 
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107. Cervicals, interior structure of centrum, pneumaticity: apneumatic or camerate 
(simple) (0); camellate (complex) (1). (Brusatte & Sereno, 2008:64; wording 
modified from Harris, 1998:62) 

108. Cervicals, location of the zygapophyses relative to the midline: over centrum (0); 
displaced lateral to centrum (1). (Brusatte & Sereno, 2008:66; modified from Holtz, 
2000:155) 

109. Mid-cervicals, length of vertebral bodies: about twice the diameter of the cranial face 
(0); more than two and up to four times or more the diameter of the cranial face (1); 
less than twice but more than half the diameter of the cranial face (2). (modified from 
Holtz et al., 2004:309)  

110. Mid-cervicals, anterior articular face of centra, orientation relative to posterior face: 
elevated (0); approximately at same level (1). (wording modified from Brusatte & 
Sereno, 2008:63; Sereno et al. 1996:54) 

111. Anterior cervicals, shape of anterior articular facet: approximately as tall as wide or 
taller (0); significantly wider than tall (1). (wording modified from Smith et al., 
2007:154) 

112. Dorsals, distribution of pleurocoels: absent or restricted to the anterior dorsals (0); 
present on all dorsals (1). (Brusatte & Sereno, 2008:67; modified from Harris, 
1998:66) 

113. Dorsals, height of neural spine relative to centrum height: less (0); or more (1) than 
twice centrum height. (Brusatte & Sereno, 2008:69; modified from Holtz, 2000:167) 

114. Dorsals, centrum shape relative to mid section height: subcylindrical, the dorsoventral 
thickness of the central section greater than 60% the height of the cranial face (0); 
hourglass-shaped, the dorsoventral thickness less than 60% the height of the cranial 
face (1). (Brusatte & Sereno, 2008:70; modified from Holtz, 2000:175) 

115. Caudal dorsals, centrum height to length ratio: 1.0 to 2.5 (0); less than 1.0 (1); greater 
than 2.5 (2). (Smith et al., 2007:169; modified from Sereno, 1999:48) 

116. Anterior dorsals, ventral keel, form: absent or very poorly developed (0); present (1). 
(wording modified from Smith et al., 2007:170; Rauhut, 2003:108) 

117. Sacrals, pleurocoels: absent (0); present (1). (wording modified from Rauhut, 
2003:115; Harris, 1998:70) 

118. Caudals, rudimentary pleurocoels: absent, or as shallow fossa (0); present (1). 
(Brusatte & Sereno, 2008:72; modified from Sereno et al., 1996:55) 

119. Anterior caudals, ventral surface: rounded (0), having a distinct keel bearing a narrow, 
shallow groove on its midline (1). (wording modified from Holtz et al., 2004:362) 

120. Mid-caudals, spinous process, shape and angle: rodlike and posteriorly inclined (0); 
subrectangular and sheetlike (1). (modified from Holtz et al., 2004:353). 

121. Distal caudals, length of prezygapophyses: more (0); or less (1) than 40% overlap of 
the preceding vertebral body. (wording modified from Brusatte & Sereno, 2008:73; 
Holtz, 2000:199) 

122. Caudals, number bearing transverse processes: 16 or more (0); fewer than 16 (1). 
(wording modified from Smith et al., 2007:191)  
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123. Caudals, distribution of elongate cranial zygapophyses: caudal twenty-five (0); or 
caudal fifteen (1) and more distal caudal vertebrae. (wording modified from Holtz et 
al., 2004:367) 

124. Mid-caudals, anterior margin of neural spines, form: straight (0); bearing a distinct 
kink, dorsal part of anterior margin inclined more posteriorly than ventral part (1). 
(wording modified from Smith et al., 2007:195; Rauhut, 2003:123) 

125. Mid-caudals, anterior spur in front of neural spine: absent (0); present (1). (wording 
modified from Smith et al., 2007:198) 

126. Mid-caudal chevrons, shape: rod-like or slightly ventrally expanded (0); L-shaped (1). 
(wording modified from Smith et al., 2007:201; Sereno et al., 1996:26) 

 
Pectoral Girdle & Forelimb 
 

127. Gastralia, distal end of medial element, shape: tapered (0); club-shaped prominence 
(1). (Brusatte & Sereno, 2008:74) 

128. Gastralia, number of sets of fused medial elements: zero or one (0); greater than one 
(1). (Brusatte & Sereno, 2008:75) 

129. Scapula, distal end, shape: expanded (0); not expanded relative to proximal portion of 
scapula (1). (Smith et al., 2007:213) 

130. Scapula, acromion process, size: prominent (0); reduced or absent (1). (Brusatte & 
Sereno, 2008:96; wording modified from Holtz, 2000:213) 

131. Scapula, blade length relative to minimum neck width: more (0) or less than (1) 7.5. 
(Brusatte & Sereno, 2008:97; modified from Forster, 1999:63) 

132. Scapulocoracoid, notch between scapular acromion process and coracoid: absent (0); 
present (1). (Brusatte & Sereno, 2008:94; wording modified from Currie & Carpenter, 
2000:68) 

133. Coracoid, posteroventral process, length relative to the width of the glenoid: shorter 
(0); longer, process strongly hooked (1). (Brusatte & Sereno, 2008:95; wording 
modified from Sereno et al. 1996:28) 

134. Radius, shape of radial external tuberosity and ulnar internal tuberosity: low and 
rounded (0); hypertrophied (1). (Smith et al., 2007:230; modified from Sereno et al., 
1998:33) 

135. Metacarpals, proximal articular ends, transverse width: less (0) or two times or more 
(1) than minimum transverse shaft width. (Brusatte & Sereno, 2008:99) 

136. Metacarpal I, length: greater that 50% metacarpal II length (0); less than 50% 
metacarpal II length (1). (Smith et al., 2007:234) 

137. Metacarpal I, shape: longer than wide (0); approximately as wide as long (1). 
(modified from Smith et al., 2007:235; Rauhut, 2003:164) 

138. Metacarpal IV: present (0); absent (1). (Brusatte & Sereno, 2008:98; wording 
modified from Harris, 1998:100) 

139. Manual ungual I: less than 50% the length of the radius (0); more than 50% the length 
of the radius (1). (modified from Smith et al., 2007:249) 
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Pelvic Girdle & Hindlimb 
 

140. Ilium, anterodorsal rim, shape: convex or straight (0); concave (1). (wording modified 
from Smith et al., 2007:255; Rauhut, 2003:173)  

141. Ilium, lateral wall of iliac brevis fossa: deeper than medial wall (0); shallower than 
medial wall (1); positioned ventral to medial wall (2). (wording modified from Smith 
et al., 2007:271; Carrano et al., 2002:111) 

142. Ischium, distal end, form: confluent with shaft or only slightly expanded (0); strongly 
expanded into distinct boot, with anterior and posterior projections (1). (Brusatte & 
Sereno, 2008:81; modified from Harris, 1998:119) 

143. Ischium, posteriorly-directed flange on iliac peduncle: absent (0); present (1). 
(Brusatte & Sereno, 2008:82) 

144. Ischium, ventral notch between obturator-process: absent (0); present (1). (wording 
modified from Smith et al., 2007:289; Sereno et al., 1996:12) 

145. Pubis, obturator foramen: completely enclosed (0); open ventrally (1); absent (2). 
(Smith et al., 2007:276; modified from Holtz, 1994:94)  

146. Pubis, strongly expanded pubic boot: absent (0); present (1). (Smith et al., 2007:280; 
Harris, 1998:113) 

147. Pubis, pubic boot, size relative to pubic length: less than 50% (0); 50-60% (1); greater 
than 60% (2). (Brusatte & Sereno, 2008:80; wording modified from Sereno et 
al.,1996:51; Ordered) 

148. Femur, direction of femoral head: ventral (0); horizontal (1); dorsal (2). (wording 
modified from Smith et al., 2007:294; Ordered) 

149. Femur, lateral distal condyle, form: bulbous (0); cone-shaped (1). (Brusatte & Sereno, 
2008:84) 

150. Femur, medial epicondyle (=mediodistal crest), length: poorly developed or short (0); 
pronounced, extending 30% or more up the length of the femoral shaft (1). (Brusatte 
& Sereno, 2008:85; modified from Holtz et al., 2004:574) 

151. Femur, fourth trochanter, form: robust or completely absent (0); present but reduced 
to a weak crest (1). (Brusatte & Sereno, 2008:86; modified from Harris, 1998:126) 

152. Femur, ridge for cruciate ligaments in flexor groove, form: absent or indistinct (0); 
present and robust (1). (Brusatte & Sereno, 2008:88; wording modified from Harris, 
1998:128) 

153. Distal femur, broad groove on cranial surface: absent or poorly developed (0); well 
developed and bound medially by an expanded medial lamella (1). (Smith et al., 
2007:302; modified from Rauhut, 2003:202; Forster, 1999:86) 

154. Tibia, lateral condyle separation from remainder of proximal end in proximal view: 
bulging from the main surface of the tibia (0); conspicuous narrowing between the 
body of the condyle and the main body of the tibia (1). (Brusatte & Sereno, 2008:89; 
modified from Azuma & Currie, 2000:108) 

155. Tibia, medial malleolus, medial expansion: only slightly expanded medially (0); 
expanded 9% or more the length of the tibia (1). (Brusatte & Sereno, 2008:90) 
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156. Tibia, lateral malleolus, distal extension relative to medial malleolus: even with or 
extends slightly distally (0); extent beyond the medial malleolus 7% or more the 
length of the tibia (1). (Brusatte & Sereno, 2008:91) 

157. Fibula, length relative to femur: greater (0) or less than (1) 70%. (Brusatte & Sereno, 
2008:92) 

158. Fibula, proximal end: less than 75% of the proximal width of the tibia (0); 75% or 
more of the proximal width of the tibia (1). (Holtz et al., 2004:592) 

159. Fibula, deep groove on the medial side of the proximal end: absent or ridge (0); 
present but covering less than two-thirds of the width of the fibula (1); present and 
wide, covering more than two-thirds of the width of the fibula (2). (Holtz et al., 
2004:593; Ordered) 

160. Astragalus, height of ascending process relative to tibial length: less than 1/6 (0); 
between 1/6 and 1/4 (1); greater than 1/4 (2). (wording modified from Brusatte & 
Sereno, 2008:93; Harris, 1998:135) 

161. Astragalus, fibular facet, form: large and facing partially proximally (0); reduced and 
confined to the anterior half of lateral side of astragalus (1); strongly reduced, facing 
laterally or absent (2). (Smith et al., 2007:319; modified from Rauhut, 2003:213; 
Carrano et al., 2002:148; Ordered) 

162. Astragalus, anterior base of ascending process: confluent or only slightly off set from 
astragalar body (0); offset from astragalar body by pronounced groove (1). (Smith et 
al., 2007:322; Rauhut, 2003:216) 

163. Astragalus, anteriorly horizontal groove across condyles: absent (0); present (1). 
(Smith et al., 2007:325; Rauhut, 2003:218). 

164. Metatarsal IV, well-developed posteromedial flange on proximal end for articulation 
with metatarsal III: absent (0); present (1). (Smith et al., 2007:339) 
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Appendix II: Data Matrix 
 
Acrocanthosaurus  
010110101111111111101021011111111111111111?10110111101101111010000011011000111
111111101112010011201100?11110210110111111100110111101101111???111?11101011111
101????0 
 
Allosaurus   
100010210210011100000120101110000000000100000010010000001001010000011111000000
000001110100001011101111101001200001110011000111001001100111000011111101011100
00111011 
 
Carcharodontosaurus  
?????1?101?111?11111102001111?111111111111??11111111?1????1110101110001??11?????
?1????1?1??1???????????01110211??????11???????1???????????????1?1?12110?????1??????? 
 
Coelophysidae  
01102000000???000?0001000?000000??00?00100?00?00000000?000?100000000000100?0???
0???001000?100000?100000?000000?000200000100000??0000000000000?0100000000000000
000000 
 
Compsognathidae  
0?0020?002????000??0000?0?0????????0?01?00??0?000?000???2??1?0???????0011??????????
???0?0?0??01???11??1?1??100?0000?00?00?10??0000000?0??1?0?001?10??01???0001?1???? 
 
Dilong        
10201?200?1???1?0?000111100110?0??01?000?0000?10?00000?10???000?0???0??21????????
????101?00???1??21???1?0???20????0??????1??????01?????10??100?021?10??????????????? 
 
Eocarcharia   
?????1101??1111100???????????????????10111?????01111?????????????????????????????????
??????????????????????????????????????????????????????????????????????????????? 
 
Fukuiraptor 
???????????????1?0???????????????????????????????????????????????????????????
?????????0?0??0???????????????????0?0???0??????????????????????????????01????
?????????? 

 
Giganotosaurus  
0??1??210???1??11101102?0011?111?????1?1?10?11111111011010111?1111100?1??11???11
11????1?1?01?????0?10101100?21?1001??111100?001111111??????000111112111011101011
???? 
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Herrerasaurus   
00000000001???0000?000010000000???000000?0?00?00000000?00??00001000000000000???
????000000000?000?00000?0000000000010000000000?0010100?00001?000001000000000000
000000 
 
Lourinhanosaurus 
???????????????????????????????????????????????????????????????????????????????????????
?????????????????????0?????????111??110?????????????0??011??1001??1???01????? 
 
Mapusaurus       
???????10??110?1110110??00??110?1111?11?1???10????????1??1??????????????????????????
??1?12??0??????????????????1????11??1????????101??1??????01???1?1110??11???1???? 
 
Megaraptor 
???????????????????????????????????????????????????????????????????????????????????????
???????????????0?1?????1??????????????0?????????00?1??????1?????????????????1 
 
Monolophosaurus   
100021?10?1?????0??101201010000?1?01?00000000?10010011?010?101010??0?00100??????
???1110?0000111110?0?110?00120?0101??0?????????????0????????00000?0????????????????? 
 
Neovenator      
1001?00101?001?100?0102000?????????????????????????????????????????????????1????????
??0?0000?????0??10?1?00020?1011?0?110?01??0?1?0?1???????010??101110?110100?1???1 
 
Piatnitzkysaurus   ??????????????1???????????????????????????????1??00?0????????0010??00
?0100?????????????????????????0??0?0??10?1???110???????????1????0??????01?101?1????0?
??????11?? 
 
Siamotyrannus 
???????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????011??11??????????????0??01110????????????????? 
 
Sinraptor      
00001010121?0000000001211011110010011000000?0110010001001001111100000111000111
0000?1100?0100010100111110100120001111001??0???10?10100?0??0?000011101000110000
0101011 
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Tyrannosaurus    
0020100101101?2?100010000?0110010011110001?10?3011010011001100010001100?100100
00?0000101000100100211?0110000100?00110?00011001??00???0?00?01?0?021?1????1????1
2?2100 
 
Tyrannotitan     
????????????????????????????????1?111?????????????????????????????????????????????????1
?0?01??????????011??1??11001?00?????0??????0?1??????0?0?1?1?2?1??1???1??????? 
 
Yangchuanosaurus    
?0?01?101?1?????0??1?12?1011100???0???0??0?????????????????????????????????1????????
10????0?2?0?0???0??0???1???????????????????????????????????????????????????????? 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


