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ABSTRACT

Bone samples of the sauropod dinosaur Alamosaurus sanjuanensis were collected
from the Upper Cretaceous Javelina Formation in Big Bend National Park, Texas, for use
in a histological analysis. Alamosaurus is a member of the Titanosauridae, the most
derived sauropod group. This is the first extensive histological study performed on a
member of the Titanosauridae, although previous studies indicated that the vertebral
structure in this group is unlike that of any other sauropod family. Parts of twelve ribs;
two tibiae; three humeri; one scapula; two fibulae; three femora; one pubis; one ulna; one
metacarpal II(?); one metatarsal II(?); two dorsal vertebrae; and two distal caudal
vertebrae were examined. The specimens were sectioned and imaged digitally using a
flatbed scanner as well as prepared for thin section analysis.
The ribs and vertebrae are highly cavernous. The vertebrae possess “camellate”
cavities unique to titanosaurids. The ribs are also highly cavernous throughout their
length, a feature previously unreported in other sauropods. Several distal rib specimens
possess calcified cartilage, suggesting a connection to cartilagenous sternal ribs. The
pubis and scapula were the first skeletal elements to be completely remodeled by, 50
percent adult length. Primary tissue, where present, is typically of the woven to fibrolamellar type. Lamellar-zonal tissue with annuli was only found in the peripheral cortex
of a tibia 74 percent adult length, a humerus 78 percent adult length, and in several rib
fragments. Several appendicular elements exhibit growth rings, or “cycles”. By
estimating body mass from the percent adult length at each cycle, and applying the von

vi

Bertalanffy growth rate equation, a growth curve is produced. Using a humerus sample
possessing the best preserved cycles, Alamosaurus is estimated to have attained adult
mass in 60 years. This method is also used to provide age estimates for previous
sauropod growth rate studies.
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CHAPTER 1
INTRODUCTION

1.1 Purpose
Studies of bone microstructure, or histology, provide a variety of information on
the biology of living and extinct vertebrate animals. Bone histology was among the lines
of evidence first used to suggest an endothermic or “warm blooded” physiology in
dinosaurs (Bakker, 1972). Histological studies have been applied to several prosauropod
and sauropod dinosaur species in attempts to understand their physiology and to estimate
growth rates in these largest of terrestrial animals (Reid, 1981; de Ricqles, 1983; Reid,
1990; Chinsamy, 1993a, 1993b; 1999; Rogers, 2000; Sander, 2000). To fully understand
what the bone histology of a species may reveal, it is helpful to examine as many skeletal
elements from as many individuals in as many ontogenetic growth stages as possible,
because bone remodeling in life affects various bones differently (Reid, 1997b; Rogers,
2000).
Fragments of limb bones, ribs, vertebrae, and pelvic and shoulder girdle elements
of the sauropod dinosaur Alamosaurus sanjuanensis were collected from the Upper
Cretaceous Javelina Formation in Big Bend National Park, Texas, for use in such a
histological analysis. The purpose of this research is to describe the bone histology in
this sauropod and to reconstruct the growth history of Alamosaurus by analyzing
specimens from multiple individuals in a range of ontogenetic stages. Examining a bone
growth series composed of individuals with various ages, rather than a single animal, will
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contribute to understanding sauropod physiology by providing more insight into their
possible growth strategies.

1.2 Significance
Several recent histological studies on bones of European and African sauropod
dinosaurs suggest that these animals may have attained their gigantic adult sizes (>30
metric tons) within five to ten years (Curry, 1999; Sander, 2000), and imply that these
animals grew at an extraordinary rate. If it can be substantiated that sauropods attained
adult size in a single decade, this will constrain debate regarding how much plant
material these animals would have had to consume daily in order to support their rapid
growth.
However, the results of histological studies on sauropods are limited not only
because so few studies have been performed, but also because few growth stages have
been examined or only a small suite of samples were taken from one individual. Simply
put, there have not been enough individuals sampled in any study to make growth rate
results statistically significant, and it is therefore still difficult to report with any certainty
how quickly sauropods reached adult size.
Furthermore, no extensive histological studies have been performed on any
sauropod belonging to the Titanosauridae, although this clade represents one of the most
derived groups of sauropods (Wilson and Sereno, 1998) and their gross vertebral bone
structure is strikingly different from that in other sauropod groups (the
“somphospondylous” or “sponge bone” condition of Wilson and Sereno (1998)).

2

Because titanosaurids were so different from other sauropod families, it is possible that
their bone histology is also significantly different. Therefore, this study may provide a
better understanding of how sauropods grew in general, but specifically how the
Titanosauridae differ from other sauropod families.
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CHAPTER 2
JAVELINA FORMATION

2.1 Location
Remains of Alamosaurus sanjuanensis are found within the Upper Cretaceous
Javelina Formation and lower part of the Black Peaks Formation, located in the Big Bend
region of Trans-Pecos Texas (Lawson, 1972; Lehman, 1985, 1989; see Fig. 1). In this
region, Upper Cretaceous and Paleogene sediments were deposited in the southeast
trending Tornillo Basin situated between the Chihuahua Tectonic belt on the west and the
Santiago and Sierra Del Carmen uplifts on the east (Lehman, 1985, 1991).
The basal part of the Javelina is gradational with the underlying upper shale
member of the Aguja Formation (Lehman, 1985). The contact between the Aguja and the
Javelina is placed at a sandstone unit above which the mudstones are predominantly
variegated (Maxwell et al., 1967; Lehman, 1985). The boundary can also be recognized
by the occurrence of chert pebble conglomerate in the sandstone (Lehman, 1988).
The Javelina Formation is overlain by the Black Peaks Formation, which spans
the Cretaceous-Tertiary boundary (Lawson, 1972; Lehman, 1985; Lehman and Coulson,
2002). The Javelina-Black Peaks contact is placed at the top of a prominent ridgeforming conglomeratic sandstone above which the section is predominantly mudstone
with only thin sandstone lenses (Lehman, 1985).

4

Figure 1. Above: The Late Cretaceous Javelina Formation is bounded below by the
Aguja and above by the Black Peaks formations. Below: Specimens used for this
study were collected from the areas of (red stars from left to right) Dawson Creek,
Gano Springs, Paint Gap Hills, Tornillo Flat, and McKinney Springs.
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2.2 Tectonic Setting
The Javelina Formation is Lancian in age, approximately 70 to 66.5 Ma (Lehman,
1991; see Fig. 2). During Lancian time, sedimentation was restricted to the downdropped area of the Tornillo Basin, due to the onset of Laramide tectonism that created
the Chihuahua Tectonic belt to the west and the Santiago and Sierra Del Carmen
monoclines towards the east (Lehman, 1986, 1989; see Fig. 3). Sediment accumulated in
this area was largely derived from erosion of Lower Cretaceous strata that had been
exposed in the uplifted and deformed regions bounding the Tornillo Basin. Greater
subsidence along the southwest flank of the Santiago upthrust resulted in a thicker section
of the Javelina and Black Peaks formations there. Sedimentation was fairly continuous
throughout the Late Cretaceous and Paleogene. Eventually, the Upper Cretaceous and
Paleogene sediments within the Tornillo Basin were folded and eroded. This was
followed by widespread volcanic eruptions that formed the Big Bend Park Group and
Vieja Group during the Eocene and Oligocene (Lehman, 1986; see Fig. 4).

2.3 Sedimentology
Maxwell et al.(1967) proposed the name “Javelina Formation” for the Cretaceous
portion of the “Tornillo Clay” in Big Bend National Park. The formation receives its
name from Javelina Creek, which is a tributary of Tornillo Creek in the northeastern area,
of Tornillo Flat. The Javelina Formation is largely a mudstone unit but includes
prominent lenticular beds of yellowish-gray, and dark brown tabular cross-bedded
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sandstone, most of which are conglomeratic (Maxwell et al., 1967; Lehman, 1987, 1989,
1991).
The predominantly variegated smectitic mudstone beds are purple, dull gray, olive
green, maroon, or brown and weather to form rounded hills or broad flats (Maxwell et al.,
1967; Lehman, 1985, 1987, 1988, 1989). Concretionary nodules of calcium carbonate
are found throughout the structureless mudstone, and often form a covering of scree
across the weathered hilltops and flats (Maxwell et al., 1967; Lehman, 1985, 1987, 1989).
These nodules typically range in diameter from one to six centimeters (Maxwell et al.,
1967).
The sandstones are predominantly fine- to medium-grained, immature to mature
volcanic arenites and plagioclase arkoses. Conglomeratic lenses contain reworked paleocaliche carbonate nodules and lesser amounts of chert (Lehman, 1985, 1987, 1991).
Black, gray, and red chert pebbles, although generally uncommon, may be very abundant
in the lower conglomeratic sandstone, providing up to 70 percent of the lag gravel. These
pebbles were probably derived from a variety of extra-basinal sources (Lehman, 1991).
The sandstone lenses often weather to form low hogbacks, and vary in thickness between
3 and 22 meters (Lehman, 1985, 1991). Where the Javelina Formation is completely
exposed, it is typically about 100 meters thick (Lehman, 1985).
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Figure 2. Paleogeographic map of North America during Lancian time. Locations
indicated by squares show the extent of the Alamosaurus fauna (Lehman, 2001).
8

Figure 3. Tectonic setting of the southeast portion of the Tornillo Basin in the Big
Bend area of Texas (Lehman, 1991).
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Figure 4. Generalized sequence of sedimentation and tectonic events in the TransPecos area of Texas (Lehman, 1986).
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2.4 Depositional Environment
Although Maxwell et al. (1967) interpreted the mudstone of the Javelina
Formation to have been deposited out of suspension within lakes having intermittent and
local currents, the Javelina Formation most likely represents an inland fluvial floodplain
environment (Lehman, 1985). The absence of coarser grained alluvial fan deposits
indicate a depositional area of low relief, but drainage was sufficient to prevent largescale lacustrine deposition (Lehman, 1991). However, shallow lakes were present and
resulted in thin pelloidal limestone breccia beds with freshwater bivalves and gastropods
(Coulson, 1998; Lehman and Coulson, 2002).
Color banding and nodules within the mudstones suggest that the overbank
deposits were subject to repeated episodes of soil formation and sediment accumulation
on well drained floodplains (Lehman, 1985, 1987, 1988, 1989, 1991). Further evidence
of paleosol formation comes from gray and purple mud clasts and carbonate nodules
within channel lag deposits similar to those preserved in situ in overbank deposits, soil
horizon bioturbation by plants and animals, calcareous and ferruginous encrustation of
weathered bones, reworked encrusted bone in channel deposits, and clay skins in paleosol
horizons (Lehman, 1989).
The lenticular sand bodies are stream channel deposits accumulated in laterally
migrating meandering streams (Maxwell et al., 1967). These bodies contain typical
channel structures including “epsilon” cross-bedding, steep cut-bank geometry of channel
margins, and contrasting fine grained deposits adjacent to the channel fill sediments
(Lehman, 1985, 1989).
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Long-term cycles of semi-arid and humid conditions during deposition are
indicated by channel stratification as well as in the nature of the overbank paleosols.
Aggradational events preserved in the channel sandstones and calichification events
preserved in the mudstones may correspond to semi-arid conditions, while incision events
within the channels and podzolization within the flood-plain mudstones may represent
humid conditions (Lehman, 1985). Paleocurrent data reveal the streams flowed
southeastwardly within the Tornillo Basin between the western tectonic belt and the
eastern uplifts, toward the Rio Grande Embayment (Lehman, 1985, 1986, 1987, 1989,
1991).

2.5 Lancian Fauna
Remains of the sauropod dinosaur Alamosaurus dominate the inland floodplain
sediments of the Javelina Formation. Alamosaurus vertebrae, limb bones, and partial
skeletons are common within the sand bodies (Lehman, 1985, 1987). Also found with
this assemblage is the ceratopsian dinosaur Torosaurus and the pterosaur
Quetzalocoatlus, as well as hadrosaurs, carnosaurs, ornithomimids, ankylosaurs,
crocodilians, and turtles (Lehman, 1985, 1987). Fragments of fossil wood and complete
logs are also present (Wheeler and Lehman, 2000). Most fossils are found within the
channel sandstones, and those within the overbank deposits are most often weathered and
encrusted with paleo-caliche (Lehman, 1985).
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CHAPTER 3
ALAMOSAURUS SANJUANENSIS

3.1 Titanosauridae
The Late Cretaceous sauropod Alamosaurus sanjuanensis was assigned to the
family Titanosauridae in 1932 by Huene (Gilmore, 1946). Features considered
synapomorphic among titanosaurids and shared by Alamosaurus include the apparent
absence of manual phalanges and pollex claw; carpals absent or unossified; outwardly
angled femur; flared ilia; a pubis longer than the ischium; strongly opisthocoelous
posterior dorsal vertebrae; a short tail with a biconvex first caudal; strongly procoelus
anterior caudal centra; prespinal and postspinal laminae on anterior to mid-caudal
vertebrae; large sternal plates with concave margins; well developed olecranon process;
and a scapular-glenoid angled away from the midline (Lawson, 1972; McIntosh, 1990;
Wilson and Sereno, 1998; Wilson and Carrano, 1999; Lehman and Coulson, 2002).
The family Titanosauridae is the most diverse group of neosauropods, but is also
the most enigmatic (Wilson and Carrano, 1999). Titanosaurids have been found
throughout the world, including Africa, India, and Europe, but were especially prolific in
South America up to the end of the Cretaceous (McIntosh, 1990; Coulson, 1998; Wilson
and Carrano, 1999). Because the necks and skulls of titanosaurs have rarely been found,
synapomorphies come from the appendicular skeleton (Wilson and Carrano, 1999). The
titanosaur skeletal structure is unlike that of any other sauropod clade, and the skeleton
suggests a departure from the typical sauropod locomotor style. This may manifest itself
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in the so-called “wide-gauge sauropod trackways” (Wilson and Carrano, 1999). In
addition to a “wide-gauge” stance, appendicular features would combine to give these
animals increased trunk mobility and the possibility of more frequent bipedal behavior
(Wilson and Carrano, 1999).

3.2 Specimens
The type specimen of Alamosaurus sanjuanensis was collected by J.B Reeside, Jr.
in 1921 and described by C. W. Gilmore a year later (Gilmore, 1922). It was found near
Ojo Alamo, New Mexico, in the Upper Cretaceous Ojo Alamo Sandstone (that part later
assigned to the Naashoibito Member of the Kirkland Shale) within Barrel Springs Arroyo
(Gilmore, 1922; Kues et al., 1980). The type specimen, United States National Museum
(USNM) 10486, consists of a nearly complete left scapula, and the paratype (USNM
10487) is an almost complete right ischium (Gilmore, 1922). Gilmore justified the
assignment of a new genus of sauropod for this specimen based not only on its Upper
Cretaceous horizon, but also on several features of the scapula and ischium. The ischium
is extremely short, and lacks the long posterior expansion that characterizes most other
sauropod ischia (Gilmore, 1922). Mateer (1976) later described topotype specimens
consisting of a right ilium fragment and three sacral vertebrae.
Gilmore (1946) also described another specimen collected from the 1937
Smithsonian Paleontological Expedition to the North Horn Formation of Utah. Specimen
USNM 15560 consists of thirty articulated caudal vertebrae, twenty-five chevrons, two
ischia, left scapula and coracoid, right humerus, radius, metacarpus, two sternal plates,
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and fragments of three ribs. This specimen was important in substantiating the original
claim of sauropod remains in Upper Cretaceous strata of North America, and enabling a
more adequate diagnosis of Alamosaurus sanjuanensis, positively assigning this taxon to
the family Titanosauridae (Gilmore, 1946).
Kues et al. (1980) reported the discovery of possible Alamosaurus teeth near
Gilmore’s type locality in New Mexico. Before 1980, no cranial material from
Alamosaurus had ever been reported. Because Alamosaurus sanjuanensis is the only
sauropod known from the Upper Cretaceous of New Mexico, Kues et al. (1980)
concluded that the abundance of sauropod teeth found in close proximity to the type
Alamosaurus postcranial remains implies the teeth came from the same species. The
teeth are round in cross section and roughly cylindrical with exceedingly short roots
(Kues et al., 1980). The pencil-like dentition appears to closely resembles that of
Nemegtosaurus and Diplodocus rather than the more spatulate teeth of Camarasauridae
(Kues et al., 1980).
Alamosaurus skeletal material from the Texas Memorial Museum (TMM)
collected from the Javelina Formation of Texas was described by Lawson (1972). Many
additional specimens from the Javelina Formation have been collected before and since
that time, but not prepared or described. Among these is a cervical vertebra collected by
Barnum Brown in 1941 for the American Museum of Natural History. W. Langston Jr.
collected a femur in 1947, and many other specimens including a partial skeleton in 1972
(TMM 41541).
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A juvenile specimen of Alamosaurus sanjuanensis was described from the Black
Peaks Formation (Coulson, 1998; Lehman and Coulson, 2002). The material collected
includes six cervical centra, six cervical neural arches, a partial cervical rib, a dorsal
centrum, four dorsal neural arches, left coracoid, left humerus, left ischium, left fibula,
partial right fibula, and two distal tibiae (Coulson, 1998). The juvenile status of this
specimen is indicated by size, striated bone, lack of fusion between neural arches and
centra, and free sacral ribs (Coulson, 1998; Lehman and Coulson, 2002).

3.3 Alamosaurus Fauna
To date, Alamosaurus sanjuanensis remains the only known sauropod from the
Upper Cretaceous of North America (Lucas and Hunt, 1989; Coulson, 1998; Sullivan and
Lucas, 2000). The “Alamosaurus fauna” was dominated by Alamosaurus, and in Texas,
abundant pterosaurs (Lehman, 2001). It also includes ceratopsians, principally
Torosaurus utahensis, as well as hadrosaurs and ankylosaurs. Large theropods composed
about ten percent of this fauna (Lehman, 1987). Remains of Alamosaurus appear to
increase in abundance in a southerly direction from Utah and Wyoming to New Mexico
and Texas. This animal may represent a South American immigrant because of skeletal
similarities with Neuquensaurus of Argentina and unnamed titanosaurs from Brazil
(Lehman, 1987; Lehman and Coulson, 2002). During Late Cretaceous time a land bridge
may have existed between North and South America in the form of an island arc, which
could have facilitated faunal exchange (Lehman, 1987; Lucas and Hunt, 1989).
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However, if Alamosaurus did indeed emigrate from South America it would have
done so by island hopping, most likely requiring swimming. Yet, remains of
Alamosaurus are always associated with deposits of upland semi-arid to arid
environments. Animals that inhabit upland environments tend to be more endemic than
those living in coastal environments. It is equally likely that the ancestor of Alamosaurus
was a species indigenous to North America (Lehman, 2001). Its fossil abundance does
not gradually increase over time in the fossil record. Alamosaurus remains appear
abruptly, suggesting a rapid dominance of the ecosystem rather than the slow conquest of
migrants.

17

CHAPTER 4
BONE HISTOLOGY

4.1 Introduction
The study of bone tissue, or bone histology (Rogers, 2000), can be undertaken on
modern as well as well-preserved fossil bones to determine ontogenetic growth strategies,
growth rates, bone strength, and in some cases, relative age. A basic review of the
processes of bone formation and bone structure is given below, and this is followed by a
more elaborate description of the histology of dinosaur bone.
Bone is composed of cells surrounding a matrix of both organic and inorganic
materials. The organic matrix is primarily collagen, and the inorganic matrix is chiefly
the carbonate hydroxyapatite mineral dahllite (Copenhaver et al., 1971; Barrick, 1993;
Chinsamy, 1994; Currey, 2002). Generally, bone forms by first synthesizing and
assembling the organic collagen matrix and then mineralizing this framework using the
inorganic matrix components (Barrick, 1993; see Fig. 5).
Bone tissue contains three types of cells: osteoblasts, osteocytes, and osteoclasts.
Osteoblast cells synthesize bone matrix and can be found beneath the periosteum, a dense
fibrous membrane covering all but the articular ends of a bone surface (Copenhaver et al.,
1971; Bergman et al., 1996; Martin et al., 1998; Cormack, 2001). Bone deposition can
also occur from tissue similar to the periosteum within the bone that lines the medullary
cavity, called the endosteum (Reid, 1996; see Fig. 6, 7).
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Figure 5. Stages of growth and development of a dinosaur limb bone (Reid,
1997b). Bone begins as a simple cartilaginous rod (a). Tissue coating the shaft of
the bone becomes the periosteum and begins to deposit periosteal bone, while
cartilage within the shaft has calcified (b). Marrow-filled trabecular endochondral
bone now occupies the center of the shaft and calcification is proceeding towards
the articular ends (c). Uncalcified cartilage is now restricted to the articular ends
of the bone and is underlain by zones of calcification. A marrow cavity has
formed and is expanding (d).
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Figure 6. Bone cells (Bergman et al., 1996).
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Figure 7. Anatomy of the periosteum and endosteum within a bone (Martin et al.,
1998).
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When not in use for repair or remodeling, osteoblasts are considered dormant osteogenic
progenitor cells. Osteoblasts will often become embedded in the bone matrix they
produce (Bergman et al., 1996).
Once an osteoblast is surrounded by bone matrix, it becomes an osteocyte. These
cells occupy spaces in the bone called lacunae (Chinsamy and Dodson, 1995; Cormack,
2001) and develop long filamentous processes, filopodia, which connect to the filopodia
of other osteoclasts via gap junctions within the forming bone. Gap junctions eventually
fully enclose the filopodia and create narrow canals, or canaliculi (Chinsamy and
Dodson, 1995; Bergman et al., 1996; see Fig. 8). Osteocyte cells are responsible for bone
maintenance and must be nourished and sustained by means of the canaliculi, which
bring tissue fluid, oxygen, and nutrients to the cells from capillaries (Chinsamy, 1994;
Bergman et al., 1996; Cormack, 2001). Capillaries must be located no more than
0.2 mm away from an osteocyte (Cormack, 2001).
The third type of bone cells, osteoclasts, are large motile cells that resorb inferior
or surplus bone matrix, are characteristic of resorptive surfaces, and are required for the
remodeling that occurs during bone growth and repair (Martin et al., 1998; see Fig. 6).
These cells will be discussed in more detail below.
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Figure 8. Osteocytes, lacunae, and canaliculi (Chinsamy and Dodson, 1995).
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4.2 Trabecular and Compact Bone
Two types of tissue, trabecular and compact, can be found in most bones.
Trabecular bone, also often called “spongy” or cancellous bone, is present in cuboidal
bones, flat bones, on the ends of long bones, and to a lesser extent deep inside shafts of
long bones (Copenhaver et al., 1971; Martin et al., 1998). This type of bone has a
porosity between 75 percent and 95 percent (Martin et al., 1998). Every pore within
trabecular bone is interconnected and filled with marrow. The bony spicules or struts of
the matrix are called trabeculae (Fig. 6, 7). When bones originally form, they have this
trabecular bone tissue (Copenhaver et al., 1971; Bergman et al., 1996; Martin et al.,
1998). The pore spaces between trabeculae are called inter-trabecular spaces or cancelli
(Reid, 1996).
However, parts of the trabecular bone are progressively transformed into compact
bone during development. The trabeculae increase in size due to osteoblastic synthesis
on their surfaces and eventually form concentric bony lamellae (Bergman et al., 1996).
Fully formed compact bone, sometimes called cortical bone, is the dense bone found in
the shafts of long bones and creates a shell around vertebral and other spongy bones
(Fig. 8). Compact bone in long bone shafts encloses the central medullary cavity
(Chinsamy and Dodson, 1995). The porosity of compact bone is considerably less than
that of trabecular bone, between 5 percent and 10 percent (Martin et al., 1998).
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4.3 Compact Bone Anatomy
Several different pore types are found within compact bone. The first, Haversian
canals, are approximately 50μm in diameter. They typically run longitudinal to the long
axis of the bone and contain nerves and capillaries (Martin et al., 1998; see Fig. 7).
Volkmann’s canals connect Haversian canals to each other and to the outer bone surface.
They extend obliquely or transversely to the long axis in a radial direction and contain
nerves and blood vessels (Copenhaver et al., 1971; Martin et al., 1998; Cormack, 2001;
see Fig. 7). An additional pore type found in compact bone is a resorption cavity. These
cavities are temporary spaces created by osteoclasts in the initial phase of bone
remodeling, and can reach up to 200μm in diameter (Martin et al., 1998; see Fig. 9).
They are readily distinguishable from Haversian and Volkmann’s canals not only by their
large diameter but also by their irregular rough outlines (Cormack, 2001).
Primary compact bone can be further divided into lamellar and woven bone.
Lamellar bone results from a relatively slow rate of bone deposition, and the collagen
fibers are arranged in an orderly fashion (Chinsamy, 1995). Bone forms in highly
organized layers, or circumferential lamellae. Blood vessels from the periosteum also
become incorporated within the bone matrix and each is surrounded by several circular
lamellae. The surrounding lamellar bone and enclosed blood vessel, termed a Haversian
canal, together form a primary osteon (Martin et al., 1998; see Fig. 10).

25

Figure 9. Formation of a secondary osteon in human bone (Currey, 2002).
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Figure 10. Circumferential lamellae and primary osteons below the periosteum
(Martin et al., 1998).
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Woven bone is finely cancellous and because it is deposited relatively quickly, it
is highly disorganized (Reid, 1984; Chinsamy, 1997; Martin et al., 1998). This type of
bone is laid down periosteally and often envelops small networks of blood vessels lying
directly beneath the periosteum (Reid, 1984; Chinsamy, 1997). It does not, however,
form primary osteons. Woven bone, which Currey (2001) states is almost certainly
mechanically inferior to lamellar bone, may become more highly mineralized than
lamellar bone to compensate for its lack of organization (Martin et al., 1998).
If a bone must grow faster radially than is possible with simple lamellar
deposition, woven bone is deposited. However, oftentimes to compensate for the
undesirable mechanical properties of woven bone, a third type of bone is formed which
combines woven and lamellar bone (Currey, 2001). This type is referred to as fibrolamellar bone. In fibro-lamellar bone, gaps left in the woven bone matrix are later filled
by more slowly deposited lamellar bone (Martin et al., 1998; see Fig. 11). When the gaps
contain blood vessels, the lamellar bone grows circumferentially inward towards the
vessels, encircling them (Reid, 1984; Martin et al., 1998; Currey, 2001). These new
Haversian canals become part of a primary osteon (Reid, 1984). Fibro-lamellar bone
often has a “brick wall” appearance in cross section due to the presence of rectilinear
residual spaces left within the bone (Martin et al., 1998).
There are four major types of primary bone vascularization, based on vascular
canal orientation. The first, avascular, lacks vascularization. Laminar vascularization is
most often observed in fibro-lamellar bone and occurs where primary canals are oriented
circumferentially and longitudinal to the surface of the bone.
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Figure 11. The formation of woven and fibro-lamellar bone (Guo, 2001). Arrows
point to the original surface in a cross section of a rapidly growing bone. Blood
vessels appear as black dots and originally contact the periosteal surface (A).
Woven bone (wavy lines) grows quickly to form a scaffolding around the vessels
(B). Lamellar bone (fine lines) begins to fill in the cavities left by woven bone (C).
Deposition of lamellar bone continues as another scaffolding of woven bone forms
around another set of blood vessels (D). The periosteal surface is far away by the
time the first row of cavities are filled with lamellar bone (E).
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When laminar vascularization also contains radial vascular canals, it is termed plexiform.
Finally, if the vascular pattern is obliquely and irregularly oriented, it is termed reticular
vascularity (Reid, 1996; Curry, 1999).

4.4 Bone Remodeling
Old bone is continuously being replaced by new bone. This process is achieved
by the production of secondary osteons, sometimes called Haversian systems (Martin et
al., 1998; Guo, 2001). Remodeling is performed by groups of osteoclasts and osteoblasts
that form a basic multicellular unit (BMU). A BMU consists of approximately ten
osteoclasts and several hundred osteoblasts (Martin et al., 1998). Osteoclasts resorb
trabecular bone by forming “ditches” on the surface of the trabeculae, and in compact
bone osteoclasts create resorption “tunnels” in the bone surrounding primary Haversian
canals (Reid, 1984, 1987; Martin et al., 1998; see Fig. 9). The ditches and tunnels are
formed at a rate of 40 μm/day and create resorption cavities ~20 μm in diameter (Martin
et al., 1998). The resorption period usually lasts about three weeks in humans (Martin et
al., 1998).
Once osteoclasts have resorbed a certain amount of bone, osteoblasts become
active and begin replacing what had been resorbed. The formation period is much slower
than the resorption period, taking three months to complete in human bone. The tunnels
created by the osteoclasts in compact bone cannot be entirely refilled because the
vascular supply to the BMUs must be maintained. Therefore, new Haversian canals are
formed (Fig. 9). The partially refilled tunnel and new Haversian canal together are
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termed a secondary osteon. Five percent of human compact bone is replaced in this way
each year, while nearly twenty-five percent of human trabecular bone is replaced yearly
(Martin et al., 1998).
Trabecular bone is replaced in a manner similar to compact bone, but instead of
creating tunnels, the BMUs scour and refill “ditches” on the surfaces of the trabeculae.
BMUs do not tunnel longitudinally into trabeculae because the tunnels are almost as wide
across as the trabecular struts (Martin et al., 1998).
The outermost limit of bone resorption is marked by a cement line, also termed a
reversal line (Chinsamy, 1994). Bone between secondary osteons is called interstitial
bone and consists of primary bone remnants (Reid, 1984). These interstitial remnants are
separated from all blood vessels by the cement lines of secondary osteons and so tend to
be “dead bone” (Currey, 2002; see Fig. 12). The term Haversian bone is used when bone
is completely made up of secondary osteons, and even the interstitial bone between the
youngest secondary osteons are remnants of older secondary osteons (Kerley, 1965; Reid,
1984, 1987; Stout, 1989; see Fig. 12). Primary osteons can be differentiated from
secondary osteons because they have no cement lines and the lamellae surrounding them
blend smoothly into the outer limits of the osteons (Kerley, 1965).
Typically secondary bone is weaker than the primary osteonal or fibro-lamellar
bone it has replaced because secondary bone is often less highly mineralized than
primary bone (Currey, 2001, 2002). Also, the fibers within the lamellae of primary bone
tend to be longitudinally oriented, while those of secondary bone tend to be oriented
more transversely.
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Figure 12. Bone remodeling leading to the formation of Haversian canals, cement
lines, and interstitial lamellae (Bergman et al., 1996). Haversian canals run
longitudinally and are bounded by cement lines, while Volkman’s canals run
transversely to join Haversian canals (a). Haversian bone undergoes continual
remodeling (b): (A) Haversian canals surrounded by interstitial lamellae. Dotted
circles show where new canals will cut across. (B) The new Haversian canals
destroy earlier canals as well as interstitial lamellae. (C) A third wave of Haversian
reconstruction destroys older canals and only a little interstitial lamellae still
remains.
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This transverse arrangement reduces the Young’s modulus of bone in both tension and
compression. The tensile strength is also reduced, but compressive strength is increased
(Currey, 2002).

4.5 Patterns of Bone Growth
The relative rate of bone growth can be determined by the way in which an
animal’s bone matrix is deposited. As mentioned above, lamellar bone is deposited at a
slower rate than woven or fibro-lamellar bone. Noticeable rings occur within bone if
growth is slowed or ceases, representing the surface of the bone when growth interruption
occurred (Reid, 1987, 1990; Rogers, 2000; see Fig. 13). In modern reptiles and
amphibians, rings, and the zones of bone between them, are common and often signify
annual or seasonal events (Rogers, 2000). Formation of so-called zonal bone (Fig. 13) in
reptiles appears to be genetically controlled, as it occurs in crocodilians raised under
temperatures varying no more than 3-4oC per year (Reid, 1987, 1993; Chinsamy, 1994).
The zones do, however, become thicker and less distinct under controlled climate (Reid,
1987). While there is no way of knowing if zonal bone found in sauropods formed
annually or seasonally, this is usually assumed (Reid, 1990) because both crocodilians
and sauropods are archosaurs.
Sections of slowest growth in zonal bone are termed “annuli”, which are most
often found immediately below rings (Reid, 1981, 1987, 1990; Chinsamy, 1994; Rogers,
2000). Annuli are best observed in plane polarized light, and typically are not visible
under crossed polarizers (Reid, 1996).
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Figure 13. Growth rings within zonal bone (Chinsamy, 1995).
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The growth rings usually found adjacent to annuli are “Lines of Arrested Growth”
(LAGs) and are produced by complete cessation of bone growth (Reid, 1990; Chinsamy,
1994; Reid, 1997b; Rogers, 2000; see Fig. 13). Between each annulus or LAG are either
zones of rapidly deposited, well vascularized fibro-lamellar bone, or poorly vascularized
lamellar bone (Reid, 1990, 1997b; Rogers, 2000). Absence of zonation implies that
growth was continuous (Chinsamy, 1994).
Zonal bone is fairly widespread throughout the Dinosauria (Chinsamy, 1994;
Chinsamy et al., 1995). However, the most common form of bone found within the
Dinosauria, including sauropods, is non-zonal fibro-lamellar bone (Reid, 1990, 1997a).
The presence of fibro-lamellar bone does not however necessarily signify an endothermic
metabolism, but simply relatively rapid growth (Chinsamy, 1994; Reid, 1997b). In fact,
fibro-lamellar bone is present in reptiles such as crocodilians and certain sea turtles (de
Ricqles, 1983; Reid, 1990). The difference is that typical reptiles apparently lack the
ability to form fibro-lamellar bone continuously, while most extant mammals and birds
can (Reid, 1990).

4.6 Sauropod Histology Studies
The bones of various dinosaur species, including several prosauropods and
sauropods, were examined histologically by Reid (1990). A Massospondylus femur
proved to consist of non-zonal fibro-lamellar bone while a rib sample exhibited
lamellated zonal tissue with strong LAGs. Another prosauropod, Euskelosaurus,
possessed a highly zonal vascular rib, and the limb bones were fibro-lamellar. An
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indeterminate sauropod pubis and ischium demonstrated asymmetry due to differential
growth within each skeletal element, with non-lamellated, highly vascular bone occurring
in areas of rapid growth and lamellated bone occurring in areas of slowest growth.
Samples of Camarasaurus bone from the dentary, cervical rib, dorsal rib, chevron, ulna,
tibia, and from an unidentified limb bone were also examined. The dorsal rib and
chevron exhibited zonal bone with LAGs, while the periosteal bone from other samples
was primarily non-zonal fibro-lamellar bone. Reid (1990), warned against analyzing
bones from extremities, since external factors such as climate may have exerted a
maximum external influence on the formation of such bones.
Chinsamy (1993a) determined that the number of growth rings in femora of the
prosauropod Massospondylus carinatus increased with increasing age, and that the
spacing between annuli and zones decreased towards the periphery of the bone. This
implies a decrease in the animal’s growth rate over time. The zones were highly
vascularized, indicating rapid growth, and the annuli were poorly vascularized,
suggesting a slower growth rate. The zones and annuli repeat cyclically, as in the
seasonal growth of modern crocodilians. Chinsamy used the growth rings present in the
smallest and therefore youngest specimens to estimate the number of rings missing from
the larger, remodeled specimens. In this way, approximate ages for each individual were
determined. A growth curve was then constructed by plotting the estimated number of
growth rings versus femoral length for each specimen. The resulting curve indicates an
indeterminate growth strategy for this prosauropod.
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Curry (1999) examined scapulae, radii, and ulnae from a juvenile, subadult, and
adult Apatosaurus specimen. She found that until the animals reached 91 percent of their
total body size, they deposited highly vascularized fibro-lamellar bone. After attaining
91 percent of their total body size, this sauropod began forming lamellar-zonal bone.
Counting the cycles on the scapulae suggest five years to attain 1/3 adult length, and ten
to sixteen years to reach 1/2 adult length, taking cycles lost from bone remodeling into
account.
Sander (2000) sampled 38 long bone specimens from sauropods in various growth
stages from four different species (Brachiosaurus, Barosaurus, Dicraeosaurus, and
Janenschia). Growth lines not easily detected in thin section were discovered in polished
sections of bone. These “polish lines” may have been overlooked in previous dinosaur
histological studies. The lines may indicate a less pronounced growth rate decrease,
because several coincide with LAGs observed in thin section. One Barosaurus specimen
revealed that this animal underwent extensive bone remodeling and interruptions of
growth. Sander suggests this animal may have been a female, and periods of remodeling
and growth interruptions correspond to egg production. Another specimen of the same
age class demonstrates rapid growth with little remodeling or interruptions. Sander
interprets this individual as being male, exhibiting fast continuous growth, which may
have been advantageous in order to attain a larger size early in development.
Sander and Tuckmantel (2003) sampled the midshaft region of humeri and femora
in specimens of Apatosaurus, Barosaurus, a gracile diplodocid, Brachiosaurus, and
Janenschia. The number of laminae between successive polish lines was counted, as was
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the number of laminae within a single millimeter. To determine average rate of growth
throughout ontogeny, the distance between the first and last observable growth/polish line
was measured and divided by the number of apposition cycles between them, resulting in
the average annual apposition rate. Because this method neglects the polish lines lost to
remodeling, a second method was also applied, in which the radius of the bone is divided
by the number of polish lines. This method will produce the maximum apposition rate,
because it assumes the entire thickness from the center to the first polish line was
deposited in one year although this material has been heavily remodeled.
When both apposition rate measurement techniques were applied to six
Barosaurus humeri, the age ranged between 7-13 years for the smallest and 16-30 for the
largest bone. For the three Barosaurus femora sampled, age estimates of 11-20 years to
20-38 years were obtained. Cortical bone apposition rates averaged between 1 and 20μm
per day, with the highest rates being due to unrecognized growth/polish lines.
The humerus of the oldest known sauropod, from the Late Triassic of Thailand,
was studied by Sander et al. (2004), along with the prosauropod Plateosaurus. They
found that the primary cortex bone of the large Triassic sauropod was composed of
laminar fibro-lamellar bone tissue, with neither LAGs nor polish lines; instead, only
“modulations” were present, which were more closely spaced near the surface than in the
inner cortex. Sander et al. (2004) concluded this individual was not fully grown due to
the absence of LAGs in the outer cortex along with the lack of Haversian remodeling
within the cortex, as compared to humeri in fully grown Jurassic sauropods. The
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Plateosaurus limb bones sampled included a humerus, tibia, fibula, and femur, and
possessed laminar fibro-lamellar bone with regularly spaced LAGs.
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CHAPTER 5
BONE HISTOLOGY OF ALAMOSAURUS SANJUANENSIS

5.1 Methods
Alamosaurus bone fragments were collected from sites throughout Big Bend
National Park, particularly from sites where more complete bones had previously been
recovered for the Texas Memorial Museum. Twelve rib fragments were used in the
present study, as well as fragments from two tibiae; three humeri; one scapula; two
fibulae; three femora; one pubis; one ulna; one metacarpal II(?); one metatarsal II(?); two
dorsal vertebrae; and two distal caudal vertebrae (Fig. 14). The specimens came
primarily from the areas of Dawson Creek, Paint Gap Hills, Gano Springs, McKinney
Springs, and Tornillo Flat. The specimens were numbered (HW-1 to HW-23) and
photographed in situ before collection and their locations recorded using GPS and
topographic maps (Appendix). Several samples also came from previously collected
Alamosaurus bones also from Big Bend National Park (Appendix).
At Texas Tech University, the fossils were illustrated and again photographed.
Each specimen was then prepared for microscopic analysis. First, the bones were cut into
slabs and made into 1x3 cm blanks using a diamond-blade rock saw. A grinding wheel
with a 220 grit plate was used to rid the samples of saw marks. The samples were then
polished with a 600 grit plate. The blanks were then placed in an oven overnight at 75oC
to relieve them of excessive moisture.
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Figure 14. Skeletal reconstruction of the sauropod dinosaur Alamosaurus sanjuanensis (Lehman and
Coulson, 2002). Locations of skeletal elements used in this study are shaded in black. Scale bar equals
100 cm.

Finally, the samples were epoxied to standard glass slides, ground to the appropriate
thickness for petrographic analysis, and covered with a cover slip. Photographs of the
slides were taken under cross-polarized light, unless otherwise noted.
In some instances it was necessary to first embed the bones in epoxy resin or tile
grout for very large bones to prevent crumbling when cut. Bone sections were embedded
and then again sectioned prior to being ground. Those samples requiring epoxy
impregnation were placed in a vacuum pot for approximately thirty minutes, and then
submerged under vacuum in epoxy for thirty minutes. The samples were then placed in a
pressure pot under 200 lbs of pressure for two hours to force the epoxy into pore spaces.
After the epoxy hardened, the blanks were reground using 220 and 600 grit plates, and
then placed in an oven to dry at 50oC. Finally the blanks were prepared for thin section
analysis as described above.
The remaining bone slabs, after thin section preparation, were imaged digitally
using a flatbed scanner. The cut surface of each bone surface was scanned in black and
white. In this way the gross anatomy of the region examined with thin sections under the
microscope could also be viewed. Several rib fragments, vertebral fragments, and a
scapula fragment were completely sectioned into approximately one inch slices with the
cut surfaces digitized as well, in order to study the extent of pneumatic cavities within
each bone. For bones or bone fragments that were sufficiently complete, an estimate of
their entire length was determined and compared with an adult skeleton to assess its
percentage of adult length, using the skeletal dimensions in Figure 15 (Lehman and
Coulson, 2002) as a reference for a full grown adult.
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5.2. Axial Skeleton
Bones collected from the axial skeleton of Alamosaurus for this study include two
dorsal vertebrae, two caudal vertebrae, and twelve rib fragments. With the exception of
one of the caudal vertebrae, these samples are all from adult individuals. The outer
cortex on the vertebral samples was generally too weathered to analyze histologically,
although a sample was taken from the anterior articular surface of HW-20 for analysis.
The specimens were preserved well enough to reveal their gross anatomy when sectioned
both transversely and longitudinally.

5.2.1 Vertebrae
Specimen HW-19 is the posterior end of an incomplete centrum (Fig. 15). The
great size of this fragment suggests that it may belong to a posterior cervical, rather than
dorsal vertebra. Sectioned transversely, the camellate internal structure typical of
Titanosauria is observed (Wedel et al., 2000; see Fig. 16). The longitudinal section of the
centrum reveals a thin interval (< 5 mm thick) of cancellous bone forming the articulation
surface, and also thicker struts of trabecular bone closely following the shape of the
ventral surface and concavity of the posterior end (Fig. 17). This thick trabecular strut is
also clearly displayed in the weathered cortical bone surface. This trabecular “plate” is
also present in a dorsal vertebra of Saltasaurus, as indicated by an illustration in Powell
(Powell, 1986; see Fig. 17). The fabric of the existing cortex appears to curve upward
and around an area of bone lacking cortex, possibly fringing the posterior edge of a
pleurocoel (Fig. 16, 17).
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Figure 15. Posterior cervical centrum (HW-19). Seen in right lateral view (a), left
lateral view (b), and its approximate location within the vertebrae, shown in right
lateral view (c). Note that in left lateral view (b) the internal structure is observed,
including a thick trabecular “plate” located near the posterior face.
Scale bars = 10 cm.
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Figure 16. Cross sectional views of the posterior end of a cervical vertebral centrum (HW-19). The transverse
view (a) shows the camellate structure of the centrum. The red line shows the plane of longitudinal section. The
longitudinal view (b) displays the thick trabecular plate within the centrum paralleling the posterior articulation.
Scale bars = 5 cm.
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Figure 17. Trabecular “plates” found within the posterior end of vertebral centra. The Alamosaurus centra (left)
is shown in left lateral view, sectioned longitudinally. The Saltasaurus centrum (right) is sectioned horizontally,
and is from Powell (1986). Trabecular “plates” are outlined in red.

Dorsal vertebra specimen HW-20 is the convex anterior end of an incomplete
centrum (Fig. 18). In both longitudinal and transverse section, the typical camellate
nature of titanosaurian dorsal vertebrae is seen (Fig. 19). A thin section of the articular
surface (Fig. 20) reveals that fine trabeculae with open ostial margins form the outer 5
mm or so of the articulation surface. The fine trabeculae give way internally to the ostial
margins of the camellae. Ostial margins are thick enough to contain secondary osteons,
which are oriented both longitudinally and oblique to the plane of the cross section. The
ostial margins contain reversal lines on their borders.
Where sectioned longitudinally, the thick internal trabecular struts observed in
HW-19 are lacking. However, a thin interval (5 mm) of cancellous bone is located along
the articular surface as in HW-19 (Fig. 19). The camellae found in the interior of the
centrum appear to be randomly arranged, except for a thicker, curved trabeculum near the
posterior end of the sample, associated with the anterior wall of the pleurocoel.
Although the camellate chambers vary considerably in size and form, there are
crude similarities in their shape and alignment. In transverse section, individual
chambers generally have smaller dimensions (typically 5 x 5 mm) than in longitudinal
section (as much as 20 x 30 mm) indicating that the chambers are elongate parallel with
the long axis of the centra and flattened near the lateral surfaces. This is particularly
evident in HW-18, a nearly complete dorsal vertebra that is broken apart but not
sectioned (Fig. 21).
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Figure 18. Dorsal centrum (HW-20). Seen in right lateral view (a), left lateral view
(b), and its approximate location within the vertebrae, in right lateral view (c). The
camellate structure of the bone interior is exposed on both sides of the bone. Only
the anterior face of the centrum possesses any cortical tissue. Scale bars = 10 cm.
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Figure 19. Cross sectional views of the anterior end of a dorsal vertebral centrum (HW-20). The camellate
structure typical for titanosaurids is observed in transverse section (a). The red line shows the plane of
longitudinal section. The fine trabeculae composing the articular surface of the centrum is observed in
longitudinal section (b), as is the area surrounding the anterior pleurocoel wall. The box indicates the area
shown in thin section. Scale bars = 5 cm.

Figure 20. Thin section of the dorsal centrum articular surface (HW-20). The thin
layer of trabeculae at the articular surface grades into thicker trabeculae with reversal
lines and resorption cavities, creating camellae. Scale bar = 2 mm.
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Figure 21. Dorsal vertebra (HW-18). The illustration (a) shows the location of the specimen within a vertebra.
The specimen is shown in both anterior view (b) and posterior view (c). Scale bars = 10 cm.

The crude elongation of chambers is more obvious near the interior of the centrum, than
near the articulation surfaces where the chambers are more equidimensional. The
chambers are interconnected through openings in the trabecular walls; so much so that
sediment and later microcrystalline calcite precipitate was capable of completely filling
the chambers in most cases. The elongate camellate chambers in HW-18 are aligned
obliquely with the central axis of the centrum, converging anteriorly (Fig. 22). As many
as five separate tiers of camellate cavities surround the concave posterior articulation
surface in HW-18 in successive circumferential rings. The trabeculae dividing each tier
of cavities converge internally and dorsally to form the thick trabecular plate observed in
section in HW-19. This thick trabeculum merges dorsally with the posterior
centrodiapophyseal lamina, and anteriorly with the wall of the pleurocoel. The tiered
arrangement of camellae and stout internal trabecular plate are not found on the convex
anterior articulation surface.
A distal caudal vertebra, HW-22, preserves the entire length of the centrum as
well as the right half of the neural arch and neural spine (Fig. 23). Most of the outer
cortex is missing, revealing the spongy cancellous bone of the interior. The vertebra was
sectioned transversely across the centrum and neural arch (Fig. 24). The bone tissue is
entirely cancellous and devoid of camellae. This cancellous bone is fairly uniform
throughout the section, and extends upward into the neural arch and spine. Cancellous
bone dominates the centrum; where cortex is preserved, it is only 4 to 6 mm thick.
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Figure 22. Dorsal vertebra HW-18 showing camellate rings. These rings are present
near the posterior articular surface, as shown in posterior view (a) and posteroventral
view (b). Scale bars = 10 cm.
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Figure 23. Distal caudal vertebra HW-22. Shown in right lateral view (a), left lateral
view (b), and posterior view (c). The approximate location of the specimen within the
vertebra is shown in left lateral view (d). Scale bars = 10 cm.
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Figure 24. Cross sectional view of a distal caudal vertebra (HW-22). Note the
trabeculae-filled interior, devoid of camellae. Scale bar = 5 cm
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A mid caudal centrum, HW-21, is less complete than HW-22. Only the anterior
half of the centrum and pedicle for the neural arch is preserved (Fig. 25). Lack of fusion
between the centrum and the neural arch indicate that this specimen is from a juvenile
individual. There is more cortex preserved, but its uneven surface and visible cancellous
bone show that very little is left. Although the bone structure is more difficult to discern
in transverse section, it appears that HW-21 exhibits the same finely cancellous bone as
HW-22 (Fig. 26).
Histological observations of all of the vertebrae may be summarized in several
statements. The camellate internal structure, observed here in dorsal and ?posterior
cervical vertebrae (specimens HW-18, HW-19, and HW-20) appears to be present
throughout the presacral vertebral series in Alamosaurus. Broken cervical vertebrae
observed at some sites (not collected) also have this structure. In addition to the interiors
of the vertebral centra, the camellate structure extends upward into the neural arches,
transverse processes, and into the neural spine as well. One specimen (HW-18) reveals
that the camellae extend out to within several millimeters of the tips of the diapophyses.
Over the entire body of the centrum and neural arch, the cortical bone surface is only a
few millimeters thick. The thickest cortical bone is found along the edges of the
centrodiapophyseal and spinodiapophyseal laminae where the cortex is as much as 10 to
15 millimeters thick. Whether or not this camellate structure is present within the sacral
vertebrae is unknown. It is not present within the caudal vertebrae.
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Figure 25. Mid-caudal vertebra HW-21. Shown in right lateral view (a), left lateral
view (b), and posterior view (c). The approximate location of the specimen within the
vertebra is illustrated in right lateral view. Scale bars = 10 cm.
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Figure 26. Cross sectional view of a mid caudal centrum (HW-21). Note the trabeculae-filled interior, devoid of
camellae. The juvenile nature of this bone is evident in the lack of neural arch co-ossification. Scale bar = 5 cm.

In addition to the two mid and distal caudal vertebrae examined here (HW-21, HW-22),
broken proximal caudals observed at several sites (not collected), including the biconvex
first caudal, do not have this structure.

5.2.2 Ribs
Rib sections used in this study were all from adult animals (Fig. 27). The most
proximal rib fragment sampled is HW-3R1. This fragment is from the articular end of a
left dorsal rib, and contains the basal portion of the tuberculum and capitulum (Fig. 28).
The posterior face is fairly well preserved with some of the outer cortex remaining.
However, the anterior face is weathered and the cortex is missing entirely in places,
revealing a “honeycomb” camellate bone interior. The anterior surface is not deeply
excavated, as it is in some sauropods.
HW-3R1 was serially sectioned both transversely and longitudinally. This
revealed extensive remodeling of the cancellous interior, resulting in only thin sheets of
trabecular bone (Figs. 29, 30, 31, 32). The interior of this rib strongly resembles the
camellate appearance of the dorsal vertebrae, although the internal cavities are generally
larger than camellae. As with the vertebrae above, it appears that the trabecular spaces
are interconnected.
Cortical bone is thickest (10-20 mm) on the medial and lateral surfaces of the rib,
and thinnest (5 mm) on the anterior and posterior surfaces. There is an abrupt transition
between the cortical bone and open trabecular “camellate” bone with no usual spongiosa
between.
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Figure 27. Approximate locations of specimens along a rib are shaded in black.
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Figure 28. Proximal left dorsal rib sample (HW-R1). The posterior view (above)
shows the planes of section, labeled a through f and shown in figures 28-31. The
longitudinal section is labeled “L”, and the piece used for thin sectioning is outlined in
yellow. The location of HW-R1 in relation to the capitulum and tuberculum is also
shown (below). Scale bars = 10 cm.
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Figure 29. Transverse cross sections a and b of proximal end of rib HW-R1. Blue
arrows point to the apparent alignment of trabecular sheets. Scale bars = 2 cm.
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Figure 30. Transverse cross sections c and d of proximal end of rib HW-R1. Blue
arrows indicate the apparent alignment of trabecular sheets, while green arrows point
to a second direction of alignment. Scale bars = 2 cm.
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Figure 31. Transverse cross sections e and f of proximal end of rib HW-R1. Green
arrows indicate the apparent direction of alignment of trabecular sheets.
Scale bars = 2 cm.
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Figure 32. Longitudinal cross section of proximal end of rib HW-R1. Red lines
indicate the planes of section lettered a through f shown in figures 28-30. Arrows
show the apparent alignment of trabecular sheets. Scale bar = 5 cm.
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The trabeculae are more continuous longitudinally (Fig. 32) and exhibit a crude
alignment that varies along the length of the rib. Within the tuberculum, the bony
trabeculae form curving sheets that pass obliquely from the posteromedial to the
anterolateral surfaces of the medullary space. They are crudely aligned with the
circumferential vascular fabric in the bone cortex (Fig. 29). However, continuing distally
downward through the rib, a series of trabeculae arise that pass instead from the
posterolateral to anteromedial surfaces of the medullary space, crossing the other set of
trabeculae at nearly a right angle (Fig. 30). This second set continues further down
within the shaft of the rib (Fig. 31).
A thin section of HW-3R1 taken from the posteromedial side reveals that the
cortical bone of this rib fragment contains at least two generations of secondary osteons
(Fig. 33). The larger of the osteons in overall diameter, as well as the largest vascular
canal diameter apparently were deposited first, as the smaller secondary osteons tend to
cut across the larger ones. Primary osteons remain visible in patches where bone
remodeling had not yet entirely obliterated them. The remaining primary osteons appear
to have been encased in lamellar bone. Due to the lack of preserved periosteum in this
specimen, it is not possible to determine the extent of secondary remodeling. However,
the frequency of secondary osteons does not decrease from the inner cortex to the
preserved outer surface. The change from compact cortical to cancellous trabecular bone
is rather abrupt and the spaces around the trabeculae are very large. Trabeculae are lined
with reversal lines, indicating that they were produced by remodeling of preexisting bone.
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Figure 33. Sections of rib HW-3R1. Cross section of sample shows large “camellate”
cavities (a). Red outline indicates area used for thin section. Primary osteons are
visible near the periphery (b). Scale bar = 1 mm. The profile of a portion of the thin
section reveals a thin layer of compact bone consisting of large, possibly incomplete
secondary osteons, abruptly terminated by endosteal reversal lines (c). Trabeculae are
thick enough to contain secondary osteons. Scale bar = 2 mm.
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Those secondary osteons within the trabecular struts that are closest to the reversal lines
are themselves cut by them, indicating that secondary bone remodeling had occurred
before the appearance of these “camellate” cancelli.
A second proximal rib fragment, HW-3R2, was found only several feet away
from HW-3R1, and may be part of the same rib. Its location on the rib shaft would be
immediately below HW-3R1 (Fig. 34). It is generally triangular in cross section and
slightly curved. It tapers and flattens distally. This fragment was also serially sectioned,
revealing the continued presence of large “camellate” inter-trabecular spaces. These
spaces increase in size toward the center of the bone (Figs. 35, 36, 37). Again, many of
them appear to be interconnected. Compact bone appears thickest (15 mm) on the medial
and lateral “vertices” of the triangular rib section. Within this part of the rib, the
trabeculae do not exhibit strong alignment; however, again there appear to be two “sets”
with one generally parallel with the lateral face of the rib, and running anteroposteriorly.
A second set of trabeculae passes mediolaterally through the medullary space.
In thin section, the cortex of HW-3R2 displays extensive remodeling, and is
almost entirely composed of secondary osteons (Fig. 38). Scattered patches of primary
bone remain visible, displaying primary osteons in lamellar tissue. Again, there have
been at least two remodeling events, as secondary osteons cut across each other. Larger
diameter secondary osteons are found deeper in the cortex, and due to their large canal
diameters and uneven shapes, appear to have been incompletely deposited before another
wave of remodeling occurred. The secondary osteons become smaller closer to the
periosteal surface, and have smaller Haversian canals.
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Figure 34. Proximal left dorsal rib sample HW-R2. Planes of section are shown in
red, labeled a through g and figures 34-36. The piece used for thin sectioning is
outlined in yellow. Scale bar = 10 cm.
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Figure 35. Transverse sections a and b of proximal rib HW-R2. Blue arrows indicate
the apparent alignment of trabecular sheets. Scale bars = 2 cm.
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Figure 36. Transverse sections c and d of proximal rib HW-R2. Blue arrows indicate
the apparent alignment of trabecular sheets. Scale bars = 2 cm.
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Figure 37. Transverse sections e, f, and g of proximal rib HW-R2. Blue arrows
indicate the apparent alignment of trabecular sheets. Scale bars = 2 cm.
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Figure 38. Sections of left proximal rib sample HW-3R2. The cross section (left)
reveals large “camellate” cavities at the boundary between the compact bone and the
medullary cavity. The cavity is free of trabeculae. Red outlines the area used for thin
section. The thin section shows the compact bone consists of tightly packed secondary
osteons (right). “Camellate” cavities are rimmed with reversal lines. Scale bar = 2 mm.
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These osteons are tightly packed, but overlap one another very little; in most cases
abutting each other and forming diamond-shaped cement lines (Fig. 39).
As in HW-3R1, large cancelli are located between trabecular struts. These struts
have thick reversal lines overlapping secondary osteons. However, several secondary
osteons along these trabeculae also cut across the thick reversal lines, indicating that
continued remodeling was occurring at the time of death.
A third rib fragment, HW-13, comes from around the middle of the rib, slightly
below the position of HW-3R2, as it is also slightly triangular in cross section, but more
flattened. In cross section the bone shows a fairly thick cortex (11-23 mm), especially
around the lateral surface (Fig. 40). This specimen also possesses the unusually large
inter-trabecular spaces. The largest spaces are in the center of the medullary space, but
most are of similar size.
A thin section (Fig. 41) shows that the cortical bone in HW-13 is composed of
multiple generations of very densely packed secondary osteons. There is no remaining
primary tissue. The trabeculae also contain secondary osteons that are both cut by
reversal lines as well as osteons that cut over the reversal lines, showing that the
trabeculae had experienced continued remodeling. Osteon size in both inner and outer
diameter is fairly constant.
The cross sectional view of another rib fragment, HW-1C, does not reveal much
due to poor internal preservation (Fig. 42). The trabeculae have been crushed and
broken, giving it a “brecciated” internal appearance (Fig. 43).
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Figure 39. Enlargements of thin section for rib sample HW-3R2. Primary osteons are
present in interstitial laminae near the periphery (top). Diamond-shaped cement lines
of secondary osteons predominate the inner cortex bone fabric (bottom).
Scale bars = 2 mm.
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Figure 40. Mid-shaft rib sample HW-13. The middle third of the rib segment was
collected for study (top). Scale bar = 10 cm. The red line indicates the plane of cross
section. The cross section (bottom) shows large inter-trabecular spaces, becoming
slightly larger towards the center of the medullary cavity. The red box shows part of
the section removed for thin section analysis. Scale bar = 5 cm.
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Figure 41. Thin section of mid-shaft rib segment HW-13. The compact bone consists
of Haversian tissue, and changes abruptly into cancellous bone. Trabeculae contain
secondary osteons and are rimmed with reversal lines. Scale bar = 2 mm.
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Figure 42. Distal rib segment HW-1C. The red line shows the plane of section (top).
Scale bar = 10 cm. The cross sectional view (bottom) reveals little about the internal
structure. The red box reveals the portion removed for thin section analysis.
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Figure 43. Thin section of distal rib sample HW-1C. The compact bone is composed
mostly of obliquely oriented secondary osteons and transitions abruptly into
cancellous bone composed of thick trabeculae with large inter-trabecular spaces.
Scale bar = 2 mm.
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However, the trabeculae surround large inter-trabecular spaces and their struts are thick
enough to accommodate several rows of secondary osteons. The cortical bone is
composed entirely of secondary osteons, most of which have large canals. An initial set
of secondary osteons are aligned obliquely to the plane of thin section, but an additional
layer of secondary osteons are aligned longitudinally with the thin section. The transition
from cortical to cancellous bone is abrupt. Cortical bone is separated from the medullary
cavity by thick reversal lines, which also line the sides of the trabeculae (Fig. 43).
A series of smaller rib fragments (HW-1A through HW-1J) were found at the
same location, but it is not possible to determine if they belong to the same rib or same
individual. These fragments are in most cases poorly preserved; therefore, each of these
samples was cut into approximately one inch slices, and a thin section was made from
each slice. Because of their size and flattened shape, these fragments are probably from
the distal portion of a rib. Making multiple thin sections of each sample made it possible
to find portions of the bone with better preserved structure. The rib fragments were
alphabetically labeled from HW-1A to HW-1J, and the following descriptions of each
come from observations made from the thin sections exhibiting the best preservation.
A distal rib fragment, HW-1A, exhibits a more “usual” bone structure in cross
section (Fig. 44). Trabeculae composing the cancellous bone are thin and small, as are
the cancelli. Cancellous spongiosa grades smoothly into the compact cortical bone. The
general cross-sectional shape is ovoid, and the interval of compact bone thins out as it
approaches the anterior and posterior ends of the rib. The large camellate cavities
observed in proximal and middle rib sections are lacking here.

80

Figure 44. Distal rib segment HW-1A. The red line shows the plane of section (top).
Scale bar = 10 cm. The cross sectional view (bottom) shows the “usual” condition of
compact bone grading into a medullary cavity filled with trabeculae.
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A thin section of the entire mediolateral short axis of the rib could be made from HW-1A
(Fig. 45). There is no primary cortical bone, only overlapping secondary osteons.
Secondary osteons are present in the trabecular struts of the cancellous bone, but most of
the trabeculae are too thin to accommodate them. The innermost cortex was in the
process of gradual resorption and conversion to trabecular bone at the time of death.
Another distal rib fragment, HW-1B, contains several interesting features. The
cross section of this fragment does not reveal much about the internal structure, except
that the remaining compact bone is thicker on the lateral side of the section than on the
medial side (Fig. 46). Thin sections show that several waves of reconstruction had
occurred in the cortex, but primary osteons remain in portions of the interstitial lamellae
and are more abundant toward the outer cortex (Fig. 47). These sparsely scattered
primary osteons are found in a matrix of calcified cartilage, lamellar tissue, and fibrolamellar tissue. The majority of both primary and secondary osteons are oriented oblique
to the plane of the thin section. Deeper within the compact bone, the interstitial lamellae
contain calcified cartilage, with primary osteons embedded within (Fig. 48).
The trabeculae-filled medullary cavity has a medially-shifted, rather than central,
orientation due to the greater thickness of compact bone on the lateral side of the rib (Fig.
47). Conversion of compact bone to cancellous bone occurred not only at the endosteal
boundary, but also from within the cortex. There remains a thin strip of secondary
compact bone between the trabeculae of the medullary cavity and the resorption cavities
within the compacta.
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Figure 45. Thin section of distal rib sample HW-1A. The compact bone is made of
secondary osteons and transitions smoothly into cancellous bone composed of
trabeculae, some thick enough to contain secondary osteons. Scale bar = 2 mm.
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Figure 46. Distal rib segment HW-1B. The red line shows the plane of section (top).
Scale bar = 10 cm. The cross sectional view (bottom) reveals little about the internal
structure. The red box indicates the portion removed for thin section analysis.
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Figure 47. Thin section of distal rib sample HW-1B. The compact bone is made of
secondary osteons with large vascular canals, and transitions smoothly into cancellous
bone. On the upper, better preserved side of the section, lamellar-zonal periosteal
bone is present. Scale bar = 2 mm.
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Figure 48. Details of structures found in distal rib thin section HW-1B. These features are located on portions of
the thin section not shown in Fig. 38. Interstitial lamellae of calcified cartilage (a) and fibro-lamellar tissue (b) are
found within the compact bone. Calcified cartilage is also found close to the periosteal surface (c). When the
same calcified cartilage is viewed in plane polarized light (d), annuli are observed. Scale bars = 50 μm.

The lateral side of HW-1B is better preserved than the medial, perhaps because it
was encased in concretion and protected from weathering. This side may possess the
periosteal surface. On this better preserved side, near the surface, zonal bone is present.
Preserved zonal bone nearest the periosteum contains primary osteons in what appears to
be lamellar tissue. Deeper within the cortex, the zones, bounded by annuli, appear
composed of either calcified cartilage or fibro-lamellar bone (Fig. 48). The primary
osteons embedded in calcified cartilage are visible in cross-polarized light (Fig. 48a, c).
The same calcified cartilage, when viewed in plane polarized light, shows that annuli are
also present (Fig. 48d). Elsewhere, the interstitial bone shows primary osteons in what
appears to be fibro-lamellar tissue grading into calcified cartilage (Fig. 48b). Only the
annulus closest to the periosteal surface lacks cross cutting by secondary osteons.
A distal rib segment, HW-1E, is more circular in section and probably pertains to
a posterior dorsal rib. The cortex of HW-1E is very thick (1 cm), with an abrupt
transition to cancellous bone (Fig. 49). In thin section no endosteal reversal lines are
observed at the boundary between cortical and cancellous bone (Fig. 50). This transition
appears to occur within the cortical bone through the resorption of secondary tissue. The
compact bone of HW-1E is formed from densely packed secondary osteons all of which
are about the same size. On one side of the section secondary osteons nearest the
cancellous bone are oriented oblique to the plane of section. Interstitial lamellae reveal
that calcified cartilage was originally present.
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Figure 49. Distal rib segment HW-1E. The red line shows the plane of section
(above). Divisions of scale bar (above) are centimeters. The cross sectional view
(below) reveals thick compact bone relative to the cancellous bone. Also evident is
the rounded cross section of this possible posterior dorsal rib section. The red box
indicates the portion removed for thin section analysis.
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Figure 50. Thin section of distal rib sample HW-1E. Note the thick cortex made of
secondary osteons on either side of the cancellous tissue (left). Secondary osteons in
the lower half of the section nearest the cancellous tissue are oriented oblique to the
plane of section. The red box indicates the location of the slide detail (right).
Interstitial lamellae reveal the presence of calcified cartilage. Scale bars = 2 mm.
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In the cross section of another distal posterior dorsal rib segment, HW-1F, thick
cortical bone is also present, as in HW-1E, but there is also more extensive cancellous
bone (Fig. 51). The bone is poorly preserved. One side of the rib had undergone much
more extensive remodeling than the other. Although secondary osteons are present on
both sides, large patches of primary bone remain visible on the less remodeled side. The
remaining primary osteons are arranged linearly in concentric rows within lamellar-zonal
tissue (Fig. 52). Although resorption had expanded the cancellous bone into the cortex,
the two tissue types do not grade into each other, but are separated by endosteal reversal
lines.

Trabeculae are sparse, and are so thin that they are only constructed from reversal

lines.
An additional ?posterior dorsal rib fragment, HW-1G, also possesses very thick
compact bone with a very small zone of inner cancellous bone (Fig. 53). The periosteum
of this fragment is not preserved, and the compact bone consists of several generations of
tightly packed secondary osteons, all of which are about the same size in both inner and
outer diameter. Endosteal reversal lines separate cancellous and cortical bone on one
side, but the transition is more gradual on the opposite side (Fig. 54). Large resorption
cavities exist within the compact bone near the boundary of compact and cancellous
bone. The structure of the cancellous bone is not unusual, and consists of thin struts of
trabecular bone and small cancelli.
HW-1H is also a ?posterior dorsal rib fragment, round in section, with thick
compact bone and a small zone of internal cancellous bone with well defined trabeculae
in cross section (Fig. 55).

90

Figure 51. Distal rib segment HW-1F. The red line shows the plane of section
(above). Divisions of scale bar (above) are centimeters. The cross sectional view
(below) reveals the thick compact bone relative to the cancellous bone. Also evident
is the rounded section of this possible posterior dorsal rib section. The red box
indicates the portion removed for thin section analysis.
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Figure 52. Thin section of distal rib sample HW-1F. Note the thick cortex made mostly
of secondary osteons on either side of the cancellous tissue (left). Detail of primary
osteons in lamellar-zonal tissue near the periphery of the thin section (right), taken from
a portion of the thin section not shown on the left. Scale bars = 2 mm.
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Figure 53. Distal rib segment HW-1G. The red line shows the plane of section
(above). Divisions of scale bar are centimeters. The cross sectional view (bottom)
shows the rounded shape of this possible posterior dorsal rib section, but otherwise
reveals little about the internal structure. The red box indicates the portion removed
for thin section analysis.
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Figure 54. Thin section of distal rib sample HW-1G, in plane polarized light. The
compact bone is made of tightly packed secondary osteons, and transitions smoothly
into cancellous bone at the top of the slide. The lower compact/cancellous boundary is
more distinct. Scale bar = 2 mm.
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Figure 55. Distal rib segment HW-1H. The red line shows the plane of section
(above). Divisions of the scale bar (above) are centimeters. The cross sectional view
(below) shows the rounded shape of this possible posterior dorsal rib section. Cortical
thickness as well as the gradational change to cancellous tissue is evident. The red
box indicates the portion removed for thin section analysis.
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In thin section, compact bone with overlapping secondary osteons is visible, and several
osteons are oriented oblique to the thin section plane (Fig. 56). The change from
compact to cancellous bone is gradual, and the trabeculae within the outer edges of the
cancellous bone are thick enough to contain secondary osteons, most likely remnants of
the compact bone that remained after remodeling. Toward the center of the bone,
however, the trabeculae are too thin to possess secondary osteons.
A few additional rib fragments reveal little additional information. In HW-1I the
compact bone is very thin in comparison with the cancellous bone of the interior (Fig.
57). The compact bone is largely made of secondary osteons. However, some primary
bone remains. One patch of better preserved primary bone reveals the laminar fibrolamellar structure of this tissue (Fig. 58). In HW-1J the compact bone is very thick
compared to the diameter of the cancellous bone interval (Fig. 59). Although
preservation is poor, the cortex is largely made of secondary osteons. Several patches of
primary osteons are visible, and linearly arranged (Fig. 60). Preserved interstitial
lamellae reveal that these osteons were embedded in calcified cartilage. The transition
from compact to cancellous bone is gradational, with the expansion of the medullary
cavity by resorption of the compact bone.
Collectively, histological observations of all of the rib specimens allow for several
general conclusions. Contrary to earlier observations (e.g., Lehman and Coulson, 2002),
the dorsal thoracic ribs of Alamosaurus are remarkably pneumatic. Large “camellate”
cavities occupy much of the interior of the proximal rib head and extend at least through
the middle part of the shaft.
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Figure 56. Thin section of distal rib sample HW-1H, in plane polarized light. The
compact bone is made of tightly packed secondary osteons, and transitions smoothly
into cancellous bone the trabeculae closest to cortical bone are thick enough to
contain secondary osteons. Scale bar = 2 mm.
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Figure 57. Distal rib segment HW-1I. The red line shows the plane of section
(above). Divisions of the scale bare (above) are centimeters. The cross sectional view
(bottom) reveals little about the internal structure.
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Figure 58. Thin section of distal rib sample HW-1I. A thin ring of compact bone is
observed in the otherwise poorly preserved sample (left). The red box indicates the
location of the slide detail (right). Primary osteons are seen arranged in linear rows.
A better preserved area reveals the fibro-lamellar nature of this tissue.
Scale bars = 2 mm.
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Figure 59. Distal rib segment HW-1J. The red line shows the plane of section (above).
Divisions of the scale bar (above) are centimeters. The cross sectional view (below)
shows the segment contains mostly cortex and only part of the medullary cavity. The
large size of Haversian canals and resorption cavities is also observed.
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Figure 60. Thin section of distal rib sample HW-1J. The cortex is almost entirely
secondary osteons. Patches of calcified cartilage are present interstitially. Resorption
cavities are more prevalent on the left as the medullary cavity is approached.
Scale bar = 2 mm.
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These cavities are so similar in their form and histology to the camellate chambers in the
dorsal vertebrae, that it seems likely their origin and function are the same. The rib head
sectioned in this study is not sufficiently complete to determine whether or not the
camellate interior was connected via foramina to the external surface of the rib. If the
trabeculae bounding the cavities are aligned to resist compressive stress, then they may
have been oriented to reduce longitudinal torsion of the rib in life. The boundary
between the cortical bone and open trabecular bone is so sharp that it seems unlikely that
the trabeculae resulted from remodeling of “normal” cancellous spongiosa. However, the
distal ends of the dorsal (“thoracic”) ribs and the posterior dorsal (“lumbar”) ribs have
cancellous interiors of normal appearance. Here, the cancellous bone appears to have
formed by resorption and remodeling of cortical tissue in the usual fashion. The cortical
bone in the ribs appears to have originated as fibro-lamellar tissue and was remodeled
multiple times during life to produce secondary Haversian tissue. Zonal bone was
produced only on the outermost surface of the rib. The retention of calcified cartilage in
the cortex of distal thoracic ribs, even in adult individuals, may reflect their union with a
cartilaginous xiphisternum in life (e.g., Filla and Redman, 1994; Claessens, 2004).

5.3 Appendicular Skeleton
Bones and bone fragments of the appendicular skeleton used in this study include
one scapula, three humeri, one ulna, one metacarpal, one pubis, three femora, two tibiae,
two fibulae, and one metatarsal. Each specimen was sectioned and digitized to display
the gross internal structure of the bone, as well as made into thin sections.
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5.3.1 Scapula
Sample HW-3S is from the proximal end of a left scapula, from an individual
estimated to be 50 percent adult length (Fig. 61). This fragment was serially sectioned
and the surface of each slice was digitized. Slices of the scapula were cut at right angles
to the spine so as to reveal a transverse cross section of the bone (Fig. 62). The scapula
has compact bone of fairly uniform thickness on the medial side anterior to and just
behind the spine. On the lateral surface, compact bone is thin anterior to the spine but
thickens around the spine. The compact bone on both medial and lateral surfaces thins
considerably in relation to the cancellous portion as the bone tapers anteriorly. The
boundary between compact and cancellous bone is well defined, and the cancellous bone
exhibits normal structure with thin trabecular struts. Where it tapers anteriorly, the bone
deposition pattern changes direction (Fig. 62b, c).

The anterior end of the specimen

appears to have been cut longitudinally with respect to the orientation of bone growth.
This probably reflects the pronounced forward projection of the scapula along the
coracoid suture.
A thin section (Fig. 63) was taken from the medial part of the bone opposite the
spine. The cortex contains at most two generations of secondary osteons. Although
densely packed, these osteons overlap each other very little; usually only the edges cross.
There are two distinct sizes of osteons: either very small, with small Haversian canals, or
very large with large, possibly incomplete Haversian canals. No remaining primary bone
tissue is evident even in this young individual.
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Figure 61. Fragment of left scapula HW-3S. Planes of section labeled a through c (left) are shown in red and in
figure 54, while the portion removed for thin sectioning is outlined in yellow. Right: Approximate location of
sample HW-3S (after Gilmore, 1946). Scale bars = 10 cm.

Figure 62. Serial sections of left scapula HW-3S. Thickness of cortical bone and the
fine trabeculae of cancellous bone is readily observed. Sections b and c show an
abrupt change in bone fabric orientation relative to the plane of section.
Scale bar = 5 cm.
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Figure 63. Thin section of left scapula sample HW-3S. Two sizes of secondary
osteons compose the compact bone: small diameter osteons with small Haversian
canals, and large diameter osteons with large Haversian canals. Cortical bone grades
smoothly into cancellous bone. Scale bar = 2 mm.
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The frequency of resorption cavities increases deeper within the compact bone,
suggesting a well defined, but gradational transition between compact and cancellous
bone.

5.3.2 Humerus
A small left humerus, HW-9, is from an individual estimated to have been 35
percent adult length (Fig. 64). Because of poor preservation very little cortical bone
remains on the humerus itself, but surrounding the bone in situ were many shards of
cortical bone. These probably belong to the humerus, because no other bones were found
within several hundred feet of HW-9. But, it is not possible to determine with certainty
where the sample fragments used for histological analysis were originally located on the
shaft of this specimen.
The cross section indicates a highly vascular tissue and the extent of vascularity is
striking in thin section (Fig. 65). The cortical tissue is almost completely woven with
open vascular canals. Primary osteons are scattered and rare, as are secondary osteons.
The arrangement of the woven tissue ranges from laminar to plexiform to reticular, with
no consistent pattern. Resorption cavities appear in three distinct bands within the cortex,
and they are larger endosteally. Several of these cavities are rimmed with reversal lines
(Fig. 65).
A fragment from the midshaft of a complete right humerus, HW-23, was also
used for thin sectioning. The humerus is from an individual approximately 62 percent
adult length.
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Figure 64. Fragmentary left humerus HW-9. Very little cortical bone remains in place on the specimen (left).
The approximate location of HW-9 is shown on the right (after Lehman and Coulson, 2002). Scale bars = 10 cm.

Figure 65. Sections of left humerus HW-9. Resorption cavities are common in the
inner cortex (left). Red box shows where the thin section was taken.
Scale bar = 2 cm. The bone fabric is almost completely woven with open vascular
spaces arranged in a reticulate pattern. Primary osteons are scattered, as are secondary
osteons. Large resorption cavities are present endosteally and become smaller further
away from the medullary cavity. Scale bar = 2 mm.
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Due to the excellent preservation of the bone, the entire section was also scanned. The
compact bone is both woven and laminar fibro-lamellar in nature. Also evident is vague
layering within the bone fabric (Fig. 66). Such alternating thick and thin laminae within
the bone cortex were referred to as “cycles” by Curry (1999) and “modulations” by
Sander et al. (2004). Eight to twelve cycles are observed in HW-23. These alternating
layers are more difficult to observe in thin section (Fig. 67).
A selective pattern of bone resorption is also observed in the cross section.
Expansion of the medullary cavity by resorption was occurring at four or five different
locations within the bone before death. The most resorbed bone is located endosteally as
is the usual case, but resorption was also occurring in bands progressing outward from
the medullary cavity, leaving fairly intact bands of primary bone in between. This
process appears to have just begun within the middle of the cortex as evinced by large
and widely scattered resorption cavities (Fig. 66). The middle two resorption bands
appear to have initially resorbed all bone within the bands and converted it to trabecular
bone, and were in the process of converging as the primary bone between them was
beginning to be resorbed as well at the time of death. The selective zones of resorption
occur within the centers of each “cycle” in the bone fabric.
The cyclic or modulated pattern seen in cross section results from alternating
bands of woven bone with open vascular networks and bands of woven bone filled with
lamellar bone of primary osteons, as seen in thin section. The periosteal surface of the
bone contains fully constructed primary osteons in laminar fibro-lamellar bone.
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Figure 66. Right humerus HW-23. The arrow points to the sample removed for histological study (a).
Scale bar = 10 cm. In cross section (b), between eight and twelve cycles are observed (black arrows). Four
resorption bands are also present in this sample (red arrows). Scale bar = 3 cm.

Figure 67. Thin section of right humerus sample HW-23. Compact bone consists of
alternating layers of laminar woven bone with open vascular canals and laminar fibrolamellar bone. Three resorption bands are observed, with the greatest reconstruction
occurring nearest the medullary cavity. Scale bar = 2 mm.
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Secondary osteons appear deep within the compact bone, near levels of medullary
resorption. These secondary osteons are few in number and scattered. The number of
fully formed primary osteons also increases deeper within the compact bone, although
these osteons are patchy in appearance and also seem more numerous around tissue that
was in the process of being resorbed. The alternating bands of cancellous and compact
bone observed in cross section are also evident in thin section. The innermost two layers
of resorbed bone are not complete; no true trabeculae were yet formed. Sandwiched
between the two cancellous layers is the remainder of a layer of primary bone, almost
completely obliterated.
The shaft of a larger right humerus, HW-15, was also collected and sectioned.
This individual was approximately 78 percent adult length at the time of its death (Fig.
68). Internal preservation of the bone is poor. Structures within the compact bone cannot
be readily discerned. The cross section shows that the medullary cavity contains very
thin trabeculae (Fig. 69). Most of the compact bone is composed of secondary osteons.
Near the periphery, primary bone remains present within the interstitial lamellae. This
remnant primary tissue appears to have primary osteons within lamellar-zonal bone.
Secondary osteons are densely packed within the compact bone but there do not appear to
be more than two waves of reconstruction, as these osteons overlap very little. The
majority of the smaller osteons were deposited first, followed by the larger osteons.
Perhaps the larger osteons housed larger Haversian canals, or were incomplete at the time
of death. Present throughout the thin section, but especially noticeable near the periphery
of the bone, is a seemingly linear orientation of the secondary osteons.
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Figure 68. Right humerus specimen HW-15. The red line (left) shows the plane of cross section. The
approximate location of this specimen is shown at right (after Gilmore, 1946). Scale bars = 10 cm.

Figure 69. Cross section of right humerus HW-15. Very little detail of the internal
structure is observed. The red box indicates the location of a piece removed for thin
section analysis.
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Such osteons are usually described as having a random orientation (Fig. 70). The
cement lines touch, but cross cut very little, forming slightly diamond-shaped osteons.
This linear orientation appears to follow the lamellar fabric of the original primary bone.

5.3.3 Ulna
The isolated proximal end of a left ulna, HW-6, was sectioned through the shaft
above midlength (Fig. 71). This individual was about 79 percent adult length at the time
of death. The thickness of the compact bone is relatively uniform around the shaft.
There is a gradational transition from compact to cancellous bone, and the cancellous
bone is very well developed with thin struts of trabeculae. Five to eight cyclic
laminations are noticeable in cross section similar to those observed in the humerus
specimen HW-23 (Fig. 72).
The cyclic laminations appear to be formed in a manner similar to those in HW23: alternating layers of woven bone consisting of either open vascular networks or
lamellar primary osteons. Unlike in HW-23, however, the primary osteons and open
vascular networks have a reticulate rather than laminar pattern. Portions of this specimen
were protected by the surrounding matrix and preserve the periosteal surface. Secondary
osteons, many of which exhibit the slightly diamond shaped cement lines noted in HW15 are more prevalent deeper within the cortex (Fig. 73). Endosteal resorption cavities
are also present. Due to otherwise poor preservation of this specimen, no further details
of the structure can be determined.
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Figure 70. Thin section of right humerus HW-15. Although not very well preserved,
secondary osteons are observed throughout the section (left). They appear to follow
the original fabric of the primary bone. Scale bar = 2 mm. A detail of the outer cortex
of the slide (right), not shown on left. Interstitial remnants of lamellar zonal bone is
present. Scale bar = 1 mm.
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Figure 71. Proximal end of left ulna HW-6. The red line shows the location of the plane of cross section (left).
Scale bar = 15 cm. The approximate location of the specimen is shown on the right (after Gilmore, 1946).
Scale bar= 10 cm.
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Figure 72. Cross section of left ulna HW-6. Compact bone grades smoothly into cancellous bone. Red arrows
indicate eight cycles within the cortex. The light red box shows the location of the thin section. Scale bar = 5 cm.

Figure 73. Thin section of proximal end of left ulna HW-6. Secondary reconstruction
was progressing from the inner cortex outward at the time of death and there is a fairly
definite boundary between secondary tissue and primary reticulate bone.
Scale bar = 2 mm.
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5.3.4 Metacarpal
The proximal end of a right (?) metacarpal II (?) was sectioned through the shaft
(Fig. 74). This bone fragment, HW-3A, came from an individual approximately 68
percent adult length. The section shows a predominately finely cancellous interior
surrounded by a thin layer (~ 15 mm) of compact bone. The transition from compact to
cancellous bone is very gradational, and there are many resorption cavities along the
boundary (Fig. 75).
No primary bone is observed in this thin section (Fig. 75). Multiple generations
of secondary osteons cut across one another, and are present throughout the bone and its
periphery. Resorption cavities occur very near the bone surface. Deeper within the
cortex the transition between compact and cancellous bone is observed. Here patches of
secondary osteons are found between the resorption cavities. The cancellous bone
consists of well defined trabeculae.

5.3.5 Pubis
Specimen HW-14 is from the proximal part of the shaft of a left pubis in an
animal about 51 percent adult length (Fig. 76). The compact bone is fairly thin on the
lateral and medial surfaces but thickens considerably around the curvature of the
posterior edge of the fragment (Fig. 77). Large resorption cavities line the boundary
between the compact and cancellous bone along the lateral side of the medullary cavity.
The medullary cavity is filled with fine trabeculae. As observed in the scapula specimen
HW-3S, the orientation of bone deposition changes along the length of the section.
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Figure 74. Proximal end of right metacarpal II (?). Specimen in medial? (a) and lateral? (b) view. Red line
represents the plane of cross section. Sclae bar = 3 cm. Reconstruction of the metacarpal is illustrated at right
(after Gilmore, 1946). Scale bar = 10 cm.

Figure 75. Sections of right metacarpal II (?). Cross section (left) shows the thin
cortex and a large medullary cavity filled with thin trabeculae. Scale bar = 3 cm.
Thin section (right) reveals the gradational transition from compact to cancellous
bone. Scale bar = 2 mm.
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Figure 76. Proximal end of left pubis HW-14. The red lines show the plane of cross section (Figure 69) in both
lateral view (a) and medial view (b). The approximate location within the pubis is shown on the right.
Scale bars = 10 cm.

Figure 77. Sections of proximal end of left pubis HW-14. The cross section (left)
shows thick cortical bone at the posteroventral edge, which thins out on the medial and
lateral sides. The red box shows the location of the thin section. Scale bar = 5 cm.
Thin sectional view (right) reveals obliquely oriented secondary osteons within the
compact bone, and thick trabeculae containing secondary osteons and reversal lines.
Scale bar = 2 mm.

125

Near the rounded posterior articulation surface of the bone, compact and cancellous
tissue is oriented perpendicular to the plane of section. Along the lateral and medial
sides, however, the bone grew parallel to the plane of the section. This change in growth
direction can be seen on the external medial surface of the bone as well. The bone fabric
radiates in three directions from a central area (Fig. 76).
Multiple layers of secondary osteons are found in the cortex (Fig. 77). The older,
cross-cut osteons are in many places oblique or even transversely oriented to the plane of
the thin section. Some of the osteons that are oriented obliquely may actually be portions
of Volkmann’s canals rather than Haversian systems. Those secondary osteons that
overlap the older osteons are almost all oriented longitudinal to the plane of the section.
Endosteally, large resorption cavities are present and cut across the secondary osteons.
These cavities possess reversal lines, indicating no further resorption had occurred in
these locations. The boundary between compact and cancellous bone is fairly abrupt in
thin section. Structures similar to those observed within the ribs are also displayed here:
the boundary between cortical and cancellous bone is rimmed with reversal lines, and the
trabeculae closest to the compact bone are thick enough to reveal the secondary osteons
within them. These trabeculae are also lined with thick reversal lines, some of which
have been cut by secondary osteons. However, the large inter-trabecular spaces
interpreted as pneumatic cavities present within the ribs are absent within the pubis.
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5.3.6 Femur
A segment of the diaphysis of a left femur, HW-4, was embedded in tile grout and
sectioned. Measurements of the femur in place indicate that this individual was full
grown (approximately 100 percent adult length). The section was taken slightly below
the middle of the shaft (Fig. 78). The medullary cavity is very large (14.5 cm in diameter
of the total 24.5 cm diameter of the section long axis) when compared to the compact
bone (Fig. 79). Although the medullary cavity is not completely free of cancellous bone
tissue, the frequency of trabeculae decreases dramatically toward the center. Compact
bone thickness is relatively uniform (~ 4.5 cm), and grades abruptly into cancellous bone,
although the boundary is not distinct in thin section (Fig. 80). Instead, a similar pattern of
bone resorption is found here as in the humerus (HW-23). Three areas of bone resorption
and conversion to cancellous bone occur between layers of largely unaffected bone.
Because of the low detail of preservation in cross section, the presence or absence of
cyclical bone growth cannot be determined.
The cortical bone consists of a mixture of laminar fibro-lamellar and woven tissue
with open vascular networks (Fig. 80). Before these open vascular networks filled with
lamellations surrounding the primary osteons, secondary reconstruction appears to have
begun. Secondary osteons are clustered in patches towards the periphery of the sample,
but are dominant within the basal part of the cortex. Scattered resorption cavities are also
present throughout the cortex, most commonly deeper within the cortex around
preexisting secondary osteons. Laminar fibro-lamellar bone is present on the outer bone
surface, but no periosteum is preserved.

127

128

Figure 78. Left femur segment HW-4. The arrow points to the section collected for histological analysis (left),
and the red line represents the plane of cross section. Scale bar = 15 cm. The approximate location of sample
HW-4 and outline of femur shaft is illustrated on the right. Scale bar = 10 cm.
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Figure 79. Cross section of left femur specimen HW-4. Compact bone thickness increases on the medial side.
The medullary cavity contains thin but sparse trabeculae. Scale bar = 5 cm.

Figure 80. Thin section of left femur HW-4. Cortex is composed of a mixture of
laminar fibro-lamellar bone and woven bone with open vascular canals. Secondary
osteons are scattered throughout, increasing in frequency deeper within the cortex.
Scale bar = 2 mm.
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The weathered remains of a right femur, HW-10, were also sampled. This femur
was from an individual approximately 81 percent adult length. Intact bone consists
mainly of the internal, cancellous tissue. Most of the cortical bone had spallen off, and
pieces of it were scattered around the femur. Several of the better preserved fragments
were collected for analysis (Fig. 81). Thin sections of HW-10 reveal cortical bone
consisting entirely of secondary osteons. Some of these osteons are oriented oblique to
the plane of the section, but most are typical longitudinal osteons (Fig. 82). Many of
these osteons overlap each other, but there are several places where the osteons abut each
other to form the diamond-shaped cement lines observed in other specimens.
Fragments from the proximal part of the shaft of a left femur, HW-16, were also
sectioned. Extrapolating from measured dimensions of the proximal end, this femur was
from a fully grown individual. The fragments were taken from the better preserved
anterior surface of the femur in the midshaft region. The bone is fairly weathered and
cross sections of the samples reveal little about the gross anatomy of the bone (Fig. 83).
Although the internal structure is poorly preserved, patches of laminar fibro-lamellar
bone near the periphery are present among the otherwise tightly packed generations of
secondary osteons (Fig. 84). Only secondary osteons and several resorption cavities are
observed deeper within the cortex.
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Figure 81. Cross section of right femur cortical bone fragment HW-10. Little detail
of the internal structure is observed. Scale bar = 3 cm.

132

Figure 82. Thin section of right femur sample HW-10. Little to no primary bone
remains. Only generations of tightly packed secondary osteons are observed (left).
The red box shows the location of the thin section detail. In detail (right), the
diamond-shaped cement lines of secondary osteons is observed. Scale bars = 2 mm.
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Figure 83. Cross section of left femur cortical bone fragment HW-16. Little detail of
the internal structure is observed. Scale bar = 5 cm.
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Figure 84. Thin section of left femur cortical bone fragment HW-16. Although
preservation quality is low, the cortical bone is composed of mostly secondary osteons
(left), but interstitial remnants of laminar fibro-lamellar tissue is present near the outer
surface (right). Detail is in plane polarized light, and is not located within the section
on the left. Scale bars = 2 mm.
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5.3.7 Tibia
All but the distal end of a right tibia, HW-7, was recovered for sectioning (Fig.
85). This specimen is from an individual about 74 percent adult length. Two bone
fragments from the shaft of the tibia were removed for analysis. One of these was taken
from just below midlength (HW-7A), the other closer to the distal end (HW-7B). Very
little detail can be seen in the digitized cross section images for either fragment (Fig. 86).
The distal shaft section is poorly preserved, but the midshaft sample is much better. In
the midshaft section, lamellar-zonal bone with small primary osteons and annuli are
found between secondary osteons near the periosteum (Fig. 86, 87). Avascular lamellar
bone with annuli is found in the periosteum itself (Fig. 87c). Away from the periosteum,
the frequency of secondary osteons increases deeper within the cortex where no primary
bone remains.
HW-11 is a portion of the distal articular end of a right tibia, from an individual
about 97 percent adult length. The overall preservation of the bone is poor (Fig. 88).
Loose fragments of cortex surrounding the specimen were used for analysis. In cross
section, only the enlarged secondary osteons are obvious (Fig. 89). Poor preservation is
also evident in the thin section made from this specimen. Almost all details of internal
structure have been obliterated. Only secondary osteons are easily identifiable. Most
visible secondary osteons contain large Haversian canals. If any primary tissue remains
within the bone, it cannot now be recognized.
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Figure 85. Right tibia HW-7. The locations of two fragments removed for thin
section analysis, HW-7A and HW-7B, are shown with arrows (left). The full length of
the tibia is illustrated at right. Scale bars = 10 cm.
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Figure 86. Sections of right tibia HW-7. Little detail is observed in the cross section
of fragment HW-7A. Scale bar = 3 cm. In thin section (right), secondary osteons
compose most of the cortex, and are linearly arranged near the periphery.
Scale bar = 2 mm.
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Figure 87. Details of thin section HW-7A. Near the periphery of the sample (a),
lamellar-zonal bone with annuli is observed interstitially. The red box shows the area
of enlargement in b. Scale bar = 2 mm. At higher magnification, the lamellar-zonal
bone and annuli are more evident (b). Scale bar = 50 μm. Avascular lamellar zonal
bone is present at the periosteal surface (c; best seen in black and white).
Scale bar = 50 μm.
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Figure 88. Distal right tibia HW-11. Little outer cortex remains on the specimen
(left). The approximate location of the sample is illustrated at right.
Scale bars = 10 cm.
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Figure 89. Sections of right tibia HW-11. The cross section (left) shows the poor
preservational quality of the sample, although secondary osteons with large Haversian
canals are observed. Scale bar = 3 cm. In thin section, patchy preservation reveals the
presence of tightly packed secondary osteons. Scale bar = 2 mm.
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5.3.8 Fibula
HW-12 is a nearly complete left fibula from an individual about 58 percent adult
length. The bone is very well preserved (Fig. 90). A section was made from sampling
the middle of the diaphysis.

The compact bone on the lateral side of the fragment is

much thicker than the other, due to medial medullary “drift” (Fig. 91). The medullary
cavity itself consists of large cancelli between trabeculae with cancelli increasing in size
towards the center. Resorption cavities are found throughout the cortex. Cycles appear
to be present in this specimen, but because preservational quality decreases towards the
periphery of the bone, the laminations are difficult to follow or count.
The cortical bone is primarily plexiform fibro-lamellar tissue. The cycles seen in
cross section may be formed by the semi-alternating laminations of fibro-lamellar bone
and woven bone with open vascular canals (Fig. 92). At least six alternations are present.
Large resorption cavities are located endosteally, along with sparse and scattered
secondary osteons. In the transition zone between compact and cancellous bone, thick
trabeculae with very thin reversal lines are present. These trabeculae contain remnants of
mostly primary bone, but several contain secondary osteons as well. Trabeculae thin out
further into the medullary cavity.
A larger right fibula, from an animal about 70 percent adult length, was also
found nearly complete and collected for sectioning. A loose fragment from the middle of
the diaphysis was selected for sectioning (Fig. 93). The preservation quality of the tissue
in thin section is very poor. Secondary osteons can only be seen if cross polarized light is
used, and even then only patches are easily identified (Fig. 94).
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Figure 90. Left fibula HW-12. The red line (above) indicates the plane of cross
section. The approximate location of HW-12 is illustrated at bottom (after Lehman
and Coulson, 2002). Scale bars = 10 cm.
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Figure 91. Cross section of left fibula HW-12. Note the off-center medullary cavity.
Cortex is thickest on the posterior side of the specimen. Fine trabeculae are present
within the medullary cavity, and resorption of compact bone appears to have taken
place in bands. Cycles may also be present, but are too faintly preserved to count
accurately. Scale bar = 5 cm.
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Figure 92. Thin section of left fibula HW-12. Resorption “bands” are observed near
the medullary cavity, and six possible cycles (red arrows) of alternating fibro-lamellar
and woven bone are present (a). The red box shows the area of enlargement in b.
Enlarged area shows the plexiform woven to fibro-lamellar tissue. Scale bars = 2 mm.

145

Figure 93. Right fibula HW-5. The red line indicates the plane of cross section (left).
Restoration of the fibula is illustrated at right. Scale bars = 10 cm.
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Figure 94. Thin section of right fibula HW-5. Compact bone is composed mostly of
secondary osteons which grade smoothly into cancellous bone (left).
Scale bar = 2 mm. A detail of the thin section, not shown at left, reveals interstitial
lamellae of possibly fibro-lamellar bone (right). Scale bar = 1 mm.
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Visible secondary osteons appear to overlap each other only slightly, as though secondary
reconstruction had just begun within the cortex at the time of death. Possible laminar
fibro-lamellar bone is observed interstitially in several places. In the transition zone from
compact to cancellous tissue, there are multiple small adjacent resorption canals that
increase in size progressing endosteally.

5.3.9 Metatarsal
The distal end of a metatarsal II (?), HW-17, is from an animal approximately 68
percent adult size (Fig. 95). As with the sample of metacarpal II (?), HW-3A, the cross
section shows a very thin cortex (~ 1 cm) with a short transition into a very large
medullary cavity filled with fine trabeculae (Fig. 96). The sizes of the cancelli between
the trabeculae are fairly uniform, increasing slightly in size toward the center. The bone
tissue is poorly preserved. No primary bone can be distinguished. Secondary osteons cut
across each other, but the last wave of reconstruction has secondary osteons seemingly
arranged so as to overlap very little. The same pattern observed in several other
specimens is also observed here: the secondary osteons appear to abut each other and
overlap only slightly, if at all, and form slightly diamond-shaped cement lines.
The histological examination of all appendicular bones may be summarized in
several observations. The cortical tissue in appendicular bones was initially deposited as
plexiform to reticulate woven tissue with open vascular networks, later shifting to
laminar. In time these networks filled with lamellar tissue to form fibro-lamellar bone.
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Figure 95. Distal end of metatarsal II (?) sample HW-17. The red line (left) shows the plane of cross section.
The location of the specimen within the metatarsal is illustrated at right. Metatarsal reconstruction is based on the
Apatosasurus excelsus mt. II illustration from Gilmore (1936).

Figure 96. Sections of distal metatarsal II (?) HW-17. Cross section (left) shows thin
cortical bone, and the medullary cavity with thin, but densely packed trabeculae. The
red square shows where a sample was taken for thin section analysis. Scale bar = 5
cm. The thin section shows the gradation from cortical bone made of secondary
osteons to cancellous bone. Secondary osteons exhibit diamond-shaped cement lines.
Scale bar = 2 mm.
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This tissue was deposited in wave-like alternating bands of thick woven and thin fibrolamellar laminae (the “cycles” or “modulations” of authors). Lamellar-zonal and
avascular lamellar bone with annuli was deposited periosteally during later growth, at
least in some elements. The cortex was later remodeled (at least two distinct times in
some specimens) through production of secondary osteons, creating Haversian bone
tissue. Because the frequency of secondary osteons increases towards the cancellous
tissue in partially reconstructed bone, it seems that reconstruction began initially in the
lower part of the cortex and expanded outward, ultimately remodeling the entire cortex
and removing most or all traces of the primary tissue. Remodeling of the limb girdle
elements may have begun at an earlier age, as these elements have a greater proportion of
secondary bone at a smaller size. Bone resorption in appendicular and girdle elements
progressed outward to form cancellous medullary tissue, initially by selective resorption
within the thick centers of each cortical “cycle” and ultimately by complete remodeling
to form trabecular bone. This selective resorption pattern survives, however, in a vague
form even when the tissue has been completely converted to cancellous bone, and is
evident in the circumferential “growth” laminations vaguely discernible in the cancellous
bone of large adult individuals. The cortical tissue thickness in the scapula ranges up to
82 percent of the cross-sectional length while that observed in the pubis is only 27
percent of the cross-sectional length. The cortical thickness of the appendicular propodial
elements ranges between 41 and 45 percent of the cross-sectional diameter and that of the
epipodial elements is between 39 and 41 percent. Cortical bone in the metacarpal
comprises 35 percent of cross-sectional diameter while only 13 percent of cross-sectional
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diameter in the metatarsal. There is a definite boundary between compact and cancellous
tissue in all of the appendicular elements.

5.4 Discussion
5.4.1 Vertebrae
The dorsal vertebrae included in this study exhibit the camellate internal structure
common to titanosaurs and this is their most striking histological feature. Camellate
structure is defined by Wedel et al. (2000) as vertebral cavities ranging in diameter
between 2 mm and 20 mm and possessing angular walls. The walls have no apparent
branching pattern and can be as thick as 3 mm to less than 1 mm thick (Wedel et al.,
2000). Wedel (2003a) observed that in Saltasaurus, considered to be the most derived
titanosaur, the presacral, sacral, and proximal caudal vertebrae are all fully camellate, and
this condition is considered synapomorphic for Saltasaurinae. Camellate anterior caudal
centra are absent in Alamosaurus (Lehman and Coulson, 2002). Camellae are not present
in the mid and distal caudal vertebrae of Alamosaurus examined in this study. The open
“camellate-like” structure in thoracic ribs of Alamosaurus appears to have a similar
histology, and perhaps served the same function. The articular surfaces of the vertebrae
are formed from fine trabeculae, with open ostial margins at the surface. In life, this
tissue would have resulted in a very porous surface. It is possible that this surface served
as the attachment for the cartilaginous disk between adjacent centra.
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5.4.2 Cavernosity
Cavernosity in dinosaur bones has been reported to be most common in cervical
and dorsal vertebrae, as well as in ribs (Reid, 1996). The large cavernous spaces may
have been similar to the pneumatic cavities found within avian bones, but whether or not
they are truly homologous and functioned similarly remains a subject of debate. The
open internal structure of sauropod vertebrae and ribs could have been filled with soft
tissue, body fluid, or air sacs connected to the respiratory system, and they may have
functioned primarily in weight reduction, lung ventilation, or in some other way.

In

fact, extant reptiles possess archaic air sacs and multicameral lungs (Paladino et al.,
1997); and so the presence of air sacs alone is not evidence of an avian style respiratory
system (Wedel et al., 2000). Modern examples of cavernous bone vary from the hollow
bones of birds, into which their air sac system extends, to the honeycomb sides and roof
of elephant skulls which contain sinus extensions. Cavernous dinosaur vertebrae and ribs
often exhibit the “honeycomb” type of cavernosity indistinguishable from that found in
elephant skulls. In many dinosaurs, ribs are found to be cavernous mainly in the
proximal portions, although a tubular cavity may extend beyond the tuberculum (Reid,
1996).
Because both crocodilians and birds lack diaphragms, it is likely that large
dinosaurs also had to move substantial volumes of air without the aid of a diaphragm
(Paladino et al., 1997). An air sac system in dinosaurs would be a plausible replacement
for a diaphragm and would permit respiratory cooling by allowing heat to be “dumped”
through evaporation within the air sacs (Reid, 1996; Wedel, 2003b).
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The presence of an air sac system is also compatible with the evolution of
progressively longer necks by allowing sauropod dinosaurs to overcome tracheal dead air
space in their necks (Paladino et al., 1997; Wedel, 2003b). Paladino et al. (1997)
estimate that a 3,000,000 kilogram Apatosaurus would have a total lung volume of 1400
liters and a total dead space volume of 184 liters. They conclude that Apatosaurus would
have required an avian type lung system to provide enough gas exchange in order to
possess at least a reptilian metabolism. As birds inspire, air sacs expand to draw air
through the lungs to the posterior air sacs. During expiration, air passes through the
parabronchi and cross current gas exchange occurs. A second inspiration draws the air
into the anterior air sacs, and a second expiration moves the air out of the body. The
unidirectional air flow allows for a much higher amount of oxygen extraction than is
possible for mammals (Paladino et al., 1997).
In birds, the pulmonary air sacs branch directly from the bronchi of the lungs.
There is one interclavicular air sac, and paired cervical, anterior thoracic, posterior
thoracic, and abdominal air sacs (Wedel, 2003a, 2003b; see Fig. 97). The air sacs present
in the body cavity enclose the viscera (Wedel, 2003a, 2003b). Diverticula from the
abdominal air sacs pneumatize the posterior thoracic vertebrae, synsacrum, and hind
limb. The sternum, sternal ribs, coracoid, clavicle, scapula, and forelimb are
pneumatized by the interclavicular air sac (Wedel, 2003a, 2003b).
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Figure 97. Body cavity of a duck, in left lateral view (Wedel, 2003b). The cervical (C), interclavicular (I),
anterior thoracic (AT), posterior thoracic (PT), and abdominal (AB) air sacs are labeled. Arrows along the
vertebral column indicate the direction of expansion of the invading diverticulae.

Different portions of the body are pneumatized at different times during avian growth.
First, the diverticula from the cervical air sacs pneumatize the base of the neck, and from
there the diverticula spread anteriorly and posteriorly to pneumatize the cervical series as
well as the anterior and middle thoracic vertebrae. Later in ontogeny, after the cervical
diverticula stop spreading, the abdominal air sacs pneumatize the posterior thoracic
vertebrae and synsacrum. Sometimes cervical and abdominal diverticula meet, at which
time they may anastomose to form a continuous airway that pneumatizes the entire
vertebral column. The middle thoracic vertebrae are occasionally incompletely
pneumatized or not at all (Wedel, 2003b).
A special large scale bone reconstruction process is hypothesized to be
responsible for dinosaur vertebral cavernosity. This process, which seems to normally
have kept pace with growth, created large internal resorption cavities which expanded
until only thin struts of bone remained between them (Reid, 1996). Assuming the
cavernosity is pneumatic in origin, Wedel (2003a) suggests an ontogenetic pathway for
their formation based on avian ontogenetic observations. His pathway, which describes
the formation of more primitive camerate bone, could be extended to interpret the more
complex camellate structure observed in titanosaurs. First, the diverticula entered the
centrum on either side via the pleurocoels and replaced most of the interior bone creating
the simple fossae seen in juveniles of Apatosaurus and Camarasaurus. The vertebrae
continued to grow from either end, forming a thick wall surrounding the diverticulae.
Eventually the diverticulae began to expand again, bifurcating against the newly
deposited bone. If this cycle was repeated several times, the regular branching pattern
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found in diplodocids results. Bone and air sac growth would continue to “leap frog”
creating the ostial margins that enclose camerae. On the other hand, Wedel (2003a)
suggests the ostial margins may have grown from the centrum outward and enclosed the
diverticulae in that way. He states that until juvenile sauropods possessing camerate or
camellate vertebrae are examined, either pathway could be valid. If the camellate
features of the Alamosaurus vertebrae observed in this study are truly pneumatic, the
absence of camellae within the caudal centra may be due to a lack of posterior extension
of the diverticulae. It would have been necessary to pneumatize the neck for efficient
respiration, but it may not have been possible or necessary to pneumatize the tail.
The pattern of ontogenetic pneumatization observed in birds parallels the pattern
of vertebral pneumatization in sauropod evolution. In primitive sauropods, pneumatic
fossae are only observed in the cervical and anterior thoracic vertebrae; while in most
neosauropods both thoracic and sacral vertebrae are also pneumatized. The presence of a
pneumatic hiatus within the vertebral column of sauropods would strongly suggest the
presence of an air sac system, as by analogy with birds, the anterior and posterior
vertebrae would have to have been pneumatized separately. If neosauropods followed
the same ontogenetic pattern of pneumatization as birds, then the best chance to find
evidence for a pneumatic hiatus would be in a juvenile individual, before the air sac
diverticulae converged (Wedel, 2003b). This has not yet been observed.

157

5.4.3 Vertebral stresses
Studies of avian air sac systems have led to a better understanding of the
relationship between pneumaticity and bone. Pneumatic epithelium advances
opportunistically and leads to bone resorption, while at the same time bone is also
reacting to biomechanical stresses. The competition between pneumatization and
response to stress creates four types of structures within sauropod vertebrae: external
fossae and foramina and internal camerae and camellae (Wedel, 2003b). Wedel (2003b)
states that although this hypothesis has not been tested, it is possible that the more
advanced honeycomb camellate structure is more biomechanically effective than the “Ibeam” structure in camerate vertebrae. The expansion and branching of camellae must
have been kept in check by the biomechanical requirements of the vertebrae. Sauropod
vertebrae must have undergone enormous torque as well as tensional stresses. The highly
sculpted laminae of the neural arches were most likely a direct result of bone shaped by
response to stress. It is possible that the unique thick strut of bone observed in the
centrum of HW-18, in the longitudinal section of HW-19, and in the vertebra illustration
of Saltasaurus (Powell, 1986; see Fig. 17, 22) reflects an internal extension of one of the
vertebral laminae to better anchor the neural arch to the centrum. This strut of bone is
thicker than any of the trabecular-like sheets surrounding the camellae and as discussed
previously, this thick trabeculum merges dorsally with the posterior centrodiapophyseal
lamina, and anteriorly with the wall of the pleurocoel in HW-18. Of course, more centra
must be examined to determine if such features are present in all dorsal vertebrae. The
other vertebral centrum sectioned (HW-20) shows the anterior end, and in longitudinal
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section it shows no sign of a corresponding anterior thick trabecular strut, and neither
does the anterior end of HW-18. Whether this feature is common to all dorsal vertebral
centra remains to be seen and will require more centra to be sampled.

5.4.4 Function of camellae
The cross sections of Alamosaurus vertebrae used in this study reveal camellae
that are substantially smaller than those found in the more derived titanosaurid
Saltasaurus (see Wedel, 2003b; see Fig. 17). The camellae do not appear to form by
reconstruction of the finely trabecular bone found on the anterior surfaces of the centra.
If the camellae observed in the vertebrae in this study were in fact air filled rather than
tissue or fluid filled, then the percentage of the total area of the sections of samples HW19 and HW-20 taken up by air alone (in longitudinal view) would be approximately 65
percent for both. This percentage was determined by adapting a computer mapping
program, ArcGIS (see e.g., Manship, 2003; see Appendix B). Using digital images of the
longitudinal section of each vertebra, a unitless value for the total area of the image was
calculated. Subtracted from this was the area of the cancellous bone as determined by
color differences (lighter areas are camellate cavities, darker areas are bone). Because
large cavernous spaces are also found within most of the rib fragments sampled, the same
method was applied to them as well and the results displayed in Table 1.
Bones containing air sacs would be substantially lighter than those filled with
fluid or tissue, and their presence would affect recent sauropod mass estimates by 20
percent or more (Reid, 1996; Wedel et al., 2000).
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Vertebrae

Proximal
Ribs

Mid to
Distal
Ribs

Table 1. Unitless area measurements from cross sections of vertebrae and
ribs
Total
"Empty Space"
Percent "Empty
Specimen Number "Area"
Area
Space"
HW-19
4234986
2963509
70.0
HW-19
Longitudinal
12241471
8004072
65.4
HW-20
3712122
2398507
64.6
HW-20
7997609
5206555
65.1
Longitudinal
HW-R1a
2058005
1273953
61.9
HW-R1b
1970292
1280827
65.0
HW-R1c
2109389
1380213
65.4
HW-R1d
2646597
1649978
62.3
HW-R1e
2751563
1635703
59.4
HW-R1f
2279181
1081749
47.5
HW-R1
Longitudinal
4153000
2771668
66.7
HW-R2a
2143220
1282395
59.8
HW-R2b
2296544
1443879
62.9
HW-R2c
2222947
1339820
60.3
HW-R2d
2413105
1512887
62.7
HW-R2e
2165505
1300862
60.1
HW-R2f
1977175
1171631
59.3
HW-R2g
1767544
1033955
58.5
HW-13
2315706
1317701
56.9
HW-1A
456199
215320
47.2
HW-1E
437596
134463
30.7
HW-1H
425360
168209
39.5
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Using humerus and femur midshaft circumference measurements of Alamosaurus, and
applying the method of Anderson et al. (1985) for mass estimation, Lehman and Coulson
(2002) found the mass of a mature Alamosaurus to be about 32 metric tonnes. Applying
the weight reduction estimate of 20 percent as given by Wedel et al. (2000), an
Alamosaurus with an extensive pneumatic respiratory system might actually have
weighed around 24 metric tonnes. However, the method of Anderson et al. (1985) is
based on an empirical relationship between body mass and the combined shaft
circumferences of the main supporting appendicular propodial bones in living animals.
The propodial bones attained a circumference sufficient to support a given mass, and so
alternatively Alamosaurus indeed may have weighed about 30 tonnes, but would have
weighed 36 tonnes without the additional supposed air sacs.
It is possible that because of the small size and convoluted connections between
the cavities in the camellate vertebrae in Alamosaurus, as well as in other titanosaurs, not
every cavity may have been ventilated during respiration. Although the camellae are all
interconnected, the passages connecting the cavities are so narrow that it seems as though
air flow would be hindered. Conducting a study on the permeability of camellate cavities
would help clarify the potential for efficient fluid flow though the camellae. On the other
hand, perhaps only the most external of the camellae were utilized for respiration, and the
older, deeper diverticulae were no longer required or functional. Weight reduction was a
major advantage of vertebral cavernosity, regardless of whether it was the primary reason
for development of camellae or was a beneficial side-effect of an avian-style respiratory
system. It was simply not necessary to reduce the weight of the tail in a similar fashion,
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and in fact it may have been advantageous to retain weight in the tail to counterbalance
the neck, to provide support in temporarily bipedal posture, and/or inflict or reduce injury
if the tail was used in defense as is hypothesized by some authors. Alternatively, caudal
vertebrae may actually possess a percentage of “empty space” comparable to that of the
dorsal and cervical vertebrae created by very small but numerous cavities. In order to
determine the percent empty space within caudal vertebrae, better preserved specimens
need to be sampled.
A similar form of cavernosity is found in Alamosaurus ribs. Although cavernous
bone is common within the immediate area surrounding the articular surface of dorsal
ribs, the sections of ribs analyzed in this study show the cavities are much more extensive
than previously noted for any other sauropod dinosaur. The cavities present within the
proximal rib fragments excavate a significant amount of the interior of the bone, leaving
trabecular margins as thin as those bounding the vertebral camellae. These excavations
appear to continue most of the length of the rib, but become more restrictive distally.
Even the majority of the smaller distal rib fragments show some extent of enlargement of
inter-trabecular spaces. The thin trabeculae bounding these cavernous spaces, when
observed in thin section, reveal that they possess thick reversal lines. This indicates that
construction of these cavities was complete and not an ongoing destructive process at the
time of death. Evidence of continued trabecular remodeling is present in the thicker
struts, but this remodeling is always in the form of completed secondary osteons and
never extensive resorption cavities that separated the struts into segments.
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Assuming the excavations are pneumatic in origin, the diverticulae not only
spread throughout the centra but into the ribs as well. Three of the distal rib samples
were preserved well enough to calculate the percent empty space in cross sections. If the
“empty space” calculated for each distal rib transverse section is averaged, the resulting
estimate is that about 44 percent of cross sectional area was comprised of open space. If
this number is averaged with the percent empty space determined for the proximal and
middle rib transverse sections as well, a crude estimate of total pneumatic rib area of 52.0
percent is obtained (Table 2).

5.4.5 Calcified cartilage in sauropod ribs
Several distal rib segments contain interstitial lamellae composed of calcified
cartilage. Although the cortical bone in these specimens is largely composed of
secondary tissue, the original calcified cartilage remains interstitially. The calcified rib
cartilage in these specimens is restricted to the distal rib areas, although not all of the
distal rib specimens possess primary bone of this type. In crocodiles the posterior margin
of each sternal plate is fused to a cartilaginous xiphisternum, which forms a manifold of
connection points with the ventral calcified ribs (Filla and Redman, 1994; see Fig. 98). It
is possible that most or all of the Alamosaurus rib sections that exhibit calcified cartilage
were from those areas connected to the unossified ventral ribs.
Ventral ribs and/or gastralia have rarely been reported in sauropods. Filla and
Redman (1994) described gastralia found with the sauropod Apatosaurus yahnapin.
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Table 2. Averages for the percent "empty space" in vertebrae and ribs
Total
Average
Average
Percent
Percent
"Empty
"Empty
Space"
Space"
Transverse Vertebrae
67.3
Vertebrae
Longitudinal Vertebrae
65.2
Transverse Proximal Ribs
60.4
Ribs
52.0
Transverse Mid to Distal Ribs
43.6

164

165

Figure 98. Illustration of the probable location and attachment points of calcified sternal ribs in Apatosaurus
(Filla and Redman, 1994). The orientation of the sternal ribs in this illustration can be applied to Alamosaurus,
assuming it also possessed sternal ribs.

Claessens (2004), however, believed that Filla and Redman had misdiagnosed these
structures and that they were instead preserved sternal ribs (Fig. 98). Claessens bases his
argument upon the fact that the elements have rugosities over the entire bone surface,
very similar in form to those found on the sternal ribs described with the type specimen
of A. excelsus. He also states that these “gastralia” differ from those found in any other
dinosaur lineage because they are not tapered, there are only two rather than the usual
four to a row, and they do not possess grooves for lateral and medial articulation
(Claessens, 2004). If the supposed gastralia are actually sternal ribs, the rugosities could
be explained as areas of calcified cartilage, which would attach to the cartilaginous
extensions of the true ribs (Claessens, 2004).
As the dorsal ribs grew, the bone may have extended into or overlapped the
cartilaginous portion of the ribcage, and secondary osteons replaced the calcified
cartilage during bone remodeling and growth. This might explain the unusual
combination of primary osteons found in fibro-lamellar tissue, lamellar tissue, and
calcified cartilage tissue, all within the same bone (HW-1B). In some areas of HW-1B, it
appears that fibro-lamellar tissue also grades into calcified cartilage. If these specimens
were taken far up on the rib from its connection with the cartilaginous ribs, the calcified
cartilage would be anomalous. Presence of calcified cartilage in a posterior dorsal rib
fragment (HW-1E) is therefore puzzling. If this fragment is indeed part of a posterior
dorsal rib, the presence of calcified cartilage could not be explained by attachment to the
sternal ribs.
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There also appears to be two types of cancellous tissue within the distal ribs: one
that grades evenly from cancellous tissue into compact tissue and another where the
cancellous tissue is separated from the compact tissue by thick reversal lines marking a
boundary. The trabeculae in the second type tend to be thicker. Perhaps the medullary
cavities bounded by reversal lines are related to the cavernous, possibly pneumatic intertrabecular spaces in the proximal and middle parts of the ribs. Those that have “normal”
cancellous bone may have been located too far distally for any pneumatization to be
present. Rib specimens HW-1A, HW-1B, HW-1E, HW-1H, and HW-1J all possess
normal cancellous and compact bone transitions. Specimens HW-1C, HW-1F, and HW1G have medullary cavities bounded by reversal lines. Specimens HW-1B, HW-1E, and
HW-1J contain calcified cartilage, whereas none of the rib specimens with a definite
cancellous/compact tissue boundary possess this. The rib segments with calcified
cartilage may be the most distal of the samples, lack pneumatization, and were close to
the boundary between the true rib and the sternal rib (with the exception of HW-1E).

4.5.6 Changes in bone tissue with growth
In distal rib specimens (HW-1C and HW-1H) as well as in the pubis specimen
(HW-14), an initial wave of secondary osteons appear oriented oblique to the transverse
cross section of the bone, but a second wave of osteons is oriented longitudinally. One
explanation for this may be the changing orientation of the curvature of the bone during
growth. The first wave of secondary osteons may well have been oriented longitudinally
when they were deposited, but due to continued lengthening and curving of the bone with
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growth, they became off center relative to the next wave of longitudinal reconstruction.
Another explanation may be that some of the osteons oriented oblique to the section are
actually from Volkman’s canals.
The medullary cavities of the sub-adult and adult humeri and femur section
studied are almost free of spongiosa and as a result were relatively hollow bones. The
metacarpal and metatarsal possess relatively thin rings of cortical bone and large
medullary cavities, although these are completely filled with fine trabeculae. The
arrangement of a thin ring of compact bone encasing a large medullary cavity with either
finely cancellous bone or very little trabeculae at all may be a response to load stresses.
Significant amounts of torsion have been recorded in the limb bones of dogs, horses and
sheep (de Margerie, 2002). de Margerie (2002) hypothesized that primary osteon
orientation may reflect preferential loading modes, and that laminar bone may be a
response to torsional loads. Her histological study of the bones in mallard wings shows
that the ulna is the most highly laminar bone and experiences the most torsional stress
during flight. de Margerie (2002) proposed that if high laminarity is a response to high
torsion, this tissue type may go hand in hand with a shape optimization to resist torsion.
This may lead to bones with large diameters and thin walls in cross section, much like the
limb bones found in Alamosaurus.
Sander and Tuckmantel (2003) noted that reticulate or plexiform fibro-lamellar
tissue is common in extremely young sauropod individuals, changing to laminar tissue as
the animals aged. They suggest the plexiform and reticulate tissue types are indicative of
rapidly growing animals. Indeed, reticulate and plexiform bone is found in the juvenile
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humerus (HW-9) and fibula (HW-12) of Alamosaurus. However, reticulate tissue was
also observed in the ulna (HW-6), which is estimated to have been from an animal about
50 percent adult mass (79 percent adult length) at the time of its death. Studies of
modern bone have demonstrated that one type of primary osteonal arrangement does not
grow any faster than other primary osteonal arrangements (de Margerie, 2002). Thus, the
pattern of reticulate and plexiform primary tissue that dominates the bone of young
sauropod individuals may have more to do with osteonal arrangements in response to
stress than with rapid growth.
Sander et al. (2004) stated that Haversian remodeling is only observed in fully
grown individuals of the Jurassic sauropods they studied. Perhaps the presence of
extensive Haversian bone in the immature individuals studied here reflects the hypothesis
of Sander et al. (2004) that this is a continuation of peramorphic trends resulting in the
immense size of sauropods. Another possibility is that expansion of the medullary cavity
obliterated the presence of secondary osteons in the immature Jurassic sauropods studied
(Sander et al., 2004). The presence of secondary osteons in the immature individuals of
Alamosaurus shows that bone growth and medullary expansion occurred at an equal or
slower rate than Haversian reconstruction, in this case.
Table 3 shows the estimated length and percent adult mass for each specimen in
this study. Mass was determined by first creating a ratio between the length of each
element and the length of the corresponding adult element. This was compared to the
length of an adult femur to get the corresponding femur length associated with each
element, assuming the limbs remain in proportion throughout ontogeny. Mass could then
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be determined using the “Developmental Mass Extrapolation” method given by Erickson
and Tumanova (2000). Table 4 summarizes the bone and tissue types observed in each
skeletal element in this study and compares this with the percent adult mass and adult
length of each bone.

The girdle elements studied (scapula and pubis) exhibit complete

secondary reconstruction early in ontogeny. The scapula and pubis specimens are from
individuals only 13 percent adult mass. The presence of extensive Haversian bone
suggests that at this point in ontogeny, the pubis and scapula were growing slow enough
that secondary osteons could replace primary tissue before medullary expansion
obliterated them. This is unusual when compared to previous studies of scapulae and
pubes in more primitive sauropods. Curry (1999) describes a thin section taken from an
immature Apatosaurus scapula, estimated to have been 54 percent adult length at the time
of death. This scapula exhibits little to no reconstruction and consists of woven to fibrolamellar primary tissues with intermittent “cycles” (Fig. 99). In comparison, the
Alamosaurus scapula used in this study is estimated to be 50 percent adult length and
already completely reconstructed. In another instance, Reid (1981) describes the bone
histology of an unidentified Jurassic sauropod, estimated to have been from an adult
individual. The thin section reveals lamellar-zonal primary tissue with little to no
reconstruction (Fig. 99), whereas there is no remaining primary tissue in the Alamosaurus
pubis that was 51 percent adult length at the time of death.
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Table 3. Percent adult mass of each Alamosaurus individual based on percent adult length of each skeletal element
Calculated Length (cm)
Specimen Percent Scapula Humerus Ulna Metacarpel II Pubis Femur
Tibia
Fibula
Metatarsal
Mass
#
Adult
II
(kg)
Length
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HW-3S
HW-9
HW-23
HW-15
HW-6
HW-3A
HW-14
HW-4
HW-10
HW-16
HW-7
HW-11
HW-12
HW-5
HW-17

50
35
62
78
79
68
51
100
81
100
74
97
58
70
68

75

Adult

100

150

53
93
116.9
69.13
29.75
51

150

87.5

43.75

100

80.50
56.89
99.82
125.47
127.20
109.48
82.11
161.00
130.50
161.00
119.15
156.17
93.39
112.71
109.48
161

17

4082.88
1440.82
7784.51
15460.58
16107.63
10270.29
4332.78
32663.00
17394.42
32663.00
13238.36
29808.47
6374.49
11205.67
10270.29

12.50
4.41
23.83
47.33
49.31
31.44
13.27
100.00
53.25
100.00
40.53
91.26
19.52
34.31
31.44

25

32663

100

78.63
103.06
61.63
74.38

106.25

106.25

Percent
Adult
Mass

Table 4. Bone tissue types observed for each specimen compared to percent adult length and mass
Percent Adult Mass

0-6

6-9

9-13

13-17

17-22

22-27

27-34

34-42

42-51

51-61

61-73

73-86

86-100

Percent Adult Length

0-40

40-45

45-50

50-55

55-60

60-65

65-70

70-75

75-80

80-85

85-90

90-95

95-100

Scapula

H

Humerus

La, P, R; W

La; W, F

H, D: LZ

Ulna

R; W, F, D

Metacarpel II

H

Pubis

H

Femur

H, D

La; W, F
H: La; F

Tibia

H: LZ

Fibula

P; W, F

Metatarsal II

H: La; F
H, D
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KEY:

Bone Tissue

Bone Type

Laminar

La

Reticulate

R

Plexiform

P

Woven

W

Fibrolamellar

F

Lamellar-Zonal

LZ

Haversian

H: (Specify interstitial Lamellae if any)

"Diamond" secondary osteons

D

H
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Figure 99. Thin sections of a scapula and pubis from more primitive Jurassic sauropods (Reid, 1981; Curry,
1999). Left: Thin section taken from a 54 percent adult length Apatosaurus scapula showing woven and
fibrolamellar tissue with cycles (A) and a detail of this tissue (B). Scale bars = 100 μm (Curry, 1999). Right:
Pubis thin section from an unidentified sauropod adult individual. The pubis contains lamellar-zonal primary

Both the metacarpal II (?) and metatarsal II (?) samples come from young
individuals about 31 percent adult mass, and the cortical bone in both consists entirely of
secondary osteons. In the appendicular bones with extensive remodeling of secondary
osteons, only the weight-bearing elements contain secondary osteons arranged in linear
rows or possessing the “diamond” shape. The scapula and pubis do not show these
features, suggesting that the preferred secondary osteon arrangement may have
something to do with weight support and stress adaptation.
The smallest humerus in this study, from an animal about 4 percent adult mass, is
made of woven bone arranged in laminar, plexiform, and reticulate patterns. The bone
tissue changes to alternating woven and laminar fibro-lamellar bone up to 23 percent
adult mass. By 47 percent adult mass secondary reconstruction has almost completely
replaced the original tissue. Interstitial remnants near the periosteal surface show that
primary tissue was lamellar-zonal.
The ulna specimen, from an individual 49 percent adult mass, shows evidence of
the beginnings of extensive Haversian remodeling. Still visible, however, is the woven
and fibro-lamellar tissue arranged in a reticulate pattern, but deeper within the cortex
secondary osteons had begun to replace the original bone in the “diamond” shape pattern.
The two largest femora in the study, both from adult individuals, show laminar
fibro-lamellar bone. HW-16, however, has more extensive Haversian reconstruction, and
the fibro-lamellar bone is only observable as interstitial lamellae. This may reflect an age
difference in the two individuals. Although both animals were adult size, HW-16 may
have been an older individual in which secondary reconstruction had time to replace most
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of the primary bone prior to death. Interestingly, femur HW-10 is from an individual
only 53 percent adult mass, and here the cortex is composed exclusively of diamondshaped secondary osteons. There are several possible interpretations for this. First,
because the fragment sectioned had spallen off the femur, it may have originally been
located in an area subject to intense replacement, such as a point of muscle attachment.
Another possibility is that this fragment represents the most endosteal, and therefore most
remodeled part of the cortex. However, the thickness of the sample suggests that a fair
amount of the cortex was collected. Alternatively, if Haversian reconstruction of the
femur did not “catch up” with growth until the onset of adulthood, as suggested by other
specimens in this study, perhaps HW-10 is indeed from a smaller adult individual. If
Alamosaurus was a sexually dimorphic species, perhaps the smaller of the sexes attained
adult size at approximately 53 percent the mass of the larger sex.
Bone growth within the tibia appears to have taken place at a slower rate than a
similar-sized fibula, or even an adult femur. Interstitial lamellae visible between the
secondary osteons reveal that slowly deposited lamellar-zonal bone is present within the
peripheral cortex of a tibia in an individual 41 percent adult mass. A fibula from a
similar sized individual (34 percent adult mass), however, reveals the presence of laminar
fibro-lamellar bone within the interstitial lamellae. A femur from an adult individual also
possesses laminar fibro-lamellar tissue rather than the more slowly deposited lamellar
tissue. In both the tibia and fibula, secondary reconstruction has almost obliterated the
primary bone at a body size of 34 to 41 percent adult mass. On the other hand, the
sample of the fibula showing fibro-lamellar tissue is located deeper within the cortex than
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the sample showing lamellar-zonal bone within the tibia. It is therefore equally likely
that the fibula also possessed lamellar-zonal tissue that has already been obliterated by
reconstruction. Another tibia, from an individual 91 percent adult mass, has cortex made
entirely of secondary osteons. The smaller fibula (20 percent adult mass) shows
plexiform woven to fibro-lamellar tissue, with very few secondary osteons. In summary,
it appears that secondary reconstruction outpaced deposition of primary tissue earliest in
the girdle bones, followed by the metapodials, then epipodials, and finally propodial
elements.

5.4.7 “Cycles”, Lines of Arrested Growth, and annuli
The “cycles” observed in the cortical bone of the humerus (HW-23), ulna
(HW-6), and possibly fibula (HW-12) are arranged in intervals similar to those described
as “Lines of Arrested Growth” or LAGs in other sauropods. Cycles were not found,
however, in the primary bone of the adult femur (HW-4). The cycles did not result from
a complete cessation of growth, or even such a dramatic slowing of growth as displayed
by annuli. Perhaps instead growth in the bones containing cycles proceeded in regular
pulses rather than at a constant rate. Cycles observed here seem to have formed by an
alternation of several layers of woven tissue with open vascular canals and layers of true
fibro-lamellar bone with complete primary osteons. This also appears to be the case for
the cycles described by Curry (1999) in Apatosaurus.
As discussed in Chapter IV, fibro-lamellar bone is an extension of woven bone.
Woven bone results when bone tissue constructs scaffolding around blood vessels.
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Fibro-lamellar bone forms when the open areas around the blood vessels are enclosed
with concentric rings of lamellar bone to form primary osteons. Deposition of lamellar
rings to form primary osteons occurs after deposition of woven bone has moved away
from the area (Fig. 11). Therefore, the primary bone deeper within the cortex of a rapidly
growing animal should have more primary osteons, while the cortex near the periosteum
should have more woven bone with open vascular spaces. Instead, the pattern found in
Alamosaurus is one of cycles of fibro-lamellar bone alternating with woven bone. This
suggests that primary osteon formation occurred concentrically, rather than working from
the center out. Perhaps the seemingly simultaneous formation of layers of primary
osteons at various levels within the longbones aided in strengthening the bone in response
to stress. Woven bone is deposited quickly. If primary osteon formation were to take
place from the center outward, then there would be less stabilized bone in the periphery
of the bone during growth. Initial layers of primary osteons may have acted as supports
for the woven bone. In the older animals where these cycles are observed, fibro-lamellar
tissue rather than woven tissue is present near the periosteal surface, which may indicate
that growth had slowed considerably, but also rather abruptly, due to the absence of
lamellar-zonal bone in the periphery.
Cycles cannot be interpreted as a more derived form of LAG or annuli, however.
Both LAGs and cycles were reported in various samples studied by Curry (1999) in her
analysis of Apatosaurus. Furthermore, annuli were found within several of the bones
examined in this study, including the tibia (HW-7) and several rib fragments. There have
been no reports of a single skeletal element containing both zones of annuli and/or LAGs
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and cycles. The deposition of LAGs has been interpreted to be an annual occurrence. If
cycles are also interpreted to be deposited annually, then the humerus of the HW-23
individual records between at least eight to twelve years of continuous growth, the ulna
HW-6 records six years of continuous growth, and the fibula HW-12 records eight.
The bone with the most cycles, HW-23, is a humerus from an individual
estimated to be 62 percent adult length at the time of death. The general form of the
growth curve for age versus mass for any vertebrate is a sigmoidal curve, with relatively
slow growth after birth, very rapid growth during mid-ontogeny, and gradually plateauing
approaching adult mass. Due to the widely spaced nature of the cycles in HW-23, this
individual may have been experiencing the rapid growth stage in the middle of the
sigmoidal growth curve. If cycles are annual, then the animal was at least eight years old
at death. However, these are only the most peripheral cycles, and the large medullary
cavity obliterated any earlier internal cycles. If it is assumed that the individual was only
eight years old at the time of death and was ~ 24 percent adult mass, it would still take
this animal another 25 years to achieve adult mass if growth rate had remained constant.
The cortical bone in a small humerus (HW-9) does not exhibit cycles when viewed in
cross section. This may be due to the fact that there is very little fibro-lamellar tissue in
this bone. If growth occurred at a constant rate, then no cycles would be expected to be
deposited. This may explain why the very small humerus and the very large femur
sampled contain woven or fibro-lamellar bone but apparently lack cycles. The humerus
may have been from an individual growing at a constant pace at the lower end of the
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sigmoidal growth curve, and the femur was from an individual growing at a constant pace
at or near the upper plateau of the sigmoidal growth curve.
If the cyclical pattern of growth observed in some Alamosaurus long bone
specimens formed in cyclical pulses, perhaps reconstruction and deposition of secondary
osteons did as well. Several bones exhibit resorption bands between areas of primary
tissue. The bands of resorption were in the process of converting compact bone to
cancellous bone and were not forming secondary osteons at the time of death. Resorption
appears to have proceeded in outwardly expanding bands rather than randomly, and
resorption loosely follows the pattern in the original cyclical bone.
The formation of secondary osteons appears to have occurred even before fibrolamellar bone was fully formed. The seemingly linear arrangement of secondary osteons
observed in a humerus sample (HW-15) and a rib sample (HW-1F) is unusual because the
placement of secondary osteons has usually been described as random. The linear
arrangement of secondary osteons seems to follow the lamellar depositional pattern of the
original primary bone.

5.4.8 Sauropod growth rates
Recent studies have suggested that sauropods attained their enormous adult mass
in as little as ten years (Curry, 1999; Erickson et al., 2001). By counting LAGs and
“polish lines” in the femur of the Tendaguru sauropod Janenschia, Sander (2000) found
11 widely spaced “polish lines” on the interior of the femur below the outer cortex where
polish lines are more closely spaced. He attributed this change to the onset of sexual
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maturity, when growth continued at a slower pace. Sander observed that growth
continued until the animal was at least 26 years of age (he counted 15 more polish lines
after the initial 11), at which time lamellar-zonal bone was deposited. Therefore, Sander
suggested that Janenschia attained its adult mass in no less than 26 years. The presence
of so many polish lines, he states, is in accordance with the findings of at least four other
publications on sauropod growth, but differs greatly from the number of cycles found in
the Apatosaurus elements studied by Curry (1999).
Curry (1999) and later Erickson et al. (2001) claimed that Apatosaurus attained
sub-adult mass or greater in approximately ten years. To obtain the minimum amount of
time required for Apatosaurus to achieve sub-adult size, Curry (1999) counted the growth
cycles within sections of two scapulae: one from an individual she classifies as “early
juvenile”, and estimates it to have been 34 percent adult length, and the other from a “late
juvenile” 56 percent adult length. Curry estimated a minimum of five years for the early
juvenile individual to attain 34 percent adult length based on the five cycles present
within the bone, and eight to ten years for the late juvenile individual to attain 56 percent
adult length (Fig. 100). She stated that because medullary drift is progressing in the
anterolateral plane, the medial sides of the scapulae are relatively unremodeled, and the
five cycles observed in the smaller scapula should be interpreted to be five of the ten
counted in the larger one.
However, medullary expansion has resorbed a certain amount of cortex on the
medial side as well, as can be seen by the relatively unaffected compact bone still present
between two bands of resorption cavities.
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Figure 100. Location and cross sections of Apatosaurus scapulae (Curry, 1999). Left: Both scapulae cross
sections were taken from the scapulae at the location of the red line. Right: Curry (1999) counted five cycles in
the smaller scapula (A) and ten in the larger (B).

Curry began counting the eight to ten cycles outside of this resorptive region. If the
cycles from the smaller scapula have not been obliterated and are indeed still present
within the larger scapula, then the total cycle count should have started within the banded
area of bone instead of outside of it. If the section of the smaller scapula is arranged to fit
inside the larger one, the endosteal surface aligns well with that of the larger, and the
periphery of the smaller bone ends at roughly the same boundary that resorption cavities
are seen to extend (Fig. 101). Even so, the medial medullary cavity expansion in the
smaller scapula is already in the process of destroying the most endosteal of the compact
bone. It is possible that the innermost compact bone of the smaller scapula may not be
present in the larger scapula, having been totally converted to trabeculae. Therefore, the
minimum age to attain 56 percent adult length in Apatosaurus was around fifteen years,
not ten.
This can also be investigated in a more quantitative way. The larger of the two
scapulae used in Curry’s (1999) study is 56 percent adult length. A third scapula cross
section outline can be produced by enlarging the outline of the 56 percent adult length
scapula to 100 percent. Then, the scapula 34 percent adult length can be superimposed
within the larger by aligning them along the midline of the base of the cross section. The
percent adult size for each growth increment in the larger scapula at each cycle can then
be estimated, and the exact cycle (at 34 percent adult length) that the smaller scapula
should be superimposed upon can be determined (Fig. 101). This gives a fairly accurate
picture of ontogenetic growth from 24 percent adult length to 56 percent adult length.
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Fig. 101 Superimposing the scapulae from Curry (1999) onto the outline of a scapula
100 percent adult length, the percent adult length of the individual at each cycle is
determined. The approximate location of the smaller scapula cross section, at 34
percent adult length, is also estimated. Scale bar = 10 cm.
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Curry (1999) and later Erickson et al. (2001) misinterpreted the percent adult
“size” estimates determined for the Apatosaurus skeletal elements. They equated percent
adult length with percent adult mass, although length and mass do not increase at the
same rate. To convert bone length measurements to mass estimates for each individual in
Curry’s study, the “Developmental Mass Extrapolation” method developed by Erickson
and Tumanova (2000) can be used. This is the same method Erickson et al. (2001) used
to produce dinosaur growth curves and can be done for each percent growth increment
counted in the superimposed scapulae (Table 5). The smallest recognizable cycle
represents a bone at 24 percent adult length, and was from an animal approximately
358.76 kg, or 1.38 percent adult mass. The periosteal surface of the larger scapula
represents a bone 56 percent adult length. This individual is estimated to have been
17.56 percent adult mass, weighing 4557.59 kg. Interestingly, it appears that the bone
was increasing in length between 0.2 and 2.3 percent each cycle (Table 6). However, on
the Apatosaurus growth curve shown in Erickson et al. (2001), this specimen is placed at
almost 20,000 kg. Table 6 shows the adjusted masses, based on the length of the
holotype femur described by Marsh for Apatosaurus excelsus (Ostrom and McIntosh,
1966).
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Table 5. Percent adult mass of each Apatosaurus individual based on percent adult length of each skeletal
element using measurements from Curry (1999)
Percent Adult Skeletal Element
Length

34
56
61
65
67
73
76
91
100

Radius

Length (cm)
Ulna
Scapula
70.70
117.40

45.50

47.90
51.00
52.20

54.50
59.40
67.50
74.20

78.50

210.90

Femur

Mass (kg)

Percent Adult Mass

59.50
98.81
108.84
115.32
118.03
130.37
134.31
161.47
177.50

977.69
4476.57
5984.02
7116.60
7630.86
10283.68
11244.01
19537.56
25952.00

3.77
17.25
23.06
27.42
29.40
39.63
43.33
75.28
100.00
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Table 6. Conversion of Apatosaurus percent adult length to percent adult mass and yearly percent increase using
measurements from Curry (1999)
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Year
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

% Adult Length
24
25.3
28
29.3
32.6
34.6
37.3
40.7
42
45.3
47.3
50
52
54.7
56

Scapula
50.62
53.36
59.05
61.79
68.75
72.97
78.67
85.84
88.58
95.54
99.76
105.45
109.67
115.36
118.10

Femur
42.60
44.91
49.70
52.01
57.87
61.42
66.21
72.24
74.55
80.41
83.96
88.75
92.30
97.09
99.40

Mass (kg)
358.76
420.27
569.70
652.79
899.13
1074.98
1346.78
1749.66
1922.73
2412.49
2746.34
3244.00
3649.06
4247.49
4557.59

Percent Adult Mass
1.38
1.62
2.20
2.52
3.46
4.14
5.19
6.74
7.41
9.30
10.58
12.50
14.06
16.37
17.56

Yearly Percent Increase (kg/yr)
0.24
0.58
0.32
0.95
0.68
1.05
1.55
0.67
1.89
1.29
1.92
1.56
2.31
1.19

Therefore, the individual Curry (1999) found to be 56 percent adult “size”, and
regarded as a sub-adult, is only about 18 percent adult mass, and must have still been a
juvenile at a minimum age of 15 years. Because of the small and fairly even spacing
between deposition of each cycle, and because the largest scapula Curry (1999) studied
was from an individual only about 18 percent adult mass, the growth increments
preserved in the smaller and larger scapulae in Curry’s study must represent individuals
near the bottom part of the sigmoidal growth curve in Apatosaurus. Neither individual
had yet reached the stage of accelerated growth, as evinced by the close and evenly
spaced cycles. Hence, Apatosaurus probably grew at a rate even slower than Sander
(2000) proposed for Janenschia.
Several growth rate estimation formulas have been developed based on studies of
modern day animal growth. If growth rate in sauropods is assumed to follow a sigmoidal
curve similar to extant animals, a growth rate equation can be applied to the cycles found
in Apatosaurus to determine not only approximate ages recorded within the cycles but
also the approximate age at which adult mass would have been reached (method of
Lehman, in press). The von Bertalanffy equation was utilized for this purpose, expressed
as:
W = A (1-e(-bt+c))3
where W is the mass of the individual, A is the adult mass, b is a constant, c is birth
weight, and t is time in years. The hatchling weight compared to a 25,000 kg adult
animal is here considered negligible. The approximate masses of the individuals at each
cycle are used to adjust the growth rate equation constant, b, in an attempt to match as
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closely as possible with the mass at each cycle. Using a value of 0.044 for b, the closest
possible match is attained, either overestimating or underestimating the observed cycle
masses by no more than 200 kg. The resulting growth curve demonstrates that
Apatosaurus took about 100 years to attain an adult mass of 25,952 kg, not ten (Table 7;
Figure 102).
The same method can be applied to the cycles preserved within the Alamosaurus
humerus fragment removed from HW-23. In cross section, between eight and twelve
cycles are observed. Three of the twelve are difficult to see and may or may not be true
cycles. Therefore, only the nine most easily identifiable cycles are regarded as true
cycles for the following exercise.
The percent adult length of this individual at each of the nine cycles was
determined by comparing the cycle locations on humerus HW-23 (62 percent adult length
at time of death) to their locations within an adult humerus at 100 percent adult length
(Figure 103). HW-23 has a diameter of 13.7 cm, compared to the adult diameter of 21
cm. Once percent length at each cycle is calculated, the mass of the individual at each
cycle is estimated using the method of Erickson and Tumanova (2000) and the adult
femur length measurement of 161 cm (Table 8). Assuming the cycles were deposited
annually, the resulting masses can be used to adjust the value of b in the von Bertalanffy
growth rate equation to match as closely as possible the observed masses (Table 9). The
value for b used in this exercise is 0.0649.
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Table 7. Using the von Bertalanffy growth rate equation, observed cycle weights can
be used to estimate Apatosaurus growth rate
Mass (kg) of observed
cycles

358.76
420.27
569.70
652.79
899.13
1074.98
1346.78
1749.66
1922.73
2412.49
2746.34
3244.00
3649.06
4247.49
4557.59

Age
(years)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
30
40
50
60
70
80
100
125
150
200
250
300

Weight
(kg)
2.07
15.51
49.07
109.08
199.87
324.18
483.42
677.97
907.38
1170.54
1465.89
1791.47
2145.10
2524.41
2926.94
3350.19
3791.67
4248.94
4719.62
5201.42
5692.17
6189.82
6692.43
7198.21
7705.49
10215.09
14729.61
18245.87
20783.14
22535.73
23715.05
25007.82
25635.12
25846.23
25940.27
25950.70
25951.86
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(1-e(-bt+c))3

e(-bt+c)

bt

7.97627E-05
0.00059778
0.001890938
0.004203058
0.007701535
0.012491441
0.018627471
0.026124015
0.034963635
0.04510417
0.056484666
0.06903031
0.082656501
0.097272201
0.112782665
0.129091652
0.14610319
0.163722971
0.181859433
0.200424587
0.219334614
0.238510295
0.257877288
0.277366283
0.296913057
0.393614788
0.567571283
0.703062177
0.800830081
0.868361912
0.913804141
0.963618329
0.987789723
0.995924445
0.999547869
0.999949896
0.999994448

0.956954
0.915761
0.876341
0.838618
0.802519
0.767974
0.734915
0.70328
0.673007
0.644036
0.616313
0.589783
0.564396
0.540101
0.516851
0.494603
0.473312
0.452938
0.433441
0.414783
0.396928
0.379842
0.363491
0.347844
0.332871
0.267135
0.172045
0.110803
0.071361
0.045959
0.029599
0.012277
0.004087
0.00136
0.000151
1.67E-05
1.85E-06

0.044
0.088
0.132
0.176
0.22
0.264
0.308
0.352
0.396
0.44
0.484
0.528
0.572
0.616
0.66
0.704
0.748
0.792
0.836
0.88
0.924
0.968
1.012
1.056
1.1
1.32
1.76
2.2
2.64
3.08
3.52
4.4
5.5
6.6
8.8
11
13.2

190

0

5000

10000

15000

20000

25000

30000

0

50

Age (years)

100

Apatosaurus Growth Curve

150

200

Figure 102. Apatosaurus growth curve comparing age (years) to mass (kg). The curve, based on
von Bertanalffy’s growth equation, suggests Apatosaurus attained adult mass around 100 years of
age.

Mass (kg)

Table 8. Conversion of Alamosaurus percent adult length to percent adult mass and yearly percent
increase using measurements from humerus HW-23
Year
1
2
3
4
5
6
7
8
9
10

% Adult
Length
30.9
34
37.2
43.6
47.9
50
53.2
58.5
60.6
62

Humerus
46.35
51.00
55.80
65.40
71.85
75.00
79.80
87.75
90.90
93.00

Femur
49.75
54.74
59.89
70.20
77.12
80.50
85.65
94.19
97.57
99.82

Mass
(kg)
963.677
1283.787
1681.454
2707.17
3589.737
4082.875
4918.028
6539.186
7268.988
7784.507

Percent Adult
Mass
2.95
3.93
5.15
8.29
10.99
12.50
15.06
20.02
22.25
23.83

Yearly Mass Increase
(kg/yr)
0.98
1.22
3.14
2.70
4.21
2.56
4.96
2.23
1.58
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Table 9. Using the von Bertalanffy growth rate equation, observed cycle weights
can be used to estimate Alamosaurus growth rate
Mass (kg) of
observed cycles

963.68
1283.79
1681.45
2707.17
3589.74
4082.88
4918.03
6539.19
7268.99
7784.51

Age
(years)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
30
40
50
60
70
80
100
125
150
200
250
300

Weight
(kg)

(1-e(-bt+c))3

e(-bt+c)

bt

8.10
58.92
180.87
390.40
695.05
1095.96
1589.72
2169.87
2828.00
3554.60
4339.65
5173.12
6045.26
6946.83
7869.24
8804.65
9745.98
10686.94
11622.03
12546.44
13456.10
14347.56
15217.95
16064.96
16886.75
20580.32
25887.20
28991.38
30707.94
31631.31
32121.12
32514.42
32633.63
32657.20
32662.77
32662.99
32663.00

0.000248133
0.001803771
0.005537572
0.011952431
0.021279561
0.03355349
0.048670208
0.066431919
0.086581144
0.108826421
0.132861387
0.158378682
0.185079816
0.212681932
0.240922177
0.269560269
0.298379712
0.327188019
0.355816219
0.384117868
0.411967735
0.439260273
0.465907998
0.491839823
0.51699941
0.630080645
0.792554138
0.887590778
0.940144416
0.968414212
0.983409976
0.995451267
0.999100964
0.999822483
0.999993082
0.99999973
0.999999989

0.937161175
0.878271068
0.823081545
0.771360068
0.722888708
0.677463231
0.634892237
0.594996355
0.557607483
0.522568084
0.489730519
0.458956429
0.430116146
0.403088153
0.377758567
0.354020662
0.33177442
0.310926105
0.291387874
0.273077402
0.255917539
0.239835981
0.22476497
0.210641003
0.19740457
0.142701535
0.074571268
0.038968564
0.020363728
0.010641434
0.005560874
0.001518549
0.000299769
5.91757E-05
2.30599E-06
8.98612E-08
3.50176E-09

0.065
0.13
0.195
0.26
0.325
0.389
0.454
0.519
0.584
0.649
0.714
0.779
0.844
0.909
0.974
1.038
1.103
1.168
1.233
1.298
1.363
1.428
1.493
1.558
1.623
1.947
2.596
3.245
3.894
4.543
5.192
6.49
8.113
9.735
12.98
16.23
19.47
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Figure 103. Superimposing the humerus sample HW-23 onto the cross-sectional outline of
an adult humerus 100 percent adult length, the percent adult length of the individual at each
cycle is determined.

The fit between observed masses and those expected was not as accurate as that for
Apatosaurus, perhaps due to the fewer number of cycles observed or overlooking the
several less obvious cycles. Nevertheless, a growth curve was constructed from the
growth equation (Figure 104). It appears that Alamosaurus took approximately 60 years
to attain its adult mass. Therefore, an adult Alamosaurus was not only larger than an
adult Apatosaurus by about 6,600 kg, but Alamosaurus also had a higher maximum
growth rate than Apatosaurus. During the period of maximum growth, Alamosaurus was
growing at about 1,000 kg per year compared to the 500 kg per year in Apatosaurus.
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Figure 104. Alamosaurus growth curve comparing age (years) to mass (kg). The curve, based
on the von Bertanalffy growth equation, suggests Alamosaurus attained adult mass around 60
years of age.
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CHAPER 6
CONCLUSIONS AND SUMMARY

Histological study of bones from the axial and appendicular skeleton of
Alamosaurus provides information on the structure and growth in the largely unstudied
titanosaurid sauropod dinosaurs. Although titanosaur vertebrae were previously known
to exhibit an extensive cavernous “camellate” structure, the form and extent of the
cavities is documented here for the first time. A thick strut of trabecular bone found
within the posterior portion of dorsal vertebral centra may be related to stress
stabilization of the vertebral laminae. Although centra with extensive camellae are
characteristic of Titanosauridae, pneumatization of thoracic ribs to the extent described in
this paper has not been previously reported. Such pneumatic extensions, if they
connected to the dorsal centra and to the lungs, would support the hypothesis of
sauropods harboring an avian-like respiratory system. However, due to the extent and
intricacy of the camellae within the centra, it is unlikely that permeability would have
been great enough to facilitate efficient gas exchange in every camella. More likely, the
camellae aided in weight reduction, as even fluid filled cavities would be less dense than
solid bone. The proximal ribs house cavities large enough to accommodate diverticulae,
but certainly also contributed greatly to weight reduction. The presence of calcified
cartilage on the distal ends of some ribs may reflect their connection in life to calcified
sternal ribs.
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An unusual linear arrangement of secondary osteons is found in some rib and
longbone elements of Alamosaurus. Although secondary osteons are usually reported to
be randomly oriented, the longbones show evidence of an orderly linear arrangement of
secondary osteons following the pattern of cyclical primary bone deposition. The oddly
diamond-shaped secondary osteons found in several longbones results from very little
overlapping of cement lines, which may reflect an optimal arrangement for stress
opposition.
Cycles of bone growth are found in cortical bone of the humerus, ulna, and fibula
in juvenile or young adult individuals of Alamosaurus. The cycles are absent from
smaller humerus and fibula specimens and larger tibiae and femora specimens due either
to a lack of primary osteon formation during early growth or obliteration due to
development of secondary osteons during later growth, or non-cyclic growth at those
ages. If long bone growth during mid-ontogeny accelerated, then perhaps the cycles
found in bones of individuals approaching half adult mass could indicate that the
increased growth occurred in pulses (perhaps annual) rather than at a constant rate. Since
woven and fibro-lamellar bone was found in cortical bone of all propodial and epipodial
samples studied (except the tibiae), it is likely that Alamosaurus growth was continuous
throughout most of this dinosaur’s life and could reflect either an accelerated metabolic
rate or life in an optimally warm environment year-round.
The cycles present in the Alamosaurus humerus (HW-23), ulna (HW-6), and
fibula (HW-12) have interesting implications. Although medullary expansion certainly
destroyed cycles deep within the cortex, the fact that it took the individual represented by
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the humerus at least eight years to reach about 24 percent adult mass, the individual
represented by the ulna at least six years to reach about 49 percent adult mass, and the
individual represented by the fibula at least six years to reach about 20 percent adult mass
is significant. The specimens demonstrate that unless growth rate accelerated at a
dramatic rate, it would not be possible for these animals to approach adult mass within
ten years as has been suggested by Curry (1999) and Erickson et al. (2001). If cycles are
assumed to be deposited annually, then Apatosaurus and Alamosaurus took about 100
years and 60 years, respectively to achieve adult mass.
Because extensive histological studies have not previously been performed on
titanosaurid sauropods, this paper represents a pilot study. Due to the inexpensive but
destructive nature of the analyses, only specimens with very little or no collection value
were used. While this method allowed complete sectioning of many specimens, it limited
study essentially to bones that were fragmentary and in some cases weathered to an
extent that the outermost periosteum was lacking. Better preserved specimens would of
course be more useful, but it is difficult to sample rare complete museum-quality
specimens in this way, especially if no new data could be gained. Because the results of
this study reveal some bone structures new to sauropod histology, future analyses of
better quality specimens may be justified, as would be less invasive techniques such as
core drilling and CT scanning.

198

REFERENCES

Anderson, J. F., Hall-Martin, A. and Russell, D. A. (1985). "Long bone circumference
and weight in mammals, birds, and dinosaurs." Journal of the Zoological Society
of London 207: 53-61.
Bakker, R. T. (1972). "Anatomical and ecological evidence of endothermy in dinosaurs."
Nature 238: 81-85.
Barrick, R. E. (1993). Thermal physiology of the Dinosauria: A study of oxygen isotopes
from bone phosphate. Geological Sciences. Los Angeles, University of Southern
California: 259.
Bergman, R. A., Afifi, A. K. and Heidger, P. M., Jr. (1996). Histology. Philadelphia, W.
B. Saunders Company.
Chinsamy, A. (1993a). "Bone histology and growth trajectory of the prosauropod
dinosaur Massospondylus carinatus owen." Modern Geology 18: 319-329.
Chinsamy, A. (1993b). "Image analysis and the physiological implications of the
vascularisation of femora in archosaurs." Modern Geology 19: 101-108.
Chinsamy, A. (1994). Dinosaur bone histology: Implications and inferences. Dino Fest,
Indianapolis, Indiana, The Paleontological Society Special Publication.
Chinsamy, A. (1995). "Within the bone." Natural History 104(6): 62-63.
Chinsamy, A. (1997). "Assessing the biology of fossil vertebrates through bone
histology." Palaeontologia Africana 33: 29-35.
Chinsamy, A., Chiappe, L. M. and Dodson, P. (1995). "Mesozoic avian bone
microstructure: physiological implications." Paleobiology 21(4): 561-574.

199

Chinsamy, A. and Dodson, P. (1995). "Inside a dinosaur bone." American Scientist 83:
174-180.
Claessens, L. (2004). "Dinosaur gastralia; origin, morphology, and function." Journal of
Vertebrate Paleontology 24(1): 89-106.
Copenhaver, W. M., Bunge, R. P. and Bunge, M. B. (1971). Bailey's Textbook of
Histology. Baltimore, The Williams & Wilkins Company.
Cormack, D. H. (2001). Essential Histology. Philadelphia, Lippincott Williams &
Wilkins.
Coulson, A. B. (1998). Sedimentology and taphonomy of a juvenile Alamosaurus site in
the Javelina Formation (Upper Cretaceous), Big Bend National Park, Texas.
Geosciences. Lubbock, Texas Tech University: 103.
Currey, J. D. (2001). Ontogenetic changes in compact bone material properties. Bone
Mechanics Handbook. Cowin, S. C. Boca Raton, CRC Press.
Currey, J. D. (2002). Bones: Structure and Mechanics. Princeton, Princeton University
Press.
Curry, K. A. (1999). "Ontogenetic histology of Apatosaurus (Dinosauria: Sauropoda):
new insights on growth rates and longevity." Journal of Vertebrate Paleontology
19(4): 654-665.
de Margerie, E. (2002). "Laminar bone as an adaptation to torsional loads in flapping
flight." Journal of Anatomy 201: 521-526.
de Ricqles, A. (1983). "Cyclical growth in the long limb bones of a sauropod dinosaur."
Acta Palaeontologica Polonica 28(1-2): 225-232.
Erickson, G. M., Rogers, K. R. and Yerby, S. A. (2001). "Dinosaurian growth patterns
and rapid avian growth rates." Nature 412(26): 429-432.

200

Erickson, G. M. and Tumanova, T. A. (2000). "Growth curve of Psittacosaurus
mongoliensis Osborn (Ceratopsia: Psittacosauridae) inferred from long bone
histology." Zoological Journal of the Linnean Society 130: 551-566.
Filla, B. J. and Redman, P. D. (1994). "Apatosaurus yahnapin: A preliminary description
of a new species of diplodocid dinosaur from the Late Jurassic Morrison
Formation of southern Wyoming, the first sauropod dinosaur found with a
complete set of "belly ribs"." Wyoming Geological Association Guidebook FortyFourth Annual Field Conference: 159-178.
Gilmore, C. W. (1922). "A new sauropod dinosaur from the Ojo Alamo Formation of
New Mexico." Smithsonian Miscellaneous Collections 72(14): 1-9 (plus 2 plates).
Gilmore, C. W. (1936). "Osteology of Apatosaurus, with special reference to specimens
in the Carnegie Museum." Memoirs of the Carnegie Museum 11(4): 298.
Gilmore, C. W. (1946). "Reptilian fauna of the North Horn Formation of central Utah."
Geological Survey Professional Paper 210-C: 29-51 (plus 10 plates).
Guo, X. E. (2001). Mechanical properties of cortical bone and cancellous bone tissue.
Bone Mechanics Handbook. Cowin, S. C. Boca Raton, CRC Press.
Kerley, E. R. (1965). "The microscopic determination of age in human bone." American
Journal of Physical Anthropology 23: 149-164.
Kues, B. S., Lehman, T. and Rigby, K., Jr. (1980). "The teeth of Alamosaurus
sanjuanensis, a late Cretaceous sauropod." Journal of Paleontology 54(4): 864869.
Lawson, D. A. (1972). Paleoecology of the Tornillo Formation, Big Bend National Park,
Brewster County, Texas. Austin, University of Texas: 182.
Lehman, T. (in press). Growth and population age structure in the horned dinosaur
Chasmosaurus.

201

Lehman, T. M. (1985). Stratigraphy, sedimentology, and paleontology of Upper
Cretaceous (Campanian-Maastrichtian) sedimentary rocks in Trans-Pecos Texas.
Austin, The University of Texas at Austin: 299.
Lehman, T. M. (1986). "Late Cretaceous sedimentation in Trans-Pecos Texas." West
Texas Geological Society 86-82: 105-110.
Lehman, T. M. (1987). "Late Maastrichtian paleoenvironments and dinosaur
biogeography in the western interior of North America." Palaeogeography,
Palaeoclimatology, Palaeoecology 60: 189-217.
Lehman, T. M. (1988). "Stratigraphy of the Cretaceous-Tertiary and Paleocene-Eocene
transition rocks of Big Bend National Park, Texas: A Discussion." Journal of
Geology 96: 627-631.
Lehman, T. M. (1989). "Upper Cretaceous (Maastrichtian) paleosols in Trans-Pecos
Texas." Geological Society of America Bulletin 101: 188-203.
Lehman, T. M. (1991). "Sedimentation and tectonism in the Laramide Tornillo Basin of
west Texas." Sedimentary Geology 75: 9-28.
Lehman, T. M. (2001). Late Cretaceous dinosaur provinciality. Mesozoic Vertebrate Life.
Tanke, D. H. and Carpenter, K. Bloomington, Indiana University Press: 310-328.
Lehman, T. M. and Coulson, A. B. (2002). "A juvenile specimen of the sauropod
dinosaur Alamosaurus sanjuanensis from the Upper Cretaceous of Big Bend
National Park, Texas." Journal of Paleontology 76(1): 156-172.
Lucas, S. G. and Hunt, A. P. (1989). "Alamosaurus and the sauropod hiatus in the
Cretaceous of the North American Western Interior." Geological Society of
America Special Paper 238: 75-84.
Manship, L. L. (2003). Pattern matching: Implementing GIS applications for
paleontological classification of ammonitic sutures. Geology. Bowling Green,
Bowling Green State University: 149.

202

Martin, R. B., Burr, D. B. and Sharkey, N. A. (1998). Skeletal Tissue Mechanics. New
York, Springer-Verlag.
Mateer (1976). "New topotypes of Alamosaurus sanjuanensis Gilmore (Reptilia:
Sauropoda)." Bulletin of the Geological Institutions of the University of Uppsala,
N. S. 6: 93-95.
Maxwell, R. A., Lonsdale, J. T., Hazzard, R. T. and Wilson, J. A. (1967). Geology of Big
Bend National Park, Brewster County, Texas. Austin, University of Texas at
Austin.
McIntosh, J. S. (1990). Sauropoda. The Dinosauria. Weishampel, D. B., Dodson, P. and
Osmolska, H. Berkeley, University of California Press: 345-407.
Ostrom, J. H. and McIntosh, J. S. (1966). Marsh's Dinosaurs: The Collections From
Como Bluff. New Haven, Yale University Press.
Paladino, F. V., Spotila, J. R. and Dodson, P. (1997). A blueprint for giants: Modeling the
physiology of large dinosaurs. The Complete Dinosaur. Brett-Surman, J. O. F. a.
M. K. Indianapolis, Indiana University Press: 491-504.
Powell, J. E. (1986). Revision de los Titanosauridos de America del Sur. Brazil,
Universidad Nacional de Tucuman: 493.
Reid, R. H. (1981). "Lamellar-zonal bone with zones and annuli in the pelvis of a
sauropod dinosaur." Nature 292: 49-51.
Reid, R. H. (1984). "The histology of dinosaurian bone, and its possible bearing on
dinosaurian physiology." Symposia of the Zoological Socitey of London 52: 629663.
Reid, R. H. (1987). "Bone and dinosaurian "endothermy"." Modern Geology 11: 134154.
Reid, R. H. (1990). "Zonal "growth rings" in dinosaurs." Modern Geology 15: 19-48.

203

Reid, R. H. (1993). "Apparent zonation and slowed late growth in a small Cretaceous
theropod." Modern Geology 18: 391-406.
Reid, R. H. (1996). "Bone histology of the Cleveland-Lloyd dinosaurs and of dinosaurs in
general; Part I: Introduction: Introduction to bone tissues." BYU Geology Studies
41: 25-71.
Reid, R. H. (1997a). Dinosaurian physiology: The case for "intermediate" dinosaurs. The
Complete Dinosaur. Brett-Surman, J. O. F. a. M. K. Indianapolis, Indiana
University Press: 449-471.
Reid, R. H. (1997b). How dinosaurs grew. The Complete Dinosaur. Brett-Surman, J. O.
F. a. M. K. Indianapolis, Indiana University Press: 403-413.
Rogers, K. C. (2000). Growth rates among dinosaurs. The Scientific Book of Dinosaurs.
Paul, G. S. New York, St. Martin's Press: 297-309.
Sander, P. M. (2000). "Longbone histology of the Tendaguru sauropods: implications for
growth and biology." Paleobiology 26(3): 466-488.
Sander, P. M., Klein, N., Buffetaut, E., Cuny, G., Suteethorn, V. and Le Loeuff, J.
(2004). "Adaptive radiation in sauropod dinosaurs: bone histology indicates rapid
evolution of giant body size through acceleration." Organisms, Diversity &
Evolution 4: 165-173.
Sander, P. M. and Tuckmantel, C. (2003). "Bone lamina thickness, bone apposition rates,
and age estimates in sauropod humeri and femora." Palaontologische Zeitschrift
77(1): 161-172.
Stout, S. D. (1989). The use of cortical bone histology to estimate age at death. Age
Markers in the Human Skeleton. iScan, M. Y. Springfield, Charles C Thomas:
359.
Sullivan, R. M. and Lucas, S. G. (2000). "Alamosaurus (Dinosauria: Sauropoda) from the
late Campanian of New Mexico and its significance." Journal of Vertebrate
Paleontology 20(2): 400-403.

204

Wedel, M. J. (2003a). "The evolution of vertebral pneumaticity in sauropod dinosaurs."
Journal of Vertebrate Paleontology 23(2): 344-357.
Wedel, M. J. (2003b). "Vertebral pneumaticity, air sacs, and the physiology of sauropod
dinosaurs." Paleobiology 29(2): 243-255.
Wedel, M. J., Cifelli, R. L. and Sanders, R. K. (2000). "Osteology, paleobiology, and
relationships of the sauropod dinosaur Sauropseidon." Acta Palaeontologica
Polonica 45(4): 343-388.
Wheeler, E. A. and Lehman, T. M. (2000). "Late Cretaceous woody dicots from the
Aguja and Javelina Formations, Big Bend National Park, Texas, USA."
International Association of Wood Anatomists Journal 21: 83-120.
Wilson, J. A. and Carrano, M. T. (1999). "Titanosaurs and the origin of "wide-gauge"
trackways: a biomechanical and systematic perspective on sauropod locomotion."
Paleobiology 25(2): 252-267.
Wilson, J. A. and Sereno, P. C. (1998). "Early evolution and higher-level phylogeny of
sauropod dinosaurs." Journal of Vertebrate Paleontology 18(Suppl.2).

205

APPENDIX A
LOCATION AND FIELD NOTES FOR
COLLECTED SPECIMENS

Specimen
#

UTM
Coordinates

HW-1A
HW-1B
HW-1C
HW-1D
HW-1E
HW-1F
HW-1G
HW-1H
HW-1I
HW-1J

13 R 0677970
3259890

Identity
Rib Fragment
Rib Fragment
Rib Fragment
Unknown
Rib Fragment
Rib Fragment
Rib Fragment
Rib Fragment
Rib Fragment
Rib Fragment

207
HW-3R1
HW-3R2
HW-3S
HW-3a

13 R 0678066
326022

Rib Fragment
Rib Fragment
Left Scapula
Fragment
Right
Metacarpal II(?)

Comments
Rib fragments
were found
scattered around a
badly weathered
femur, all
associated in
stream channel
sandstone. HW1D was originally
interpreted as a rib
fragment, but later
withdrawn due to
its unusual internal
structure.
Specimens
associated but all
collected as
surface float in
channel
sandstone.

Field Photo

Specimen
#

HW-4

UTM
Coordinates

13 R 0643645
3240970

Identity

Left Femur
Diaphysis

208
HW-5

13 R 0680486
3261947

Right Fibula

Comments
Fragment from the
diaphysis collected
from a site that
previously yielded
a humerus and
tibia, in channel
sandstone (field #
TL87-1).

An isolated
specimen in
channel
sandstone.

Field Photo

Specimen
#

UTM
Coordinates

HW-7

13 R 0653405
3246180

Proximal End
of Left Ulna

Comments

An isolated
specimen found in
channel lag
conglomerate.

209

HW-6

13 R 0680525
3261690

Identity

Right Tibia

An isolated
specimen in
channel sandstone.

Field Photo

Specimen
#

UTM
Coordinates

Identity

13 R 0658003
3243640

Unknown

HW-9

13 R 0683265
3259981

Right
Humerus

210

HW-8

Comments
Originally thought to
be a transverse
process, but internal
bone structure
suggests otherwise,
part of a bone-bed in
overbank mudstone.

Specimen was
isolated in overbank
mudstone.

Field Photo

Unavailable

Specimen
#

UTM
Coordinates

13 R 0682211
3260989

HW-11

13 R 0682676
3260022

Right Femur

Comments

Fragments of
cortical bone from
around the
diaphysis were
collected.
Specimen was
isolated in channel
sandstone.

211

HW-10

Identity

Distal End of
Right Tibia

Specimen was
isolated in
overbank
mudstone.

Field Photo

Specimen
#

HW-12

UTM
Coordinates

13 R 0685398
3255415

Identity

Left Fibula

212
HW-13

13 R 0685306
3255473

Rib Fragment

Comments

Specimen was
isolated in
overbank
mudstone.

Specimen was
found associated
with scapula and
vertebrae in
channel sandstone
(Lehman field no.
TL 93-2; TMM
43599-1).

Field Photo

Specimen
#

HW-14

213

HW-15

UTM
Coordinates

13 R 0685338
3255412

13 R 0685332
3255387

Identity

Comments

Proximal Left
Pubis
Fragment

An isolated
specimen in
channel
sandstone.

Right Humerus
Diaphysis
Fragment

Field photo is a
dorsal view of the
proximal end of the
humerus.
Fragments of most
of the humerus
were found
downslope, but
only a portion from
the midshaft was
collected for study.
This was an
isolated specimen
in channel
sandstone.

Field Photo

Unavailable

Specimen
#

HW-16

UTM
Coordinates

13 R 0684705
3255129

Identity

Proximal Left
Femur

214

Comments
Femur was badly
weathered.
Cortical bone was
flaking off, and
several fragments
of it were collected
from the diaphysis
for analysis. This
specimen was
associated with
other bones HW17, 18, 19, 20 but
represent different
individuals all in
channel
sandstone. This
site is TL 95-3
(TMM 43598-1).

Field Photo

Specimen
#

HW-17

UTM
Coordinates

13 R 0684677
3255210

Identity

Comments

Distal
Metatarsal II(?)

This specimen was
associated with
other bones HW16, 18, 19, 20 but
represent different
individuals all in
channel
sandstone. This
site is TL 95-3
(TMM 43598-1).

Field Photo

215

Specimen
#

HW-18

UTM
Coordinates

13 R 0684692
3255207

Identity

Dorsal
Vertebra

Comments

216

Vertebra was
fragmented but the
centrum, right
transverse
process, and a
portion of the
nerual spine was
collected. This
specimen was
associated with
other bones HW16, 17, 19, 20 but
represent different
individuals all in
channel
sandstone. This
site is TL 95-3
(TMM 43598-1).

Field Photo

Specimen
#

HW-19

UTM
Coordinates

13 R 0684686
3255212

Identity

Posterior Part
of Dorsal
Centrum

Comments
This specimen was
associated with
other bones HW16, 17, 18, 20 but
represent different
individuals all in
channel
sandstone. This
site is TL 95-3
(TMM 43598-1).

Field Photo

217

Specimen
#

UTM
Coordinates

13 R 0684672
3255212

Anterior Part of
Dorsal Centrum

HW-21

13 R 0685300
3255270

Mid-caudal
Centrum

Previoulsy collected
by Lehman in 1993;
original specimen
number: TL 93-2

Unavailable

HW-22

13 R 0682970
3261140

Distal caudal
vertebra

Previously collected
by Lehman in 1994;
original specimen
number: TL 94-1.

Unavailable

Right Humerus

Previously collected
by Lehman in 1995;
Original specimen
number: TL 95-4
PGH4, same site as
TMM 43600-1.

Unavailable

218

HW-20

Comments
This specimen was
associated with other
bones HW-16, 17,
18, 19 but represent
different individuals
all in channel
sandstone. This site
is TL 95-3 (TMM
43598-1).

HW-23

13 R 0663950
3255190

Identity

Field Photo

Unavailable

APPENDIX B
ARCGIS METHOD FOR DETERMINING
PERCENT “EMPTY SPACE” IN
VERTEBRAE AND RIBS
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Figure 105. Create a new geodatabase for the cross sections in ArcCatalog, and then add a new simple polygon
feature class to the database. Next add the image of one of the cross sections as a layer in ArcMap. Right click on
the layer and select “Properties”. Choose the “Symbology” tab and select “Unique Values” under “Show:” Select
“OK”.
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Figure 106. Add the new feature class to the project. Highlight the new feature class layer and select the
“Editor” button on the toolbar. Choose “Start Editing”. Use the pencil tool to outline the cross section. Once
complete, select “Editor” once more and first choose “Save Edits”, then “Stop Editing”.
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Figure 107. Select the “Spatial Analyst” button and choose “Options”. Set the working directory to your current
directory. Choose the “Extent” tab and select “Same layer as boundary”.
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Figure 108. Reselect the Spatial Analyst and choose the Raster Calculator. Name the new layer and set it equal to
the image file name of the cross section. Select “Evaluate”.

Figure 109. The result of the Raster Calculator evaluation is a layer with two values,
one for bone and one for “empty space”. To determine the amount of both, right click
on the layer name, and select the Attribute Table.
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