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ABSTRACT 
Soon after death and burial of an animal, the organic components of bone generally decay. The 

closely associated inorganic components (mainly apatite) are more resilient and even after millions 
of years of burial, preserve the spatial organisation of the collagen fibres and hence the structure of 
the bone. In the past fossil bone histology has been the subject of substantial research. Such studies 
have included a wide array of extinct vertebrates including fishes, amphibians, pelycosaurs, 
therapsids, ichthyosaurs, pterosaurs, and dinosaurs. 

The relative rate ofbone formation is indicated by the texture of the fibrillar matrix, while the overall 
nature of the primary compact bone provides a direct assessment of whether bone deposition was 
continuous or interrupted. The amount of secondary bone formation depicts the extent of primary 
bone resorption and subsequent redeposition. In addition, the internal organisation of bone indicates 
remodelling and relocation processes of growth, including functional adaptations of the bone 
morphology. Thus, osteohistology reflects ontogeny, growth dynamics, biomechanical adaptations, 
as well as various events that punctuate the life history of an animal. 
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INTRODUCTION 
Fossilization subj ects a bone to a variety of diagenetic 

processes resulting in substantial changes in the 
composition of the bone. Notable among these are an 
increase in apatite crystallinity, loss of organic matter, 
and the uptake or loss of minor elements. The amount of 
diagenesis that occurs is variable and depends on a 
variety off actors including biological and chemical ones. 
Occasionally the microscopic structure of a fossil bone 
is affected by microbial action, but it is more usual for the 
integrity of the histology to be preserved. Even after 
millions of years of burial some of the earliest 
vertebrates have the histological structure oftheir bones 
intact. 

Early studies in fossil bone microstructure (e.g. Hasse 
1878; Quekett 1849; Seitz 1907), laid the foundation for 
further research into comparative osteohistology. As 
early as 1923, Moodie reported pathologies in fossil 
bones and in 1933, Nopsca & Heidsieck used bone 
microstructure to distinguish ontogenetic status of half 
grown and immature trachodont dinosaurs. Further 
research (e.g. Enlow 1969; Enlow & Brown 1956, 1957, 
1958; Gross 1934; Peabody 1961) provided a better 
understanding of histological patterns among major 
vertebrate groups, from fishes to mammals, including 
both fossil and recent samples. More recently workers 
such as Ricqles (e.g. 1974, 1976, 1980) and Reid (e.g. 
1984a, 1984b, 1987, 1990) advanced the field of palaeo
osteohistology substantially by documenting bone 
structure among a variety of tetrapods, and particularly 
provided more insight into the nature of dinosaurian 
bone. My own work has dealt with the histological 
changes through ontogeny among various species of 

dinosaurs (Chinsamy 1990, 1993, 1995b). I have also 
considered both modem and fossil reptiles (Chinsamy 
1991; 1994; Chinsamy & Rubidge 1993 ) and birds 
(Chinsamy 1995a; Chinsamy et al. 1994, 1995). 

The physiological meaning of dinosaur bone has been 
the subject of much debate (e.g. Bakker 1986; Reid 
1987; Ricqles 1980). In this short paper, I present some 
of the characteristics of bone microstructure and an 
interpretation oftheir implications. It was presented to a 
general audience at the 50th Anniversary Celebrations 
of the Bernard Price Institute for Palaeontological 
Research, Johannesburg. For a more comprehensive 
analysis of bone microstructure, the referenced papers 
should be consulted. 

WHAT DOES BONE MICROSTRUCTURE 
ACTUALLY REVEAL? 

Macroscopic examination of a section of bone 
immediately reveals the amount of compact bone 
making up the bone wall, the size and shape of the 
medullary cavity (if present), and whether or not 
cancellous bone is present. When a thin section is 
prepared (Chinsamy & Raath 1992) and examined 
under a light microscope, microstructural details are 
revealed. Several aspects of the biology and overall 
growth of an animal can be deduced on the basis of 
histological characteristics present in the bone. Notable 
among these are the following: 

Rate of osteogenesis 
By examining a thin section of fossil bone under 

crossed polarisers, the organisation of the fibrillar matrix 
can be assessed. When bone formation is rapid, the 
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matrix is random and disorganised, resulting in woven 
bone tissue. When this tissue is formed numerous blood 
vessels are typically enclosed. Lamellar bone is later 
deposited around the vessels to form primary osteons, 
and the tissue is then termed fibro-Iamellar bone (Figure 
1). When bone deposition is slow, the matrix is more 
organised and lamellar bone tissue results (Amprino 
1947) (Figure 2). Both these tissue types, and variants 
thereof, can be observed in a single section of bone. 
Thus, the rate at which an animal grows is directly 
reflected by the rate at which bone is deposited and the 
nature ofthe fibrillar matrix (Amprino 1947). 

Cyclical versus non-cyclical growth 
The overall structure of the primary compact bone 

provides a direct assessment of whether bone deposition 
was continuous or interrupted. A cyclical rate of bone 
deposition is evident when the compacta is stratified into 

Figure I: Cross section of a juvenile Massospondylus femur 
(BP/1/ 5253) from the Early Jurassic of South Africa, 
showing fibro-Iamellar bone with numerous primary 
osteons (arrows) embedded in the woven bone matrix. 
Scale bar = 76 microns. 

distinct growth rings or alternating bands oftissue types. 
This type of tissue is termed lamellar-zonal and the 
resulting bands of tissue are the zones and annuli. The 
zones tend to be more vascularised and represent 
periods of fast growth, while the poorly vascularised 
annuli signal periods of slower growth. Pauses in 
osteogenesis are marked by distinct lines of arrested 
growth (LAGs). 

Among extant reptiles, it is generally found that a 
single zone and annulus are formed per year. 
Experiments with fluorochrome dyes have verified that 
this pattern of bone deposition is seasonally related, with 
zones formed during the warmer months and annuli 
resulting during unfavourable periods. Thus, the 
stratification of the compacta into zones and annuli 
allows an animal to be aged on the basis of its bones. This 
study is termed skeletochronology (Castanet & Smirina 
1990; Patnaik & Behera 1981). Double or accessory 
lines can sometimes occur: e.g., Caetano (1990) has 
demonstrated bi-annual cycles of activity in Triturus 
marmoratus living at high altitudes. These are readily 

discernible and are known to be linked to bi-annual 
cycles of activity. It should be noted that there are no 
reports of only one LAG formed every two years, which 
supports the deductions that LAGs in fossil vertebrates 
are more than likely annual (e.g., Chins amy 1990, 1993; 
Sander 1990; Varricchio 1993). 

In a study of nine mammalian orders Klevezal & 
Kleinenberg (1969) reported growth lines occurring in 
the bones of animals from cold regions, and marine 
habitats, as well as in mandibles of smalliagomorphs and 
rodents. More recently Leahy (1991) reported growth 
lines in the bones of a kangaroo, while Chinsamy has 
found growth lines in a polar bear (Chinsamy & Dodson 
1995). It is therefore apparent that growth lines are not 
restricted to reptiles. More research is required to 
ascertain what triggers the switch from uninterrupted 
fibro-Iamellar bone to an interrupted type (Farlowet aZ. 
1995). 

Sustained, uninterrupted bone formation results in the 
lack of zonation in the compacta. The tissue comprising 
the compacta can be wholly of fibro-Iamellar bone or can 
grade into a pseudo-lamellar or lamellar type oftissue. 

Fibro-Iamellar bone is common among mammals and 
birds, and is known to be formed by rapid osteogenesis 
(e.g. Amprino 1947; Reid 1990) (Figure 1). The frequent 
occurrence of this tissue in the bones of dinosaurs has 
led to assertions that dinosaurs were endotherms (e.g. 
Bakker 1986). However, fibro-Iamellar bone is known 
from bones of juvenile crocodiles (Buffrenil 1980), 
pelycosaurs (Enlow & Brown 1957), captorhinids (Enlow 
& Brown 1957), gorgonopsians (Ricqh!s 1976) and 
dicynodonts (Chinsamy & Rubidge 1993; Gross 1934; 
Ricqles 1972). Thus the occurrence of fibro-Iamellar 
bone in these reptiles, which are generally considered to 
be ectotherms, fails to support a correlation between 
fibro-Iamellar bone and endothermy. It therefore appears 
that a sustained rate of fibro-Iamellar bone formation 
indicates that bone deposition was rapid. However, 
exactly how fast deposition has to be to form fibro
lamellar type oftissue is uncertain, and requires further 
research. 

Several dinosaur species appear to have an 
interrupted pattern of bone deposition (Chinsamy 1994; 
Reid 1990). This usually takes the form of alternating 
fibro-Iamellar bone and LAGs, with or without annuli, 
thus switching from rapid to slow deposition periodically, 
and possibly annually (Figure 3). The trigger for this 
alternating rate of bone deposition is unknown, but could 
be seasonal as in modem reptiles. This ability to vary the 
rate and trajectory of growth is possibly a result of 
variable metabolic rates, which would have enabled the 
animal to survive periodically stressful periods. 

Extent of vascularisation 
The amount and type of vascular is at ion is revealed by 

microscopic examination of thin sections of the bone. 
Depending on the rate of bone formation different forms 
of vascularisation can result. The orientation of the 
vascular canals depends on the form of the spaces that 
were initially enclosed. Ricqles (1974; 1976) used the 



Figure 2: Transverse section of a recent lizard femur showing 
lamellar-zonal bone tissue. Note the periodic LAGs 
indicated by the arrows. Simple, radially arranged 
blood vessels occur in the compacta. Scale bar = 192 
microns. 

arrangement ofthe vascular canals to define topological 
categories of tissues within the fibro-Iamellar complex: 
e.g., reticular, plexiform, laminar etc. 

Vascularity can be sparse or dense. Simple blood 
vessels, primary osteons and secondary osteons can be 
easily recognised in a bone section (Figures 1,2,3,4). 
Simple blood vessels show no alteration in the bone 
around the vascular channel (Figure 2), while primary 
osteons show a lamellar type oftissue around the blood 
vessels (Figure 1, 3). Primary osteons are formed during 
rapid bone deposition, whereas secondary osteons 
(Figure 4) do not reflect rate of bone formation, but are 
produced by a process termed Haversian 
reconstruction. This involves the removal of bone 
around a primary vascular canal, followed by 
subsequent redeposition of bone in the erosion cavity. 
Primary and secondary cylindrical osteons usually 
contain single vascular canals whereas the irregular, 
circumferential and radial types commonly contain 
multiple canals. 

Secondary osteons are easily identified due to the 
occurrence of a cement line or reversal line which marks 
the furthest extent of bone removal. Successive 
generations of secondary osteons can form in the same 
location, resulting in dense Haversian tissue, where even 
the interstitial bone between the secondary osteons is 
secondary in nature. 

The time taken to form a secondary osteon can be 
assessed by addition ofthe time taken forresorption and 
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Figure 3: Cross section of a metatarsal of the Late Cretaceous 
Archaeornithomimus from the Iren Dabasu Formation 
of the Peoples Republic of China, showing LAGs 
(arrowheads) interrupting the deposition of fibro
lamellar bone in the compacta. Scale bar = 192 microns. 

that for redeposition (Lacroix 1971). I have used this 
formula to estimate the minimum age of a juvenile 
Dryosaurus which had just begun to undergo Haversian 
reconstruction in its bone (Chinsamy 1995b). It is also 
possible to multiply the number of generations of osteons 
by the number of days it takes to form a single osteon in 
order to estimate the minimum age of an animal. 
However, caution needs to be exercised when doing this 
since Haversian reconstruction can occur at different 
stages of ontogeny (e.g. Currey 1960), and also since 

Figure 4: Secondary osteons in a sauropod bone fragment from 
the Early Cretaceous of Niger, Africa. Scale bar = 192 
microns. 
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secondary osteons are not fonned continuously, there is 
no way of detennining the time lapse between each 
generation of osteons. 

Numerous suggestions have been proposed regarding 
the biological significance of secondary osteon 
fonnation. These have included metabolic starvation 
resulting in damage to the vascular system (Currey 
1960), physical necrosis of osteocytes (Enlow 1962), 
and biomechanical adaptation to physical strain. One of 
the arguments that has received the most support is that 
secondary osteons are the result of phosphocalcic 
metabolism (Amprino 1967). This argument was utilised 
by Bakker (e.g., 1986) to propose that the dense 
Haversian bone in dinosaur bone implies high metabolic 
rates, and hence endothenny in dinosaurs. It has 
however, now become increasingly clear that secondary 
osteons are not reliable indicators of metabolic rates. 
They are known to occur in bones of turtles (Enlow & 
Brown 1957), crocodiles (Chinsamy 1990) and tortoises 
(Reid 1987), but are absent in small mammals such as 
rodents and bats, as well as in passerine birds which are 
highly active (Bouvier 1977). 

Ontogenetic Status 
Generally, surface texture and articular surfaces ofa 

fossil bone can indicate ontogenetic status ofthe animal. 
However, occasionally one is faced with a specimen that 
cannot be readily distinguished as adult or juvenile purely 
on morphological grounds. An examination of the 
animal's bone microstructure will reveal its ontogenetic 
status since juvenile and adult bone have distinctive 
microscopic structure (e.g. N opsca & Heidsieck 1933). 

The bone tissue of juveniles appears more porous in 
structure. Rapid bone fonnation results in a woven bone 
matrix with osteocytes haphazardly arranged (Figure 5). 
With increasing development the porous spaces become 
infilled by lamellar bone tissue, and primary osteons 
result (Figure 6). (In more slowly growing animals, e.g., 
lizards, the juvenile tissue can consist of a parallel fibred 
or pseudo-lamellar tissue with simple blood vessels). 
With maturity, the animal may switch from an earlier 
more rapidly fonned type of bone tissue, to a more 
slowly fonned tissue. For example, an earlier fibro
lamellar bone tissue pattern may change to a lamellar, 
pseudo-lamellar or lamellated type. 

Microscopic changes in bone structure have been 
documented by the examination of growth series of 
specific skeletal elements of individual dinosaur species. 
F or example, Chinsamy has documented the histological 
changes in growth series of femora of Syntarsus 
(Chins amy 1990), Massospondylus (Chinsamy 1993) 
and Dryosaurus (Chinsamy 1995b), while Varricchio 
(1993) reported on the bone microstructure of three 
metatarsals and two tibiae of different sized Troodon 
formosus. 

Bone fonned late in life typically shows a slow rate of 
accretion. Depending on the nature ofthe tissue deposited 
during late ontogeny, it is possible to deduce whether an 
animal experienced indetenninate or detenninate growth. 
Lamellated late bone or a series of closely spaced 

peripheral rest lines have been reported in mammals and 
birds that experience tenninal growth. Such lines have 
also been recorded in Brachiosaurus (Gross 1934) 
which has an earlier non-zonal pattern, while Syntarsus 
(Chinsamy 1990), an unidentified theropod (Reid 1993; 
probably Sauronitholestes, personal communication 
1996), and Rhabdodon (Reid 1990) record rest lines 

Figure 5: Juvenile bone tissues. A. Transverse section of a juvenile 
hadrosaur from the Late Cretaceous of Alberta showing 
rapid bone formation with several longitudinally 
orientated vascular channels. Scale bar = 46 microns. 

Figure 6: A juvenile Dryosaurus from the Late Jurassic 
Tendaguru beds of Tanzania showing distinct primary 
osteons in the woven bone matrix of the fibro-Iamellar 
bone tissue. Scale bar = 50 microns 



after a zonal pattern of bone deposition. Indeterminate 
growth is indicated by the absence of such lines, and the 
continuous formation of bone in the peripheral region 
e.g. in Massospondylus (Chinsamy 1993) and in 
Dryosaurus (Chinsamy 1995b). 

Remodelling and Relocation 
The internal microscopic texture of a bone bears 

testimony to the reshaping (remodelling) of the bone 
during its growth through ontogeny. As a bone grows in 
length and in diameter, various regions are relocated to 
new positions (Enlow 1969). Growth in length is attained 
by endochondral formation of bone, while growth in 
diameter occurs by subperiosteal or subendosteal 
deposits. The occurrence of different tissues signifies 
the occurrence of different events; e.g., the presence of 
compacted coarse cancellous bone tissue indicates that 
endosteal deposits of bone resulted in the compaction of 
a region that previously consisted of spongy bone 
(Figure 7). Reversal in the direction of growth from 
inward to outward (or vice versa) is indicated by the 
occurrence of reversal lines as well as differing tissue 
types. Thus, the stratified compacta of a bone 
represents the different types of tissue produced by 
different growth and remodeling activities that the bone 
experienced (Enlow 1969). 

Biomechanical adaptations 
It is generally accepted that the architecture of a bone 

is adapted to the weight of the animal, and to the 
mechanical properties of the bone itself(e.g. Rogers & 
Labarbera 1993). Various tensile and fatigue tests have 
shown that the different tissue types in the compacta 
exhibit different strengths. Thus, the tissue type, as well 
as its porosity and composition, results in a variation of 
the mechanical properties throughout the cortical 
thickness. 

Bone is recognised as an adaptive tissue and remodels 
in response to changes in its mechanical environment. In 
a recent study, Heinrich et al. (1994) found that in a 
growth series of Dryosaurus lettowvorbecki, a 

Figure 7: Compacted coarse cancellous bone in the compacta of 
an adult Dryosaurus (GPIT 17131103 distal) from the 
Tendaguru beds of Tanzania. Scale bar = 76 microns. 
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distinctive change in the relative amount and distribution 
of the cortical bone occurred through ontogeny. They 
ascribed these changes in the cross sectional properties 
of the femora to increasing mechanical loads, and a 
caudal shift in the animals' centre of gravity as a result 
of a change in its preferred mode oflocomotion (i.e., a 
shift from quadrupedality to bipedality). 

Bone wall thickness 
A functional relationship exists between bone wall 

thickness, the habitat of the animal (BUhler 1986; Wall 
1983) and the forces that act on the bone. It appears that 
long bones of animals are structures that have minimum 
mass which enables them to perform locomotory 
functions at minimum energy cost (Currey & Alexander 
1985). 

Examination of cross sectional architecture of femora 
of different species reveals distinct differences in bone 
wall thickness which appear to be related to the lifestyles 
ofthe animal. Some bones have thick walls and a small 
medullary cavity or sometimes none, whilst others have 
thin walls and large medullary cavities. Much research 
has been directed to quantify and ascertain why these 
differences occur (BUhler 1986; Currey & Alexander 

Figure 8: Note the pachyostotic character of the bone of 
Claudiosaurus from the Late Permian of Madagascar. 
Scale bar = 285 microns. 

1985; Wall 1983). BUhler (1986) quantified the 
observable differences in bone wall thickness by using a 
value termed the relative bone wall thickness (RBT) 
which is a ratio of the cross sectional bone wall thickness 
to the cross sectional diameter. BUhler (1986) calculated 
the RBT for a variety of birds, and deduced that long 
bones of birds are highly developed light weight 
structures, with large flying birds having much thinner 
bone walls than small to medium sized species. 

Wall (1983) measured the volume and weight oflimb 
bones ofterrestrial and aquatic mammals. He found that 
the limb bones of aquatic animals exhibited higher 
densities than terrestrial ones. Wall suggested that 
aquatic animals use an increase in compact bone mass 
to attain buoyancy in water, i.e. to counteract the 
buoyancy of the lungs. 
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Upon examination ofthe relative bone wall thickness 
(RBT) of adult Syntarsus, Massospondylus, 
Crocodylus niloticus and two species of birds 
(Sagittarius serpentarius and Struthio camelus) I 
found that the amphibious crocodile exhibited the highest 
bone wall thickness, while both birds had much lower 
RBT values than the dinosaurs, with Sagittarius having 
the lowest RBT (Chins amy 1991). These findings 
correlate well with those of Wall (1983) and BUhler 
(1986). 

Bone Microstructure of aquatic vertebrates 
Besides the gross morphological adaptations that are 

evident in the skeletons of aquatic tetrapods, the internal 
organisation of the bone is also subjected to 
modifications. Depending on the particular type of 
adaptation of the animal, a very compacted, dense 
structure can result, termed pachyostosis, as in 
nothosaurs and sirenians (Buffrenil & Schoevaert 1989; 
Nopsca & Heidsieck 1933) or extreme cancellousness 
as in ichthyosaurs (Buffrenil & Mazin 1989), cetaceans 
(Buffrenil & Schoevaert 1988) and marine turtles 
(Rhodin et al. 1981) can occur. Buffrenil & Mazin 
(1989) used the pachyostotic nature ofthe compacta of 
Claudiosaurus germaini to suggest that it was an 
aquatic reptile (e.g. Figure 8). In a recent study on 
mosasaur rib microstructure, Sheldon & Bell (in press) 
deduced that Clidastes and Tylosaurus, which 
exhibited a reduced bone density inhabited deeper 
waters than Platecarpus which showed pachyostosis. 

CONCLUSION 
A fossilised skeleton of an animal provides a 

tremendous amount of information regarding its overall 
size and shape. Study of the microstructure ofthe bones 
provides an analysis of aspects ofthe biology and growth 
of the animal. In addition to phylogeny, bone tissue 
structure reflects ontogeny, and biomechanical function, 
as well as various other events that punctuate the life 
history of an individual. 

The field of fossil bone microstructure is continually 
evolving. New research, particularly comparative and 
experimental studies of modem vertebrates, will allow 
deeper insight into the factors that influence bone 
deposition and bone biology as a whole. The outcome of 
such research, applied to fossil bone microstructure, will 
enhance our understanding ofthe biology and growth of 
extinct vertebrates. 
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