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ABSTRACT 

The sauropods were the most spectacular of all dmosaurs, and the largest 

terrestrial animals that have ever lived. Yet, their skull anatomy and phylogeny are pooriy 

known. New material of two sauropod dinosaurs, Shunosaurus from the Middle Jurassic 

of China and Camarasaurus from the Upper Jurassic of North America, provides critical 

information about their skuU anatomy, brain morphology, tooth replacement pattem, 

kinesis, and feeding habits. 

Shunosaurus is a primitive sauropod but exhibits the following cranial 

autapomorphies: tooth morphology is a combination of cylindrical and spatulate form; 

pterygoid is extremely slender and small; quadrate ramus of the pterygoid is forked, 

quadratojugal participates in the jaw articulation; occlusal level of the maxillary tooth row 

is convex downward, whereas that of the dentary is concave upward, acting like a garden 

shear; lingual wall of the dentary is considerably lower than the labial wall; and the 

replacing teeth invade the labial side of the functional teeth. 

Camarasaurus is a relatively advanced sauropod, but retained spatulate teeth. The 

derived skull characters include: crowns of teeth are expanded transversely; there is a 

prominent longitudinal groove along the interdental plates of the maxilla; subnarial 

opening is located in the rostral comer of the extemal nostril opening; three external 

occipital vein foramina are present in the occiput; the basipterygoidal shelf is deep and 

complex; the crista prootic is large and conceals the basiocciphal tubera and the middle ear 

region. 

The sauropods were entirely herbivorous, but their tooth morphology and skull 

mechanics indicate two different styles of feeding habit. Basal sauropods with lateral narial 

openings and spatulate teeth were probably high browsers; they developed a shearing jaw 

action, and probably relied on hard and resistant food, such as cones and twigs of conifers 

In contrast, in advanced sauropods, high, median nares and peglike teeth may indicate 
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their low browsing habh; their peglike teeth were designed for cropping action by tooth to 

tooth contact. They probably fed on soft, aquatic vegetation. 

Shunosaurus and Camarasaurus are compared with other Jurassic and Cretaceous 

sauropods of the world. Numerical cladistic analysis of 76 cranial characters among 14 

sauropod taxa generates a corroborated hypothesis of phylogenetic relationships of 

sauropods. The following successive clades are established: Sauropoda, Eusauropoda, 

Neosauropoda, Homalosauropoda, Diplodocoidea, Dicraeosauridae and 

Nemegtosaurinae. Seven sauropod families are recognized: Cetiosauridae {Shunosaurus), 

Mamenchisauridae {Omeisaurus, Mamenehisaurus), Camarasauridae {Euhelopus, 

Camarasaurus, Brachiosaurus), Titanosauridae {Antaretosaurus), Diplodocidae 

{Diplodoeus, Barosaurus, Apatosaurus), Dicraeosauridae {Dicraeosaurtds, 

Amargasaurus) and Nemegtosauridae {Nemegtosaurus, Quaesitosaurus). Shunosaurus is 

the most primitive taxon and is the sister group of all other sauropods, Eusauropoda. 

Camarasaurus, on the other hand, is more advanced and is the closest relative of a newly 

defined taxon, Homalosauropoda. 
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CHAPTER I 

INTRODUCTION 

The sauropods were undoubtedly the most spectacular of aU dinosaurs, and the 

largest terrestrial animals that have ever hved. During the Jurassic and Cretaceous 

periods, they were the dominant herbivores. They first appeared during the Early Jurassic 

in India and Afiica and quickly spread by fihering through land bridges of the driftmg 

continents. They are characterized by small skulls and brains, long necks and tails, sturdy 

upright limbs and quadmpedal posture. The best-known sauropods were of gigantic 

proportions. The largest of the sauropods, Argentinosaurus, recently discovered from the 

Cretaceous of Patagonia, was over 35 meters (115 feet) m length and weighed as much as 

100 tons. Most sauropods, however, were probably in the 20 to 30 ton range. In spite of 

their global distribution, the origin and phylogeny of sauropods remains obscure, partly 

because the skulls are unknown in most genera. Traditionally, the vertebrae or other 

postcranial bones have been used in the description and classification of sauropods, 

resulting in nearly 90 different genera and over 150 species. The majority of these taxa 

are based on fragmentary remains that are not diagnostic at the lower taxonomic level. As 

a result, few sauropod taxa can be justified on the basis of apomorphies. Complete 

skeletons are known for five genera, and skuU morphology is known for 10 genera. The 

best preserved skulls come from the foUowing genera: Camarasaurus (Cope 1877; 

Osbom and Mook 1921; Gilmore 1925; White 1958; Madsen et al. 1995), Diplodoeus 

(HoUand 1906, 1924; Huene 1914; Osbom \9\2), Apatosaurus (Marsh 1877; Berman and 

Mcintosh 1978; Mcintosh and Berman 1915), Brachiosaurus {ianensch 1919, 1935-36) 

and Shunosaurus (Dong et al. 1984; Zhang et al. 1983; Zhang 1988; Zheng 1991). Other 

genera, such as Mamenehisaurus (Russell and Zheng 1993), Titanosaurus (Huene et al 

1933), Nemegtosaurus (Nowinski 1971), Quaesitosaurus (Kurzanov et al. 1983), 

Barosaurus (Janensch 1935-36), Amargasaurus (Salgado and Bonaparte 1991; Salgado 

and Calvo 1992), Euhelopus (Wiman 1929; Mateer and Mcintosh 1985), Antaretosaurus 



(Huene 1929) and Omeisaurus (Dong et al. 1983; He et al. 1984; He 1988) are 

represented by fragmentary cranial remains. Known sauropod skulls show a great deal of 

variation in their shapes and sizes. Some sauropods have long snouts, others are short-

faced. The nature and position of the extemal naris and tooth morphology are variable 

among sauropod genera. New discoveries and the availability of exceUent skuUs of 

sauropods prompted this study of morphology and a re-examination of their phylogenetic 

relationships. The study is centered on the detailed analysis of skuU anatomy in two 

genera: (1) Shunosaurus from the Middle Jurassic of China; and (2) Camarasaurus from 

the Upper Jurassic of Utah. In both genera, the braincase is weU preserved and allows 

interpretation of the relationships of the cranial foramina. Endocasts were made to 

reconstmct the brain morphology. Study of the shape of the dental arcade, morphology of 

the teeth, nature of the jaw articulation, and the position of the external naris has shed new 

light on the feeding strategy of these sauropods. A cladistic analysis was undertaken to 

hypothesize the phylogenetic relationships of the Jurassic sauropods on the basis of their 

cranial characters. 



CHAPTER II 

STUDY OF SHUNOSAURUS 

Shunosaurus Hi (Dong et al. 1983) is known from the Middle Jurassic 

Xiashaximiao Formation, Sichuan province of Central China. The monotypic species 

was established on the basis of hs unique postcranial skeleton, especiaUy the development 

of an armor-spiked tail club (Dong et al. 1983). It is a medium-sized (about 10 m long) 

primitive sauropod with long, slender spatulate teeth (Figure 1). The cervical vertebrae 

show elongate, opisthocoelous centra whh pleurocoel; their neural spines are low with a 

weak dorsal notch on the posterior cervicals. However, tme spinal bifijrcation as seen in 

Diplodoeus and Camarasaurus is absent in Shunosaurus. The dorsal centra are 

plateocoelous and lack pleurocoel; the neural spines are high but the lameUar stmctures on 

the neural arch are atrophied. The taU was equipped whh unusual spikes or a club at the 

end, probably for defense against predators. Since this prehminary description, additional 

Shunosaurus material, including several complete skeletons have been collected and 

described in detaU (Dong et al. 1984; Zhang et al. 1984; Zhang 1988; Zheng 1991). 

Shunosaurus is restricted to the Zigong Dashanpu quarry at the Zigong Dinosaur 

Museum. The skull (ZG65430) described here was collected from the same quarry, but 

lacks an associated postcranial skeleton. It shows all the diagnostic features of 

Shunosaurus, as will be discussed later. This specimen is described in detail in this paper, 

with emphasis on its functional significance, evolution, and phylogenetic relationships. 

Geological Setting of the Sichuan Basm 

The Jurassic strata of China have yielded a variety of spectacular dinosaurs (Figure 

2). The Sichuan basin is located in central China. Geologically the basin lies between two 

highlands: the Kam-Yunnania oldland in the southwest and the Chiangnania oldland in the 

northeast. The basm was submerged beneath a shaUow sea during the Carboniferous, and 

marine sedimentation continued untU the Middle Triassic when the sea regressed. 
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Figure 2. Sketch map showing the location of Early and Middle Jurassic dinosaur 
collection shes in China (after Dong, 1992). 



Continental sedimentation began in the Late Triassic, continued throughout the Jurassic 

and during the early Cretaceous period in a complex fluvial-lacustrine system. This huge 

ancient lake is called the "PaleoSichuan lake" in Chinese geological hterature (Dong et al. 

1983). 

The Jurassic continental sediments contain thick successions of fluvial, lacustrine 

and flood-plain deposits with a very rich assemblage of vertebrate fossUs. The 

sedhnentary rocks are mainly comprised of terrigenous sediments (>90%), includmg 

mudstones (62-78%), sandstones (12-25%), sihstone (5-9%), and conglomerates (0-1%) 

(Xia et al. 1987). Carbonate rocks are subordinate and restricted to Early Jurassic strata 

(Figure 3). 

The Sichuan basin yielded its first dinosaur fossil when a large femur and a tooth 

were fortuhously recovered from Rong County by Louderback during his geological 

survey in 1915. Later these bones were identified as Camosauria by Camp (1935). He 

realized at that time that the Jurassic sequence in this basin is widespread and may yield 

additional dinosaur material. In 1936 , Young (1939) discovered a nearly complete 

skeleton ofa sauropod from this basin which he named Omeisaurus junhsiensis. 

Durmg the past half century, the Sichuan basin has been explored intensively for 

dinosaur remains. As a resuh, a large collection of Jurassic dinosaur fossils exists. Most 

remains come from the Middle Jurassic Xiashaximiao Formation and the Upper Jurassic 

Shangshaximiao Formation (Figure 4). Table 1 shows the important dmosaur material 

recovered from the Jurassic strata m the Sichuan basin. 

Dong (1979) recognized 3 dinosaur biozones in the Sichuan basin on the basis of 

sauropodomorphs correspondmg to the three hthostratigraphic formations. In ascendmg 

order, they are: (1) the Lufengosaurus fauna of the Lufeng Formation and the 

Zhenzhuchong Formation (Lower Jurassic); (2) the Shunosaurus Fauna of the 

Xiashaximiao Formation (Middle Jurassic); and (3) the Mamenehisaurus fauna of the 

Shangshaximiao Formation (Upper Jurassic). Dong (1979) placed the Mamenehisaurus 
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Figure 3. Sketch map of the geology of Zigong area, Sichuan province, Chma, showmg 
the location of the Dashanpu quarry (simplified from Dong, 1992). 



fauna in the Late Jurassic, perhaps to compare with the fauna of the Morrison Formation 

of North America. 

Xia and Li (1984, 1987) studied in detail the sedimentology and depositional 

environment of the Xiashaximiao Formation from which Shunosaurus was recovered. 

According to these authors, the sandstones are dominated by htharenite, feldspathic 

htharenite and hthic arkose, whh minor Ihhic quartzarenite and feldspathic quartzarenite 

contaming a feldspar content of more than 10%. The intergranular cement is calcite, 

sUica, authigenic clay and clay matrix. Both clay cement and matrix are mixed to fill the 

pores. The grain size of the sandstone ranges from medium to fine, whh minor fine size 

particles. The Xiashaximiao Formation was deposhed in ahematmg fluvial and lacustrine 

environments. The facies types are meandering stream and flood-plain lake. 

The skull of Shunosaurus (ZG65430) came from Zigong County, about 250 km 

southwest of Chengdu, the capital city of Sichuan province (Figures 2, 3). Shunosaurus 

is the most abundant taxon m the Zigong Dashanpu quarry, representing 90 percent of the 

dmosaur population. At least ten skeletons of Shunosaurus have been discovered at one 

site, indicating a catastrophic event, such as flash flood. The assortment of dinosaurs 

found along with the remains of Shunosaurus include the camosaur Gasosaurus, a 

hypsilophodont Yandusaurus, and a primitive stegosaur Huayangosaurus, with unusual 

spikes and plates for body armor. This locality is extremely productive and has yielded 

more than one hundred individual dinosaurs along whh fishes, amphibians, reptiles and 

early mammals (Table 1) (Dong et al. 1983). 

Material and Methods 

The Shunosaurus material (ZG65430) was borrowed from the Zigong Dmosaur 

Museum, of Sichuan province, China. It mcludes a nearly complete skull with an atlantal 

ring. The right quadrate and the pterygoid are disarticulated from the skull, allowing 

observation of nearly every detail of the braincase, includmg various openings for the 

cranial nerves, arteries and veins. The inner architecture of the braincase is also visible. 
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Table 1. Vertebrate fossUs recovered from Dashanpu Quarry (from Dong 1992) 

Class Family or Genus 

Pisces 

Amphibia 

ReptUia 

Hybodontidae indet 
Ceratodontidae indet 
Semionotidae indet 

Sinobrachyops placentieephalus Dong 1985 

Chelonia 
Chengyuchelys Baenoides Young and Chow 1953 
Chengyuehelys zigongensis Yeh 1982 

Crocodiha 
Teleosauridae indet 

Pterosauria 
Angustinarhipterus congieephalus He et al. 1983 

Theropoda 
Gasosaurus eonstruetus Dong and Tang 1985 
Xuanhanosaurus qilixiaensis Dong 1984 

Sauropoda 
Protognathus Oxyodon Zheg 1988 
Shunosaurus Hi Dong et al. 1983 
Datousaurus bashanensis Dong and Tang 1984 
Omeisaurus tianfuensis He et al. 1984 

Omithopoda 
Xiaosaurus dashanpensis Dong and Tang 1983 

Stegosauria 
Huayangosaurus taibaii Dong et al. 1982 

Therapsida 
Bienotheroides zigongensis Sun 1986 
Positodon ehuannanensis He and Cai 1984 



Most of the gross preparation was made at the Institute of Vertebrate Paleontology and 

Paleoanthropology (IVPP), Beijing. The braincase was prepared by the author at the 

Museum of Texas Tech University. The skull includes an intact bramcase with weU 

preserved basiocciphal, basisphenoid-parasphenoid, prootic, laterosphenoid, 

orbhosphenoid, supraoccipital, exoccipital and opisthotic. The braincase, in turn, is ftised 

whh the dorsal skull roof bones (frontal, parietal, squamosal). In the palatal complex, two 

quadrates, left pterygoid, left palatine, left ectopterygoid and left vomer are preserved. 

Separate elements of the left premaxilla, two maxillae and two dentaries are also present. 

Preparation was done mechanicaUy using needles and pneumatic grinders. In the 

preparation of some dehcate parts, especially in the braincase regions, acid (1-5% formic 

acid) was employed. 

Systematic Paleontology 

Order Saurischia Seeley, 1888 

Suborder Sauropodomorpha Huene, 1932 

Infraorder Sauropoda Marsh, 1878 

Family Cetiosauridae Lyderker, 1888 

Subfamily Shunosaurinae Mcintosh, 1990 

Genus Shunosaurus Dong et al., 1983 

Diagnosis - The foUowing features are unique to Shunosaurus among sauropods: (1) 

tooth morphology is a combination of cylindrical and spatulate form; (2) pterygoid is 

extremely slender and small; (3) pterygoid has a fossa on the dorsal aspect; (4) quadrate 

ramus of the pterygoid is forked; (5) extemal nares are at the level of the orbh; (6) 

quadratojugal participates in the articulation of the jaws; (7) the basisphenoid recess is 

extremely deep; (8) trochlear (IV) nerve has two exits; (9) basipterygoid process is not 

wrapped by the caudal process of pterygoid; (10) postorbhal contains a lateral ph; (11) 

lingual wall of the dentary is considerably lower than the labial waU; (12) occlusal level of 

the maxillary tooth row is convex downward, whereas that of the dentary is concave 
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upward, like a garden shear; (13) replacing tooth invades on the labial side of the 

functional tooth; (14) interdental plates lack fusion to the lingual waU of the alveoli. 

Type species - Shunosaurus Hi Dong, Zhou and Zhang, 1983. 

Shunosaurus Hi Dong et al. , 1983 

Horizon - Xiashaximiao formation. Middle Jurassic (Figure 4). 

Holotype - V9065-1-23, partial vertebrae and pelvis, in the coUection of IVPP, Beijing, 

China. 

Referred specimens - ZG65430, a nearly complete skuU including an intact braincase and 

lower jaw; T5401 a complete skeleton including skull, lower jaw, most of the vertebrae, 

pelvic girdle, sacmm, left humems, right femur and a claw; T5403, a complete skeleton; 

T5404, a complete postcranial skeleton. 

Type locality - Dashanpu, near Zigong city 10 km. northeast (lat. 29^ 5^4; long. 104^ 

50'E) of Sichuan, China (Figure 3). 

Specific diagnosis - Same as for genus. 

Institutional abbreviations - V: The Institute of Vertebrate Paleontology and 

Paleoanthropology, Academic Sinic, Beijing, China; T: The Chongqing Natural History 

Museum, Chongqing, China; ZG: Zigong Dinosaur Museum, Zigong, China. 

Description of Shunosaurus Skull 

The foUowmg description and interpretation of the cranial anatomy are primarily 

based on ZG65430. The specimen is nearly complete, beautifuUy preserved, but 

somewhat disarticulated. The mam block contains the caudal part of the skuU roof, 

braincase and left quadrate m articulation. The premaxiUae, maxillae, palatal bones, and 

dentaries remain separate. Missing bones include nasals and caudal part of the lower jaws. 

These are supplemented by T5401 (Figure 5). The skuU is approxhnately 50 cm long, 20 

cm wide and 40 cm high, with a tapering snout. The fusion of many skull bones indicates 
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Figure 5. Exploded views of separate skuU bones of Shunosaurus Hi (ZG65430) showing 
their mterrelationships in lateral view. For abbreviations, see Appendix A. Scale = 5 cm 
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that the animal was a mature individual (Figure 6). The skull is readily derivable from that 

of the prosauropods, such as Lufengosaurus, but is modified in various respects. 

Extemal Skull Fenestration 

There are five openings in the skull laterally; these are the extemal naris, antorbital 

fenestra, orbh, upper temporal fenestra and lower temporal fenestra (Figure 6). In other 

sauropods (e.g., Diplodoeus and Apatosaurus), an addhional preantorbhal (=maxUlary 

fenestra) is seen. The poshion of external naris is highly variable among sauropods, 

migrating progressively toward the skuU roof In Shunosaurus, the extemal naris is not 

terminal, but has moved back to the level of the orbh. The antorbital fenestra is relatively 

small and somewhat elongated dorso-ventrally. The orbh is roughly triangular and 

laterally placed. The upper temporal fenestra is fairly large relative to other sauropods in 

which the postfrontal participates in hs formation. The lower temporal openmg is oriented 

vertically and is bordered caudally by the squamosal-quadratojugal bar. 

Dermal Bones of the SkuU Roof 

The premaxilla (Figures 5, 6, 7 A) forms the tooth-bearing tip of the snout and 

borders the extemal nares. It supports four long teeth. The body of the premaxiUa is 

roughly quadrangular with a prominent nasal process directed upward and backward 

This process tapers at the contact of the nasal and marks the rostral margin of the extemal 

naris. The two nasals jom loosely in a median symphysis. The maxiUary process is short 

and straight and articulates whh the rostral edge of the maxilla in a complex tongue and 

groove fashion. 

The maxilla (Figures 5, 6, 7B-D) is the largest bone in the skull with a curved 

alveolar margin. It has a broad base and a narrow ascending process that forms a bridge 

between the extemal naris and the antorbhal fenestra. The lateral surface of the maxilla is 

roughly convex outside. The rostral process overlaps the medial surface of the premaxilla. 
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Caudally it joins the jugal. The alveolar margin is convex in lateral aspect There are 

about 21 teeth in the maxilla. 

In medial view, the maxilla is concave longitudinaUy and shows a prominent shelf 

at the ventral margm of the antorbhal fenestra. A foramen of unknown function is present 

at the rostral edge of the shelf The medial surface is gently concave longitudinally. 

The nasal (Figures 5, 6, 8A) is triangular and narrow in dorsal view. Two nasals 

are united along the midline to form the rostral roof of the skull Caudally they contact 

the frontals. 

Only the lower end of the lacrimal. (Figures 5, 7B-D) separating the antorbhal 

opening from the orbh, is preserved in ZG65430. It is a vertical bone stmt that shs on the 

jugal and extends backward around the orbh to meet the prefrontal. 

The prefrontal (Figures 5, 6, 8A) is well exposed laterally, bordering the 

rostrolateral margin of the orbit. It has a flat triangular dorsal surface with a thickened 

lateral rim. The medial edge is thin and shghtly overlaps the frontal. RostrolateraUy the 

bone extends vertically and bears a depressed surface for the articulation with the 

lacrimal. 

The two frontals (Figure 8A, 9) are fused along the midhne and form the skull roof 

over the orbh. Each bone is long and relatively narrow at its contact with the prefrontal. 

Caudally it becomes Avide and meets the junction of the postorbhal, postfrontal and 

parietal. The suture between the frontal and parietal is obliterated by fusion. The dorsal 

roof shows a concavity on each side of the midhne. Ventrally, there is a large olfactory 

recess, bounded by two diverging ridges. Behind the olfactory recess, a large foramen for 

the olfactory (I) nerve is present. 

The postfrontal (Figures 5, 6, 8A) is present in Shunosaurus (ZG65430) as a smaU 

triangular bone at the dorsal rim of the orbh. It is wedged between the frontal and the 

postorbhal. The presence of the postfrontal may be a plesiomorphic character for 

Shunosaurus, as this bone is absent in other sauropods. 
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Figure 9. Caudal part of the skuU roof of Shunosaurus Hi (ZG65430) showing fronto
parietal suture, and parietal foramen, note a right of the parietal foramen is covered in a 
thin sheet of bone. For abbreviations, see Appendix A. Scale = 5 cm. 
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The parietal (Figures 5, 6, 8 A, 9) forms the caudal part of the skull roof between 

the two upper temporal openings. It has a flat roof that slopes backward at the occiput. 

The medial part of the parietal surface is roughly flat and gently slopes backward. The 

bone in this area is very thin, h has broken and exposed some of the inner stmcture of the 

roof There is a distinctive pineal opening, about 12 mm in diameter, along the midline. 

The presence ofa pineal opening has been reported in the foUowing sauropod genera: 

Camarasaurus and Diplodoeus (Mcintosh 1990, Madsen et al, 1995); Shunosaurus 

(T5401), Omeisaurus and Mamenehisaurus (Zhang 1988). However, m the holotype 

specimen of Omeisaurus tianfuensis. He (1988) faUed to identify this feature. The 

distribution of this character among various sauropod genera is poorly understood. 

Caudally, the parietal flanges comprise a thick, vertical sheet of bone that protmde 

laterally to form the occiphal wings of the parietal. These wings articulate with the 

supraocciphal medially and with the postorbhals rostrolaterally. Laterally, the parietal 

wings are received by the rostral processes of the squamosal. On the side waU of the 

braincase the parietal is very thick and articulates whh the laterosphenoid, prootic and 

supraoccipital in order caudally. 

The postorbhal (Figures 5, 6) is a triradiate bone on the lateral surface of the skuU. 

Its rostral arm tapers forward to articulate with the postfrontal. Its caudal arm is short, 

wide and thin and projects to contact the rostral end of the squamosal. A small pit is 

present near this contact. The author has not observed this ph in other sauropods. The 

ventral arm of the postorbhal tapers and curves behind the orbh to meet the jugal in a 

relatively long but simple lap joint. The bone shows fine longitudinal ornamentation 

throughout the body. Medially h wraps around the laterosphenoid process and extends 

farther to join the parietal around the rostral fossa of the upper temporal opening. 

The jugal (Figures 5, 6, 7C-D) is a very thin, broad bone that forms the ventral 

margin of the orbh and the rostroventral comer of the lower temporal opening. It is 

relatively large in Shunosaurus, but is considerably reduced in later sauropods. It has 

three distinct branches; the rostral branch is overiapped by the maxiUa where h contributes 
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to the formation of the antorbhal fenestra. Behind this fenestra, the jugal is overiain by the 

vertical bar of the lacrimal. The dorsal branch leads between the orbh and the lower 

temporal opening and is overiapped by the postorbhal. The caudal branch is broad 

dorsoventrally and abuts the quadratojugal. 

The squamosal (Figures 5, 6, 8A) is a complex bone that forms an isthmus 

between the upper and lower temporal openings. The dorsally arched bone has a smooth 

texture. It is differentiated into four processes. The rostral process extends forward to 

overiap the occiphal wing of the parietal. Laterally, there are two processes, the 

rostrolateral process and the caudolateral process. The rostrolateral process is forked to 

receive the caudal process of the postorbhal. The ventral process of the squamosal is long 

and nearly reaches the midheight of the quadrate to receive the quadratojugal. Unlike 

other sauropods, the caudal process of the squamosal is well developed in Shunosaurus. 

It tapers backward with a slight curvature and is covered medially by the paroccipital. The 

articulation of the squamosal whh the quadrate is complex. It has a ventral socket to 

receive the quadrate head. 

The quadratojugal (Figures 5, 6) is an L-shaped bone firmly attached to the lateral 

surface of quadrate. The vertical arm of the quadratojugal is thin and slender and meets 

the descending process of the squamosal. The horizontal arm extends forward to meet the 

jugal as in other archosaurs. In later sauropods, the rostral process extends farther 

forward to meet the maxilla. 

Palatal Complex 

The right side of the palate is preserved beautifully in ZG65430, but the elements 

are disarticulated. The left quadrate is held in place in the skull in normal poshion. 

The two vomers (Figure 8B) meet along the midhne to form a vertical plate behind 

the premaxiUae. Caudally, each bone attaches the palatine lateraUy in a broad articulation. 

Both sides of the vomer are smooth and flat; but become thick along the symphysis. 
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The palatine (Figures 8B, lOC-D) is a thin, curved plate with two bifijrcating 

processes directed rostrally around the choana. The lateral process, that abuts against the 

maxilla, is relatively longer. The medial process is short and with a pronounced articular 

surface rostrally for the vomer. This process also meets the rostral process of the 

pterygoid in an undulating medial suture. The caudal-half of the palatine is broad and flat. 

It constricts backward to fit into a crescentic fossa of the pterygoid. In Shunosaurus, the 

palatines are fairiy large bones and converge very close to the midhne. In other sauropods 

they are separated laterally by the intervening maxilla. 

The pterygoid (Figures 8B, lOA-B) is an extremely slender bone compared to that 

of other sauropods. It has three distinct processes; a palatal process, an ectopterygoid 

process, and a quadrate ramus. The palatal process is narrow and extends considerably 

forward to meet along the midhne. Here the conjoined bones receive the palatines in a 

crescentic fossa. Lateral to the palatine process, the ectopterygoid process is relatively 

robust with a prominent articular surface that is overlain laterally by the ectopterygoid. 

Behind the ectopterygoid process, the pterygoid becomes narrow vertically and contains a 

distinctive fossa on the medial wall. This character may be an apomorphy for 

Shunosaurus. Behind this fossa, there is a distinct socket to receive the basipterygoid 

process of the basisphenoid. This socket is relatively shallow and broad compared to 

other sauropods. Behind the basipterygoid articulation, the pterygoid becomes thinner 

and wider, where the quadrate ramus bifurcates. This bifurcated quadrate ramus appears 

to be a unique feature in Shunosaurus. Both processes overlap the quadrate; the ventral is 

short and rounded; the dorsal is long and narrow. 

The ectopterygoid (Figures 8B, lOE-G) is a small, rhombic bone oriented in two 

planes to form the medial and lateral processes. The medial process is horizontal, 

relatively thick and receives the pterygoid. The lateral process is extremely thin and 

vertical and attaches to the jugal. 

The quadrate (Figures 5, 6, lOH-J, 11) forms the caudolateral margin of the skull 

and ventral articulation whh the mandible. It is a complex vertical bone with two flanges: 
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Figure 11. Restored occiphal view of the skuU showing the quadrates and the braincase of 
Shunosaurus Hi (ZG65430). For abbreviations, see Appendbc A. Scale = 5 cm. 
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the medial flange for the pterygoid and the lateral flange for the squamosal and 

quadratojugal. The attitude of the quadrate is highly variable among sauropods where the 

ventral articular surface slants considerably forward in advanced genera. The dorsal head 

is somewhat expanded rostrocaudally and fits into a socket of the squamosal. The head is 

somewhat backward directed to form an emargination for the tympanic membrane. The 

lateral flange is smaU and shows two articular surfaces: the dorsal surface is overlapped by 

the squamosal, while the ventral surface is overlapped by the quadratojugal. The medial 

flange, the pterygoid ramus, extends forward and inward as a vertical triangular sheet. It 

has two distinct facets for receiving the bifurcated quadrate ramus of the pterygoid. The 

thickest part of the quadrate is located at the lower end which articulates whh the 

mandible. However, the mandibular articular surface is complex and is partly formed by 

the quadratojugal. The ventral surface is smooth, slightly convex whh an oval outline, 

but the condyles are not well differentiated. In the back of the quadrate, there is a large 

depression (=quadrate fossa) on the lateral flange that extends longitudinally about two 

thirds of the length of the quadrate body. Among sauropods, this fossa is highly 

developed in Shunosaurus. 

Braincase 

The braincase of Shunosaurus ZG65430 (Figure 12) is complete and exceUently 

preserved, and fused with the dorsal skull roof It includes the supraocciphal, exoccipital-

opisthotic complex, basiocciphal, basisphenoid-parasphenoid complex, laterosphenoid, 

orbhosphenoid and prootic. The occiphal condyle has a transverse diameter of 45 mm. 

The foramen magnum is circular whh a maximum width of 23 mm. The distance between 

the exit of the olfactory ( I ) nerve opening and the caudal margin of the occiphal condyle 

is about 110 mm, indicating the length of the braincase. 

The occiput slopes downward and backward from the parietal flange at an angle of 

about 60^ and is of considerable depth. The brain cavity slopes upward to terminate 

against the frontals just caudal to the midpoint of the orbh. The upward tih of the 
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braincase appears to be characteristic of the sauropods (White 1958) and camosaurs 

(Romer, 1956). In contrast, some omithischian braincase is nearly parallel to the skull 

axis. 

The basiocciphal (Figures 11, 12, 13) has the same characteristics as seen in other 

sauropod specimens. The occiphal condyle, formed mostly by the basiocciphal, is cleariy 

larger than the foramen magnum. It is somewhat kidney-shaped. The basioccipital is 

capped by the exocciphals dorsolaterally and shows a longitudinal depression along the 

midhne. The basiocciphal is constricted to a neck and then flares again at the basal tubera. 

At the ventral side of the condylar neck there is a small pit. There is a vertical depression 

on each lateral wall of the basiocciphal (Figure 13). 

At the occiput, there are two openings, about 7 mm apart, for cranial nerve XII, 

lateral to the base of the foramen magnum. Both are located in the exocciphal. At the 

sidewall of the braincase, at the junction of the basiocciphal and basisphenoid, there are 

two large foramina at the stapedial recess, bounded by the opisthotic dorsally and the 

prootic rostraUy. These two foramina are separated by a thin crest of the opisthotic. The 

caudal foramen is about 10 mm wide and 15 mm high and represents the metotic fissure 

which transmits cranial nerves IX, X, XI, and the jugular vein. The rostral foramen, the 

fenestra ovalis, is 9 mm wide and 20 mm high. A foramen for the perilymphatic duct is 

visible through the fenestra ovahs. There is a short, tubular cochlear recess that extends 

downward from the fenestra ovalis for housing the lagena. 

The basisphenoid is fused indistinguishably to the parasphenoid , so the two bones 

will be treated together here (Figures 12, 13, 14). The parasphenoid is not complete, 

lackmg the rostral portion. Passing forward along the lateral waU of the braincase, the 

basisphenoid contacts the caudal ends of the prootic and laterosphenoid. There are three 

foramina around the lateral tympanic recess (LTR) (Chatterjee 1985). Two small foramina 

provide the exit of the facialis (VII) nerve, while a larger one represents the canal through 

which the intemal carotid artery enters into the pituitary fossa. 
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The stoutly built basipterygoid processes diverges outward and downward. At the 

base, each process is subcircular in section, and about the half as long as high in hs 

dimensions The outside surface of the process is lapped by the pterygoid, but the 

pterygoidal socket is shaUow. In Camarasaurus (DNM28), this socket is very deep and 

conceals most of the basipterygoid process. Further rostrally, the parasphenoid rostrum 

extends forward. The length, shape, and attitude of the basipterygoid processes are 

variable among sauropods and may have taxonomic implications: Brachiosaurus, 

Apatosaurus, and Camarasaurus show strong, robust, but short basipterygoid processes, 

while Diplodoeus, Barosaurus and Dieraeosaurus possess long, slender, attenuated 

processes. Shunosaurus has a unique feature that combines short, slender but very weak 

processes (Figure 11). 

In rostral aspect, the large pituhary fossa is bounded by the dorsum seUa of the 

basisphenoid. The fossa is about 13 mm wide, 20 mm long, and 13 mm deep. The 

pituitary fossa is sealed completely by bone in Camarasaurus and Diplodoeus, but in 

Shunosaurus there is a rostral opening. The dorsum seUa is penetrated by two canals: the 

canal for the internal carotid arteries caudodorsally, and the foramen for nerve VI 

rostrolaterally. At the base of the dorsum sella, there is a shallow medial facet for the 

attachment of the rectus musculature of the eye. This facet is relatively smaUer than that 

of Camarasaurus (DNM28). 

The exocciphal is fused with the opisthotic (Figures 11, 12, 13) as in most 

archosaurs. The exocciphal caps the top of the basiocciphal from the upper part of the 

condyle. A lateral component of the exocciphal is pierced by two openings for the 

hypoglossal nerve (XII). The opisthotic forms the stout parocciphal process. The lateral 

extent of the parocciphal process is difificuh to estimate because of cmshing. It is clearly 

directed downward with a shghtly dorsal curvature. 

The supraoccipital (Figures 11) is very similar to that of the prosauropods with a 

roughly pentagonal outline. The median ridge is very pronounced and reaches the 

foramen magnum caudally, but forks rostraUy to receive the parietal. RostrolateraUy, it 
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articulates whh the occipital wing of the parietal with a long suture. CaudaUy, h meets 

with the exocciphal-opisthotic complex and forms the upper margin of the foramen 

magnum. The lateral process of the supraocciphal is relatively broad and overiaps the 

prootic and opisthotic medially. It forms the roof of the hind bram. Dorsally, the lateral 

process of supraocciphal is covered by the squamosal. 

The prootic (Figures 12, 13, 14) is weU exposed on the side wall of the otic 

capsule where h forms the rostral margin of the fenestra ovahs. Rostral to the lower 

corner of the fenestra ovalis, two foramina for facialis nerve (VII) are seen along the 

crista prootic. The upper foramen, 2 mm in diameter, extends caudolaterally. This housed 

the hyomandibularis branch of the faciahs nerve. The lower foramen is directed 

ventrolaterally with the same diameter and is the ramus palatinus of the facialis nerves. 

Dorsal to these foramina, the bone expands slightly as it rises, but is tmncated abmptly. 

This part of the bone is very thin, sheet-like, and attached at the rostroventral of the 

supraoccipital. The caudal portion of prootic does not expand as much as in 

Camarasaurus to form the pronounced crista prootic. The crista, only present in the 

caudoventral part of the prootic, borders the lateral tympanic recess (LTR). 

The prootic extends forward as a vertical sheet below the skull roof to meet the 

laterosphenoid. In hs ventral portion, the prootic borders the caudal margin of the 

trigeminal (V) foramen, whereas the rostral margin is formed by the laterosphenoid. This 

foramen is deep, large and subtriangular. 

The laterosphenoid (Figures 12,13,14) forms the rostral part of the side waU of the 

braincase. The rostral end of this bone is transversely expanded with a prominent laterally 

directed process that fits into a depression of the postorbhal. There is a promment ridge, 

the crista antotic, at the lateral end of the process. The dorsal margin of the 

laterosphenoid is firmly sutured with the frontal and parietal. In lateral aspect, the 

laterosphenoid shows two additional foramina around the trigeminal (V) nerve. The 

rostral foramen is the opening for the ramus maxUlaris (V2) and the dorsal foramen is the 

emergence point of the middle cerebral vein. The laterosphenoid is strongly sutured to the 
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Figure 14. Rostroventral view of the bramcase of Shunosaurus Hi (ZG65430). For 
abbreviations, see Appendix A. Scale = 5 cm. 
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basisphenoid in its lower portion, but has a wide contact with the prootic caudally. 

Rostroventrally h meets the orbhosphenoid. 

In rostral aspect, near the suture with the orbhosphenoid, the laterosphenoid bears 

three openings that serve as exits for the optic (II), trochlear (IV) and occulomotor(III) 

nerves progressing caudally. The opening for nerve III is extremely elongated and 

connects both the forebrain and the pituhary canal. Two openings for nerve IV are seen. 

The lateral branch ofE is about 5 mm in diameter and is located beyond the main ventral 

emergence of nerve II rostrally. 

The orbhosphenoid is a thin triangular bone (Figure 12, 13, 14) that is broad 

rostrally but constricted caudally. Two orbitosphenoid bones meet along the midline with 

a large caudal opening for the optic (II) foramen. Rostrodorsally, h forms a V-shaped 

valley along the midline to border the lower margin of the olfactory (I) nerve opening and 

the floor of the forebrain. Dorsolaterally, h contacts the laterosphenoid and shows three 

cranial nerve openings along the suture, as discussed earlier. Two caudal processes of the 

orbitosphenoid extend to meet the dorsal seUae of the basisphenoid. 

Lower Jaw 

The two rami of lower jaw that had been joined by a weak symphyseal suture, but 

were found separated. In later sauropods they are strongly fiised. In spechnen ZG65430 

only the rostral portion of each lower jaw was preserved. Both jaws contain most of the 

dentary, and the left includes the splenial. The caudal part of the jaw has been restored 

from other specimens (T5401, T5403 from Zhang et al 1983; Zhang 1988). 

Proportionally, the lower jaw in ZG65430 is extremely slender whh no sign of 

dorsoventral expansion at the back. The coronoid process is not prominent as in other 

sauropods. The two dentaries form a U-shaped outlme in dorsal view. Each ramus takes 

a sharp tum medially from the 7th tooth poshion. Each dentary is 200 mm long and is 70 

mm deep at the symphysis, shallowing progressively backward. 
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Several well spaced nutrient foramina are found on the lateral surface of the 

dentaries (Figure 6). The mandibular fenestra is present in Shunosaurus. This feature, 

absent in later sauropods, is laterally poshioned at the junction of the dentary, angular, and 

surangular. It is relatively large and subrounded (Zhang 1988). 

The dentary (Figures 5, 15) forms nearly half the length of the jaw. It has 26 

alveoh, but most of the teeth are missing. Caudally, the thin lateral part of the dentary 

overiaps the angular ventrally and the surangular dorsaUy. On the medial surface of the 

dentary there is a longitudinal groove, the Meckelian canal, which extends forward almost 

to the tip of the symphysis. This canal becomes extremely wide caudally and is overiapped 

by the splenial. The caudal half of the dentary is sheathed by the splenial medially. 

The splenial (Figures 5, 15C) is a thin medial sheet that covers much of the 

dentary, and the ventral part of the prearticular, while the tapering caudal part overlaps the 

angular (Zhang 1988). The splenial forms part of the ventral edge of the lower jaw, but 

remains hidden in lateral view. There is a foramen at mid-length of the splenial m T5401 

(Zhang 1988). 

The coronoid forms a low convex process behind the tooth row. It is wedged 

between the surangular and splenial in medial aspect and passes upward behind the 

maxillary when jaw articulated with the skull. The coronoid is wedged at the junction of 

the surangular, splenial and the dentary medially, and only a small area of the upper part is 

exposed. 

The angular (Figure 5) forms the base of the caudal half of the ramus. Most of this 

bone is overlapped by the splenial rostrally and prearticular and surangular dorsally. 

The surangular (Figure 5) overlaps the angular ventrally and forms most of the 

margin of the mandibular fenestra medially and lateraUy. It is narrow m the caudal 

direction where it receives the articular. 

The articular is a small compact bone, longer than wide, whh a shallow glenoid for 

the reception of the quadrate. It is lapped by the surangular and angular laterally, and 

prearticular rostrally. 
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Figure 15. Lower jaws of Shunosaurus Hi (ZG65430). A. lateral view of the left dentary; 
B. lateral view of the right dentary; C. medial view of the right dentary; D. medial view of 
the left dentary and splenial. For abbreviations, see Appendbc A Scale = 5 cm. 
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The prearticular is visible in medial aspect where h forms the caudal border of the 

mandibular fenestra. There is a large fossa on the prearticular behind the mandibular 

fenestra. 

Tooth Morphology 

Sauropod teeth exhibh two distinct crown morphotypes: spoon shaped, and long, 

cylindrical peg shaped (Romer 1956). The teeth of Shunosaurus are somewhat 

intermediate between these two varieties. The teeth are cylindrical whh a spoon-shaped 

crown. Among sauropods, Shunosaurus possesses the largest number of teeth. The 

dental formula is : 

Pm 4. 5 + M 20 

D 25-26 

where Pm is the premaxillary teeth; M is the maxillary teeth; and D is the dentary teeth. 

There are four premaxillary alveoli in Shunosaurus ZG65430. However, there is some 

asymmetry in tooth count in specimen T5403 (Zhang 1988), there are five teeth in the 

right side and four in the left. Most of the premaxillary teeth are missing except for the 

fourth, a small emptive tooth. The tooth crown is sharp, triangular with radiating 

striations on the medial side. The number of maxiUary teeth varies between 19 and 21 in 

Shunosaurus (Zhang et al. 1983; Zhang 1988); ZG65430 shows 20 teeth (Figure 16). The 

shape of the tooth crown varies from triangular spatulate to oval spatulate and is more 

slender than other sauropods. There is a strong constriction between the tooth crown and 

the root. The crown appears triangular in the rostral portion of the maxillary teeth, from 

the first to tenth poshion. Behind this series, the crown becomes oval from the 11th to 

20th poshion. There is a gradual decrease of tooth size from front to back, ranging from 

80 mm to 10 mm. The root: crown ratio also reduces from front to back, the largest is 3 

(6th tooth), and the smallest is 0. 5 (17th tooth). This ratio is apphcable to functional 

teeth only. There is apparently no correlation between tooth size and wear pattem. Wear 

facets are restricted to the Ungual side. These facets occur on the rostral, caudal and tip 
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region of the crown in the rostral half of the maxiUary ramus. In the caudal portion, the 

wear surface is found on the tip and caudal portion of the crown. 

The occlusal level of the upper tooth row forms a convex arc downward to 

counteract the concave alveolar level of the dentary. Together they form a cuttmg edge, 

shnilar to a garden shear, to slice tough twigs and leaves. 

The maxillary teeth are not vertical, but curve inward in the rostral part of the 

tooth row; they are relatively straight in the caudal half The crowns are covered by thick 

enamel and show axial striations that radiate peripherally. 

Only 3 dentary teeth are preserved in the left mandible (Figure 15C), most of the 

alveoli are empty whh no trace of replacement teeth. There are 26 alveoli on the right side 

and 25 on the left. The alveoli of the dentary are subcircular in section, and their size 

gradually decreases from front to back. The number of teeth in the lower jaw exceeds that 

of the upper. The reverse is seen in most sauropods. The crowns of the preserved 

mandibular teeth do not show spoon-shaped morphology. They are laterally compressed 

where two sharp edges bear a small serration. Moreover there is no constriction between 

the root and the crown. In this respect the tooth morphology closely approaches that of 

prosauropods. 

An unusual feature in the dentary of Shunosaurus is the relative depth of the labial 

wall compared to the lingual wall. In other sauropods they lie almost at the same level. In 

Shunosaurus, the lingual margin is extremely low relative to the labial wall. This feature is 

reminiscent of the pleurodont type of tooth implantation seen in modem lizards. 

Obviously the Imgual waU was strengthened by a series of overiapping interdental plates. 

These plates are entirely missing in the dentary. In the maxilla, two interdental plates are 

still in place, but most are missing. These plates must have been loosely held in life, and 

may have facUitated tooth replacement when old teeth were shed. 
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Tooth Replacement Pattem 

Edmund (1960) first studied in detaU the tooth replacement phenomenon m 

reptiles. He observed back to front replacement waves in alternating tooth positions in 

most reptiles. A single front to back wave of developmg teeth is known as a Zahnreihen 

and numerous Zahnreihen pass along the jaw during the hfe of a reptile DeMar (1972) 

has shown that m most reptUes the spacing between Zahnreihen (Z-spacing) is 1. 56 and 

2. 80 tooth positions. Z-spacing of 2. 0 to 3. 0 resuhs in the usual secondary pattem of 

back to front replacement waves of ahemate teeth. The relationships among the number 

of teeth, replacement waves (W), and the number of teeth between Zahnreihen can be 

expressed by the foUowmg equation: W = R/(Z-R) +1 (Osborn 1970), where the Z is the 

Z-spacing; R is 2 if every other tooth is counted, or R is 3 if every third tooth is counted. 

As Z-spacing increases, the length of the back to front replacement waves decreases so at 

2. 0 there is perfect ahemation and the waves are of mfinite length; at 2. 25 the waves are 

nine alternating positions in length; at 2. 5 they are five positions in length; and at 2. 66 

they are four positions in length. When the Z-spacing is 3.0, the wave length is three 

altematmg tooth poshions, but it is the repeated pattem of the Zahnreihen (three 

sequential teeth decreasing in size caudally) that becomes obvious. 

Most tooth replacement data in dmosaurs come from theropods (Edmund 1960), 

prosauropods (Galton 1984, 1985) and omithischians (Charig et al. 1974; Crompton et al. 

1962; Galton 1973, 1974; Gow 1975; Hopson 1975, 1980; Ostrom 1961). In sauropods, 

however, the teeth are often found missing from the jaws. In rare instances such as in 

Camarasaurus and Brachiosaurus, tooth replacement pattem has been observed (White 

1958; Edmund 1960). In this context, both Shunosaurus (ZG65430) and Camarasaurus 

(DNM28) retain an mtact maxiUary tooth row that allows study of the tooth replacement 

patterns. 

Edmund (1960) recognized the foUowing two criteria for identhymg the 

replacement pattems in reptiles: (1) replacement teeth at varymg developmental stages 

lying within the pulp cavities of several teeth m each jaw; and (2) one or more gaps (empty 
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alveoli) in each jaw from which teeth have faUen out. The correlation of jaw size with 

both tooth size and crown morphology confirms the impression of active replacement in 

individuals of all sizes. But these criteria can not be applied in the sauropods since there is 

no gap or difference in length between the ahemative tooth, and the pulp cavities are 

difificuh to visualize whhout X radiography or sectionmg. Another way to study tooth 

replacement pattem in sauropods as weU as in Omithschia is the use of different stages of 

the wear facets as an indicator of tooth age (White 1958; Charig et al. 1974; Crompton et 

al. 1962; DeMar 1972; Galton 1973, 1974; Hopson 1971, 1975, 1980). 

Tooth wear pattem of Shunosaurus (;ZG65430). In Shunosaurus (ZG65430), a fuU 

complement of teeth are preserved in the maxilla, showing different stages of wear facets. 

These wear facets are essentially vertical along the rostral and caudal ridge of the crown, 

indicating that the jaw motion was orthal. The quadrate glenoid articulation fits closely 

and precludes any sliding motion of the jaw. Upper and lower tooth rows interdigitate and 

shear past each other in such a fashion that each lower tooth fits between two teeth of the 

upper row along their lingual surface. In the maxilla, wear facets are found on three 

regions of the crown: the rostral edge, the caudal edge and at the tip of the occlusal 

surface. There is an interesting sequential pattem of tooth wear. In tooth 5, the wear 

facet is restricted to the occlusal surface, the rostral and medial edges are intact. 

Apparently this is the very first sign of tooth wear. In tooth 7, both occlusal and rostral 

facets can be seen, implying that the rostral facet appeared after the occlusal facet. 

Finally, in tooth 4, all three facets - occlusal, rostral and caudal are present. Thus the 

sequence of appearance of wear facets is: occlusal -> rostral -> caudal (Figure 16). 

The rostral series of teeth (1st-10th) have a slender spatulate tooth crown and 

elongate root. Wear facets are concentrated on the lingual side of the crown surface. 

The first tooth bears three distmctive facets. The rostral facet is very smaU and extends to 

the lower part of the crown. The occlusal facet is more pronounced than the rostral and 

exposes the dentine. The caudal facet is also prominent and occupies the whole length of 

the crown. 
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The second tooth is very important as h indicates well the sequence. There are 

three disconnected facets at the border of the lingual surface. The rostral facet is weak 

and is restricted to the middle of the rostral rim. The facet is very narrow and slh-like 

tapering dorsoventrally. Comparison whh the wear pattern in the first tooth suggests that 

this facet and the caudal facet of the first tooth were both formed by the shearing of the 

single lower tooth. The occlusal wear is an incipient facet The caudal facet shows the 

same degree of wear as the rostral, but is located closer to the lower part of the crown. 

All three facets are weak and do not excavate the dentme layer. 

The thh-d tooth lacks a wear facet. The fourth tooth shows extensive wear facets 

at three edges, indicating h was a mature tooth. The occlusal facet is promment and 

connects whh the other two facets. All three facets expose the dentine. 

The fifth tooth, as discussed eariier, shows only the occlusal facet. This condhion 

indicates that the tooth wear began with the crown tip, followed by the rostral and caudal 

wear. 

The sixth tooth also is another older generation tooth, and shows a replacement 

tooth at the base. The occlusal facet is continuous with the rostral and caudal facets. The 

morphology and wear facet is nearly the same as the fourth tooth. The occlusal facet is 

relatively small in sixth tooth, indicating that the fourth is older than the sixth. 

The seventh tooth shows separate occlusal and rostral facets, but lacks the caudal 

facet. 

The tooth wear pattem in the caudal half row (11th - 20th) of ZG65430 is 

obviously different from the rostral series, showing no rostral facet. The eleventh and 

twelfth teeth are not yet fiinctional and lack any wear facets. The thirteenth and fifteenth 

teeth show both occlusal and the caudal facets that excavated the dentine. The fourteenth, 

sixteenth and eighteenth teeth exhibit only the occlusal facets. However, wear has made 

the occlusal surface a sharp cutting edge. 

The tooth wear pattem sheds new hght on the tooth function of Shunosaurus. The 

geometry of the wear facets clearly indicates that the movement of the lower jaws was 
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essentially orthal (i.e., simple open-and-shut,), without any sliding or lateral motion. 

Tooth wear began at the crown tip. The tooth axis is curved outward from the crown tip 

to the root. In the occlusal phase, the opposing crown tips shde past each other, so the 

first stage of tooth wear is occlusal wear. The location of the replacmg tooth at the labial 

margin is very unusual. The new replacement tooth empted at the base of the alveolus 

lingually, as in other reptUes, but migrated labially as h grew. When h reached the lower 

margin of the maxiUa, h occupied the labial side of the fiinctional tooth. As the 

replacement tooth grew further, the tip of the fianctional tooth moved inward and caused 

more surface of the rostral and caudal ridge to be wom by the lower tooth. This caused 

the functional tooth to reach the peak of hs shearing effectiveness. At this stage, the wear 

on both rostral and caudal edges become dominant and is formed by the occlusion with the 

ahernative lower teeth. 

Tooth replacement analysis. Because there is no obvious size gradation m 

ahemate tooth rows, the tooth replacement pattem can be inferred from the tooth wear 

facet. The sequence of replacement at each tooth position was apparently as foUows: (1) 

the tooth empted on the caudo-lingual side; (2) there is a window on the base of the 

lingual side of the functional tooth; (3) the replacement tooth tunneled through the 

window and appeared at the labial side; (4) the base of the tooth was completely wom out 

leaving the functional tooth in a precarious condhion; and (5) the replacement tooth 

occupied the position of the old tooth and grew. The labial migration of the replacement 

tooth appears to be a unique feature in Shunosaurus. 

A replacement tooth is recognized on the basis of hs small size, hs location at the 

base of an old tooth, and the lack of wear facets (Table 2). A functional tooth is fully 

empted with varying extent of wear facets. Five stages of functional teeth (Fl - F5) and 

three stages of replacement teeth (Rl -R3) are recognized. The stages are, in order of 

increasing age: 

Rl, small incipient tooth showing the tip of the crown. 

R2, the crown is fully empted. 
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Table 2: Tooth morphology and measurements of Shunosaurus 

Tooth 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Occlusal facet 
yes 
yes 
no 
yes 
yes 
yes 
yes 
no 
yes 
no 
no 
no 
yes 
yes 
yes 
yes 
no 
yes 
no 
no 

Rostral facet 
yes 
yes 
no 
yes 
no 
yes 
yes 
no 
yes 
no 
no 
no 
no 
no 
no 
no 
no 
no 
no 
no 

Caudal facet 
no 
yes 
no 
yes 
no 
yes 
no 
no 
yes 
no 
no 
no 
yes 
no 
yes 
no 
no 
no 
no 
no 

Wear stages 
F4 
F3 
F2 
F5. R3 
F2 
F5. R3 
F3 
Fl 
F5. R2 
F2, Rl 
Fl 
F2, Rl 
F4, R3 
F3, Rl 
F4, R3 
F3, Rl 
F2 
F3, R2 
F2 
Fl 
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R3, the crown is reaching the labial margin of the maxiUa. 

SimUariy, for functional teeth: 

Fl, the tooth is fully developed whh intact crown and root, whhout any sign of wear 

F2, the crown tip begins to wear. 

F3, small wear facet present in the rostral and caudal side. 

F4, the wear facet is expanded. 

F5, the occlusal facet is reduced but the rostral and caudal facets become dominant and 

extend to the crown base. 

The next step is the measurement of Z-spacing (= Zahnreihen spacing, DeMar 

1972, 1973). Edmund (1960) used the term Zahnreihen for each member ofa set of 

equally spaced caudally sloping paraUel lines that intersected a tooth at every tooth 

position. In addition to Zahnreihen, he also recognized tooth famihes (sets of lines 

approximately at right angles to the horizontal tooth row), and replacement waves (sets of 

lines with low slope, involving every other tooth). With these three sets of parallel lines, 

he believed he had completely described all of the possibilities. DeMar modified the 

Zahnreihen defmition (1972, 1973) to any member ofa set of equally-spaced parallel lines 

drawn through the points representing teeth of an Edmund diagram in such a way as to 

have minimum caudal slope and intersecting a tooth at every tooth position. This 

definhion opens up an infinite number of other possibilifies that could be confused with 

Zahnreihen. The arrangement of Zahnreihen thus reflects the timing of tooth replacement 

events, which is the phenomenon of interest here. As a first approximation, this relative 

timing can be expressed as distance (in tooth positions) between Zahnreihen, this is Z-

spacing. For instance, in Figure 17, Z-spacing is between 2 and 3.3 , Z-spacing can be 

determined in any dentition which is ordered enough to reveal Zahnreihen. From these 

data an Edmund diagram can be constmcted. 

Shunosaurus shows well organized replacement activity; Z-spacing is determined 

by locating two teeth in adjacent Zahnreihen that are in the same phase of replacement, 

and measuring the distance in tooth poshions between them. The measurement of 

47 



F5 
F4 
F3 
F2 
Fl 
R3 
R2 
Rl 

J 

I 2 3 » 4 

\ 
\ 
\ 

I 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

\ 
\ 

\ 

> 

\ 
\ 

' 

V 

\ 
\ 
\ 

\ 
\ 

\ 
V 

^ 

. 
N 

i 

\ 
\ 

\ 

\ 

\ 

, 

\ 

\ 
J 

\ 
\ 
\ 

1 

\ 
\ 
\ 
\ 

' s 

Figure 17. Z-spacing diagram of Shunosaurus Hi (ZG65430). (see Table 2 for raw data). 
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maxillary teeth (Figure 17) shows the range of observed variation in Z-spacing and some 

of the measurement difficulties. The general strategy is always to measure the number of 

tooth positions between teeth that are at identical stages of development (White, 1958; 

DeMar, 1972). This is done by measuring the distance, parallel to the trend of the tooth 

row, between two adjacent Zahnreihen. However, there are some variations in the 

illustrations that are probably caused by three factors. Fhst, the stages are objectively 

defined with no quanthative meaning. Second, each stage's time interval is different. 

Based on the probability of the number in each stage (Table 2), the stages Fl, F2, and F5 

last a relatively short time (each 15%) compared to stage F3 (30%), and F4 (25%») in 

Shunosaurus. Third, the replacement tooth development period (Rl - R3) is definitely 

different than the functional tooth (Fl - F5) wear time. There is not enough evidence to 

specify this data, and here h is treated as the same. 

Based on the above study, the following generalizations about variation in Z-

spacing are reached. First, the Z-spacing varies between 2. 0 to 3. 3 in Shunosaurus. The 

average variation is in the range of most reptiles, between 1. 56 to 2. 80 (DeMar, 1972). 

These values indicate that the replacement wave direction could only be back to front in 

Shunosaurus. Second, the individual Zahnreihen seems to have a consistent slope. Third, 

the Zahnreihen slope varies from 1 to 3 in Shunosaurus. 

Conclusion. The dentition of Shunosaurus sheds new light on the tooth 

replacement pattern among sauropods. (1) The replacement series (odd and even) are 

from the back to front. The replacement wave direction, independent of the tooth 

morphology and tooth number relies chiefly on the Z-spacing. (2) The total life of a tooth 

is relatively long so that the time spent for replacing a tooth is relatively short. The 

proportion of the replacing period (stages III and IV) is 20% of total tooth development. 

(3) The average Z-spacing is 2. 66 and the individual or whole Zahnreihen are highly 

organized. The slope between them shows slight variation. (4) The jaw motion is 

exclusively orthal. The pattem of wear facet suggests that the upper tooth row shears 

past the labial side of the lower tooth series, and they occlude in ahemate fashion. 
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Endocast and Brain Morphology 

Sauropod endocasts are known from the following genera: Antaretosaurus (von 

Huene and Matley 1933), Barosaurus (Janensch 1935-1936), Brachiosaurus (Janensch 

1935-1936), Camarasaurus (Marsh 1880, 1889; Osbom and Mook 1921; Ostrom and 

Mcintosh 1966), Cetiosaurus (described as Megalosaurus bueklandi by von Huene, 

1906), Dieraeosaurus (Janensch 1935-1936), and Diplodoeus (Holland 1906; Marsh 

1884, 1896; Osborn 1912). It is generally beheved that sauropods had extraordinarily 

small brains relative to their body size. Unlike birds and mammals, the brain of sauropods 

did not fill the braincase completely. However, an endocast provides a fairly superficial 

topography and contour of the brain. The divisions of the brain into three regions: 

forebrain, midbrain, and hindbrain, are not weU differentiated in the endocasts of 

sauropods. Hopson (1980) estimated the relative brain size of two sauropod genera, 

Brachiosaurus (estimated brain volume 174 ml; body weight 87 tons) and Diplodoeus 

(estimated brain volume 47 ml; body weight 11.7 tons). He thus calculated the 

encaphalization quotient (EQ) of these two genera as 0.17 and 0.18, respectively, both 

values he in the reptihan domain of brain / body size map (Hopson 1980). 

Latex casting was used to make the endocast of Shunosaurus (ZG65430) and 

Camarasaurus (DNM28). The endocranial cavity is much larger than the width of the 

foramen magnum; as a result h is difificuh to remove the endocast from the cavity through 

the foramen magnum. It is impossible to fill the brain cavhy completely with latex. I 

designed a new method to coat the endocranial cavity wall instead of the whole brain 

cavity. First, I have remove as much matrix as possible from the endocranial cavity. The 

cavhy is then washed using acetone before coatmg whh a very thin layer of Butvar (B-

76). The Butvar is allowed to dry completely. A thinned latex is painted over the 

endocranial cavity using flowing strokes. The bmsh is kept full of latex at all times and is 

allowed h to flow onto the surface without any air bubbles. After the first coat, the 

second coat should be applied in the same manner. Several addhional coats of thicker 
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latex are applied, allowing each coat to dry before the next is applied, until an opaque 

appearance is attained. Now the entire latex endocast is ready to remove. After removal, 

casting is trimmed to conform to the contours. 

The brain of Shunosaurus Hi (Figures 18, 19) is relatively small, shallow and 

narrow transversely with a prominent pineal flexure and a subdued pontine flexure. The 

brain is 11 cm long, 2.5 cm wide and 4 cm high, excluding the ventral projection of the 

pituhary body. The shape of the olfactory bulbs of Shunosaurus is reflected by 

depressions on the undersurface of the frontal bones. They are elongate, broad rostrally 

and join the cerebral region by means of short, narrow peduncles. The cerebral region 

widens gradually to a maxhnum width above the trigemmal nerve (V). It rises weU above 

the level of the olfactory bulbs and terminates dorsally m a mgose area below the parietal 

bone. This cerebral flexure is not as prominent as in the endocast of Camarasaurus 

(DNM28) and Diplodoeus (Holland 1906). Although there is a parietal foramen in the 

skull roof of Shunosaurus, the endocast fails to show the distinct dorsal projection. The 

cerebmm is as long as its high, but is extremely narrow transversely. On the rostroventral 

surface of the cerebmm, the optic nerves (II) enter. SmaU, eye muscle nerves, such as 

occulomotor (III) and trochlear (IV) arise from the base of the midbrain. Behind and 

below their exits, a prominent ventral projection mdicates the attitude of the pituitary body 

which is directed backward and downward. It is preserved beautifully m the endocast. It 

extends considerably below the level of the floor of the meduUa. A large canal, 

presumably for the intemal carotid artery, passes caudodorsally from hs base. Halfway up 

hs rostral face, the canal for the abducens nerve (VI) enters the pituhary fossa. 

The optic lobes are located behind the cerebmm. However, they are not as clearly 

demarcated as in birds and mammals. From the midbram region, the endocast of 

Shunosaurus slopes gradually to the foramen magnum. The canal for the middle cerebral 

vem projects above the trigeminal root. The cerebmm is extremely narrow with a median 

dorsal ridge. The ridge is somewhat curved dorsaUy, but in other sauropods, this ridge 

slopes gently backward. In bipedal theropods (including birds), where balance and 
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Figure 18. Lateral view of the endocast of Shunosaurus Hi (ZG65430). For abbreviations, 
see Appendix A. Scale = 5 cm. 
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Figure 19. Ventral view of the endocast of Shunosaurus Hi (ZG65430). For abbreviations, 
see Appendix A. Scale = 5 cm. 
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coordination are essential, the cerebeUum appears to be a large sweUing. In sauropods, on 

the other hand, because of quadmpedal posture, the body weight was weU distributed 

among four limbs, and the cerebellum was relatively smaU. 

The medulla of Shunosaurus is long compared to that of Camarasaurus (DNM28) 

and Diplodoeus (Holland 1906). It hes below the optic lobes and cerebellum and is the 

seat of many cranial nerves (V-XII). The rostral portion of this region is constricted, but 

becomes broad caudally. The trigeminal nerve (V) is large and emerges from the medulla 

below the optic lobe. A small facial nerve (VII) lies caudoventral to nerve V. The 

endocast reveals part of the inner ear and canalicular system. It shows a ventral 

projection, the lagena, and the dorsal outgrowth that may indicate part of the rostral and 

caudal vertical canals. The fenestra ovahs lies at the base of the lagena. Behind the inner 

ear cavity is a large ganglion that represents several cranial nerves such as 

glossopharyngeal (IX), vagus (X), accessory (XI) as well as intemal jugular vein. Farther 

backward lies the hypoglossal nerve (XII), as h emerges from the braincase, h divides into 

two major branches. 
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CHAPTER III 

STUDY OF CAMARASAURUS 

Camarasaurus (Figure 20) is one of the weU-known sauropods represented by 

several complete skeletons from the Upper Jurassic Morrison Formation of North 

America. Although the specimens are excellent, our knowledge of the detailed anatomy of 

the skuU, especially the braincase, is limited. White (1958) described the braincase 

(DNM28) of Camarasaurus lentus (Marsh) from the Dinosaur National Monument in 

Utah, but his description was brief and the material needed fijrther preparation for detailed 

interpretation. Recently, Madsen et al. (1995) provided a comprehensive description of 

the skull of Camarasaurus. The cranial elements of Camarasaurus associated with the 

braincase (DNM28) are virtually complete and excellently preserved, providing three 

dimensional anatomical information. I have made further preparation of the bramcase for 

detaUed interpretation. 

Geological Setting of Dinosaur National Monument. Utah-Colorado 

This monument contains the world's most concentrated deposh of petrified bones 

of dinosaurs, crocodUes and turtles in the Upper Jurassic Morrison Formation. The 

Morrison sediments were deposhed as a comparatively thin sheet of continental sandstone, 

mudstones and lacustrine limestones over a vast area of the western United States. 

Sediments outcrop from Arizona m the southwest to Montana in the north, and to South 

Dakota and Oklahoma in the east. Three major sources of sediment have been recognized 

(Petersen 1972): a major westem source in Idaho or Nevada, a southwestem source in 

central and southern Arizona, and a northeastem source from the Transcontinental Arch 

The Jurassic of the Westem Interior was punctuated by four successive episodes of 

transgressions of northem seas, each of which faUed to connect with the Gulf Coast 

embayment (Hallam 1975). The Morrison Formation represents a continental phase of 

sedimentation foUowmg the fourth and final Jurassic (Oxfordian) marine transgression. 
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This mosaic of riverine, lacustrine and floodplain environments (Dodson et al. 1980) 

supported a rich dinosaur fauna (see Table 3). Along with dinosaurs, the Morrison fauna 

also includes lungfish, anurans, urodele, turtles, rhynchocephahans, lizards, crocodUe and 

early mammals (Ostrom and Mcintosh 1966). 

The geological setting of the Morrison Formation at Dinosaur National 

Monument, Utah (Figure 21) has been described by many workers (Bilbey et al. 1974; 

Lawton 1977; Dodson et al. 1980). The Dinosaur Quarry vishor center is located 12 km 

north of Jensen, Utah. One wall is formed by the quarry face, enabling vishors to watch 

preparators whh jackhammer and chisel cutting away rock to expose dinosaur bones. The 

principal dinosaur-bearing layer is restricted to the upper half of the Morrison Formation 

The stratigraphic sequence begins with the Paleozoic and extends upward successively 

through the Mesozoic sediments such the Sundance, Morrison, Dakota, Aspen, and 

Frontier Formations (Figure 22). These sediments are steeply tihed and dip 60^ south. 

The Morrison at this locality is composed lithologically of ahemating beds of sandstones 

and shales of varying thickness and the formation at this section is 242.32 meters thick 

(Gilmore 1936). Four lithofacies were recognized in this region (Dodson et al. 1980): (1) 

coarse-clastic and sand-lens; (2) variegated mudstone; (3) drab mudstone; and (4) 

limestone-marl. The coarse-clastic and sand-lens hthofacies generally contain vertebrate 

fossils. The hthology in the Dinosaur National Monument is dominated by white, brown-

gray sandstone with mud and carbonate clasts. The sand units are usually well-sorted and 

clean, whereas the coarse-clastic units are poorly sorted. The typical sedimentary 

stmctures are cross-stratification, ripple laminae and irregular partings. Dodson et al. 

(1980) reconstmcted the environment in this area as a typical riverine, lacustrine and 

floodplain settmg, similar to the modem Hwang-Ho and Yangtse-Kiang Rivers of Chma. 
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Table 3. Dinosaurs in Morrison Formation (from Dodson et al. 1980). 

Suborder Genus 

Theropoda 

Sauropoda 

Coelurus Marsh 1879 
Omitholestes Osbom 1903 
Stokesosaurus Madsen 1974 
Marshosaurus Madsen 1976 
Ceratosaurus Marsh 1884 
Allosaurus Marsh 1878 

Haploeanthosaurus Hatcher 1903 
Brachiosaurus Riggs 1904 
Camarasaurus Cope 1877 
Apatosaurus Marsh 1877 
Diplodoeus Marsh 1878 
Barosaurus Marsh 1890 

Omithopoda 
Nanosaurus Marsh 1877 
Dryosaurus Marsh 1894 
Othnielia Gahon 1977 
Camptosaurus Marsh 1885 

Stegosauria 
Stegosaurus Marsh 1877 
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Figure 21. Sketch map of the geology of eastem Uinta basin, Utah, U S A showing the 
location of the Dinosaur National Monument quarry (after Gilmore, 1936). 
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River-terrace materials, underlain by Milliard shale 
Frontier formation: 

Sandstone, fairly coarse, gray to brown, cross-bedded. . 
Shale, yellow, sandy, with thin layers of gray sandstone. 

Aspen shale: 

Shale, bluish-gray, contains many fish scales 
Shale, yellowish, sandy 

Dakota? sandstone: 

Sandstone, gray to brown, locally weathering pink, conglomeratic, cross-bedded. 
Shale, rusty brown and drab 
Sandstone, gray to brown, in thin beds 
Shale, rusty brown and drab 
Sandstone, ripple-marked, brown to gray, cross-bedded 
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22 
158 

50 

37 

35 
27 
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37 
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Morrison formation: 

Shale, gray, violet and greenish, with lenses of greenish argillaceous sandstone, grit, 
and conglomerate, that weather to a chocolate-brown; highly variable unit 279 

Sandstone, greenish, conglomeratic; weathers brown. 
Horizon of dinosaur quarry 10 

Shales and sandstone, variegated; like second unit above 506 
Sundance formation: 

Sandstone, fine grained, fissle, beautifully ripple-marked and rain-pitted, greenish-
gray, with interbedded shale. Some layers contain Oslrea sp 40 

Sandstone, platy, ripple-marked, gray, fine grained; contains Rhynchonella gnalhophora 
Meek, and Tancredia warrendna M. & H 2 

Shale, greenish-gray, with some platy sandstone, same color 65 
Sandstone, brown, limy, contains Ostrea slrigilecvla 1 
Shale, dark gray, almost black, containing dense blue limestone in concretions 42 
Limestone, gray, coarse, sandy, contains 

Eumicrotia curia (Hall), Ostrea slrigilecula White, Camptonecles platessiformis 
White, Aslarte pachardi White, Tancrediaf inomata Meek and Hayden, Tancredia 
sp., Dosiniajurassica Whitfield?, Cardioceras russeUi Reeside, Cardioceras hyalti 
Reeside, Cardioceras cordiformis Meek and Hayden, Cardioceras aflf. C. wyomingense 
Reeside, Cardioceras sp 1 

Shale, greenish-gray, with limestone in nodules and containing Osirea slrigilecula 
White, Eumicrolis curia Hall 27 

O 
ca 
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Nugget sandstone of authors: 
Sandstone, massive, cross-bedded, yellow to gray 91 
Shale, and platy sandstone, yellow to gray 12 
Sandstone, massive, gray to yellow, cross-bedded 120 
Shale, variegated, gray to brick red 107 
Sandstone, very massive, yellow to gray, forms here an impassable ridge, must be some 

hundreds of feet thick. 

Figure 22. Geologic section measured at The Dinosaur National Monumem quarry (after 
Gihnore, 1936). 
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Systematic Paleontology 

Order Saurischia Seeley, 1888 

Suborder Sauropodomorpha Huene, 1932 

Infraorder Sauropoda Marsh, 1878 

Family Camarasauridae Cope, 1877 

Subfamily Camarasaurinae Nopcsa, 1928 

Genus Camarasaurus Cope, 1877 

Diagnosis - The following features are unique to Camarasaurus among other sauropods: 

(1) the tooth crown is expanded transversely; (2) there is a longhudinal groove along the 

interdental plates dorsally in the medial side of the maxiUa; (3) the subnarial opening is 

located in the rostral comer of the extemal nostril opening; (4) there are three extemal 

occiphal vein foramina in the occiput region; (5) the upper temporal fenestra is a dorsal 

slit; (6) the pterygoid has a deep prominent fossa dorsally for receiving the basipterygoid 

process; (7) the pterygoid ramus of quadrate is tmncated; (8) the crista prootic is 

extremely developed and conceals the basiocciphal tubera laterally; (9) the fenestra ovalis 

and metotic fenestra are hidden laterally by crista prootic; (10) the surangular fenestra is 

present; and (11) the prearticular is extremely elongate and contacts whh the splenial. 

Type species - Camarasaurus supremus Cope, 1877. 

Camarasaurus lentus Marsh, 1889 

Horizon - Morrison Formation, Upper Jurassic 

Holotype - No. 1910, Y. P. M. , vertebral series from second cervical to eighth caudal, 

fourth cervical rib, left scapula, part of right coracoid, both humeri, left radius, both ilia, 

right pubis, left ischium, left femur, both tibia, left hind foot. 

Referred specimens - DNM28, a nearly complete skuU with intact braincase. 

Specific diagnosis - Same as for genus. 
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Institutional abbreviations - CM: Carnegie Museum of Natural History; DNM 

Dinosaur National Monument at Utah; TTUP: Paleontology division. The Museum of 

Texas Tech University. 

Description of Camarasaurus Skull 

The specimen DNM28 was discovered during the summer of 1955 at the Dinosaur 

National Monument in bentonitic clay of the Morrison Formation. The skull bones were 

found disarticulated, and accompanied by a complete cervical and anterior dorsal 

vertebrae series. 

The specimen DNM28 is probably the best skull of Camarasaurus that has ever 

been discovered (Figures 23, 24). It has been slightly compressed and is composed of the 

caudal part of the cranium, left premaxilla, both maxiUae, both quadrates, left 

quadratojugal, left pterygoid, left lacrimal, and both lower jaws. Although the skull length 

is more than 50 cm, most of the individual elements are disarticulated and can be 

assembled nicely. Surprisingly, the Camegie skuU (CM 11338) of the juvenile individual, 

which would be about 1/3 the size of specimen DNM28, is also intact. Supplemental 

characters are based on the cast of this juvenile spechnen of Camarasaurus (TTUP 7581) 

at the cohection of Texas Tech University. 

Extemal Skull Fenestration 

As in Shunosaurus, there are five openings in the skull laterally: extemal naris, 

antorbital fenestra, orbit, upper temporal fenestra and lower temporal fenestra. There is a 

distinctive subnarial opening between the premaxilla and maxilla, that is clearly visible in 

medial view. The extemal naris is as large as the orbh and lies above h. The nasals form a 

thin vertical plate between the two narial openmgs. Behind them, the skull roof is flat and 

broad. The antorbhal fenestra is dorso-ventrally elongated and is triangular. The orbit is 

subrounded where the vertical axis is somewhat directed forward. The upper temporal 
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Figure 23. Exploded views of skuU bones of Camarasaurus showing theh inter
relationships in left lateral view. For abbreviations, see Appendbc A. Scale = 5 cm. 
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fenestra is extremely smah and sht-hke. The lower temporal opening is large and key-hole 

shaped. 

Dermal Bones of the Skull Roof 

The body of the premaxilla (Figures 23, 24, 25, 26A, 26B) is roughly quadrangular 

and massive, with an ascending nasal process. The rostral side of the body is slightly 

curved. The lateral surface is gently convex while the medial surface is slightly concave. 

On the lateral surface, numerous, unevenly spaced foramina are present, each foramen 

extending as a vertical groove that continues to the alveolar margin. This foramen-groove 

stmcture must be linked to the neurovascular system for the branches of the maxillary 

artery. Similar foramen-groove stmctures are evenly distributed on the lateral aspects of 

the maxilla and dentary. The dorsal part of premaxilla is thin as h rises and bifiircates into 

the nasal and maxillary processes to form the rostroventral margin of the extemal naris. 

The nasal process of the premaxilla is considerably pushed medially from the main body of 

the premaxilla, and shows a kink in lateral profile. Because of this displacement, this 

process becomes very thin and vertical and contacts the nasal far caudally. The maxillary 

process is divided into the two subprocesses: the ventral and dorsal branches. A large 

depression is created by the ventral maxillary process ventral to the extemal naris through 

which the opening of the subnarial fenestra is visible. The blood vessels and nerves from 

the palate exit through this fenestra. This fenestra is totally hidden in lateral aspect. The 

dorsal maxillary process is thin and twisted horizontally to reach the maxilla. The anterior 

maxillary foramen is located between them. 

The maxiUa (Figures 23, 24, 25, 26C, 26D) is a robust bone that slopes outward. 

It is broad vertically in the rostral portion but becomes narrow caudally. The ascending 

process of the maxilla is stout and directed upward and backward from the main body of 

the bone. It gradually widens as a thin transverse flange dorsally to contact the lacrimal. 

At the foot of this process a thin vertical septum of premaxiUary process extends medially 

to make a secondary contact with the premaxilla. This septum and the premaxiUary 
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platform forms the floor of the extemal narial fossa where the subnarial fenestra and 

anterior maxillary foramen are located. The main body of the maxiUa presents a broad 

smooth lateral surface that is marked with irregular foramina and grooves. The alveolar 

margin is deflected slightly outward, forming a border for the protection of the immature 

teeth. The upper caudal end of the maxiUa unites wholly whh the jugal by a concave 

suture and the lower end is attached by the rostral process of the quadratojugal. The left 

maxillary has ten fiiUy empted teeth, which are spoon-shaped. 

On the medial surface, the maxilla has a very limited contact with the palatal bones 

(Figure 25B). Above the caudal end of the tooth row are two small mgose areas, each for 

the sutural union with the ectopterygoid and the palatine respectively. The remaining area 

is quhe smooth. On the dorsal side of the ectopterygoid suture, there is the caudal 

alveolar foramen for the maxiUary artery and the superior alveolar nerve (White, 1958). 

There is a short eUipsoidal process that fits into a corresponding recess in the foot of the 

lacrimal. On the dorsal shelf three foramina are visible; the rostral foramen is large and 

elongate and the two caudal foramina are small. 

The interdental plates are elongated rostro-caudally and held firmly in place. They 

form a shallow groove which extends parallel to the tooth row. Above this groove is a 

row of small windows between the interdental plates. The labial wall extends ventrally 

beyond the hngual wall throughout the length of the jaw. 

The nasals (Figures 23, 24, 25 A, 27 A-C) form a considerable portion of the skull 

roof Rostrally each bone is constricted and rod-like to receive the premaxilla in a 

longitudinal groove. Farther back, the lateral process of the nasal extends outward and 

downward to contact the lacrimal and the ascending process of maxilla. Here the nasal 

becomes the widest roof at this process. Caudal to this process, a groove on the 

caudolateral comer of the nasal shows the attachment area for the prefrontal and forms the 

dorsal rostral margin of the orbh together. The nasal contacts the frontal caudally with a 

relatively straight suture. 
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The prefrontal (Figures 23, 24, 25A) is a smaU, thick, and eUiptical element 

attaching in the rostrolateral end of the frontal. RostraUy h articulates along the lateral 

groove of the nasal. 

The two frontals (Figures 23, 24, 25A) form the subrectangular plate in the dorsal 

roof of the skuU but the median suture is fiised for the most part. The frontal-nasal suture 

is nearly straight. The rostrolateral process is covered by the prefrontal. The lateral 

margin of the frontal forms the rounded, mgose orbhal rim. Along the midline the frontals 

show a pineal opening that appears to be covered on the right side by a thin layer of bone. 

The presence or absence of pineal foramen in sauropods along the midline juncture of the 

frontals and parietals is controversial (Roth and Roth, 1980). Madsen et al. (1995) 

offered 4 possibilities: (1) the foramen is a juvenile feature; in the aduh, h is covered by a 

thin layer of bone; (2) the foramen is an artifact; the thin layer of bone covering this region 

is lost in many specimen because of poor preservation or preparation; (3) the foramen 

mdicates vestigial development and is variable among species; (4) presence or absence of 

this foramen may indicate two different species. Madsen et al. (1995) preferred the 

second explanation but maintained that some of the openings may be genuine. The 

presence ofa thin bony layer on the right side of this foramen agrees weU whh the second 

interpretation. The caudolateral comer of the frontal articulates with the rostral process of 

the postorbhal with which it forms the rostral border of the upper temporal fenestra. 

The lacrimal (Figures 23, 24) is a complex vertical bone separating the orbit from 

the antorbhal opening. In lateral aspect, h has an expanded foot, a constricted shaft, and a 

tapering dorsal process. However, the bone extends considerably medially with complex 

lamellar stmctures. Dorsally, at the rostral edge, there is a vertical groove for the 

reception of the ascending process of the maxiUa. Farther ventrally, at mid-height, there is 

a prominent lacrimal foramen which remains hidden in lateral view. The foot of the 

lacrimal is very wide and articulates at the maxiUa-jugal plate. 

The jugal (Figures 23, 24) is considerably reduced in Camarasaurus. It has U-

shaped configuration, where the upper part of the U forms the rostral border of the lower 
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temporal fenestra. Rostrally h is set firmly in a groove on the caudal end of the maxilla. 

The dorsal process of the jugal extends upward to form an unusual projection. From there 

h curves backward to lap the ventral margin of the postorbhal. The caudal process 

extends backward to meet the quadratojugal. 

The quadratojugal (Figures 23, 24) is an L-shaped bone m lateral view, the 

horizontal arm is twice the length of the vertical arm. The horizontal arm extends forward 

to make a short contact whh the maxilla. It excludes the jugal in forming the ventral 

margin of the skuU. The vertical arm is extremely thin and flat medially. It attaches to the 

lateral surface of the lower one third of the quadrate in a broad overiapping suture and 

forms the lower comer of the lateral temporal fenestra. Its dorsal process is overiapped by 

the descending process of the squamosal. 

The squamosal (Figures 23, 24, 27D, 28) forms the caudodorsal comer of the 

lower temporal fenestra. It is a large and complex bone consisting of three processes that 

are directed caudally, rostrally and medially in varying shapes. The caudal process is very 

thin and shows a ventral socket for articulation whh the quadrate head. Here h extends 

laterally to abut against the paroccipital process. The caudal process is directed 

caudoventrally and covers the quadrate dorsally and laterally. The ventral branch of this 

process is more than half of the length of the whole quadrate. The ventral tip of this 

process reaches the dorsal process of the quadratojugal, thus making the quadrate almost 

hidden in lateral aspect. The rostral process is very short and contacts the postorbital 

ventrally. Here the two bones form a bar between the upper and lower temporal fenestrae. 

The medial process of the squamosal extends inward and forward to unite with the 

parocciphal process and the wing-like process of the parietal. 

The parietal (Figures 24, 25 A, 27D) forms the caudal part of the skuU roof 

between the two upper temporal fenestrae. The two parietals are fiised together along the 

midline and contact the frontals rostrally by a transverse suture. A distinct foramen 

appears to be present along the midline, but h could be an artifact of preservation. The 

paired parietals make little contribution to the skull roof However, they extend outward 
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Figure 28. Restored caudal view of the restorated skuU of Camarasaurus lentus (DNM 
78). For ^hhrwations. ?̂ ep Apnendix A. Scale = 5 cm 
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and backward considerably to form wing-like processes behind the upper temporal 

fenestrae and contact the squamosals. Ventrally, these processes overlap the tops of the 

prootics and the laterosphenoids. CaudaUy, each parietal sends a vertical flange on the 

occiput that overlaps the dorsal edge of the supraocciphal and the paroccipital process. 

Near the conjunction of the squamosal and the parocciphal process the postemporal 

fenestra is visible. Immediately above this opening, three small foramina indicate the 

passage for the extemal occipital vein. 

The postorbhal (Figures 23, 24, 27D) is a Y-shaped bone in lateral aspect, where 

the two arms of the Y are equal and bound the upper temporal fenestra. The bone 

overlaps the frontal rostrally, the parietal rostromedially, and the squamosal caudaUy. The 

descendmg process of the postorbital expands transversely to lap agamst the ascending 

process of the jugal. 

Palatal Complex 

The palate of Camarasaurus is highly vauhed where the choanae are placed 

relatively backward with the development ofa massive secondary palate, formed by the 

premaxilla and the maxiUa (Figure 25B). This suture is intermpted by the subnarial 

fenestra. Most of the palatal bones are well preserved except for the vomer and the 

palatine, which are supplemented by CMl 1338. 

The pterygoid (Figures 25B, 29A-C) is a large, complex, triradiate bone that lies 

nearly in vertical poshion, unlike the condhion of Shunosaurus. The palatal rami of the 

pterygoid are narrow transversely but extremely deep vertically. They are closely apposed 

along the midline to insert into the vomers. However, these two bones are not fiised but 

remain separate throughout the length. Each palatal ramus receives the palatine in lateral 

aspect. Further backward, the lateral flange of the pterygoid is dhected ahnost vertically 

into a curved, tapering process and receives the ectopterygoid in a vertical groove. 

Behind this flange, the two pterygoids become narrow and stout and diverge around the 

basipterygoid processes to form the interpterygoid vacuity. On the dorsal aspect, the deep 

77 



tap! 

fam fam 

Figure 29. Separate bones of the palate of Camarasaurus lentus (DNM 28). A. lateral 
view of the left pterygoid; B. medial view of the left pterygoid; C. dorsal view of the left 
pterygoid; D. medial view of the left ectopterygoid; E. lateral view of the left 
ectopterygoid; F. lateral view of the left quadrate; G. medial view of the left quadrate. For 
abbreviations, see Appendix A. Scale = 5 cm. 
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and oval recess for the basipterygoid process is present. However, this recess is partly 

covered by an overhanging bone that makes an intimate contact with the basipterygoid 

process. Along the lateral border of the recess, a thm ridge extends rostrally along the 

palatal ramus. Behind the recess, the quadrate process is relatively narrow and extends 

backward and outward to overlap the quadrate. 

The ectopterygoid (Figures 25B, 29D-E) is a small, curved bone that is narrow 

and stout rostrally but becomes thin and deep caudally. The rostral end has a flat surface 

for articulation with the palatine. Laterally, the ectopterygoid abuts the palatal arm of the 

maxilla. Farther backward, the caudal edge forms the rostral margin of the subpalatal 

fenestra. Here the bone bears a deep vertical process for lapping the lateral flange of the 

pterygoid. 

The vomer (Figure 25B) is a slender, elongate bone that hes behind the subnarial 

fenestra. Two vomers contact each other along the midline in the rostral half, and form a 

bridge over the choanae. RostraUy they are wedged between the maxillae. They are 

separated caudally to contact the pterygoid and the palatine. 

The palatine (Figure 25B) is a triangular, thin plate, oriented nearly verticaUy along 

the lateral side of the pterygoid and the vomer. Morphologically it is very similar to that 

of Shunosaurus (Figures 8B, lOC-D). The maxiUary process of the palatine extends 

forward and outward to join the maxiUa and forms a bar between the post palatal fenestra 

and the choana. The medial process of the triangular plate articulates with the vomer 

The palatine unites with the pterygoid caudaUy and the ectopterygoid laterally. 

The quadrate (Figures 23, 24, 29F-G) forms the caudal margin of the skull laterally 

and the articulation for the mandible ventrally. Unlike the condition in Shunosaurus^ the 

foot of the quadrate in Camarasaurus is shifted forward, while the jaw jomt has shifted 

ventrally from the alveolar margm. The bone is nearly hidden in lateral aspect by the 

squamosal-quadratojugal bar. Rostrally, h splhs into two flanges, the small, lateral flange 

for the reception of the squamosal-quadratojugal, and the larger, medial one for the 

pterygoid. The dorsal head is laterally compressed and fits into a socket in the squamosal. 
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The ventral articular surface is crescentic with numerous phs indicating cartilaginous 

padding. The caudal portion of the bone is fairly robust Medially the pterygoid ramus is 

a broad triangular plate that extends considerably forward. Laterally, the ascending 

process of the quadratojugal and descending process of the squamosal overiap the lateral 

flange of the quadrate and form the lateral waU of the quadrate fossa. The quadrate fossa 

is an elongate, oval depression located in the upper two-thirds of the caudal portion of the 

quadrate. The fossa becomes fairly deep at mid-height of the quadrate. This fossa may 

have been invaded by the tympanic diverticulum. The profile of the caudal side of the 

quadrate is fairiy concave for the attachment of the tympanic membrane. In Shunosaurus, 

this profile is nearly straight. 

Braincase 

The first detailed description of the braincase of Camarasaurus was provided by 

White (1958) on the basis of the same specimen (DNM28) described here. Most of the 

previous study remains vahd. Therefore, the focus of the description here wiU be 

restricted to those regions not visible in the earlier description, as weU as amendments of 

his interpretations of the otic capsule. Madsen et al. (1995) also discussed the braincase 

of Camarasaurus based on additional material. 

The basioccipital (Figures 28, 30, 31, 32, 33, 34) forms the ventral floor of the 

braincase. It is the major part of the occipital condyle and is overlain by the two 

exocciphals on the side of the foramen magnum. In DNM28, the condyle extends 

considerably backwards, about 50 mm behind the foramen magnum. In occipital view, the 

basioccipital has a typical hemispherical condyle from which two basal tubera are directed 

ventrally. The end of the basioccipital tubera are tmncated and pitted, indicating the 

presence ofa cartilaginous extension. These tubera are separated by a median notch. In 

Shunosaurus, on the other hand, this division is not clear-cut, and the two tubera are 

almost conjoined. Forward of the condyle, the basiocciphal is constricted to a neck and 

then flares again. A basiocciphal recess is present rostral to the tubera. 
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Figure 32. Lateral view of the braincase of Camarasaurus lentus (DNM 28). For 
abbreviations, see Appendix A. Scale = 5 cm. 
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Figure 33. Lateral view of the braincase of Camarasaurus lentus (DNM 28); part of the 
prootic is removed to show the detail of the tympanic area. For abbreviations, see 
Appendix A. Scale = 5 cm. 
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Figure 34. Caudoventral view of the bramcase of Camarasaurus lentus (DNM 28). For 
abbreviations, see Appendix A. Scale = 5 cm. 
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In lateral aspect, the basiocciphal is completely hidden by a large wall of the crista 

prootic. Here h takes part in the formation of the lower margin of the metotic fenestra 

Farther forward, h is strongly clasped by the basisphenoid. A detailed view of the otic 

capsule after removal of the prootic, is shown in Figure 33. As in other sauropods, the 

otic region shows two distinctive fenestrae, the rostral one represents the fenestra ovalis 

for the reception of the footplate of the stapes. The caudal fenestra is the metotic foramen 

through which nerves IX-XI and the caudal branch of the jugular vein are transmitted. 

Both the foramina are closed off dorsally by the opisthotic. Farther rostral to the fenestra 

ovalis, the exit for the facialis (VII) nerve is seen in the prootic. 

The basisphenoid and parasphenoid (Figures 28, 30, 31, 32, 33, 34) are inthnately 

fiised and very difificuh to delineate. This compound bone is triradiate as the two 

basipterygoid processes are directed ventrolaterally, whereas the parasphenoid rostmm is 

directed rostrally. The basisphenoid is attached to the basiocciphal by a transverse suture. 

The two basipterygoid processes are strongly built and insert into the pterygoids. In the 

rostral aspect, two distinct ridges extend from the ventral part of parasphenoid rostmm to 

the tip of the basipterygoid processes. These two ridges form a smooth platform between 

the two pterygoid processes. Laterally, the basisphenoid-parasphenoid complex is 

overlapped considerably by the prootic. At the confluence of the basisphenoid and 

parasphenoid rostmm, a large depression on the lateral surface of the braincase indicates 

the site for the attachment of the rectus muscle of the eye. The parasphenoid rostmm 

forms a wide vertical blade and inserts into the interpterygoid vacuity. At the base of the 

rostmm, the basisphenoid sends a vertical wall, the dorsum sella, on either side of the 

pituhary fossa to articulate whh the orbhosphenoid. The dorsum sella is pieced by the 

opening for cranial nerve VI. Medial to h, the cranial opening for the intemal carotid 

artery is visible. The pituhary cavity is not exposed as in Shunosaurus, instead it is 

rostrally covered by the dorsum sella. 

The exocciphal - opisthotic (Figures 28, 30, 31, 33) are completely fiised together. 

The two exoccipitals cover the dorsolateral portion of the condyle and nearly meet along 
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the midline. Each bone shows the opening for the exit of cranial nerve XII (hypoglossal) 

The opisthotic extends outward and downward to form the paroccipital process that 

abuts against the squamosal. Here, the postemporal fenestra is located at the juncture of 

the parocciphal process and squamosal. The fenestra is about 8 mm long and 15 mm 

wide. In lateral aspect, the opisthotic is bounded rostrally by the prootic to participate in 

the formation of the otic capsule. 

The prootic (Figures 30, 32, 34) forms the central part of the lateral wall of the 

braincase. It is bounded by the opisthotic and supraocciphal caudally, the basioccipital 

and basisphenoid ventrally, the laterosphenoid rostrally, and the parietal dorsally. The 

prootic forms the caudal margin of the trigeminal foramen (V), which is closed off 

rostrally by the laterosphenoid. Two shallow channels from the trigeminal foramen are 

directed dorsally and ventrally; the dorsal channel marks the passage for the maxillary 

branch of the trigeminal nerve, the ventral channel for the mandibular branch. Below the 

trigeminal foramen, a large lamina of the prootic bone overlaps the basisphenoid -

parasphenoid complex. The caudal margin of the prootic is extensive and forms the crista 

prootic. Viewed medially, the prootic is pierced by the two openings of the facialis nerve 

(VII). Farther ventrally, the lateral opening for the intemal carotid artery is seen. The 

caudal edge is sharp and forms the rostral border of the fenestra ovalis; this ridge extends 

continuously along the opisthotic to the parocciphal process. 

The laterosphenoid (Figures 30, 32, 33, 35) forms the rostral and lateral part of the 

side wall of the braincase. It hes rostral to the prootic and dorsal to the basisphenoid. 

Dorsal to the trigeminal foramen, it rises to the medial wall of the supratemporal fenestra. 

The lateral wall of the laterosphenoid is curved outward and expanded transversely to 

form the crista antotica. The lateral end of this process fits into a groove of the 

postorbhal. In Shunosaurus this process is well-developed. The lateral process is 

wrapped by the frontal dorsorostrally and the orbitosphenoid rostrally. 

The orbhosphenoid (Figures 30, 32, 35) forms the rostral wall of the braincase. It 

is a triangular, plate-like bone that meets at the midhne to form a projecting ridge. Dorsal 
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to this symphysis, a V-shaped notch forms the lower margin of the olfactory bulb. The 

rostral surface of the orbhosphenoid is relatively smooth. It is perforated by the foramen 

for the optic (II) nerve at the center of the bone. Caudoventrally there is a longitudinal 

groove in the lateral wall of the orbhosphenoid that continues farther ventrally to the 

laterosphenoid. The surface of the groove is very smooth and is marked by the two 

foramina at the opposhe ends. The dorsal foramen represents the exit for the occulomotor 

(III) nerve, the ventral for the abducens (VI). Further ventrally, the orbhosphenoid 

articulates with the dorsum seUa of the basisphenoid and forms the rostroventral wall of 

the phuhary fossa. 

The supraocciphal (Figures 28, 30, 31) forms the caudal roof of the braincase and 

borders the upper margin of the foramen magnum. The dorsal surface forms a hanging 

ledge behind the parietal. A distinct median ridge mns along the crest of the 

supraocciphal and almost disappears at the rim of the foramen magnum. LateraUy, the 

supraocciphal extends like wings; each wing articulates firmly with the opisthotic. 

Dorsally and rostraUy, the supraocciphal is overlain by the parietal. 

Lower Jaw 

The lower jaw of Camarasaurus is very short and high with a modest coronoid 

process. The ratio of the length to height is nearly 0.30 and the jaw ramus is thick 

rostrally but becomes thin and tapered caudally. The two sides of the lower jaws were 

preserved completely except for the splenial, articular and coronoid bones. These missing 

parts are reconstmcted from another specimen of Camarasaurus (CM 11338, Madsen et 

al. 1995) 

The dentary (Figures 23, 36) in Camarasaurus is massive and strikingly different 

from the slender dentary of Shunosaurus. It becomes deepest at the symphysis, which 

measures 83 mm from the alveolar margin to the ventral border. The front of the 

mandible is broadly rounded from side to side, and the two dentaries are united by a 

strong median symphysis. In dorsal aspect, the dental arcade forms a parabolic shape. 
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Figure 36. The lower jaw of Camarasaurus lentus (DNM 28). A. lateral view of the left 
lower jaw; B. medial view of the left lower jaw; C. dorsal view of the two lower jaws; D. 
ventral view of the two lower jaws. For abbreviations, see Appendix A. Scale = 5 cm. 
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The extemal surface, especially the rostral half, is dotted whh phs, probably indicating 

vascular foramina as noted in the premaxilla and maxiUa. The dentary is about 360 mm 

long. The caudal end overlaps the angular below and the surangular above in lateral 

aspect. Here the dentary is deeply excavated at the caudal end at hs junction with the 

surangular. Below the dentary-surangular suture, h sends back a wide, triangular process, 

which extends backward underneath the surangular and overiaps the angular In medial 

view the Meckelian groove is a deep, V-shaped channel that abmptly narrows rostrally as 

h extends along the ventral margin of the dentary. The alveoli decrease in size caudally. 

Beneath them is a series of fiised interdental plates that parallel the entire length of the 

tooth row. Caudal to the last tooth the upper border of the dentary meets the coronoid. 

In this specimen the dentary carries twelve teeth, evidently the complete series. The 

alveolar margin is 280 mm long. 

The angular (Figures 23, 36) forms the lower portion of the caudal half of the 

ramus. It is an elongate element and underlies the more robust surangular. A prominent 

ridge mns the entire medial length of the angular that receives the prearticular. The blade

like rostral part extends forward, and attaches to the angular process of the dentary 

medially. Dorsally, the nearly horizontal lamina of the caudal half of the angular forms the 

floor of the adductor fossa. Caudally, the angular expands transversely and fits into the 

depressed area along the ventral margin of the surangular. Here, the angular receives the 

articular. 

The surangular (Figures 23, 36) contributes a little to the formation of the 

coronoid process in lateral aspect. It gradually widens rostrally to the coronoid where h 

again becomes narrower as h approaches the dentary. The coronoid is attached medially 

with the surangular and the coronoid. Rostrally the surangular receives the caudal end of 

the dentary. Ventrally the bone is overlapped laterally by the angular and medially by the 

prearticular. The surangular tapers backward and downward caudally and slightly curves 

medially to receive the articular. 
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The prearticular (Figure 36) is an extremely elongate, thin plate that was 

misidentified as the vomer by White (1958). The ventral margin of this bone is neariy 

straight, and the dorsal portion is expanded vertically into a convex flange that forms the 

medial border of the adductor fossa. It articulates with the angular along the groove 

ventraUy. It attaches to the dentary and the splenial rostraUy and is overiapped by the 

articular caudally. 

The coronoid (Figure 36) is smaUest element in the jaw and is exposed mediaUy. It 

has an unusual rostral process that covers the interdental plates at midlength of the lingual 

border. Madsen et al. (1995) named this process the intercoronoid. A similar coronoid 

extension is known in Iguana. This process provides addhional support to strengthen the 

medial border of the alveoh. The main body of the coronoid is flattened and crescentic in 

outline. It overlaps the caudodorsal portion of the dentary and forms the rostrodorsal 

comer of the adductor fossa. 

The articular (Figure 36) is a smaU, compact bone that receives the quadrate 

condyle. It lies between the surangular laterally, the angular ventrally, and the prearticular 

medially. The articular surface for the quadrate is mgose and widens very rapidly from the 

caudal end. At the caudal margin of the articular surface, a small retroarticular process is 

developed. 

The splenial (Figure 36) is a flat bone attaching the dentary medially. It covers the 

Meckelian groove and extends along the ventral border of the jaw. Two processes are 

present around the adductor fossa. The caudal process extends backward along the 

medial surface of the angular. It overlaps the rostral portion of the angular and articulates 

with the rostroventral part of the prearticular dorsally. The dorsal process is relatively 

broad and extends caudodorsally, and is overiapped by the coronoid. The ventral part of 

the process forms the dorsorostral border of the adductor fossa. 
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Tooth Morphology 

As in Shunosaurus, the dental arcade is parabohc and the occlusal margin is 

uneven in Camarasaurus (Figure 37). To accommodate the curvature, the premaxUlary 

teeth are obliquely set in the alveoli so that the rostral edge is more medially directed, and 

the caudal edge is more laterally directed. The maxillary teeth are hnplanted paraUel to the 

alveolar margin in regular fashion. In DNM28, the teeth are so closely spaced that the 

rostral edge of one tooth overlaps the caudal edge of the precedmg tooth as in 

Plateosaurus (Gahon 1984) in medial view. This is very different from the condition of 

Shunosaurus where the teeth are widely spaced with sufficient gap between them. 

The root is massive and relatively short, unlike the condition in Shunosaurus, with 

a circular cross section. The ratio of the exposed part of the tooth to crown is about 1:1.2 

on average and there is no constriction between the root and crown. The tooth crown is 

typicaUy spatulate with mgose enamel on both sides. 

The implantation is typically thecodont (Figure 26C-D) where the hngual waU is 

strengthened by a series of overlapping interdental plates. Each tooth has a distinctive, 

enamel covered crown, and deep root. However, the root is not fiiUy set in the alveolus; 

instead h is exposed fah-ly beyond the alveolar margin in lingual aspect. This exposed 

portion of the root is very extensive m Shunosaurus. However, unlike the condition of 

Shunosaurus, the bases of tooth roots are never exposed in Camarasaurus. 

There are 4 teeth in the premaxiUa and 10 in the maxilla making a total of 14, 

which gradually decrease m size from front to back. The tooth formula is: 

Pm4 + M10 

D12 

where Pm is the premaxiUary tooth; M is the maxiUary tooth; and D is the dentary tooth. 

Like Shunosaurus, the lower teeth of Camarasaurus interdighate with upper teeth in a 

shearing fashion. The rostral, caudal and occlusal surfaces show distmctive wear facets 

that are interconnected in fiiUy empted teeth. UnlUce the condhion of Shunosaurus, the 

wear facets in Camarasaurus are more restricted to the crown tips. 
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There are only two teeth preserved in the right lower jaw and a smgle tooth in the 

left one, all of them are replacement teeth. They do not reach the chewing level and lack 

wear facets. In one tooth, the crown is exposed and the root is implanted m the alveolus 

completely. The crown is gently tapering to a point and is triangular in lateral view. 

There is a pronounced middle ridge on the medial surface that extends from the apex of 

the tooth to the base of crown. 

Tooth Replacement Pattern 

White (1958) briefly discussed the tooth replacement pattem in Camarasaurus. 

Specimen DNM28 includes the left premaxilla and maxilla with intact tooth rows, 

providing an opportunity to study the replacement pattem in detail. 

The morphology and wear facets of the tooth series from front to back are 

described here (Figure 37). There are four teeth in the premaxilla. Since the interdental 

plates are intact in Camarasaurus, the size and location of replacement teeth are not 

clearly visible as in Shunosaurus. The first premaxillary tooth is a replacement tooth; it 

has empted but not reached the occlusal level. Its crown lies below the labial margin. The 

crown in medial aspect is roughly triangular whh a pointed apex. From this shape, we can 

determine the degree and nature of wear in the following tooth series. The second tooth is 

fijUy empted, with extensive wear. The occlusal facet is small and relatively flat. The 

rostral facet is moderate near the top of crown. The caudal facet is extremely excavated 

whh a nearly horizontal surface. The third tooth is shorter than the preceding one; h has 

just reached the occlusal level and the crown tip has suffered wear. The fourth fijnctional 

tooth is missing, but was present in life. The replacement tooth can be observed in the 

caudal section that articulates with the maxilla. This replacement tooth is far beneath the 

interdental plate of the premaxilla and is impossible to see medially. The crown, 

completely formed is the same length as in the fiinctional tooth during its initial 

development. The replacing tooth generally migrates to the poshion of the old tooth 

during hs development. 
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Following the four premaxillary teeth, there are ten teeth in the maxilla which show 

gradual reduction of height caudally. The fifth tooth (first maxillary tooth) crown is 

young, with a little occlusal wearing. The sixth tooth is fiiUy empted whh a long root. 

Wear is so extensive that it has produced a horizontal platform on the crown. The seventh 

tooth is also fiiUy fiinctional, but the wear is not extensive. The occlusal facet is small and 

the rostral moderate. The caudal facet is deeply tmncated to produce a pointed tip on the 

crown. The eighth tooth is probably the oldest tooth in the series and shows as extensive 

wear facet that forms a horizontal surface. Rostral and caudal facets have lost their 

identhy and all are merged into a single platform. The wear surface has reached the 

maximum area. The ninth tooth is also fially fiinctional with a long root. The wear facets 

in the crown have just begun to merge. The caudal facet is sharply tmncated. The tenth 

tooth is young with an intact crown and lacks wear. The eleventh tooth is fijnctional with 

a prominent facet on the occlusal surface. This facet is oblique forward and more outward 

than those on other teeth. Rostral and caudal facets can not be identified. The twelfth 

tooth is smaller than the preceding with a narrow, elongate occlusal facet. As in the 

eleventh, there is no rostral and caudal facet. The thirteenth tooth is a new replacement 

tooth and lacks a wear facet. The fourteenth tooth is also a similar replacement tooth that 

has occupied its position after the loss of the old tooth. 

The tooth replacement pattem (Table 4) is inferred from the degree of wear and 

the relative height of the root, as discussed in the section on Shunosaurus. Five stages of 

fiinctional teeth (Fl - F5) and three stages of replacement teeth (Rl -R3) are recognized 

on the left maxilla, based on the tooth exposure, tooth size, length and relative position in 

the alveoli, and wear facet. The stages are, in order of increasing age: 

Rl, smaU incipient tooth showing the tip of the crown. 

R2, fiiUy empted crown. 

R3, the crown has reached the labial margin of the maxiUa and is completely exposed. 

Similarly, for fiinctional teeth: 
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Table 4: Tooth morphology and measurements of Camarasaurus 

Tooth 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Occlusal facet 
no 
yes 
yes 
no 
yes 
yes 
yes 
yes 
yes 
no 
yes 
yes 
no 
no 

Rostral facet 
no 
yes 
no 
no 
no 
n/a 
yes 
n/a 
n/a 
no 
n/a 
n/a 
no 
no 

Caudal facet 
no 
yes 
no 
no 
no 
n/a 
yes 
n/a 
n/a 
no 
n/a 
n/a 
no 
no 

Wear stages 
R3 
F3 
F2 
R1.F4 
F2 
F5 
F3 
F5 
F4 
F1 
F4 
F3 
Fl 
R2 
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Fl, the tooth is young but fully developed with a long crown and long root, but lacks a 

wear facet. 

F2, the crown tip is beginnmg to show a wear facet. 

F3, wear facet is present not only on the occlusal, but also on the rostral or caudal side: 

however, the crown apex is still triangular. 

F4, the wear facet is expanded so that the apex of the crown becomes rounded. 

F5, three facets are merged to form a horizontal wearing surface. 

Based on these stages, the Z-spacing was measured (Table 4). Camarasaurus 

shows a fairly weU organized replacement pattem. The Z-spacing varies between 2. 0 to 

3.0 (Figure 38). These values indicate that the replacement waves moved from back to 

front (Osbom, 1972). The individual Zahnreihen seem to have a consistent slope. This 

slope becomes steep in the lower part, but abmptly decreases in angle in the last two 

stages. The Zahnreihen slope varies from 1 to 4 in Camarasaurus. In most reptiles, the 

Z-spacing lies in the range of 1. 56 to 2. 80 (DeMar, 1972). 

The tooth replacement pattem of Camarasaurus provides the following 

information: 

(1) The replacement series (odd and even) are from the back to front, the replacement 

wave direction is independent of the tooth morphology and tooth number, but relies 

on the Z-spacing. 

(2) The average Z-spacing is 2. 5 in Camarasaurus, the individual or whole Zahnreihen 

are highly organized. The slope between them is of slight variation. 

(3) The number of tooth wear facets strongly suggests the upper and lower teeth must 

occlude in ahemate fashion and the occlusion is orthal. 

(4) In his Camarasaurus study, White (1958) observed anomalies and suggested that the 

replacement pattem in the odd series of maxiUary teeth is from back to front while in 

the even series, it is from front to back. However, Z-spacmg analysis gives a better 

picture. Using the same measurement data, (see White 1958, page 491 table) but on 
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Figure 38. Z-spacmg diagram of the Camarasaurus lentus (DNM 28). (see Table 4 for 

raw data.) 
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the Z-spacing mapping, the replacement pattem in both series becomes back to front, 

as in most reptiles. Following Osbom's equation (1970), the average Z-spacing in 

Camarasaurus is 2.5 (Z=2. 5) and counting altematively (R=2), the replacement wave 

length should equal 5 teeth. This analysis contradicts White's observation. White 

(1958) estimated a replacement wave of three, with each wave length corresponding 

to two or three teeth. 

Endocast and Brain Morphology 

The endocast of Camarasaurus lentus (DNM28) was prepared in the same fashion 

as in Shunosaurus. It is relatively short, large, and very deep, with prominent cerebral and 

pontine flexures (Figures 39, 40). The brain is about 12 cm long, 4 cm wide, and 7 cm 

high excluding the ventral pituitary body which projects caudoventrally. The paired 

olfactory tracts are narrow and enter forward of the cerebmm. The cerebmm has a large 

dorsal swelling above the level of the olfactory bulbs. A pineal organ is probably present in 

the front of the swelling as h corresponds to the location of the parietal foramen. Hopson 

(1979) suggested that this sweUing of the endocast in sauropods may be an artifact, partly 

filled in life, or h may have been a space occupied by the dorsal venous sinus. In some 

forms, this unossified zone penetrates the cranial roof to form a fontanelle, but in others it 

is covered dorsally by bone. The Camarasaurus specimen appears to be an adult 

individual and lacks such fontanelle. The cerebral region is short, deep, and swollen in 

appearance. It forms the widest part of the endocast. Its caudal part is marked by a 

vertical ridge that may indicate the boundary between the optic lobe and the cerebmm. A 

pair of optic nerves (II) lie below the level of the cerebmm. The trochlear nerve (IV) is 

clearly visible above the optic nerve, whereas the occulomotor nerve (III) emerges further 

caudally. 

The diencephalon portion is just behind the cerebral region and rostral to the optic 

lobe. It is relatively large in reptUes with the prominent flexure formmg the highest peak of 
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Figure 39. Lateral view of the endocast of Camarasaurus lentus (DNM 28). For 
abbreviations, see Appendix A. Scale = 5 cm. 
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Figure 40. Ventral view of the endocast of Camarasaurus lentus (DNM 28). For 
abbreviations, see Appendbc A. Scale = 5 cm. 
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the endocast. Dorsally this part of the parietal is very thin and could be easily damaged to 

produce an artificial foramen. Behind this region, the endocast begins to slope caudally 

and constricts transversely. 

The pituitary body is relatively long and oriented caudoventrally. The intemal 

carotid artery enters along the caudal portion of the pituhary. Further rostrodorsally the 

small abducens nerve (VI) enters the phuhary fossa. 

The optic lobes are located behind the cerebmm and below the diencephalon. It 

forms a near vertical wall without any swelling. Here three projections may mdicate 

separate branches of the middle cerebral vein: vena cerabralis medius which extends 

downward and outwards vena cerebralis medius secunda which is the rostral branch, and 

vena capitis dorsahs which is the dorsocaudal branch (Galton, 1985). 

The cerebellum of Camarasaurus is not weU marked. It slopes gradually 

backward with a prominent dorsal ridge. However, it does not show a dorsal swelling as is 

common in birds and mammals. 

The medulla oblongata is relatively short, but extremely broad transversely, in 

comparison to Shunosaurus. The cranial nerves (V-XII) are located in the ventrolateral 

side. Rostrally, the trigeminal nerve (V) is the most prominent, represented by a massive 

root which extends ventrolaterally. Directly behind it lies the small facial nerve (VII). 

Ventrally there are two branches of the abducens (VI) nerve that mn rostrally to enter into 

the pituhary fossa. The inner ear is partially preserved in Camarasaurus. The semicircular 

canals are fiUed with, matrix but their courses can be reconstructed from the endocast The 

rostral vertical canal appears to be larger than the caudal. Below the canalicular system, a 

short lagena is visible. A large ganglion is visible in the metotic region for several cranial 

nerves, such as glossopharyngeal (IX), vagus (X) and accessory (XI). The hypoglossal 

nerve (XII) emerges from the caudal portion of the medulla. 
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CHAPTER IV 

THE FEEDING HABIT OF SAUROPODS 

Sauropods were exclusively terrestrial herbivores, but their specific diet is unclear. 

They exhibh two distinct types of tooth morphology: the spatulate or spoon-shaped 

crowns, and the long, slender, peg-like teeth with cylindrical crowns. A considerable range 

of tooth variation occurs among these two extreme morphotypes. Spatulate teeth are 

known in Shunosaurus, Omeisaurus, Mamenehisaurus, Euhelopus, Camarasaurus and 

Brachiosaurus. Peglike teeth, on the other hand, are common in Diplodoeus, Barosaurus, 

Apatosaurus, Dieraeosaurus, Amargasaurus, Antaretosaurus, Nemegtosaurus and 

Quaesitosaurus. A cladogram (Figure 41) is used to discuss the tooth morphology and 

feeding style of sauropods. 

Sauropod Habitats 

The tooth morphology and the placement of extemal naris give some clues about 

sauropod habitats. There are two kinds of sauropod teeth that can be correlated to their 

nasal stmcture and its position. Spatulate teeth are typically found in sauropods that have 

rather large nasal openings located on the lateral side of the skuU; peglike teeth, on the 

other hand, belong to those that have smaU, confluent naris, located high on the top of the 

skull roof Marsh (1884 ) and Cope (1884 ) interpreted the high nasal poshion of 

sauropods as an aquatic adaptation. Since many modem and extinct aquatic vertebrates 

had nostrils high up on the skuU, near the eyes, these authors argued that some sauropods 

remained largely submerged under water, breathing whh their heads raised above the 

water level. 

Bakker(1968, 1971, 1986) challenged the hypothesis of aquatic adaptation of 

sauropods. He pointed out h would have been impossible for the lungs ofa long-necked 

sauropod to whhstand the high water pressure while the neck was oriented vertically. 

Moreover, sauropod limbs were buih graviportally like those of modem elephants and 
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were perfectly adapted for terrestrial locomotion. Abundant fossil tracks of sauropods 

support this terrestrial mode of life. Bakker maintained that sauropods were highly 

energetic land animals. 

What was the fiinctional significance of this unusual high poshion of the extemal 

naris as seen in Homalosauropoda? Bakker did not address this issue properly. Coombs 

(1975) agreed that this kind of narial stmcture may indicate an aquatic habitat. He 

observed that modem elephants also possess a similar narial stmcture, and wondered 

whether some sauropods might have actually possessed a proboscis like elephants. 

However, the poshion of extemal naris between elephants and Homalosauropoda is 

radically different. In the elephants, the naris is terminal so that the proboscis can hang 

gently vertically. In Homalosauropoda, on the other hand, the naris is dorsally placed, and 

there is a large pre-narial area projecting forward that would interfere with the proboscis. 

Coombs's proboscis theory has not gained any acceptance. 

Whh long vertical necks and powerfial limbs, sauropods are generally interpreted 

as high browsers, hke giraffes, searching the upper reaches of trees for food (Figure 42). 

Czerkas and Czerkas (1990) suggested that this may have been tme for certain basal 

sauropods where the teeth are spatulate, and the extemal naris is laterally placed. 

However, for homalosauropods, they suggested a novel interpretation. In this group, the 

teeth are pencil-like, the neck is horizontal, and the nostrils are confluent and dorsally 

situated. With these adaptations, these animal could easUy process soft, aquatic vegetation 

while standing or sitting on the shores of lakes or ponds. The high poshion of the nostril 

would confer the advantage of seeing food under water while breathing (Figure 42). Thus, 

according to Czerkas and Czerkas, sauropods show two distinctive feeding styles: high 

browser and low browser. My analyses support this scenario. 

Two Groups of Sauropods 

The teeth of prosauropods are spatulate and serrated, and can be regarded as 

precursors to later sauropod dentition. The tooth morphology of sauropods and their 
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LOW NOSTRILS 
HIGH BROWSING SAUROPODS 

SPATULATE TOOTH 
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PEG-TOOTH 

Figure 42. A. The feeding posture ofa spatulate toothed sauropod~the high browser. B. 
The feeding posture of sauropods with peg-hke teeth—the low browser (from Czerkas and 
Czerkas 1992). 
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feeding pattem correspond well with the phylogeny, and can be differentiated into two 

groups: basal sauropods (= Non-Homalosauropoda sauropods) and advanced sauropods 

(= Homalosauropoda) (Figure 41). Genera such as Shunosaurus, Omeisaurus, 

Mamenehisaurus, Euhelopus, Camarasaurus, and Brachiosaurus are used here as 

examples of basal sauropods where skulls, especially denthion, are adequately known. In 

this group, the teeth are spatulate, numerous (12-25 in each quadrant), and they extend 

backward to the level of the antorbhal fenestra. Serrations are present plesiomorphically in 

some basal taxa such as Shunosaurus and Omeisaurus, as well as in prosauropods. The 

dental arcade is parabolic. The nasal openings are rather large and shifted somewhat 

backward on the lateral side of the skull. The basal sauropods are known from Eariy to 

Late Jurassic sediments. Many of the features of basal sauropods can be derived from their 

prosauropod ancestors. 

The advanced sauropod group includes Diplodoeus, Barosaurus, Apatosaurus, 

Dieraeosaurus, Amargasaurus, Antaretosaurus, Nemegtosaurus and Quaesitosaurus. 

This group is characterized by peglike teeth. The tooth number is considerably reduced, 

caudal teeth being lost. They are restricted to the rostral part of the skull. The nasal 

openings have moved farther backward on the skull roof, almost directly above the orbits, 

and the nares have become confluent. The dental arcade is rectangular. This group ranges 

from Late Jurassic to Late Cretaceous. 

Tooth Morphology 

Sauropod teeth clearly relate to their wide range of diet. The food might be 

severed from trees or aquatic plants by the mouth, and this required a cuttmg or cropping 

mechanism. In basal sauropods, the crowns are high, spatulate, lingually curved, and 

spoon-shaped, with a long slender root. This variety is encountered in Shunosaurus, 

Omeisaurus, Mamenehisaurus, Euhelopus, and Brachiosaurus. In Camarasaurus the 

crowns are massive, expanded transversely but relatively short. The serration at the edge is 

present only in the lower teeth of Shunosaurus and Omeisaurus. There is a prominent 
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constriction between the crown and the root. Shunosaurus teeth are unusual as they show 

long, exposed roots. This feature may be partly linked to the absence of interdental plates 

in the specimen. There are different stages of wear on the maxillary teeth. These wear 

facets are essentially vertical along the rostral and caudal ridge of the crown indicating that 

the jaw motion was orthal. Upper and lower tooth rows interdigitate and shear past each 

other in such a fashion that each lower tooth fits between two upper teeth along their 

lingual surface, like a shear (Figure 43). These shearing teeth were very effective in cutting 

hard branches, stems, and seeds. The general sequence of wear in the maxillary teeth is 

occlusal -> rostral -> caudal facet, as discussed eariier. 

Advanced sauropods, based on the uniform tooth morphology, show the salad-

tong cropping model of feeding style (Figure 44). The teeth are long, slender, and peglike 

with unexpanded cylindrical crowns. There is no prominent constriction between the 

crown and the root. The wear facets are found on the occlusal surface of the upper teeth, 

but in the lower teeth, they occur in both occlusal and labial surfaces. Because of the 

development ofa rectangular dental arcade, aU the rostral teeth in this group become 

incisiform. The occlusal wear facets form a continuous horizontal surface, indicating that 

lower and upper teeth occlude against each other at the tips. These contiguous rows of 

"incisors," somewhat simUar to the condition of the modem horse (Figure 45), were 

cropping teeth and could be used to pinch soft aquatic plants and break them off with a 

sideways jerk of the head. The quadrate/articular surface is somewhat longitudinally 

oriented to allow some propalinal motion of the lower jaw. This back motion of the lower 

jaw helped to push the food backward. The wear facets on the labial surface of the lower 

teeth support this jaw motion during food processing. 

Atthude of the Ouadrate 

The sauropods show two distinct attitudes of the quadrate that may be linked to 

different feeding style. I have made cardboard models of jaws with different quadrate 

orientation to estimate the gape. The jaw acts as a mechanism that transmits force from 
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Figure 43. The basal sauropods (non-Homalosauropods) show the pmning shear model of 
feeding style. A. The mechanism of the pmning shear model. B. The wear sequence found 
in Shunosaurus Hi (ZG65430). C. One bhe cycle procedure in a high browser. 
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Figure 44. The homalosauropods show the tong cropping model of feeding style. A. The 
mechanism of the tong croppmg model. B. The tooth location and wear sequence found in 
Diplodoeus 
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Figure 45. The comparison of the homalosauropods salad-tong croppmg model. The 
cropping teeth m modem horse (A) and Diplodoeus (B) in front view. The wear facets in 
salad tong (C) and the lower jaw of Diplodoeus (D) in dorsal view showing dental arcade. 
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one point to another by levers. The input force is the location of the jaw muscles; the 

output force is the tip of the jaw which moves up and down because of the action of the 

jaw muscles. During the opening cycle of the jaw, the skull acts as a first-order lever 

where the jaw articulation point forms the pivot; during the closing cycle, the skull forms a 

third-order lever at the same pivot (Figure 46). Whh the attitude change of the quadrate, 

the gape of the jaws can be manipulated (Figure 46). In prosauropods, the quadrate is 

almost vertical and aUows a very wide gape whh the action of the depressor mandibulae 

muscle. In basal sauropods, the quadrate is somewhat inclined (about 120 ^) and allows a 

smaller gape than the prosauropod condhion. In this group, the bhe is relatively strong for 

shearing resistant food material. In advanced sauropods (Homalosauropoda), on the other 

hand, the quadrate head slants considerably backward (140 ^) relative to hs foot. This 

attitude of the quadrate makes the gape much smaller in response to the action of the 

depressor mandibulae muscle (Figure 46). In these groups, the teeth are restricted to the 

front of the jaws, and the lower jaw is extremely short relative to the skuU length. The bite 

is weak but aUows a faster snap for procuring softer vegetation. 

Jaw Articulation 

In both groups of sauropods, the jaw articulation is offset and hes well below the 

line of the tooth row. In primitive sauropods hke Shunosaurus, this offset is not very 

prominent and the jaw articulation is close to the occlusal level. In advanced sauropods, 

the jaw articulation is displaced considerably ventrally relative to the tooth margin (Figure 

47). This arrangement aUowed an increase of the angle between the lever arm of the bhe 

force and the plane of the teeth, so that more power could be concentrated at the tip of the 

jaws. 

Cranial Kinesis 

The skull bones of sauropods are intimately fiised with no mobile units. The 

quadrate is firmly sutured with the squamosal and the quadratojugal and is entirely 
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Figure 46. The quadrate foot forward movement in the Saurischia showing the 
relationship to the changes of the feeding mechanical system. Variations of gape because 
of change of quadrate attitude. When the quadrate is vertical the gape is maximum (A). 
When the quadrate is highly inchned as in Homalosauropoda (C), the gape is minimal. 
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Figure 47. The jaw articulation of sauropods. A. Shunosaurus. B. Camarasaurus. 
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monimostylic. The fronto-parietal suture is coalesced without any sign of mesokinesis. 

Similarly, the braincase is fiised with the skull roof indicating that metakinesis is absent in 

the sauropod skuU. The two dentaries are immovably jomed at the symphysis no 

movement between them. In later sauropods, the two dentaries are ftised by a bony 

mandibular symphysis. The skull of sauropods is entirely akinetic and monimostylic. 

Jaw Motion 

In basal sauropods, as revealed from the vertical wear facets as well as transverse 

articulation of the quadrate and articular, the jaw action was essentially orthal. In 

advanced sauropods, on the other hand, the orthal motion was probably accompanied by a 

small component of propalinal motion of the lower jaw. Here the jaw articular surface is 

longitudinally oriented to allow forward and backward motion of the lower jaw after the 

occlusion. This propalinal motion is also corroborated by the labial wear facets on the 

lower teeth, as seen in Diplodoeus (TTUP 7580). These wear facets are neariy vertical in 

rostral teeth but lie dehquely in the caudal part of the teeth. This variable orientation in the 

rectangular dental arcade also supports propalinal motion. 

Gastric Mill 

The huge size of the sauropod body and disproportionately small head and simple 

teeth have prompted considerable speculation concerning their diet and mastication. The 

lack of cranial kinesis and the simple orthal chewing style indicate that sauropod teeth 

served as shearing or cropping devices in order to strip plant leaves from branches, twigs, 

and aquatic substrate. It is likely that sauropods used gastroliths for processing food 

similar to modem birds. Unlike modem herbivorous mammals, sauropods lack wide 

grinding check teeth for oral processing of food. Instead, the teeth are all uniform, conical, 

no regional differentiation. The only fijnction of these teeth was to procure food. They 

lacked any chewmg or masticatory adaptation. Instead of chev^ng food hems, they were 

simply swallowed whole and passed to a powerfiil muscular gizzard containing sharp. 
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abrasive pebbles-the gastric miU (Brown 1941; Gahon 1986, Fariow 1987, Stokes 1987) 

These stones, rather than teeth, were used to pulp the tough plant tissues in readiness for 

digestion. The tme stomachs of sauropods were probably like huge fermentation tanks in 

which vast quantities of plant matter were slowly broken down to release their nutrients. 

Because the weU preserved gastroliths, consisting ofa concentrated mass of small stones, 

have been found inside the stomach region of some sauropods (Bakker 1986), the gastric-

mill hypothesis appears to be logical. 

Jaw Musculature 

Like modem reptUes, three jaw muscles provided most of the jaw motion in 

dinosaurs (Norman 1985). These are: the Capiti-mandibularis muscle (Ml), the 

Pterygoideus muscle (M2), and the Depressor mandibulae muscle (M3) (Figure 48). 

Capiti-mandiblaris muscle (Ml)~This is the most variable of the adductor muscles 

and it is typically divided into several parts. It originates from the upper temporal fenestra 

region and inserts into the coronoid process laterally. This muscle is used to give the jaw 

its powerfiil bite, and it usually is very prominent in carnivorous dinosaurs. 

Pterygoideus muscle (M2)~This muscle origmates from the ventral edge of the 

ectopterygoid and rostral pterygoid; and inserts onto a weU defined area covered with 

striations on the lateral surface of the surangular. The fimction of this muscle is snappmg 

the jaws shut quickly. 

Depressor mandibulae muscle (M3)~0riginates from the tip of the squamosal 

hook and extends down to the retroarticular process of the lower jaw. It acts to depress 

the lower jaw. 

The lower jaw is moved up and down by the synchronized contraction and 

relaxation of these three muscle masses (Figure 49). Only two are significant in the bite 

movement. The first, the Capiti-mandibularis muscle (Ml), acts to move the jaw upward 

and to provide much of power required for cutting the food. The second, the Pterygoideus 

muscle (M2), forms a sling whose fibers have a forward, backward and upward 
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Figure 48. The jaw musculature m Camarasaurus. Ml = Capiti-mandibularis muscle; M2 
= Pterygoideus muscle; M3 = Depressor mandibulae muscle. 
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Figure 49. Two kinds of jaw musculature relating to the mechanical analysis of feedmg. A. 
Depressor mandibular muscle works m the opening process, B. Capiti-mandibularis 
muscle and Pterygoideus muscle act in the closing process. 
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orientation. This muscle is thought to form a push-pull sling around the lower jaw and is 

capable of moving h upward. A reasonable generalization is that the Ml is primarily 

responsible for the upward movement of the jaw, whereas the M2 muscle produces and 

controls a combination of upward and backward movement. Therefore, h would be 

expected that in basal sauropods with simple up and down jaw movements, the first 

muscle is the larger of the two muscle masses. The different methods of chewing in the 

various types of sauropods can be explained by variation in the arrangement of the 

muscles and in their relative masses. 

Figure 50 shows the poshions of the muscle masses and the shape of the skull and 

lower jaw in the basal sauropods Shunosaurus, Camarasaurus and advanced sauropods 

Diplodoeus, Nemegtosaurus that are used for comparison. The chewing force exerted by 

the muscles is used both to move the jaw and to cut the food between the teeth. Each of 

the muscles forms a lever arm acting about the joint. The lengths of the arms is shown as 

(al) for Ml , (a2) for M2. These two muscle levers produce the force of the bhe. 

In Shunosaurus and Camarasaurus, the leverage on the jaw represented by the 

lever arms al from Ml is much greater than that of a2 provided by M2 (Figure 50). On 

the other hand, the muscle attachment area (upper temporal fenestra) of Ml is also much 

greater than that of M2. This indicates that the main movement is orthal and the bite force 

is very strong. In Diplodoeus and Nemegtosaurus, the greater part of the chewing force is 

therefore provided by the combination of Ml and M2, but al is greatly reduced and a2 is 

greatly increased to enhance the force of M2 (Figure 50). The upper temporal fenestra in 

this group is relatively reduced. It seems that the chewing force is dominantly provided by 

the combination of the Caphi-mandibularis muscle and Pterygoideus muscle. This makes 

the propalinal motion of the jaw possible in the advanced sauropods. 

The main reasons for the change of feeding style from basal sauropods to 

advanced sauropods may be linked to various factors such as tooth morphology, attitude 

of the quadrate, rearrangement of the jaw muscles and reduction of the length of the lower 

jaw. The decrease in mandible length and concomitant slanting of the quadrate head 
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reduces the distance between Ml and the jaw joint. It causes the al arm to shorten and 

weakens the Ml force. In basal sauropods the quadrate foot is slightly forward with a 

relatively small angle (< 120 °) to the occlusal level, and this makes the al arm relatively 

longer which gives the Ml muscle great force. However, in advanced sauropods the 

mandible length is extremely reduced and the angle between the quadrate and occlusal 

level is very large (>140 °) which makes the al arm very short. 

The Feeding Habh of Sauropods 

The largest of aU sauropods might be expected to show the most extensive 

specialization for processing large volumes of food, but this is not so. Their mouths are 

very small relative to their body size, the teeth seem poorly designed for chewing or 

preparing large amounts of food; and the skull lacks kinesis for mobility of the upper jaw. 

However, the variation of the quadrate attitude, jaw articulation, and jaw musculature 

indicate changes in feeding style and resources. 

There are definitely two kinds of sauropod feeding habits that can be correlated 

with the above morphology and fimction analysis: the high browsers demonstrated by the 

basal sauropods and low browsers exhibited by homalosauropods (Czerkas and Czerkas 

1990). In basal sauropods, the forelimbs are relatively long; the average ratios of 

forelimb/hindhmb range from 0.75 to 1.05 (Mcintosh 1989, 1990). The centra are angled 

obliquely in this group. The zygopophyses indicate that the neck was fairly high in poshion 

in life. The longer front legs and highly elevated neck suggest that these basal sauropods 

were high browsers. In the Jurassic world, conifers dominated the landscape. These 

browsers were able to tackle tough needles and cones of conifers. 

In advanced sauropods, such as homalosauropods, the front limbs are relatively 

short; the average ratio of forelimb/hindlimb is less than 0.70 (Mcintosh 1989, 1990). The 

bifiircation of the cervical neural spmes is ubiquhous in the group. A strong nuchal 

ligament might have aided in maintaining the neck in a horizontal or depressed poshion 

(Alexander 1985). As discussed earlier, the nostril is dorsally located, and the teeth are 
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weak, and pencil-like in this group. The horizontal neck and high nostrils in these animals 

would aid in finding soft aquatic plants. Ostrom (1980) pointed out that because of the 

high poshion, the nasal passages were almost vertical and descended to the trachea at the 

back of the mouth cavity. This arrangement would permit food processing without 

intermption for breathing. 
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CHAPTER V 

COMPARISON OF SAUROPOD SKULLS 

Sauropods have an excellent fossU record, but complete skulls are extremely rare. 

So far fewer than 12 genera are known, whh adequate skuU material. As a resuh, because 

of the lack of cranial material, most comparisons of sauropods are generally based on the 

postcranial skeleton. New skuU materials from Chma and Argentina mdicate that there is 

great morphological variation among sauropods. Cranial features of Shunosaurus and 

Camarasaurus are compared whh those of other sauropods so that a phylogenetic analysis 

can be undertaken in this section. 

Omeisaurus 

Omeisaurus (Figures 51A, B) has been reported from the Middle Jurassic to 

Upper Jurassic sediments of Sichuan Basin, central China (Young 1939). It includes four 

species: O. junghsiensis, O. changshouensis, O. fuxiensis, and O. tianfuensis. Skulls are 

known from O. fuxiensis and O. tianfuensis (He 1988), both from the Dashanpu quarry 

The skull of Omeisaurus resembles that of Shunosaurus in gross morphology, but 

is relatively shorter and higher. There are 4 teeth in the premaxilla, 15 to 17 teeth in the 

maxiUa, and 13 to 15 teeth in the dentary. The number of upper teeth exceeds that of 

lower teeth. Teeth are numerous and extend to the rostral level of the antorbital fenestra. 

Teeth are spatulate with serrations. 

The extemal naris is high and laterally set with a prominent intemasal bar, formed 

by the premaxUla and the nasal. The subnarial fenestra lies at the suture of the premaxilla 

and maxiUa laterally, as in advanced sauropods. In Shunosaurus, this fenestra is absent, 

whereas in Camarasaurus, h is more dorsally located and is hidden in the lateral aspect. 

The nasal opening is larger than the antorbhal fenestra. 

The braincase of Omeisaurus is cmshed and deformed, but nearly every element is 

preserved (He 1988). A detaUed restoration and good photograph of the braincase are not 
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Figure 51. The sauropod skuUs. Omeisaurus in lateral (A), and caudal view (B); 
Euhelopus m lateral view (C), and Apatosaurus in lateral view (D). (A, B, modified from 
He, 1988; C, from Mateer and Mcintosh, 1985; and D, from Marsh, 1877). 
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available. It appears to be fairly primitive and simUar to the condhion of Shunosaums 

The mandibular fenestra is present, and the lower jaw equals the skuU length. 

Mamenehisaurus 

Mamenehisaurus is known from the Upper Jurassic, Sichuan Basin of central 

China. The genus was estabhshed on the basis ofa fairiy complete postcranial skeleton, 

but the skuU is lacking. Two species were recognized: M. eonstruetus (Young 1954) and 

M hochuanensis (Young and Chao 1972). Recently, a third species M sinocarmdorum, 

from Middle Jurassic sediments of the Xingjiang Desert in China has been described 

(RusseU and Zheng 1993). It includes some skull elements, such as a quadrate, teeth, 

pterygoid, ectopterygoid, vomer, and lower jaw. Zhang (1988) mentioned the discovery of 

new Mamenehisaurus skull material from the Upper Jurassic sediments of the Sichuan 

Basin. It includes the braincase, lower jaw, and other skull elements, but the description 

has not been published. 

The skull (Russell and Zheng 1993) is relatively deep with enlarged, separate nares 

and spatulate teeth. It has four premaxillary teeth and sixteen dentary teeth. The tooth 

row appears to continue at the level of the antorbhal fenestra. Serrations are absent on 

both upper and lower teeth. The quadrate is similar to that of Camarasaurus with a 

prominent quadrate fossa. The mandibular fenestra is present in the usual location, but is 

accompanied by an additional surangular fenestra dorsally. Distribution of these two 

fenestrae may have phylogenetic implications. The mandibular fenestra is present m 

Shunosaurus and Omeisaurus, but the surangular fenestra is not developed in these taxa. 

The reverse is the case m Camarasaurus and Brachiosaurus. A small surangular fenestra 

is present in these taxa, but they lack mandibular fenestra. The interdental plate is 

distinctive in Mamenehisaurus, on the lingual side covering the tooth root. The pterygoid 

is transitional in morphology; it has a slender flange and is oriented shghtly vertically. 

Morphologically, Mamenehisaurus is very similar to Omeisaurus. 
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Euhelopus 

Euhelopus zdanskyi (Figure 51C), a monotypic species, is known from the Upper 

Jurassic sediments of eastem China (Wiman 1929; Mateer and Mcintosh 1985) It 

includes a partial skull and fairly complete postcranial skeleton. The skull is high with a 

tapering rostmm. The extemal fenestrae are relatively large. The extemal naris is elongate 

and occurs just above the antorbhal fenestra. The orbit is key-hole shaped, the lower 

temporal fenestra is triangular. The subnarial fenestra is reduced but still located between 

the premaxilla and the maxilla. The teeth are spatulate with a massive crown, as seen in 

Camarasaurus. The teeth are not vertical but protmde somewhat cranially. The jugal is 

reduced so that the quadratojugal comes very close to the maxilla. The squamosal-

quadratojugal bar in front of the quadrate has been breached. In Shunosaurus and 

Camarasaurus, this bar is intact plesiomorphically. The quadrate is vertical as in 

Shunosaurus. In Camarasaurus, on the other hand, the quadrate is steeply inchned. The 

lower jaw is somewhat short with a prominent coronoid process and lacks fenestra. 

Brachiosaurus 

Excellent skeletons of Brachiosaurus (Figures 52 A-D; 60 A) are known from 

Upper Jurassic sediments. Four species are identified: B. altithorax in North America, B. 

braneai and B. nougaredi in Afiica, and B. atalaiensis in Europe. The skull of 

Brachiosaurus braneai from Tendagum Beds of Tanzania was described in detail by 

Janensch (1935-1936). 

The skuU is relatively large and broad with an elongate snout. There is a 

distinctive kink between the snout and the dorsal skull roof The extemal nares are placed 

high up on the lateral face of the skuU and are separated from one another by a very 

narrow strip of bone formed from the premaxilla and nasal. Unlike other sauropods, the 

intemasal bar is extremely elongate and curved upward. As in Euhelopus, the two vertical 

processes of the squamosal and quadratojugal are separate. The jaws are robust with 

broad spatulate teeth. The parasphenoid is more slender and the basipterygoid processes 
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Figure 52. The skuU of Brachiosaurus in rostral view (A), lateral view (B); the braincase 
in lateral (C) and ventral view (D). (modified from Janensch, 1935-36). 
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are relatively short and stout, as in Camarasaurus. The rostral waU of the pituitary fossa 

is unossified. The subnarial fenestra occurs in a position similar to Camarasaurus An 

unusual feature is the location of the medium cerebral vein opening, h is rostral to the IV 

cranial nerve opening. 

Although the morphology of the teeth, lower jaw, and the braincase of 

Brachiosaurus is very similar to that of Camarasaurus, the skull profile and the curvature 

of the intemasal bar are quhe distinctive. 

Diplodoeus 

Diplodoeus (Figures 53 A-C; 60 D) is among the first dinosaurs known from a 

nearly complete skeleton. Their remains are restricted to the Morrison Formation of North 

America. Four species have been assigned to this genus: D. longus, D. laeustris, D. 

camegii, and D. hayi. The skuU morphology and endocast are based on D. longus 

(Marsh 1878), whUe the braincase is based onD. hayi (Holland 1924). 

The following characters are not only present in Diplodoeus, but also occur in 

other members of the clade Thanosauroidea. The teeth are highly reduced, peglike, and 

confined to the very front of the jaws. The dental arcade is rectangular. The nares are 

located on the very top of the skull and are confluent. The dorsal process of the maxilla is 

long and broad to its upper end. A distinctive maxiUary fenestra occurs at the center of 

the bone. The jugal is completely excluded from the lower rim of the skull by the 

quadratojugal. The quadrate is highly inchned backward. In the braincase the 

basipterygoid processes are very long and project ventrally. 

However, Diplodoeus shows several unique features, such as an extreme caudal 

poshion of the supratemporal fenestra which is visible in lateral view, as well as a 

triangular aperture of the confluent naris. Although Diplodoeus resembles Apatosaurus in 

many ways, the former is smaller in adult size. 
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Figure 53. The Diplodoeus skuU in lateral (A), and dorsal view (B); the braincase in 
ventral view (C). (modified from HoUand, 1906, 1924) 
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Apatosaurus 

The anatomy of Apatosaurus (Figure 51 D) (Marsh 1883; Riggs 1903; Gilmore 

1936) is known from a complete skeleton missing only the mandible. Three species of 

Apatosaurus are known from the Morrison Formation of North America: A. ajax, A. 

exeelsus, and A. louisae. Although^, excelsus is by far the most abundant, h lacks a 

skuU. The skull is known from A. louisae (Mcintosh and Berman 1975) and the braincase 

from^. ajax (Berman and Mcintosh 1978). 

In Apatosaurus, the teeth are peglike and reduced. The maxilla is enlarged and 

contains a maxiUary fenestra. The snout is tapering and the quadrate is highly inchned. 

The lower temporal fenestra is dorso-ventrally elongated while the quadratojugal broadly 

contacts the maxiUa. The confluent extemal naris is subrounded, and hes m front of the 

orbit. For over a century, there was taxonomic confiision of the vahdity of Apatosaurus. 

Marsh (1883) mounted a beautifijl skeleton of Apatosaurus as Brontosaurus with a 

Camarasaurus skull at the Yale Peabody Museum. Moreover, in the past an Apatosaurus 

skuU has been misidentified as a Diplodoeus skuU. Mcintosh and Berman (1975, 1978) 

untangled this mistaken association and designated Apatosaurus as senior synonym of 

Brontosaurus. They also identified the proper skuU of Apatosaurus. 

Barosaurus 

The postcranial skeleton of Barosaurus (Figures 54 A-C; 60 C) is very similar to 

Diplodoeus, with an extremely elongate neck and whip tail. Unfortunately, the skull 

material is very fragmentary. There are three species in this genus: B. lentus from the 

Morrison Formation of North America, B. afrieanus and B. gracilis from the Upper 

Tendagum Beds, Tanzania. Braincase and fragmentary skull elements are known from B. 

afrieanus {Janensch, 1935-1936). 

The braincase is similar to that of Diplodoeus and Apatosaurus. The basiocciphal 

tubera are widely set, the basipterygoid processes are long and dhected ventraUy, the 

133 



B 

Figure 54. The braincase of Barosaurus in lateral (A), ventral (B), and caudal view (C). 
(modified from Janensch, 1935-36). 
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laterosphenoid lacks the crista antotica. Both parietal foramina are present. The pituitary 

body is relatively small 

Dieraeosaurus 

Dieraeosaurus (Figures 55 A-C; 60 B) from the Upper Jurassic of Tanzania 

represents another advanced sauropod with the relatively short neck. Two species are 

recognized: D. hansemanni and D. sattleri. The skuU is known from the braincase, 

lacrimal and upper and lower jaws. As reconstmcted by Janensch (1935-1936), h is 

reminiscent of other advanced sauropods. 

The skull has a diplodocid-type constmction with peglike teeth. However, the jaw 

is much shorter than the skull length. The skull shows both parietal and post parietal 

openings. The basipterygoid processes are extremely elongated with a narrow angle 

between them. They extend caudally as a wing-like process on the occiput. The endocast 

of the brain shows high dorsal swelling. 

Amargasaurus 

Amargasaurus eazaui (Figure 56 A-D) (Salgado and Bonaparte 1991; Salgado 

and Calvo 1992), reported from the Lower Cretaceous, Amarga Formation of Neuquen 

Province, Argentina, is based on a single specimen preserved as the caudal portion of the 

skull and postcranial skeleton. The type specimen is mainly represented by the braincase 

which is preserved beautifiiUy. 

Amargasaurus is closely related to Dieraeosaurus. The braincase shows the 

conjoined basal tubera, prominent basiocciphal recess, highly elongated basipterygoid 

process, and robust orbitosphenoid bordering the foramen for the olfactory nerve. 

In the original diagnosis, several features were included that are also present in the 

apparently closely related Afiican Dieraeosaurus hansemanni. These mclude the presence 

of parietal and postparietal fenestrae, elongation of the basipterygoid process, and the 

position and form of the extemal naris. 
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Figure 55. The skuU and braincase of Dieraeosaurus in lateral (A), caudal (B), and dorsal 
view (C). (modified from Janensch, 1935-36). 
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Figure 56. The skuU of Amargasaurus in lateral (A), dorsal view (B); and the braincase in 
lateral (C), and caudal view (D). (modified from Salgado and Bonaparte, 1991) 

137 



Nemeposaurus 

Nemegtosaurus mongoliensis (Figure 57 A-C) (Nowinski 1971) is known from 

excellent skuU material. It was discovered from the Upper Cretaceous, Nemegt 

Formation, of Mongoha. 

The skull is similar to that of Diplodoeus with slender, peglike teeth confined to 

the front of the jaws. The unique features of Nemegtosaurus include: two small maxillary 

foramina; a snout that is higher and much broader; the infra-temporal fenestra is narrower; 

the basipterygoid processes are perpendicular to the skull roof, rather than forward and 

downward, and they are shorter and stouter; the palatine has an expanded maxillary 

contact; the lacrimal is more robust and much broader at hs upper end; the lower jaw has a 

deep symphysis and contains a surangular fenestra (Mcintosh 1990). 

Quaesitosaurus 

Quaesitosaurus orientalis (Figure 58 A-C) (Kurzanov and Bannikov 1983) is 

known from the Upper Cretaceous of "Bamngoyotskaya" of Svita, Mongolia. Inadequate 

cranial information is available, but the braincase resembles that of Nemegtosaurus in 

many respects. Unlike Nemegtosaurus, it has a robust parasphenoid rostmm. Moreover, 

the basal tubera merge bodily rostrally with the basipterygoid processes with no gap. The 

basipterygoid processes are widely separated. 

Antaretosaurus 

Thanosaurids are distributed throughout the world, most abundantly in South 

America and India. They were the predominant sauropods in the Late Cretaceous, but 

their taxonomy and relationships to other famihes remain an enigma because of lack of 

good skull material (Mcintosh, 1990). Among thanosaurids, Antaretosaurus 

wiehmannianus (Figure 59 A-C) is known from the Upper Cretaceous Bajo Barreal 
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Figure 57. The skull and bramcase of Nemegtosaurus in lateral (A), caudal (B), and dorsal 
view (C). (modified from Nowinski, 1971). 
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Figure 58. The skuU of Quaesitosaurus m lateral (A), caudal view (B), and the braincase 
in lateral view (C). (modified from Kurzanov and Bannikov, 1983). 
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Figure 59. The skull of Antaretosaurus in lateral view (A), and the braincase in caudal (B), 
and lateral view (C). (modified from Huene, 1929). 
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Figure 60. The endocast of Brachiosaurus (A), Dieraeosaurus (B), Barosaurus (C), and 
Diplodoeus (D). (A-C modified from Jenesch 1935-36, and D from Holland 1906 ) 

142 



Formation, Chubut Province of Argentina (Janensch 1914). I have used Antaretosaurus 

as the representative of titanosaurids for the phylogenetic analysis 

The skuU is poorly known, but the teeth are peglike and cyhndrical. The lower jaw 

forms a rectangular arcade as seen in various diplodocids. The braincase is very similar to 

that of Dieraeosaurus and Amargasaurus with long, narrow and tapering basipterygoid 

processes. The parasphenoid rostmm is extremely narrow and rodlike. The basal tubera 

are confluent with the basipterygoid processes. There is a basioccipital recess below the 

occipital condyle. The paroccipital processes are highly curved and directed ventrally 
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CHAPTER VI 

SAUROPODA PHYLOGENY 

Tradhionally dinosaurs have been classified on the basis of pelvic morphology into 

two orders: Saurischia and Omhhischia. The Sauropoda forms a monophyletic group 

within the saurischian dinosaurs. Prosauropods and sauropods are grouped into a larger 

clade Sauropodomorpha (Charig et al. 1965). The phylogenetic poshion of sauropods 

among major groups of Dinosauria is shown in Figure 61. Among dinosaurs, classification 

and phylogeny of sauropods are poorly understood. Pioneering studies of R. Owen, H. G. 

Seeley, R. Lydekker, O. C. Marsh, E. D. Cope and J. B. Hatcher were centered on naming 

and describing new taxa. Romer (1956) reviewed earlier works and recognized two 

families: Brachiosauridae and Titanosauridae. Whhin Brachiosauridae, he identified four 

subfamUies, the Brachiosaurinae, Camarasaurinae, Cetiosaurinae, Euhelopodinae. Similarly 

he grouped four subfamilies, Titanosaurinae, Dicraeosaurinae, Apatosaurinae and 

Diplodocinae, within Thanosauridae (Figure 62 A). This two-fold classification became 

popular in most dinosaur literature. Whh the recent discovery of new material, several 

authors attempted to classify sauropods in the 1980s. Bonaparte (1986) suggested 

evolutionary relationships among sauropods on the basis of vertebral morphology. He 

recognized four Upper Jurassic families: Brachiosauridae, Camarasauridae, Diplodocidae, 

and Dicraeosauridae which might have evolved from the Early and Middle Jurassic family 

Cetiosauridae. According to Bonaparte, Cetiosauridae in tum, evolved from basal 

sauropod groups such as Vulcanodontidae (Figure 62 B). Gauthier (1986) provided the 

phylogenetic position of sauropods within saurischian dinosaurs. He concurred with 

Bonaparte that Vulcanodon and Barapasaurus were the basal sauropods (Figure 63 A). 

Mcintosh (1989, 1990) suggested a broader picture of the evolutionary relationships 

among Jurassic sauropods. He considered the Early Jurassic Vulcanodon from South 

Afiica the most primitive and ancestral to all later sauropods. He believed contemporary 

Barapasaurus from the Early Jurassic of India was more speciahzed because of unusual 
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pneumatic cavhies in their vertebrae. From Vulcanodon, he identified three lineages, one 

leading to Brachiosaurus, the second to Camarasaurus, Haploeanthosaurus and 

Euhelopus. The third branch is more diverse, originatmg with Shunosaurus, and this 

branch gave rise to later sauropod genera such as Omeisaurus, Mamenehisaurus, 

Dieraeosaurus, Cetiosaurus, Apatosaurus, Barosaurus and Diplodoeus (Figures 62C, 

63B). 

In an abstract, Yu (1990) proposed a prehminary phylogenetic relationship among 

sauropods on the basis of 64 cranial and postcranial characters, and recognized sauropod 

monophyly. According to his analysis (Figure 63 C), Vulcanodon, Barapasaurus, 

Shunosaurus, and Omeisaurus are successively closer to the higher sauropods. Among 

higher sauropods, he recognized two clades, one consisting of Brachiosaurus and 

Camarasaurus, the other comprising diplodocids and thanosaurids. Later, in his 

dissertation, Yu (1993) focused mainly on the phylogeny of Diplodocidae and recognized 

three subfamilies: Diplodocinae, Dicraeosaurinae, and Nemegtosaurinae. 

Russell and Zheng (1993) provided another cladogram of eight sauropod genera 

that identified three successive clades: the basal subclade contains Camarasaurus, 

Brachiosaurus and Euhelopus, this subclade is the sister-group of the second subclade 

containing Mamenehisaurus and Omeisaurus. This group, in tum is the sister-group of 

the third subclade that includes Shunosaurus, Dieraeosaurus and Apatosaurus (Figure 63 

D). 

In an abstract, Wilson and Sereno (1994) proposed a radical relationship among 

sauropod genera. All sauropods, except Shunosaurus, form a clade which they named 

Neosauropoda. Among Neosauropoda, diplodocids form successive sister taxa to 

Haploeanthosaurus and Camarasaurus, and the terminal subclade contains Brachiosaurus 

and thanosaurids (Figure 63E). 

Upchurch (1995) presented the most elaborate phylogeny of sauropods on the 

basis of 21 genera and 172 osteological characters. He recognized the foUowing 

successive clades: Sauropoda, unnamed node 1, Eusauropoda, Neosauropoda, unnamed 
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node 2, Diplodocoidea, unnamed node 3, and Diplodocidae. In his new realignment, the 

clade Euhelopodidae contains all the Chinese sauropod genera, including Shunosaurus, 

Omeisaurus, Mamenehisaurus and Euhelopus. Euhelopodidae m turn, is the sister-group 

of Neosauropoda, the latter contains the Brachiosauridae, Camarasauridae, and new 

superfamilies Thanosauroidea and Diplodocoidea. The Diplodocoidea contains 3 families: 

Dicraeosauridae, Diplodocidae and Nemegtosauridae (Figure 64). 

In reviewing the phylogeny of sauropods, a few generalizations can be made: (1) 

prosauropods are the outgroups of sauropods; (2) Vulcanodon and Barapasaurus are the 

most plesiomorphic members whhin sauropods; (3) Chinese sauropods such as 

Shunosaurus, Omeisaurus, Mamenehisaurus are sister taxa to later sauropods; and (4) 

diplodocids and titanosaurids are closely related. 

In my discussion, I have selected 14 sauropod genera with adequate skull material 

My cladistic analysis is based enthely on cranial morphology. 

Outgroup of Sauropoda 

Traditionally prosauropods were regarded as ancestral to Sauropods (Huene 1932, 

1956; Colbert 1951; Lapparent et al. 1955; Romer 1956). Recent cladistic analyses 

suggest that prosauropods represent a well-defined clade and a sister-taxon of sauropods 

(Sereno 1989; Galton 1990; Upchurch 1995). However, several characters of 

prosauropods such as bipedal posture and reduced size of metatarsal V appear to be 

derived (Galton 1990). Bonaparte and Vince (1979) studied a beautifiil juvenile specimen 

of prosauropod M/^^awn/^ (about 25 cm total length) fi-om the Upper Triassic El 

Tranquillo Formation of Argentina and found paedomorphic traits, including sauropod like 

skull with a deep symphysis, a high antorbital fenestra, a large orbh, and quadrupedal limb 

proportions. Thus, many of the character conflicts between prosauropods and sauropods 

could be resolved by this heterochronic evolution. In my discussion, I have used the 

prosauropod clade as an outgroup of sauropods. 
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Monophyly of Sauropoda 

Since Seeley (1887) estabhshed the Order Saurischia on the basis of pelvic 

structure, nearly all authors have assumed that Sauropoda was a well-defined, coherent 

group (Romer 1956). Recent cladistic analyses (Benton 1984, 1990; Gauthier 1984, 

1986; Cooper 1985; Gauthier and Padian 1985; Benton and Clark 1988) confirm that the 

Sauropoda is a monophyletic clade and share a suhe of synapomorphies. These derived 

features were summed up by Gauthier (1986): 

(1) postorbhal region is short and strongly inclined caudoventrally; 

(2) fi-ontals and parietals wider than long; 

(3) nasal process of premaxiUae very long; 

(4) nasals deeply excavated to form caudal margins of extemal nares; 

(5) postorbhal reduced to a thin, elongate bar; 

(6) caudal and postorbhal processes of jugal reduced; 

(7) lacrimal thin and elongate caudodorsally; 

(8) dorsal process of maxilla is narrow and extends over antorbital fenestra nearly to 

rostrodorsal margin of orbit; 

(9) lower temporal fenestra inclined rostroventrally to extend well below orbit; 

(10) palate short with broad choana; 

(11) pterygoid flanges are short and blunt; 

(12) epipterygoid absent; 

(13) at least two vertebrae were added to cervical series (minimum of 12 cervicals); 

(14) cervical ribs fiised to centra in fiiUy aduh specimens; vertebrae with highly canceUous 

to cavemously pleurocoelous centra surrounded by dense lamellar bone; 

(15) tall neural spines in caudal part of tmnk, over sacmm, and in rostral caudal vertebrae; 

(16) at least one vertebra incorporated mto sacmm (= five or six sacrals); 

(17) relatively broad sacmm whh enlarged sacral transverse processes that are level with 

top of deeply arched ihum; 

(18) massive proximal caudals; 
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(19) greatly enlarged acromial region of scapulocoracoid; 

(20) metacarpals stout and short; 

(21) manus elephantine, only digit one retains the ancestral phalangeal formula and a large, 

clawhke ungual, whh the others being reduced to single phalanges supporting 

hooflUce unguals; 

(22) pubis is directed ventrally and rostrally and more massive than ischium; 

(23) puboischiadic junction robust; 

(24) forelimbs at least three-fourths of hindlimb length; 

(25) limbs massive, pUlar-like, long bones, nearly solid; 

(26) tibia whh narrow descending flange; 

(27) pes stout, very short and broad, phalanges of outer digits short, whh digh three losing 

three phalanges; 

(28) gastralia absent. 

Phylogeny of Sauropoda 

Although about 90 genera of sauropods are known, many are fi-agmentary and 

cranial material is limited to a few taxa. I have selected the foUovdng sauropod genera 

that are adequately known fi-om skull material: 

(1) Shunosaurus from the Middle Jurassic Xiashaximiao Formation of China (Dong et al. 

1984; Zhang et al. 1984; Zhang 1988; Zheng 1991). 

(2) Omeisaurus fi-om the Middle Jurassic Xiashaximiao Formation and Upper Jurassic 

Shangshaximiao Formation of China (Young 1939; Dong et al. 1984; He et al. 1984; 

He 1988). 

{3) Mamenehisaurus fi-om the Late Jurassic Shishugou Formation and Shangshaximiao 

Formation of China (Young 1939; Young and Chao 1970; RusseU and Zheng 1993). 

Most skull characters selected here are provided by an unpublished photo which 

includes a braincase found in Upper Jurassic Shangshaximiao Formation, Jingyian 

county, Sichuan basin, China (Zhang personal communication). 
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4) Euhelopus from the Late Jurassic Menym Formation of China (Wiman 1929; Mateer 

and Mcintosh 1985). 

5) Camarasaurus fi-om the Late Jurassic Morrison Formation of U. S. A.(Cope 1877; 

Osbom and Mook 1921; Gilmore 1925; White 1958; Madsen et al. 1995). 

6) Brachiosaurus fi-om the Late Jurassic Tendagum Beds of Tanzania (Janensch 1919, 

1934). 

7) Antaretosaurus fi-om the Late Cretaceous Castillo Formation of Argentina (Huene 

1929). 

8) Diplodoeus fi-om the Late Jurassic Morrison Formation of U. S. A. (Holland 1906, 

1924; Huene 1914; Osbom 1912). 

9) Barosaurus fi-om the Late Jurassic Upper Tendagum Beds of Tanzania (Janensch 

1935-36). 

10) Apatosaurus fi-om the Late Jurassic Morrison Formation of U. S. A. (Marsh 1877; 

Berman and Mcintosh 1978; Mcintosh and Berman 1975). 

11) Dieraeosaurus fi-om the Late Jurassic Middle Tendagum Beds of Tanzania (Janensch 

1935-36). 

12) Amargasaurus fi-om the Early Cretaceous Amarga Formation of Argentina (Salgado 

and Bonaparte 1991; Salgado and Calvo 1992). 

13) Nemegtosaurus fi-om the Late Cretaceous Nemegt Formation of Mongoha (Nowinski 

1971). 

14) Quaesitosaurus fi-om the Late Cretaceous "Bamngoyotskaya" Svita of Mongolia 

(Kurzanov and Bannikov 1983). 

Many characters and character-states in my analysis were adopted fi-om Gauthier 

1986), Mcintosh (1990b), RusseU and Zheng (1993), Yu (1993), and Upchurch (1995). 

Unfortunately, 175 characters employed by Upchurch in his dissertation were not avaUable 

for comparison; he used those data to reconstmct sauropod phylogeny and publish his 

cladogram (Upchurch 1995). 
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Character Analysis 

In the following character analysis, the primitive state is coded as 0; successively 

more derived character states are coded 1, 2;"?" represents the character states that are 

not preserved, are not apphcable, or have questionable anatomical interpretations. 

Multiple character states are treated as unordered data in the phylogenetic algorithms, and 

no character is weighted. I have used the following nodal names, Sauropoda, 

Eusauropoda, Neosauropoda, Homalosauropoda, and Diplodocoidea, in the cladogram 

(Figure 65) to show the character distribution. 

1. Tooth morphology: spoon shaped with several vertical ridges (0), typical spoon shape 

lacking ridges (1), and peglike tooth (2). In the outgroup prosauropods, the spoon 

shape tooth with vertical ridges is encountered; in basal sauropods, the teeth are spoon-

shaped, but lack ridges; in advanced sauropods (referred to as homalosauropods), the 

teeth are peglike (Mcintosh 1990b; Yu 1993; Upchurch 1995). 

2. PremaxiUary tooth number: 5 teeth (0), 4-5 teeth (1), 4 teeth (2). The primitive 

condhion is only present in the outgroup. In Shunosaurus the premaxiUary teeth 

number is variable fi-om 5 to 4 (Zhang 1988). In later sauropods there are 4 

premaxillary teeth. 

3. MaxiUary teeth number: more than 20 (0), less than 20 (1). Outgroup has more than 25 

maxillary teeth, Shunosaurus has 20 teeth in maxiUa. In other sauropods, tooth counts 

vary fi'om 17 to 10. 

4. Reduction of tooth number: numerous teeth contmuing at the level of antorbhal fenestra 

(0), reduction of teeth in the caudal area (1). Tooth row reduction is visible in all 

members of homalosauropods (RusseU and Zheng 1993; Yu 1993). 

5. Tooth serrations: present (0), absent (1). The primitive character is present in the 

outgroup, Shunosaurus and Omeisaurus, but the degree of serration is reduced. In 

prosauropods, the serration is very prominent and extends along the whole margin of 

the crown, in Shunosaurus and Omeisaurus serration is only present in the upper part 

of the crown. 
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6. Constriction between tooth crown and root: present (0), absent (1). Constriction is 

absent in advanced genera. 

7. Mandibular fenestra: present (0), absent (1). This character is present in Shunosaurus, 

Omeisaurus and Mamenehisaurus, but absent in later genera. 

8. Surangular fenestra: absent (0), present (1). Surangular fenestra is absent in basal taxa 

but appeared in Camarasauridae (RusseU and Zheng 1993). 

9. Interdental plate prominent: yes (0), no (1). In basal sauropods, the fiision is not firm 

and the individual interdental plate can be recognized. The derived character is present 

in the homalosauropods whose interdental plates were fiised completely. 

10. Dental arcade shape: parabohc (0), rectangular (1). Rectangular dental arcade is 

present in homalosauropods. 

11. The ratio of the mandible to skull length: the same (0), less than 1(1). The mandible 

becomes short in homalosauropods (Yu 1993). 

12. Dentary symphysis: unossified (0), bony symphysis (1). The derived condhion is 

present in homalosauropods except Antaretosaurus which shows the symphysial union 

in the lower jaw. 

13. Coronoid process: prominent (0), weak or absent (1). Coronoid process is generaUy 

absent in the advanced sauropods, however, in Nemegtosaurus and Quaesitosaurus 

the coronoid process reappears (Upchurch 1995). 

14. Labial margin higher than lingual margin: yes (0), no (1). Labial margin is higher than 

hngual margin in outgroup, basal sauropods and Nemegtosaurus, two margins occupy 

the same level in most advanced genera (Upchurch 1995). 

15. Narial openmg level: same level with the orbh (0), higher than orbh (1), in the top of 

the skuU roof (2). Higher narial opening on the top of the skull roof is characteristic of 

homalosauropods (Yu 1993; Upchurch 1995). 

16. Narial opening number: two (0), one (1). The single narial openmg is prevalent among 

homalosauropods (Yu 1993). 
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17. Subnarial opening: absent (0), present (1). This opening is present in Omei.saurus and 

higher sauropods (Yu 1993). 

18. Subnarial opening poshion: located laterally between premaxUla and maxUla (0), dorsal 

position between premaxilla and maxiUa (1). 

19. Shape of subnarial foramen: tear drop (0), round (1), slh-lUce (2). The tear drop 

foramen is present in Omeisaurus, the round foramen in Camarasauridae. The derived 

character appears to be present in homalosauropods. 

20. Snout elongate: no (0), yes (1). The derived character is dominant m 

homalosauropods (Yu 1993). 

21. Internarial bar present: yes (0), no (1). This derived character is ubiquhous in 

homalosauropods (Yu 1993), and may be linked to the confluence of the nostrils. 

22. Elongate internarial bar: no (0), yes (1). Camarasaurus and Brachiosaurus possess an 

extremely elongate internarial bar (Yu 1993). 

23. Maxillary fenestra: absent (0), present (1). Maxillary fenestrae are only present in 

homalosauropods (Yu 1993). 

24. The ratio of length of narial and antorbital fenestrae: same (0), narial length is greater 

than antorbital (1), the antorbhal length is greater than narial (2). The derived 

character is present in homalosauropods (Yu, 1993). 

25. Antorbital size: large (0), moderate to smaU (1). The antorbhal opening probably 

reduced secondarily in homalosauropods (Yu 1993). 

26. Jugal size: large (0), smaU (1). In the outgroup and primitive sauropods, the jugal is 

relatively large; in Camarasaurus and Brachiosaurus, the jugal is reduced. It expands 

secondarily in homalosauropods. 

27. Jugal joins the ventral antorbhal margin: no (0), yes (1). The derived character is 

present in homalosauropods except for Nemegtosaurus (Yu 1993). 

28. Dorsal process of jugal: present (0), absent (1). This process is present in primitive 

sauropods, but is atrophied in homalosauropods (Gauthier 1986). 
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29. Lacrimal foot unites with jugal and maxiUa: yes (0), no (1). The character is highly 

variable among sauropods (Yu 1993). 

30. Lacrimal head separates the nasal and prefi-ontal: yes (0), no (1). The derived 

character is present in Camarasaurus and all homalosauropods (Yu 1993). 

31. Quadratojugal-maxiUa connection: no (0), yes (1). The derived character is present m 

most sauropods except for two primitive genera such as: Shunosaurus and 

Omeisaurus (Gauthier 1986; Yu 1993; Upchurch 1995). 

32. The angle between the two quadratojugal arms: equal to 90^(0), greater than 90^(1). 

The derived character is present in homalosauropods. 

33. Quadratojugal ascending process reaches the squamosal descending process: yes (0), 

no (1). In primhive sauropods, this character is present, but the connection is 

breached in homalosauropods (Gauthier 1986; Yu 1993). 

34. Expansion of rostral process of quadratojugal: no (0), yes (1). The expansion of 

quadratojugal is present in homalosauropods (Gauthier 1986). 

35. Quadrate position: vertical (0), quadrate head declining backward relative to foot (1). 

This derived character is present in homalosauropods (Mcintosh 1990b; Yu 1993; 

Upchurch 1995). 

36. Quadrate fossa on occiput: no (0), yes (1). This derived character is present in all of 

the Chinese sauropods and Camarasauridae (RusseU and Zheng 1993; Yu 1993). It is 

also known in Nemegtosaurus and Quaesitosaurus. 

37. Frontal joins the upper temporal fenestra: yes (0), no (1). This is one of the most 

variable characters and is present in Brachiosaurus, Diplodoeus, Apatosaurus, and 

Amargasaurus. 

38. Morphology of parietal on occiput: narrow (0), large (1). In primitive sauropods, the 

wing-hke parietal process is narrow. This process is expanded, smooth and prominent 

in Neosauropoda (sensu Upchurch 1995). 

39. Parietal contacts the postorbhal: no (0), yes (1). The derived character is present m 

Shunosaurus, Camarasauridae, and Nemegtosaurinae. 
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40. Size of the upper temporal fenestra: large (0), small and subrounded (1). In 

homalosauropods the upper temporal fenestra becomes small and subround (Yu 

1993). 

41. Development of the supraocciphal ridge: absent (0), present (1) The primitive 

character is present in the outgroup and Nemegtosaurinae. 

42. Suprocciphal platform present: no (0), yes (1). This platform in absent in the 

outgroup, Shunosaurus, and Nemegtosaurinae. 

43. Attitude of parocciphal process: directed caudally (0), directed laterally (1). In the 

outgroup and Shunosaurus, the paroccipital is directed backward. In Antaretosaurus, 

the tip of the parocciphal process is strongly curved and directed not only laterally but 

also ventraUy. 

44. Length of occiphal condyle neck: short (0), long (1). In Camarasaurus and 

Brachiosaurus this derived character is very distinctive. 

45. Foramen magnum size: large and round (0), dorsoventrally elongate (1). The derived 

character appears in Camarasaurus and Brachiosaurus. 

46. The angle between the occiput and skull roof greater than 900 (0), less than 900 (1). 

This derived character is present in homalosauropods (Yu 1993). 

47. SkuU depth: lower (0), higher (1), elongate and broad (2). Character (1) is present in 

the non-homalosauropods, and character (2) appears in the homalosauropods 

(Mcintosh 1990b; Yu 1993). 

48. Antorbhal fenestra located dorsally: no (0), yes (1). The derived character is present 

in Diplodoeus, Apatosaurus and Nemegtosaurus (Mcintosh 1990b; Yu 1993). 

49. Orientation of orbh: backward (0), vertical (1), forward (2). This character is based 

on the direction of the long axis of orbh. Character (1) appears in Shunosaurus, 

whereas character (2) is present in other advanced sauropods. 

50. Ratio of orbh to antorbhal opening: same (0), orbh greater than antorbhal (1). The 

primitive character is present in outgroup, Diplodoeus and Apatosaurus (Yu 1993). 
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51. Jaw articulation rostral to upper temporal fenestra: no (0), yes (1). The derived 

character is present in homalosauropods (Yu, 1993). 

52. Contact between the basipterygoid process and pterygoid: basipterygoid process rests 

on top of pterygoid (0), on the lateral of pterygoid (1), on the dorsal socket of 

pterygoid (2). The derived character (2) was found in Camarasauridae. 

53. Ratio of lateral temporal fenestra to antorbhal: less than 1 (0), greater than 1(1). The 

derived character is present in non-homalosauropods (Yu 1993). 

54. Lateral temporal fenestra rostral to orbh: no (0), yes (1). This derived character is 

present in homalosauropods (Yu 1993). 

55. Basioccipital tubera separation: no (0), yes (2). The derived character is present in 

most Neosauropoda except for Nemegtosaurinae. 

56. Basisphenoid recess deep: no (0), yes (1). The derived character is found in 

Shunosaurus, Omeisaurus, and Nemegtosaurinae. 

57. Length of the basipteryoid process: short (0), long (1). Long basipterygoid process is 

present in homalosauropods expect for Nemegtosaurinae (Gauthier 1986; Upchurch 

1995; Yu 1993). 

58. Angle of the basipterygoid process: large (0), smaU (1). Small angle between the two 

basipterygoid processes is found in Dicraeosauridae (Gauthier 1986; Upchurch 1995; 

Yu 1993). 

59. Parasphenoid rostmm: large and expanded (0), moderate (1), rod-like (2). The 

derived character (2) is found in Antaretosaurus, character (1) is present in other 

sauropods except for Nemegtosaurinae. 

60. Angle between olfactory ridges: less than 100^ (OX greater than 100° (1). This derived 

character is present m Neosauropoda 

61. Number of optic nerve (II) opening: one (0), two (1). The primitive character is 

present in the outgroup and Shunosaurus, the derived character is found in 

Eusauropoda (sensu Upchurch 1995). 
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62. Occulomotor nerve (III) opening located in a horizontal groove: yes (0), no (1). The 

derived character is present in Dicraeosauridae. 

63. Trochlear nerve (IV) opening rostral to the optic nerve (II): yes (0), no (1). The 

primhive character is found in Diplodocidae and outgroup. 

64. Position of the intemal carotid opening: lower (0), higher (1). The higher position of 

intemal carotid opening is present in Neosauropoda. 

65. Number of hypoglossal nerve (XI) opening inside the endocranial cavity: 2 (0), one 

(1). The primitive character is present in Dieraeosaurus and outgroup. 

66. Number of hypoglossal nerve (XII) opening on occiput: 2 (0), one (1). The primitive 

character is found in Shunosaurus, Omeisaurus, and Diplodoeus. 

67. Middle cerebmm vein opening rostral to IV opening: yes (0), no (1). The derived 

character is found in Omeisaurus, Camarasaurus, Diplodoeus, and Dieraeosaurus. 

68. Development of crista antotic: no (0), yes (1). The derived character is present in 

Neosauropoda except for Dicraeosauridae. 

69. Development of crista prootic: no (0), yes (1). The derived character is found in 

Neosauropoda except for Dicraeosauridae. 

70. Development of lateral process of laterosphenoid: yes (0), no (1). The derived 

character is present in Eusauropoda. 

71. Ovalis of fenestra shape: dorsoventrally elongate (0), subrounded (1). The derived 

character is known in Brachiosaurus and homalosauropods except for the 

Apatosaurus. 

72. Rostral wall of pituitary fossa: unossified (0), ossified (1). The unossified wall in the 

ventral pituhary fossa is found in Shunosaurus, Brachiosaurus and Quaesitosaurus. 

73. Orientation of pituhary body: downward (0), backward (1). The derived character is 

found in Neosauropoda. 

74. Pterygoid size: slender (0), large (1). Slender pterygoid is present in Shunosaurus, 

Omeisaurus and Mamenehisaurus. In Neosauropoda, pterygoids are expanded. 

160 



75. Pterygoid flange poshion: horizontal (0), vertical (1). The derived character is present 

in Neosauropoda. 

76. A depression below tympanic recess: no (0), yes (1). The primitive character is 

present in homalosauropods. 

Resuhs of Phylogenetic Analvsis 

Seventy-six characters, including six muhistate characters, were scored among 15 

taxa and analyzed using the branch and bound algorithm of PAUP, version 3.0 (courtesy 

of Dr. Sankar Chatterjee, Department of Geosciences, Texas Tech University). The six 

muhistate characters were entered as unordered data so that any state in the 

transformation series can change to any other state whhout addhion of steps to the tree 

length. The analysis generated the four most parsimonious trees with a length of 134 

steps and a consistency index (CI) of 0.64. The Adams consensus tree (Adams 1972) is 

apphed (Figure 65). 

The phylogenetic tree generated in my analysis corroborates the cladograms of 

Gauthier (1986) except for the placement of Euhelopus. Gauthier recognized several 

successive clades among sauropods, such as Vulcanodon, Barapasaurus, camarasaurs 

(Brachiosaurinae + Camarasaurinae) and titanosaurs {Euhelopus + Diplodocinae + 

Titanosaurinae). The reason he included Euhelopus within thanosaurs is because the 

quadrate attitude and that the neural spines are bifiarcated. However, these two characters 

correspond more closely to camarasaurs rather than thanosaurs. 

These resuhs differ fi-om the trees of Mcintosh (1989, 1990a) and Russell and 

Zheng (1993). In their cladograms, most Chinese sauropods were placed closer to the 

diplodocids, while Euhelopus and Camarasauridae are in the same clade. Yu (1993) 

discussed the phylogeny of Diplodocidae, and his cladogram matches closely with my 

analysis of these advanced genera of sauropods. 

The most detailed cladistic analysis of sauropods was undertaken by Upchurch 

(1995). His analysis was based on 174 osteological characters and 27 sauropodomorph 
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taxa. This cladogram is corroborated by my analysis except for the position of Euhelopus. 

Upchurch put all of the Jurassic Chinese sauropods m the clade Euhelopodidae Based on 

the skull data, h seems impossible to include Euhelopus with other Chinese genera such as 

Shunosaurus, Omeisaurus, and Mamenehisaurus. Euhelopus shares 9 synapomorphies 

with Camarasaurus, Brachiosaurus and other advanced sauropods and should be allied to 

this group, as suggested by Romer (1956) and Mcintosh (1990). 

Sauropoda Classification 

The cladogram can be translated into a classification of sauropods (Figure 66). Six 

families are recognized: Cetiosauridae, Mamenchisauridae, Camarasauridae, 

Thanosauridae, Diplodocidae, and Dicraeosauridae, all being clades defined by 

synapomorphies. The basal sauropods, such as Vulcanodon and Barapasaurus, are 

excluded fi-om any classification because of lack of cranial information. 

Sauropoda 

Sauropoda (node 1) is a monophyletic group that can be defined on the basis of 

following S5mapomorphies: 

1. Tooth number is reduced. 

2. Tooth crown lacks ridges. 

3. Extemal nostril opening moves upward and backward. 

4. The maxillary ascending process elongates to unite with the lacrimal. 

5. Lacrimal head is vertical or declines backward relative to lacrimal foot. 

6. Orbh orientation is vertical or backward. 

7. The angle between two quadratojugal arm is vertical or obtuse. 

8. Upper temporal fenestra is reduced. 

9. Rostral end of dentary is expanded. 
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Cetiosauridae 

Mcintosh (1990a) grouped the following genera whhm Cetiosauridae; 

Shunosaurus Cetiosaurus, Patagosaurus and Daro2/5awrM5; on the basis of postcranial 

characters. Among these genera, Shunosaurus is the sole taxon fiimishing cranial 

information. Thus the diagnosis of this family on the basis of skull characters is tentative, 

entirely based on Shunosaurus. It is a sister group with Eusauropoda. The following 

derived characters are probably applicable to this clade: 

1. Tooth morphology is a combination of cylindrical and spatulate form. 

2. Pterygoid is extremely slender and small. 

3. Pterygoid has a fossa on the dorsal aspect. 

4. Quadrate ramus of the pterygoid is forked. 

5. Extemal naris are at the level of the orbh. 

6. Quadratojugal participates m the articulation of the jaws. 

7. The basisphenoid recess is extremely deep. 

8. Trochlear (IV) nerve has two exits. 

9. Basipterygoid process is not wrapped by the caudal process of pterygoid. 

10. Postorbital contains a lateral ph. 

11. Lingual wall of the dentary is considerably lower than the labial wall. 

12. Occlusal level of the maxiUary tooth row is convex downward, whereas that of the 

dentary is concave upward, lUce a garden shear. 

13. Replacing tooth invades on the labial side of the fimctional tooth. 

14. Interdental plates lack fiision to the hngual wall of the alveoli. 

Eusauropoda 

Upchurch (1995) coined this name to include most sauropods, except Vulcanodon 

and Barapasaurus. I have restricted this name to mclude all sauropods except 

Cetiosauridae, with the latter being hs sister-taxon. 

This clade can be diagnosed by the following 8 characters: 
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1. 4 premaxilla teeth. 

2. MaxiUary teeth less than 20. 

3. Subnarial fenestra present between premaxilla and maxilla. 

4. Ascending process of quadratojugal is not connected to the descending process of 

squamosal. 

5. Postfi-ontal absent. 

6. Suproccipital platform prominent. 

7. Parocciphal process directed laterally. 

8. The optic nerve (II) has two openings. 

Mamenchisauridae 

The Mamenchisauridae (node 3) contains Mamenehisaurus and Omeisaurus. This 

clade is diagnosed by foUow characters: 

1. SkuU length and height ratio is between the Shunosaurus and Camarasaurus. 

2. Mandibular and surangular fenestrae are present. 

3. Rostral end of dentary is higher. 

4. Lateral flange of pterygoid is strongly constricted 

5. Vomer is elongate. 

Neosauropoda 

The Neosauropoda (node 4) contains most of the sauropods fi-om the Late Jurassic 

and Cretaceous, as defined by Upchurch (1995). This new assemblage includes: 

Camarasaurus, Brachiosaurus Euhelopus and Homalosauropoda. This clade is 

diagnosed by foUov^ng 8 synapomorphies; 

1. Mandibular fenestra absent. 

2. Quadratojugal connects maxilla. 

3. Enlarged wing-like process of parietal. 

4. Basioccipital tubera separated fi-om each other. 
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5. The intemal carotid opening poshion is very high on the lateral surface of the braincase 

6. Single XII nerve opening on the occiput. 

7. Pterygoid flange is expanding dorsoventrally. 

8. Pterygoid is located more vertically. 

Camarasauridae 

The Camarasauridae (node 5) includes Camarasaurus, Brachiosaurus and 

Euhelopus . This clade is diagnosed on the basis of the following synapomorphies; 

1. Surangular fenestra is present. 

2. Intemasal bar is elongate. 

3. Spatulate tooth is massive and broad transversely. 

4. Coronoid process is high. 

Homalosauropoda 

Homalosauropoda (node 7) is a newly diagnosed clade. It contains two 

superfamilies: Thanosauroidea and Diplodocoidea. Thanosauroidea contains a single 

family: Titanosauridae, while Diplodocoidea includes three famihes: Diplodocidae 

Dicraeosauridae and Nemegtosauridae. Although Upchurch (1995) did not formally name 

this node, he recognized this clade. The Camarasaurids are the sister-group of 

Homalosauropoda. The foUowing synapomorphies are characteristic of this clade; 

1. Tooth crown is peg-hke shaped. 

2. Tooth number is reduced. 

3. Interdental plate is fiised completely. 

4. Mandible is shorter than skull. 

5. Labial and lingual margins have same height. 

6. One medial nasal opening in the skull. 

7. Snout is elongate. 

8. Subnasal opening is small and elongate, located in the premaxilla/maxiUa suture groove. 
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9. Intemasal bar is absent. 

10. Maxilla fenestra is present. 

11. Antorbital is extremely large. 

12. Dorsal process of jugal is absent. 

13. Two arms of the quadratojugal form obtuse angle. 

14. Rostral end of the quadratojugal is expanded. 

15. Upper temporal fenestra is reduced. 

16. Angle between the occiput and skull roof is 90*̂ . 

17. Skull is broad and elongate. 

18. The antorbhal fenestra is more dorsally located. 

19. Orbh and antorbhal fenestra are equal in size. 

20. Jaw articulation rostral to upper temporal fenestra. 

21. Lower temporal fenestra is smaller than antorbhal fenestra. 

22. Lower temporal fenestra is rostral to the orbh. 

Thanosauroidea and Thanosauridae 

The single family in Thanosauroidea is Thanosauridae. The members of the 

Titanosauridae are known fi-om fragmentary remains, and their relationships are obscure. 

Upchurch (1995) included the following genera on the basis of postcranial 

synapomorphies: Opisthoeoelicaudia, Malawisaurus, Alamosaurus and Saltasaurus. The 

only skull information is fi'om the braincase and some lower jaw elements of 

Antaretosaurus. The following characters may be unique to Thanosauridae; 

1. The wing-like process of parietal is extremely enlarged. 

2. Occiput surface declines backward and forms the small angle Avith the skull roof (less 

than 90'). 

3. There is no symphysial union in the lower jaw. 

4. Parasphenoid is developed with a rod-like process. 

5. Upper temporal fenestrae are sht-like. 
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Diplodocoidea 

Two famihes are included in this superfamily; Diplodocidae and Dicraeosauridae. 

This clade is diagnosed by the foUowing skuU specializations; 

1. Antorbhal fenestra is present dorsally. 

2. The jugal is enlarged. 

3. Postorbhal and parietal contact in the lateral view. 

4. Lacrimal separates the nasal and prefi-ontal laterally. 

5. Two dentary are fially ossified. 

Diplodocidae 

Diplodocidae (node 9) contains several genera from the Upper Jurassic of North 

America and Afiica: Diplodoeus, Apatosaurus, and Barosaurus. This family is diagnosed 

by a large number of derived characters (Upchurch 1995, node 18). This node can be 

diagnosed on the basis of following cranial synapomorphies: 

1. Mandible is narrow with no prominent coronoid process. 

2. Jugal forms the ventral margin of the antorbhal. 

3. No quadrate fossa is present in the back surface. 

4. Frontal is excluded fi-om the upper temporal fenestra. 

Dicraeosauridae 

Dicraeosauridae (node 11) includes two subfamilies; Dicraeosaurinae and 

Nemegtosaurinae. The following derived characters of this group are recognized; 

1. Upper temporal fenestra has a sht-hke aperture. 

2. Lateral temporal fenestra is ventrally elongate and lies beneath the orbh. 

3. Quadrate is extremely declined backward in an angle more than 140 

4. The angle between basipterygoid processes is extremely small. 

5. The opening of the cranial nerve III is not located in the same groove with that of VI 
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Dicraeosaurinae 

Two genera are included in Dicraeosaurinae (node 12); Dieraeosaurus and 

Amargasaurus. The cranial synapomorphies are as follows; 

1. The basipterygoid processes are extremely elongate and form a narrow angle with each 

other. 

2. Basisphenoid recess is relatively deep. 

3. Both parietal and post parietal fenestrae may be present. 

Nemegtosaurinae 

Nemegtosaurinae (node 13) contains two Mongolian genera; Nemegtosaurus and 

Quaesitosaurus, both show partial skuUs. The diagnosis of this clade is based on the 

following synapomorphies: 

1. Quadratojugal attaches the quadrate in the high position. 

2. Parietal contacts whh the postorbhal. 

3. Supraoccipital ridge is absent. 

4. Supraocciphal platform is absent. 

5. Foramen magnum is elongate dorsoventrally. 

6. Parasphenoid rostmm is very large. 
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APPENDIX A 

ABBREVIATIONS FOR FIGURES 

SkuU and braincase; 
a; angular 
aof antorbhal fenestra 
ar: articular 
bo; basioccipital 
bpt; basipterygoid process 
bs; basisphenoid 
bt: basisphenoid tubera 
c.w.f; caudal wear facet 
ch; choana 
d: dentary 
ec; ectopterygoid 
en; extemal naris 
eo; exoccipital 
eov: foramen for extemal occipital vein 
f ft-ontal 
fa bpt: facet for basipterygoid process 
fa ec; facet for ectopterygoid 
fa m: facet for maxiUa 
fa n; facet for nasal 
fa pi; facet for palatine 
fa pm; facet for premaxiUa 
fa po; facet for postorbital 
fa prf; facet for prefi-ontal 
fa pt; facet for pterygoid 
fa qj; facet for quadratojugal 
fa sq: facet for squamosal 
fin; magnum fenestra 
ic: intemal carotid artery 
idp; interdental plate 
iv; interpterygoid vacuity 
j ; jugal 
1: lacrimal 
Ifl; lateral flange of pterygoid 
Is; laterosphenoid 
m; maxUla 
mef metotic fenestra 
mf mandible fenestra 
n: nasal 
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o.w.f; occlusal wear facet 
o; orbh 
op: opisthotic 
os; orbhosphenoid 
p; parietal 
papr; parocciphal 
pf parietal fenestra (pineal) 
pi; palatine 
pm: premaxilla 
po; postorbhal 
ppf post palatine fenestra 
pra; prearticular 
prf: prefrontal 
pro; prootic 
ps; parasphenoid 
psf postfrontal 
pt: pterygoid 
ptf post temporal fenestra 
ptr: pterygoid ramus 
q; quadrate 
qc; quadrate condyle 
qf quadrate fossa 
qh; quadrate head 
qj: quadratojugal 
qr: quadrate ramus 
r.w.f: rostral wear facet 
rf: retractor fossa 
sa; surangular 
saf surangular fenestra 
snf: subnasal fenestra 
soc; supraoccipital 
sp: splenial 
sq; squamosal 
stf subtemporal fenestra 
sym; symphysis 
utf upper temporal fenestra 
v; vomer 

Endocast; 
eel; cerebellum 
cer; cerebral 
die; diencephalon 
int e; intemal ear region 
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olf t; olfactory tract 
op 1; optic lobe 

Cranial nerves; 
I: olfactory 
II: optic 
III; occulomotor 
IV: trochlear 
V; trigeminal 
VI; ophthalmic 
V2; maxiUary branch of the trigeminal verve 
V3; mandibular branch of the trigeminal nerve 
VI: abducens 
VII: facial 
VIII: auditory 
IX; glossopharyngeal 
X; vagus 
XI; spinal accessory 
XII; hypoglossal 
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APPENDIX B 

CHARACTER LIST 

The following character and character-state list shows the phylogenetic position of all 76 
characters on the shortest tree under ACCTRAN optimization. Thus, any ambiguity in the 
distribution of character-state change is accelerated, such that paraUelisms are preferred 
over equally parsimonious reversals. The outgroup is prosauropods. 

1. Tooth morphology; spoon shape with several vertical ridges (0), typical spoon shape 
lacking ridges (1), and peghke tooth (2). 

2. Premaxillary tooth number; 5 teeth (0), 4-5 teeth (1), 4 teeth (2). 
3. Maxillary tooth number; more than 20 (0), less than 20 (1). 
4. Reduction of tooth number; numerous teeth continued at the level of antorbital fenestra 

(0), reduction of teeth in caudal part (1). 
5. Tooth serration; present (0), absent (1). 
6. Constriction between tooth crown and root: present (0), absent (1). 
7. Mandibular fenestra: present (0), absent (1). 
8. Surangular fenestra; absent (0), present (1). 
9. Interdental plate prominent; yes (0), no (1). 
10. Dental arcade shape; parabohc (0), rectangular (1). 
11. The ratio of the mandible and skuU length; the same (0), less than 1(1). 
12. Dentary symphysis; unossified (0), bony symphysis (1). 
13. Coronoid process: prominent (0), weak or absent (1). 
14. Labial margin higher than lingual margin; yes (0), no (1). 
15. Narial opening level; same level with the orbh (0), higher than orbh (1), in the top of 

theskuUroof(2). 
16. Narial opening number: two (0), one (1). 
17. Subnarial opening; absent (0), present (1). 
18. Subnarial opening position; located laterally between premaxilla and maxilla (0), dorsal 

poshion between premaxiUa and maxiUa (1). 
19. Shape of subnarial foramen; tear drop (0), round (1), sht-like (2). 
20. Snout elongate: no (0), yes (1). 
21. Intemarial bar present: yes (0), no (1). 
22. Elongate intemarial bar: no (0), yes (1). 
23 Maxillary fenestra: absent (0), present (1). 
24. The ratio of length of narial and antorbhal; same (0), narial length is greater than 

antorbhal (1), the antorbhal length is greater than narial (2). 
25. antorbhal size; large (0), moderate to small (1). 
26. Jugal size; large (0), small (1). 
27. Jugal joins the ventral antorbhal margin: no (0), yes (1). 
28. Dorsal process of jugal; present (0), absent (1). 
29. Lacrimal foot unites with jugal and maxilla; yes (0), no (1). 

184 



30. Lacrimal head separates the nasal and prefi-ontal: yes (0), no (1). 
31. Quadratojugal-maxiUa connection; no (0), yes (1). 
32. The angle between the two quadratojugal arms; equal to 90^ (0), greater than 90° (1) 
33. Quadratojugal ascending process reaches the squamosal descending process; yes (0), 

no(l) . 
34. Expansion of rostral process of quadratojugal; no (0), yes (1). 
35. Quadrate position; vertical (0), quadrate head declining backward relative to foot (1). 
36. Quadrate fossa on occiput; no (0), yes (1). 
37. Frontal joins the upper temporal fenestra; yes (0), no (1). 
38. Morphology of parietal on occiput: narrow (0), large (1). 
39. Parietal contacts the postorbital; no (0), yes (1). 
40. Size of the upper temporal fenestra; large (0), small and subrounded (1). 
41. Development of the supraocciphal ridge; absent (0), present (1). 
42. Supraoccipital platform present; no (0), yes (1). 
43. Attitude of parocciphal process; directed caudally (0), directed laterally (1). 
44. Length of occiphal condyle neck; short (0), long (1). 
45. Foramen magnum size; large and round (0), dorsoventrally elongate (1). 
46. The angle between the occiput and skuU roof greater than 90° (0), less than 90° (1). 
47. SkuU depth; lower (0), higher (1), elongate and broad (2). 
48. Antorbhal fenestra located dorsally: no (0), yes (1). 
49. Orientation of orbh; backward (0), vertical (1), forward (2). 
50. Ratio of orbh to antorbhal opening; same (0), orbh greater than antorbhal (1). 
51. Jaw articulation rostral to upper temporal fenestra; no (0), yes (1). 
52. Contact between the basipterygoid process and pterygoid; basipterygoid process rests 

on top of pterygoid (0), on the lateral of pterygoid (1), on the dorsal socket of 
pterygoid (2). 

53. Ratio of lateral temporal fenestra to antorbhal: less than 1 (0), greater than 1 (1). 
54. Lateral temporal fenestra rostral to orbh; no (0), yes (1). 
55. Basiocciphal tubera separation: no (0), yes (2). 
56. Basisphenoid recess deep; no (0), yes (1). 
57. Length of the basipteryoid process: short (0), long (1). 
58. Angle of the basipterygoid process; large (0), small (1). 
59. Parasphenoid rostmm; large and expanded (0), moderate (1), rod-hke (2). 
60. Angle between olfactory ridges; less than 100° (0), greater than 100 (1). 
61. Number of optic nerve (II) openings; one (0), two (1). 
62. Occulomotor nerve (III) opening located in a horizontal groove; yes (0), no (1). 
63. Trochlear nerve (IV) opening rostral to II; yes (0), no (1). 
64 Position of the intemal carotid opening; lower (0), higher (1). 
65. Number of hypoglossal nerve (XI) openmgs inside the endocranial cavity; two (0), one 

66. Number of hypoglossal nerve (XII) openings on occiput; two (0), one (1) 
67. Middle cerebmm vein opening rostral to IV openmg: yes (0), no (1). 
68. Development of crista antotic; no (0), yes (1). 
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69. Development of crista prootic: no (0), yes (1) 
70. Development of lateral process of laterosphenoid; yes (0), no (1). 
71. Ovahs of fenestra shape; dorsoventrally elongate (0), subrounded (1) 
72. Rostral waU of pituitary fossa: unossified (0), ossified (1). 
73. Orientation of pituhary body; downward (0), backward (1). 
74. Pterygoid size; slender (0), large (1). 
75. Pterygoid flange position; horizontal (0), vertical (1). 
76. A depression below tympanic recess; no (0), yes (1). 
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APPENDIX C 

SKULL DATA MATRIX 

The following matrix and character and character-state Ust shows the phylogenetic 
position of all unambiguous characters from a branch-and- bound analysis 76 skull 
characters. Character-state abbreviations: 0 = plesiomorphic state; 1,2 = apomorphic 
state; 9 = unknown. 

1 2 3 4 
00000 00000 00000 00000 00000 00000 00000 00000 
00000 00000 00000 00000 00110 00100 00001 00001 
01100 00000 00000 10100 00110 00110 01001 10000 
01100 10100 00099 99990 99999 99999 99991 10000 
01100 11000 00010 10100 00011 00001 01001 19999 
01100 11100 00010 11100 10111 00011 00001 10011 
01100 11100 00010 11100 10111 00101 01001 11011 
m i l 199190911999991 099199999999999 10010 
11111 11011 11121 1121101220 11111 11110 11010 
11991 19999 99999 99999 09999 99999 99999 99919 
11111 11011 11121 1121101220 11111 11110 11010 
11111 11091 99121 99911 09999 99999 11999 99119 
99999 99999 99999 99999 09999 99999 99999 91110 
11111 11111 90021 1121101020 01011 10111 10111 
11911 11011909219921109999 99999 19111 19091 

Prosauropod 
Shunosaurus 
Omeisaurus 
Mamenehisaurus 
Euhelopus 
Camarasaurus 
Brachiosaurus 
Antaretosaurus 
Diplodoeus 
Barosaurus 
Apatosaurus 
Dieraeosaurus 
Amargasaurus 
Nemegtosaurus 
Quaesitosaurus 

Prosauropod 
Shunosaurus 
Omeisaurus 
Mamenehisaurus 
Euhelopus 
Camarasaurus 
Brachiosaurus 
Antaretosaurus 
Diplodoeus 
Barosaurus 
Apatosaurus 
Dieraeosaurus 
Amargasaurus 
Nemeposaurus 
Quaesitosaurus 

00000 00000 
01000 00101 
01110 00102 
09990 00192 
99999 99109 
01111 10102 
01111 10102 
1111001199 
1111001212 
91190 09999 
1111001212 
91110 11299 
11110 01999 
10010 11212 
90010 01299 

00000 00000 
10110 01001 
10110 01000 
90190 01001 
10999 99999 
10210 10001 
10210 10001 
99999 10002 
01101 10101 
99999 10101 
01101 10101 
99999 10111 
99999 11111 
11201 00010 
91299 01010 

00000 00000 
00101 01000 
91009 09010 
01001 09090 
99999 99999 
11101 11111 
11100 99101 
11001 11100 
11000 19011 
1110011111 
99999 99999 
1111190100 
11011 19100 
99999 99999 
91011 99900 

00000 0 
00000 0 
09099 0 
01099 0 
99999 9 
11011 1 
11101 1 
01111 9 
11111 1 
111119 
09099 1 
01111 9 
01111 9 
99999 1 
01101 1 
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APPENDIX D 

PHOTOGRAPHS OF SKULL ELEMENTS OF 
SHUNOSA URUS AND CAMARASA URUS 
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