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Abstract

This thesis presents a series of papers intended to further our knowledge and
understanding of bone taphonomy, with special attention given to the survival of
organic molecules (collagen and DNA). An integrated modelling and measuring
approach has been taken. Initially, the rate of chemical degradation of bone collagen
was estimated from data derived from high temperature laboratory experiments.
These rates were then extrapolated to realistic archaeological burial temperatures
using palaeoclimatic reconstructions. The model was tested using radiocarbon
databases using data on location and collagen yield. Despite the simplicity of the
approach and the large errors involved, it does appear that the model may be useful
for predicting the limits of collagen survival, although most bones have less collagen
than the model predicts. A similar model was produced for the depurination of DNA.

The models which are based on rates of chemical deterioration, highlight the role that
temperature may play in biomolecular preservation, however they fail to address the
complexity of bone taphonomy. A study of bones from a site in southern Italy
(Apigliano) identitied bone with no evidence of microbial attack, but otherwise severe
diagenesis (including little or no collagen) — so called ‘pre-fossilised’ bone. In a
wider study of 200+ archaeological bones excavated form 40 sites across Europe this
‘pre-fossilisation’ was identified as one of four possible diagenetic states, the others
being, ‘microbial attack’, ‘complete dissolution’ and °‘good preservation’. These
states of preservation are defined by characteristic sets of diagenetic parameters,
although the environmental and taphonomic conditions that control these states of
preservation are less well defined. In addition to the standard diagenetic parameters
measured, the preservation of osteocalcin (a potential proxy for DNA) was
investigated using immunological techniques.
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Part 1

Bone, taphonomy ana
archaeological bone
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1 Introduction

The subject of this thesis is the taphonomy of archaeological bone. Bone, or more
correctly 1ts semi-fossil, or fossil counterpart, 1s a ubiquitous biological material at
many archaeological sites. As such it is a useful source of information for
archaeologists. The study of bone can provide data on a number of levels, for
example morphological analysis can provide data on the evolution of species, or
domestication of animals. From the analysis of bone assemblages it may be possible
to infer farming strategies, or site formation processes, and chemical analysis of bone
protein or DNA can be used to make inferences about the diet of organisms, or the
genetic relationships between species. Thus bone is potentially a useful resource for
reconstructing a number of aspects of the past, although not all bone can be used for
all of the above analyses. This is because bone undergoes physical and chemical
changes in the period between an organism’s death and the point at which it is
excavated and analysed by archaeologists. These changes can be extremely varied
and are dependent on the events that occur during this period. The result of these
events 1s that the bone excavated is different to its original form, and thus information
at a number of levels can be lost.

The study of the passage of a bone from dead organism to the point of excavation is
called taphonomy and first developed as a sub discipline of geology, and
palacoecology, with the main techniques being macroscopic analysis of bone in an
effort to make palaecoenvironmental interpretations. New scientific techniques
extracting and analysing biomolecules (e.g. stable isotope analysis of collagen or
ancient DNA studies) are being increasingly applied to archaeological and fossil bone,
pushing back the boundaries of what we can learn about ancient bones from their
chemical analysis. This has not only led to new areas of study and new knowledge,
but new problems. Problems such as - How do taphonomic processes atfect the
results of the analyses that are carried out? How long do these biomolecules last in
the archaeological and geological record? The result is that taphonomy must also
encompass the study of bone at the physico-chemical level in order to understand how
these changes may affect the new types of data being generated, and answer these

fundamental questions.

Taphonomy is by its nature a complex field, as it is the study of all the processes that
occur to an organism after death and up until the point of excavation (or even
analysis). The variety and possible number of interactions of these processes 18
bewildering in its complexity. Whilst an attempt must be made to account for all
these processes it is impossible to gather data for all aspects, some of which may be
transient. This thesis will focus primarily on the degradation of bone proteins
(collagen and osteocalcin), and DNA, however the nature of bone taphonomy i1s that
these areas cannot be studied in isolation, thus mineral changes to the bone and their
relationship to the alteration of the organic molecules must also be discussed. The
complexity of the processes occurring and the effects that they can have on the bone
make taphonomy an inexact science, in addition the timescales over which these
processes occur make 1t very difficult to study them. This complexity necessitates the
use of models (conceptual and numerical) to help simplify the processes behind what

is happening during taphonomy.
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This thesis combines a number of approaches to the study of bone taphonomy. In
order to understand the changes that occur in bone during this process 1t 1s necessary
to follow the path of bone from the living bone of an organism, through death,
decomposition and burial, excavation and analysis. Section 1 describes the properties
of bone in vivo, the key processes of taphonomy, and thus the properties of
archaeological bone. In addition the bone as an archaeological resource is discussed,
and how taphonomy can affect the information available to the archaeologist. An
account of how these specific changes are recognised and measured is also given.

The second part of the thesis applies a modelling approach to bone diagenesis.
Simple mathematical models have been developed in an attempt to describe the limits
of degradation for two biomolecules (DNA and collagen). The models are based on
high temperature laboratory experiments, and palaeoclimatic reconstructions in

northern Europe, and Australia. Descriptions of the two models (collagen and DNA)
and their results are given in the two papers in Part 2.

Part three 1s a summary of research carried out as part of the ‘European Bone
Degradation Project’ (ENV4-CT98-0712) (Kars & Kars 2001). The main aim of the
project was to measure diagenetic parameters of archaeological bone excavated from
across Europe 1n order to classity the state of preservation. This data was then
compared to that of the soil characteristics of the sites to determine relationships
between the so1l chemistry and bone preservation. Additional site specific,
archaeological and environmental information was included in the interpretation. A
brief description of the project is given, followed by three papers that cover: the main
data from the project, the unusual state of preservation at one site in particular, and
the use of an enzyme linked immunosorbent assay (ELISA) technique to investigate
osteocalcin preservation. The first paper entails an overview of the diagenetic trends
observed in the data, and interpretation of these trends in terms of the site taphonomic
and soil data. The second paper discusses the unusual state of bone preservation at
the site of Medieval Apigliano. The bone at this site appears to exhibit signs of
fossilisation after less than 1000 years of burial. The possible reasons for this
occurrence are discussed in the paper. The final paper in this section details the use of
an ELISA technique applied to the cattle bone excavated in the project. The survival
of bovine osteocalcin is discussed in relation to the other diagenetic parameters for the

cattle bones.

The final part includes a synthesis of the two approaches given in parts two and three.
Following the discussion the conclusion of the thesis is reached and suggestions for

future research are made.
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1.1 Physical and Chemical Description of Bone

The subject matter of this thesis is archaeological bone, more specifically how and
why 1t degrades in the soil environment. To understand these processes a number of
physical and chemical properties of the bone are measured and compared to those of
fresh bone. To fully appreciate what these measurements mean the physical and
chemical structure of bone must be understood. Bone is a complex physical and
chemical composite consisting mainly of the protein collagen and a mineral similar to
a carbonated hydroxyapatite, in close association. It makes up the majority of
vertebrate hard tissue, i.e. the skeleton. Whilst the structure and properties of bone are
a function of its composite nature, it is simplest to describe it in terms of its various

components. A detailed overview of bone structure and chemistry is given in
Lowenstam & Weiner (1989), a brief summary is given here.

1.1.1 Collagen

Approximately 30% of the bone (by weight) is protein. Type I collagen accounts for
approximately 90% of the bone protein in mature healthy bone. Collagen, like bone
as a whole, has a hierarchical structure. At the smallest level of organisation collagen
1s made up of a conservative pattern of amino-acid residues. Every third residue is a
glycine, and this 1s often bound to a proline residue. This configuration in the primary
structure gives the protein secondary structure the ability to coil tightly and rigidly,
and for each coil to fit into tight association with other collagen molecules. This
association 1s further strengthened by cross-linking between the molecules.

Type 1 collagen actually exists as a macromolecule constructed from three alpha
chains, two alpha;(I) chains and one alpha,(I) chain. The alpha chains are left handed
helices, and are twisted together around each other along a common axis in a right
handed coil to form a type I collagen macromolecule about 300 nm 1n length and 1.5
nm in diameter. The ends of the molecule, telopeptides, are non helical.

These molecules are ordered into fibrils where the molecules are aligned in a
staggered fashion so that the structure is offset, repeating itself every 67 nm. Each
molecule is over lapped by another approximately every 27 nm, and there 1s a gap
before the next in line every 41 nm. Fibrils can then be bound into fibres and in turn

the fibres into fibre bundles.

In physiological solution collagen is an insoluble protein, however as it is denatured,
e.g. by heating or chemical bond breaking, the rigid collagen structure fails and the
molecule becomes soluble gelatine, a transformation with important archaeological

implications.

1.1.2 Mineral

Bone mineral is usually described as a non-stoichiometeric form of calcium
hydroxyapatite (unit cell is given as Ca;o(PO4)6(OH),), sometimes referred to as
bioapatite. Bioapatite is non-stoichiometric as it is up to 5-10% calcium deficient and
has a number of other ions substituted into the structure e.g. OH  substituted with F,
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and Ca®" with Pb®*, Sn”* and Sr*. Significantly carbonate ions (both carbonate CO5”*
and bicarbonate HCO3') are present in bioapatite at approximately 3-5%. These
carbonate 10ns can be structural i.e. substituted for phosphate ions in the lattice, or
adsorbed onto the crystal or hydration layers. Bioapatite crystals are very small (2-5 x
40-50 x 20-25 nm) which means that the structure of bone has a very large surface
area, an 1mportant feature in the physiological role of bone in the body. This large

surface area means that the crystals are very reactive, an important property atfecting
bone taphonomy in the post mortem environment.

The bone mineral is embedded within the collagen fibre structure, and possibly within
the gap zone of the collagen fibres. The crystals in bone in vivo are small, either plate
like or needle shaped, the size of which increases to a maximum with the age of the
individual. There can also be crystal size variation between species.

1.1.3 Non-collagenous proteins

Bone protein is dominated by collagen, and thus the other proteins that are
endogenous to bone are normally described together as non collagenous proteins
(NCPs). This group includes: sialoproteins, proteoglycans, phosphoproteins,
osteonectin and osteocalcin (bone Gla protein). The roles of all the NCPs are not
fully understood, most seem to play a role in mineralization, remodelling of the bone,
and demineralisation. Other proteins can be associated with the bone, such as
immunoglobulins and blood serum proteins, e.g. albumin.

Osteocalcin (or bone Gla protein) 1s the second most abundant protein in bone,
constituting 10-20% ot the NCP fraction and has been extracted from archaeological
and palaeontological bone (e.g. Muyzer et al., 1992, Ajie et al., 1992, Collins et al.,
2000). It 1s a small protein, unlike collagen, and 1s only approximately 50 residues
long containing an unusual amount of the y-carboxyglutamic acid residues (Gla),
although like collagen it i1s structurally conserved. Osteocalcin lacks a stable
conformation in solution, but in the presence of Ca®" (e.g. bone mineral) the Gla rich
region forms an alpha—helical structure and binds strongly (Hauschka, 1980); it 1s also

known to bind to collagen (Prigodich & Vesely 1997).

1.1.4 Physical structures of bone (microstructure and
porosity)

There are two main structures in bone at the microscopic level; cortical or compact
and trabecular or cancellous bone. Cortical bone makes up the shafts of the long
bones whereas the ends of the long bones are trabecular bone. These types of bone
are at a microscopic level made of lamellar bone, i.e. they are made of discrete layers
of bone. As bone is formed, e.g. in new growth or repairing a fracture, the bone lacks
the lamellate organisation. This type of bone is called woven bone, and contains more

mineral than lamellar bone.

A common form of the lamellar structure is Haversian bone seen 1n cortical bone,
where the lamellae (layers of parallel mineralised collagen fibres) are arranged
concentrically around a central Haversian canal. The Haversian canals run parallel to
the length of the bone, and are connected to the medullary cavity and each other,
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carrying blood vessels, nerve fibres and connective tissue: they are also connected
transversely to the periosteum. Surrounding the Haversian canal are the concentric
rings of the lamellae, within which are a number of osteocyte lacunae. Osteocytes are
bone cells that maintain the bone matrix, and are contained within the osteocyte
lacunae, which are interconnected by a system of canaliculi. Haversian bone is
constructed of repeating units of Haversian canals surrounded by several layers of
lamellae, each unit is called an osteon. Not all bone has the Haversian system, e.g.
trabecular bone, where the lamellae are arranged in simple rows or folds.

Bone 1s a porous structure due to its network of blood vessels and osteocyte lacunae
and canaliculi, and the small size of the mineral crystals, it has an internal surface area
between 85-170m’g”". Nielsen-Marsh & Hedges (1999) estimated the pore volume of
modern bovine long bone to be ~ 0.0445cm’g”"'. Assuming a density of ~1.9gcm™ this
1s about 8% by volume similar to figures for modern human specimens (5-10%,
although increasing with age) given by Feik et al., 1997.

1.1.5 DNA

Deoxyribonucleic acid (DNA) is an essential part of all living organisms, and bone
tissue 1S no exception. DNA is the hereditary code molecule, a copy of which is
passed on from parent to daughter cells during cell division. Chemically DNA is a
relatively simple molecule, comprised of two strands of DNA running counter parallel
coiled into an alpha-helix. Each strand consists of a deoxyribose sugar-phosphate
‘backbone’, attached to which are a sequence of bases, which are in turn bonded to
the bases of the opposite strand. DNA contains only four bases the purines (guanine
and adenine) and the pyrimidines (cytosine and thymine). The bases are arranged on
the strands so that a base attached on one strand will only bond with another on the
opposite of a specific type, so that guanine only bonds with cytosine and thymine only
adenine. The long strands of DNA (55-250 million base pairs long) are contained in
the cell nucleus in the form of chromosomes. These structures are also bound 1n

proteins for extra protection.

In addition to the nuclear DNA other cell organelles contain DNA, notably the
mitochondria. The DNA contained in the mitochondria is inherited mainly through
the maternal line, and is required for the reproduction of the mitochondria. Sequences
of mitochondrial DNA (mDNA) are often the target molecule for ancient DNA
research, as they are present in high numbers. Cells may contain 800 or more
mitochondria, and each mitochondrion may contain around 10 copies of its DNA,
increasing the chance of survival of a particular sequence.

DNA is constantly damaged in vivo, although many mechanisms exist to repair this
damage, as DNA is so important to healthy cell reproduction. On death, however
these enzymatic repair systems will no longer be maintained, and autolytic enzymes
are likely to cause the rapid degradation of DNA in most tissue.

1.1.6 Lipids

The majority of lipid found in bone will originate from bone marrow, or from the
flesh around the bone. Evershed et al’s., analysis of modern bone showed that both
acyl lipids and cholesterol can be solvent extracted from the bone, with the yield of
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acyl lipids reducing with distance from the marrow cavity (Evershed er al., 1995).
Cholesteryl esters can also be found, which may originate from the blood or meat

associated with the bone. Bone will also contain phospholipids and calcium acidic
phospholipid-phosphate complexes.

1.2 Taphonomy

‘Bones’ recovered from archaeological and palaeontological sites were once part of
living organisms, but at the point of study are quite different to the bones in vivo. The
changes that occur during this passage are the subject of this thesis, and are often
termed taphonomy, or diagenesis. Both of these terms are borrowed (or arguably
misappropriated) from palaeontology, where such studies originated. An overview of
taphonomy and diagenesis is given briefly here, but for more detail see Lyman (1994).

Taphonomy in its broadest sense is the study of what happens to organisms after they
die. The term was originally coined by J. A. Efremov, (taken from the Greek
meaning the laws of burial) to describe the study of what happens to animals after
they die, and how they become fossilised, i.e. their passage from the biosphere to the
lithosphere. The study of taphonomy deals mainly with degraded bones and teeth,
and shells found in (or on the surface of) the soil, or similar deposit, these being
mineralised body tissues, and thus having the greatest longevity in the biogeosphere
under most circumstances (N.B. only bone 1s considered in this thesis). Although
taphonomy is often used nowadays to describe the study of the passage of other
biological tissue (e.g. plants) into the fossil record. Taphonomy can be considered a
sub discipline of palacontology, or archaeology, dealing with tossilised or partially
fossilised bones and teeth, concerned with the physical and chemical transformations
to the bone. In essence it is the study of the fossilisation process, and not the fossils
themselves, although the study of these processes can reveal much about the fossil.
Fossilisation in these terms is not however useful as fossilisation 1s only one extreme
end-point of the taphonomic process. If we consider taphonomy as the processes that
occur to an animal after its death, it is apparent that these processes are numerous and
varied, and that it may be useful to further subdivide taphonomy (see Figure 1.2-A).
It is also apparent that the ‘end-point’ of these processes is in most cases somewhat
artificial as it is often defined as the point of excavation or discovery of the bone or
tooth, the alternative being the point at which the bone or tooth 1s destroyed as a

recognisable unit.

, _ Burial —— > Excavation
Biostratinomy Diagenesis

Death

TAPHONOMY

Figure 1.2-A. The taphonomic process
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Figure 1.2-A shows the key points in the study of taphonomy. The precise timing of
many of the events in the taphonomic history of a fossil may be difficult to define.
For example burial may take some time for an antelope killed on an African plain,
however over archaeological or geological timescales this may be negligible; in
contrast to the deliberate burial of a human which is well defined. The division
between biostratinomy and diagenesis is in some ways misleading, as in order to
understand the formation of the archaeological and palaeontological record all aspects

should be considered. The distinction between the two is more an accident of the
history of the two sub disciplines.

Biostratinomy was born from palacontology from the need to know how the fossil
record 1s formed. It has thus been largely preoccupied with specimens of geological
age, €.g. animal death assemblages, and early hominid remains. This has traditionally
involved the study of macroscopic and microscopic changes to bones and teeth, their
movement prior to deposition, and the structure and formation of death assemblages
and how these reflect the living populations from which they originate. Diagenesis is
a sedimentological term referring to the chemical changes (both mineralogical and
organic) that occur to sediments as they mature. Arguably tooth and bone (and any
other part of an animal) once they have been deposited in the soil become a
sedimentary unit, or a part of one, and thus the processes that occur to them are by
definition diagenetic. Thus the study of the post burial (diagenetic) changes to bone
have developed trom the soil science and geochemistry disciplines, and tend to
concentrate on changes at the molecular level, e.g. mineralogical transformations,
interaction with the soilwater, changes to the organic matter in bone. Both
biostratinomy and diagenesis are discussed 1n more depth below.

Many aspects of the taphonomic process may appear negligible, but may result in
lasting effects on the bone, and it is thus important to consider all events that may
have an impact on the bone. Strictly, the process (or sequence of events) starts with
the death of the organism, however to understand the end result of the process it may
be important to understand the starting material. A general account of bone has been
given above, but the state of a bone in an individual may depend on the species, age,
sex and state of health. The mode of death will also have an etfect on the bone.
Death can occur in a number of ways; old age, disease, violent trauma, to mention but
a few, some of these may have a direct effect on the bone. For example, violent

trauma may involve the fracturing of bones.

1.2.1 Biostratinomy

The initial stages of taphonomy, from death to burial, can be known as biostratinomy.
The impact of the immediate post-mortem period on bone has not been studied 1n any
detail. At a cellular level, the cells die and undergo autolysis. It is assumed that the
bone cells (osteocytes, osteoclasts, and osteoblasts) will undergo this process,
breaking down their own cellular structures. The overall effect of this on the bone
will be negligible. The autolysis of the surrounding soft tissues may have more
impact, if they are not removed, producing an acidic environment. The breakdown of
the body as a whole may have an important role, releasing gut bacteria into the tissue
in general (Child 1995). These may play a role in microbial attack of the bone. These
latter stages are the result of allowing a corpse to rot. Further to the body’s own
decay mechanisms microbes and fungi will populate the body as a food source, indeed
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the bodies own gut flora may play a part in this. Arthropods will use the body as a
food source and as shelter (Payne 1965, & 1968). These breakdown processes can be
rapid, even in temperate climates, leaving a body skeletonised in a matter of days to
months (depending on the season). Permafrost conditions may 1n effect halt the decay
of the body for hundreds of thousands of years. The direct effect of these processes
on the bone may be difficult to perceive, with the exception of microbial attack (if
indeed this 1s the mode of microbial attack of bone), although removal of the flesh
will leave the bones exposed to weathering and disarticulation of the skeleton. It
should be noted that for a body that is interred soon after death these processes can
also occur, and they can thus also be described as diagenetic.

A number of processes can occur before the onset of the decay of a body, which
prevent it. As noted above one mode of death is via violent trauma, one example of
this 1s predation. Predation will result in the majority of the soft tissue being removed
from the bones, either by the predator, or by subsequent scavengers. This may limit
opportunities for arthropods, and microbes and fungi to colonise the corpse, but again
may leave the bones exposed, particularly to microbial and fungal attack. The effects
of predation and scavenging on bone can be quite marked. Predation can leave bite
marks on the bone, or have a large impact on the bone when it has passed though the
gut of an organism. Gnawing is also a common feature of bone that has been
scavenged. Predation and especially scavenging may be a source of disarticulation of
the skeleton. Bones can also be trampled and crushed under foot, moving and
damaging the bone.

Humans as taphonomic agents are known to have a variety of effects on bone.
Humans can be predators, although cut marks from tools may be a more obvious mark
than biting or gnawing of the bone. They may also use bone and tooth as a raw
material for manufacturing artefacts. Humans also have a variety of methods for
disposing of fellow humans. Burial and cremation are common, although the
conditions of burial can vary greatly. Cremation and burning of bone has dramatic
effects on the physical and chemical properties of bones and teeth (e.g. McKinley &

Bond, 2001).

In addition to the effects of other organisms on the bone, abiotic factors can have
significant effects on the bone. Weathering (wind/rain abrasion, UV light) can cause
bone to move around, polish and crack through shrinkage, and frost action (freeze
thaw) may also cause cracking. These factors can alter the mineral and protein
contents of the bone (Tuross et al., 1989). Additionally environmental factors such as
rivers can play a major role in transporting bone away from its original site ot
deposition before depositing the bone downstream, perhaps cracking and polishing

the bone en route.

Biostratinomy thus deals mainly with the spatial movement of bones and teeth, and
the physical changes that occur mainly on the macro and microscopic scale. Many of
the above processes will have severe effects on the bone, and many bones, especially
from natural deaths, will not survive to be buried, unless they occur in depositional
environments. Some circumstances may ensure burial of a body, such as deliberate
human burial, however this does not ensure long-term survival in the archaeological

or fossil record.
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1.2.2 Diagenesis

The condition of the bone when it enters the soil will determine how it behaves once it
1s there. Bone may be relatively intact in the case of a deliberately interred human, or
very degraded if it has been exposed on the surface for a length of time. Some of the
taphonomic agents that are prevalent during biostratinomy are also relevant to the
diagenetic arena, as plant roots, soil microbes, fungi and arthropods can all potentially
cause damage to the bone, although arguably the most significant agent of decay in
the soil 1s soilwater. Exposed bone in the soil will interact with the ground water, the
extent of which 1s dependent on the hydrological regime around the bone and the state
of the bone 1tself, significantly the porosity, and thus hydraulic conductivity of the
bone (Hedges & Millard, 1995). Soilwater will reflect the soil in which it is in, in
terms of chemistry (e.g. pH, dissolved ions) and this in conjunction with the
hydrological regime will determine the type and rate of changes that occur to the bone
mineral. Mineral alteration can vary from recrystallisation of the hydroxyapatite
phase, to alteration of the mineral phase to another type, via exchange of ions between
the soilwater and the bone mineral, or complete dissolution of the bone mineral. In
addition to the mineral changes the collagen will degrade. Mineralised collagen is a
very resistant material, but after mineral dissolution (or perhaps reorganisation)
collagen will degrade more quickly and will be exposed to potential microbial attack
(Nielsen-Marsh et al., 2000). These changes are discussed in more detail later.

1.3 What is ‘Archaeological bone’?

Part three of this thesis focuses on the measurement of certain physico-chemical
characteristics of bones recovered from archaeological sites. This material
‘archaeological bone’ differs from its biological counterpart in that it is by definition
the end result of a number of transformations (taphonomic processes, detailed above)
that change it from a living bone in an organism to an ‘archaeological bone’ recovered
from an archaeological site. This distinction may be obvious, but it is important — the
material found at archaeological sites is not bone. The effects of the taphonomic
process on bone can vary greatly, from bone preserved in permafrost, which can be
preserved like fresh bones, to complete destruction of the bone, so that the
archaeologist would never know that it existed. In most cases bone is recovered 1n a
state between these extremes, and in many circumstances archaeological bone 1s

physically and chemically different to its original in vivo state.

Fresh (unfleshed) bone is whitish in colour, and is a very strong tough material. It1s
encased in the periosteum, an outer membrane, giving it a waxy appearance. The
bone may also contain blood vessels and marrow in the medullary cavity. This
contrasts to most archaeological bone that is often stained by the soil, will hardly ever
contain marrow, or other adhering soft tissue, and is often softer and more friable than
rresh bone. The reasons for this change in the bone are that the bone has
fundamentally altered both physically and chemically, as a result of the taphonomic
process. The bone mineral has become more crystalline, or may have changed to a
slightly different mineral phase (e.g. brushite, or francolite), the collagen has
deteriorated and been leached from the bone, the bone has become more porous (with
the exception of lithified material), and the bone may have damage to the histological
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structure caused by microbial attack. This can leave the bone physically weaker than

fresh bone. These changes are detailed in section 1.5 and are caused by the agents
that act during the taphonomic process.

1.4 Bone as an archaeological resource

Bone 1s a valuable archaeological resource because it is one of the most frequently

recovered biological materials from archaeological sediments, and can provide a lot of
data about human and animal populations and activities.

Most human material found at archaeological sites will be from deliberately interred
individuals, and is thus the most direct evidence of human activity at a site. Firstly,
the burial itself provides data on the burial rites conducted by the society. Someone
must have buried the individual in the manner that they have for some reason.
Secondly the occupant of the grave presumably reflects the past society in some way.
These interpretations may be aided by the biological data and/or cultural data from the
bunal.

Bone 1tselt can provide data at a number of levels, the morphological and metric
characteristics of a bone can be used to infer the species, age, sex, and physical stature
of the individual. This data has applications tor palacoanthropology, reconstructing
palacodemography, and archaeozoology. In the case of the latter bone can be used to
infer domestication of species, or the demographic structure ot a cull assemblage may
be characteristic of a certain animal husbandry strategy (e.g. dairying), and of course
this has palaeodietary implications. In addition, at a macroscopic level bone can be
used as a source of palacopathological data, where a number of medical conditions,
such as tuberculosis, leprosy, syphilis, neoplasms, and osteoporosis leave lesions or
other traces on the bone. Bone can also provide direct evidence of trauma to
individuals, showing injuries, such as fractures, or healed fractures.

Bone is an invaluable resource for evolutionary biologists as fossil bone is sometimes
the only evidence for extinct species. The biostratonomic marks left on the bone can
be used to interpret site formation process, and thus provide evidence on the
formation of the fossil record. Natural death assemblages (assuming the formation
processes are understood) provide data for palacoecological reconstruction (Shipman,

1981, Behrensmeyer, 1991).

Bone is also a source of data at the molecular level that can be used to complement
the macroscopic data. The organic molecules in bone can be analysed for a variety of
purposes. The isotopic ratios of both carbon and nitrogen in the bone collagen are
used for palaeodietary inference and carbon for radiocarbon dating (Ambrose & De
Niro, 1986, Hedges & Law, 1989). Osteocalcin remaining in the bone may be of
debatable value for the same purposes (Ajie, et al., 1991, Burky et al., 1998), but may
prove useful for molecular evolutionary analysis (see Ostrom ez al., 2000).
Associated proteins such as albumin and immunoglobulins have been detected 1n
ancient bone using immunological techniques (e.g. Catteneo et al., 1992a and b). The
ability of immunological techniques to distinguish between species makes them a
potential tool to determine the species of fragmentary bone, where diagnostic parts are

missing.
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DNA has been extracted from bone and been used to provide data to help answer a
number of archaeological questions. DNA can be used to 1dentity the sex of remains
that 1s otherwise difficult morphologically, e.g. where diagnostic parts of the skeleton
are missing, or in infants (e.g. Gotherstrém et al., 1997; Mays & Faerman, 2001), and
used to reveal patterns of kinship amongst individuals (G6therstrom et al., in press a).
Ancient DNA (aDNA) extracted from bone has also been used to provide data on the
genetic relationship between modern humans and Neanderthals (Krings et al., 1997,
Ovchinikov et al., 2000, and Krings et al., 2000). Bone is also a source from which to

extract DNA from foreign organisms, such as that of leprosy, tuberculosis and malaria
(e.g. Haas er al., 2000; Taylor et al., 1996).

Bone lipids have been a somewhat overlooked resource, although recent studies have
proposed their utility for isotopic analysis to complement stable isotopic studies of
bone collagen. Cholesterol has the ability to survive intact in archaeological bone
(unlike collagen), thus the isotopic signal of cholesterol is known to be faithful to the
dietary one. It also provides information on an alternative metabolic pathway to that
of protein (Stott & Evershed 1996; Stott et al., 1997; Stott et al., 1999). Like DNA,
bone is also a source of lipids from foreign organisms (Gernaey et al., 2001).

Bone mineral can also be analysed for chemical information (see Lee-Thorp & van
der Merwe, 1991 and refs therein). Unless bone is preserved exceptionally the
organic fraction is the most labile, and will not survive in very old fossils, thus the
above avenues of investigation are lost. Stable 1sotopic analysis of carbon from the
mineral carbonate has been used to infer palaeodiet of fossil hominids (e.g. Lee-Thorp
et al., 2000). Bone strontium (both the 1sotopic ratio and Sr:Ca) 1s another possible
source of palaecodietary information potentially revealing trophic levels of species
with 1n food chains, although there is some debate surrounding this work (Sillen &
Sealy, 1995). Oxygen isotopes from bone phosphate have been similarly used to
make inferences about palaecoclimate (Iacumin ez al., 1996) Although tooth enamel is
the preferred substrate for these analyses, as tooth enamel biogenic signals are
apparently less prone to diagenetic change than those of bone. Bone can also be used
for Uranium series dating Millard & Hedges, 19935.

Bone contains a wealth of information that can be used to make inferences about past
individuals, societies, economies, and the palacoenvironment in which these are set,
however the taphonomic process can completely destroy, alter and obscure many of
the potential sources of information contained in bone; this is discussed below.

1.5 Taphonomic effects on bone

The taphonomic history of a bone will affect its physical and chemical properties.
Bone retains information at a number of different levels, from the macroscopic to the
chemical level, and different states of preservation will potentially result in the
different levels of information being lost or obscured. For example, a fully lithified
fossil may contain perfect morphological and histological consistency with its original
form, however the mineral phase will be entirely different to the original, and there
will be no collagen remaining, allowing morphological analysis but not chemical
analysis. Contrast this with a site where the bone retains some collagen, and maybe
DNA. but is friable or broken, or where the bone has been destroyed 1n its entirety.
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All these outcomes can be observed in the spectrum of preservation types of
archaeological bone, and they all have different outcomes for the potential data
available to the archaeologist. It is thus important to understand how different
taphonomic events affect or bias the bone, in order that they may be accounted for in
interpreting the information from archaeological bones, or bone assemblages.

The archaeological and fossil record is the direct result of the various taphonomic
processes that have occurred at the site from which the material has been excavated.
For the sake of simplicity a number of aspects of bone diagenesis (and how they are
assessed) are described below: detailing the physical and chemical changes that occur
to bone during the taphonomic process, and how they are measured. However, it
should be noted that the divisions are artificial and the processes that cause them can
act on many aspects of the bone at once.

One very important outcome of the taphonomic process 1s the complete destruction of
the bone, or possibly more importantly differential preservation of bone. Preferential
loss of small bones may give a bias to larger species in bone assemblages. This can
impact on demographic interpretations if juvenile or female bones are preterentially
lost if they are more gracile. Systematic loss of certain skeletal elements may give
false evolutionary information in fossil specimens. A good example of the impact of
differential preservation is the discovery of the Neanderthal hyoid bone, a small and
presumably labile bone (Arensburg et al., 1989). The discovery of this bone has led
to reappraisals of Neanderthal linguistic abilities, and of course has repercussions for

the definition of the human condition.

A better knowledge of the effects of taphonomy can help to account for such biases 1n
the fossil record. The physico-chemical changes to bone need to be understood to
account for their effects on the quality of data derived from archaeological bone.
Furthermore an understanding of taphonomic changes can help guide policy in the
realms of research and cultural resource management. A better knowledge of how
biomolecules survive in bone will allow researchers to target resources on studying
bones with greater chances of yielding them. If the effects, on the bone, of changing a
site’s environment are known then this will enable decisions to be made about

archaeological site management.

The following sections detail some of the key taphonomic changes that occur in bone.

1.5.1 Microbial attack —histological damage

Microbial attack of bones is a well documented phenomenon and has been known
about for at least two decades (Hackett, 1981). Garland describes four types of
microscopic focal destructions (MFDs) observed under light microscopy in
archaeological bone, which are attributed to the incidence of bacterial and/or fungal
attack (Garland 1987). MFDs are areas of the histological structure that have been
damaged by microbiological agents, which have characteristic shapes. They
apparently follow the histological structures of the bone, 1.e. parallel to the Haversian
system, and contours of the lamellae, although this is difficult to judge as they are
observed in cross section. They appear as holes or pitted areas in the histological
structure of the bone, and often have a hypermineralised edge. The types of MFD are
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distinguished by their diagnostic shapes which may be dependent on the type or types
of organisms responsible.

Despite the longevity of these studies a number of key questions rem<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>