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CHAPTER I
INTRODUCTION
The fossil material of Allosaurus fragilis (Marsh, 1877)
described in this study came from the Cleveland-Lloyd Dinosaur
Quarry in Emery County, Utah (fig. 1). The quarry was first opened
in 1927 by the University of Utah and eventually became a Natural
Landmark in 1967. The cranial material related to this study has
been generously loaned to the Texas Tech Museum from the
University of Utah Vertebrate Paleontological Collection by James H.
Madsen, Jr., and David Gillette. It includes a well-preserved
braincase specimen with several attached dermal roof elements
(UUVP 5961), left quadrate (UUVP 1325), left quadratojugal (UUVP
70), and left squamosal (UUVP 5836). Also purchased from Mr.
Madsen were excellent casts of the cranial elements of
Allosaurus
representing virtually the complete skull (TTU P9269) and an
endocast (TTU P9276).
A massive accumulation of dinosaur bones discovered by
various field parties over the years at the Cleveland-Lloyd Dinosaur
Quarry belong to at least 11 genera found within the Brushy Basin
Member of the Late Jurassic Morrison Formation. Bones from the
quarry are extremely well preserved. Allosaurus fragilis, the most
common taxon, is represented by bones from many individuals of
different sizes, and constitutes three-quarters of the total dinosaur
fauna. A total of 44 Allosaurus fragilis individuals have been
recovered, although no single skeleton was found articulated
(Madsen, 1976). Consequently, all descriptions and illustrations of
Allosaurus fragilis pertaining to the dermal roof bones, palate, and
mandible are of composite skulls. The braincase described herein,
however, is solely from one subadult individual (UUVP 5961).
Measurements of the skull (TTU P9269), braincase (UUVP 5961), and
endocranium (TTU P9276) are listed in chapter V [fig. 5(A-B), pg. 18;
fig. 15(A), pg. 59]. The measurements reflect the subadult and
juvenile nature of the specimens.

Figure 1.

Cleveland-Lloyd Dinosaur Quarry location
(after Madsen, 1976).
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CHAPTER II
PURPOSE OF THIS STUDY
Although Allosaurus is one of the best known dinosaurs and is
well represented by several skeletons, its braincase has never been
adequately described. It is now becoming apparent that the
braincase anatomy may be one of the most diagnostic anatomical
features to establish the phylogenetic relationships of dinosaurs
(Walker, 1985; Chatterjee, in press). The braincase discussed in this
paper may represent one of the finest specimens of a dinosaur
braincase ever discovered, preserving all the bone, foramina and
cavity in detail without distortion.
The purpose of this study is twofold: (1) to describe the
braincase anatomy of Allosaurus in detail; and (2) to analyze the
cranial kinesis of Allosaurus.
Description of the braincase is
important since theropod dinosaurs are now considered by many to
be a sister group of birds (Gauthier, 1986). In investigating
theropod-bird relationships, non-avian theropods such as
Allosaurus
will be important for out-group analysis (Cracraft, 1986).
Although dinosaur skulls have been collected for more than a
century, their skull kinesis has never been properly addressed.
There is a growing misunderstanding and confusion about the skull
kinesis. Versluys (1912) discussed some of the problems, but his
study was hampered by inadequate material. Chatterjee (in press),
while discussing avian kinesis, briefly mentions the theropod skull
pattern. Since we have procured excellent material of
Allosaurus,
both articulated and disarticulated, it permits the analysis of cranial
kinesis in detail. As a supplement, cardboard models were used to
study the functional skull pattern of theropods and birds and to
investigate the question of skull kinesis in
Allosaurus.

CHAPTER III
GEOLOGICAL SETTING
The remains of Allosaurus fragilis described in this study were
recovered from the Brushy Basin Member of the Upper Morrison
Formation, deposited during the Late Jurassic. The Morrison
Formation of western North America can generally be described as
the deposits of a vast alluvial plain covering one million square
kilometers deposited over a span of 10 million years. It consists of a
comparatively thin sheet of fluvial sandstones, mudstones, lacustrine
limestones, and eolian sandstones, nourished by clastic debris from
the ancestral Rocky Mountains (Dodson et al., 1980).
Regionally, evidence indicates that water was periodically in
short supply, although previous interpretations provided for a more
semi-tropical setting in these same areas. Much of the Morrison
Formation consists of multi-colored sandstones and shales. Its great
lateral persistence of outcrops (900 km) is due to very low gradient
and deposition under tectonic quiescence (Dodson et al, 1980).
During the Late Jurassic (fig. 2), western North America was
characterized by flysch and molasse sedimentation in interior
troughs and basins accompanied by andesitic volcanism. An
Andean-type magmatic arc extended hundreds of kilometers along
the Pacific coast. Further inland was a fold and thrust belt
paralleling the magmatic arc. Together, they were part of the
Nevadan Orogeny, which provided the clastic sediments for the
eastward deposition into the Morrison foredeep (Burchfiel and Davis,
1975).
Tectonic activity was minimal during the 10 million years of
the Morrison deposition. This allowed for an accumulation of a thin
wedge of clastic sediments (thinning eastward) on a vast alluvial
plain, representing a continental phase of sedimentation following
the fourth and final Jurassic (Oxfordian stage) marine transgression.
This vast alluvial plain completely covered the states of Colorado and
Wyoming and large areas of all states bordering them. The Morrison
Formation is famous for its classic dinosaur fossil localities.

Figure 2.

Geologic features of western North America during
latest Jurassic time. A fold and thrust belt extended for
hundreds of kilometers parallel to the coast but far
inland. An Andean-type magmatic arc existed west of
this belt and approximately parallel and adjacent to the
shoreline. Tectonic activity had driven most of the sea
from the western interior, leaving a foredeep where
the nonmarine Morrison Formation accumulated (after
Stanley, 1987).

Evidence for a Humid Climate
Early workers inferred depositional environments such as
large, deep lakes for the Morrison Formation, based on their opinion
of the functional requirements of the dinosaurs (White, 1886). Mook
(1916) suggested that broad alluvial fans were being deposited by
mountainous streams. Others were convinced of a semi-tropical
climate with lush vegetation owing to the presumed diet
requirements of large herbivorous dinosaurs.
Much evidence for humid environments in the Morrison is
based on the flora. Mook (1916) noted that the presence of cycads
indicated warm, moist conditions, at least in some areas. The
presence of large fossil tree trunks and impressions of rush like
plants suggests relatively high rainfall. In a fossil locality near the
town of Fruita in extreme western Colorado, aquatic vertebrates such
as crocodiles, turtles and fish have been used in support of "humid"
conditions (Mook, 1916; Moberly, 1960), but concentrated remains of
these animals are very uncommon. Dodson et al. (1980) and Stokes
(1944) characterized the Morrison in the Colorado Plateau area as a
mosaic of riverine, lacustrine, and floodplain environments. Young
(1987) described the eastern Utah-western Colorado area as a semitropical environment, citing the abundance of cycads, tree fossils, and
microvertebrate fauna from the Fruita, Colorado, location as evidence
for a humid climate. Other workers have identified various flora
(rushlike plants, gingkos, ferns, and lycopsids), carbonized wood,
illite-kaolinite diagenesis, and mesovertebrate fossils (crocodiles,
turtles, and fish) as further evidence for a humid climate. Four
species of gastropods and four species of Gyrogonites have been
found at the Cleveland-Lloyd Dinosaur Quarry, which would indicate
a shallow, quiet, fresh or brackish water depositional environment
(Madsen, 1976).
Evidence for an Arid Climate
In 1944, Stokes provided a paleoenvironmental interpretation
of the Morrison which emphasized the semi-arid conditions,
particularly in the upper unit, the Brushy Basin Member, where
8

Allosaurus is found. He noted the predominance of fine sediment
and abundance of volcanic ash, therefore postulating the existence of
ephemeral lakes surrounded by desert areas. Studies done by Brady
(1969) in central Colorado and Bilbey et al. (1974) in northeastern
Utah show areas with illite-dominated clays, which suggest semi-arid
conditions.
Mook (1916) and Dodson et al. (1980) have also uncovered
evidence for drier conditions. For most of the Morrison, the absence
of coals, scarcity of small aquatic vertebrates, paucity of plant
remains, abundance of oxidized sediments, presence of eolian sands,
and the presence of calcretes suggests arid and semi-arid conditions.
Some workers also cite the lack of great river systems in the
Morrison as evidence for dry climate. The presence of chert (Dodson
et al., 1980), if primary, may be due to alkaline lake conditions,
which are found in arid or semi-arid settings.
The apparently conflicting evidence of the two models, a wet
versus a dry climate, may be resolved by invoking a model of
strongly seasonal precipitation, with perhaps a consistent water
supply in the upland source areas (Dodson et al., 1980). Moberly
(1960) used the Gran Chaco Plain of central South America as a
modern analogue.
Lithology
Dodson et al. (1980) have identified four major lithofacies at 19
fossil sites in the Morrison Formation, most of which are in the
Brushy Basin Member in Utah and Craig et al.'s (1955)
"undifferentiated" Morrison Formation in Colorado, Wyoming,
Montana, South Dakota, and Oklahoma. These lithofacies are: (1)
coarse clastic sandstone lenses, (2) variegated mudstones, (3) drab
mudstones, and (4) limestone-marl. Lithofacies (1) consists of fine to
coarse white, brown-gray or yellow-gray sandstone with mud and
carbonate clasts being common. Lithofacies (2) is a predominantly
red, red-brown, purple, green or dark brown claystone with a
variable percentage of siltstone, along with some thin sandstone
units, carbonate nodules, and glaebules. Lithofacies (3) consists

mainly of gray-green, yellow-gray, gray-brown or dark brown
claystone augmented by the presence of minor amounts of siltstone.
Carbonate tends to be finely disseminated or concentrated in zones of
nodules with angular mudclasts. Lithofacies (4) is composed of
limestone, marl, siltstone, claystone, occasional fine sandstone with
bioclasts, and mudclast lenses. Colors range from light gray, graybrown, to gray-green. According to Dodson et al.(1980), the Morrison
Formation (particularly the Brushy Basin Member) displays a
predominance of floodplain, overbank and channel deposits. The
floodplains range from well to poorly drained, with lithofacies (2)
and (3) (floodplain environment) dominating the sediments while
lake environments are revealed by lithofacies (4).
The fossil-bearing sediments at the Cleveland-Lloyd Dinosaur
Quarry are poorly stratified, with bentonitic, calcareous and siliceous
shales overlain by a dense, yellow-brown weathering, siliceous
freshwater limestone that forms low ledges in the quarry vicinity
(Madsen, 1976). Small limestone concretions are commonly
associated with or attached to dinosaur bones. The
Allosaurus
braincase (UUVP 5961) was enveloped in a limestone matrix. This
lithologic data, along with the gastropod and Gyrogonite evidence
previously mentioned, appears to accommodate a lacustrine
(lithofacies 4) depositional setting for the allosaur bone accumulation.
Summary
The Morrison Formation in the Colorado Plateau area (including
Utah) displays a combination of fluvial, lacustrine (freshwater and
playa lakes), and floodplain (red shale) environments, with the
allosaur bonebed lying within a lacustrine depositional setting of the
Brushy Basin Member. Through time, the climate appears to have
changed from a semi-tropical to a semi-arid setting, with high
average rainfall being combined with extended periods of dryness.
Ash deposits in the Brushy Basin Member indicate that volcanism
was extensive during deposition of the upper Morrison.
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CHAPTER IV
MATERIALS AND METHODS
Much of the braincase specimen (UUVP 5961) had previously
been prepared except for pockets of hard, gray limestone matrix
occupying many of the nerve foramina and cavities. This hard
limestone was removed as much as possible by a Foredom pneumatic
hand tool. Occasionally a weak solution of formic acid was used to
carefully soften small, intricate areas of the braincase. Several
coatings of "Butvar" were applied to protect the entire specimen from
the potential corrosiveness of the acid solution.
The resin casts of the skull and mandible (TTU P9269) were in
little need of preparation, although the fenestrae and outline of the
casts were refinished using a bench grinder and the Foredom
pneumatic hand tool. Minor sculpturing was performed on the palate
cast (TTU P9269) by application of Sculpall plastic resin. The
temporary addition of modeling clay to the three skull elements,
UUVP 1325 (quadrate), UUVP 5836 (squamosal), and UUVP 70
(quadratojugal) was used to clarify their relationships to each other.
A cranial endocast (TTU P9276) was also available for comparative
analysis.
The following institutional acronyms precede the specimen
numbers referred to in the text and identify the place of storage for
the specimens: UUVP, University of Utah Vertebrate Paleontology
collection; TTU P, Texas Tech University Paleontology collection;
USNM, United States National Museum, Smithsonian Institution; YPM,
Yale Peabody Museum; AMNH, American Museum of Natural History.
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CHAPTER V
DESCRIPTION OF THE ALLOSAURUS SKULL
Dermal Roof
Most of the following descriptions are based upon the Texas
Tech cast (TTU P9269) of a composite skull with some references to
illustrations by Madsen (1976). Although characters and
comparisons with other theropods will be mentioned throughout
Chapter V, their interpretations and subsequent classification will not
be pursued here but will be more appropriately addressed in
Chapter VII under "Systematics."
Premaxilla
The body of the premaxilla [figs. 3, 4(A)] is roughly
quadrangular with subequal sides, having two processes, the nasal
and the maxillary, emanating anterodorsally and posterodorsally,
respectively. Its lateral surface is gently convex and contains
numerous, unevenly spaced foramina and one irregular row of
foramina above and parallel to the alveolar margin. The dorsal
surface of the premaxilla is increasingly convex as it ascends and
bifurcates into the prong-like nasal and maxillary processes to form
the anteroventral margin of the external naris. Both the nasal and
maxillary processes contact the two nasal processes from above to
virtually encircle the elongated, rather large external naris, except
for a small section of maxilla midway along the ventromedial
boundary of the external naris. The nasal processes of the
premaxillae join anteriorly along a symphysis but are separated
posteriorly by a very thin, projecting slice of the nasals. The maxilla
laps over the posterior edge of the premaxilla in an obtuse, angular
fashion along which lies the subnarial foramen at the base of the
maxillary process.
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Figure. 3.

Composite skull and mandible cast of Allosaurus fragilis
(TTU P9269) in lateral view. Less than one-third size.
Visible section of palate has been removed to expose
braincase.
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Figure 4.

Composite skull cast of Allosaurus fragilis (TTU P9269) in
dorsal (A) and ventral (B) views. Less than one-third
size.
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Maxilla
The maxilla [figs. 3, 4(A)] is the largest element of the dermal
skull. It has a thick V-shaped body with the blunted apex pointing
anteriorly and joining the premaxilla. The maxilla is encompassed by
the premaxilla anteriorly, the nasal and lacrimal dorsally, and the
antorbital fenestra, lacrimal, and jugal posteriorly. Ventrally the
maxilla carries 16-17 teeth (fig. 5), with two distinct rows of
foramina above and parallel to the alveolar border as found in
Troodon (Currie, 1985). The inferior margin of the maxilla is curved
or undulating as seen in Gorgosaurus and Tyrannosaurus
(Ostrom,
1969). A small elevated ridge runs just above the posterior half of
the uneven row of foramina, terminating short of the projecting
maxillary process of the jugal. Randomly scattered pits or foramina
cover the front half of the maxillary; behind this is a smooth and
slightly concave surface which tapers into two broad processes, the
nasal and the lacrimal.
The upper or nasal process contacts the nasal along much of its
gently curving ventral length. It then quickly tapers posteriorly as it
meets the underside of the anterior process of the lacrimal, while its
lower border forms the anterodorsal margin of the large antorbital
fenestra. The nasal process is excavated by a two-chambered sinus,
which opens laterally as the maxillary fenestra. This fenestra is
relatively large, as also found in Saurornithoides
and oviraptorids
(Currie, 1985), and considered here to be a synapomorphic character
that links Allosaurus
with advanced theropods.
Below and behind the maxillary fenestra is the lower or
lacrimal process of the maxilla. This large process is rather platelike,
constricted along its length as it forms the ventral margin of the
antorbital fenestra, then expanding posteriorly to meet the
anteroventral border of the lacrimal and to accommodate the
penetrating maxillary process of the jugal.
Nasal
In lateral profile, the nasal (fig. 3) branches anteriorly to form
the posterior margin of the external naris. The dorsal branch meets
17
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Figure 5. Measurements of: (A) skull (TTU P9269); (B) braincase
(UUVP 5961); (C) maxilla and premaxilla (TTU P9269).
(A).

(B).

(C).

Skull (composite) measurements, TTU P9269:
length (pmx to qu base)
width (qu to qu base)
height (top of la to qu base)

51.6 cm
19.5 cm
23.1 cm

Braincase UUVP 5961, occipital aspect:
A. (con)
B.(fm)
C. (bsp)
D. (popr to con)
E. (pa to bsp)

3.9
2.4
6.5
6.3
19.4

Left premaxilla, TTU P9269:
depth at fourth alveolus
number of alveoli
Right premaxilla, TTU P9269:
depth at fourth alveolus
number of alveoli
Left maxilla, TTU P9269:
depth at sixth alvelous
number of alveoli
length
Right maxilla, TTU P9269:
depth at sixth alveolus
number of alveol
length

cm
cm
cm
cm
cm

6.7 cm
5
6.4 cm
5
12.4 cm
1 6
25.7 cm
13.4 cm
1 7
25.5 cm

(A)
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the nasal process of the premaxilla along an anteroventrally inclined
contact while the ventral branch borders the gently undulating
dorsal edge of the maxilla's nasal process, ending just short of contact
with the premaxilla below the external naris. Toward the posterior
end of the ventrolateral surface of the nasal is the nasal foramen.
The nasal foramen is of variable size and leads internally to a series
of intricate cavities. Posterior and lateral to this foramen, a spur-like
projection rises to fit a corresponding slot in the anterior arm of the
lacrimal. Most of the nasal foramen description here is based on that
given by Madsen (1976).
In dorsal view [fig. 4(A)] the nasal broadens posteriorly,
extending back to meet the frontals and comprising one-half the
length of the skull. There is a crested area in the mid-nasal surface
which ends at the nasal-lacrimal junction. From here, the flat,
smooth nasal surface meets the anterior, tapering edge of the frontal
where they are laterally flanked by the prefrontal.
Intricate
sculpturing and ornamentation cover the dorsolateral surface of the
nasal and forms a pronounced crest or brow, which continues along
the lacrimal.
Frontal
The frontal of Allosaurus
is a roughly block-shaped element,
about as long as it is wide and slightly concave as seen in dorsal
aspect [figs. 4(A), 6], in contrast to the gently convex surface of the
frontal of Ceratosaurus
(Gilmore, 1920). The posterior two-thirds of
the median suture between the frontals are interdigitating, making a
firm union that allows no movement between them. Dorsolaterally,
the frontal contacts the small wedges of the prefrontals and
contributes to a small segment of the orbital fenestra margin.
Laterally it meets a medial expansion of the postorbital, and is
deeply excavated as it descends down into the temporal fenestra
where it establishes a solid suture with the laterosphenoid and
parietal. Posteromedially, the frontal ascends up from the temporal
fenestra and meets the parietal in an interdigitating suture. The
lateral suturing of the frontal-parietal is indistinct once it leaves the
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Dorsal view of the Allosaurus fragilis braincase (UUVP
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interdigitation at midline (fig. 6), but suggests a firm union which
precludes mesokinetism or movement between these two elements.
Mesokinetism will be discussed in more detail in Chapter VI under
"Skull Kinesis."
Parietal
The parietals [figs. 4(A), 6, 7(C-D)] have a sharp, well developed
transverse crest at their posterior end, and are deeply excavated
anteriorly as part of the concave inner surfaces of the temporal
fenestra. Well developed parietal crests are typical of larger
theropods except for Dilophosaurus (Welles, 1984). From occipital
view [fig. 7(D)], these transverse crests appear as flanges which fan
out in a heart-shape fashion, considered here to be another
apomorphic character of Allosaurus.
In dorsal view the parietals,
primarily connected by interdigitating sutures, constrict towards the
midline immediately in front of the transverse crests and form the
parasagittal crests.
Posterolaterally, the parietal is nested between the opisthotic
and a superior ramus of the squamosal, where a deep notch develops
at the back of the temporal fenestra between the parietal and
squamosal. This notch is likewise observed in Ceratosaurus
and
Tyrannosaurus
(Gilmore, 1920). A small ridge or projection at the
posterodorsal edge of the parietals most likely anchored the spinus
capitis muscle, while the rugose outer perimeter of the parietal
anchored the outer part of the spinalis capitis muscle (Bakker et al.,
1988).
Prefrontal
The prefrontal [fig. 4(A)] is a small V-shaped bone that appears
wedge-shaped from dorsal view. In comparison, the prefrontal in
Ceratosaurus
is wider and shorter (Gilmore, 1920). It basically
consists of a small arch with two tapering processes; the first
extending dorsomedially between the lacrimal and the frontal-nasal
contact, while the second is tucked behind the inner surface of the
lacrimal. Troodon and the ornithomimids have this second posterior
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Figure 7.

The labeled elements of the Allosaurus fragilis braincase
(UUVP 5961) as seen from various aspects. (A) dorsal
(B) anterior, (C) lateral, (D) occipital, and (E) ventral
views.
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process as well (Currie, 1987), which is regarded here as a
synapomorphic character. Nearby, a notched area of the orbital
fenestra lies atop the lacrimal, prefrontal, frontal, and postorbital
dorsolateral edges.
Postorbital
The postorbital (fig. 3) is T-shaped in lateral outline, its ventral
bar contacting the jugal in an anteroventrally inclined and slightly
twisted overlap over the dorsal bar of the jugal. This is in contrast to
other reptiles according to Currie (1987); if so, it may be regarded as
an apomorphic feature of Allosaurus.
The front of this ventral bar
helps outline the orbital fenestra and the back side contributes to the
outline of the lateral temporal fenestra. The tapering posterior bar
of the postorbital is emplaced in a groove in the squamosal; the two
elements form a strong and seemingly nonflexible arch although
Madsen (1976) interprets it to be flexible. Anteromedially, the
postorbital borders the frontal in a firm suture; further down it joins
the laterosphenoid in similar fashion.
Jugal
The jugal is a robust, three-pronged element as seen laterally
(fig. 3). Its dorsal bar is overlapped by the ventral bar of the
postorbital as previously noted, and outlines the curved,
anteroventral margin of the lateral temporal fenestra. The anterior
extension of the jugal splits into a short, broad process which rises to
join with the ventral bar of the lacrimal and a lower, penetrating,
thin maxillary process adjoining the posterior plate of the maxilla.
Posteriorly, the jugal tapers and extends toward the loosely
overlapping quadratojugal, which potentially allows fore and aft
sliding and side to side separation between these two elements, a
point of interest which is addressed in Chapter VI under "Skull
Kinesis."

26

Lacrimal
The body of the lacrimal [figs. 3, 4(A)] is ear-shaped, having a
pronounced, rugose crest, typical of carnosaurs, situated above a
sizable pocket identified as the lacrimal vacuity. Directly below the
vacuity lies the much smaller lacrimal foramen. The tapered
anterior arm of the lacrimal contacts the maxilla and nasal; medially
it lies against the forward prong of the prefrontal. The stout, central
pillar of the lacrimal is anteriorly bowed and expands as it descends
to join in with a short, broad process of the jugal and posterior
process of the maxilla.
Squamosal
The squamosal [figs. 3, 4(A)] is a complex element occupying
the posterodorsal corner of the skull. The anterior segment of the
squamosal bifurcates dorsally and ventrally to accept the posterior
tapering bar of the postorbital, a primitive feature widespread in
archosaurs (Currie, 1987). The parietal and squamosal together form
the posterior border of the temporal fenestra, as seen in other
theropods. A tapering anteromedial process lies atop the opisthotic
and continues forward between the opisthotic and a small
ventrolateral ala of the parietal.
Below the temporal fenestra the deeply excavated quadrate
cotylus of the squamosal receives the top of the quadrate head. The
enclosure of the quadrate head is accomplished by the squamosal's
ventral and posterior processes, hence forming a surprisingly
intricate interlocking that appears to allow limited movement, an
observation which is further discussed in Chapter VI. Between its
quadrate cotylus and the lateral temporal fenestra, the squamosal
projects into a compressed, plate-like ventral bar extending down to
meet the ascending bar of the quadratojugal in a loose, end to end
contact. The squamosal appears immovable within the confines of
the surrounding elements.
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Quadratojugal
The quadratojugal (fig. 3) is boot-shaped and laterally
compressed. It has a flattened ascending bar that abuts the
squamosal above, in what appears to be a flexible, ligamental contact.
Posteriorly, it joins the quadrate at a ridge and groove suture in two
regions that would virtually lock the two bones together as a unit.
Between the two ridge and groove contacts lies the quadrate
foramen. Anteriorly, the jugal bar of the quadratojugal is tapered
and overlaps the jugal. This appears to allow lateral movement of
the quadratojugal-quadrate independent of the stationary jugal.
Ouadrate
The quadrate [fig. 4(B)] consists of a stout shaft, inclined
posteroventrally, with a slight anterior bow. The head of the shaft
has a single dorsal knob, which is typical of theropods (Raath, 1985).
By comparison, the quadrate in Ceratosaurus is relatively much
longer than that of Allosaurus (Colbert and Russell, 1969; Gilmore,
1920) while the quadrate of Dilophosaurus
is quite similar to it.
The quadrate head articulates entirely within a cup (quadrate
cotylus) between the squamosal's ventral and posterior processes,
which are adjacent to the wing process of the opisthotic (paroccipital
process). Below, the quadrate shaft expands into two large, oval
condyles that articulate with the articular bone of the lower jaw or
mandible. The outer condyle is larger than the interior one and is
separated from the latter by a moderately deep, oblique groove.
Medially, the quadrate sends out a highly developed pterygoid
ramus extending inward and forward, alongside the lateral surface of
the quadrate ramus of the pterygoid but not secured to the
pterygoid.
At about midheight along the quadrate-quadratojugal
suture, the quadrate shaft is pierced by the quadrate foramen. Just
below the quadrate foramen on the lateral surface, a suboval
expansion with radiating ridges and grooves provides a strong,
sutural attachment for the quadratojugal.
As previously noted, a descending ventral process of the
squamosal binds the quadrate shaft dorsolaterally as in
Ceratosaurus,
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Acrocanthosaurus,
and to a larger degree in Dromaeosaurus
(Colbert
and Russell, 1969), although the head of the quadrate is broadly
exposed laterally, which should permit lateral movement of the
quadrate. Posterior movement would have been limited at the
quadrate head because of the squamosal's posterior process behind it
and, in fact, may have obstructed motion in this direction entirely.
Anterior movement was impeded due to the secured position of the
squamosal-quadratojugal bar which effectively blocked forward
movement of the quadrate located directly behind (refer to Chapter
VI, "Quadrate Movement").
Braincase
The braincase (UUVP 5961) is beautifully preserved with little
distortion, clearly revealing most sutures, foramina, cavities and
other intricate details that are rarely seen among dinosaur
braincases. The braincase is regarded by anatomists as the most
conservative part of the skull because it is least functionally
dependent on external stimuli and least subject to mechanical loads,
therefore there is little probability of convergent similarity
(Kurzanov, 1976). Consequently, differences in braincase structure
reflect the characteristics of remote ancestry. Hence, the following
detailed description of the allosaur braincase, the first of its kind, is
fundamental in addressing and clarifying the ancestry and
phylogenetic relationships of Allosaurus fragilis, a subject which will
be explored more fully in the section on "Systematics" in Chapter VII.
Basioccipital
The basioccipital [figs. 7(D-E), 8, 9] contributes the major
portion of the occipital condyle. As seen in occipital view, the
condyle is hemispherical and larger than the foramen magnum, as in
most theropods. The basioccipital contributes to a very small medial
segment of the ventral circumference of the foramen magnum, as the
condyle is capped on each side by the overlapping "pads" of the
exoccipitals. The basioccipital extends ventrally as the basal tubera.
The region between the condyle and basal tubera contains a mid-scar
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ridge which anchor the longus colli and M. rectus capiti anterior
muscles (Bakker et al., 1988; Currie, 1985). A deep groove occurs in
this region in Dilophosaurus (Welles, 1984). The mid-scar ridge is
barely discernible and begins just below a tiny pit located under the
occipital condyle neck. It then descends down into a depression
between the roots of the basal tubera and terminates at the welldefined notch of the basal tubera. This notch, which served as
attachment for the iliocostalis capitis muscle, is an apomorphic
character of Allosauridae (Bakker et al., 1988). Lateral to the basal
tubera near the basioccipital-exoccipital suture are the ascending
muscle scars which probably anchored the longus colli muscle.
The basioccipital, in ventral view [figs. 7(E), 8], consists
primarily of the basal tubera, which are relatively longer and thinner
than that observed in Ceratosaurus
(Gilmore, 1920). The hourglassshaped basal tubera are partly embayed by the scarred
posteroventral portion of the basisphenoid, which served to anchor
the iliocostalis cervicus capiti (neck) muscle (Bakker et al., 1988).
The tubera are also bounded by two ventral pneumatic recesses
laterally, the basisphenoid recess anteriorly, and the occipital
condyle posteriorly. These pneumatic recesses, lying at the
confluence of the basal tubera and subcapsular process, are unique in
Allosaurus.
Laterally, each basioccipital is sheathed by the
subcapsular process of the exoccipital.
Basi sphenoid-Par asphenoid
The basisphenoids and parasphenoids are intricately fused,
displaying no sutures and are thus treated jointly here. Laterally,
the basisphenoid [figs. 7(C), 10] covers approximately the lower onethird of the entire braincase. The basisphenoid has the parasphenoid
as its anterior border, the laterosphenoid as its dorsal boundary, and
the exoccipital as its posterior border. The near vertical dorsal
margin of the basisphenoid expands slightly anteroventrally as it
descends to terminate into the articulated surfaces of the tuberculate
basipterygoid processes. These processes are relatively quite
lengthened ventrally as seen in Dilophosaurus
but not as
34

35

Figure 10. Lateral view of the Allosaurus fragilis braincase (UUVP
5961).
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prominently as in Ceratosaurus.
This deepening of the braincase,
also seen in various theropods (e.g., Syntarsus, Tyrannosaurus) as
well as in pseudosuchians (e.g., Postosuchus), is considered to be a
plesiomorphic feature. This feature is also present in the postJurassic Acrocanthosaurus
and Chilantaisaurus,
and is used by
Colbert and Russell (1969) as one of the distinctive features in
allying these two genera into the allosaurid family, although it now
appears that this is no longer applicable.
Located within a complex and elongated pneumatic recess of
the mid-lateral surface of the basisphenoid lie three smaller
foramina. These include the lateral tympanic recess (Chatterjee, in
press) entering posteriorly, the internal carotid artery foramen
(concealed under the crista prootica) entering dorsally, and a smaller
pneumatic recess entering ventrally. The lateral tympanic recess is
recorded in a variety of archosaurs such as Postosuchus,
Syntarsus,
Tyrannosaurus,
and Troodon.
It may be analogous to the anterior
tympanic recess of birds, which is used for sound location. The
smaller pneumatic recess may communicate with the basisphenoid
recess located on the ventral side of the basioccipital.
Ventral and slightly anterior to the internal carotid artery
cavity lies a depression for the ventral portion of the protractor
pterygoideus jaw muscle (Kurzanov, 1976). Located posterior to the
protractor pterygoideus muscle depression is a larger, gentle
concavity which perhaps was also a cite for muscle attachment. On
the surface of the basisphenoid, tucked behind the crista prootica
and below the nerve VII exit is a small cavity partly enclosed by a
sharp, triangular ridge. This small cavity is interpreted to be the
sulcus of the nasal branch of the abducens (VII) nerve.
In anterior aspect [figs. 7(B), 11], the basisphenoid is
dominated by the basipterygoid processes, projecting out laterally at
a 30-degree angle from the vertical. A sharp lamina ascends up
from each process to meet and merge into the ventral edge of the
elongate parasphenoid element. Below and between these sharp
laminae is a deep hollow expanding ventrally into an elongate
triangle. Above the parasphenoid and below the lower margin of the
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Figure 11. Anterior view of the Allosaurus
(UUVP 5961).
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optic foramen, the anterodorsal surface of the basisphenoid bears the
well defined, pointed tips of the sella turcica (pituitary fossa)
bordering the ventral edges of the otosphenoidal crests of the
laterosphenoid.
In ventral view [figs. 7(E), 8], nestled in crater-like fashion in
the center of the basisphenoid and encompassed by a sharp,
encircling ridge sits the basisphenoid recess. On each side, lateral to
the basisphenoid recess, is a longitudinal channel which appears to
be the sulcus for the palatine artery and nerve (Kurzanov, 1976).
Following each sulcus posteriorly leads into the ventral pneumatic
recesses, an apormorphic feature noted previously. The
basisphenoid-basioccipital suture can easily be seen laterally out
from the vascular foramina and along the same line as the basal
tubera axis. Lateral to each sulcus along the posteroventral edges of
the basisphenoid are scarred or rugose areas which probably
anchored either the iliocostalis cervicus capitis muscle (Bakker et al.,
1988), or the M. rectus capiti anterior muscle (Currie, 1985).
The parasphenoid [figs. 7(C), 10] is a thin, vertical, elongated
and protruding plate terminating anterodorsally into a pointed
rostrum. It emanates anteriorly from the basisphenoid, from which
it is suturally indistinct. Posteroventrally, the parasphenoid emerges
out of the basiptyerygoid processes from below and is buttressed by
a thin ridge of bony support from each process. The parasphenoid is
only two mm thick and actually consists of two thin plates for most
of its length, angling anterodorsally at 30 degrees from the plane of
the braincase floor. On the left side of the parasphenoid base, 12 mm
anterior to the crista prootica, is a fingerprint-like impression which
appears to be a pneumatic recess. Located immediately above the
dorsal base of the parasphenoid sits the pituitary fossa; dorsolateral
to it are the openings for the abducens (VI) nerve.
Exoccipital-Opisthotic
The suture between the exoccipital and the opisthotic is
obscure; therefore these two elements will be described together
[flgs. 7(D), 9]. Two small, oval "pads" of the exoccipitals overiap the
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dorsal surface of the occipital condyle and are outlined by distinct
and circular curving sutures. The exoccipitals ascend up and around
the foramen magnum but fail to meet at midline above it due to their
separation by the arched, ventral surface of the supraoccipital.
Outward from each pad the exoccipital sharply descends into a
deeply recessed, subrectangular cavity housing two foramina for the
hypoglossal (XII) nerves. One foramen is larger than the other, the
larger foramen being ventrolateral to the smaller one. In advanced
theropods (Deinonychus, Troodon) and birds, the vagus (X) nerve has
migrated backwards (from a lateral position) into a separate opening
here in the occiput (Chatterjee, pers. comm.). About 12 mm below
the hypoglossal nerve foramina, nestled near the ventrolateral base
of the condyle and interior to the subcapsular process, is a very
small, oval pit, which may simply be a residual area of cartilage
attachment. Medial to the foramina and pit is the ridge-like
exoccipital and basioccipital contact.
In lateral aspect [figs. 7(C), 10], the exoccipital occupies a small,
posteroventral region identified as the subcapsular process
(Chatterjee, pers. comm.), a synapomorphic character described in
some avian-type theropods and perhaps analogous to the metotic
process in birds. Flanking the subcapsular process along its
posterodorsal border, near the exoccipital-opisthotic confluence, is
the stapedial artery groove. The anterior and anterodorsal borders
of the subcapsular process consists of the posterior boundary of the
basisphenoid and a small flap of the prootic that lies just below the
otic capsule.
The paroccipital processes of the opisthotic [figs. 7(D), 9] consist
of prominently extending wings sweeping posteroventrally from the
braincase body as one of its most striking features. In fact, the
structure and orientation of the paroccipital processes of
Allosaurus
are unique: (1) they are distally depressed (bow inward), and (2)
they extend backward and downward to the plane of the floor of the
braincase. The thick, wing-like processes or blades of bone angle at
45 degrees from the horizontal, sagittal, and occipital planes. As
mentioned, these processes are uniquely depressed distally whereas
41

in Ceratosaurus (Gilmore, 1920) and Dromaeosaurus
(Colbert and
Russell, 1969) the processes are directed posteriorly as in
Allosaurus,
but in a horizontal plane. The paroccipital processes of the
Allosauridae family (Allosaurus and Acrocanthosaurus) also point
ventrally as seen in advanced theropods such as Troodon,
Saurornithoides,
and Gallimimus as well as the early bird
Archaeopteryx
(fig. 12). This is considered a synapormorphic
feature.
In contrast, more primitive theropods and pseudosuchians
usually have horizontally pointing paroccipital processes as seen in
Postosuchus, Coelophysis, Dilophosaurus, and Tyrannosaurus.
A
prominent depression on the proximal posterior surface of the
processes probably anchored the depressor mandibulae muscles.
Upon reaching the distal third of the processes, the dorsal edge slants
abruptly downward to form a blunted, tooth-shaped point. These
distal ends are not expanded, a synapormorphic feature shared with
the advanced theropods (e.g., Saurornithoides
and Gallimimus) and
the early bird Archaeopteryx.
In contrast, the paroccipital processes
are typically expanded on the pseudosuchian Postosuchus and more
primitive theropods including Coelophysis,
Dilophosaurus,
Ceratosaurus, and Tyrannosaurus (fig. 12). One exception is Troodon,
an advanced theropod possessing this more primitive feature.
The distal ends of the paroccipital processes of Allosaurus abut
against the squamosal, articulating with it halfway down the dorsal
edge of the processes. The mediodistal ends of the opisthotics are
indented in a concave fashion and likely served as attachment for
the obliquus capitis, longissimus capitis, and transversarius of the
longissimus capitis muscles (Bakker et al., 1988).
In occipital view, the opisthotic-exoccipital is overlain dorsally
by the ventral border of the supraoccipital. The opisthoticexoccipital complex does not meet at the midline but is separated by
a small section of the supraoccipital bone. The irregular suture
between the supraoccipital-opisthotic fades as it migrates outward,
appearing to terminate 1.5 cm before reaching the outer edge of the
braincase.
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Figure 12. Occipital view of various braincases showing
morphology and orientation of the paroccipital processes:
(A) Postosuchus, a pseudosuchian (Triassic ); (B)
Coelophysis, (Triassic); (C) Syntarsus (Late Triassic-Early
Jurassic); (D) Dilophosaurus (Late Triassic-Early
Jurassic); (E) Allosaurus (Late Jurassic); (F)
Archaeopteryx (Late Jurassic bird); (G) Gallimimus
(Late Cretaceous); (H) Troodon (Cretaceous). All are
theropods except (A) and (F). The paroccipital processes
extend horizontally and are distally expanded in the
more primitive Triassic archosaurs: in later archosaurs,
these processes tend to be more ventrally extended
and/or more tapered. Notice that the distal ends of the
paraoccipital processes are at the same level of the
basipterygoid processes and is unique to Allosaurus.
(A)
after Chatterjee (1985); (B) after Colbert (1989); (C)
after Raath (1985); (D) after Welles (1984); (F) after
Whetstone (1983); (G) after Osmolska et al. (1972), (H)
after Currie (1985). Not to scale.
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In lateral aspect [flgs. 7(C), 10], the opisthotic is sheathed
proximally by a posterodorsal and somewhat ragged wing of the
prootic. Along the parietal-opisthotic contact is a distinct groove,
constricting as it migrates anterioriy, which may have served as the
conduit for the vena capitis dorsalis (Currie, 1985). The groove
travels anterodorsally along the opisthotic and prootic-parietal
contact, terminating into a foramen, the vena capitis dorsalis inlet as
seen in Troodon (Currie, 1985).
Prootic
The complex prootic bone [figs. 7(B-C), 10] is a triradiate, winglike structure, bounded anterodorsally by the laterosphenoid,
posterodorsally by the parietal wing, anteroventrally by the
basisphenoid, and posteroventrally by the opisthotic-exoccipital
complex.
On the upper wing of the prootic, located slightly anterior and
below the groove for the vena capitis dorsalis is the dorsal prootic
depression. It functioned as a jaw muscle attachment area and exists
also in the more primitive theropods Syntarsus and
Dilophosaurus,
occupying the same position as the avian supratympanic recess but
was not a homologous structure (Chatterjee, pers. comm.).
Situated just beneath the anteroventral marginal ridge of the
dorsal prootic depression, on and below the irregular sutures of the
prootic-laterosphenoid, is a rather small, slightly curved indentation
or foramen. The position of this small foramen suggests it may be
for a branch of the trigeminal (V) nerve. Immediately below this
foramen and the dorsal prootic depression lies the large trigeminal
nerve (V) foramen. Its anterior outline contacts the otosphenoidal
crest of the laterosphenoid. Directly posteroventral to the trigeminal
nerve foramen and beneath the posterodorsal ridge of the crista
prootica lie two foramina, positioned anteriorly and posteriorly, for
the facial (VII) and auditory (VIII) nerves, respectively.
Directly posterior to the VII-VIII nerve foramina, enclosed
anteriorly by the upper and middle wings of the prootic is the otic
capsule, internally separated into two smaller foramina by the
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interfenestral crista (Kurzanov, 1976). The interfenestral crista is a
thin, vertical ridge of bone located at a depth of 1.6 cm down within
the cavity. The two smaller foramina within the otic capsule, one
positioned exterior to the other, identify the fenestra ovalis and
metotic foramen, respectively. The fenestra ovalis received the
stapes, a straight, elongated thin rod which thickens and flares
slightly at its distal end. The exposed portion of the stapes is
approximately 9 cm in length, then curves in hook-like fashion and
disappears into the fenestra ovalis. The stapes has been repositioned
in the illustration (fig. 10) to show its assumed natural position
within the stapedial groove. The stapes of Allosaurus is similar to
that of Dromaeosaurus
(Colbert and Ostrom, 1958; Colbert and
Russell, 1969). The stapes element is quite fragile and rarely
recovered, few other stapes have been found to be preserved in
dinosaurs.
The metotic foramen received the glossopharyngeal, vagus, and
spinal accessory nerves (IX-XI). Interestingly, the metotic foramen
is apparently confluent with the ventral hypoglossal (XII) foramen
entering medially from behind the occipital side of the braincase.
This may indicate the beginning of posterior diversion of the vagus
foramen and may be an apormorphic character of
Allosaurus.
Forming the anterior half of the otic capsule is the constricted
dorsal margin of the smaller middle flap or wing of the prootic.
Anteriorly it meets and encloses the facial (VII) and auditory (VIII)
nerves. This middle wing overlaps the exoccipital near the
subcapsular process and lies just above and adjacent to the
posterodorsal margin of the basisphenoid.
Anteroventral to the middle wing and elevated above the middorsolateral section of the basisphenoid is a third wing termed the
crista prootica. Originally in the Osborn (1912) and Gilmore (1920)
illustrations, the crista prootica was included as part of the
laterosphenoid. More recently Madsen (1976) incorporates it into
the prootic, as has been done here. Lending support for identifying
the crista prootica as part of the prootic are the illustrations in Raath
(1985), Chatterjee (1985), Currie (1985), Barsbold (1974), Whetstone
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(1983), and Osmolska et al. (1972), where the trigeminal (V) nerve is
always situated near the laterosphenoid-prootic contact and the
internal carotid artery foramen is below the prootic.
Orbitosphenoid
The orbitosphenoids [figs. 7 (B-C), 10, 11] are small, paired
bones encircling the optic foramen. Each bone is subrectangular but
tapers into an inwardly curving prong which inflates into a
triangular-shaped tip as seen from anterior aspect. Dorsally, the
orbitosphenoid margin is comprised of complex sutures with the
laterosphenoid and encompasses the tapered, ventral tip of the
olfactory (I) nerve cavity. The lateral margins of the orbitosphenoid
descend ventrolaterally into the trochlear (IV) nerve foramina;
whereas further down they continue ventromedially into the
oculomotor (III) nerve foramina. Ventromedial to the oculomotor
nerve foramina the orbitosphenoid then transforms into the two
prongs which hang down and curve inward, almost touching, while
forming a ring in front of the optic (II) nerve cavity. The distal ends
of the narrowing prongs are triangular as noted, with the apices
pointing ventrally. The proximal ends of the prongs are expanded,
their inner border forming the roof of the optic foramen, then
merging into a minute projection pointing anteriorly.
The occurrence of the ethmoid in Allosaurus is questionable
even though Gilmore (1920) suggests that there is sutural evidence
between the orbitosphenoids and the laterosphenoids. This element
was not observed in the Allosaurus braincase (UUVP 5961).
Laterosphenoid
The laterosphenoid is a quadriradiate element occupying the
front and central region of the braincase. The anterodorsal section
[figs. 7(B), 11] is composed of two arms extending slightly upward
and outward horizontally, each distally terminating into a rugose,
knob-like distal end, a feature found in all theropods. This distal end
(termed distal condyle in this paper), articulated with the postorbital
while the crests of the arms served as the origin for the constrictor
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dorsalis muscles. The slightly tapered and smooth surfaced
laterosphenoid arms extend out approximately 30 degrees from the
sagittal plane.
The top of the laterosphenoid is strongly sutured to the frontals
from above. Anteriorly, the top outline of the laterosphenoid runs
medially and somewhat dorsally from each distal condyle in a gentle
concave fashion, curving up as it meets the opening for the olfactory
(I) nerve, outlining, along with the orbitosphenoid, the V-shaped
southern border of the olfactory nerve opening. Located outward 1.8
cm from the bottom of this border are small slits, slanting
ventrolaterally, for the foramina of the oculomotor nerve (III)
previously described. Ventrolateral to these slits is a rather large
depression and pit under each arm of the laterosphenoid. At
midline, the laterosphenoid is rather deeply emarginated around the
perimeter of the optic foramen; these areas of emargination being
embraced by the ventrally pointing otosphenoidal crest of the
laterosphenoid's anteroventral section. In the center of each of these
crests is a deep, vertically running slit, containing the opening for the
ophthalmic (Vl) branch of the trigeminal (V) nerve. Medial and
ventral to these slits are smaller slits for the entry of the abducens
(VI) nerve; still further in and centrally located is the pituitary fossa
or dorsum sellae.
As seen from lateral aspect [figs. 7(C), 10], positioned behind
the distal condyle is the excavated, smooth, oval-shaped, and concave
posterodorsal segment of the laterosphenoid, strongly sutured
against the base of the parietal wing. This prohibits any movement
between the braincase and skull roof. Directly above the distal
condyle is the tongue and groove surface of the frontal where it
receives the posterior and medial flange of the postorbital.
Posteroventral to the excavated region lies the dorsal prootic
depression of the prootic.
Supraoccipital
The supraoccipital [flgs. 7(D), 9], in occipital view is nestled in
the posterior plane of the parietals, having the appearance of an
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inverted "T" with its relatively large, superior process or vertical bar
partitioning the parietal wings at center. This superior process has a
bulbous protuberance, the supraoccipital cap, at its posterodorsal end
which deflates and tapers down into a central ridge or keel for the
ligamentum nuchae. The parallel lateral edges of the superior
process contact the parietal wings in a deeply excavated region
serving as muscle attachments for the rectus capitis. The dorsal
border of the supraoccipital is heart-shaped, which indents slightly
on both sides as the border is followed ventrally, then becoming
parallel as mentioned.
The ventral half of the supraoccipital consists of the thinner,
horizontal bar of the inverted "T." Nestled between this horizontal
bar and the posterior margins of the parietal flanges, laterally on
each side of the constricted supraoccipital "neck," reside the epiotic
elements.
Epiotic
These elements are found in birds but have not been
previously described in theropods and are unique to Allosaurus.
The
epiotic [figs. 7(D), 9] consists of a highly irregular surface which
probably anchored the rectus capids posterior muscle (Raath, 1985).
At the junction of the supraoccipital, epiotic, and parietal are
foramina which housed the external occipital vein (Chatterjee, in
press). Lateral to these openings and along the irregular epioticparietal suture are vestiges of the posttemporal fenestrae, which
may have transmitted the ramus occipitalis of the stapedial artery
(Walker, 1985). Continuing laterally and slightly ventrally from each
of these fenestra, the jagged epiotic-parietal contact straightens and
follows a deep recess out to the edge of the braincase. Below this,
the epiotic's ventral boundary is indistinct from the dorsal margin of
the supraoccipital horizontal bar. The ventral margin of the
horizontal bar runs along the contact of the exoccipital-opisthotic
except at midline, where it extends down to touch the foramen
magnum.
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Palate
The palatal complex of Allosaurus consists of three paired
elements: the palatines, pterygoids and ectopterygoids, along with
the single median vomer. The palate is vaulted as all paired
elements arch upward and meet at the midline symphysis; laterally
they are surrounded by the posteromedial contacts of the outer
elements of the dermal roof which primarily involve the maxilla and
jugal. Kinetically, a limited amount of bending or flexing appears
plausible as all bones are rather thin and platelike; otherwise the
palatal elements are apparently designed to be stationary.
Vomer
The vomer [figs. 4(B), 13] is a single, horizontal, elongate, rodshaped bone narrowing at midpoint as well as at both ends, which
terminate into softly rounded points. Anteriorly, it expands
somewhat and touches the posteroventral cleft of the premaxilla at
the medial symphysis just above the base of the interdental plates.
Posteriorly, it separates slightly into two prong-like extensions (as
seen in ventral aspect) remaining parallel and in contact with each
other. The vomer attaches inside the anterodorsal arch of the
palatines. In contrast, the vomer is attached to the pterygoids in
Tyrannosaurus
(Osborn, 1912).
Palatine
The palatine [figs. 4(B), 13] consists of two processes: a sharply
edged ventral foot or extension which laterally contacts the medial
surface of the maxilla, and a thick, more rounded, blade-like dorsal
process which protrudes up through the plane of the palate as seen
in lateral aspect. From the maxillary contact the ventral foot sends
out two sharply pointed rami: the deeply concave margin of the
anterior ramus outlining the posterior arc of the internal nares while
the equally concave margin of the posterior ramus forms the anterior
arc of the palatine fenestra.
The plate-like dorsal processes of the palatines constrict at
their center and are inflated at their extremities, which rise in
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Figure 13. Dorsal view of the Allosaurus fragilis palate, cast (TTU
P9269). One-half size.
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arch-like fashion to join in a dorsal symphysis at midline. They have
the appearance of the inverted pubis elements of theropods. Further
down, the ventromedial edges of the palatine are sharply ridged
posteriorly. Posteromedially, the palatine unites in a squamous
suture with the thin, underlying palatal ramus of the pterygoid.
Ectopterygoid
The ectopterygoid [figs. 4(B), 13] is comprised of an elongated,
hook-shaped cusp and a posteriorly directed thick, expanded shield
overlapping the pterygoid as seen from above. The tapered hook or
cusp extends out laterally to contact the ventromedial surface of the
jugal while the pronounced, concave posterior edge of the hook rims
a portion of the subtemporal fenestra's anterior margin. The
convexly curved anterior contour of the ectopterygoid hook profiles
the posterior boundary of the palatine fenestra.
The plate-like shield segment of the ectopterygoid appears as a
rounded, equilateral triangle as seen from above, and is widely
expanded medially. Its ventral surface has extensive contact with
the posterior half of the pterygoid. The ventral surface of the
ectopterygoid's posteroventral process has a deep pocket as in the
Tyrannosauridae but not as deep as observed in all later, more
advanced smaller theropods (Gauthier, 1986).
Pterygoid
The pterygoid [figs. 4(B), 13] is the longest and most massive
element of the palate. It consists of an anteriorly extended palatal
ramus, a posteriorly flared section that is largely overlapped by the
ectopterygoid, and a pronounced, vertically extending quadrate
ramus. Anteriorly, the palatal rami diverge and split medially as
they connect with the posteromedial edges of the palatine, creating a
slit-shaped vacuity at midline. Posteriorly, the pterygoid expands in
a fin-like manner, its posterior margin containing a socket to receive
the basipterygoid process. This is a loose, kinetic joint in many
archosaurs; however, it appears that the palate of Allosaurus
was
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basically a stationary unit.
metakinetic ancestry.

Thus, the joint is a vestige of eariier,

Extending out from the posteromedial end of the pterygoid is
the quadrate ramus, a subrectangular, thin plate rising above the
socket for the basipterygoid process. The quadrate ramus contacts
the pterygoid ramus of the quadrate, which laps over the pterygoid's
lateral edge; however, the quadrate-pterygoid contact appears
unconstrained, which would allow the independent movement of the
quadrate.
Mandible
The mandible of Allosaurus is typically carnosaurian in being
more robust than that of smaller theropods. The mandible is also
more robust in its posterior half than that of the large theropod
Ceratosaurus,
to which Allosaurus is most often compared; however,
it is less stout than that of Tyrannosaurus.
There was a fair degree
of mobility in most carnosaur mandibles which will be addressed in
the "Intramandibular Kinesis" section of Chapter VI. The following is
a brief description of the nine elements that comprise the mandible.
Dentary
The largest element of the mandible is the dentary, a long and
narrow sturdy element forming the anterior half of the mandible
complex. Anteriorly, the dentaries meet together in a loose
symphysis as indicated by a flattened surface (fig. 14). The posterior
half of the dentary is covered by a triangular plate of the splenial.
Posteriorly, the dentary joins with the surangular, prearticular, and
angular in a lapping, kinetic contact, forming a hinged axis which
permitted both expansion of the mandible anterior at the dentary
symphysis and expansion of the mandible posterior and throat in the
rear (this is discussed in more detail under "Intramandibular
Kinesis," Chapter VI). The external surface of the dentary contains
many scattered foramina except for one row parallel to and about
two cm from the alveolar margin.
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Figure 14. Allosaurus mandible (TTU P9269): (A) medial and (B)
lateral view.

(A)
CO

d e n t a r y symphysis

(B)

20 cm
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The anterior lingual surface of the dentary consists of fused
interdental plates running along the base of the alveoli. These plates
are overlain by the elongate and rod-like supradentary bone. Below
the plates, the medial midsection of the dentary expands into a
horizontal and rounded "bar," which begins at the dentary symphysis
and extends beyond the back of the tooth row. Beneath the bar lies
the Meckelian groove, which tapers anteriorly to terminate at the
second or third alveolus, posterodorsal to a pair of foramina as in
Deinonychus,
Dromaeosaurus, and Troodon (Currie, 1987). This will
be deemed a synapomorphic character connecting Allosaurus
with
advanced theropods.
Splenial
The splenial (fig, 14) is a thin, subtriangular plate that is
slightly concave at its posterior surface and covers much of the
posterior, lingual surface of the dentary and supradentary. The apex
of the triangle lies below the last tooth near the top of the dentary;
anteriorly the splenial gradually tapers, terminating in a rounded
point not quite at midlength of the tooth row. Posteriorly, the
splenial is longer and gradually tapering beneath, being underlapped
by the dentary and a forward projection of the angular. The splenial
is similar to those found in the theropods Ceratosaurus
and
Deinonychus.
Angular
The angular (fig. 14) is an elongate, slightly bowed, and
platelike element constricted anteriorly and tapered posteriorly.
Its
dorsal margin gently meanders along the contact with the surangular
before turning under the cleft of the surangular. Anteriorly, near the
dentary, it comes in contact with the external mandibular foramen.
The angular is not visible from medial aspect.
Surangular
The surangular (fig. 14) is a relatively large element occupying
two-thirds of the posterolateral half of the mandible. Anterior and
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lateral to the articular contact, an overhanging cleft shelters the
posterior surangular foramen (f) that pierces the wall of the
surangular. Extending anterioriy from the defied area, the
surangular is gently convex over much of its surface; anteroventrally
it borders much of the external mandibular foramen. The anterior
surangular foramen (f") opens very near the dorsal edge of the
surangular at midpoint along the mandible length.
Coronoid and Accessory Elements
The coronoid and accessory elements were not visible on the
available specimens under study; therefore the following description
is taken primarily from Madsen (1976). The coronoid and accessory
elements are three in number and are positioned anteriorly, at
midlength, and posteriorly near the dorsal surface of the mandible.
The first is the intercoronoid or supradentary; a long, narrow, and
rod-shaped element, covering the interdental plates over their entire
length. The second element is the coronoid, a very thin,
subtriangular bone lying at midlength of the mandible between the
surangular and the prearticular. It fits into the grooved
anteromedial surface of the surangular and meets near a common
point with the splenial and anterior end of the prearticular. A third
element is the antarticular, which will be discussed briefly under the
articular description. Functionally, the antarticular seems to have
acted as a buttress to restrict posterior disarticulation of the
mandible.
Prearticular
The prearticular (fig. 14) is bowlike or crescent-shaped, with
its dorsal surface composed of a wide, concave rim outlining the
bottom half of the large, suboval adductor fossa. From its
posterodorsal border with the articular, the prearticular bows
ventrally, constricted at midpoint, from whence it inflates into a thin
and flipper-like plate contacting the ventral prong of the angular and
the dorsomedial margin of the surangular. Its entire anterior border
contacts the posteromedial surface of the dentary and helps form a
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kinedc contact, as previously mentioned, and will be discussed in
Chapter VI.
Articular
The articular (fig. 14) is a relatively small element positioned
at the extreme posterior end of the mandible. Dorsally, it displays a
rather intricate topography on its top surface, consisting of two oval
concavities (glenoid fossa) which receives the condyles of the
quadrate. Behind the glenoid fossa is the retroarticular process
extending posteriorly. Ventrally, the articular is firmly joined to the
surangular along a solid suture.
According to Madsen (1976) but not observed in our specimen
(TTU P9269), the anterodorsal surface of the articular, the internal
process of the surangular, and the posterodorsal end of the
prearticular converge medially to form a socket for a small, rounded
bone, the "antarticular," that lies just in front of the quadrate cotylus.
This antarticular process is also present in Deinonychus
(Ostrom,
1969) and Dromaeosaurus
(Colbert and Russell, 1969) and seems to
function as a stop that would limit posterior disarticulation of the
mandible (Gilmore, 1920).
Dentition
Part of the following description of the dentition of Allosaurus
fragilis has necessarily been taken from other sources as the material
in our possession does not clearly reveal all subtle aspects of tooth
morphology, particularly the serrations.
Premaxillary Teeth:
The premaxillary teeth [figs. 15 (C-B)] are five in number and
D-shaped in cross section. They tend to be uniform in size, according
to Madsen (1976), although Gilmore (1920) recognized a distinct
gradation in size. The teeth are serrated as in Deinonychus
(Ostrom,
1969), although Bakker et al, (1988) report incisiform premaxillary
teeth with asymmetrical crowns present in
Allosaurus,
Tyrannosaurus,
and Ceratosaurus.
The premaxillary teeth are
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Figure 15. Measurements of: (A) cranial endocast (TTU P9276);
(B) teeth; (C) mandible (TTU P9269).
(A).

(B).

(C),

Cranial endocast measurements, TTU P9276:
length
width (mid-brain)
height
Fifth tooth of left premaxilla, TTU P9269:
base length
height
Fifth tooth of right premaxilla, TTU P9269:
base length
height
Fifth tooth of left dentary, TTU P9269:
base length
height
Fifth tooth of right dentary, TTU P9269:
base length
height
Left dentary, TTU P9269:
depth (d) at sixth alveolus
number of alveoli
length
width at sixth alveolus
length of tooth row
Right dentary, TTU P9269:
depth (d) at sixth alveolus
number of alveoli
length
width at sixth alveolus
length of tooth row

20.8 cm
4.6 cm
11.8 cm

12 mm
28 mm
12 mm
18 mm
12 mm
39 mm
11 mm
30 mm

4.9 cm
1 7
34.8 cm
2.8 cm
23.7 cm
4.8 cm
1 6
34.6 cm
2.9 cm
22.3 cm

d o r s a l view

(C)
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comparable in size to the maxillary teeth as is seen in
Dromaeosaurus
(Colbert and Russell, 1969). The five teeth of the premaxillary of
Allosaurus is two more than in Ceratosaurus, and one more than in
Gorgosaurus and Tyrannosaurus (Gilmore, 1920).
Maxillary Teeth
All of the maxillary teeth are serrate and their number in
Allosaurus is 16 or 17 [fig. 15 (C)], with the anterior teeth of the
maxilla having lateral surfaces consistently more convex anteriorly
than posteriorly. This is not the case on the lingual surfaces of the
teeth where the inner crowns have about the same degree of
convexity from front to back. This asymmetry decreases towards the
back of the tooth row. These characteristics of the allosaur teeth are
also present in Deinonychus
(Ostrom, 1969), Another change in the
posterior maxillary teeth is that they become progressively more
flattened and recurved, with tooth size decreasing through the
posterior third of the tooth row (Madsen, 1976). Bakker et al. (1988)
noted many of these dissimilarities between the front and back teeth
in the allosaurs, megalosaurs, ceratosaurs and tyrannosaurs,
surmising that this may have indicated functional differences, the
posterior teeth specifically being utilized to crack bone of prey
animals.
Mandibular Teeth
The number of teeth in the dentary of Allosaurus (TTU P9269)
ranges from 16 to 17 (fig. 15). To some extent, as in
Deinonychus,
Tyrannosaurus,
and Coelophysis, the dentary teeth of Allosaurus
have serrations inclined obliquely toward the apex in the apical half
of the tooth, whereas the serrations are perpendicular to the tooth
margin in the proximal half of the tooth (Ostrom, 1969).
One of the progressive specializations of carnosaur theropods
appears to be the progressive decrease in the total number of teeth
in the dental series. As for example, Allosaurus generally has 20 to
22 teeth in the upper series and 15 to 17 in the lower;
Gorgosaurus
from the Belly River Formation has 18 teeth in the upper and 14 in
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the lower series; and Tyrannosaurus
from the Lance Formation (Late
Cretaceous) has 16 teeth in the upper series and 13 to 14 in the
lower (Gilmore, 1920),
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CHAPTER V
SKULL KINESIS
Versluys (1912) discussed the cranial kinesis of reptiles in
detail. A kinetic skull is one in which there is a movable joint
between two segments of the skull. Three types of cranial kinesis
are distinguished by the position of the hinge region (Frazzetta, 1962;
Bock, 1964):
(1) In metakinesis the hinge is between the dermal skull roof
and occipital segment (e.g., between the parietal and supraoccipital)
as occurs in lizards.
(2) In mesokinesis the hinge is situated further anteriorly,
between the frontals and parietals as also occurs in lizards.
(3) In prokinesis and rhvnchokinesis. the hinge is still further
anterior (e.g., between nasal and frontal bones as occurs in snakes
and birds) and can be collectively termed a preorbital kinesis. These
will not be discussed in detail in this paper.
A fourth type of kinesis is streptostyly. in which the quadrate
moves anteriorly relative to the other bones of the skull.
Streptostyly can occur independently or together with one of the
other three types. Whether or not they occur together depends on
the skull structure and will be discussed later. Immobility of the
quadrate is termed monimostyly. This paper will deal with
metakinesis, mesokinesis, and streptostyly (along with some new
terms), as they apply to the Allosaurus
skull.
According to Frazzetta (1962), kinesis may have been present
in the skulls of many labyrinthodont amphibians (Pfannenstiel,
1932) but is absent in modern amphibians with the possible
exception of certain caecilians (Versluys, 1912). Many extinct
reptiles and birds were kinetic. On the other hand, turtles and
crocodilians are akinetic.
Several theories have been advanced concerning the adaptive
significance of cranial kinesis: (1) it increases the gape of the jaws,
(2) it permits the clamping of prey between the pterygoids, (3) it
acts as a shock absorbing mechanism, and (4) it orients the gape with
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respect to the prey. Frazzetta feels it allows for both jaws to clamp
down at the same time on prey animals, thus minimizing escape.
Ouadrate

Movement

Streptostyly
Streptostyly refers to the ability of the quadrate to swing
anteriorly under the skull roof relative to the braincase. It is
associated with a condyle-cotyle articulation between the quadrate
head and the braincase (Whetstone, 1983). At least one purpose of
streptostyly (Robinson, 1967) is to impart movement to either the
lower jaw (lizard) or upper jaw (bird), the latter of which also
requires a kinetic skull. As previously mentioned, streptostyly can
occur independently or together with kinetism.
According to Smith (1980), another function of streptostyly in
lizards is to increase the mechanical advantage of the pterygoideus
muscle, so that this muscle makes a major contribution to the bite
force, equal to that of m. adductor mandibuli, the other major jaw
adducting muscle. Smith's data were gathered from simultaneous
electromyographic and cineradiographic experiments. Previous
studies of streptostyly have assumed that the pterygoideus is most
important during jaw opening and closing in cycles of ingestion and
that its primary function is to produce anterior movement of the
lower jaw (in lizards). Contraction of the pterygoideus muscle leads
to quadrate protraction. Smith suggests that streptostyly is not
primarily important for the forward movement it imparts to the
lower jaw, but for its contribution to jaw adduction (contraction)
during hard biting.
This may be plausible; at any rate, the importance of one
function over the other will not be addressed in this study. Critical
to the understanding of cranial mechanics and how it pertains to the
allosaur skull is to identify the interrelationship between movable
cranial elements, thereby determining what type(s) of kinesis are
possible and what type(s) are required with streptostyly.
Subsequentiy, this understanding will be applied and interpretation
rendered specific to the allosaur skull.
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Frazzetta's Quadratic Crank MnHpl
Versluys (1912) divided the (lizard) skull into two principal
functioning positions, or segments. These two segments are: (1)
occipital segment; which consists of the supraoccipital, basioccipital,
exoccipital, parasphenoid, basisphenoid, and the prootic bones; and
(2) maxillary segment, which is broken down further into at least
four units by Frazzetta: (a) parietal units, (b) quadrate unit, (c) basal
unit, (d) and muzzle unit. This is diagrammed in the skull of a
Varanus lizard (fig. 16):
(1) The parietal unit is comprised of the parietal, squamosal,
and postorbital bones (line PX of fig. 16A). Point P would be the
hinge joint (frontal-parietal) of the mesokinetic axis.
(2) The quadrate unit consists only of the quadrates in lizards,
but also must include the quadratojugals in Allosaurus (line XQ of fig.
16A),
(3) The basal unit is comprised of the pterygoid, ectopterygoid,
jugal (but not in Allosaurus), and perhaps the palatine (line MQ of fig.
16A),
(4) The muzzle unit consists of the premaxilla, maxilla, vomer,
and lacrimal in lizards; and would include as well the frontal,
prefrontal, and probably the jugal in Allosaurus (triangle LPM of fig.
16A),
Frazzetta (1962) investigated mesokinesis (hinge point 'P' of
fig. 16A) in the lizard skull from a mechanical point of view,
regarding it as a mechanism consisting of links and joints (rectangle
PXQM of fig, 16A). The muzzle, parietal, quadrate, and basal units
form a quadratic (four-bar) crank chain having parallel axes. The
four points, P, X, Q, and M, correspond to mobile pin joints between
the links or skull units. The mechanism is such that if one link is
fixed and another moved, the movements of the other two can be
predicted. When the posterior part of the parietal unit or skull roof
(point X) is held stationary, and the ventral end of the quadrate
unit (point Q) is pushed forward (fig. 16B), the basal unit (line QM)
moves forward, and the muzzle unit (LPM) is presumed to rotate up
or swing dorsally off of the hinge points M and the now essential
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Figure 16. Skull mechanics: quadratic crank model. Example of the
surmised skull mechanics of a Varanus lizard (after
Frazzetta, 1962). In (A), a four-link crank chain is joined
by hinges: line PX represents the parietal unit, line XQ
the quadrate unit, QM the basal unit, and triangle LPM
the muzzle unit. If one link is stationary and another
moved, the movements of other links can be determined
as seen in (B); where the ventral end of the quadrate
(unit) has moved forward at point Q. This transfers
forward movement into elevation of the muzzle unit
(LPM). Mesokinetism (fronto-parietal mobility at point
P) is essential in this model.

(A)

(B)

(mesokinetic hinge) p

Q '/^pm joint
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mesokinetic joint at point P.
using a cardboard model.

This action is demonstiated easily

The mechanism in figure 16B does not appear to be totally
viable however, for two reasons. First, in the lizard skull, the
quadrate unit XQ is bound to the basal unit QM at point Q (quadratepterygoid contact) by a ligament which allows the forward
movement of the quadrate that is independent of the pterygoid. This
articulation is not a "pin joint" as claimed by Frazzetta (1962), but a
sliding joint (Chatterjee, in press). Laterally the quadrate lacks bony
connection with the jugal [birds have this connection along with a
prokinetic or rhynchokinetic joint in lieu of a mesokinetic one (fig.
17B)]. Secondly, my study of an Iguana skull seems to discount a
mobile point M in lizards. Here the jugal and especially the palatine
and pterygoid appear to be well sutured and therefore akinetic. As a
result, the loop of four links with a sliding joint at the pushing end
fails to produce any movement at the other end. As the quadrate is
swung forward it slides past the pterygoid. The ventral tip of the
quadrate is anterior to the quadrate ramus of the pterygoid;
therefore the quadrate could not effecientiy "push" against that part
of the pterygoid which lies behind it. Thus it is unable to transfer its
own forward movement onto the pterygoid; subsequently, motion
fails to reach the muzzle unit. Motion instead is relegated to the
forward movement of the lower jaw (fig. 17A). This analysis raises
uncertainty concerning the existence of mesokinesis in lizards
(Chatterjee, in press). Recent experiments obtained from
cinematography and strain gauge measurements failed to detect any
movement across the mesokinetic joint in lizard skulls during
feeding, which indicates that the fronto-parietal suture has no
kinematic function (Throckmorton, 1976; Smith and Hylander, 1985).
If the Allosaurus
skull possessed mesokinesis as some
researchers suggest, the foregoing analysis would seem to imply that
a streptostylic quadrate is necessary in conjunction with mesokinesis,
prokinesis, or rhynchokinesis (figs. 16B, 17B). Examinination of the
structure of the Allosaurus skull at the posterior arch of the lateral
temporal fenestra (figs. 18, 19) reveals that the squamosal and
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Figure 17. Streptostyly in lizards and birds. In lizards (A), the
structure of the skull allows the mechanics of
streptostyly to move the lower jaw. The quadrate is in
articulation (hinge joint) with the articular bone of the
lower jaw. The quadrate's forward movement then gives
this motion to the mandible but not to the pterygoid,
since a sliding joint exists between the quadrate and
pterygoid (they are not attached). As a result the
upper jaw does not experience any force. In birds (B),
the pterygoid (not seen) and the jugal bar (jb) are
connected by pin or hinge joint to the anterior surface of
the bottom of the quadrate. Forward movement of the
quadrate "pushes" the upper jaw (and lower) and
rotates the muzzle up at the prokinetic (prok) or
rhynchokinetic (rhyn) bending zone or joint, where the
bone is quite thin and pliable. After Chatterjee, in press.
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Figure 18. Non-streptostyly in the Allosaurus
skull. Left-lateral
view of the posterior region of the skull detailing its nonstreptostylic nature. The lateral temporal fenestra is
enclosed by four "bars" of bone: bar 1 consists of the
postorbital-jugal; bar 2 includes the postorbitalsquamosal; bar 3 is identified by the squamosalquadratojugal; and bar 4 consists of the quadratojugaljugal. The sq-qj (bar 3) acts as a bony stop or barrier
denying the quadrate any forward movement as it
rotates about an axis located inside the cup of the
squamosal. Similarly, the posterior process of the
squamosal acts as a bony stop preventing backward
movement of the quadrate as well (adapted from
Chatterjee, in press).
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Figure 19. Exploded lateral view of the left squamosal (UUVP
5836), left quadrate (UUVP 1325), and left quadratojugal
(UUVP 70) showing the interlocking surfaces.
One-half size.

posterior
process

5 cm.
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quadratojugal bar would act as a bony stop or blocking device in
front of the quadrate, thus preventing its forward movement. This is
part of the typical diapsid arch found in all other archosaurs.
In all archosaurs the lower temporal opening is framed by four
bony bars: (bar 1) the anterior bar is formed by the postorbital and
jugal bones; (bar 2) the dorsal bar by the postorbital and squamosal;
(bar 3) the posterior bar by the squamosal and quadratojugal bones;
and (bar 4) the ventral bar by the jugal and quadratojugal bones.
Consequentiy, with the interposition of bar 3, the quadrate is unable
to move forward (non-streptostyly) and eliminates the need for a
mesokinetic skull. Firm articulation between the frontal and parietal
would also prohibit mesokinesis, which will be discussed later.
Streptostyly is achieved with modifications to the diapsid
framework; lizards (fig. 17A) having lost the ventral (#4) and
posterior (#3) bars, whereas birds (fig. 17B) having lost the anterior
(#1), dorsal (#2), and posterior (#3) bars (compare figs. 16 and 18).
Opisthostyly and Parastyly
There are other possible movements of the quadrate besides
streptostyly (forward movement). Two terms, parastyly and
opisthostyly, have been introduced by Chatterjee (in press). A
quadrate that has transverse (sideways) mobility is termed
parastyly (fig. 20B), Quadrate movement that is restricted to a
posterior direction is termed opisthostyly (fig. 20C). As mentioned
earlier, the skull that exhibits an immovable quadrate is termed
monimostyly (fig. 20A).
In a monimostylic quadrate, the quadrate head is fused to the
squamosal, and the quadratojugal is strongly sutured to the
quadrate. The erythrosuchids (fig. 20A), aetosaurs, rauisuchians, and
the crocodilians fall under this category.
In a parastylic joint, the head of the quadrate fits into a cup
formed by the squamosal and opisthotic. In addition, the
quadratojugal overlaps the jugal in a lap joint, allowing lateral
expansion of the posterior portion (quadrates) of the skull. Parastyly
is common in lizards, birds, and many theropods and functions to
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Figure 20. Monimostyly, parastyly, and opisthostyly. (A)
monimostyly: lateral view of the posterior section of the
primitive archosaur Erythrosuchid
skull from the Lower
Triassic. All bones are in solid suture and the jugal
overlaps the quadratojugal, hence the quadrate remains
stationary, (B) parastyly: lateral and occipital views of
the posterior section of the Allosaurus fragilis. As
opposed to the structure observed in monimostyly, the
quadratojugal instead overlaps the jugal in a loose lap
joint which accomodates outward or lateral movement of
the qj-j as the quadrate head rotates laterally in the
squamosal "cup" socket, which acts as a hinge axis. The
squamosal meanwhile remains stationary.
(C) opisthostyly: the quadrate rotates posteriorly within
the squamosal cup as the quadratojugal is pulled back
from its loose fitting with the squamosal along a sliding
joint at the jugal. The bony stop (qj-sq) prevents anterior
movement of the quadrate (adapted from Chatterjee, in
press).
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increase the throat diameter during the swallowing of large chunks
of food.
In an opisthostylic joint, (backward movement of the quadrate
from the rest position), the head of the quadrate fits into the
squamosal and opisthotic as it does in parastyly and streptostyly (the
squamosal-quadratojugal bar #3 forms a "stop," preventing
streptostyly).
In theropods, the quadrate-quadratojugal contact
consists of a firm (conjoined) union. This union is a result of the
quadratojugal having two firm ridge and groove contacts with the
lateral side of the quadrate (fig. 19), Therefore, these two bones
move backward as a unit. An opisthostylic joint also permits
backward movement of the lower jaw relative to the skull during the
bite. The opisthostylic condition could have been a precursor to
streptostyly: opisthostyly is related to movement of the lower jaw
while streptostyly is related to both the upper jaw (birds) and lower
jaw (lizards). Opisthostyly seems to be continued in the theropod
lineage: in these groups a wide gap is formed between the quadrate
head and the paroccipital process allowing sufficient space for
quadrate rotation (Chatterjee, in press). The Triassic thecodont
Euparkeria and the Early Jurassic theropod Dilophosaurus
certainly
appear to display the potential for opisthostyly.
The Allosaurus
skull exhibits parastyly but no streptostyly or
opisthostyly. It did not possess streptostyly because of the bony
"stop" of the jugal-quadratojugal bar blocking the quadrate from
anterior movement. Since the quadrate cannot move forward,
mesokinesis in Allosaurus is questionable, Opisthostyly was
improbable [compare figs. 18 and 19 to 20(C)] because of the
extended posterior process of the squamosal, which appears to be
wrapped well enough around the posterior of the quadrate to hinder
backward movement. Ceratosaurus
is observed to have the same
arrangement.
On the other hand, parastyly was possible because the lateral
exposure of the quadrate head enables it to rotate outward on a
hinge joint as seen in figure 20(B), the quadrate moving as a unit
with the quadratojugal. The latter forms a simple, horizontal, edge to
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edge contact with the squamosal. The quadratojugal is able to move
(with the quadrate) since it is not anchored to the jugal but connects
with it in a loose overiap. Parastyly appears to be present in
Ceratosaurus
(Bakker, 1988) and
Tyrannosaurus.
Mesokinesis and Metakinesis
Many workers have speculated that mesokinesis exists in
theropods, without having described any functional analysis (Raath,
1985; Ostrom, 1978; Colbert and Russell, 1969). However, closer
examination suggests that mesokinesis is not possible in most
theropods because the laterosphenoid is firmly sutured with the
frontal; likewise, the fronto-parietal suture is firm and immobile.
Since theropods possess a non-streptostylic quadrate, mesokinesis is
difficult to visualize, as it should be powered by the forward
movement of the quadrate. Examination of juvenile specimens,
where there is a loose connection between the braincase and skull
roof, may have led some authors to mistakenly believe that
metakinesis existed in theropods. However, in all adult specimens,
the braincase can be found fused with the skull roof. Chatterjee (in
press) concludes that metakinesis occurred in early archosaurs and is
a primitive feature.
Mesokinesis and Metakinesis in Allosaurus
There are a number of researchers who refer to Allosaurus as
possessing some potential of skull kinesis. Romer (1956) stated that
a loose fronto-parietal suture is common in Allosaurus upon which
one may infer mesokinetic ability for this dinosaur. Madsen (1976)
supports this interpretation by noting the vertically oriented ridges
and grooves along the frontal-parietal suture, which Colbert and
Russell (1969) believe (in general) indicates a mesokinetic hinge. At
the same time though, Madsen expresses that the frontal-parietal
suture contact suggests a firm union. Osborn (1912) reported a
"loose articulation of the frontals" in Allosaurus (in comparison to
Tyrannosaurus),
but what this specifically defines is not clear. He
also mentions the freely moving joint between the quadrate and
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quadratojugals in Allosaurus.
Madsen (1976), however, observed a
complex of ridges and grooves at the quadrate-quadratojugal contact
of Allosaurus
and concluded that only minimal movement existed
between these two bones.
A functional mesokinetic axis, besides the movable frontalparietal contact, would also require a flexible connection between the
frontal and laterosphenoid, according to Colbert and Russell (1969).
Madsen observes a loose suture between these two elements in
Allosaurus
and uses this, along with the fact that frontals are not
always recovered with braincases in the Cleveland-Lloyd Dinosaur
Quarry, as evidence for a mesokinetic hinge.
The following three observations are presented in this paper:
(1) no movement appears possible between the quadrate and
quadratojugal contact. (2) It also appears that the frontal-parietal
suture is solidly interdigitating for 3.5 cm at the midline and could
not have allowed any movement between these two bones. (3) It
appears that the frontal-laterosphenoid suture is quite firm, in
contrast to Madsen's interpretation. Therefore, it is suggested that
mesokinesis was not possible due to the solid sutures between the
(1) fronto-parietal contact and the (2) frontal-laterosphenoid contact
as observed on the Allosaurus braincase (UUVP 5961).
For a metakinetic skull to operate, three places of joint mobility
are required: (1) the contact between the basipterygoid-pterygoid,
(2) the border between the opisthotic, squamosal, parietal, and
quadrate (a rather complex union), and (3) the contact between the
supraoccipital-parietal, the last two of which Allosaurus did not
possess. All of the braincase elements appear to be in solid sutural
contact with each other.
Therefore, neither mesokinetism nor metakinetism appears
possible in the Allosaurus skull, due principally to the solid sutures
of the (1) fronto-parietal and the (2) laterosphenoid-parietal in the
former case and the solid suture of the supraoccipital-parietal in the
latter. As mentioned earlier, without mesokinetism or metakinetism
there cannot be streptostyly in the archosaur skull.
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Intramandihnlar Kinesis
In many theropods such as Allosaurus (fig. 14) and
Ceratosaurus
[fig, 21(C)], a loose joint occurs between the dentary
and the surangular. The jaw therefore is composed of two kinetic
units; the dentary and post-dentary segments. The contact between
the dentaries (the dentary symphysis) is weak, with either bone
having a smooth, flattened surface which is probably indicative of a
loose, ligamentious, attachment, allowing the dentaries to expand and
bend outward (figs. 21(D), 22]. These characteristics are in contrast
to the akinetic crocodilian jaw which has a broad overlap between
dentary and post-dentary bones and possesses a strong dentary
symphysis.
The intramandibular joint (Romer, 1956) in allosaurs is similar
to tyrannosaurs, troodontids, ceratosaurs, and dromaeosaurs. The
intramandibular kinesis develops between the dentary and postdentary segments as follows [fig. 21(A-C)]: the dentary and splenial
enclose the intramandibular cavity, which opens to the rear. The
angular sends a forwardly directed prong into the cavity; and, having
no sutural connection to the inner walls of the intramandibular
cavity, is able to flex in any direction. The anterior edges of the
surangular and prearticular have no firm suturing to the posterior
edges of the splenial and dentary. Meanwhile, the parastylic
movement of the quadrate allows the spread of each articular
transversely away from each other, thereby increasing the diameter
of the throat [fig. 21(D)]. Thus, the intramandibular joint is coupled
with the parastylic movement of the quadrate, which essentially
powers the intramandibular kinesis.
Therefore, this intramandibular flexibility combines the (1)
stretching apart at the dentary symphysis [fig. 21(D)], (2) the
mobility at the hinge axis [fig. 21 (B-C)], and (3) the parastylic
quadrate [fig. 20(B)] to permit expansion of the gullet [fig. 21(D), 22]
which facilitates the swallowing of large pieces of food and
positioning of the mandibular teeth relative to the upper teeth
(Bakker et al., 1988). This flexibility would also reduce the biting
force in the jaws of these theropods (Chatterjee, 1985).
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Figure 21, Intramandibular joint of Ceratosaurus, an Allosauruslike theropod: (A) sagittal; (B) medial; (C) lateral views
(after Bakker, 1988); (D) dorsal view of Allosaurus
mandibular expansion.
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Figure 22. Anterior view of mandibular expansion of Allosaurus
fragilis (TTU P9269). Expansion occurs with (1)
parastylic action of the quadrates, (2) at the hinge axis
between the anterior-posterior segments of the mandible
and (3) at the dentary symphysis (front of mandible),
Bakker suggested similar parastylic movement in
Ceratosaurus (adapted from Bakker, 1986).
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CHAPTER VII
SYSTEMATICS
Phylogenetic Relationships
Allosaurus fragilis of the Late Jurassic belongs to the family
Allosauridae, and is included in the suborder Theropoda. The
Allosauridae lived from about the Mid-Jurassic to the Early
Cretaceous Periods. Although the theropods are the only group of
dinosaurs with carnivorous habits, they form a diverse assemblage
and their interrelationships are not fully known. Traditionally, the
theropods have been divided into two groups, primarily on the basis
of size: the large, heavily built carnosaurs (infraorder Carnosauria),
and the smaller, more lightly built coelurosaurs (infraorder
Coelurosauria).
Throughout this paper, the treatment of phylogenetic
relationships will be restricted to the use and comparisons of cranial
or skull characters only. Figure 23 shows the skull characters listed
by Colbert and Russell (1969) that had distinguished the infraorders
Carnosauria from the Coelurosauria.
Romer (1956) had listed several other skull characteristics that
identified the Carnosauria:
1. accessory antorbital vacuity usually present.
2. unossified median gap between parietals and supraoccipital.
3. quadrate vertical, or slanting backward ventrally.
4. teeth sharp and recurved,
5. part of maxillary tooth series much enlarged as canines.
Subsequently, new discoveries have shown that the above
characters identified by these authors are not derived but are
present in non-theropod archosaurs such as the pseudosuchian
Postosuchus
(Chatterjee, 1985), Therefore, these skull characters are
not unique to carnosaurs and cannot be used to differentiate the
carnosaurs from the coelurosaurs.
Recently, there has been a resurgence of interest in the
phylogeny of theropods in the context of the origin of birds. Ostrom
(1976) documented the close relationship of highly advanced
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Carnosauria:

Coelurosauria:

1. larger size.

1. small

2. bones with thick walls.

2. bones with thin walls.

3. skull larger, equal to femur.

3. skull small, equal to or shorter than
femur.

4. orbit deep, smaller than antorbital .

4. orbit rounded, larger than

opening.

antorbital opening.

5. skull very high.

5. skull relatively low.

6. quadrate slanted posteriorly.

6. quadrate vertical or slanted anteriorly.

7. parietal broad, or narrow and crested.

7. parietal broad and flat.

8. heavy rugosities on lacrimal and

8. no supraorbital rugosities.

postorbital.
9. elongated braincase.

9. short, deep braincase.
10. ectopterygoid with ventral pocket.

10. ectopterygoid simple.

11. interdental

11. no interdental plates.

plates.

12. premaxillary teeth

incisiform,

12. premaxillary teeth
posterior

with serrations posteriorly placed.

with anterior and

serrations.

13. mandible posteriorly very deep.

13. mandible shallow.

14. mandibular interdental plates.

14. no mandibular interdental plates.

15. surangular

15. no surangular foramen.

foramen.

Figure 23, Skull characters differentiating the Carnosauria from the
Coelurosauria (Colbert and Russell, 1969),
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coelurosaurs such as Ornitholestes, Deinonychus, Veliciraptor, and
Troodon to birds. However, he retained the traditional classification
of dividing theropods into the infraorders Coelurosauria and
Carnosauria.
Gauthier and Padian (1985) identified four groups with
increasing specialties within the theropods: Ceratosauria,
Carnosauria, Ornithomimidae, and Deinonychosauria (fig. 24). They
divided the traditional taxon Coelurosauria into three major groups:
Ceratosauria, Ornithomimidae, and Deinonychosauria, and reserved
the new taxon Coelurosauria for inclusion of Ornithomimidae,
Deinonychosauria, and birds (Archaeopteryx
and Aves). In their
scheme, Deinonychosauria (dromaeosaurs and troodontids) are the
most advanced theropods and are the sister-group of birds. Later
Gauthier (1986) elaborated this theropod phylogeny in detail.
Gauthier's Coelurosauria, by Ms. definition, is quite different from
that of Colbert and Russell's Coelurosauria and excludes all the early
and primitive small theropods. He separates the Carnosauria from
the Coelurosauria by the latter's presence of a (1) subsidiary fenestra
between the palatine and the pterygoid, and (2) a more deeply
excavated pocket on the ventral surface of the ectopterygoid flange.
He distinguishes the Carnosauria from all other Theropoda by
possession of the derived skull characters listed in figure 25.
Upon review of available specimens, however, it is interpreted
here that characters # 1, 2, 5 and 6 are found either in rauisuchians,
pseudosuchians, or ceratosaurs, and therefore cannot be used as
unique characters to carnosaurs. Likewise, character # 4 does not
hold true for the tyrannosaurid Alioramus.
Character # 3 of Gauthier
is elaborated upon here and redefined: the frontals and parietals are
narrow and very short, being approximately one-third of the skull
length.
This appears to be the only skull character unique to the
Carnosauria, The taxon Carnosauria is therefore difficult to define on
the basis of skull characters. This may imply that the "Carnosauria"
is not a natural group and should be reevaluated as to whether it
serves as a useful taxon,
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Figure 24. Classification of theropods within Dinosauria using
cladistic analysis (Gauthier and Padian, 1985).

COELUROSAURIA

THEROPODA
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Skull Characters of the Carnosauria
1.
2
3,
4,
5,

orbit dorsoventrally elongate and roughly key-hole shaped.
supraorbital crests in fully mature individuals.
frontals and parietals narrow and very short.
reduction of mandibular fenestra.
further reduction of dentary overlap onto postdentary
bones and mandibular symphysis, indicating an improved
intramandibular joint (Romer 1956).
6, pronounced development of bony shelf below mandibular
condyle on lateral surface of surangular, presumably
associated with insertion of enlarged pterygoideus
musculature.

Figure 25. List of derived skull characters that differentiate the
Carnosauria from other theropods (Gauthier, 1986).
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Relationships of Allosaurus

With Tyr^^r^^^^^j^.j,^

At times in the past there had been some conjecture that
allosaurs and tyrannosaurs (from Late Cretaceous) were perhaps
closely related. Figure 26 identifies a list of differences in skull
characteristics found here between these two genera. Most
researchers agree that Tyrannosaurus
is not a descendant of
Allosaurus (Chatterjee, 1985; Walker, 1964). Cladistic analysis
incorporates the tyrannosaurids as a sister group of the allosaurids.
However, as seen in figure 26, many characters in the skull indicate
that Tyrannosaurus
may be highly specialized, as compared to
Allosaurus.
Unless the taxon "Carnosauria" can be more reliably
established, it may eventually be found that the Allosauridae and
Tyrannosauridae are more distantiy related than presently defined.
Early Theropods
Early theropods which were potentially a sister group to the •
Allosauridae include the Ceratosauria and the Megalosauridae. So
far, these two groups are the only large theropods known from the
Jurassic. Overall, the sorting out of these two groups has been
confusing and presently there is no consensus as to their
relationships with the allosaurs,
Ceratosauria
Currently, the taxon Ceratosauria includes various lightly built
theropods from the Late Triassic-Early Jurassic Period such as
Coelophysis, Syntarsus, and the medium to large-sized
Dilophosaurus
and Ceratosaurus (Gauthier and Padian, 1985), Gauthier has outlined
three skull differences that separate the taxon Ceratosauria from the
rest of the theropods (the carnosaurs and his coelurosaurs) as shown
in figure 27 (pg. 95),
Coelophysis and Syntarsus:
Coelophysis, from the Late Triassic,
is considered primitive because of retention of the postparietals,
large posttemporal fenestra, and metakinesis. It is therefore
considered an outgroup of Allosaurus. Syntarsus is very similar to
Coelophysis
but has paired crests on the skull roof and has a
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Allosaurus

Tyrannosaurus

1. skull slender, moderately high.

1. skull robust, very high.

2. fronto-parietal

2. fronto-parietal crest narrow.

crest wide.

3. postorbital-jugal bar behind orbit

3. ventral process of the postorbital has

nearly vertical; postorbital loosely

a forward projection in the orbit;

articulated.

postorbital strongly articulated.

4. squamosal-quadratojugal

border

4. squamosal-quadratojugal bar has a

behind lower temporal opening

forward

projection.

nearly vertical.
5. dental formula: 5 + 17 / 15 .

5. dental formula: 4 + 1 2 /14.

6. premaxillary teeth

6. premaxillary teeth incisiform.

non-incisiform.

7. nasals relatively wide.

7. nasals very narrow.

8. jugal fenestra absent.

8. jugal fenestra present.

9. posterior tympanic recess absent.

9. posterior tympanic recess present

10. quadrate pneumaticity absent.

10. quadrate pneumaticity present.

11. prefrontals

11. prefrontals thrust inward and reduced

positioned laterally.

12. rugosity on posterior border of lacrimal;

12. rugosity on supraorbital; notch

separated from postorbital by a deep

reduced to narrow cleft.

supraorbital

notch.

13. frontal takes part in orbital border.

13. lacrimal excludes frontal from orbit.

14. posterior process of squamosal points

14. posterior process of squamosal points

posteroventrally.

horizontally.
15. tooth row fails to reach posteriorly

15. tooth row reaches the posterior of the
antorbital

to antorbital fenestra.

fenestra.

16. small pneumatic foramina in

16. large pneumatic foramina in
basisphenoid

basisphenoid

recess.

recess.

Figure 26. List of skull characters that differentiate Allosaurus
Tyrannosaurus
(adapted from Chatterjee, 1985).
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from

Ceratosauria
1. presence of a fang near
premaxilla-maxilla border.
2. teeth row extends all the
way back to orbit,
3. smaller maxillary fenestra
situated more anteriorly.

All other theropods
1. no fang present.
2. teeth row extends only to
antorbital fenestra.
3. larger maxillary fenestra
situated more posteriorly.

Figure 27. Skull characters separating the Ceratosauria from other
theropods
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plate-like occiput lacking posttemporal fenestra and postparietals.
Both small theropods were about one meter high, three meters long,
and weighed about 100 lb. In comparison, Dilophosaurus
and
Ceratosaurus were twice as large, standing two to three meters high
and measuring seven meters in length.
Dilophosaurus:
The genus Dilophosaurus (fig. 28) is from the
Early Jurassic and has occupied a particularly isolated position among
large theropods. The characteristic feature of Dilophosaurus
is the
two large parasagittal crests on top of the skull. Originally classified
as a megalosaur, it is the eariiest large carnivorous dinosaur. Its
jaws, however, were relatively weak and slender, which leads to the
suggestion that Dilophosaurus
was a scavenger rather than an active
predator (Norman, 1985). Some suspected it to be a large
"coelurosaur" (as by the traditional definition-any "small" theropod),
it does appear to have a mosaic of "coelurosaurian" and
"carnosaurian" traits. According to Welles (1984), of fourteen Late
Jurassic and Early Cretaceous genera, none seem to be related to
Dilophosaurus.
He argues that it is obviously not related to the
megalosaurs, in which he includes the allosaurs. As presented here
though, cladistic analysis by Gauthier (1986) includes
Dilophosaurus
within the Ceratosauria,
Ceratosaurus:
Ceratosaurus is more robust than Dilophosaurus
and dates at least from Mid-Jurassic, preceding Allosaurus as well as
being its contemporary during the Late Jurassic. Gilmore (1920)
supported separation of Allosaurus and Ceratosaurus at the family
level (Ceratosauridae, Marsh, 1884). Huene (1923) regarded
Ceratosaurus
as a coelurosaur, while Colbert and Russell (1969)
regarded it as an aberrant megalosaur. Of all theropods, the
Allosaurus
skull perhaps most resembles that of the genus
Ceratosaurus
(fig. 28); however, there are a number of differences
between the two, as listed in figure 29 (Gilmore, 1920; Norman,
1985). The exact relationship between Ceratosaurus and Allosaurus
remains unclear and will be addressed in a future study.
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Figure 28. Lateral views of some theropod skulls. (A) Allosaurus
fragilis; (B) Ceratosaurus nasicornis; (C)
Acrocanthosaurus
atokensis; (D) Dilophosaurus
wetherilli; (E) Deinonychus
sp.; (F) Tyrannosaurus
rex.
Note the more lightly-built skulls of the non-carnosaurs
Dilophosaurus, Deinonychus,
and to a lesser extent
Ceratosaurus,
as compared to the other three (which are
carnosaurs). (A), (B), (E), and (F) after Bakker (1988); (C)
restoration after Stovall and Langston (1950); (D) after
Welles (1984). Not to scale.
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1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Ceratosaurus
lateral borders of nasals
1.
smooth and rounded.
skull relatively narrower,
2,
dorso-ventrally.
quadrate long,
3,
premaxillary with 3 teeth.
4.
upper dental series, 18 teeth. 5.
teeth.
second antorbital fenestra
6.
absent.
infratemporal fenestra wide 7,
(anteroposteriorly) at bottom.
external nares oval.
8.
pit on posterior median
9.
junction of nasals,
nasals, posterior to external 10,
nares swollen,
prominent horn on snout,
11.
back of skull is larger and
12.
deeper.

Allosaurus
lateral borders of nasals
rough and sharp,
skull relatively wider,
dorso-ventrally.
quadrate relatively short,
premaxillary with 5 teeth,
upper dental series, 20-22
second antorbital fenestra
present.
infratemporal fenestra
relatively narrower at bottom,
external nares elongated,
nasals without pit.
nasals gradually narrowing.
no horn on snout.
back of skull is more narrow.

Figure 29. List of cranial characters that differentiate the genera
Ceratosaurus from Allosaurus (adapted from Gilmore,
1920; Norman, 1985).
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Megalosauridae
Megalosaurids seemingly date from the Early Jurassic up
through the Cretaceous Period and appear to be the most primitive of
the known carnosaurs. Despite being the very first type of dinosaur
named and described in publication (Megalosaurus,
Buckland, 1824),
megalosaurids are, as a group, vaguely defined.
Megalosaurus
resembles Allosaurus although it is more primitive in having a single
antorbital opening (Carroll, 1988). Zittel (1890) assigned the genus
Antrodemus (= Allosaurus) to the family Megalosauridae, and it has
remained there to the present. According to Madsen (1976)
however, Megalosaurus
is separate from Allosaurus at a family level.
Except for the recurved, serrate, sharply pointed teeth, the type of
Megalosaurus
bucklandi, a left dentary, differs from Allosaurus
fragilis in virtually every respect as outlined in figure 30. In
summary, the possible relationship between the allosaurs and
megalosaurs remains vague as only fragmentary remains have ever
been found for most megalosaurs (Lambert, 1983).
Part of the uncertainty of how carnosaurs are related to one
another stems from the fact that very few of these heavily built
theropods are known from anything like a complete skeleton. It is
also possible that the smaller theropods tend to share common
design features (i.e., slender legs, long arms, small heads, etc.) while
larger theropods all tend to have pillar-like legs, large heads, and
short arms. We may simply be grouping together animals which
share the same design constraints, rather than those which are
closely related in a geneological sense (Norman, 1985).
Keeping these restrictions in mind as we ponder the relationship
of Allosaurus
to primitive theropods, there seems to be a large
temporal gap between Allosaurus and the others (e.g.,
Ceratosaurus).
The allosaur braincase is rather unique and does not appear similar
to Syntarsus, Dilophosaurus, or Ceratosaurus.
The ceratosaurid
braincase appears somewhat similar to Dilophosaurus
(paroccipital
processes extending horizontally) although this will be addressed in a
future study. Presentiy, the ceratosaurids would be considered the
closest sister group to the allosaurids, as most workers have them
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Allosaurus fragilis
1. anterior margin evenly rounded.

1.

2.
3.
4.
5.
6.

2.
3.
4.
5.
6.

symphysis flattened medially.
interdental plates fused.
lingual bar rounded,
ventral margin bowed.
alveoli continuous to anterior
margin,
7. Meckelian groove uniformly
narrow,
8. lateral surface evenly rounded,
9. replacement teeth hidden.

7.

Megalosaurus
bucklandi
anterior margin angularly
rounded.
symphysis rounded.
interdental plates separate.
lingual bar flattened.
ventral margin straight.
alveoli not continuous to
anterior margin.
Meckelian groove uneven.

8. lateral surface flattened.
9. replacement teeth exposed
at base between interdental
plates.

Figure 30. List of cranial characters differentiating Allosaurus
Megalosaurus
(Madsen, 1976),
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from

categorized. Any further analysis of the classification of Allosaurus
within Theropoda is considered beyond the scope of this study.
Acrocanthnsaurijv
Only two non-Morrison genera are regarded as allosaurids by
Colbert and Russell (1969) and appear phyletically close to
Allosaurus.
They point out that the crania of Allosaurus,
Acrocanthosaurus,
and Chilantaisaurus are characterized by great
ventral lengthening of the basipterygoid process of the basisphenoid,
contact or close approximation of the squamosal and parietal behind
the supratemporal fenestra, and a relatively shortened quadrate;
although it is now known that primitive theropods display this first
feature (e.g., Syntarsus and Dilophosaurus).
According to Stovall and
Langston (1950), the lacrimal of Acrocanthosaurus
has two dorsal
cavities as similarly reported by Gilmore (1920) for
Allosaurus.
Neural spines in the caudal series are similar in tending toward an
anterior-posterior bifurcation in the posterior section of the tail. The
neural spines of Acrocanthosaurus,
however, are radically unlike
those of Allosaurus in their extreme superior elongation, which may
be an optional way of addressing the problem of the
disproportionately large skull of the big theropods. The elongated
spines can accomodate greater muscle mass in support of the large
skull. Stovall and Langston (1950) point out other similarities in the
pelvic girdle and hind limbs and conclude that
Acrocanthosaurus
should be incorporated into the family Allosauridae. The braincases
(fig. 31) also reveal a similarity in morphology between the two.
Indosaurus,
from India, is from the Late Cretaceous and may be a
last survivor of the allosaurid family (Chatterjee, pers. comm.).
Alternatively, Walker (1964) and others have placed
Acrocanthosaurus
in with the family Spinosauridae under the
superfamily Tyrannosauroidea. This may imply that allosaurids did
not leave ancestors that survived into the Cretaceous. According to
Bakker (1990), big animals tend to get bigger until they become
extinct. The last species in the evolutionary line of allosaurs may
have been the giant Epanterias amplexus, which was 17 meters long,
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Figure 31. Examples of archosaur braincases: (A) the
pseudosuchian Postosuchus (Late Triassic); (B)
Syntarsus (Late Triassic-Early Jurassic); (C) Troodon
(Cretaceous); (D) Allosaurus (Late Jurassic); (E)
Acrocanthosaurus
(Early Cretaceous). Examples (B-E) are
theropods. (A) after Chatterjee (1985); (B) after Raath
(1985); (C) after Currie (1985); (E) after Stovall and
Langston (1950). Not to scale.

104

weighed approximately four tons, and lived 130 million years ago
during the very Late Jurassic. Only three partial skeletons of this
rare dinosaur have ever been found. More information is needed
from the early Cretaceous however, to understand the evolution and
ultimate fate of the Allosauridae. Bases on the obvious braincase
similarities alone, this paper would include Acrocanthosaurus
within
the Allosauridae.
Relationships of Allosaurus
with Advanced Theropods
Allosaurus
shares a large number of derived characters with
Deinonychosauria as listed in figure 32, and may be more closely
related to Deinonychosaurs than previously thought. The
reconstruction of theropod phylogeny is beyond the scope of this
present work and will be undertaken in a later study; however, a
preliminary analysis of theropods based on skull characters from this
study is presented here in the cladogram in figure 33 (megalosaurs
have been excluded from this synthesis due to their paucity of
recognizable skull characters).
Systematic Paleontology
Class REPTILIA
Order SAURISCHIA Seely, 1888
Suborder THEROPODA Marsh, 1881
Family ALLOSAURIDAE Marsh, 1878
Genus Allosaurus Marsh 1877
Diagnosis
Allosaurus is characterized by eight skull apomorphies derived
from this study which are listed in figure 34.
Distribution
Kimmeridgian of northwest Colorado, southeast Wyoming, and
eastern and east-central Utah.
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Allosaur
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

13.

Synapomorphies

maxilla and premaxilla teeth proportions comparable to
Dromaeosaurus, Ornitholestes, and Velociraptor.
lower jaw similar to Dromaeosaurus in proportional depth.
two rows of foramina on the maxilla, as in Troodon.
the maxillary fenestra is large as in troodontids,
saurornithoids, and oviraptorids.
large dorsal opening in nasal cavity as in Troodon.
the prefrontal has a posterior extent as in Troodon and
ornithomimids,
Meckelian groove tapers at the third or fourth alveolus to a pair
of foramina as in Troodon, Deinonychus, and
Dromaeosaurus.
subcapsular process present as in avian-type theropods.
paroccipital processes extend not horizontally but ventrally,
as in birds, Troodon, and
Saurornithoides.
tiny vascular foramen in the basisphenoid recess as in
Dromaeosaurus, Acrocanthosaurus, and Dasplaetosaurus.
a small, anterior, accessory fenestra to the antorbital
fenestra as seen in troodontids and dromaeosaurs.
the paroccipital processes point more ventrolaterally as in birds
and bird-like theropods; which include birds, Troodon, and
Saurornithoides.
the recognition of the epipterygoid on the occiput of Allosaurus
is unique, Chatterjee (in press) considers this feature an avian
apomorphy.

Figure 32, List of derived characters that Allosaurus
- Deinonychosauria.
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shares with the

Ceratosauria
Allosauridae
8-15

Tyrannosauridae
Ornithomimidae
24-25

Deinonychosauria
-26-

22-23

Coelurosauria

Theropoda
Numbers refer to the following synapomorphies:
1. presence of a fang near
maxilla-premaxilla border; 2. teeth row extends ail the way back to orbit; 3.
smaller maxillary fenestra situated more anteriorly;
4. lack of fang near
maxilla-premaxillary border;
5. teeth row extends only to antorbital fenestra;
6. larger maxillary fenestra situated more posteriorly;
7. frontals and parietals
are very narrow and short, being about one-third of the skull length; 8.
metotic foramen and XII nerve openings converge on the lateral side of the
braincase; 9. two depressions on the posterior side of the paroccipital
processes;
10. large notch at the posteroventral side of the basal tubera
(Bakker et al., 1988); 11. paroccipital processes are distally depressed and
extend more posteroventrally, such that the distal ends of the paroccipital
processes reach the plane of the braincase floor;
12. epiotic elements present;
13. ventral process of postorbital does not meet jugal in a twisting suture, such
that it is overlapped posterolaterally by the postorbital process of the jugal
(Currie, 1987);
14. transverse supraoccipital crests of parietals heart-shaped,
as seen in occipital view; 15. a relatively large pneumaUc foramen is located
alongside each lateral border of the basal tubera;
16. skull robust, very high;
17. ventral process of the postorbital has a forward projection in the orbit; 18.
jugal fenestra present;
19. quadrate pneumaucity present; 20. tooth row fails
to reach posteriorly to antorbital fenestra;
21. lacrimal excludes frontal from
orbit; 22. subsidiary fenestra between the palarine and the pterygoid; 23. a
more deeply excavated pocket on the eventral surface of the pterygoid flange;
24. teeth absent; 25. large orbit; 26. prefrontal reduced or absent.

Figure 33. _ Hypothesis of relationships among the suborder
Theropoda.
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Allosaur Apomorphies
1. metotic foramen and XII nerve openings converge on the lateral
side of the braincase.
2. two depressions on the posterior side of the paroccipital
processes.
3. large notch at the posteroventral side of the basal tubera
(Bakker et al„ 1988),
4. paroccipital processes are distally depressed and extend more
posteroventrally, such that the distal ends of the paroccipital
processes reach the plane of the braincase floor,
5. epiotic elements present.
6. ventral process of postorbital does not meet jugal in a twisting
suture, such that it is overlapped posterolaterally by the
postorbital process of the jugal (Currie, 1987).
7. transverse supraoccipital crests of parietals heart-shaped,as seen
in occipital view.
8. a relatively large pneumatic foramen is located alongside each
lateral border of the basal tubera.
Figure 34. List of cranial features considered unique to Allosaurus
as a result of this study.
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Type species
Allosaurus fragilis.
Diagnosis
Same as for genus. From Marsh, 0. C, 1877. American Journal
of Science, v. 3, no, 14, p. 514-516. Holotype: YPM 1930; a proximal
phalanx of the third digit of a right pes, a centrum of a mid-dorsal
vertebra, a centrum of thirteenth or fourteenth dorsal vertebra, and
a section from midshaft of a right humerous. Paratype: USNM 4734
(Gilmore, 1920), Neotype: UUVP 6000; a complete skull and a
partial skeleton lacking all but the first caudal vertebra, chevrons,
ribs, forearms, and some digital elements of the pes. Horizon:
Morrison Formation, Late Jurassic,
Localities
YPM 1930 and USNM 4734 (Quarry No, 1, Gilmore, 1920, p. 7),
Garden Park near Canon City, Fremont County, Colorado; and UUVP
6000, Dinosaur National Monument, five miles north of Jensen,
Uintah County, Utah.
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Plate 1.

Allosaurus fragilis braincase (UUVP 5961) in (A) dorsal
and (B) occipital view. Approximately one-half size.

(A)

(B)
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Plate 2.

Allosaurus fragilis braincase (UUVP 5961) in (A) left
lateral and (B) right lateral view. Approximately
one-half size.

(A)

(B)
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Plate 3.

Allosaurus fragilis braincase (UUVP 5961) in anterior
view. Approximately one-half size.
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