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ABSTRACT

Bone is a complex heterogeneous composite material with organic and

inorganic components. The inorganic component; bone mineral, is a poorly

crystalline, non-stoichiometric form of calcium hydroxylapatite. A model for the

general structure and composition of bone mineral has been established within

the literature. However, the nature and extent of variation in bone mineral

composition and structure has, to date, been poorly understood. This situation

also applies to the general response of bone mineral to heat treatment and

variation in this response.

This thesis presents the results of an investigation of inter-species variation in

bone mineral characteristics of unheated bone and bone heated to

temperatures of 600 °C and 1400 °C. Twelve different animal species were

investigated, including human bone. X-ray diffraction analysis was the primary

analytical technique employed. The Rietveld method of full profile fitting of

diffraction data was used to quantitatively investigate characteristics of

unheated and heated bone such as the weight percentages of the thermal

decomposition products of bone mineral. Infrared spectroscopy, inductively

coupled plasma – atomic emission spectrometry, pyrohydrolysis – ion

chromatography and combustion – gas chromatography were also employed to

obtain further data regarding the chemical composition of bone. Biological
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control of bone mineral composition and structure and the chemical basis for

the variation observed within the results were explored.

Significant inter-species variation in bone mineral composition and structure and

also, the response of bone to heat treatment have been demonstrated by the

results of this thesis. In particular, human bone is significantly different from

bone of all other species investigated.
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CHAPTER 1 – INTRODUCTION

1.1 – THESIS OUTLINE

This thesis presents the results of an investigation into inter-species variation in

bone mineral characteristics of unheated bone and bone heated to 600 °C and

1400 °C. The research employed the analytical techniques of X-ray diffraction

(XRD) analysis, infrared (IR) spectroscopy, inductively coupled plasma – atomic

emission spectrometry (ICP-AES), pyrohydrolysis – ion chromatography (P-IC)

and combustion – gas chromatography (C-GC). Each technique is introduced in

chapter 3. Bone mineral is introduced in chapter 2 within the context of current

knowledge of bone mineral composition and structure characteristics.

The rationale for the investigation into inter-species variation in bone mineral

characteristics is discussed in chapter 1 within the context of species

identification of skeletal material. The potential for the development of a new

method of species identification using X-ray diffraction analysis is proposed.

The research aims and hypotheses are presented in chapter 4 together with

details of the materials used and methods employed. Results are presented in

chapter 5. These are discussed in chapter 6 within the contexts of: defining

general characteristics of unheated and heated bone, the extent of inter-species

variation, the explanation of the observed variation from both a biological and
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chemical basis and, the implications for the proposed method of species

identification using XRD analysis.

The conclusions of the research, a summary of the contribution to knowledge

resulting from the work and a number of suggestions for further research are

presented in chapter 7.

1.2 – BIOLOGICAL CLASSIFICATION

The diversity of life on Earth is tremendous as many millions of different

organisms exist. The study of biological variation between different organisms,

over many years, has enabled their classification into groups (taxonomy). An

organism can therefore be identified as a member of a particular group based

on its biological traits (characteristics).

One level of classification is the assignment of organisms as either vertebrate or

invertebrate (at the sub-phylum level). The vertebrate category contains many

classes, including the Mammalian, Avian (bird), Reptilian and Amphibian animal

classes. Each of these classes is further divided into genus categories and each

genus category can contain many different species. Figure 1.1 shows an

overview of taxonomic classification categories from the phylum level to species

level, using species investigated in this thesis as examples. Names that are

commonly used to refer to each species or genus are shown in brackets and for

ease of reference, these terms are used throughout this thesis. The rationale for

the choice of these species is discussed within chapter 4.
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Figure 1.1 – Overview of taxonomic classification categories, from phylum to species
levels, using the species investigated within this thesis as examples

Membership of the vertebrate category is generally defined by the possession

of a vertebral column (spine), a brain case and an endo-skeleton (internal

skeleton). Generally, the internal skeleton is comprised of a hard mineralised

tissue (bone) and is a jointed system of a number of skeletal elements (bones)

[1]. A diagram of the anterior and posterior aspects of the human internal

skeleton is shown in Figure 1.2.
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Figure 1.2 – Diagram showing anterior (left of diagram) and posterior (right of diagram)
aspects of the human skeleton[2]
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Many biological characteristics are used in the taxonomic system of

classification of organisms. These include anatomical characteristics of the soft

tissues as well as characteristics of the internal skeleton. However, it is not

always possible to consider all biological characteristics when classifying an

organism. For example, when the remains of an organism are discovered in an

archaeological context, often only the internal skeleton is present and so soft

tissues cannot be considered. In such cases, it is often still possible to

distinguish between different species due to known inter-species variation of

skeletal characteristics [3, 4].

1.3 – SPECIES IDENTIFICATION OF SKELETAL MATERIAL

Skeletal characteristics can be grouped into sets of similar characteristics such

as; macro-scale morphology (size and shape), micro-scale histology

(microscopic structural architecture), immunohistochemistry (specific antibody

to antigen binding in bone tissue proteins), and DNA (deoxyribonucleic acid)

characteristic groupings. These sets are used in established methods of

species identification of skeletal material [5].

Groups of skeletal characteristics are used to unequivocally determine species

because, in most cases, it is not possible to distinguish all species from each

other based on a single skeletal characteristic. The range of variation in a

skeletal characteristic between organisms of the same species (intra-species

variation) can be considerable and ranges of intra-species variation can overlap

for some species resulting in no significant inter-species difference. For the
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same reasons, it may not be possible to distinguish between the internal

skeletons of some species based on a single group of skeletal characteristics

and it may be necessary to consider several groups of characteristics

together [6].

There are numerous practical applications that rely on being able to identify

species from skeletal material (see section 1.4). Several general approaches for

the identification of species have been developed, each based on a group of

characteristics. These are briefly discussed in sections 1.3.2 – 1.3.5. In most

cases, these are successful methods. However, each method has limitations

that prevent success in some situations.

1.3.1 – BONE ALTERATION

The alteration of bone is a major limiting factor for all methods of species

identification. Alteration generally occurs through natural or anthropogenic

(human activity) processes once bone is removed from an organism [7-9].

Alteration can also be induced in vivo, through anthropogenic processes such

as enforced diets or surgical procedures [10, 11]. Examples of some of the

many processes that can result in the alteration of bone include; diagenetic

processes (change due to burial), specimen preparation and storage processes

prior to analysis of bone in research studies and, the heat treatment of bone [8,

12-19]. Alteration results in changes to skeletal characteristics from their

biologically controlled state in vivo (within a living organism). Severe alteration

of bone can even obliterate some skeletal characteristics. Inevitably, the
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measurement or observation of skeletal characteristics is mostly carried out on

bone that has been altered to some extent.

1.3.2 – DNA ANALYSIS

Species identification using DNA (deoxyribonucleic acid) obtained from bone

has a greater ability to successfully identify the species of an organism,

compared to other methods. However, DNA characteristics of bone are very

susceptible to bone alteration and it is not always possible to obtain DNA [20,

21]. Even if DNA can be obtained, DNA characteristics of bone may not be

considered when identifying species from skeletal material, due to the high cost

of DNA analysis [22].

1.3.3 – MACRO-SCALE MORPHOLOGY

The consideration of macro-scale morphological characteristics of the internal

skeleton is the most common approach used for species identification of

skeletal material. Biological variation in morphological characteristics of the

internal skeleton and individual bones is related to the considerable variation

between species; in the average size of an organism and its locomotion

(movement and stance). This method results in a good ability to discriminate

between species and has an advantage over other methods, in terms of cost.

However, the method is particularly limited for skeletal material that has been

altered by fragmentation, weathering, burning or pulverization.
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1.3.4 – HISTOLOGY

A method of species identification based on micro-scale histology was initially

developed prior to the development of DNA analysis [23-27]. It is now generally

only employed when methods based on macro-scale morphology and DNA

characteristics have not been successful or when a budget for DNA analysis is

not available. It has a poor ability to distinguish species, primarily because

variation in histology characteristics of bone is difficult to quantify. In general, it

is only possible to classify an organism to a group of many possible species

based on histology characteristics [28]. Even so, there is continued research

into the development of this method due to the cost implications of DNA

analysis [29, 30].

1.3.5 – IMMUNOHISTOCHEMISTRY

Species identification based on immunohistochemistry characteristics of bone is

occasionally used when it is not possible to apply any of the techniques

previously discussed in this chapter. It is particularly limited when alteration of

bone results in poor preservation of species-specific proteins within bone tissue

[31]. It is also restricted by the need for a candidate list of possible species and

the considerable length of time taken for the analysis [5, 32, 33].
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1.4 – PRACTICAL APPLICATION OF SPECIES IDENTIFICATION

The methods of species identification that have been discussed within this

chapter are used in a variety of practical applications that require the species

identification of skeletal material. Despite their limitations, they are used in the

absence of any suitable alternative methods. Examples of such practical

applications include the analysis of bone in; forensic investigations,

archaeology, custom authority investigations and, in the screening of animal

feed. Each of the examples is briefly discussed in sections 1.4.1 through to

1.4.4.

1.4.1 – FORENSIC INVESTIGATIONS

Bone is often recovered during forensic investigations. These may include

single murder cases, multiple murder cases and disaster victim identification

operations. Bone recovered in these cases is often fragmented and has

undergone extensive weathering; in some cases it may have been burnt or

pulverised [34-36]. Examples of investigations where bone has been recovered

in such conditions include; the collapse of the World Trade Centre towers in

2001, the London Underground bombings in 2005 and the investigation into

mass murder, believed to have been carried out by Canadian pig farmer, Robert

Picton over a number of years, since approximately 1980.
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Identification of species is the primary line of enquiry in the analysis of bone

recovered in these cases and further investigation is restricted when species

identification cannot be determined [37]. Unfortunately, poor bone condition can

prevent conventional methods of species identification from being successfully

applied [38].

An example of a homicide forensic investigation within which, bone shards were

recovered and species identification was attempted, has been published in the

forensic academic literature [39]. A microscopic examination of the shards was

conducted in an attempt to determine whether the fragments were human or

deer bone. The study concluded that the bone fragments were human and,

faced with this information, the suspect in the case confessed to the murder.

However, the results of the study were never tested in court [39] and the

limitations of bone microscopy as a method of species identification could have

made a strong argument for the defence, against the admissibility of the study

as evidence. The case occurred prior to recent significant advances in the

capability of DNA analysis. However, it is doubtful, if it had been available,

whether DNA analysis would have been successful in identifying the bone as

deer or human, due to the small amount of bone available for analysis. It could

also be debated whether DNA analysis would even have been used due to the

high cost of the analysis.
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DNA analysis is generally used in forensic cases for the purpose of

identification of human individuals. DNA analysis to determine human identity is

different to that used to determine species [40]. An ideal approach would be to

firstly determine species and whether the bone is human. Further analysis can

then be conducted on human bone to establish human personal identity.

However, DNA analysis is often carried out to establish human identity without

the species first being identified. This is due to the time taken for DNA analysis

and the limitations imposed by small bone samples, in addition to high costs.

However, a limitation of this approach is that uncertainties arise when the DNA

analysis is not successful in producing results. These could be due to the fact

that the bone is human but DNA analysis is not possible, or that the bone is

non-human. An example of an investigation where this approach was adopted

was in the disaster victim identification operation following the collapse of the

World Trade Centre towers.

1.4.2 – ARCHAEOLOGY

Bone assemblages are often recovered during archaeological excavations and

are an important component of archaeological evidence. The interpretations

made from the study of archaeological bone can be of considerable value to the

understanding of past human activity and culture [41, 42]. An integral part of

these studies is the determination of species from bone fragments. Identification

of species is the initial step in any archaeological analysis of bone and all

subsequent interpretations rest upon that determination [43]. For example, the

identification of bone as sheep or goat bone is important to studies that
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investigate the development and expansion of prehistoric pastoral economies,

herding strategies and animal production. Sheep and goat species differ in

terms of their diet and environmental requirements and are often kept by

humans for different economic purposes [44]. However, there are few macro-

scale morphology characteristics that exhibit sufficient inter-species variation for

sheep and goat bone to be distinguished.

Furthermore, mixtures of human and non-human bone are often recovered from

within the same archaeological context (deposit) [45, 46]. Both human and non-

human archaeological bone is often fragmented and weathered [47]. Whilst it is

possible to identify the majority of bone fragments based on morphological

characteristics, this is not always possible [3]. In some cases, it is possible to

identify a group of possible species. In the case of sheep and goat, bone is

categorised as sheep-goat [48, 49]. In some cases, it is simply only possible to

categorise the bone as a fragment from a large or small animal and when this is

not possible, bone can only be labelled as ‘unidentified’. Further analysis to

identify species is rarely carried out. This decision is generally based on

considerations of cost, time and the potential gain in information. However,

unidentified fragments can introduce a bias into studies of archaeological bone

[50].
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1.4.3 – CUSTOM AUTHORITY INVESTIGATIONS

Legislation exists in most countries regarding the export and import of bone

material and customs authorities are tasked with ensuring that this legislation is

adhered to [51]. In particular, there is concern over the illegal export and import

of bone from endangered species [52]. However, bone material encountered by

customs authorities is often in the form of carved bone objects or powdered

bone, especially in the form of a medicine and therefore mixed with other

materials [53]. It is often difficult, or even impossible, to determine the species

of origin of such material using methods of species identification that are

currently available [54].

1.4.4 – SCREENING OF ANIMAL FEED

The use of animal feed that contains bone material is heavily legislated. Many

countries ban the practice of using animal feed that contains bone material from

the same species as the animals being fed. Such legislation exists due to

concerns about veterinary and human health risks associated with the

transmission of diseases such as bovine spongiform encephalopathy (BSE)

[55]. Bone material may be present in animal feed due to a variety of reasons.

These include; the accidental capture of small animals such as field mice, within

the feed at the time of harvest and, the incorporation of bone material from

fertilisers that contain bone meal and that are used in growing animal feed crop.
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Many countries have well-established animal feed screening protocols in place.

In general, current protocols use microscopy to initially determine whether bone

fragments are present and, when possible, DNA analysis or

immunohistochemistry techniques are used to analyse recovered bone

fragments [56]. However, the usefulness of current protocols is often severely

limited due to the bone material within animal feed being present in low

contamination levels, being of small fragment size and having previously

undergone heat treatment as part of feed processing. There have also been

published calls for the development of reliable methods of identifying material of

ruminant species such as cow, deer, goat and sheep from other species that

are also both cost and time-effective [57].

1.4.5 – DEVELOPMENT OF A NEW METHOD OF SPECIES IDENTIFICATION

The above examples of practical applications that rely on species identification

of skeletal material demonstrate the need for new methods that overcome the

limitations of those currently available. A method of species identification based

on the measurement of variation in bone mineral characteristics, using X-ray

diffraction (XRD) analysis has the potential of successfully addressing this

need. X-ray diffraction analysis is increasingly being used in the analysis of

skeletal material within the contexts of these practical applications [35]. The

bone mineral component of bone has a general structure and composition that

is able to accommodate considerable variation. Also, it is possible to carry out a

cost-effective and high-throughput, reliable and highly sensitive analysis of

small quantities of bone material, using X-ray diffraction analysis.
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In order to determine whether the X-ray diffraction analysis of bone mineral can

be developed as a new method of species identification, the nature and extent

of inter-species variation in bone mineral characteristics must first be

investigated. Such investigations must also utilise other analytical techniques to

obtain additional information about the structure and composition of bone

mineral which is of valuable assistance in obtaining a more comprehensive

understanding of inter-species variation in bone mineral. The analytical

techniques employed for this research are introduced and discussed within

chapter 3. Prior to this, the structure and composition of bone mineral is

introduced in chapter 2, along with a discussion of bone mineral variation.
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CHAPTER 2 – BONE MINERAL AND ITS VARIATION

2.1 – BONE

The internal skeleton of an organism fulfils a number of different functional

roles. These include mechanical functions of support and protection of the soft

tissues of an organism and facilitation of movement [58]. In addition, the internal

skeleton fulfils a synthesis role in the production of blood cells. It acts as a

reservoir for ions that are essential to metabolic processes and a storage

reservoir for fatty acids [59]. It also provides protection against excessive

changes to blood pH levels and a mechanism for the removal of toxins, such as

heavy metals, from blood [60].

The complexity of both the structure and composition of the internal skeleton is

a reflection of the many different functions it fulfils. The internal skeleton is a

dynamic collective tissue system that includes marrow, cartilage and blood

vessels and, a hard mineralised tissue (bone). Bone itself is also a dynamic and

complex composite material with a highly organised hierarchical structure [59]

(see Figure 2.1). On the nano-scale bone consists of bone mineral crystals that

are located within an organic component matrix of collagen fibrils, non-

collagenous proteins and water [59]. The bone mineral component of bone is

the focus of subsequent sections of this chapter.
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Figure 2.1 – Structural features of bone [61]

2.2 – CALCIUM HYDROXYLAPATITE

Calcium hydroxylapatite (HAP) is a structural prototype for bone mineral [62-

65]. It has also been identified as the prototype for the mineral component of

teeth [59, 62, 66, 67] and as one of the components of most pathological

calcifications (biological stones) such as urinary calculi (kidney, bladder or

urether stones) [68]. It also exists as a natural geological mineral and can be

produced synthetically [62, 69-71].
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Calcium hydroxylapatite (or calcium hydroxyapatite) consists of calcium ions

(Ca2+), phosphate ions (PO4
3-) and hydroxyl ions (–OH) [62]. It has the general

empirical formula shown in Equation 2.1. It is a crystalline material and its

structure consists of unit cells, each containing two general formula units of ions

that are in specific positions, relative to one-another [62] (see Figure 2.2). A

repetitive array (crystal lattice) of the unit cells form crystals of calcium

hydroxylapatite [64].

)()( 345 OHPOCa

Equation 2.1 – General chemical formula of calcium hydroxylapatite

The crystal lattice of calcium hydroxylapatite is dominated by the phosphate

ions which are stacked in a closely packed arrangement [62]. There are

interstices (holes) between the phosphate ions and the positions of some of

these interstices create channels through the structure [62, 72] (see Figure 2.2).

The hydroxyl ions and some of the calcium ions are located within the channel

interstices [62, 72]. Four calcium ions in each unit cell which are referred to as

Ca2+ (I) ions are positioned within channel interstices. The remaining six

calcium ions in each unit cell are referred to as Ca2+ (II) ions [73]. These include

two complete ions plus eight ions on the faces of a unit cell that each count as

half an ion to the unit cell. They are spatially arranged in sets of triangles, with

respect to each other in the crystal lattice [73]. They are located within

interstices that are not within the channels but form part of the hydroxyl ion

channel walls [72, 73].
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Figure 2.2 – Crystal lattice structure of stoichiometric calcium hydroxylapatite (HAP) with
hydrogen atoms omitted and atomic radii reduced for clarity. The diagram shows the
crystal lattice viewed down the ‘c’ axis and shows two unit cells along each axis: a, b

and, c (diagram created using Crystallographica software, version 1.53)

The structure of calcium hydroxylapatite can be described in terms of its

symmetry and in general, this is hexagonal, with the space group; P63/m [62]. It

has characteristic unit cell dimensions (lattice parameters) and these are:

a = b = 9.42 Å and c = 6.88 Å [62] (see glossary). It also has characteristic

atomic and weight ratios of calcium to phosphorous, which are 1.67 (10 atoms

per unit cell/6 atoms per unit cell) and 2.16 (39.9 gmol-1/18.5 gmol-1)

respectively [74].
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Calcium hydroxylapatite can also adopt a monoclinic structure with a space

group of P21/b [75]. It has this symmetry due to the ordering of hydroxyl ions

within and between channels [75]. HAP with a monoclinic structure has hydroxyl

ions that are orientated in the same direction within an ion channel [75]. Rows

of channels adopt the same orientation and the orientation alternates between

adjacent rows [75]. The unit cell of monoclinic hydroxylapatite is larger than that

of hexagonal hydroxylapatite. It contains four of the general formula units and

the lattice parameter value for ‘b’ is double that of ‘a’ [75]. However, the

monoclinic structure is only observed under exceptional conditions such as the

heating of calcium chloroapatite (Cl-AP) single crystals in steam at 1200 °C [75]

(see glossary).

The above descriptions of the hexagonal and monoclinic structures of calcium

hydroxylapatite have assumed stoichiometric compositions and structures. They

each relate to a crystal lattice that is free of defects and they can be considered

as ideal prototypes. However, crystalline materials can possess defects [76].

These generally exist in the form of ion site vacancies, ion substitutions and

interstitial ions. Defects cause structural disorder and lattice strain within

crystals [71]. In calcium hydroxylapatite, this includes disorder in the hydroxyl

ion channels [76]. Therefore, calcium hydroxylapatite generally adopts the

hexagonal structure due to the presence of crystal defects [73, 75].

Furthermore, the prototype hexagonal structure is not strictly stoichiometric

because its symmetry allows hydroxyl ion disorder.
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Calcium hydroxylapatite has a very stable structure due to the close packed

arrangement of the phosphate ions [77]. The HAP crystal lattice is able to

tolerate many defects. These can include the substitution of many different ions

within the lattice and the adsorption of a range of different ions onto crystal

surfaces. Therefore, calcium hydroxylapatite materials, including bone mineral,

have complex heterogeneous compositions and structures, with many

deviations from stoichiometry [74].

Current knowledge and understanding of the composition and structure of bone

mineral has been achieved through the study of other biological, geological and

synthetic hydroxylapatites, in addition to direct studies of bone mineral [65, 74,

78-88]. However, the focus of the subsequent discussion is the structure and

composition of natural bone mineral in particular.

2.3 – BONE MINERAL (BIO-APATITE)

The calcium hydroxylapatite of bone mineral is widely referred to as bio-apatite

(b-HAP) [59, 89]. The use of this term acknowledges that calcium

hydroxylapatite is a prototype for bone mineral and also that bone mineral is

distinct from stoichiometric calcium hydroxylapatite and from other natural and

synthetic calcium hydroxylapatites [59, 79, 88].
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A general and simple description of bio-apatite is: a poorly crystalline, nano-

crystalline calcium hydroxylapatite that is deficient in calcium and hydroxyl ions,

contains carbonate, sodium, magnesium, potassium, fluoride and chloride ions

and a variety of other ions in various quantities both within the crystal lattice and

on crystal surfaces and which, has a complex and intimate relationship with the

organic component of bone [79, 90-92].
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10 > a > 0 10 > b > 0 10 > (a + b)

6 > c > 0 6 > d > 0 6 > (c + d)

2 > e > 0 2 > f > 0 2 > (e + f)

Equation 2.2 – Proposed general chemical formula for bone mineral (bio-apatite)
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A general chemical formula for bio-apatite is proposed in Equation 2.2. The

formula is based on that of stoichiometric calcium hydroxylapatite but considers

both lattice substitutions and vacancy defects for calcium, phosphate and

hydroxyl ions. Examples of some of the substituting ions are presented below

the formula. Individual ions are deliberately not specified within the formula due

to uncertainties regarding the quantity of each type of substituting ion. Many

different formulae for bio-apatite have been proposed within the literature as a

result of previous research into bone mineral chemistry [93]. Generally, these

are variations of Equation 2.2 that specify quantities for selections of

substituting ions. However, they are inevitably not comprehensive in terms of all

ion substitutions present within bio-apatite and represent best approximations.

Furthermore, the general formula presented in Equation 2.2 and those

presented within the literature do not include adsorbed surface ions.

Despite the complex nature of bone mineral and the challenges of its

characterization [62], it is perhaps the most studied natural mineral and as a

result of this numerous characteristics of bone mineral have been investigated

over many years [62, 94, 95]. These include; the amount of bone mineral in

bone and groups of characteristics such as, chemical composition and crystal

structure characteristics.
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2.4 – BONE MINERAL VARIATION

It is clearly evident from the published results of previous studies that variation

exists in bone mineral characteristics between different studies and also within

individual studies [96-101]. For example, there is considerable variation in the

values reported for the amount of bone mineral, as a percentage of the total

mass of organic and inorganic components and in the amount of carbonate in

bone mineral, as a percentage of the total mass of the inorganic component

[102]. Due to the variation encountered, ranges of values are often quoted when

summaries of bone mineral characteristics are presented and referred to within

the published literature [69, 94, 103, 104].

2.4.1 – BIOLOGICAL VARIATION

The variation observed in the results of investigations into bone mineral

characteristics has often stimulated the proposal and discussion of causal

explanations [63, 93, 96]. It is generally accepted that a significant proportion of

the variation has arisen as a result of dynamic adaptation in response to

changes in biological and environmental functional requirements of bone [58,

105-108]. This adaptation occurs throughout the lifetime of an organism [59,

109-111] and it is likely that sustained adaptation has occurred, through

evolution, over many generations. This explanation is supported by evidence of

trends within observed variation, due to factors such as age, diet, disease,

habitat and habitual activity, for organisms within the same species group [59,

109, 112-128]. Furthermore, studies have shown that there is inter-species
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variation for a number of bone mineral characteristics [89, 102, 107, 126, 129-

131].

2.4.2 – EXTENT OF BIOLOGICAL VARIATION

Although there is a general acknowledgement of biological variation in bone

mineral characteristics within the field of bone mineral research, the nature and

extent of this variation is poorly understood for the vast majority of bone mineral

characteristics [102]. This situation is due to the fact that bone is a biological

composite material that has a complex, and ironically, a highly variable

composition and structure. The challenges of the characterisation of bone

mineral have resulted in the primary focus of much previous research being the

development of a general model for the structure and composition of bio-apatite

[62, 81]. This has been achieved through the determination of the general

characteristics of bone mineral. Knowledge of the general characteristics is

essential to the determination of the boundaries of biological variation of bone

mineral characteristics. However, numerous analytical techniques and an even

greater number of experimental methods have been employed for investigations

of general characteristics, over many years. Inevitably, this has lead to the

introduction of variation in presented results for bone mineral characteristics

that is not due to biological variation, but is due to experimental factors. In

addition, there is variation in the physical meaning of values of characteristics

that are reported within the literature as representing the same characteristic.

For example the weight percentage of bone mineral in bone is reported in many

studies but there is considerable variation in the measurement of this
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characteristic. Furthermore, over time there have been changes to general

consensus regarding proposed models for bone mineral, such as the dismissal

of the proposal that a separate calcium carbonate phase is an additional

mineral component of bone [82, 132, 133]. These factors hinder attempts to

establish the extent of biological variation from a review of the published

literature.

With a general model for bone mineral composition and structure now well

established and advances in analytical techniques providing improved

capabilities for the measurement of bone mineral characteristics, the lack of

understanding of the nature and extent of biological variation in bone mineral

characteristics should be addressed. This thesis has done so for a number of

characteristics of bone mineral, each of which are introduced in chapter 4. The

techniques employed in the measurement of these characteristics are

introduced in chapter 3. Characteristics of unheated bone and bone heated to

600 °C and 1400 °C were measured. Therefore, the general response of bone

to heat treatment and the rationale for investigating heated bone mineral

characteristics are discussed in section 2.5 and also, in section 3.1 with respect

to X-ray diffraction analysis. The rationale for using the temperatures of 600 °C

and 1400 °C is presented in chapter 4.
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2.5 – HEAT TREAMENT OF BONE

2.5.1 – GENERAL RESPONSE OF BONE TO HEAT TREATMENT

Bone is physically and chemically altered when it is subjected to heat treatment

[38, 134-137]. On heating, the organic component undergoes combustion and is

released from bone as gaseous products such as water vapour (H2O(g)) and

carbon dioxide (CO2(g)) [103]. The combustion of the organic component results

in the shrinkage of bone and a loss of mass [103]. Bone tissue often cracks and

fractures during heating or upon cooling [138, 139]. The loss of the organic

component also causes heated bone to be more brittle compared to unheated

bone [140].

Heat treatment of bone above approximately 500 °C results in the

recrystallisation of the bio-apatite mineral phase with increases in crystal size

and perfection (crystallinity) [134, 141-148]. An increase in material hardness of

heated bone when compared to unheated bone has been attributed to an

increase in crystal size on heating bone above approximately 500 °C [149].

Also, the bio-apatite crystal tends towards an equidimensional hexagonal

crystal habit [103, 141, 145]. Gases such as water vapour and carbon dioxide

are released from the bone mineral lattice and crystal surfaces [104, 150, 151].

However, ions may also be incorporated into the lattice from crystal surfaces.

Furthermore, the process of combustion of the organic component alters the

local atmospheric environment of the bone mineral and provides another

potential source of ions that are available for incorporation into the lattice and
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for adsorption on to crystal surfaces. The extent to which any incorporation and

adsorption occurs has not as yet been clearly established [152].

When bone is heated to high temperatures (above approximately 800 °C),

decomposition of the bio-apatite phase occurs and additional mineral phases

are formed as decomposition products [100, 153]. The number of

decomposition products detected increases with increasing temperature [143,

154]. Both the combustion of the organic component and changes that occur in

the bone mineral cause heated bone to differ in colour compared to unheated

bone [155] and for bone to lose macro and micro-architectural structure on

heating. Bone melts when heated to temperatures around the melting point of

calcium hydroxylapatite (approximately 1600 °C) and calcium hydroxylapatite is

no longer detected as the main mineral phase [138].

2.5.2 – VARIATION IN THE RESPONSE OF BONE TO HEAT TREATMENT

The specific response of bone to heat treatment is dependent on the

composition, structure and condition of the unheated bone and on heat

treatment conditions such as heat time and heating environment [156]. Variation

in any of the above factors results in variations in the characteristics of heated

bone. The separation of biological variation from experimental factor variation

for previously published studies is challenging due to the wide range of heat

treatment conditions adopted by different studies. Despite this, the general

response of bone to heat treatment described above has been established

within the literature and provides a basis from which to measure biological
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variation in heated bone characteristics using controlled heat treatment

conditions. Furthermore, the study of bone mineral characteristics of heated

bone can assist in the explanation of variation observed in unheated bone [103].

Also, the number of characteristics from which to develop a method of species

identification is increased by the inclusion of heated bone characteristics and

this has the potential to increase the power of any resultant method that is

developed. The thermal decomposition of calcium hydroxylapatite is discussed

in greater detail in section 2.5.3 in terms of the specific decomposition products

formed on heating.

2.5.3 – THERMAL DECOMPOSITION OF CALCIUM HYDROXYLAPATITE

The thermal decomposition of calcium hydroxylapatite (HAP) is widely reported

to occur at approximately 800 - 1000 °C [157] and it is generally believed that

decomposition occurs through an initial step of dehydroxylation of the HAP

lattice [64, 158]. The loss of hydroxyl ions from the lattice through the release of

water vapour (H2O(g)) results in the formation of calcium oxyapatite (OAP) which

is a transitory, metastable phase in the decomposition process [64, 159] (see

Equation 2.3). This proposal for the decomposition pathway is supported by

experimental evidence within the literature for; the evolution of H2O gas from

synthetic calcium hydroxylapatites, the suppression of the thermal

decomposition of HAP in an atmosphere of high water vapour pressure and the

lack of detection of mineral phases that contain hydrogen, such as brushite and

monetite (see glossary), in bone heated to high temperatures .
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Equation 2.3 – Proposed formation of calcium oxyapatite and water vapour from calcium
hydroxylapatite on heating to approximately 800 - 1000 °C

The mineral phase, beta-tri-calcium phosphate (β-TCP) is widely accepted as a

thermal decomposition product of HAP [69] and its detection in heated bone is

frequently reported [79, 150]. Tetra-calcium phosphate (TTCP) and calcium

oxide (CaO) are also acknowledged as decomposition products of HAP,

although their detection is less frequently reported [150, 160, 161]. The mineral

products that are believed to result from the decomposition of HAP, through an

OAP pathway, are therefore; β-TCP, TTCP and CaO [64, 143, 151, 161] (see

Equation 2.4 and Equation 2.5 and glossary).

OPOCaPOCaOPOCa 2442436410 )()(2)()( 

Equation 2.4 – Proposed formation of β-TCP and TTCP from calcium oxyapatite on
heating calcium hydroxylapatite to temperatures above approximately 800 °C

CaOPOCaOPOCa  2436410 )(3)()(

Equation 2.5 – Formation of β-TCP and CaO from calcium oxyapatite on heating calcium
hydroxylapatite to temperatures above approximately 800 °C

In addition to the decomposition of HAP, it is generally accepted that changes

and interactions of the HAP decomposition products occur on heating. The

mineral phase; β-TCP has been shown to undergo a polymorph transformation

into alpha-tri-calcium phosphate (α-TCP) (see glossary) on heating to a

temperature of approximately 1300 °C [162]. This transformation has been
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shown to be reversible on further heating to higher temperatures and under

conditions of slow cooling [162]. The formation of TCP and CaO from TTCP is

also a plausible decomposition reaction (see Equation 2.6).

CaOPOCaOPOCa  243244 )()(

Equation 2.6 – Proposed formation of TCP and CaO from TTCP on heating calcium
hydroxylapatite to temperatures above approximately 800 °C

Equation 2.3 through to Equation 2.6 each assume a stoichiometric HAP

starting material. Under this assumption, the weight percentage values obtained

for each decomposition product are dependent on the thermal stability of each

mineral phase and the heating conditions employed [160, 163]. Variation in

heating conditions is likely to account for the majority of variation between

different reports of the thermal decomposition products of bone within the

literature [160, 161].

However, previous work has shown that variation in the thermal decomposition

of non-stoichiometric calcium hydroxylapatites can also occur when

temperature and heating atmosphere conditions are controlled [160]. It has

been demonstrated that the temperature at which HAP decomposition

commences and the amount of each decomposition product formed are

dependent on the structure and composition of the HAP phase [154, 160]. For

example, magnesium associated with calcium hydroxylapatite results in the

favouring of the formation of β-TCP, stabilising the phase and delaying its

transformation into α-TCP [154]. Evidence presented within the literature
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suggests that the magnesium ions responsible for this effect are originally

located as calcium substituting ions within the HAP lattice or on the HAP crystal

surfaces and that they stabilise the β-TCP phase by becoming calcium

substituting ions within the β-TCP lattice on its formation [154].

In this study, variation due to heating conditions was mitigated against by the

employment of a standardised heat treatment regime (see chapter 4).

Therefore, it was possible to attribute any variation in terms of the

decomposition products obtained on heating to differences in the starting

material.
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CHAPTER 3 – ANALYTICAL TECHNIQUES

A large number of analytical techniques and research approaches have been

employed, over many years, in attempts to measure just some of the many

characteristics of bone and bone mineral [13, 62, 81, 108, 134, 161, 164-195].

This is due to; the challenges of the analytical characterization of bone

composition, structure and material properties, the debates that have ensued as

a result and, the extensive study of bone across a wide range of research fields,

each of which were discussed in chapter 2. The use of a wide range of

techniques complicates the cross-study comparison of results published within

the literature. However, the development of analytical techniques, over time,

has helped to clarify and resolve many of the debates surrounding the

composition and structure of bone [66, 196].

The techniques used in this research are introduced and discussed within this

chapter through brief explanations of general principles. Detailed explanations

of the theory underpinning each technique can be found elsewhere [159, 197-

200]. The experimental methods and protocols adopted for each technique are

detailed in chapter 4.
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3.1 – X-RAY DIFFRACTION ANALYSIS

X-ray diffraction (XRD) analysis was the principal analytical technique employed

in this research. The development of XRD analysis has played a key,

revolutionary role in the study of bone mineral and the understanding of its

structure [81, 101, 201-207]. XRD analysis is responsible for resolving much of

the debate surrounding the general identity of bone mineral and the

development of the calcium hydroxylapatite (bio-apatite) model [81, 142, 184,

208-214].

X-ray diffraction analysis is a technique that can be used to interrogate the

structure and composition of a material, on the atomic-scale. It is, in general,

used to investigate the structure of crystalline materials. Such structures were

described in chapter 2 as regular arrays (crystal lattice) of unit cells, each

containing the ions of the general compositional formula of the material, each in

specific positions, relative to one-another. Crystalline materials are, in general,

inorganic mineral materials, such as the bone mineral prototype calcium

hydroxylapatite. X-ray diffraction is therefore well-suited to the analysis of bone

mineral.

Diffraction is a phenomenon that occurs when X-ray waves are coherently

scattered (elastic scattering) by interaction with a periodic array of electron

density (surrounding the nuclei of atoms or ions) and, conditions that result in

constructive and destructive interference of scattered waves at specific

scattering angles are met by both the waves and the array of electron density.
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X-ray waves are sinusoidal waves that can be described by their direction of

propagation, their maximum displacement from the line of propagation

(amplitude) and the distance between two wave crests (wavelength). Two

waves that have the same direction of propagation, the same wavelength and

same amplitude but are displaced with respect to each other have a path

difference or phase difference. The combination of waves with phase

differences results in a combined wave of the same direction of propagation and

the same wavelength but with differing amplitude to each of the component

waves. When the phase difference between two waves is equal to an integer

multiple of whole wavelengths, constructive interference occurs and the

amplitude of the resultant wave is an addition of the amplitudes of the

component waves. When the phase difference is equal to an odd integer

multiple of half wavelengths, destructive interference occurs and the amplitude

of the resultant wave is zero.

If the scattering of X-rays by ions within a crystal is considered as a reflection of

the incident X-rays the Bragg analogy can be used as an explanation of X-ray

diffraction. X-rays that have the same direction of propagation which is at an

angle of incidence of theta (θ) to a parallel set of lattice planes of a crystal are

scattered or ‘reflected’ and emerge from the lattice planes at an angle of θ from 

the lattice planes. Diffraction of the X-rays occurs at specific angles of θ when 

the spacing between the lattice planes (d – spacing) satisfies the Bragg

equation (see Equation 3.1).
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Equation 3.1 – Bragg equation

Crystals of different compositions and lattice structures differ in terms of their

inter-planar spacing (d – spacing) and so differ in specific diffraction angles on

interaction with X-rays. Therefore, the measurement of X-ray diffraction enables

the study of the composition and structure of crystalline materials.

The practicalities of measuring diffraction from crystals can be cumbersome as,

a crystal must first be rotated to bring a lattice plane into a reflecting position

and then a detector must be moved to an appropriate position. These difficulties

are overcome by the use of powdered specimens in XRD analysis.

The powdering of crystalline materials generally produces specimens that

consist of many crystallites that are randomly orientated. Therefore, whatever

the orientation of the specimen, there are always a proportion of the crystallites

within the specimen which have lattice plane orientations that will result in

diffraction and it is therefore not necessary to rotate the specimen.

Powder XRD analysis is carried out using an X-ray powder diffractometer; the

main components of which are an X-ray tube, a specimen stage and an X-ray

detector. A beam of X-rays is generated by the X-ray tube and targeted at a flat

powder specimen. In general, the specimen is rotated so that the angle of θ is 

incremented in set steps, with regular step sizes (typically 0.02 °/2θ) and count 
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times at each step (typically 5 seconds), as the detector scans an angular range

of 2θ. The detector counts and records the intensity of X-rays at each step and

a diffractogram is produced from the collected data as an output from the

analysis. The 2θ increments of the detector enable the collection of diffraction 

data and the specimen is rotated in order to maintain Bragg-Brentano geometry.

Generally, powder diffraction data is presented as a diffractogram (see

appendix) with intensity plotted as a function of detector angle, 2θ (or d –

spacing).

Figure 3.1 – Photograph of X-ray diffractometer employed for this research
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The characteristic information that can be obtained from X-ray diffraction

analysis includes the identity of the mineral phase(s) present within a specimen,

the relative ‘coherence length’ (a combined measure of crystallite size and

strain) along a specific crystallographic direction for crystallites of each mineral

phase and the lattice parameters (unit cell dimensions) of each mineral phase.

In the analysis of bone, X-ray diffraction suffers, as do many other techniques,

from difficulties due to the composite organic and inorganic composition of bone

[64, 141]. In the first instance, it is difficult to powder bone. Secondly, the

scattering of X-rays from the poorly ordered atoms of the organic portion of

bone results in high background intensities within collected XRD data. Also, the

amount of mineral being interrogated in a given specimen volume is less for

bone than for specimens which are only comprised of a mineral component,

resulting in lower intensity diffraction peaks.

In addition, bone mineral is a highly strained nano-material, with small crystals

that contain many defects (see chapter 2). Therefore, the diffraction peaks that

are obtained from bone specimens are broad, causing peaks to overlap with

each other (see appendix). This leads to difficulties in the measurement of

coherence lengths and increases the errors associated with the obtained values

for coherence length and lattice parameters (see section 4.4.3).
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Many previous researchers have heated bone specimens, prior to XRD

analysis, in attempts to combat the above limitations. The response of bone to

heat treatment was discussed in chapter 2 and changes to the characteristics of

bone on heating make it, in some respects, a more suitable candidate for XRD

analysis compared to unheated bone. Heated bone is much more easily

powdered. The removal of the organic component through combustion results in

a specimen that has a higher mineral concentration and that produces a lower

background intensity of scattered X-rays (see appendix). This can also be

achieved through the chemical removal of the organic component. However,

methods of chemical removal are cumbersome and time consuming and can

result in the alteration of the chemical composition and structure of bone

mineral whilst in solution.

The heating of bone also alters the mineral component from its state in

unheated bone (see section 2.5.1). However, changes to bone mineral on

heating, far from being a limitation of this study, were exploited as an

advantage. The response of bone mineral to heat treatment is dependent on

both the composition and structure of the starting material (bone) and the heat

treatment conditions (see section 2.5). A standardized, controlled heating

regime was used for all heated bone specimens (see chapter 4). Therefore the

XRD results obtained from this study have enabled the investigation of variation

in the response of bone to heat treatment due to differences in the starting

material. The rationale for the use of temperatures of 600 °C and 1400 °C in this

research is presented in chapter 4.
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There are several approaches that can be adopted within X-ray diffraction

analysis, once XRD data has been collected. This is dependent on the level and

amount of information required from the analysis. In general, the first approach

is to identify the mineral phase(s) represented within the data based on the

position and relative intensity of the diffraction peaks. A reference database of

d – spacing values with corresponding relative intensities for known mineral

phases is generally employed to assist in phase identification. Typically, this is

the International Centre for Diffraction Data, Powder Diffraction File. This is a

qualitative approach but one which should be done as a preliminary step of any

more detailed analyses. It was used within this study prior to undertaking further

quantitative analysis of the XRD data.

The quantitative analysis of XRD data to accurately determine the composition

of a specimen in terms of the weight percentages of its component mineral

phases is a further step in XRD analysis, once the mineral phases represented

by the XRD data have been identified. This analysis has greatly benefited from

the development of the Rietveld full profile fitting method [215]. This is

increasingly being used in the XRD analysis of bone and also geological and

synthetic calcium hydroxylapatites [89, 216-223] and it is the quantitative

approach that has been employed within this study.

The Rietveld method involves the analysis of the entire diffraction pattern,

including the background, rather than analysis based on individual peaks or

small subsets of peaks. The parameters used to calculate a simulated
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diffraction pattern are refined to fit the experimentally observed diffraction

pattern. The calculated pattern is initially generated from data such as the

space group symmetry, atomic positions, site occupancies and lattice

parameters for each phase that is incorporated into the refinement. Additional

information such as parameters that define the profile shape, the background

function and, the scale factor for each phase are also used in the refinement.

The refinement process involves the minimizing of the sum of the weighted,

squared differences between the observed and the simulated intensities at

every collected data step. In addition to the quantitative determination of weight

percentages for the refined mineral phases, the lattice parameters for each

phase can also be obtained [218, 219, 224-226].

For this research, X-ray diffraction analysis was used to identify and quantify

each mineral phase(s) present in all unheated bone specimens and all bone

specimens heated to 600 °C and 1400 °C (HAP %, β-TCP %, α-TCP %, TTCP

% CaO % and MgO %). The coherence length, along the <00ℓ> direction of the

calcium hydroxylapatite (HAP) mineral phase (HAP <00ℓ>) was measured for all

unheated bone specimens and all bone specimens heated to 600 °C.

HAP <00ℓ> was used as an indicator of recrystallisation (an increase in crystal

size and perfection) along the <00ℓ> direction on heating bone specimens to

600 °C. Evidence for recrystallisation of bone mineral on heating was also

obtained from a visual inspection of the XRD data from unheated bone and

bone heated to 600 °C and 1400 °C and was based on the consideration of the

width of the XRD peaks. The lattice parameters ‘a’ and ‘c’ were obtained for the
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HAP and β-TCP mineral phases, whenever they were detected in a bone

specimen (HAP ‘a’, HAP ‘c’, β-TCP ‘a’ and β-TCP ‘c’). The materials and

methods employed in the measurement of each of these bone mineral

characteristics are detailed in chapter 4.

3.2 – INFRARED SPECTROSCOPY

Infrared (IR) spectroscopy is an analytical tool that provides information about

the molecular structure of compounds. Molecules that have covalent bonds with

permanent electrical dipoles, such as C–O or O–H vibrate with respect to the

bond. They have vibration frequencies that are within the infrared region of the

electromagnetic energy spectrum. The frequency of the vibration is specific to

the atomic structural environment surrounding the bond. Infrared radiation that

interacts with the molecule at the same frequency as that of a particular

vibration is absorbed by the molecule. Thus, different molecules will have

different, characteristic absorptions and the observation of the frequencies that

are absorbed enables the molecular structure of a compound to be determined.

The majority of IR analyses that are carried out employ a Fourier Transform

infrared spectrometer. This is comprised of an infrared radiation beam source,

an interferometer, a specimen stage and an infrared radiation detector.

Solid specimens, in powdered form are generally combined with dry potassium

bromide (KBr) powder and compressed into a disc using a press. The detector

measures the infrared radiation transmitted through the specimen disc and an

infrared transmittance spectrum is obtained as a data output from the analysis .
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The x-axis of this spectrum represents infrared radiation frequencies, plotted in

wavenumbers (cm-1) and the y-axis represents the transmittance of the incident

infrared radiation at each frequency. An infrared transmittance spectrum

therefore displays a series of ‘peaks’ (troughs) that extend below a slowly

varying background level of transmittance (see appendix).

An infrared spectrum of bone consists of peaks corresponding to bond

vibrations within the organic component such as those of C–H and N–H bonds

[227]. Covalent bond vibrations within the inorganic component are also

represented. These include those of P–O bonds in the phosphate ions (PO4
3-)

and O–H bonds in the hydroxyl ions (OH–) of the calcium hydroxylapatite lattice

[227]. They also include vibrations of bonds within ions substitutions such as

C–O bonds in carbonate ions (CO3
2-) and O–H bonds in acid phosphate groups

(HPO4
2-) [227].

IR spectroscopy has been used, in combination with the study of synthetic and

natural calcium hydroxylapatites, to firstly establish the general chemical

composition of bio-apatite and then, confirm the presence of carbonate

substitutions within the bio-apatite crystal lattice [80, 82, 104, 147, 228-231]. It

has also been used to measure the amount of carbonate substitution and to

demonstrate that bio-apatite is hydroxyl ion deficient [90, 154, 232, 233]. The

measurement of the splitting resolution between HAP phosphate bond vibration

peaks (see Figure 4.6) has also been used as an indication of the degree of

short range order within the HAP lattice with respect to the typical atomic
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environment surrounding the phosphate groups [122, 230, 234-236]. This

measurement is generally referred to as the HAP phosphate ion splitting factor

(SF) or crystallinity index [234, 237, 238]. The measurement of the HAP

phosphate splitting factor calculates the extent of the separation between the ν4

P-O stretching and bending vibration bands (see section 4.5.3). Values in the

range of 2.50 – 3.25 are typically obtained for fresh, unheated bone [238].

For this research, infrared spectroscopy was used to measure the weight

percentage of carbonate ions within the bone mineral component of bone

heated to 600 °C (CO3 %). The weight percentage value includes carbonate

ions within the HAP crystal lattice in both the phosphate and hydroxyl ion sites

and also ‘labile’ carbonate ions adsorbed onto the HAP crystal surfaces. IR

spectroscopy was also used to measure the HAP phosphate ion splitting factor

(SF) for bone heated to 600 °C. It is not possible to measure either of these

bone mineral characteristics using X-ray diffraction analysis. The materials and

methods employed in the measurement of each of these bone mineral

characteristics are detailed in chapter 4.

3.3 – INDUCTIVELY COUPLED PLASMA – ATOMIC EMISSION

SPECTROMETRY

Inductively coupled plasma - atomic emission spectrometry (ICP-AES) is a

technique that enables the measurement of the concentration of the

compositional elements of a material [196, 239]. This is achieved by the

excitation of the atoms within a specimen by the introduction of the specimen as

an aerosol to a plasma flow. Plasma is a neutral environment formed under high
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temperature conditions by neutral atoms (typically atoms of argon gas) in

equilibrium with their ionised state and electrons. In the case of ICP-AES, the

energy that is used to form and maintain the plasma is inductively derived from

an electric or magnetic field. The optical emission spectrum produced from the

excited atoms is detected using a spectrophotometer and used to measure the

concentration of specific elements within a specimen.

For this research, ICP-AES was used to measure the weight percentage of

calcium (Ca) and phosphorous (P ) and the parts per million (ppm) of sodium

(Na), magnesium (Mg), potassium (K), strontium (Sr) and iron (Fe) in bone

heated to 600 °C (Ca %, P %, Na ppm, Mg ppm, K ppm, Sr ppm and Fe ppm).

The materials and methods employed in the measurement of each of these

bone mineral characteristics are detailed in chapter 4.

3.4 – PYROHYDROLYSIS – ION CHROMATOGRAPHY AND

COMBUSTION – GAS CHROMATOGRAPHY

Analytical chromatography is a technique that involves the separation, isolation

and quantitative measurement of specific ionic or organic components of a

material. This is achieved by the passing of a specimen (analyte) within a

‘mobile phase’ through a column containing a ‘stationary phase’.

In ion chromatography, the mobile phase consists of a buffered solution in

which the analyte is dissolved and the stationary phase consists of spherical

polymer particles with micrometre diameters. The stationary phase particle
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surfaces are chemically modified to generate surface ion sites and enable ion

exchange to occur at these sites with the ions to be separated from the mobile

phase. In pyrohydrolysis – ion chromatography, the mobile phase is prepared

by incorporating into a solution, the gaseous products collected from the heating

of a powdered specimen mixed with a flux.

In gas chromatography, the mobile phase is a gaseous mixture of the analyte in

vapour form and a carrier gas (typically helium, nitrogen or hydrogen). The

stationary phase is either a liquid that is immobilised by impregnation or

bonding to a support column or a porous solid column such as graphite or silica

gel and which also allows ion exchange to occur between the mobile phase and

stationary phase. In combustion – gas chromatography, the mobile phase is

prepared by mixing the gaseous products collected from the combustion of a

powdered specimen with the carrier gas.

In both ion chromatography and gas chromatography the mobile phase passes

through a detector located at the end of the stationary phase column, the

retention time for each constituent ion or element of interest is measured and

data output is in the form of a chromatogram. The characterisation and the

quantification of constituent ions or elements are determined from the retention

time data.
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For this research, chromatography was employed as an elemental analysis

technique to investigate elemental components of bone that could not be

measured using ICP-AES. Pyrohydrolysis – ion chromatography (P-IC) was

used to measure the parts per million by weight (ppm) of fluorine (F) and

chlorine (Cl) (F ppm and Cl ppm) and combustion – gas chromatography

(C-GC) was used to measure the weight percentage of carbon (C), nitrogen (N)

and hydrogen (H) (C %, N % and H %). The materials and methods employed

in the measurement of each of these bone mineral characteristics are detailed

in chapter 4.
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CHAPTER 4 – AIMS, HYPOTHESES, MATERIALS AND
METHODS

4.1 – AIMS AND HYPOTHESES

This thesis aimed to investigate inter-species variation in bone mineral

characteristics of unheated bone and bone heated to 600 °C and 1400 °C. This

investigation was conducted by the achievement of a sub-set series of aims

and the testing of a number of hypothesis for a range of bone mineral

characteristics measured using X-ray diffraction (XRD) analysis, infrared (IR)

spectroscopy, inductively coupled plasma – atomic emission spectrometry (ICP-

AES), pyrohydrolysis – ion chromatography (P-IC) and combustion – gas

chromatography (C-GC). The series of aims are detailed below, together with

the hypotheses tested and through which, each aim was achieved.

4.1.1 – GENERAL COMPOSITION AND STRUCTURE OF BONE MINERAL

Aim 1 - Demonstrate that bone mineral has a general composition and

structure, common to all individuals of all species investigated.

This aim was set, to establish a consistency with current, commonly held views

and to confirm the validity of employing the analytical techniques used for the

research (see chapters 2, 3 and 4).
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Hypothesis 1 (a) – The phase identity of the mineral component of unheated

bone is exclusively that of calcium hydroxylapatite (HAP).

Hypothesis 1 (b) – The HAP phase of unheated bone is poorly crystalline and

non-stoichiometric.

Hypothesis 1 (c) – Calcium and phosphorous are major bone mineral

compositional components of bone.

Hypothesis 1 (d) – Sodium, magnesium, potassium, strontium, iron, fluorine and

chlorine are bone mineral compositional components of bone.

Hypothesis 1 (e) – Nitrogen, hydrogen, carbon, are compositional components

of bone and carbonate ions are compositional components of bone mineral.

The hypotheses 1 (c) to 1 (e) were tested using a sub-set of the sample of

individuals used to test hypotheses 1 (a) and 1 (b). They were tested using

bone heated to 600 °C. The tests relied on the assumptions that; the majority of

the organic component is removed on heating and calcium, phosphorous,

sodium, magnesium, potassium, iron, fluorine, chlorine, nitrogen, carbon and

hydrogen are not incorporated into bone from the atmosphere on heating to

600 °C. Also, the hypotheses do not specify the location of each of the elements

within bone. Using the analytical techniques of ICP-AES, P-IC and C-GC, it was

not possible to determine whether the elements investigated were specifically
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located within the organic component, within the HAP crystal lattice, adsorbed

onto crystal surfaces or within a combination of these locations (see sections

3.3 and 3.4).

4.1.2 – BIOLOGICAL CONTROL OF COMPOSITION AND STRUCTURE

Aim 2 – Demonstrate that the biological control of the general composition and

structure of bone mineral is similar for all species.

Hypothesis 2 (a) – Values of relative coherence length of calcium

hydroxylapatite crystals along the <00ℓ> direction (HAP <00ℓ>) are significantly

correlated to values obtained for HAP lattice parameters (HAP ‘a’ and HAP ‘c’),

for all unheated bone specimens (see section 4.4.3). This hypothesis is

underpinned by the proposal that ion substitutions provide a mechanism for

biological control of HAP crystallinity.

Hypothesis 2 (b) – The percentage of magnesium in bone (Mg %) is negatively

correlated to HAP <00ℓ> values obtained for unheated bone. This proposal is

supported by the currently accepted view that magnesium plays an in vivo role

in restricting crystallite morphology [79, 240].

Hypothesis 2 (c) – The HAP <00ℓ> values obtained for unheated bone are

positively correlated to values obtained for the percentage of fluorine in bone (F

ppm). This hypothesis is underpinned by the proposal that fluorine plays an in

vivo role in enhancing crystallite size and/ or perfection through substitution with
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hydroxyl ions (OH-) within the HAP lattice, thus stabilising bone mineral crystals

[79, 166].

Hypotheses 2 (b) and 2 (c) relied on the assumption that magnesium and

fluorine are associated with the HAP mineral phase in bone heated to 600 °C.

4.1.3 - GENERAL RESPONSE OF BONE MINERAL TO HEAT TREATMENT

Aim 3 – Demonstrate that there is a measurable, general response of bone to

heat treatment, when heat treatment conditions are standardised.

Hypothesis 3 (a) – Mass is lost from all bone specimens on heating.

Hypothesis 3 (b) – The HAP mineral phase undergoes recrystallisation on

heating bone to 600 °C (see sections 2.5.1, 3.1 and 4.4.3).

A significant increase in HAP <00ℓ> values obtained for bone heated to 600 °C

compared to corresponding values obtained for unheated bone from the same

individual was used as a quantitative indicator of recrystallisation. A subjective

indication of recrystallisation was also obtained from a visual inspection of the

XRD data from unheated bone and bone heated to 600 °C and was based on

the consideration of the width of the XRD peaks.
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Hypothesis 3 (c) – The HAP lattice parameters (HAP ‘a’ and HAP ‘c’) tend

towards stoichiometric HAP values of ‘a’ = 9.420 Å and ‘c’ = 6.880 Å, on heating

bone to 600 °C and 1400 °C.

Hypothesis 3 (d) – Thermal decomposition of the HAP mineral phase does not

occur on heating bone to 600 °C.

Hypothesis 3 (e) – Thermal decomposition of the HAP mineral phase occurs on

heating bone to 1400 °C.

Hypothesis 3 (f) – The mineral phases; β-tri-calcium phosphate (β-TCP) and

tetra-calcium phosphate (TTCP) are formed on heating bone to 1400 °C.

4.1.4 – CHEMICAL BASIS FOR VARIATION IN RESPONSE OF BONE TO

HEAT TREATMENT

Aim 4 – Demonstrate that the response of bone mineral to heat treatment is

related to compositional and structural characteristics of unheated bone and

propose developments to current models for the thermal decomposition of bone

mineral.

Hypothesis 4 (a) – The characteristics of unheated bone, measured using X-ray

diffraction, are correlated to the weight percentage values obtained for the

thermal decomposition products of the bone mineral HAP phase.
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Hypothesis 4 (b) – The compositional characteristics of bone, measured using

ICP-AES, P-IC, C-GC and IR spectroscopy, are correlated to the weight

percentage values obtained for the thermal decomposition products of the bone

mineral HAP phase.

4.1.5 – INTER-SPECIES VARIATION IN COMPOSITION AND STRUCTURE

Aim 5 – Demonstrate that inter-species variation exists in terms of the general

composition and structure of bone mineral.

Hypothesis 5 (a) Significant inter-species differences exist, in terms of the

structure and composition of bone mineral.

4.1.6 – INTER-SPECIES VARIATION IN RESPONSE TO HEAT TREATMENT

Aim 6 – Demonstrate that inter-species variation exists in terms of the general

response of bone, in particular bone mineral, to heat treatment.

Hypothesis 6 – (a) Significant inter-species differences exist, in terms of the

response of bone to the same heat treatment conditions.

4.1.7 – SPECIES IDENTIFICATION

Aim 7 – Evaluate the potential for the development of a new method of species

identification based on bone mineral characteristics, measured using X-ray

diffraction.
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Hypothesis 7 – (a) Human bone can be distinguished from bone of all other

species, based on the extent of inter-species variation in bone mineral

characteristics of unheated and heated bone.

Hypothesis 7 – (b) Sheep bone can be distinguished from goat bone, based on

the extent of inter-species variation in bone mineral characteristics of unheated

and heated bone.

Hypothesis 7 – (c) Bone of ruminant species can be distinguished from bone of

non-ruminant species, based on the extent of inter-species variation in bone

mineral characteristics of unheated and heated bone.

4.2 – BONE MATERIAL

A total of 361 bone specimens from a total of 123 individuals were investigated.

This included a range of 12 different animal species and a total of 430 analyses.

The numbers of individuals of each species used for each analytical technique

are presented in Table 4.1.

Non-human bone material was obtained from several sources: local butchers

and a local abattoir, local pet food stores, Bristol Veterinary College, the

Department for the Environment and Rural Affairs Veterinary Laboratories

Agency (DEFRA VLA) and Whipsnade Zoo. Human bone was obtained from

UK individuals from the North London Tissue Bank, UK and from Australian
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individuals from the Melbourne Femur Collection, Australia. The range of

species investigated was as wide as practically possible and included species

that are of relevance to the practical applications of species identification,

discussed in chapter 1. Results presented for human bone, in chapter 5, are

presented as two separate groups, bone from UK individuals (human UK) and

bone from Australian individuals (human AUS). The rationale for this separation

is discussed in section 4.3.
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5 10 5 12 1 8
50 AUS

8 UK
1 7 5 5 6

XRD analysis of

unheated bone
5 10 5 12 1 8

47 AUS

8 UK
1 7 5 0 6

XRD analysis of

bone heated to

600 °C

5 10 5 12 1 8
50 AUS

8 UK
1 7 5 5 6

XRD analysis of

bone heated to

1400 °C

5 10 5 12 1 8
50 AUS

8 UK
1 7 5 5 6

IR spectroscopy

of bone heated to

600 °C

1 6 1 1 0 1
0 AUS

1 UK
1 1 1 0 1

ICP-AES of bone

heated to 600 °C
1 6 1 1 0 1

3 AUS

1 UK
1 1 1 0 1

C-IC of bone

heated to 600 °C
1 6 1 1 0 1

3 AUS

1 UK
1 1 1 0 1

P-IC of bone

heated to 600 °C
1 6 1 1 0 1

3 AUS

1 UK
1 1 1 0 1

Yes Yes Yes Yes --- Yes
Yes AUS

Yes UK
Yes Yes Yes --- Yes

No
5 Yes

1 No
No No --- No

---

Yes UK
Yes No No --- No

Same individuals used for

ICP-AES, C-IC and P-IC

(elemental analyses)

Same individuals used for

elemental analyses and IR

spectrocopy

Species

Commonly used name for

species

Total number of individuals

N
u
m

b
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r

o
f
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d

iv
id

u
a
ls

u
s
e
d

in
s
a
m

p
le

s
e
t

Table 4.1 – Total number of individuals investigated for each species and the numbers of
individuals of each species used for each analytical technique
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4.3 – SPECIMEN PREPARATION

4.3.1 – CUTTING OF BONE SPECIMENS

All bone specimens were cut from cortical bone samples, taken from the mid-

shafts of femur (thigh) bones. Left femur samples were used if a choice

between left or right was available. All bone samples were from modern bone,

collected shortly after death and stored frozen with the exception of human

bone samples from Australian individuals (human AUS). Prior to their use in the

study, they had been stored, long term, at room temperature, in 70 % ethanol

solution. Once received for use in this research, the samples were stored

frozen, out of ethanol, after rinsing with water. Due to the differences in storage

conditions, human bone samples from Australian individuals were grouped as a

separate species category to human bone from UK individuals (human UK).

Bone samples were stored frozen as a preservation measure in order to prevent

bone alteration by dehydration at room temperature and to prevent

decomposition of any adhering soft tissue. This was also the aim in the storage

of the human AUS bone samples in ethanol. There is evidence within the

literature to suggest that the frozen storage of bone has no detrimental effect on

bone mineral characteristics. However, the effect of the storage of bone in

ethanol on bone mineral characteristics is not well established.
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Any adhering soft tissue was manually removed from bone samples using a

scalpel. All samples were rinsed with water and dilute disinfectant. Specimens

were cut from bone samples using a band saw and a circular saw or, in the

case of small samples, using a scalpel. The saw blades were cooled with water

when necessary. Any bone powder adhering to specimen surfaces after cutting

was removed by rinsing with water. Specimens were cut as cross-sectional

segments that included bone from the periostial to the endostial surfaces (see

Figure 4.1).

Figure 4.1 – Diagram showing example of cut bone specimen segment

For each individual, a set of three bone specimens were cut, when possible. Of

each set, one specimen was left unheated, one was heated to 600 °C, and one

was heated to 1400 °C. For all rat bone samples and three human AUS bone

samples, there was only sufficient material from which to cut the two heated

bone specimens. The bone specimens that were left unheated were all cut to a

segment height of approximately 1 mm due to the requirements of X-ray

diffraction analysis for non-powdered bone specimens.
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4.3.2 – HEAT TREATMENT

The knowledge gained from a review of the literature regarding the heat

treatment of bone and calcium hydroxylapatite materials (see section 2.5) and

the results obtained from preliminary experiments were used to determine the

choice of heat temperatures investigated. X-ray diffraction analysis data values

from these preliminary experiments for calcium hydroxylapatite (HAP) lattice

parameter ‘a’ (HAP ‘a’) and the weight percentage of HAP (HAP %) are

presented in Figure 4.2 for cow, human and sheep bone specimens (one

individual from each species) heated to a range of temperatures, each heated

for two hours following the same experimental protocols as those used for this

research.

Two temperatures were chosen for which both the number of bone mineral

characteristics measurable by X-ray diffraction analysis, the inter-species

variation for each characteristic and the potential of each characteristic for use

in a method of species identification were optimised.

A temperature of 600 °C was chosen because it lies within the temperature

range in which recrystallisation (see section 2.5.1 and section 4.4.3) of the bio-

apatite mineral phase occurs [134] and below the expected temperature range

for the thermal decomposition of HAP. The variation in HAP lattice parameter

values between species was greater for 600 °C than for 500 °C and the Rietveld

analysis fitting errors (see section 4.4.3) are lower in value for bone heated to

600 °C than for bone heated to lower temperatures.
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A temperature of 1400 °C was chosen because it lies below the expected

temperature range for the melting of HAP [141, 143] and difficulties in specimen

recovery and specimen powdering are encountered. The number of thermal

decomposition products detected and also the inter-species variation in weight

percentage values obtained for each decomposition product detected were both

greater for bone heated to 1400 °C than for bone heated to 1200 °C.

Furthermore, the variation in HAP lattice parameter values between species

was also greater for 1400 °C than for 1200 °C.
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Bone specimens that were subjected to heat treatment were defrosted at room

temperature prior to heating. The appearance and the mass of each specimen

were recorded before and after heating (see section 4.9). The mass of each

specimen prior to heat treatment was in the range of 0.028 – 2.142 g (inclusive)

and the experimental error associated with each mass measurement was

± 0.001 g.

The heating of specimens was carried out in a Carbolite tube furnace

(CTF 16/75) (see Figure 4.3). Each bone specimen was placed into a separate

alumina crucible for heat treatment. Crucibles rested on alumina slabs within

the tube of the furnace and specimens were heated in batches of 1, 3 or 4

specimens (see Figure 4.4). For all batches, specimens were placed into the

furnace at room temperature. After specimen placement in the furnace, each

end of the furnace tube was sealed with a ceramic fibre bung. The temperature

of the furnace was increased to the required heat temperature (600 °C or

1400 °C) at a programmed rate of 10 °C per minute. The furnace then followed

a set programme of maintaining the required heat temperature for two hours.

The furnace was set to automatically switch off at the end of this dwell time and

bone specimens were allowed to slowly cool to room temperature before

removal from the furnace. A dwell time of 2 hours was adopted to enable

comparisons with the results of previous studies and to enable the evaluation of

the results with respect to the development of a high-throughput method of

species identification.
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Figure 4.3 – Photograph of the Carbolite tube furnace (CTF 16/75) used for the heating of
bone specimens

Figure 4.4 – Diagram of set-up of furnace apparatus for the heating of bone specimens
showing one specimen placed within the furnace and ceramic fibre bungs used at each

end of the furnace tube
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4.3.3 – POWDER PREPARATION OF HEATED BONE SPECIMENS

All heated bone specimens were powdered for analysis, using an agate pestle

and mortar. The powder from each specimen was individually sieved through a

stainless steel mesh of 106 µm. Pestles, mortars and sieves were washed and

dried, between use, for each bone specimen.

The powder obtained from each bone specimen was stored in a separate

sealed glass vial. Vials were stored in a desiccator, at room temperature, until

required for analysis. For some specimens, the bone powder was divided to

create separate powder specimens for the different analytical techniques. There

was no evidence for alteration of specimens due to deterioration over time with

the period of time taken to analyse all specimens.

4.4 – X-RAY DIFFRACTION (XRD) ANALYSIS

4.4.1– XRD ANALYSIS SPECIMEN PREPARATION

Powdered bone specimens were prepared for X-ray diffraction analysis by

mounting specimens onto silicon slides. These slides were used because of the

low background scattering of X-rays from the slides, during data collection. For

each specimen, a thin film of petroleum jelly was applied to the silicon slide. A

small mound of specimen powder was placed onto the slide and gently flattened

using a microscope slide to produce an even layer of powder with a thickness of

approximately 0.5 mm and of an area slightly larger than the incident area of the

X-ray beam of the diffractometer. Silicon and microscope slides were re-used
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and were cleaned before use for each specimen. After X-ray diffraction

analysis, mounted specimens were removed from slides using a spatula and

stored in a separate sealed glass vial.

All unheated bone specimens were prepared for XRD analysis by mounting

specimen segments onto microscope cover slips. A strip of adhesive tape was

used between specimen and slide to secure each specimen in place. Mounted

unheated specimens were stored frozen until required for analysis, at which

point they were defrosted at room temperature.

4.4.2 – XRD DATA COLLECTION

Powder X-ray diffraction analysis of all heated bone specimens was carried out

using Phillips 1820 diffractometers with Cu Kα radiation (approximately 15 Å).

The detectors collected data as stepped scans across an angular range of 10 –

80 °/2θ (4.43 – 0.78 Å d-spacing). The count time at each step was 5 seconds,

with a 0.02 °/2θ step size.

X-ray diffraction analysis of non-powdered specimens was carried out using a

Bruker D8 X-ray diffractometer with Cu Kα radiation. A General Area Detector

Diffraction System (GADDS) was used to collect data over an angular range of

approximately 21 - 55 °/2θ (2.15 – 0.94 Å d-spacing).

Occasional noise peaks were present in the XRD data. These were

characterised by a peak width at the base of the peak that was one step size in
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magnitude (°/2θ). They were easily detectable above the background signal on 

a visual inspection of the XRD data. Noise peaks were removed prior to data

analysis by replacing the noise peak value with the mean value obtained from

the values of the data points immediately either side of the noise peak.

4.4.3 – XRD DATA ANALYSIS

The main mineral phases present within each specimen were initially identified

by comparison of specimen diffractograms with the International Centre for

Diffraction Data (ICDD) Powder Diffraction File (version PDF-2, 2004). This

comparison was carried out using Crystallographica Search-Match software

(version 2,1,1,1 1996 - 2004).

Bruker Topas software (version 2, 2000) was used to carry out Rietveld

refinement of all diffraction profiles. All profiles were refined using the same

protocol. This included specifying the emission profile for the Cu Kα radiation

and instrument details of the diffractometer. Each identified mineral phase was

refined, starting with the most prominent until all mineral phases had been

included into the refinement and the best possible fit was deemed to have been

achieved. The goodness of a refinement fit was judged on the basis of the

weighted residual (Rwp) value that was obtained after each refinement run and

the visual observation of the residual and fitted peaks on-screen.
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The fitting errors (We) for the weight percentage values (W) obtained from the

Rietveld Refinement were calculated using the scale factor (S) and scale factor

fitting errors (Se) output from Topas (see Equation 4.1).

xW
S

S
W e

e 









Equation 4.1 – Equation for the calculation fitting errors for the weight percentage values
obtained from Rietveld Refinement

Topas software (version 2, 2000) was also used to carry out the profile fitting of

the calcium hydroxylapatite 002 peak in each diffraction profile obtained from

unheated bone specimens and bone specimens heated to 600 °C. This was

achieved by using the same protocol for all profiles. The emission profile for the

Cu Kα radiation and instrument details of the diffractometer were specified. The

refinement range was confined to a 24 – 27 °/2θ angular range and a split 

pseudo-Voigt peak was refined. This is an approximation to a Voigt function

which is a combination of Gaussian and Lorentzian peaks [241].

The HAP 002 full width half maximum contribution of each specimen (Fs) to the

measured HAP 002 full width at half maximum (Fo) was calculated using values

obtained for peak broadening due to the X-ray diffractometer instrument (Fi)

(see Equation 4.2).
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222 )()()( ios FFF 

Equation 4.2 – Equation for the calculation of the HAP 002 FWHM contribution of a
specimen to the measured HAP 002 FWHM

Data collected from a silicon (Si) powder standard (NBS 640c), run routinely on

the Phillips 1820 diffractometers and from a corundum (Al2O3) standard

(NBS 1976), run on the Bruker D8 X-ray diffractometer were used to calculate

values of Fi for each instrument.

Values of relative coherence length of calcium hydroxylapatite crystals in the

<002> direction (HAP <00ℓ>) were calculated using the Scherrer equation from

the values calculated for Fs (converted into radians), theta (θ) from the 2θ

position of the peak (in radians), the wavelength of Cu Kα radiation (λ = 15 Å)

and a shape factor of 0.9 (see Equation 4.3).
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Equation 4.3 – Scherrer equation

The unit of Ångström was consistently used for the reporting of HAP <00ℓ> and

lattice parameter values. Although the Ångström is not a Standard International

unit, it is the unit conventionally used within X-ray crystallography.
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The fitting errors associated with the weight percentage values obtained for

each identified mineral phase were in the range of 0.69 – 2.01 % for unheated

bone specimens. Those for heated bone specimens were all less than 0.62 %.

The fitting errors associated with HAP <00ℓ> values were less than 1.3 Å for all

bone specimens and those associated with HAP lattice parameter values were

in the range of 0.001 – 0.008 Å for unheated bone specimens and less than

0.002 Å for heated bone specimens. The fitting errors associated with β-TCP

lattice parameter values were in the range of 0.001 – 0.018 Å for bone

specimens heated to 600 °C and less than 0.006 Å for bone specimens heated

to 1400 °C.

4.5 – INFRARED (IR) SPECTROSCOPY

4.5.1 – IR SPECTROSCOPY SPECIMEN PREPARATION

A sub-set of the sample of bone specimens heated to 600 °C was analysed

using infrared (IR) spectroscopy (see Table 4.1). Bone powder from each

specimen (0.005 g) was mixed with 0.3 g of potassium bromide powder, using

an agate pestle and mortar. A mass of 0.055 g of the mixture was transferred to

a pellet die. The die was pressed under approximately 5 – 10 tonnes for

approximately 10 seconds. The pestle and mortar and die plates were cleaned

with water and dried in an oven prior to each use. This pellet preparation

protocol is slightly amended from standard recommendations for the production

of KBr pellets which involve the use of 0.01 g of a specimen and a pressing time
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of approximately 30 seconds. Amendments were made after encountering

production difficulties due to pellets adhering to die plates after pressing.

4.5.2 – IR SPECTROSCOPY DATA COLLECTION

A Bruker Vector 22 Fourier transform infrared spectrometer was used for the IR

analysis. This employed Bruker Opus software (version 3.1) for data collection.

A background profile was obtained by scanning a pellet made from 0.055 g of

KBr powder at the start of each analysis session. The Opus software

automatically accounted for this background for subsequently run bone

specimens. A scan resolution of 4 cm-1 and 64 scans were used for each data

collection run.

4.5.3 – IR SPECTROSCOPY DATA ANALYSIS

Peak Fit software (version 4) was used to obtain values for the total area of the

carbonate peak in the region of 858 – 892 cm-1 (A). This was achieved using

the same protocol for all infrared spectra. Peaks were fit after conversion to a

y-scale measure of absorbance and an automatic baseline subtraction across

the selected region. A second derivative was used to carry out peak detection

and fitting and the data was fit to either two or three peaks, depending on the

best fit obtained.

The weight percentage of carbonate ions within the bone mineral (CO3 %) was

calculated using a calibration equation (see Equation 4.4). This was created

using specimens of carbonated calcium hydroxylapatite standards with known
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carbonate weight percentage values (0.5, 1.4, 2.3 and 3.5 %) which were

obtained from CCP Inc. (see glossary). Equation 4.4 was obtained from a plot of

the values obtained for the total area of the carbonate peak from these

standards against the certified weight percentage values (see Figure 4.5).

7095.0)6155.4(%3  ACO

Equation 4.4 - Calibration equation for calculation of carbonate weight percentage values
(CO3 %) from the total carbonate peak area (A), measured using IR spectroscopy

Figure 4.5 - Calibration graph for calculation of carbonate weight percentage values
(CO3 %) from the total carbonate peak area (A), measured using IR spectroscopy
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The Peak Fit software was also used to obtain values for the phosphate ion

splitting factor (SF), again using the same protocol for all infrared spectra. After

a conversion to a y-scale measure of absorbance, a region of approximately

450 – 750 cm-1 was selected for automatic baseline subtraction. This area

encompassed the ν4 P-O stretching and bending vibration bands from which the

splitting factor was determined. The value of 750 cm-1 was fixed as the upper

limit of this range in all cases. The lower limit was taken from a minimum point

in the data in the region of 525 cm-1. Values were recorded for the coordinates

of points ‘a’, ‘b’ and ‘c’ (see Figure 4.6).
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Figure 4.6 – Section of IR spectrum obtained from a bone specimen heated to 600 °C
showing phosphate ion splitting factor measurement points. Peaks correspond to the ν4

P-O stretching and bending vibration bands
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Equation 4.5 – Calculation of phosphate ion splitting factor

The phosphate ion splitting factor (SF) was calculated using the y-axis values

obtained for points ‘a’, ‘b’ and ‘c’ (see Equation 4.5).

4.6 – INDUCTIVELY COUPLED PLASMA – ATOMIC EMISSION

SPECTROMETRY (ICP-AES)

4.6.1 – ICP-AES SPECIMEN PREPARATION

A sub-set of the sample of bone specimens heated to 600 °C was analysed

using inductively coupled plasma – atomic emission spectrometry (ICP-AES),

carried out by staff at the Natural History Museum, London (see Table 4.1).

The majority of specimen solutions were made up from 50 mg (± 5 mg) of bone

powder, 2 ml of deionised water and 1 ml of concentrated nitric acid (HNO3).

For one human bone specimen and the deer bone specimen, 3 ml of

concentrated nitric acid and 1 ml of hydrogen peroxide (H2O2) was used instead

of the 1 ml of concentrated HNO3. Each solution was heated for 1 hour at 40 °C

and then made up to a solution of 50 ml by volume using deionised water.
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4.6.2 – ICP-AES DATA COLLECTION AND DATA ANALYSIS

A Varian Vista-Pro axial inductively coupled plasma spectrometer, an SPS-5

auto-sampler and ICP Expert software (version 4.1.0) were used for the ICP-

AES analysis of the bone specimens. The analysis conditions included a power

of 1.1 kW, a plasma flow of 15 l/min, an auxiliary flow of 1.5 l/min and a

nebuliser flow of 0.75 l/min, the monitoring of the internal drift throughout each

run and 3 replicate analysis runs were obtained from each 50 ml solution.

Weight percentage values were reported for calcium (Ca %) and phosphorous

(P %) and parts per million values (ppm) were reported for sodium (Na ppm),

magnesium (Mg ppm), potassium (K ppm), strontium (Sr ppm) and iron (Fe

ppm). The relative standard deviation values for the replicates were less than

0.22 % for calcium, less than 0.11 % for phosphorous, less than 0.05 % for

magnesium and potassium, less than 0.1 % for sodium and less than 0.01 % for

iron and strontium.

4.7 – PYROHYDROLYSIS – ION CHROMATOGRAPHY (P-IC)

4.7.1 – P-IC SPECIMEN PREPARATION DATA COLLECTION AND DATA

ANALYSIS

A sub-set of the sample of bone specimens heated to 600 °C was analysed

using pyrohydrolysis – ion chromatography (P-IC), carried out by staff at the

Natural History Museum, London (see Table 4.1).
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The same protocol was adopted for the preparation of each bone specimen. A

mass of 200 mg of specimen powder was transferred into a silica glass

specimen boat. Care was taken to avoid touching the boat with bare hands and

therefore avoid contamination of the specimen. A mass of 300 mg of flux in the

form of a 1:1:2 mixture of bismuth oxide (BiO3): sodium tungsten oxide

(NaWO4): vanadium oxide (V2O5) was added to the specimen within the boat

and thoroughly mixed, ensuring that the mixture was spread across the base of

the boat. This was then placed into a pre-heated tube furnace set at a

temperature of 950 °C to which steam generator and condenser apparatus were

attached as shown in Figure 4.6.

Figure 4.7 – Diagram of pyrohydrolysis apparatus set up for pyrohydrolysis – ion
chromatography of bone specimens previously heated to 600 °C (courtesy of Natural

History Museum)



76

The liquid distillation product obtained from the condenser was collected into

bottles containing 5 ml of a sodium carbonate (Na2CO3) and sodium

bicarbonate (NaHCO3) absorption solution and 5 ml of hydrogen peroxide

(H2O2) solution with a concentration of 30 % weight percentage by volume

(w/v). At the end of the distillation, the condenser was washed through with

deionised water, the collection bottles were removed and the liquid product

specimen was transferred into a 25 ml volumetric flask, made up to volume

using deionised water and then transferred back into the collection bottles for

storage prior to analysis by ion chromatography. The apparatus was

reconnected after the washing of the condenser and the removal of the

collection bottles, waste bottles were placed under the condenser and the

specimen boats were removed from the tube furnace. Specimen boats were

cleaned between each use. The ion chromatography was carried out using a

Dionex DX300 instrument and Al450 software. Parts per million values (ppm)

were reported for chlorine (Cl ppm), fluorine (F ppm).

4.8 – COMBUSTION – GAS CHROMATOGRAPHY (C-GC)

4.8.1 – C-GC SPECIMEN PREPARATION, DATA COLLECTION AND DATA

ANALYSIS

A sub-set of the sample of bone specimens heated to 600 °C was analysed

using combustion – gas chromatography (C-GC), carried out by staff at the

Natural History Museum, London (see Table 4.1).
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The combustion – gas chromatography was carried out using a Thermo

Finnigan Flash EA1112 Elemental analyser and Eager 300 software. A mass of

5 – 10 mg of specimen powder was transferred into an 8 x 5 mm tin specimen

capsule, loaded onto an autosampler for introduction into the combustion

reactor of the Elemental analyser. The analysis conditions included a

combustion temperature of 1000 °C, collection of gas products by a helium flow

carrier gas and the use of an aspartic acid standard of known concentration

(weight percentage of carbon, 36.09 %). Weight percentage values were

reported for carbon (C %), nitrogen (N %) and hydrogen (H %).

4.9 – MEASUREMENT OF MASS CHANGE DUE TO HEAT

TREATMENT

The mass of each heated bone specimen was recorded before and after

heating. For each individual, mass change for bone heated to 600 °C was

obtained for a bone specimens heated from room temperature to 600 °C, with a

dwell time of two hours and mass change for bone heated to 1400 °C was

obtained from a separate bone specimen heated from room temperature to

1400 °C, with a dwell time of two hours (see section 4.3.2).

Mass change was recorded as a percentage of the mass of a bone specimen

before heating (see Equation 4.6) and mass after heating was measured after

slow cooling of bone specimens within the furnace for a period of approximately

20 hours.
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Equation 4.6 – Calculation of mass change on heating of bone specimens

4.10 – STATISTICAL ANALYSIS OF DATA

Statistical analysis of the results was carried out using the Statistical Package

for Social Sciences software (version 16) [242-245].

The descriptive statistics of the mean value, the standard error of the mean

(Std. Error), the minimum value (Min) and the maximum value (Max) were

obtained for; the data set of all species including human AUS bone specimens,

the data set of all species excluding human AUS bone specimens and for, each

species group, for each bone mineral characteristic measured.

Kendall’s tau correlation co-efficient (τ) (see Equation 4.7) was calculated for

each group, for each bone mineral characteristic measured and the significance

of each coefficient value was tested, on a two tailed test basis. This co-efficient

was used due to the ranked nature of the values obtained for HAP and β-TCP

lattice parameters and two tailed tests were used due to uncertainties regarding

the negative or positive nature of correlations within the data.



79

 
 1

2






nn

nn dc

nc = number of concordant pairs

nd = number of discordant pairs

n = number of pairs of values in data set

Equation 4.7 – Calculation of Kendall’s tau correlation co-efficient

One-way analysis of variance (ANOVA) and Bonferroni post-hoc tests were

carried out to identify significant differences between species groups for a

selection of bone mineral characteristics measured using XRD analysis.

ANOVA was deemed to be the most appropriate statistical tool for comparing

the means of multiple sample (species) groups and the data held the

assumptions of normality and equal variances. The Bonferroni test was used

due to its statistical robustness and conservativeness. It was not possible to

include monkey and elephant within the ANOVA and Bonferroni tests due to the

analysis of bone from only one individual from each species. Significant

differences between each of these species and all other species were tested

using one sample t-tests for each bone mineral characteristic. Elephant and

monkey were not tested against each other and rat was not tested using

ANOVA with respect to unheated bone mineral characteristics, due to small

sample size or, in the case of rat, no data. The results of these tests are

presented in section 5.9.1 in terms of p-values which are the probabilities of

obtained results as extreme as the values actually observed, assuming the null

hypothesis is true. The levels of p < 0.01 and p < 0.05 are used to indicate

significant results. For example, for the HAP ‘a’ lattice parameter values
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obtained for unheated bone, a result of a p-value less than 0.01 indicates that

there is a significant difference between the mean values obtained for two

different species and thus leads to the rejection of the null hypothesis that there

is no difference between the two species.
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CHAPTER 5 – RESULTS

The results presented within this chapter relate to bone specimens from a total

of 123 individuals from a range of animal species (see section 4.2). The full data

set consisted of three bone specimens per individual; one unheated specimen,

one specimen heated to 600 °C and, one specimen heated to 1400 °C, with the

exception of the rat bone specimens, for which no unheated specimens were

included (see chapter 4). General results are presented for the data set,

including and excluding human AUS bone specimens and, when results are

presented for species groups, human AUS and human UK are categorised into

separate groups.

X-ray diffractograms and IR spectra are presented in the appendix. Results

tables relating to the figures presented in section 5.9 and results tables relating

to section 5.10.2 are also presented within the appendix.



82

5.1 – X-RAY DIFFRACTION ANALYSIS OF UNHEATED BONE

The X-ray diffractograms obtained from all unheated bone specimens had

broad, overlapping peaks (see appendix). Calcium hydroxylapatite (HAP) was

detected in all unheated bone specimens and was the only mineral phase

detected. The values obtained for the HAP relative coherence length

(HAP <00ℓ>) were all less than 300 Å. In general, the lattice parameter values

were above those of stoichiometric HAP; ‘a’ = 9.420 Å and ‘c’ = 6.880 Å (see

Table 5.1).

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 68 115 Number 68 115

Mean 238.7 248.6

Std.
Error

2.6 2.1

Min 175.3 175.3

HAP
%

100
(only HAP
detected)

100
(only HAP
detected)

HAP
<00ℓ>

(Å)

Max 281.5 288.0

Stoich. 9.420 Stoich. 6.880

Mean 9.468 9.462 Mean 6.901 6.902

Std.
Error

0.002 0.001
Std.
Error

0.001 0.001

Min 9.419 9.419 Min 6.888 6.880

HAP a
(Å)

Max 9.493 9.493

HAP c
(Å)

Max 6.918 6.921

Table 5.1 – XRD analysis results for HAP %, HAP <00ℓ>, HAP ‘a’ and HAP ‘c’ obtained
from unheated bone specimens, including all species investigated (unheated rat bone

was not investigated using this technique). Data presented as two groups: one that
excludes human AUS and one that includes human AUS
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5.2 – INDUCTIVELY COUPLED PLASMA – ATOMIC EMISSION

SPECTROMETRY OF BONE HEATED TO 600 °C

The results obtained from inductively coupled plasma – atomic emission

spectrometry of bone specimens heated to 600 °C were in agreement with

those of the X-ray diffraction analysis. Bone specimens had a bulk composition

of calcium and phosphorous (see Table 5.2) and this finding is consistent with a

HAP mineral structure (see chapter 2). The mean value obtained for the

percentage of calcium, by weight, was not significantly different to the

stoichiometric calcium hydroxylapatite value of 39.9 %, within one standard

error of the mean value. However, lower values, outside two standard error of

the mean values, were obtained for approximately 40 % of bone specimens.

Approximately 70 % of values obtained for the percentage of phosphorous by

weight were greater than the stoichiometric value of 18.5 %, outside two

standard error of the mean values. The resultant calculated values of atomic

and weight Ca/P ratios were all less than the stoichiometric values of 1.67

(atomic) and 2.16 (weight).
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All
Species

(excl.
human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 15 18 Number 15 18

Stoich. 39.9 Stoich. 1.67

Mean 39.7 39.6 Mean 1.57 1.58

Std.
Error

0.4 0.4
Std.
Error

0.02 0.02

Min 38.0 38.0 Min 1.47 1.47

Ca
%

(weight)

Max 43.7 43.7

Ca/P
(atomic)

Max 1.66 1.66

Stoich. 18.5 Stoich. 2.16

Mean 19.6 19.5 Mean 2.02 2.04

Std.
Error

0.2 0.2
Std.
Error

0.02 0.02

Min 18.6 17.8 Min 1.90 1.90

P
%

(weight)

Max 20.6 20.6

Ca/P
(weight)

Max 2.15 2.15

Table 5.2 – ICP-AES results for Ca % and P %, calculated Ca/P (atomic) and calculated
Ca/P (weight) obtained from bone specimens heated to 600 °C, including all species

investigated (elephant and rat not investigated using this technique). Data presented as
two groups: one that excludes human AUS and one that includes human AUS
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The elements; sodium (Na), magnesium (Mg), potassium (K), strontium (Sr) and

iron (Fe) were detected in all bone specimens (see Table 5.3). The order of

these elements in decreasing amounts detected was Na > Mg > K > Sr > Fe in

all cases, with the exception of the chicken bone specimen where Mg > Na.

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 15 18 Number 15 18

Mean 8902 8812 Mean 5922 5611

Std.
Error

295 250
Std.
Error

289 295

Min 5878 5878 Min 3717 3685

Na
ppm

Max 10329 10329

Mg
ppm

Max 7575 7575

Mean 1600 1393 Mean 196 186

Std.
Error

355 315
Std.
Error

23 20

Min 389 168 Min 54 54

K
ppm

Max 5946 5946

Sr
ppm

Max 351 351

Mean 18.8 18.4

Std.
Error

3.6 3.1

Min 4.3 4.3

Fe
ppm

Max 59.6 59.6

Table 5.3 – ICP-AES results for Na ppm, Mg ppm, K ppm, Sr ppm and Fe ppm obtained
from bone specimens heated to 600 °C, including all species investigated (elephant and

rat not investigated using this technique). Data presented as two groups: one that
excludes human AUS and one that includes human AUS
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5.3 – PYROHYDROLYSIS – ION CHROMATOGRAPHY OF BONE

HEATED TO 600 °C

Fluorine (F) and chlorine (Cl) were detected in all bone specimens (see Table

5.4). The results obtained for the rabbit bone specimen were semi-quantitative

due to the small amount of specimen available for analysis and so these results

are not presented. In general, the amount of F detected was less than 450 ppm

and the amount of Cl detected was greater than that of F for the same bone

specimen. However, for the human bone specimens and the dog bone

specimen, the F values obtained were all greater than 550 ppm and, in the case

of the two human AUS bone specimens, the F values were greater than the Cl

values obtained.

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 14 17 Number 14 17

Mean 256 439 Mean 673 640

Std.
Error

52 130
Std.
Error

38 36

Min 46 46 Min 450 435

F
ppm

Max 722 2048

Cl
ppm

Max 967 967

Table 5.4 – P-IC results for F ppm and Cl ppm obtained from bone specimens heated to
600 °C, including all species investigated (elephant and rat not investigated using this

technique). Data presented as two groups: one that excludes human AUS and one that
includes human AUS
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5.4 – COMBUSTION – GAS CHROMATOGRAPHY OF BONE

HEATED TO 600 °C

The percentage of nitrogen (N) detected was less than 0.1 % for all bone

specimens, with values of less than 0.05 % obtained for 67 % of bone

specimens. Less than 1.5 % of carbon (C) was detected in all bone specimens.

The expected percentage of hydrogen (H) in stoichiometic HAP is 0.2 % and in

general, the percentage values obtained were less than this value (see Table

5.5).

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 15 18 Number 15 18

Mean 0.034 0.035

Std.
Error

0.005 0.004

Min 0.013 0.013

Total
N
%

Max 0.062 0.062

Mean 0.873 0.921 Mean 0.243 0.248

Std.
Error

0.047 0.047
Std.
Error

0.010 0.009

Min 0.470 0.470 Min 0.188 0.188

Total
C
%

Max 1.100 1.230

Total
H
%

Max 0.313 0.313

Table 5.5 – C-GC results for C %, N % and H % obtained from bone specimens heated to
600 °C, including all species investigated (elephant and rat not investigated using this

technique). Data presented as two groups: one that excludes human AUS and one that
includes human AUS



88

5.5 – INFRARED SPECTROSCOPY OF BONE HEATED TO

600 °C

The presence of carbonate ions (CO3
2-) was detected in all bone specimens

analysed using IR spectroscopy. In general, weight percentage values were

calculated to be between 1 % and 2 %. Phosphate ion splitting factor values

(SF) of 3.5 to 5.6 were obtained for all bone specimens (see Table 5.6).

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 15 15 Number 15 15

Mean 1.53 1.53 Mean 4.07 4.07

Std.
Error

0.12 0.12
Std.
Error

0.13 0.13

Min 0.59 0.59 Min 3.53 3.53

CO3

%

Max 2.27 2.27

Splitting
Factor
(SF)

Max 5.53 5.53

Table 5.6 – IR spectroscopy results for CO3 % and SF obtained from bone specimens
heated to 600 °C, including all species investigated (elephant, rat and human AUS not

investigated using this technique)
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5.6 – MASS CHANGE ON HEATING

All heated bone specimens lost mass due to heat treatment, within the range of

27 – 60 % of their mass prior to heating (see Table 5.7). The mean percentage

mass loss at 1400 °C was greater than that at 600 °C but the mass loss at

1400 °C was not always greater than that at 600 °C for bone from the same

individual. The results suggest that the majority of mass loss from bone heated

to 1400 °C occurs on heating bone between room temperature and 600 °C and

that a gain in mass can occur within the temperature range of 600 °C to

1400 °C. However, these suggestions are tentative as two different bone

specimens from the same individual were used to measure mass change on

heating to each temperature and mass change was not measured in situ during

heating.

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 73 123 Number 73 123

Mean 37.100 37.706 Mean 39.650 40.991

Std.
Error

0.743 0.476
Std.
Error

0.506 0.351

Min 27.700 27.700 Min 31.878 31.878

Mass
Loss

%

600 °C

Max 57.542 57.542

Mass
Loss

%

1400 °C

Max 51.768 51.768

Table 5.7 – Mass change results for mass change on heating bone specimens to 600 °C
and on heating bone specimens to 1400 °C, including all species investigated. Data

presented as two groups: one that excludes human AUS and one that includes
human AUS
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5.7 – X-RAY DIFFRACTION ANALYSIS OF BONE HEATED TO

600 °C

5.7.1 – CALCIUM HYDROXYLAPATITE (HAP)

Calcium hydroxylapatite (HAP) was detected in all heated bone specimens (see

Table 5.8). In general, the HAP diffraction peaks from heated bone specimens

appeared to be more resolved than those from unheated bone specimens from

the same individual (see appendix).

Values of HAP <00ℓ> greater than 200 Å were obtained for all bone specimens

heated to 600 °C. These values were therefore all greater than the minimum

value of HAP <00ℓ> obtained for unheated bone specimens. Also, the maximum

value of HAP <00ℓ> obtained for bone specimens heated to 600 °C was

approximately 2.5 times the magnitude of the maximum value obtained for

unheated bone specimens. However, in general, there was little difference

between the values obtained for unheated and heated bone specimens from the

same individual (see Table 5.1 and Table 5.8).

Values of less than 9.420 Å were obtained for HAP ‘a’ for 75 % of the bone

specimens heated to 600 °C. All values obtained for HAP ‘c’, for bone

specimens heated to 600 °C were above 6.880 Å, with the exception of one

chicken bone specimen. In general, values of HAP ‘a’ and HAP ‘c’ obtained

from bone specimens heated to 600 °C, were less than values obtained for

unheated bone specimens corresponding to the same individual. Also, a smaller
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range of values was obtained for heated bone specimens compared to that

obtained for unheated bone specimens, for both HAP lattice parameters (see

Table 5.1, Table 5.8 and Table 5.10).

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 73 123 Number 73 123

Mean 98.90 99.35 Mean 9.415 9.416

Std.
Error

0.33 0.20
Std.
Error

0.001 0.001

Min 86.08 86.08 Min 9.402 9.402

HAP
%

Max 100.00 100.00

HAP a
(Å)

Max 9.430 9.437

Mean 26.93 25.74 Mean 6.886 6.890

Std.
Error

1.06 0.65
Std.
Error

0.000 0.000

Min 20.09 20.09 Min 6.880 6.880

HAP
<00ℓ>
(nm)

Max 72.27 72.27

HAP c
(Å)

Max 6.897 6.900

Table 5.8 – XRD analysis results for HAP %, HAP <00ℓ>, HAP ‘a’, and HAP ‘c’ obtained
from bone specimens heated to 600 °C, including all species investigated. Data
presented as two groups: one that excludes human AUS and one that includes

human AUS
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5.7.2 – ADDITIONAL MINERAL PHASES (β-TCP AND MgO)

In general, calcium hydroxylapatite was the only mineral phase detected in

bone specimens heated to 600 °C (see Table 5.8 and Table 5.9). Exceptionally,

β-tri-calcium phosphate (β-TCP) was detected in 9 % of bone specimens

heated to 600 °C and magnesium oxide (MgO) was detected in 2 bone

specimens heated to 600 °C (in less than 2% of specimens). The mineral

phases of β-TCP and MgO were not detected in the same bone specimens. For

bone specimens in which β-TCP was detected, the percentage detected in each

specimen was less than 15 % and for those in which MgO was detected, the

percentage was less than 1 %.

Magnesium oxide is not routinely reported as a thermal decomposition product

of bone mineral [145]. Evidence for the presence of this phase has therefore

been presented in Figure 5.1 and a stick representation the expected

diffractograms for MgO showing the five most intense peaks is presented in

Figure A.36 within the appendix.
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All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 73 123 Number 73 123

No.
Det

11 11
No.
Det

2 2

Mean 7.15 7.15 Mean 0.77 0.77

Std.
Error

1.01 1.01
Std.
Error

0.05 0.05

Min 3.13 3.13 Min 0.72 0.72

β-TCP
%

Max 13.92 13.92

MgO
%

Max 0.82 0.82

Mean 10.370 10.370 Mean 37.167 37.167

Std.
Error

0.003 0.003
Std.
Error

0.005 0.005

Min 10.352 10.352 Min 37.135 37.135

β-TCP
a

(Å)

Max 10.393 10.393

β-TCP
c

(Å)

Max 37.193 37.193

Table 5.9 – XRD analysis results for β-TCP and MgO obtained from bone specimens
heated to 600 °C, including all species investigated. Data presented as two groups: one

that excludes human AUS and one that includes human AUS

Figure 5.1 – X-ray diffractograms from bone specimens heated to 1400 °C showing
evidence for detection of MgO presented using Topas software. XRD data is represented

by the blue line, the Rietveld refinement data is represented by the red line. Rietveld
refinement has been carried out for all mineral phases except MgO in order to highlight

MgO peaks (indicated by arrows). A weight percentage of 0.36 % MgO was obtained from
the lower diffractogram (peak at approximately 1.38 d-spacing is not observed due to low

weight percentage of MgO) and 1.4 % MgO was obtained from the upper diffractogram
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5.8 – X-RAY DIFFRACTION ANALYSIS OF BONE HEATED TO

1400 °C

5.8.1 – CALCIUM HYDROXYLAPATITE (HAP)

HAP was detected in all bone specimens heated to 1400 °C and the percentage

detected was greater than 20 % in all cases. However, a percentage of less

than 50 % was detected for 80 % of bone specimens (see Table 5.10).

Values of less than 9.420 Å were obtained for HAP ‘a’ for all bone specimens

heated to 1400 °C, with the exception of two human AUS bone specimens and

one human UK bone specimen. However, the values obtained for HAP ‘c’ were

all greater than 6.880 Å (see Table 5.10).
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All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 73 123 Number 73 123

Mean 42.48 41.04

Std.
Error

1.16 0.86

Min 22.22 22.22

HAP
%

Max 72.33 72.33

Mean 9.414 9.413 Mean 6.888 6.891

Std.
Error

0.000 0.000
Std.
Error

0.001 0.000

Min 9.400 9.400 Min 6.882 6.882

HAP a
(Å)

Max 9.423 9.423

HAP c
(Å)

Max 6.900 6.901

Table 5.10 – XRD analysis results for HAP %, HAP ‘a’ and HAP ‘c’ obtained from bone
specimens heated to 1400 °C, including all species investigated. Data presented as two

groups: one that excludes human AUS and one that includes human AUS

5.8.2 – ADDITIONAL MINERAL PHASES (β-TCP AND MgO)

The mineral phases of β-tri-calcium phosphate (β-TCP) and magnesium oxide

(MgO) were detected in all bone specimens heated to 1400 °C (Table 5.11).

The percentage of MgO detected was less than 1.5 % in each case and was

less than 1 % for 80 % of bone specimens. It was therefore identified as a minor

phase for all bone specimens.

The percentage of β-TCP detected was at least 8 % for all bone specimens and

in general (for 89 % of bone specimens), was between 20 % and 50 %. It was
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therefore identified as a major phase for the majority of bone specimens heated

to 1400 °C. Also, for bone specimens heated to 600 °C, in which β-TCP was

detected, a greater percentage of β-TCP was detected in the bone specimen

heated to 1400 °C, corresponding to the same individual. All values obtained for

β-TCP ‘a’ for bone specimens heated to 1400 °C were greater than the

maximum value obtained for all bone specimens heated to 600 °C. This was

also found to be the case for values of β-TCP ‘c’ (see Table 5.11).

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 73 123 Number 73 123

Mean 39.91 36.79 Mean 0.87 0.78

Std.
Error

1.10 0.88
Std.
Error

0.03 0.02

Min 13.37 8.90 Min 0.36 0.36

β-TCP
%

Max 60.34 60.34

MgO
%

Max 1.40 1.40

Mean 10.440 10.442 Mean 37.327 37.331

Std.
Error

0.000 0.000
Std.
Error

0.001 0.001

Min 10.428 10.428 Min 37.304 37.304

β-TCP
a (Å)

Max 10.448 10.450

β-TCP
c (Å)

Max 37.351 37.372

Table 5.11 – XRD analysis results for β-TCP and MgO obtained from bone specimens
heated to 1400 °C, including all species investigated. Data presented as two groups: one

that excludes human AUS and one that includes human AUS
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5.8.3 – ADDITIONAL MINERAL PHASES (TTCP, CaO AND α-TCP)

The mineral phases of tetra-calcium phosphate (TTCP) and calcium oxide

(CaO) were detected in the majority of bone specimens heated to 1400 °C

(approximately 98 % and 88 % respectively). However, the mineral phase; α-tri-

calcium phosphate (α-TCP) was generally not detected in bone specimens

heated to 1400 °C; it was detected in only 7 % of bone specimens (see Table

5.12). TTCP ranged from detection as a minor phase (values of < 10 %) to a

major phase. However, the percentage of TTCP detected was less than 40 %

for all bone specimens. The mineral phase; α-TCP also ranged from detection

as a minor phase to a major phase, whereas, CaO was only identified as a

minor phase, when detected, as all percentage values obtained were less than

1.5 % (see Table 5.12).
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All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

All
Species

(excl. human
AUS)

All
Species
(incl. human

AUS)

Number 73 123 Number 73 123

No.
Det

7 9

Mean 8.65 7.63

Std.
Error

2.63 2.15

Min 1.43 1.43

α-TCP
%

Max 19.57 19.57

No.
Det

71 121
No.
Det

62 108

Mean 15.60 20.45 Mean 0.86 0.81

Std.
Error

1.14 0.94
Std.
Error

0.03 0.02

Min 1.96 1.96 Min 0.31 0.31

TTCP
%

Max 39.72 39.72

CaO
%

Max 1.39 1.39

Table 5.12 – XRD analysis results for TTCP, CaO and α-TCP obtained from bone
specimens heated to 600 °C, including all species investigated. Data presented as two

groups: one that excludes human AUS and one that includes human AUS



99

5.9 – INTER-SPECIES VARIATION

5.9.1 – STATISTICAL SIGNIFICANCE OF INTER-SPECIES VARIATION

For a selection of bone mineral characteristics measured using X-ray diffraction

and, for mass change results, each difference between the mean value of each

species group and the mean value of every other species group was tested to

determine its statistical significance (see section 4.10). The results of these

tests are presented in Figure 5.2 and are referred to throughout this section.

Figure 5.2 consists of an array of squares. Each square represents the result of

a significance test between two species for a particular bone mineral

characteristic. The position of each box within the figure relates to the bone

mineral characteristic and the species tested. Where boxes are labelled with an

‘X’, no test was carried out (see section 4.10). Level of significance is indicated

by the shading of each box and a black box indicates a significant difference

between two species at the level of p < 0.01.
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Figure 5.2 – Results of Bonferroni ANOVA post-hoc tests for statistical significance of
inter-species variation for a selection of bone mineral characteristics measured using X-
ray diffraction analysis and for mass change on heating. Results presented for elephant

and monkey represent one individual from each species and one sample t-tests were
carried out for these species. An ‘X’ within a box indicates that no test was carried out
for the corresponding species pair for a particular bone mineral characteristic due to

absence of data or insufficient data
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In general, species groups were significantly different from other species

studied, in terms of at least one bone mineral characteristic. Overall, elephant,

monkey, human UK and human AUS had a greater number of significant

differences at the level of p < 0.01 compared to the other species studied.

Elephant bone had the highest mean number of significant differences at this

level, per species comparison, followed by monkey bone and human bone.

However, results for elephant and monkey are based on one individual of each

species and so the results may not be significant in terms of larger sample sets

of bone specimens from these two species. A greater mean number of

significant differences was obtained for human AUS than for human UK. Deer

and cow had a smaller number of significant differences than all other species

studied. Deer had the lowest mean number of significant differences at the level

of p < 0.01 per species comparison.

There were several species for which there were no significant differences for

any characteristics when compared with another species group, such as cow

and goat. Furthermore, no single characteristic was shown to be significantly

different for all species comparisons. Neither were groups of characteristics,

grouped as unheated, 600 °C and 1400 °C characteristics, shown to be

significantly different for all species comparisons at the level of p < 0.01.

However, there were several comparison pairs of species that were significantly

different in terms of all characteristics within a group. For example, human UK

was significantly different (p < 0.01) to elephant for all unheated bone mineral

characteristics.
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5.9.2 – X-RAY DIFFRACTION ANALYSIS OF UNHEATED BONE

There was no variation observed in the percentage of HAP detected in

unheated bone specimens, as HAP was the only mineral phase detected in all

cases. However, inter-species variation was observed for other measured

characteristics of the HAP mineral phase.

The values obtained for HAP <00ℓ> for chicken bone specimens were

significantly less (p < 0.01) than the values obtained for unheated bone

specimens from all other species, with the exception of pig (see Figure 5.3).

The values obtained for all bone specimens from chicken, pig and elephant

were all less than 231 Å whereas values above this were obtained for at least

one individual from each species, for all other species studied. Values of

HAP <00ℓ> greater than 260 Å were only observed for dog, goat and human

and values greater than 280 Å were only observed for human. Furthermore, the

range of values obtained for human did not overlap with the ranges of values

obtained for chicken and pig. Similar mean values and ranges of values were

obtained for HAP <00ℓ> for the human UK and human AUS groups (see Figure

5.3).
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Figure 5.3 – XRD analysis results for HAP <00ℓ> obtained from unheated bone
specimens, grouped by species, showing mean (line within a box), minimum (lower limit

of a box) and maximum (upper limit of a box) values. Unheated rat bone was not
investigated and data presented for elephant and monkey represents one individual from

each species

The values obtained for HAP ‘a’ for chicken, deer, elephant, monkey, pig and

sheep were all above 9.46 Å (see Figure 5.4). However, the highest mean

values were obtained for chicken and pig. Furthermore, the values obtained for

HAP ‘a’ for chicken and pig were significantly greater (p < 0.01) than those

obtained for elephant and monkey (p < 0.05 for pig and monkey). Values of less

than 9.43 Å for HAP ‘a’ were only obtained for human bone. The values

obtained for human UK were significantly less (p < 0.01) than those of all other

species, with the exceptions of human AUS bone (no significant difference) and

goat bone (p < 0.05).
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Figure 5.4 – XRD analysis results for HAP ‘a’ obtained from unheated bone specimens,
grouped by species, showing mean (line within a box), minimum (lower limit of a box)

and maximum (upper limit of a box) values. Unheated rat bone rat was not investigated
and data presented for elephant and monkey represents one individual from each

species

There was less variation in the values obtained for HAP ‘c’ for unheated bone

specimens compared to those obtained for HAP ‘a’ both in terms of the overall

range of values obtained and also inter-species variation (see Figure 5.4 and

Figure 5.5). The greatest range of values for HAP ‘c’ was obtained for human

AUS. This range encompassed the maximum and minimum values obtained for

all bone specimens from all species and was considerably greater than the
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range obtained for human UK. The lowest mean value was obtained for chicken

and the greatest mean value was obtained for goat, although the values

obtained for elephant and monkey were both greater than the goat mean value.

The values obtained for HAP ‘c’ for elephant and monkey were significantly

greater (p < 0.01) than the majority of the other species but there were no other

significant differences between species (see Figure 5.2).

Figure 5.5 – XRD analysis results for HAP ‘c’ obtained from unheated bone specimens,
grouped by species, showing mean (line within a box), minimum (lower limit of a box)

and maximum (upper limit of a box) values. Unheated rat bone rat was not investigated
and data presented for elephant and monkey represents one individual from each

species
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5.9.3 – INDUCTIVELY COUPLED PLASMA – ATOMIC EMISSION

SPECTROMETRY OF BONE HEATED TO 600 °C

A weight percentage of calcium greater than 42 % was obtained for rabbit (see

Figure 5.6). Values lower than 42 % were obtained for all other species

investigated and the lowest weight percentage value was obtained for dog. The

greatest value for the weight percentage of phosphorous was also obtained for

rabbit bone. Values of 20 % or greater were only obtained for rabbit, chicken

and cow. The relatively high phosphorous and low calcium composition of

chicken and cow bone resulted in a lower Ca/P ratio for these species (Ca/P

both less than 1.55), compared to the other species investigated (Ca/P all

greater than 1.55). Due to the combined measure nature of Ca/P values, there

was less inter-species variation for this characteristic compared with the

variation observed for each ratio component.

Values obtained for the weight percentage of sodium were greater than

7500 ppm for all species; with the exception of chicken for which a much lower

value was obtained. The next lowest value was obtained for sheep bone. The

highest value obtained was for human UK bone. However, there were

differences of approximately 2000 ppm between the human UK value and those

obtained for human AUS bone.
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Figure 5.6 – ICP-AES results for Ca %, P % and calculated Ca/P (atomic) obtained from bone
specimens heated to 600 °C, grouped by species. Data for one individual from each

species presented with the exception of cow and human AUS (mean (line within a box),
minimum (lower limit of a box) and maximum (upper limit of a box) values shown for
these species) and elephant and rat which were not investigated using this technique
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The values obtained for the weight percentage of magnesium appear, from

Figure 5.7, to be in general, negatively correlated with corresponding values

obtained for the weight percentage of sodium. Chicken and sheep, which had

the lowest sodium values, had the greatest magnesium values and the human

UK bone specimen, which had the greatest sodium value, had one of the lowest

magnesium values. However, exceptions to this general trend are evident. The

magnesium values obtained for cow and goat were greater than would be

expected based on the observed trend whereas values obtained for human

AUS and dog were less than would be expected.

Similar to the results obtained for the weight percentage values of magnesium,

the greatest values obtained for the weight percentage of potassium were for

chicken and sheep. The value obtained for chicken was approximately twice the

value that was obtained for sheep and was approximately 3 – 6 times greater

than the values obtained for all other species. The values obtained for human

bone were less than those obtained for any other species.
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Figure 5.7 – ICP-AES results for K ppm, Mg ppm and Na ppm obtained from bone
specimens heated to 600 °C, grouped by species. Data for one individual from each

species presented with the exception of cow and human AUS (mean (line within a box),
minimum (lower limit of a box) and maximum (upper limit of a box) values shown for
these species) and elephant and rat which were not investigated using this technique
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Two groups of species were apparent in terms of the values obtained for the

weight percentage of strontium (see Figure 5.8). Values greater than 200 ppm

were obtained for chicken, cow, deer, goat and rabbit whilst values less than

this were obtained for all other species. However, a relatively large intra-species

range of variation was observed for cow, for which the highest value was

obtained but also, for which values less than 200 ppm were also obtained.

The greatest value for the weight percentage of iron was obtained for chicken

and the lowest value was obtained for pig (see Figure 5.8). Although similar

results were obtained for chicken and sheep in terms of the values obtained for

sodium, magnesium and potassium compared to those for other species, these

two species were dissimilar in terms of values obtained for strontium and iron.

Relatively low values were obtained for sheep whereas relatively high values

were obtained for chicken.
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Figure 5.8 – ICP-AES results for Fe ppm and Sr ppm obtained from bone specimens
heated to 600 °C, grouped by species. Data for one individual from each species

presented with the exception of cow and human AUS (mean (line within a box), minimum
(lower limit of a box) and maximum (upper limit of a box) values shown for these species)

and elephant and rat which were not investigated using this technique
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5.9.4 – PYROHYDROLYSIS – ION CHROMATOGRAPHY OF BONE HEATED

TO 600 °C

The highest values for the percentage of fluorine detected were obtained for

human and dog (see Figure 5.9). Values greater than 750 ppm were only

obtained for human AUS. The lowest value was obtained for pig. The highest

value for the percentage of chlorine was obtained for goat and the lowest values

were obtained for human AUS and deer. A relatively low value was obtained for

pig and the intra-species range obtained for cow was large. However, there was

little variation between any other species; all other values were within the range

of 700 – 750 ppm.
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Figure 5.9 – P-IC results for Cl ppm and F ppm obtained from bone specimens heated to
600 °C, grouped by species. Data for one individual from each species presented with the

exception of cow and human AUS (mean (line within a box), minimum (lower limit of a
box) and maximum (upper limit of a box) values shown for these species), elephant and

rat which were not investigated using this technique and rabbit, for which semi-
quantitative results were obtained
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5.9.5 – COMBUSTION – GAS CHROMATOGRAPHY OF BONE HEATED TO

600 °C

The lowest value for the weight percentage of carbon was obtained for chicken

(see Figure 5.10). This value was less than 0.5 % and values greater than 0.5

% were obtained for all other species. A relatively low value was also obtained

for sheep and values greater than 1 % were only obtained for human, cow and

dog. The lowest value for the weight percentage of nitrogen was obtained for

rabbit. However, overall there was little inter-species variation in the values

obtained. Cow and human AUS were distinctive from all other species for the

high values obtained and were the only species for which values greater than

0.3 % were obtained. Similar to the results obtained for the weight percentage

of nitrogen, the greatest values for the weight percentage of hydrogen were

obtained for cow, human AUS and dog. The lowest values (less than 0.2%)

were obtained for monkey, human UK and rabbit. Differences between human

UK and human AUS are evident, from Figure 5.10, in terms of the weight

percentage values obtained for nitrogen, carbon and hydrogen, with greater

values obtained for human AUS for each characteristic.
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Figure 5.10 – C-GC results for N %, C % and H % obtained from bone specimens heated
to 600 °C, grouped by species. Data for one individual from each species presented with

the exception of cow and human AUS (mean (line within a box), minimum (lower limit of a
box) and maximum (upper limit of a box) values shown for these species) and elephant

and rat which were not investigated using this technique
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5.9.6 – INFRARED SPECTROSCOPY OF BONE HEATED TO 600 °C

The highest value for the weight percentage of carbonate ions was obtained for

cow, followed by relatively high values obtained for monkey, rabbit and dog (see

Figure 5.11). Pig was the only species, for which a value less than 0.8 % was

obtained. The highest value for the phosphate ion splitting factor was obtained

for monkey (see Figure 5.12). This value was greater than 5.0, whereas values

less than 5.0 were obtained for all other species. The lowest value was obtained

for cow.

Figure 5.11 – IR spectroscopy results for CO3 % obtained from bone specimens heated to
600 °C, grouped by species. Data for one individual from each species presented with the
exception of cow (mean (line within a box), minimum (lower limit of a box) and maximum
(upper limit of a box) values shown for this species) and elephant, human AUS and rat

which were not investigated using this technique
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Figure 5.12 – IR spectroscopy results for phosphate splitting factor (SF) obtained from
bone specimens heated to 600 °C, grouped by species. Data for one individual from each
species presented with the exception of cow (mean (line within a box), minimum (lower
limit of a box) and maximum (upper limit of a box) values shown for this species) and

elephant, human AUS and rat which were not investigated using this technique
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5.9.7 – MASS CHANGE ON HEATING

All chicken bone specimens heated to 600 °C lost over 49 % of their mass on

heating. The mass loss from bone specimens from all other species was less

than 47 %, with the exception of one rat and one human AUS bone specimen.

Only deer, goat and rabbit species had bone specimens which lost less than

30 % of their mass, on heating. Rabbit had the lowest mean mass loss value

and the range obtained for rabbit did not overlap with the range obtained for the

majority of the other species (see Figure 5.13)

The relative inter-species distribution of mass loss values for bone heated to

1400 °C was similar to that observed for mass loss values for bone heated to

600 °C (see Figure 5.13 and Figure 5.14). For example, the relative inter-

species trend of mass loss values for chicken, cow, deer and dog bone

specimens heated to 600 °C was also observed for bone specimens heated to

1400 °C for these species. However, there was less intra-species variation

observed for mass loss values for bone heated to 1400 °C compared to the

variation observed for bone heated to 600 °C. Furthermore, mass loss values

for bone heated to 1400 °C that were less than the corresponding value

obtained for the same individual for bone heated to 600 °C, for chicken, rat, pig,

sheep and human AUS, suggestive of mass gain on heating for these

individuals (see Figure 5.14).
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Figure 5.13 – Mass change results for mass change on heating bone specimens to
600 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species
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Figure 5.14 – Mass change results for mass change on heating bone specimens to
1400 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species
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5.9.8 – X-RAY DIFFRACTION ANALYSIS OF BONE HEATED TO 600 °C

Values of HAP <00ℓ> greater than 300 Å were obtained for human, monkey, pig

and goat for bone heated to 600 °C (see Figure 5.15). Values greater than

500 Å were only obtained for human UK and monkey and the values obtained

for these two species were significantly greater than the values obtained for all

other species. Although, relatively high values were obtained for pig, a large

intra-species range of values was obtained for this species, with values less

than 210 Å also obtained. The only other species for which values less than

210 Å obtained were chicken, cow and dog. Unlike the values obtained for

human UK, all values obtained for human AUS were less than 350 Å.
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Figure 5.15 – XRD analysis results for HAP <00ℓ> obtained from bone specimens heated
to 600 °C, grouped by species, showing mean (line within a box), minimum (lower limit of

a box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species
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Rat was the only species for which all values obtained for HAP ‘a’ were greater

than 4.92 Å, for bone heated to 600 °C (see Figure 5.16). However, values

greater than 4.92 Å were also obtained for chicken, dog, human and sheep. The

lowest value was obtained for elephant. A large intra-species range was

obtained for human AUS compared with those of other species. This range

encompassed the ranges of values obtained for all other species, with the

exception of elephant. All values obtained for rat and chicken for HAP ‘c’ for

bone heated to 600 °C were 6.885 Å or less and all values obtained for

elephant and human were 6.89 Å or greater (see Figure 5.17).

Figure 5.16 – XRD analysis results for HAP ‘a’ obtained from bone specimens heated to
600 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species
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Figure 5.17 – XRD analysis results for HAP ‘c’ obtained from bone specimens heated to
600 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species

The mineral phase; β-TCP was detected in all chicken and rat bone specimens

and in one sheep bone specimen, heated to 600 °C. It was not detected in bone

specimens, heated to 600 °C, from any other species studied. The percentage

of β-TCP detected was less than 15 % for chicken, rat and sheep bone

specimens but the range of values obtained for rat bone specimens was greater

than that obtained for chicken bone specimens (see appendix). MgO was

detected in one monkey bone specimen and one human UK bone specimen

heated to 600 °C and the percentage detected was less than 1 % in each case

(see appendix).
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For those species for which β-TCP was detected in bone specimens heated to

600 °C, the value obtained for sheep for β-TCP ‘a’ was less than 10.36 Å

whereas, values greater than this were obtained for all chicken and rat

specimens. A large intra-species range of values was obtained for chicken for

β-TCP ‘c’ compared to that obtained for rat and all values obtained for rat and

sheep were encompassed within the range obtained for chicken (see appendix).

5.9.9 – X-RAY DIFFRACTION ANALYSIS OF BONE HEATED TO 1400 °C

The only species for which values of less than 25 % were obtained for the

weight percentage of HAP detected within bone heated to 1400 °C were

elephant and monkey. However, all the values obtained for cow, deer, goat,

rabbit and rat were less than 50 %. The highest value was obtained for dog and

all values obtained for dog and chicken were greater than 40 % (see Figure

5.18).

Both the highest and lowest values of HAP ‘a’ for bone heated to 1400 °C were

obtained for human, for which the largest intra-species ranges of values were

obtained. However, human was also the only species for which values outside

the range of 4.05 – 4.92 Å, were obtained (see Figure 5.19). The lowest values

of HAP ‘c’ for bone heated to 1400 °C were obtained for cow, deer, rabbit and

sheep. The highest values were obtained for human and values greater than

6.89 Å were only obtained for dog, human and rat (see Figure 5.20).
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Figure 5.18 – XRD analysis results for HAP % obtained from bone specimens heated to
1400 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species
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Figure 5.19 – XRD analysis results for HAP ‘a’ obtained from bone specimens heated to
1400 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species

Figure 5.20 – XRD analysis results for HAP ‘c’ obtained from bone specimens heated to
1400 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species
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Percentage values of β-TCP, of less than 30 % were only obtained for dog and

human bone heated to 1400 °C. However, only for cow, deer, monkey and rat

were all values obtained greater than 40 % (see Figure 5.21). The value

obtained for β-TCP ‘a’ for chicken and rat were significantly lower than those

obtained for all other species and the values obtained for human were

significantly greater than those obtained for all other species (see Figure 5.22).

Values greater than 37.34 Å for β-TCP ‘c’ were only obtained for human and rat.

However, relatively low values were also obtained for human, whereas all

values obtained for rat were greater than 37.33 Å (see Figure 5.23).
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Figure 5.21 – XRD analysis results for β-TCP % obtained from bone specimens heated to
1400 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species
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Figure 5.22 – XRD analysis results for β-TCP ‘a’ obtained from bone specimens heated to
1400 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species
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Figure 5.23 – XRD analysis results for β-TCP ‘c’ obtained from bone specimens heated to
1400 °C, grouped by species, showing mean (line within a box), minimum (lower limit of a

box) and maximum (upper limit of a box) values. Data presented for elephant and
monkey represents one individual from each species
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The mineral phase; α-TCP was detected in chicken, human AUS and rat bone

heated to 1400 °C but was not detected for bone of any other species (see

Figure 5.24). It was detected in 3 out of 5 chicken bone specimens, 4 out of 5

rat bone specimens and 2 out of 50 human AUS bone specimens. The

percentage of α-TCP detected in the chicken and human AUS bone specimens

was less than 7 % in each case was between 7 % and 20 % for all rat bone

specimens. TTCP was not detected in two chicken bone specimens heated to

1400 °C. However, it was detected in all other bone specimens from all species.

The highest weight percentage value was obtained for elephant and values

greater than 30 % were also obtained for human and monkey. All values

obtained for chicken and rat were less than 4 % whereas values greater than

this were obtained for all bone specimens from all other species.

The lowest values for the weight percentage of MgO detected in bone heated to

1400 °C were obtained for dog, elephant and human (see Figure 5.25). The

highest value was obtained for rabbit, although the intra-species range that was

obtained for rabbit encompassed the ranges obtained for the majority of the

other species. The mineral phase CaO was not detected for any rat or monkey

bone specimens. It was not detected for the majority of chicken bone

specimens, 4 out of 50 human AUS bone specimens and one rabbit bone

specimen. However, it was detected in all bone specimens from all other

species. The lowest value was obtained for chicken and the largest value was

obtained for human. However, the intra-species range obtained for human

encompassed those obtained for all other species except chicken and rabbit.
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Figure 5.24 – XRD analysis results for α-TCP % and TTCP % obtained from bone
specimens heated to 1400 °C, grouped by species, showing mean (line within a box),

minimum (lower limit of a box) and maximum (upper limit of a box) values. Data
presented for elephant and monkey represents one individual from each species. The

phase α-TCP was only detected in chicken, human AUS and rat bone specimens. Data for
individuals for which mineral phase weight percentage was equal to zero are not

presented and not included in calculation of mean values
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Figure 5.25 – XRD analysis results for CaO % and MgO % obtained from bone specimens
heated to 1400 °C, grouped by species, showing mean (line within a box), minimum
(lower limit of a box) and maximum (upper limit of a box) values. Data presented for

elephant and monkey represents one individual from each species. The phase CaO was
not detected in monkey and rat bone specimens. Data for individuals for which mineral

phase weight percentage was equal to zero are not presented and not included in
calculation of mean values
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5.10– KENDALL’S TAU CORRELATIONS OF BONE MINERAL

CHARACTERISTICS

5.10.1 – GENERAL CORRELATIONS (ALL SPECIES)

The results of tests for general correlations within the data from all species

investigated are presented in Table 5.13 through to Table 5.15. The tables are

an array of ‘boxes’, each containing two values. The upper value within each

box is the Kendall’s Tau correlation coefficient (τ) and the lower values indicate

the sample size used for each test. The shading of each box indicates the

significance of the coefficient value it contains. No shading indicates that the

result was not significant, grey shading indicates a significance of p < 0.05 and

black shading indicates a significance of p < 0.01.

In general, characteristics were found to be poorly correlated with each other

and all correlation coefficients were less than 0.80. However, coefficients,

greater than 0.60, were obtained. Also, in general, characteristics were

significantly correlated (p < 0.05) with at least one other characteristic.

For unheated bone, the values obtained for HAP <00ℓ> were significantly

correlated to the values of both HAP lattice parameters. They were negatively

correlated with HAP ‘a’ values and positively correlated with HAP ‘c’ values.

However, the magnitude of correlation coefficients was less than 0.35 in each

case (see Table 5.13). Values of HAP <00ℓ> for unheated bone were

significantly correlated to values of percentage of magnesium and percentage
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of fluorine. They were negatively correlated with magnesium values and

positively correlated with fluorine values (see Table 5.14).

HAP ‘c’ values obtained for unheated bone were not correlated to any of the

values obtained for any elemental or IR characteristics (see Table 5.14).

However, values of HAP ‘a’ were significantly correlated (at least to the level of

p < 0.05) to values obtained for the percentage of carbon, potassium and

sodium.
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HAP
<00ℓ>

-0.33
HAP

a
115

0.23 -0.05
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HAP
c

115 115

0.08 -0.02 -0.07
Mass
Loss

115 115 115

0.05 -0.05 0.07 0.05
HAP

<00ℓ>
115 115 115 123

-0.04 0.14 -0.23 0.36 -0.12
HAP

a
115 115 115 123 123

0.47 -0.44 0.29 0.05 0.07 -0.09
HAP

c
115 115 115 123 123 123

0.07 -0.33 -0.20 0.20 -0.09 0.38 -0.05β-
TCP
% 6 6 6 11 11 11 11

-0.73 0.47 -0.20 0.09 0.09 0.64 0.13 0.60β-
TCP

a 6 6 6 11 11 11 11 11

-0.60 0.60 0.20 -0.16 0.13 0.31 0.38 0.05 0.45

6
0

0
°C

β-
TCP

c 6 6 6 11 11 11 11 11 11

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

Unheated 600 °C

All Species (including Human AUS)

Table 5.13 – Kendall’s Tau correlation results for HAP <00ℓ>, HAP ‘a’ and HAP ‘c’
obtained from XRD analysis of unheated bone specimens, HAP <00ℓ>, HAP ‘a’, HAP ‘c’,
β-TCP %, β-TCP ‘a’ and β-TCP ‘c’ obtained from XRD analysis of bone specimens heated
to 600 °C and mass change results for bone specimens heated to 600 °C, tested against
each other. Data presented includes all species investigated with the exception of tests
involving data from unheated bone specimens for which rat was not included and tests

for β-TCP %, β-TCP ‘a’ and β-TCP ‘c’ obtained from bone specimens heated to 600 °C for
which only rat, chicken and sheep were included. In each test result ‘box’ the correlation

coefficient is presented above the number of individuals used for the test
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All Species (including Human AUS)

600 °C

Ca
%

P
%

Atomic
Ca/P

Total
N %

Total
C %

Total
H %

Fe
ppm

K
ppm

Mg
ppm

Na
ppm

Sr
ppm

F
ppm

Cl
ppm

CO3
%

SF

-0.05 -0.33 0.09 0.02 0.34 0.02 -0.11 -0.33 -0.42 0.16 -0.19 0.40 0.16 0.34 0.19
HAP

<00ℓ>
18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

0.16 0.19 0.06 -0.21 -0.46 -0.09 0.08 0.54 0.31 -0.38 0.00 -0.30 0.04 -0.11 0.08
HAP

a
18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

-0.17 -0.12 0.03 0.04 0.16 -0.02 0.04 -0.10 -0.26 -0.01 0.08 0.21 -0.21 0.05 0.22

U
n

h
e

a
te

d

HAP
c

18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

0.20 -0.37 0.35 -0.16 -0.02 -0.01 -0.19 -0.05 -0.16 -0.28 -0.37 0.25 0.07 -0.23 0.00
Mass
Loss

18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

0.19 -0.35 0.46 -0.56 -0.15 -0.41 -0.10 0.15 -0.46 -0.16 -0.36 0.29 0.15 -0.04 0.67
HAP

<00ℓ>
18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

0.24 0.10 0.05 -0.11 -0.34 -0.27 -0.14 0.14 0.23 -0.15 -0.01 -0.03 0.26 -0.54 0.19
HAP

a
18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

-0.02 -0.43 0.34 -0.22 0.35 -0.01 -0.02 -0.27 -0.70 -0.08 -0.20 0.38 -0.21 0.19 0.38

6
0

0
°C

HAP
c

18 18 18 18 18 18 18 18 18 18 18 17 17 18 18

0.14 -0.26 0.22 -0.09 0.02 -0.01 -0.11 -0.10 -0.11 -0.28 -0.32 0.25 0.04 -0.27 0.02
Mass
Loss

18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

-0.05 0.07 -0.23 0.14 0.05 0.36 0.01 -0.01 0.29 -0.19 0.06 0.21 0.00 -0.19 -0.38
HAP

%
18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

-0.14 0.06 -0.19 0.14 -0.09 0.19 -0.11 -0.02 0.36 -0.07 0.12 -0.41 -0.03 -0.15 -0.38
HAP

a
18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

0.13 -0.21 0.24 -0.14 0.32 -0.03 0.06 -0.27 -0.57 0.02 -0.18 0.65 -0.06 0.15 0.06
HAP

c
18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

-0.05 0.22 -0.23 0.06 -0.31 -0.07 0.01 0.36 0.45 -0.06 0.16 -0.60 0.07 0.02 -0.06β-
TCP
% 18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

-0.07 -0.13 0.05 0.11 0.47 0.15 -0.19 -0.62 -0.35 0.14 -0.03 0.13 -0.25 0.02 -0.17β-
TCP

a 18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

0.03 0.11 0.03 -0.06 0.03 0.10 0.15 0.03 -0.01 -0.41 -0.01 0.09 -0.29 -0.08 -0.06β-
TCP

c 18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

0.16 -0.31 0.43 -0.30 0.22 -0.22 0.03 -0.13 -0.71 0.00 -0.28 0.42 -0.10 0.27 0.27
TTCP

%
17 17 17 17 17 17 17 17 17 17 17 16 16 14 14

-0.15 0.09 -0.23 0.10 -0.18 0.02 0.05 0.17 0.37 -0.02 0.15 -0.16 -0.03 -0.14 0.01
CaO

%
16 16 16 16 16 16 16 16 16 16 16 15 15 13 13

-0.10 0.27 -0.33 0.20 -0.20 0.07 0.01 0.18 0.61 0.02 0.40 -0.43 0.25 -0.33 -0.36

1
4

0
0

°C

MgO
%

18 18 18 18 18 18 18 18 18 18 18 17 17 15 15

Table 5.14 – Kendall’s Tau correlation results for bone mineral characteristics obtained
from ICP-AES, P-IC, C-GC and IR spectroscopy of bone specimens heated to 600 °C

tested against characteristics obtained from XRD analysis of unheated bone specimens,
bone specimens heated to 600 °C and to 1400 °C and for mass change results for 600 °C
and 1400 °C. Data includes all species investigated with the exception of tests involving
data from unheated bone for which rat was not included and tests for β-TCP %, β-TCP ‘a’
and β-TCP ‘c’ obtained from bone specimens heated to 600 °C for which only rat, chicken
and sheep were included. In each test result ‘box’ the correlation coefficient is presented

above the number of individuals used for the test
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Values obtained for HAP <00ℓ> for bone heated to 600 °C were not correlated

to values obtained for unheated bone for HAP <00ℓ>, HAP ‘a’ or HAP ‘c’

(see Table 5.13). They were however, significantly correlated (p <0.01) to

values obtained for the atomic Ca/P ratio (+ 0.46), the phosphate ion splitting

factor (+ 0.67) and, the percentage of nitrogen (- 0.56) and magnesium (- 0.46)

(see Table 5.14).

For bone heated to 600 °C, values obtained for HAP ‘a’ and HAP ‘c’ were

significantly correlated to those obtained for unheated bone. However, a

coefficient of a magnitude of at least 0.4 was only obtained for HAP ‘c’ (600 °C)

and HAP ‘a’ (unheated) (see Table 5.13). Values of HAP ‘a’ obtained for bone

heated to 600 °C, were significantly correlated (p < 0.01) to values obtained for

carbonate percentage. They were not significantly correlated to values of any

other elemental or IR spectroscopy characteristics. HAP ‘c’ (600 °C) was

significantly negatively correlated (p < 0.01, τ < 0.6) to values obtained for

percentage of magnesium (see Table 5.14).

The percentage of β-TCP detected in bone heated to 600 °C was not

significantly correlated to any measured HAP characteristics of unheated bone

or, bone heated to 600 °C. However, coefficients greater than 0.30, in

magnitude, were obtained for the correlations of percentage of β-TCP to; HAP

‘a’ (unheated) and to, HAP ‘a’ (600 °C). Also, the values obtained for β-TCP ‘a’

were significantly correlated to values obtained for percentage of β-TCP and to

those obtained for HAP ‘a’ (600 °C) (see Table 5.13).
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In general, values obtained for characteristics of bone heated to 1400 °C were

significantly correlated to those obtained for HAP characteristics (unheated and

600 °C). However, coefficients were, in general, less than 0.4 in magnitude.

Coefficients greater than 0.4 were only obtained for correlations between; HAP

‘a’ (1400 °C) and HAP <00ℓ> (unheated), HAP ‘a’ (1400 °C) and HAP ‘a’

(unheated), β-TCP ‘a’ (1400 °C) and HAP <00ℓ> (unheated) and, TTCP ‘a’

(1400 °C) and HAP ‘a’ (unheated bone) (see Table 5.15).

All coefficients obtained for correlations between values of percentage of HAP

(1400 °C) and any unheated bone characteristics or, those of bone heated to

600 °C were less than 0.25 in magnitude. However, values obtained for HAP ‘c’

(600 °C) were significantly correlated (p < 0.01, τ > 0.5) to values obtained for

HAP ‘c’ (1400 °C), percentage of β-TCP (1400 °C), β-TCP ‘a’ (1400 °C) and

percentage of TTCP (1400 °C) (see Table 5.15).

Values obtained for the percentage of α-TCP detected in bone heated to

1400 °C were not significantly correlated to any characteristics of unheated

bone or bone heated to 600 °C. However, a coefficient greater than 0.4, was

obtained for the correlation of percentage of α-TCP to the percentage of β-TCP

(600 °C). The coefficients obtained for correlations between percentage of CaO

(1400 °C) and any characteristic of unheated bone or bone heated to 600 °C,

were less than 0.3 in magnitude (see Table 5.15).
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All Species (including Human AUS)

1400 °C

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

α-
TCP
%

TTCP
%

CaO
%

MgO
%

0.19 -0.08 -0.24 0.43 -0.31 0.45 0.22 0.20 0.37 -0.12 -0.35
HAP

<00ℓ>
115 115 115 115 115 115 115 5 113 105 115

-0.09 0.10 0.37 -0.48 0.36 -0.35 -0.06 -0.40 -0.46 0.14 0.32
HAP

a
115 115 115 115 115 115 115 5 113 105 115

0.02 -0.06 -0.16 0.25 -0.26 0.20 -0.05 -0.40 0.32 -0.11 -0.27

U
n

h
e

a
te

d

HAP
c

115 115 115 115 115 115 115 5 113 105 115

0.68 0.14 0.00 0.15 -0.10 0.07 0.20 -0.06 -0.06 -0.05 -0.01
Mass
Loss

123 123 123 123 123 123 123 9 121 108 123

-0.02 0.08 -0.14 0.11 -0.20 -0.04 -0.20 -0.11 0.13 -0.02 -0.06
HAP

<00ℓ>
123 123 123 123 123 123 123 9 121 108 123

0.26 -0.07 0.19 -0.07 0.25 0.03 0.35 0.33 -0.25 0.01 0.18
HAP

a
123 123 123 123 123 123 123 9 121 108 123

0.23 -0.10 -0.35 0.65 -0.53 0.64 0.17 -0.28 0.60 -0.23 -0.46
HAP

c
123 123 123 123 123 123 123 9 121 108 123

0.16 -0.20 -0.42 0.60 -0.27 -0.45 0.27 0.43 -0.39 ------ -0.27β-
TCP
% 11 11 11 11 11 11 11 7 9 2 11

0.05 -0.24 -0.09 0.27 -0.24 -0.27 0.09 0.43 -0.50 ------ -0.60β-
TCP

a 11 11 11 11 11 11 11 7 9 2 11

0.09 -0.13 0.09 -0.05 -0.27 -0.09 -0.02 0.14 -0.39 ------ -0.56

6
0

0
°C

β-
TCP

c 11 11 11 11 11 11 11 7 9 2 11

Table 5.15 – Kendall’s Tau correlation results for bone mineral characteristics obtained
from XRD analysis of bone specimens heated to 600 °C and mass change results for

bone specimens heated to 600 °C tested against bone mineral characteristics obtained
from XRD analysis of bone specimens heated to 1400 °C and mass change results for

bone specimens heated to 1400 °C. Data presented includes all species investigated with
the exception of tests involving data from unheated bone specimens for which rat was
not included, tests for β-TCP %, β-TCP ‘a’ and β-TCP ‘c’ obtained from bone specimens

heated to 600 °C for which only rat, chicken and sheep were included and tests for
α-TCP % for which only chicken, human AUS and rat were included. In each test result
‘box’ the correlation coefficient is presented above the number of individuals used for

the test
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The values for percentage of magnesium were significantly correlated (p < 0.01,

τ > 0.6) to values of percentage of TTCP and percentage of MgO (1400 °C).

They were also correlated (p < 0.01) to values obtained for HAP ‘c’, and the

percentage of β-TCP (1400 °C). The values obtained for the percentage of

fluorine were significantly negatively correlated to values obtained for the

percentage of β-TCP and significantly positively correlated to those obtained for

HAP ‘c’. Also values obtained for the percentage of potassium were significantly

negatively correlated to values obtained for β-TCP ‘a’ (1400 °C) (see Table

5.14).

5.10.2 – SPECIES-SPECIFIC CORRELATIONS

Table A.13 through to Table A.31 in the appendix present correlation test

results, grouped by species. In general, a larger proportion of coefficients were

greater than 0.6 in magnitude, for each species group, compared to the results

obtained for all species. However, inter-species variation was encountered, in

terms of correlation test results obtained for each species individually and, the

results for individual species were not always fully consistent with the general

correlations observed for all species, as one group.
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CHAPTER 6 – DISCUSSION

The results presented within this thesis represent a body of research with a

sample size and range of animal species that is believed to be considerably

larger and more extensive than any X-ray diffraction based study previously

published. A large number of results were obtained from the data collected. This

has provided characteristic information about the crystal structure of unheated

bone. It has also provided characteristic information about the mass loss,

crystal structure and mineral phase composition of heated bone and, the

response of bone to heat treatment. These results were presented, in chapter 5

and in the appendix, both in terms of general characteristics of unheated bone

and heated bone and also, in terms of inter-species variation.

6.1 – GENERAL COMPOSITION AND STUCTURE OF BONE

MINERAL

The results obtained from X-ray diffraction analysis of unheated bone

demonstrate that the mineral component of bone, for all species investigated,

has the composition and structure of a poorly crystalline, non-stoichiometric

form of calcium hydroxylapatite (HAP) and consists of no other mineral phases.

The results of ICP-AES, P-IC, C-GC and IR spectroscopy corroborate the XRD

results. They demonstrate that calcium and phosphorous are the major

compositional components of bone mineral but that sodium, magnesium,

potassium, strontium, iron, fluorine and chlorine, nitrogen, hydrogen, carbon
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and carbonate ions, are also consistently present in bone, of all species

investigated.

The findings of this study are consistent with those of many previous

researchers and the currently accepted general model of bio-apatite (b-HAP) for

bone mineral composition and structure. Therefore, they enable the acceptance

of all hypotheses associated with the first aim of this study (see section 4.1.1).

Moreover, they provide support for the acceptance of a further hypothesis that;

bone from all species that possess an internal skeleton has the same general

mineral composition and structure.

The cause of non-stoichiometric values of HAP lattice parameters is the

presence of lattice defects such as ion substitutions and ion vacancies. The

values obtained for HAP ‘a’ and HAP ‘c’ for unheated bone were consistently

larger than the stoichiometric values. This finding suggests that the net effect of

lattice defects in bone mineral is the expansion of unit cell volume. Based on

the results of this study and the work of previous researchers [154], it is

proposed that the ion substitutions within bone mineral include; sodium,

magnesium, potassium, strontium, iron, chlorine, fluorine and, carbonate ions.

However, it is acknowledged that this list does not represent all ion substitutions

of bone mineral, as many other ions have previously been reported to be

present in bone [79, 196, 246].



145

6.2 – BIOLOGICAL CONTROL OF COMPOSITION AND

STRUCTURE

Bone mineral HAP crystals were shown to be of nanometre dimensions in the

<00ℓ> direction, for all species. The HAP <00ℓ> results also suggest that the

HAP crystallites have considerable lattice strain. This is supported by the

evidence that ions known to substitute within the HAP lattice are present in

bone and the non-stoichiometric values obtained for HAP lattice parameters. It

is widely accepted that crystallinity (size and strain) is controlled in vivo and that

maintaining a bone mineral component of small, strained crystals is essential to

the fulfilment of functional roles of bone [59, 107]. For example, smaller strained

crystals have a relatively large surface area and high reactivity, including

solubility, compared to larger, less defective crystals. These properties are

important for bone turnover mechanisms in vivo. The defects within a crystal

lattice and ions located on crystal surfaces determine crystallite size and strain.

In bone, it is also proposed that the organic collagen matrix imposes a physical

restriction on crystallite size of HAP crystals.

The second aim of this thesis was to demonstrate that biological control of the

general composition and structure of bone mineral is similar for all species.

Mechanisms of biological control were investigated through the testing of

hypothesis 2 (a) through to 2 (c).
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The values obtained for HAP <00ℓ> were significantly correlated to values

obtained for HAP lattice parameters. These results show that crystallinity is

biologically controlled in vivo and, that this control, in terms of lattice contents, is

similar for all species investigated.

The physiological importance of sodium, magnesium and potassium within a

variety of biological functional roles is widely recognised [79, 150]. A consistent

order of the percentages of these ions in bone was demonstrated. This finding,

along with that of an expanded unit cell volume, for all species, is further

evidence in support of the proposal that there is systematic control of bone

mineral composition and structure, in vivo and that this applies to all species.

The same consistent order of percentage of sodium, magnesium and potassium

has been recognised by other researchers [79, 247]. However, there has not

previously been the demonstration that this consistency exists across species

groups and extends to the ions of strontium, iron, fluorine and chlorine.

Magnesium within bone is reported to play a role in the restriction of crystallite

morphology and stability [79, 150, 240]. The significant negative correlation

obtained for values of HAP <00ℓ> and percentage of magnesium, across all

species, supports this proposal. However, whether the restriction of crystallinity

by magnesium is achieved through a lattice or surface ion mechanism, or both,

has yet to be fully determined [152, 240].
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Contrary to the effect of magnesium on HAP crystallinity, there is evidence

within the literature for the proposal that fluorine substitution has a stabilising

influence on HAP crystals and enhances crystallite size and perfection [79, 107,

166, 207, 248]. Such a proposal is supported by the results of this study; a

significant positive correlation was obtained for the relationship between

HAP <00ℓ> values and percentage of fluorine.

The results have enabled the acceptance of each of the hypotheses associated

with the second aim of this thesis. However, whilst similar biological control of

bone mineral composition and structure has been demonstrated. The

inter-species variation in the results for correlations between HAP lattice

parameters and HAP <00ℓ> suggest that variation exists between species in the

combined application of control mechanisms.

6.3 – GENERAL RESPONSE OF BONE TO HEAT TREATMENT

The analysis of heated bone has achieved the aim of demonstrating a

measurable, general response of bone to heat treatment, when heat treatment

conditions are standardised (see section 4.1.3). The general response identified

by this study included; mass loss from bone and, recrystallisation, contraction of

unit cell volume and thermal decomposition of the HAP phase. This response is

consistent with that described in section 2.5 and, therefore with general

consensus within the published literature.
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The finding of mass loss on heating for all bone specimens is consistent with

the accepted understanding of the processes of combustion of the organic

component of bone and the evolution of gases from the bone mineral crystal

lattice. The majority of mass loss on heating bone to 600 °C and 1400 °C is

attributed to the removal of the organic component. However, there is evidence

within the literature to suggest that the majority of the organic component will

have been removed on heating bone specimens to 600 °C under the conditions

of this study. Differences between mass change results for bone specimens

from the same individual heated to 600 °C and 1400 °C should therefore be

indicative of changes to the bone mineral and decomposition product crystal

surfaces and lattices. The results from this study suggest that the changes for

some bone specimens cause a gain in mass and that these changes may be

species specific. Alternatively, an explanation for a gain in mass is the

adsorption of water on cooling. Different decomposition products may have

different affinities for water adsorption and therefore different proportions of

decomposition products within bone specimens heated to 1400 °C could result

in mass change differences due to differential adsorption of water.

Recrystallisation on heating was confirmed by the observation of greater

resolution of diffraction peaks, obtained from heated bone compared with those

from unheated bone. A decrease in peak broadening is indicative of an increase

in crystallite size and perfection. However, the values obtained for HAP <00ℓ>

for bone heated to 600 °C and for unheated bone demonstrate that, in general,

recrystallisation of HAP in the <00ℓ> direction, does not occur to any great
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extent, on heating bone to 600 °C. Therefore, hypothesis 3 (b), proposed in

section 4.1.3, cannot be accepted based on the results of this study.

The results do enable hypothesis 3 (c) to be accepted. The HAP lattice

parameters do, in general, tend towards stoichiometric values on heating bone

to 600 °C and 1400 °C. The lattice parameter results correspond to a general

contraction of the unit cell volume. However, the results show that contraction of

HAP ‘a’ values extends beyond the stoichiometric value of 9.42 Å. Changes to

the unit cell contents on heating bone are restricted to the exchange of ions with

the atmosphere. The amount of ions such as calcium, sodium, magnesium, and

phosphate is assumed to be fixed within HAP, until thermal decomposition

occurs. It is also proposed that, on decomposition of HAP, not all foreign ions

are incorporated into the decomposition products. Therefore, although on

heating bone, HAP lattice parameters tend towards stoichiometry, the most

stable structure for the non-stoichiometric contents consists of a contracted unit

cell.

In general, the HAP mineral phase did not undergo thermal decomposition on

heating bone to 600 °C. This finding is consistent with the majority of the

published literature. The temperature range for the thermal decomposition of

the HAP mineral phase of bone is generally quoted as 800 °C – 1000 °C.

However, the detection of β-TCP in chicken, rat and sheep bone heated to

600 °C is a result that demands the rejection of hypothesis 3 (d) as thermal

decomposition of bone mineral does occur at this temperature.
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The results obtained from X-ray diffraction analysis of bone specimens heated

to 1400 °C are indicative of a mineral component of bone that consists of HAP

and also several other mineral phases. They demonstrate that thermal

decomposition occurs on heating bone to 1400 °C but also, that full

decomposition of the HAP phase does not occur. Consistently, the

decomposition products included β-tri-calcium phosphate (β-TCP) and in

general, they also included tetra-calcium phosphate (TTCP) and calcium oxide

(CaO). Therefore, the results are consistent with decomposition pathways that

involve the formation of oxyapatite and follow the equations proposed in section

2.5.3.

Magnesium oxide (MgO) was also consistently detected in bone heated to

1400 °C. In general, the detection of this phase is not reported in studies of

bone heated to high temperatures [89, 145, 154]. This is likely to be due to its

presence in relatively small weight percentage values resulting in a lack of

detection. Thus, a mechanism for the formation of MgO in heated bone has not

previously been proposed. The formation of MgO may be the result of the

presence of a greater amount of magnesium than can be accommodated within

the HAP, β-TCP and, perhaps, TTCP crystal lattices, on heating bone to

1400 °C. It is proposed that the capacity of HAP and β-TCP to accommodate

magnesium ions is reduced by the competitive substitution of sodium and

potassium ions. This is supported by evidence within the results for the

significant positive correlation of percentage of β-TCP with percentage of
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potassium. Furthermore, significant correlations were obtained for β-TCP lattice

parameter values with percentages of potassium and sodium. It is proposed

here, that the consistent formation of MgO in bone heated to 1400 °C occurs in

place of the formation of CaO as a thermal decomposition product of HAP.

6.4 – CHEMICAL BASIS FOR VARIATION IN RESPONSE OF

BONE TO HEAT TREATMENT

The results of the analysis of heated bone demonstrate that the response of

bone mineral to heat treatment is related to the compositional and structural

characteristics of unheated bone mineral. The weight percentage values of

β-TCP, TTCP and MgO, obtained for bone heated to 1400 °C, were significantly

correlated to the characteristics of unheated bone, measured using X-ray

diffraction.

However, the percentages of HAP, CaO and α-TCP phases were not

significantly correlated to unheated bone mineral characteristics. Previous

researchers have demonstrated that the thermal stability of HAP is dependent

on the hydroxyl and acid phosphate content of bone mineral and, atmospheric

conditions. The results of this study, obtained for the percentage of hydrogen

and mass loss support the proposal that hydrogen content and atmospheric

conditions have a greater influence on the stability of HAP compared with other

characteristics of composition and structure. The results obtained for CaO and

α-TCP support the proposals that CaO is involved in formation of TTCP as a
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secondary decomposition product and the formation of α-TCP occurs through

the conversion of β-TCP.

In general, α-TCP was not detected in bone specimens heated to 1400 °C. This

is consistent with literature evidence for the stabilisation of β-TCP in the

presence of magnesium [249] and, the increase of the temperature at which the

thermal conversion of β-TCP to α-TCP occurs [154]. However, the absence of

α-TCP is possibly due to the conversion of α-TCP into β-TCP on slow cooling of

bone specimens after heat treatment which is also believed to be promoted by

the presence of magnesium [154, 162].

The results have also shown that the response of bone mineral to heat

treatment is related to the compositional characteristics of bone, measured

using elemental analyses and IR spectroscopy. They have demonstrated that

magnesium, potassium, sodium, strontium and fluorine each exert a significant

influence on the thermal decomposition of HAP.

The presence of magnesium was shown to influence the percentages of β-TCP,

TTCP, MgO and CaO formed on heating bone to 1400 °C. The results suggest

that magnesium favours the formation of β-TCP, MgO and CaO but that the

formation of TTCP is unfavourable in the presence of magnesium. Furthermore,

the results also suggest that β-TCP formation is favoured in the presence of

potassium ions.
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The results for the percentage of strontium and fluorine in bone suggest that the

presence of strontium favours the stabilisation of the MgO decomposition

product whereas the presence of fluorine does not favour the formation of MgO

and β-TCP. However, the results also suggest the presence of fluorine favours

the formation of TTCP. Fluorine has been shown to stabilise the mineral phase

of HAP by substituting in place of hydroxyl ions within the crystal lattice. It is

proposed here that fluorine may stabilise TTCP by substituting in place of oxide

ions within the lattice that are not associated with any phosphate ions and that

oxide ion vacancies maintain charge balance within the lattice.

There are no previous reports of the detection of β-TCP or MgO in bone heated

to 600 °C. This is likely to be due to a combination of the following reasons. The

methods of phase identification employed have not been sensitive enough to

detect the presence of either of the two phases and, temperatures other than

600 °C are more commonly used in studies of heated bone. Furthermore,

chicken bone, in particular, is rarely investigated.

The formation of β-TCP in bone heated to 600 °C is attributed to a much

reduced thermal decomposition temperature of the HAP mineral phase.

However, the thermal decomposition of HAP is not a satisfactory explanation for

the formation of MgO. No other decomposition products were detected in

association with MgO in bone heated to 600 °C. Therefore, it is proposed that

the mechanism for its formation differs from the mechanism proposed for bone

heated to 1400 °C. One possible explanation is the formation of MgO from
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magnesium ions contained within the organic component and as a result of the

combustion of the organic component. MgO would therefore be formed on

heating bone that has a relatively high amount of magnesium within the organic

component. This explanation is consistent with the lack of detection of

associated decomposition products. However, another explanation for the

formation of MgO from magnesium located on the HAP crystal surfaces is also

plausible. The detection of MgO was found for bone specimens with relatively

high values of HAP <00ℓ> when heated to 600 °C. It is proposed that

recrystallisation on heating results in the stabilisation of HAP crystals beyond

the point that enables the incorporation of surface bound magnesium ions within

the lattice and therefore, necessitates the formation of MgO. It is not possible to

unequivocally establish the mechanism for MgO formation in bone heated to

600 °C, based on the results of this study. Further investigation of its formation

is therefore recommended.

Although, in general it was found that recrystallisation of HAP crystals in the

<00ℓ> direction did not occur to any great extent on heating bone to 600 °C, a

distinctive exception to this general finding was human UK bone. Human bone

had significantly greater values to those obtained for all other species.

Furthermore, the variation in HAP <00ℓ> values for unheated bone was the only

significant difference found between human UK and human AUS bone for the

characteristics measured using XRD. It is widely acknowledged that an increase

in crystallintity of the HAP, on heating bone, coincides with the loss of the

organic component through the process of combustion. However, the physical
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restriction imposed by the organic component, on the increase in HAP <00ℓ>

values has not previously been directly demonstrated. The percentages of

nitrogen, carbon and hydrogen for human AUS bone were greater than those

obtained for human UK. Also, the maximum value obtained for the percentage

of mass loss for human AUS bone specimens heated to 600 °C was

significantly greater than the maximum value obtained for human UK bone

speciemens. Thus, it is proposed that a greater amount of the organic

component was present in human AUS bone heated to 600 °C and that this had

the effect of restricting the increase in HAP <00ℓ> values on heating. However,

similar values to human UK were obtained for the percentages of nitrogen,

carbon and hydrogen for other species but similar increases in HAP <00ℓ>

values did not occur. It is therefore also proposed that the presence of the

organic component is only one of several factors that inhibit the increase in

crystallinity of the HAP phase on heating bone.

6.5 – INTER-SPECIES VARIATION IN COMPOSTITION AND

STRUCTURE

The results have demonstrated that significant inter-species differences exist, in

terms of the structure and composition of bone mineral. The HAP <00ℓ> values

of unheated chicken bone were significantly less than those of the majority of

other species. Whereas HAP <00ℓ> values of unheated human AUS bone were

significantly greater than the majority of other species and HAP <00ℓ> values of

unheated human UK bone were significantly greater than 50 % of the other

species. These results suggest that there are inter-species differences in
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biological requirements for the crystallinity of bone mineral. The reasons behind

a need for small size and/or highly strained crystals in chicken but larger size

and/or less strained crystals in human bone have yet to be fully determined.

However, possible explanations include a need for a higher bone turnover rate

and a greater need for quickly accessible ions in chicken.

Compared to the differences observed for HAP <00ℓ>, there were fewer

significant differences between species in terms of the HAP lattice parameters

obtained for unheated bone. The only significant differences between species in

terms of HAP ‘c’ were between elephant and other species and between

monkey and other species. However, chicken bone was notable for high values

obtained for HAP ‘a’ and low values obtained for HAP ‘c’. In general, values of

HAP ‘a’ obtained for human bone were significantly lower than those obtained

for other species.

Inter-species variation was evident within the general correlations of HAP <00ℓ>

and each of the HAP lattice parameters, for unheated bone. Significant positive

correlations were obtained for deer and pig species in terms of HAP ‘a’ and

HAP <00ℓ>. Negative correlations were obtained for rabbit, chicken and sheep

species, although these were not significant.
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6.6 – INTER-SPECIES VARIATION IN RESPONSE TO HEAT

TREATMENT

The results have demonstrated that significant inter-species differences exist, in

terms of the general response of bone to heat treatment. In particular, chicken

and rat were distinctive from all other species due to the consistent formation of

β-TCP in bone heated to 600 °C and the low percentage values, or absence, of

TTCP in bone heated to 1400 °C. They were also distinctive due to the low

values obtained for β-TCP ‘a’ for bone heated to 1400 °C.

Human bone was also distinctive from all other species in terms of β-TCP ‘a’,

for the high values obtained. Also, values obtained for HAP ‘c’ for human bone

heated to 600 °C were significantly greater than those obtained for all other

species. Human, dog and elephant were significantly different from the majority

of other species, in terms of the percentage of MgO formed on heating bone to

1400 °C.

However, there were species which could not be distinguished from each other

based on the characteristics measured within this study, for example cow and

goat (see section 5.9). The proposal that dietary differences are the underlying

cause for the variation observed between species within this study potentially

offers a plausible explanation for these findings. This is supported by the

similarity of the characteristics measured for ruminant species and rabbit bone

(see section 6.7).
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6.7 – SPECIES IDENTIFICATION

The potential for the development of a new method of species identification

based on bone mineral characteristics, measured using X-ray diffraction is

evaluated here, through the testing of the hypotheses listed in section 4.1.7.

Hypothesis 7 (a) proposed that human bone can be distinguished from bone of

all other species, based on the extent of inter-species variation in bone mineral

characteristics of unheated and heated bone. The hypothesis can be accepted,

based on the results of this study. Human bone was shown to be significantly

distinct from the bone of all other species investigated in terms of its structure

and composition and also, its response to heat treatment.

It is proposed here that human bone can be identified from non-human bone

when the characteristics of a bone specimen meet all of the following criteria:

The HAP <00ℓ> value obtained for unheated bone is greater than 230 Å. No

β-TCP is detected in bone heated to 600 °C but is detected in bone heated to

1400 °C, with a weight percentage of less than 50 %. The mineral phases

TTCP, MgO and CaO are all detected in bone heated to 1400 °C and the

percentage of MgO detected is less than 1 %. The value obtained for HAP ‘c’

for bone heated to 600 °C is greater than 6.89 Å and the value obtained for β-

TCP ‘a’ for bone heated to 1400 °C is greater than 10.44 Å. Mass loss from

bone heated to 1400 °C is between 40- 50 % of the mass prior to heating.
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Hypothesis 7 (b) proposed that sheep bone can be distinguished from goat

bone. The only significant differences found between sheep and goat were

mass loss characteristics. Therefore, the hypothesis cannot be accepted based

on the results of this study. However, despite non-significant results, HAP <00ℓ>

values obtained for unheated goat bone were clearly greater than values

obtained for unheated sheep bone and, HAP ‘a’ values for sheep were greater

than those obtained for goat. Furthermore, the percentage of carbon in bone

heated to 600 °C was shown to be greater for goat than for sheep and, the two

species differ in terms of the percentage of sodium, magnesium, potassium,

strontium and chlorine in bone. It is proposed that additional characteristics are

investigated for sheep and goat bone to further explore the variation between

the two species.

The ruminant species investigated within this study were not significantly

different from each other in terms of the characteristics of unheated and heated

bone measured using XRD. They were each significantly different from the

majority of other species. However, rabbit could not be distinguished from any

of the ruminant species and there were few significant differences between

each of ruminant species and pig. Rabbit bone did however tend to have, lower

mass loss values, lower values for the percentage of β-TCP and greater values

of β-TCP ‘c’ for bone heated to 1400 °C, and lower values for the percentage of

CaO. Also, rabbit bone had a greater percentage of calcium than any other

species and a greater percentage of iron compared to ruminant species.



160

Therefore, hypothesis 7 – (c) can be accepted; bone from ruminant species can

be distinguished from the bone of non-ruminant species.

The results obtained from this study have clearly demonstrated the

considerable potential for the development of a new method of species

identification based on bone mineral characteristics, measured using X-ray

diffraction. The development of such a method for the purpose of distinguishing

human from non-human bone and ruminant from non-ruminant species is

therefore recommended. The development of a method of distinguishing sheep

from goat bone is also recommended. However, it is acknowledged any

development must involve the investigation of additional characteristics in order

to improve identification power.



161

CHAPTER 7 – CONCLUSIONS

7.1 – RESEARCH CONCLUSIONS

This thesis has demonstrated that bone mineral has a general composition and

structure that is common to all the individuals of all species investigated. It

provides strong support for the acceptance of the further hypothesis that bone

from all species that possess an internal skeleton has the same general mineral

composition and structure. It has also provided evidence that the general

biological control of bone mineral composition and structure is similar for all

species investigated. Control of crystallinity through variation in HAP lattice

defects has been demonstrated. In particular, magnesium and fluorine in bone

have been shown to influence HAP crystallinity and there is biological control

over the amount of each ion, relative to other ions, within bone.

The investigation of heated bone has shown that there is a measurable, general

response of bone to heat treatment, when heat treatment conditions are

standardised. The general response includes a reduction in HAP unit cell

volume and the consistent formation of β-tri-calcium phosphate and magnesium

oxide as thermal decomposition products of the calcium hydroxylapatite mineral

phase.
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The study of heated bone from a range of species has also demonstrated that

there is variation in the general response of bone to heat treatment.

Characteristics of heated bone have been shown to exhibit significant

inter-species variation. Furthermore, an underlying chemical basis for the

variation has been demonstrated. An evaluation of the inter-species variation in

the measured characteristics of unheated and heated bone have resulted in the

conclusion that there is considerable potential for the development of a new

method of species identification, using X-ay diffraction analysis of bone.

7.2 – CONTRIBUTION TO KNOWLEDGE

This thesis makes a significant contribution to knowledge of bone mineral

chemistry, its response to heat treatment and the extent of variation in bone

mineral characteristics of unheated and heated bone. It is the largest published

study of X-ray diffraction analysis of bone that has been conducted to date, in

terms of the range and numbers of individuals of each species.

This study is the first to demonstrate significant differences between species in

terms of bone mineral characteristics, measured using X-ray diffraction

analysis. Furthermore, the results obtained from this research provide clear

foundation boundaries for knowledge of the extent of variation in bone mineral

characteristics. The research approach that was adopted for this study provides

a robust means of testing these boundaries in future work (see section 7.3).
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It is also the first quantitative comparative study of the thermal decomposition

products of bone mineral. The direct influence of the organic component of

bone on the recrystallisation of bone mineral on heating has not previously been

demonstrated. Furthermore, this study is the first to present evidence for inter-

species variation of the biological control mechanisms imposed on bone mineral

composition and structure.

The results of this study are of wide-scale relevance to bone mineral research

fields and have considerable potential value to a large number of practical

applications. To forensic science, archaeology and other allied research fields, it

demonstrates the value of research into bone mineral chemistry, using X-ray

diffraction, particularly in terms of the development of a new method of species

identification. This study is the first to provide data that enables species

discrimination based on bone mineral characteristics. To bio-medical and bio-

materials science, this thesis demonstrates the value of establishing a better

understanding of the extent of inter-species variation in bone mineral

characteristics. This is of particular importance for research that involves the

choice of appropriate animal models as analogues for human bone.

Furthermore, to all these research fields, it clearly shows the benefits of an

interdisciplinary perspective towards bone mineral research and assists in

bridging current subject gaps.
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7.3 – FUTURE WORK

The expansion and development of knowledge of bone mineral chemistry, its

response to heat treatment and, the extent of variation in bone mineral

characteristics of unheated and heated bone, marked by the contributions of

this thesis should be continued through further research in the future.

There are many factors that affect the observed variation in bone mineral

characteristics of unheated and heated bone and the nature and extent of their

influence should be investigated. Future studies should, for example,

investigate the bone mineral characteristics of archaeological bone, bone

affected by disease and bone heated under a variety of heat treatment

conditions. Although, diagenetic factors (changes due to burial) are known to

cause an increase in bone mineral crystallinity, the extent of this and knowledge

of other diagenetic effects on bone mineral chemistry are not well established.

Similarly, although bone disease such as osteoporosis, is known to cause a

loss of bone mineral density, its effect on bone mineral crystal quality is to-date,

poorly defined.

The experimental approach adopted for the research yielded many results from

the collected data for bone mineral characteristics additional to those presented

within this thesis. Further work should consider and discuss these results, with

reference to the findings of this thesis. In addition, future studies should develop

the experimental approach used in this study, to incorporate the investigation of

crystal lattice site occupancy, using Rietveld refinement. Principal component
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analysis should also be applied to the data set of this study and those of future

studies.

This study has provided a baseline for variation in bone mineral characteristics

through the strict control of heat treatment conditions. Future studies should

investigate the effect of systematic variation of heat treatment conditions on the

response of bone to heat treatment, controlling for species and potential

confounding factors such as age. Future work should also explore the response

of bone to heat treatment through in situ analysis.

An investigation into inter-species variation in terms of crystallite size and strain

of unheated bone and how these characteristics change due to heat treatment

of bone should be conducted. Further investigations of the formation

mechanism of magnesium oxide in bone heated to 600 °C and the influence of

the organic component on HAP crystal morphology should also be carried out.

Research that specifically focuses on further investigating inter-species

variation in bone mineral characteristics using infrared spectroscopy and a

range of elemental analytical techniques should be conducted. The knowledge

of the processes of thermal decomposition of calcium hydroxylapatite should be

expanded and developed, using synthetic calcium hydroxylapatites to

supplement bone mineral studies and, through the employment of techniques

such as thermo-gravimetric analysis and mass spectrometry.
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A – APPENDIX

A.2 – X-RAY DIFFRACTOGRAMS

The X-ray diffractograms presented within this section relate to the results

presented in chapter 5 and discussed in chapter 6. They represent X-ray

diffraction data obtained from bone specimens corresponding to a total of 123

individuals, from a range of animal species. Details of the data collection

conditions are reported within chapter 4.

Each figure is comprised of several diffractograms. These have been stacked

for clarity. The y – axis of each figure represents relative intensity, normalized to

the highest peak for all diffractograms and so no units are presented. The x –

axis of each figure represents d – spacing, with a scale measurement in

Ångströms (Å). Each figure is labelled to identify the species presented within

the figure. The caption relating to each figure indicates whether the presented

diffractograms were obtained from unheated or heated bone specimens and, for

heated bone specimens, the temperature of heat treatment.

The stacking order is consistent within each species, across unheated and

heated sets of bone specimens, in terms of the individuals represented. For

example, diffractograms at the base of each stack in Figure A.2, Figure A.3 and

Figure A.4 represent bone specimens from the same individual. Data was not

collected for unheated rat bone specimens and so is not presented.



182

Stick representations of diffractograms for several relevant mineral phases are

presented in Figure A.36.
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Figure A.1 – Diffractograms obtained from chicken bone specimens from five individuals.
Lower five: unheated bone specimens, middle five; bone specimens heated to 600 °C,

upper five; bone specimens heated to 1400 °C
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Figure A.2 – Diffractograms obtained from unheated cow bone specimens from ten
individuals
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Figure A.3 – Diffractograms obtained from cow bone specimens from ten individuals. All
bone specimens heated to 600 °C.
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Figure A.4 – Diffractograms obtained from cow bone specimens from ten individuals. All
bone specimens heated to 1400 °C.
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Figure A.5 – Diffractograms obtained from deer bone specimens from five individuals.
Lower five; unheated bone specimens, middle five; bone specimens heated to 600 °C,

upper five; bone specimens heated to 1400 °C.
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Figure A.6 – Diffractograms obtained from unheated dog bone specimens from twelve
individuals.
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Figure A.7 – Diffractograms obtained from dog bone specimens from twelve individuals.
All bone specimens heated to 600 °C.
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Figure A.8 – Diffractograms obtained from dog bone specimens from twelve individuals.
All bone specimens heated to 1400 °C.
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Figure A.9 – Diffractograms obtained from unheated goat bone specimens from eight
individuals.
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Figure A.10 – Diffractograms obtained from goat bone specimens from eight individuals.
All bone specimens heated to 600 °C.
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Figure A.11 – Diffractograms obtained from goat bone specimens from eight individuals.
All bone specimens heated to 1400 °C.
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Figure A.12 – Diffractograms obtained from unheated human AUS bone specimens from
ten individuals. Group A, of groups A – E (a total of 50 individuals).
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Figure A.13 – Diffractograms obtained from unheated human AUS bone specimens from
ten individuals. Group B, of groups A – E (a total of 50 individuals).
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Figure A.14 – Diffractograms obtained from unheated human AUS bone specimens from
seven individuals. Group C, of groups A – E (a total of 50 individuals). Unheated bone

specimen data was not collected for three of the ten individuals within group C.
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Figure A.15 – Diffractograms obtained from unheated human AUS bone specimens from
ten individuals. Group D, of groups A – E (a total of 50 individuals).
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Figure A.16 – Diffractograms obtained from unheated human AUS bone specimens from
ten individuals. Group E, of groups A – E (a total of 50 individuals).
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Figure A.17 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group A, of groups A – E (a total of 50 individuals). All bone specimens

heated to 600 °C.
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Figure A.18 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group B, of groups A – E (a total of 50 individuals). All bone specimens

heated to 600 °C.
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Figure A.19 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group C, of groups A – E (a total of 50 individuals). All bone specimens

heated to 600 °C.
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Figure A.20 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group D, of groups A – E (a total of 50 individuals). All bone specimens

heated to 600 °C.
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Figure A.21 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group E, of groups A – E (a total of 50 individuals). All bone specimens

heated to 600 °C.
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Figure A.22 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group A, of groups A – E (a total of 50 individuals). All bone specimens

heated to 1400 °C
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Figure A.23 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group B, of groups A – E (a total of 50 individuals). All bone specimens

heated to 1400 °C
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Figure A.24 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group C, of groups A – E (a total of 50 individuals). All bone specimens

heated to 1400 °C



207

Figure A.25 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group D, of groups A – E (a total of 50 individuals). All bone specimens

heated to 1400 °C
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Figure A.26 – Diffractograms obtained from human AUS bone specimens from ten
individuals. Group E, of groups A – E (a total of 50 individuals). All bone specimens

heated to 1400 °C
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Figure A.27 – Diffractograms obtained from unheated human UK bone specimens from
eight individuals.
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Figure A.28 – Diffractograms obtained from human UK bone specimens from eight
individuals. All bone specimens heated to 600 °C.
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Figure A.29 – Diffractograms obtained from human UK bone specimens from eight
individuals. All bone specimens heated to 1400 °C.
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Figure A.30 – Diffractograms obtained from elephant and monkey bone specimens, from
one individual from each species. Within each set of three diffractograms: lower profile;
unheated bone specimen, middle profile; bone specimen heated to 600 °C, upper profile;

bone specimen heated to 1400 °C.
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Figure A.31 – Diffractograms obtained from unheated pig bone specimens from seven
individuals and from unheated sheep bone specimens from six individuals.
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Figure A.32 – Diffractograms obtained from pig bone specimens from seven individuals
and from sheep bone specimens from six individuals. All bone specimens heated to

600 °C.
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Figure A.33 – Diffractograms obtained from pig bone specimens from seven individuals
and from sheep bone specimens from six individuals. All bone specimens heated to

1400 °C.
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Figure A.34 – Diffractograms obtained from rabbit bone specimens from five individuals.
Lower five; unheated bone specimens, middle five; bone specimens heated to 600 °C,

upper five; bone specimens heated to 1400 °C.



217

Figure A.35 – Diffractograms obtained from rat bone specimens from five individuals.
Lower five; bone specimens heated to 600 °C, upper five; bone specimens heated to

1400 °C.



218

Figure A.36 – Stick representations of diffractograms for several mineral phases. The five
highest intensity peaks are presented for each phase. Data obtained from International
Centre for Diffraction Data, Powder Diffraction Files: HAP (9-432), β-TCP (9-169), α-TCP

(29-359), TTCP (25-1137), CaO (37-1497), MgO (45-946)
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A.3 – INFRARED SPECTRA

Figure A.37 – Infrared spectrum obtained from a chicken bone specimen (J01) heated to
600 °C
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Figure A.38 – Infrared spectrum obtained from a cow bone specimen (C02) heated to 600
°C
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Figure A.39 – Infrared spectrum obtained from a cow bone specimen (C11) heated to 600
°C
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Figure A.40 – Infrared spectrum obtained from a cow bone specimen (C12) heated to 600
°C
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Figure A.41 – Infrared spectrum obtained from a cow bone specimen (C13) heated to 600
°C
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Figure A.42 – Infrared spectrum obtained from a cow bone specimen (C14) heated to 600
°C
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Figure A.43 – Infrared spectrum obtained from a cow bone specimen (C15) heated to 600
°C
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Figure A.44 – Infrared spectrum obtained from a deer bone specimen (K01) heated to
600 °C
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Figure A.45 – Infrared spectrum obtained from a dog bone specimen (D01) heated to 600
°C
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Figure A.46 – Infrared spectrum obtained from a goat bone specimen (G01) heated to
600 °C
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Figure A.47 – Infrared spectrum obtained from a human UK bone specimen (H02) heated
to 600 °C
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Figure A.48 – Infrared spectrum obtained from a monkey bone specimen (M01) heated to
600 °C
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Figure A.49 – Infrared spectrum obtained from a pig bone specimen (P02) heated to
600 °C
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Figure A.50 – Infrared spectrum obtained from a rabbit bone specimen (L03) heated to
600 °C
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Figure A.51 – Infrared spectrum obtained from a sheep bone specimen (S02) heated to
600 °C
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A.4 – DESCRIPTIVE STATISTICS (GROUPED BY SPECIES)

A.4.1 – X-RAY DIFFRACTION ANALYSIS OF UNHEATED BONE

Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 5 10 5 12 1 8 47 8 1 7 5 0 6

HAP % 100 100 100 100 100 100 100 100 100 100 100 --- 100

Mean 194.4 238.3 242.7 247.9 216.9 251.0 263.0 262.0 258.4 217.3 236.7 --- 234.4

Std.
Error

4.2 4.2 4.8 4.2 … 3.2 2.0 4.7 … 7.4 5.0 --- 4.2

Min 187.1 215.2 228.3 210.8 … 237.9 234.5 240.7 … 175.3 223.6 --- 217.7

HAP
<00ℓ>

(Å)

Max 210.2 255.3 255.2 268.3 … 264.5 288.0 281.5 … 230.8 250.6 --- 246.5

Mean 9.482 9.464 9.479 9.467 9.463 9.460 9.455 9.441 9.467 9.484 9.471 --- 9.479

Std.
Error

0.003 0.004 0.004 0.004 … 0.002 0.002 0.004 … 0.005 0.007 --- 0.002

Min 9.475 9.441 9.468 9.438 … 9.450 9.427 9.419 … 9.468 9.452 --- 9.471

HAP
a

(Å)

Max 9.493 9.482 9.490 9.491 … 9.471 9.482 9.458 … 9.508 9.489 --- 9.484

Mean 6.895 6.900 6.900 6.902 6.907 6.904 6.903 6.902 6.906 6.899 6.898 --- 6.898

Std.
Error

0.002 0.001 0.002 0.002 … 0.001 0.001 0.001 … 0.002 0.002 --- 0.004

Min 6.888 6.893 6.893 6.894 … 6.902 6.880 6.898 … 6.888 6.892 --- 6.891

HAP
c

(Å)

Max 6.901 6.906 6.906 6.912 … 6.907 6.921 6.906 … 6.904 6.906 --- 6.918

Table A.1 – XRD analysis results for HAP %, HAP <00ℓ>, HAP ‘a’ and HAP ‘c’ obtained
from unheated bone specimens, grouped by species. For elephant and monkey the

‘mean’ values represent data from one individual from each species and so no standard
error of the mean, minimum or maximum values are presented. Unheated rat bone was

not investigated using this technique
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A.4.2 – INDUCTIVELY COUPLED PLASMA – ATOMIC EMISSION

SPECTROMETRY

Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 1 6 1 1 0 1 3 1 1 1 1 0 1

Mean 39.4 38.7 38.3 38.0 --- 39.7 39.6 40.4 40.5 41.3 43.7 --- 41.6

Std.
Error

… 0.1 … … --- … 0.9 … … … … --- …

Min … 38.3 … … --- … 38.2 … … … … --- …

Ca
%

Max … 39.2 … … --- … 41.3 … … … … --- …

Mean 20.1 20.0 18.7 18.6 --- 19.6 18.7 19.2 18.8 19.3 20.6 --- 19.4

Std.
Error

… 0.1 … … --- … 0.5 … … … … --- …

Min … 19.6 … … --- … 17.8 … … … … --- …

P
%

Max … 20.4 … … --- … 19.6 … … … … --- …

Mean 1.52 1.50 1.59 1.58 --- 1.57 1.64 1.63 1.66 1.66 1.64 --- 1.66

Std.
Error

… 0.01 … … --- … 0.01 … … … … --- …

Min … 1.47 … … --- … 1.63 … … … … --- …

Ca/P
atomic

Max … 1.52 … … --- … 1.66 … … … … --- …

Mean 1.96 1.94 2.05 2.04 --- 2.03 2.13 2.11 2.15 2.14 2.12 --- 2.14

Std.
Error

… 0.01 … … --- … 0.01 … … … … --- …

Min … 1.90 … … --- … 2.11 … … … … --- …

Ca/P
weight

Max … 1.97 … … --- … 2.15 … … … … --- …

Table A.2 – ICP-AES results for Ca % and P %, calculated Ca/P (atomic) and calculated
Ca/P (weight) obtained from bone specimens heated to 600 °C, grouped by species. For all

species except cow, human AUS and rat the ‘mean’ values represent data from one
individual from each species and so no standard error of the mean, minimum or

maximum values are presented. Rat bone was not investigated using this technique
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Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 1 6 1 1 0 1 3 1 1 1 1 0 1

Mean 5878 9551 8149 9005 --- 9752 8360 10329 9292 8021 8081 --- 7721

Std.
Error

… 86 … … --- … 197 … … … … --- …

Min … 9237 … … --- … 8136 … … … … --- 7721

Na
ppm

Max … 9831 … … --- … 8752 … … … … --- …

Mean 7575 6452 6101 3717 --- 5717 4060 3912 4534 5517 5938 --- 7103

Std.
Error

… 148 … … --- … 271 … … … … --- …

Min --- 5814 --- --- --- --- 3685 --- --- --- --- --- ---

Mg
ppm

Max … 6848 … … --- … 4586 … … … … --- …

Mean 5946 832 1437 1329 --- 1117 358 389 1863 1982 2115 --- 2828

Std.
Error

… 98 … … --- … 108 … … … … --- …

Min --- 565 --- --- --- --- 168 --- --- --- --- --- ---

K
ppm

Max … 1220 … … --- … 543 … … … … --- …

Mean 230 246 223 115 --- 270 136 100 54 98 234 --- 135

Std.
Error

… 35 … … --- … 22 … … … … --- …

Min --- 146 --- --- --- --- 93 --- --- --- --- --- ---

Sr
ppm

Max … 351 … … --- … 161 … … … … --- …

Mean 59.6 14.3 17.1 34.8 --- 10.2 16.4 8.8 20.6 4.3 29.2 --- 11.0

Std.
Error

… 1.6 … … --- … 6.2 … … … … --- …

Min --- 8.9 --- --- --- --- 9.3 --- --- --- --- --- ---

Fe
ppm

Max … 19.5 … … --- … 28.8 … … … … --- …

Table A.3 – ICP-AES results for Na ppm, Mg ppm, K ppm, Sr ppm and Fe ppm obtained
from bone specimens heated to 600 °C, grouped by species. For all species except cow,

human AUS and rat the ‘mean’ values represent data from one individual from each
species and so no standard error of the mean, minimum or maximum values are

presented. Rat bone was not investigated using this technique
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A.4.3 – PYROHYDROLYSIS – ION CHROMATOGRAPHY

Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 1 6 1 1 0 1 3 1 1 1 0 0 1

Mean 413 167 118 722 --- 370 1293 554 179 46 … --- 178

Std.
Error

… 28 … … --- … 487 … … … … --- …

Min … 85 … … --- … 382 … … … … --- …

F
ppm

Max … 266 … … --- … 2048 … … … … --- …

Mean 712 638 450 708 --- 967 487 726 749 558 … --- 725

Std.
Error

… 56 … … --- … 26 … … … … --- …

Min … 539 … … --- … 435 … … … … --- …

Cl
ppm

Max … 913 … … --- … 517 … … … … --- …

Table A.4 – P-IC results for F ppm and Cl ppm obtained from bone specimens heated to
600 °C, grouped by species. For all species except cow, human AUS and rat the ‘mean’

values represent data from one individual from each species and so no standard error of
the mean, minimum or maximum values are presented. Rat bone was not investigated

using this technique. Data obtained for rabbit was semi-quantitative and so is not
presented
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A.4.4 – COMBUSTION – GAS CHROMATOGRAPHY

Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 1 6 1 1 0 1 3 1 1 1 1 0 1

Mean 0.022 0.054 0.022 0.029 --- 0.023 0.041 0.018 0.017 0.017 0.013 --- 0.024

Std.
Error

… 0.003 … … --- … 0.009 … … … … --- …

Min … 0.042 … … --- … 0.028 … … … … --- …

Total
N
%

Max … 0.062 … … --- … 0.057 … … … … --- …

Mean 0.470 0.990 0.822 1.050 --- 0.864 1.163 1.040 0.778 0.742 0.753 --- 0.631

Std.
Error

… 0.042 … … --- … 0.041 … … … … --- …

Min … 0.821 … … --- … 1.090 … … … … --- …

Total
C
%

Max … 1.100 … … --- … 1.230 … … … … --- …

Mean 0.239 0.272 0.257 0.273 --- 0.219 0.271 0.194 0.188 0.222 0.199 --- 0.226

Std.
Error

… 0.014 … … --- 0.006 … … … … --- …

Min … 0.214 … … --- … 0.265 … … … … --- …

Total
H
%

Max … 0.313 … … --- … 0.283 … … … … --- …

Table A.5 – C-GC results for N %, C % and H % obtained from bone specimens heated to
600 °C, grouped by species. For all species except cow, human AUS and rat the ‘mean’

values represent data from one individual from each species and so no standard error of
the mean, minimum or maximum values are presented. Rat bone was not investigated

using this technique
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A.4.5 – INFRARED SPECTROSCOPY

Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 1 6 1 1 0 1 0 1 1 1 1 0 1

Mean 0.96 1.71 1.17 1.89 --- 1.35 --- 1.30 2.18 0.59 1.99 --- 1.34

Std.
Error

… 0.17 … … --- --- --- … … … … --- …

Min … 1.16 … … --- … --- … … … … --- …

CO3

%

Max … 2.27 … … --- --- --- … … … … --- …

Mean 3.80 3.77 4.51 3.94 --- 3.82 --- 4.47 5.53 4.01 4.34 --- 3.94

Std.
Error

… 0.09 … … --- --- … … … … --- …

Min … 3.53 … … --- … --- … … … … --- …

SF

Max … 4.05 … … --- --- … … … … --- …

Table A.6 – IR spectroscopy results for CO3 % and SF obtained from bone specimens
heated to 600 °C, grouped by species. For all species except cow, human AUS, elephant
and rat the ‘mean’ values represent data from one individual from each species and so

no standard error of the mean, minimum or maximum values are presented. Rat, human
AUS and elephant bone were not investigated using this technique
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A.4.6 – MASS CHANGE ON HEATING

Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 5 10 5 12 1 8 50 8 1 7 5 5 6

Mean 52.307 34.059 31.255 36.246 33.717 31.492 38.590 38.867 36.683 40.009 29.873 46.048 37.004

Std.
Error

1.379 0.54 0.672 0.665 … 0.605 0.417 0.721 … 1.519 0.820 2.097 1.704

Min 49.664 31.618 28.713 33.728 … 29.930 35.281 36.650 … 34.959 27.700 42.105 30.447

Mass
Loss

%
600
°C

Max 57.542 36.740 32.517 40.491 … 34.772 52.894 41.691 … 45.833 32.558 53.750 40.824

Mean 49.550 37.523 35.122 40.420 40.779 35.204 42.950 42.970 39.474 41.381 34.051 41.962 39.238

Std.
Error

1.338 0.403 0.470 0.521 … 0.505 0.270 0.693 … 0.505 0.683 1.529 1.256

Min 44.371 35.713 33.438 38.462 … 33.333 40.187 40.433 … 39.353 31.878 39.130 35.018

Mass
Loss

%
1400

°C

Max 51.768 39.556 36.242 43.229 … 36.976 49.237 46.463 … 42.918 36.058 47.059 43.411

Table A.7 – Mass change results obtained from bone specimens heated to 600 °C and
1400 °C, grouped by species. For elephant and monkey the ‘mean’ values represent data
from one individual from each species and so no standard error of the mean, minimum or

maximum values are presented
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A.4.7 – X-RAY DIFFRACTION ANALYSIS OF BONE HEATED TO 600 °C

Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 5 10 5 12 1 8 50 8 1 7 5 5 6

Mean 93.10 100 100 100 100 100 100 99.91 99.18 100 100 91.79 99.48

Std.
Error

0.45 … … … … … … 0.09 … … … 2.07 0.52

Min 91.76 … … … … … … 99.28 … … … 86.08 96.87

HAP
%

Max 94.08 … … … … … … 100.00 … … … 96.41 100.00

Mean 237.16 224.38 247.24 235.90 235.90 258.71 240.03 411.62 518.50 314.67 255.04 231.94 234.70

Std.
Error

8.17 5.95 9.48 4.38 … 15.81 2.33 63.58 … 31.62 2.84 5.52 4.20

Min 206.50 200.90 226.40 208.30 … 210.30 216.40 224.50 … 208.70 248.10 222.10 217.40

HAP
<00ℓ>

(Å)

Max 254.80 263.00 282.80 259.60 … 330.30 304.80 722.70 … 409.60 261.10 250.30 247.30

Mean 9.423 9.414 9.414 9.413 9.402 9.413 9.417 9.414 9.413 9.414 9.413 9.428 9.416

Std.
Error

0.001 0.001 0.001 0.001 … 0.001 0.001 0.001 … 0.001 0.001 0.001 0.002

Min 9.419 9.410 9.411 9.407 … 9.408 9.405 9.410 … 9.408 9.411 9.423 9.405

HAP
a

(Å)

Max 9.427 9.418 9.417 9.421 … 9.416 9.437 9.419 … 9.417 9.416 9.430 9.420

Mean 6.883 6.884 6.884 6.888 6.891 6.886 6.895 6.894 6.886 6.885 6.886 6.883 6.883

Std.
Error

0.001 0.000 0.001 0.001 … 0.000 0.000 0.001 … 0.001 0.001 0.000 0.001

Min 6.880 6.883 6.882 6.884 … 6.885 6.890 6.891 … 6.883 6.885 6.882 6.881

HAP
c

(Å)

Max 6.885 6.886 6.887 6.890 … 6.888 6.900 6.897 … 6.890 6.889 6.883 6.886

Table A.8 – XRD analysis results for HAP %, HAP <00ℓ>, HAP ‘a’ and HAP ‘c’ obtained
from bone specimens heated to 600 °C, grouped by species. For elephant and monkey

the ‘mean’ values represent data from one individual from each species and so no
standard error of the mean, minimum or maximum values are presented
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Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 5 10 5 12 1 8 50 8 1 7 5 5 6

No.
Det

5 0 0 0 0 0 0 0 0 0 0 5 1

Mean 6.90 … … … … … … … … … … 8.21 3.13

Std.
Error

0.45 … … … … … … … … … … 2.07 …

Min 5.92 … … … … … … … … … … 3.59 …

β-TCP
%

Max 8.24 … … … … … … … … … … 13.92 …

Mean 10.369 … … … … … … … … … … 10.376 10.352

Std.
Error

0.002 … … … … … … … … … … 0.006 …

Min 10.361 … … … … … … … … … … 10.361 …

β-TCP a
(Å)

Max 10.372 … … … … … … … … … … 10.393 …

Mean 37.166 … … … … … … … … … … 37.169 37.156

Std.
Error

0.010 … … … … … … … … … … 0.005 …

Min 37.135 … … … … … … … … … … 37.153 …

β-TCP c
(Å)

Max 37.193 … … … … … … … … … … 37.183 …

No.
Det

0 0 0 0 0 0 0 1 1 0 0 0 0

Mean … … … … … … … 0.72 0.82 … … … …

Std.
Error

… … … … … … … … … … … … …

Min … … … … … … … … … … … … …

MgO
%

Max … … … … … … … … … … … … …

Table A.9 – XRD analysis results for XRD analysis results for β-TCP and MgO obtained
from bone specimens heated to 600 °C, grouped by species. For elephant and monkey

the ‘mean’ values represent data from one individual from each species and so no
standard error of the mean, minimum or maximum values are presented. The phase β-
TCP was only detected in chicken, rat and sheep and MgO was only detected in human

UK and monkey bone specimens
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A.4.8 – X-RAY DIFFRACTION ANALYSIS OF BONE HEATED TO 1400 °C

Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 5 10 5 12 1 8 50 8 1 7 5 5 6

Mean 51.85 39.77 37.14 54.67 24.56 37.59 38.95 40.91 22.22 44.21 38.15 34.28 42.64

Std.
Error

2.82 1.39 1.35 2.21 … 1.83 1.21 3.14 … 4.39 2.43 1.72 4.19

Min 45.94 35.06 33.27 43.57 … 26.47 25.24 31.88 … 29.66 33.42 28.55 31.65

HAP
%

Max 60.66 48.82 40.26 72.33 … 43.52 60.45 56.47 … 60.04 44.95 39.37 59.02

Mean 9.413 9.416 9.416 9.414 9.417 9.413 9.411 9.411 9.407 9.416 9.413 9.416 9.417

Std.
Error

0.001 0.001 0.001 0.001 … 0.001 0.001 0.002 … 0.000 0.002 0.001 0.001

Min 9.409 9.413 9.414 9.409 … 9.410 9.400 9.400 … 9.415 9.408 9.412 9.414

HAP
a

(Å)

Max 9.414 9.419 9.418 9.418 … 9.415 9.423 9.422 … 9.417 9.417 9.419 9.419

Mean 6.888 6.884 6.883 6.890 6.887 6.888 6.895 6.897 6.889 6.885 6.886 6.888 6.884

Std.
Error

0.001 0.000 0.000 0.001 … 0.000 0.000 0.001 … 0.000 0.001 0.002 0.001

Min 6.887 6.882 6.883 6.885 … 6.887 6.887 6.892 … 6.884 6.883 6.885 6.882

HAP
c

(Å)

Max 6.890 6.886 6.884 6.896 … 6.889 6.901 6.900 … 6.886 6.890 6.894 6.886

Table A.10 – XRD analysis results for HAP %, HAP ‘a’ and HAP ‘c’ obtained from bone
specimens heated to 1400 °C, grouped by species. For elephant and monkey the ‘mean’
values represent data from one individual from each species and so no standard error of

the mean, minimum or maximum values are presented
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Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 5 10 5 12 1 8 50 8 1 7 5 5 6

Mean 44.15 44.70 47.78 31.46 34.36 42.42 32.23 25.79 44.16 38.09 41.41 51.31 45.86

Std.
Error

2.63 0.93 1.45 2.67 … 1.11 1.17 2.92 … 1.75 0.86 3.16 2.78

Min 35.12 40.33 43.33 13.37 … 39.26 8.90 15.33 … 30.91 38.41 43.43 34.80

β-
TCP

%

Max 49.15 50.60 52.05 41.20 … 48.26 44.50 41.58 … 42.77 43.11 60.34 55.55

Mean 10.432 10.441 10.440 10.441 10.442 10.441 10.445 10.445 10.439 10.441 10.440 10.436 10.440

Std.
Error

0.002 0.000 0.000 0.000 … 0.000 0.000 0.001 … 0.000 0.001 0.002 0.000

Min 10.428 10.439 10.439 10.440 … 10.440 10.441 10.442 … 10.439 10.438 10.428 10.439

β-
TCP

a
(Å)

Max 10.436 10.443 10.442 10.443 … 10.443 10.450 10.448 … 10.443 10.441 10.438 10.440

Mean 37.331 37.324 37.328 37.331 37.319 37.324 37.337 37.325 37.309 37.318 37.335 37.346 37.321

Std.
Error

0.002 0.001 0.002 0.002 … 0.002 0.002 0.006 … 0.003 0.002 0.003 0.004

Min 37.326 37.319 37.323 37.323 … 37.314 37.312 37.305 … 37.306 37.331 37.337 37.304

β-
TCP

c
(Å)

Max 37.335 37.330 37.333 37.340 … 37.328 37.372 37.351 … 37.327 37.339 37.354 37.336

Mean 0.98 1.03 0.94 0.53 0.57 0.98 0.64 0.65 0.78 0.97 0.89 0.98 1.13

Std.
Error

0.03 0.02 0.03 0.03 … 0.03 0.02 0.04 … 0.05 0.13 0.08 0.08

Min 0.88 0.89 0.88 0.36 … 0.85 0.37 0.48 … 0.72 0.68 0.67 0.78

MgO
%

Max 1.09 1.14 1.05 0.77 … 1.18 0.93 0.77 … 1.11 1.40 1.13 1.36

Table A.11 – XRD analysis results for β-TCP and MgO obtained from bone specimens
heated to 1400 °C, grouped by species. For elephant and monkey the ‘mean’ values

represent data from one individual from each species and so no standard error of the
mean, minimum or maximum values are presented
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Species Chicken Cow Deer Dog Elephant Goat
Human

AUS
Human

UK
Monkey Pig Rabbit Rat Sheep

Number 5 10 5 12 1 8 50 8 1 7 5 5 6

No.
Det

3 0 0 0 0 0 2 0 0 0 0 4 0

Mean 2.38 … … … … … 4.06 … … … … 13.34 …

Std.
Error

0.70 … … … … … 2.36 … … … … 2.61 …

Min 1.43 … … … … … 1.70 … … … … 7.53 …

α-TCP
%

Max 3.76 … … … … … 6.41 … … … … 19.57 …

No.
Det

3 10 5 12 1 8 50 8 1 7 5 5 6

Mean 2.50 13.46 13.10 12.36 39.72 18.33 27.34 31.85 32.85 16.01 19.02 2.75 9.46

Std.
Error

0.21 0.97 1.33 1.50 … 1.72 0.98 1.82 … 2.94 2.84 0.22 2.90

Min 2.09 8.68 8.40 4.33 … 10.81 8.42 24.67 … 7.12 12.00 1.96 3.97

TTCP
%

Max 2.81 18.74 16.41 20.02 … 25.98 38.67 38.26 … 26.17 24.60 3.22 22.15

No.
Det

1 10 5 12 1 8 46 8 0 7 4 0 6

Mean 0.43 1.04 1.04 0.98 0.79 0.67 0.73 0.80 … 0.72 0.66 … 0.91

Std.
Error

… 0.07 0.07 0.05 … 0.06 0.03 0.12 … 0.05 0.13 … 0.09

Min … 0.57 0.83 0.72 … 0.41 0.38 0.36 … 0.52 0.31 … 0.56

CaO
%

Max … 1.32 1.17 1.26 … 0.97 1.14 1.39 … 0.84 0.90 … 1.08

Table A.12 – XRD analysis results for α-TCP, TTCP and CaO obtained from bone
specimens heated to 1400 °C, grouped by species. For elephant and monkey the ‘mean’
values represent data from one individual from each species and so no standard error of

the mean, minimum or maximum values are presented. The phase α-TCP was only
detected in chicken, human AUS and rat bone specimens and CaO was not detected in

rat or monkey bone specimens
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A.5 – KENDALL’S TAU CORRELATION RESULTS (GROUPED

BY SPECIES)

Rat

Unheated 600 °C

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

------ ------ ------ ------ ------ ------ ------ ------ ------HAP
<00ℓ> 0 0 0 0 0 0 0 0 0

-
0.400

------ ------ ------ ------ ------ ------ ------ ------HAP
a

0 0 0 0 0 0 0 0 0

0.000 0.200 ------ ------ ------ ------ ------ ------ ------

U
n

h
e

a
te

d

HAP
c 0 0 0 0 0 0 0 0 0

0.400
-

0.200
-

0.600
0.800

-
0.400

-
0.600

-
0.200

-
0.400

-
0.600Mass

Loss
5 5 5 5 5 5 5 5 5

-
0.600

0.800 0.400
-

0.400
-

0.200
-

0.400
-

0.400
-

0.600
-

0.800HAP
<00ℓ>

5 5 5 5 5 5 5 5 5

-
0.200

0.800 0.400
-

0.400
0.600 0.000 0.400 0.600 0.400HAP

a
5 5 5 5 5 5 5 5 5

-
0.800

0.200
-

0.200
-

0.200
0.400 0.000

-
0.200

0.000 0.200HAP
c

5 5 5 5 5 5 5 5 5

0.600
-

0.400
0.000 0.000

-
0.600

-
0.200

-
0.400

0.800 0.600β-
TCP
% 5 5 5 5 5 5 5 5 5

-
0.600

0.800 0.000 0.000 0.600 0.600 0.400
-

0.600
0.800β-

TCP
a 5 5 5 5 5 5 5 5 5

-
0.800

0.600 0.200
-

0.200
0.800 0.400 0.600

-
0.800

0.800

6
0

0
°C

β-
TCP

c 5 5 5 5 5 5 5 5 5

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

Unheated 600 °C

Chicken

Table A.13 – Chicken and rat: Kendall’s Tau correlation results for bone mineral
characteristics obtained from XRD analysis of unheated bone and bone heated to 600 °C
and mass change results for bone heated to 600 °C, tested against each other. Unheated
rat bone was not investigated using XRD analysis. In each test result ‘box’ the correlation
coefficient is presented above the number of individuals used for the test. A grey shaded

box indicates p < 0.05 and a black box indicates p < 0.01
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Chicken

1400 °C

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

α-
TCP
%

TTCP
%

MgO
%

0.400
-

0.400
-

0.600
0.400 0.600

-
0.600

0.800 0.333 0.333 0.800HAP
<00ℓ>

5 5 5 5 5 5 5 3 3 5

0.200 0.200 0.800
-

0.600
-

0.400
0.000

-
0.600

-
0.333

-
1.000

-
0.600HAP

a
5 5 5 5 5 5 5 3 3 5

0.200 0.200 0.400 0.200
-

0.400
0.000

-
0.200

-
0.333

1.000
-

0.200

U
n

h
e

a
te

d

HAP
c

5 5 5 5 5 5 5 3 3 5

0.200
-

0.600
-

0.400
-

0.200
0.800

-
0.400

0.200 0.333
-

1.000
0.200Mass

Loss
5 5 5 5 5 5 5 3 3 5

0.000 0.400 1.000
-

0.400
-

0.600
0.200

-
0.800

-
0.333

-
0.333

-
0.800HAP

<00ℓ>
5 5 5 5 5 5 5 3 3 5

0.400 0.000 0.600
-

0.400
-

0.200
-

0.200
-

0.400
-

0.333
-

0.333
-

0.400HAP
a

5 5 5 5 5 5 5 3 3 5

-
0.600

0.200 0.400
-

0.600
-

0.400
0.800

-
0.600

-
1.000

-
0.333

-
0.600HAP

c
5 5 5 5 5 5 5 3 3 5

0.000
-

0.400
-

0.600
0.400 0.200

-
0.200

0.800
-

0.333
0.333 0.800β-

TCP
% 5 5 5 5 5 5 5 3 3 5

0.000 0.000 0.600
-

0.800
-

0.200
0.200

-
0.800

-
0.333

-
1.000

-
0.800

β-
TCP

a 5 5 5 5 5 5 5 3 3 5

-
0.200

0.200 0.800
-

0.600
-

0.400
0.400

-
1.000

-
0.333

-
0.333

-
1.000

6
0

0
°C

β-
TCP

c 5 5 5 5 5 5 5 3 3 5

Table A.14 – Chicken: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of bone heated to 1400 °C and mass change results for bone
heated to 1400 °C, each tested against bone mineral characteristics obtained from XRD
analysis of unheated bone and bone heated to 600 °C and mass change results for bone
heated to 600 °C. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Rat

1400 °C

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

α-
TCP
%

TTCP
%

MgO
%

------ ------ ------ ------ ------ ------ ------ ------ ------ ------HAP
<00ℓ> 0 0 0 0 0 0 0 0 0 0

------ ------ ------ ------ ------ ------ ------ ------ ------ ------HAP
a 0 0 0 0 0 0 0 0 0 0

------ ------ ------ ------ ------ ------ ------ ------ ------ ------

U
n

h
e

a
te

d

HAP
c 0 0 0 0 0 0 0 0 0 0

-
0.200

0.400
-

0.200
-

0.200
-

0.200
0.200

-
0.600

0.333 0.600 0.800Mass
Loss

5 5 5 5 5 5 5 4 5 5

-
0.400

0.200 0.000 0.000 0.000 0.400
-

0.400
0.000 0.800 1.000HAP

<00ℓ>
5 5 5 5 5 5 5 4 5 5

-
0.400

-
0.600

0.000 0.400 0.000
-

0.400
0.400 0.000

-
0.400

-
0.200HAP

a
5 5 5 5 5 5 5 4 5 5

-
0.200

0.000 0.600
-

0.200
0.600 0.200 0.600

-
0.667

-
0.200

-
0.400HAP

c
5 5 5 5 5 5 5 4 5 5

0.200
-

0.400
-

0.600
0.600

-
0.600

-
1.000

0.200 0.667
-

0.200
-

0.400
β-

TCP
% 5 5 5 5 5 5 5 4 5 5

0.000
-

0.600
-

0.400
0.400

-
0.400

-
0.800

0.400 0.333
-

0.400
-

0.600
β-

TCP
a 5 5 5 5 5 5 5 4 5 5

0.200
-

0.400
-

0.200
0.200

-
0.200

-
0.600

0.600 0.000
-

0.600
-

0.800

6
0

0
°C

β-
TCP

c 5 5 5 5 5 5 5 4 5 5

Table A.15 – Rat: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of bone heated to 1400 °C and mass change results for bone
heated to 1400 °C, each tested against bone mineral characteristics obtained from XRD
analysis of bone heated to 600 °C and mass change results for bone heated to 600 °C.

Unheated rat bone was not investigated using XRD analysis. In each test result ‘box’ the
correlation coefficient is presented above the number of individuals used for the test. A

grey shaded box indicates p < 0.05 and a black box indicates p < 0.01
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Rabbit

Unheated 600 °C

5 5 5 5 5 5 5

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

HAP
<00ℓ>

-
0.200

0.000 0.000 0.400
-

0.400
0.400

HAP
a

0.800 0.400 0.400 0.000 0.000 0.400

U
n

h
e

a
te

d

HAP
c

-
0.600

-
0.400

-
0.200

-
0.200

0.200 0.600

Mass
Loss

0.600 0.400
-

0.600
0.600 0.200

-
0.200

HAP
<00ℓ>

0.400 0.200
-

0.400
0.800 0.200 0.200

HAP
a

0.000 0.200
-

0.400
0.000 0.200

-
0.200

6
0

0
°C

HAP
c

-
0.400

-
0.200

0.800
-

0.400
-

0.200
-

0.200

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

5 5 5 5 5 5 5

Unheated 600 °C

Deer

Table A.16 – Deer and rabbit: Kendall’s Tau correlation results for bone mineral
characteristics obtained from XRD analysis of unheated bone and bone heated to 600 °C
and mass change results for bone heated to 600 °C, tested against each other. In each

test result ‘box’ the correlation coefficient is presented above the number of individuals
used for the test. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Deer

1400 °C

5 5 5 5 5 5 5 5 5 5

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

TTCP
%

CaO
%

MgO
%

HAP
<00ℓ>

0.200 0.600 0.200 0.200 0.200 0.000 0.200
-

0.200
0.600 0.000

HAP
a

0.000 0.400 0.400 0.400 0.000 0.200 0.000 0.000 0.400 0.200

U
n

h
e

a
te

d

HAP
c

-
0.200

-
0.200

-
0.600

0.200
-

0.600
-

0.400
-

0.600
0.600

-
0.200

0.000

Mass
Loss

0.600 0.200 0.200 0.200 0.200 0.000 0.200
-

0.200
0.600 0.000

HAP
<00ℓ>

0.800 0.000 0.000 0.400 0.000
-

0.200
0.000 0.000 0.400 0.200

HAP
a

0.000
-

0.400
0.400 0.000 0.400 0.600 0.000 0.000

-
0.400

0.600

6
0

0
°C

HAP
c

-
0.400

0.000
-

0.400
0.400

-
0.800

-
0.200

-
0.800

0.800 0.000 0.200

Table A.17 – Deer: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of bone heated to 1400 °C and mass change results for bone
heated to 1400 °C, each tested against bone mineral characteristics obtained from XRD
analysis of unheated bone and bone heated to 600 °C and mass change results for bone
heated to 600 °C. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Rabbit

1400 °C

5 5 5 5 5 5 5 5 4 5

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

TTCP
%

CaO
%

MgO
%

HAP
<00ℓ>

0.000
-

0.800
-

0.600
0.600

-
0.200

-
0.200

1.000 0.800
-

0.333
-

0.600

HAP
a

0.400 0.000 0.200 0.200 0.200 1.000
-

0.200
0.000

-
0.667

0.200

U
n

h
e

a
te

d

HAP
c

-
0.200

0.200 0.000 0.400
-

0.400
0.400 0.000 0.200 0.000 0.400

Mass
Loss

1.000
-

0.200
0.400

-
0.400

0.800 0.400 0.000
-

0.200
-

0.667
0.000

HAP
<00ℓ>

0.600
-

0.200
0.000 0.000 0.400 0.000 0.400 0.200

-
0.667

0.000

HAP
a

0.200 0.600 0.400
-

0.400
0.400 0.000

-
0.400

-
0.200

0.000 0.800

6
0

0
°C

HAP
c

-
0.200

-
0.200

-
0.400

0.800
-

0.400
0.400 0.400 0.600

-
0.333

0.000

Table A.18 – Rabbit: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of bone heated to 1400 °C and mass change results for bone
heated to 1400 °C, each tested against bone mineral characteristics obtained from XRD
analysis of unheated bone and bone heated to 600 °C and mass change results for bone
heated to 600 °C. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Sheep

Unheated 600 °C

6 6 6 6 6 6 6

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

HAP
<00ℓ>

-
0.467

-
0.333

-
0.333

0.200
-

0.276
0.200

HAP
a

0.286 0.600 0.333
-

0.200
0.276

-
0.200

U
n

h
e

a
te

d

HAP
c

0.000 0.000
-

0.067
-

0.067
-

0.138
0.200

Mass
Loss

0.143
-

0.143
0.429 0.467 0.966

-
0.867

HAP
<00ℓ>

0.429
-

0.143
-

0.143
0.286 0.414

-
0.333

HAP
a

0.000 0.286 0.000 0.000
-

0.429
-

0.966

6
0

0
°C

HAP
c

0.357
-

0.071
-

0.071
-

0.071
0.071 0.071

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

8 8 8 8 8 8 8

Unheated 600 °C

Goat

Table A.19 – Goat and Sheep: Kendall’s Tau correlation results for bone mineral
characteristics obtained from XRD analysis of unheated bone and bone heated to 600 °C
and mass change results for bone heated to 600 °C, tested against each other. In each

test result ‘box’ the correlation coefficient is presented above the number of individuals
used for the test. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Goat

1400 °C

8 8 8 8 8 8 8 8 8 8

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

TTCP
%

CaO
%

MgO
%

HAP
<00ℓ>

0.286
-

0.143
0.071

-
0.286

-
0.571

-
0.429

0.143 0.286 0.286 0.214

HAP
a

-
0.286

0.143
-

0.357
0.143 0.000 0.143 0.143

-
0.286

-
0.143

0.643

U
n

h
e

a
te

d

HAP
c

0.143 0.000
-

0.071
-

0.143
0.000 0.143

-
0.286

0.000 0.286 0.071

Mass
Loss

0.429
-

0.143
0.214

-
0.571

-
0.143

-
0.286

-
0.286

0.143 0.714 0.071

HAP
<00ℓ>

0.429
-

0.571
0.071

-
0.286

-
0.286

-
0.714

-
0.143

0.714 0.286
-

0.214

HAP
a

0.000 0.714 0.214
-

0.143
-

0.286
0.143 0.000

-
0.714

0.143 0.643

6
0

0
°C

HAP
c

0.357 0.071 0.429
-

0.071
-

0.500
0.214 0.500 0.071 0.071 0.000

Table A.20 – Goat: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of bone heated to 1400 °C and mass change results for bone
heated to 1400 °C, each tested against bone mineral characteristics obtained from XRD
analysis of unheated bone and bone heated to 600 °C and mass change results for bone
heated to 600 °C. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Sheep

1400 °C

6 6 6 6 6 6 6 6 6 6

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

TTCP
%

CaO
%

MgO
%

HAP
<00ℓ>

0.067 0.200 0.200
-

0.200
0.067

-
0.200

0.067
-

0.200
0.467 0.067

HAP
a

-
0.067

-
0.200

-
0.200

0.733
-

0.067
0.467

-
0.333

0.200
-

0.733
-

0.067

U
n

h
e

a
te

d

HAP
c

-
0.200

-
0.333

-
0.600

0.333 0.067 0.333
-

0.200
0.333

-
0.600

-
0.467

Mass
Loss

0.600 0.467 0.467 0.067 0.067
-

0.200
0.067

-
0.467

-
0.067

0.600

HAP
<00ℓ>

0.600 0.733 0.467
-

0.200
-

0.200
-

0.200
-

0.200
-

0.733
0.200 0.333

HAP
a

0.690 0.414 0.552 0.138 0.138
-

0.138
0.138

-
0.552

0.000 0.690

6
0

0
°C

HAP
c

-
0.733

-
0.333

-
0.600

-
0.200

-
0.200

0.067
-

0.200
0.600

-
0.067

-
0.733

Table A.21 – Sheep: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of bone heated to 1400 °C and mass change results for bone
heated to 1400 °C, each tested against bone mineral characteristics obtained from XRD
analysis of unheated bone and bone heated to 600 °C and mass change results for bone
heated to 600 °C. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Pig

Unheated 600 °C

7 7 7 7 7 7 7

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

HAP
<00ℓ>

0.683
-

0.195
0.195 0.098

-
0.195

0.098

HAP
a

-
0.061

-
0.048

0.333 0.143
-

0.143
-

0.238

U
n

h
e

a
te

d

HAP
c

-
0.121

0.212
-

0.143
-

0.143
0.143

-
0.143

Mass
Loss

-
0.091

0.545 0.121 0.810 0.333
-

0.524

HAP
<00ℓ>

-
0.182

0.212 0.394 0.061 0.524
-

0.524

HAP
a

0.030 0.242 0.061 0.576
-

0.061
-

0.619

6
0

0
°C

HAP
c

0.121
-

0.333
0.091

-
0.606

0.212
-

0.485

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

12 12 12 12 12 12 12

Unheated 600 °C

Dog

Table A.22 – Dog and pig: Kendall’s Tau correlation results for bone mineral
characteristics obtained from XRD analysis of unheated bone and bone heated to 600 °C
and mass change results for bone heated to 600 °C, tested against each other. In each

test result ‘box’ the correlation coefficient is presented above the number of individuals
used for the test. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Dog

1400 °C

12 12 12 12 12 12 12 12 12 12 12 12

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

TTCP
%

CaO
%

MgO
%

Sex Age

HAP
<00ℓ>

-
0.091

-
0.212

-
0.091

-
0.030

0.061
-

0.364
-

0.182
0.121

-
0.121

0.121
-

0.055
0.018

HAP
a

0.667
-

0.242
0.061

-
0.424

0.394
-

0.333
0.273

-
0.394

0.030 0.091
-

0.550
-

0.312

U
n

h
e

a
te

d

HAP
c

0.242 0.000 0.121 0.000 0.030
-

0.212
-

0.030
0.152

-
0.030

-
0.576

-
0.275

0.092

Mass
Loss

0.697
-

0.212
0.030

-
0.636

0.667
-

0.303
0.364

-
0.485

-
0.242

0.182
-

0.330
-

0.569

HAP
<00ℓ>

0.121
-

0.121
-

0.182
0.121

-
0.091

-
0.212

-
0.091

0.152 0.030
-

0.273
-

0.385
0.239

HAP
a

0.394
-

0.394
-

0.152
-

0.697
0.788

-
0.485

0.364
-

0.364
-

0.303
0.182 0.165

-
0.752

6
0

0
°C

HAP
c

-
0.606

0.061
-

0.242
0.485

-
0.455

0.091
-

0.273
0.455 0.030

-
0.212

0.165 0.532

Table A.23 – Dog: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of bone heated to 1400 °C and mass change results for bone
heated to 1400 °C, each tested against bone mineral characteristics obtained from XRD
analysis of unheated bone and bone heated to 600 °C and mass change results for bone
heated to 600 °C. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Pig

1400 °C

7 7 7 7 7 7 7 7 7 7

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

TTCP
%

CaO
%

MgO
%

HAP
<00ℓ>

0.390 0.390 0.350
-

0.488
-

0.390
-

0.293
-

0.488
-

0.293
-

0.098
0.098

HAP
a

0.429 0.048 0.195
-

0.143
-

0.238
-

0.143
-

0.333
0.048

-
0.238

-
0.048

U
n

h
e

a
te

d

HAP
c

-
0.238

0.143 0.098
-

0.048
0.048

-
0.048

0.143
-

0.048
0.238 0.048

Mass
Loss

0.524 0.143
-

0.488
-

0.238
-

0.143
-

0.429
-

0.238
-

0.238
-

0.333
-

0.333

HAP
<00ℓ>

0.524 0.333
-

0.293
-

0.238
-

0.333
-

0.429
-

0.429
-

0.429
-

0.143
-

0.143

HAP
a

0.048 0.238
-

0.390
-

0.333
-

0.238
-

0.524
-

0.143
-

0.333
0.333 0.143

6
0

0
°C

HAP
c

-
0.048

-
0.238

0.195 0.143 0.238 0.333 0.143 0.333
-

0.143
-

0.143

Table A.24 – Pig: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of bone heated to 1400 °C and mass change results for bone
heated to 1400 °C, each tested against bone mineral characteristics obtained from XRD
analysis of unheated bone and bone heated to 600 °C and mass change results for bone
heated to 600 °C. In each test result ‘box’ the correlation coefficient is presented above
the number of individuals used for the test. A grey shaded box indicates p < 0.05 and a

black box indicates p < 0.01
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Human UK

Unheated 600 °C

8 8 8 8 8 8 8

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

HAP
<00ℓ>

0.143 0.429 0.429
-

0.214
-

0.071
0.071

-
0.091HAP

a
47

-
0.286

0.143
-

0.071
0.214 0.071

0.057 0.230

U
n

h
e

a
te

d

HAP
c 47 47

0.286
-

0.071
-

0.071
0.214

-
0.082

0.123
-

0.140Mass
Loss

47 47 47
0.357 0.214

-
0.500

0.145
-

0.093
0.199

-
0.066HAP

<00ℓ>
47 47 47 50

0.571
-

0.857

-
0.178

0.297
-

0.358
0.123

-
0.388HAP

a
47 47 47 50 50

-
0.429

0.072
-

0.086
0.221

-
0.212

0.229
-

0.108

6
0

0
°C

HAP
c

47 47 47 50 50 50

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

Unheated 600 °C

Human AUS

Table A.25 – Human UK and human AUS: Kendall’s Tau correlation results for bone
mineral characteristics obtained from XRD analysis of unheated bone and bone heated to
600 °C and mass change results for bone heated to 600 °C, tested against each other. In

each test result ‘box’ the correlation coefficient is presented above the number of
individuals used for the test. In each test result ‘box’ the correlation coefficient is
presented above the number of individuals used for the test. A grey shaded box

indicates p < 0.05 and a black box indicates p < 0.01
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Human AUS

1400 °C

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

TTCP
%

CaO
%

MgO
%

Sex Age

-
0.033

0.009
-

0.051
0.119

-
0.107

0.112 0.025 0.096
-

0.098
-

0.232
0.047 0.148HAP

<00ℓ>
47 47 47 47 47 47 47 47 43 47 47 47

0.110
-

0.064
0.396

-
0.251

0.251 0.154 0.205
-

0.241
0.132 0.195

-
0.185

-
0.303HAP

a
47 47 47 47 47 47 47 47 43 47 47 47

-
0.086

0.003
-

0.128
0.212

-
0.278

-
0.006

-
0.209

0.354
-

0.074
-

0.275
-

0.120
0.390

U
n

h
e

a
te

d

HAP
c

47 47 47 47 47 47 47 47 43 47 47 47

0.579 0.301 0.125
-

0.167
0.056

-
0.019

0.157
-

0.376
0.239 0.239

-
0.088

-
0.226Mass

Loss
50 50 50 50 50 50 50 50 46 50 50 50

-
0.158

0.264
-

0.280
0.314

-
0.448

-
0.128

-
0.351

0.220 0.016
-

0.037
-

0.228
0.374HAP

<00ℓ>
50 50 50 50 50 50 50 50 46 50 50 50

0.094
-

0.177
0.435

-
0.296

0.538 0.324 0.482
-

0.388
0.127 0.345

-
0.006

-
0.597HAP

a
50 50 50 50 50 50 50 50 46 50 50 50

-
0.189

-
0.088

-
0.167

0.449
-

0.289
0.260

-
0.092

0.385
-

0.159
-

0.078
-

0.058
0.372

6
0

0
°C

HAP
c

50 50 50 50 50 50 50 50 46 50 50 50

Table A.26 – Human AUS: Kendall’s Tau correlation results for bone mineral
characteristics obtained from XRD analysis of bone heated to 1400 °C, mass change

results for bone heated to 1400 °C, sex and age data, each tested against bone mineral
characteristics obtained from XRD analysis of unheated bone and bone heated to 600 °C

and mass change results for bone heated to 600 °C. In each test result ‘box’ the
correlation coefficient is presented above the number of individuals used for the test. A

grey shaded box indicates p < 0.05 and a black box indicates p < 0.01
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Human UK

1400 °C

8 8 8 8 8 8 8 8 8 8 8 8

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

TTCP
%

CaO
%

MgO
%

Sex Age

HAP
<00ℓ>

0.714 0.286 0.214 0.143
-

0.214
0.214 0.429

-
0.286

0.071 0.500
-

0.049
-

0.071

HAP
a

0.286 0.000 0.357
-

0.286
0.071 0.357 0.143

-
0.429

0.071 0.214
-

0.244
-

0.357

U
n

h
e

a
te

d

HAP
c

0.286 0.429 0.214 0.286
-

0.357
0.357 0.143 0.000 0.214 0.071 0.342 0.071

Mass
Loss

0.429
-

0.143
0.214

-
0.429

0.357 0.357 0.429
-

0.286
0.071 0.357 0.244

-
0.500

HAP
<00ℓ>

-
0.214

-
0.357

0.143
-

0.500
0.571 0.000 0.071

-
0.071

0.286
-

0.143
0.342

-
0.429

HAP
a

-
0.214

-
0.357

0.429
-

0.357
0.429 0.143 0.214

-
0.071

0.286
-

0.286
0.244

-
0.714

6
0

0
°C

HAP
c

0.071 0.500 0.000 0.643
-

0.714
0.143

-
0.214

0.071
-

0.143
0.000

-
0.342

0.429

Table A.27 – Human UK: Kendall’s Tau correlation results for bone mineral
characteristics obtained from XRD analysis of bone heated to 1400 °C, mass change

results for bone heated to 1400 °C, sex and age data, each tested against bone mineral
characteristics obtained from XRD analysis of unheated bone and bone heated to 600 °C

and mass change results for bone heated to 600 °C. In each test result ‘box’ the
correlation coefficient is presented above the number of individuals used for the test. A

grey shaded box indicates p < 0.05 and a black box indicates p < 0.01
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HAP
<00ℓ>

HAP
a

0.422

U
n

h
e

a
te

d

HAP
c

0.360 0.225

Mass
Loss

0.200 0.156
-

0.090

HAP
<00ℓ>

-
0.244

-
0.200

-
0.090

0.378

HAP
a

0.200 0.244 0.180 0.467 0.378

6
0

0
°C

HAP
c

0.067
-

0.422
0.180

-
0.022

-
0.022

-
0.111

HAP
<00ℓ>

HAP
a

HAP
c

Mass
Loss

HAP
<00ℓ>

HAP
a

HAP
c

10 10 10 10 10 10 10

Unheated 600 °C

Cow

Table A.28 – Cow: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of unheated bone and bone heated to 600 °C and mass

change results for bone heated to 600 °C, tested against each other. In each test result
‘box’ the correlation coefficient is presented above the number of individuals used for

the test. In each test result ‘box’ the correlation coefficient is presented above the
number of individuals used for the test. A grey shaded box indicates p < 0.05 and a black

box indicates p < 0.01
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Cow

1400 °C

10 10 10 10 10 10 10 10 10 10 10 10

Mass
Loss

HAP
%

HAP
a

HAP
c

β-
TCP
%

β-
TCP

a

β-
TCP

c

TTCP
%

CaO
%

MgO
%

Sex Age

HAP
<00ℓ>

0.467 0.067 0.067 0.022 0.022 0.333 0.156
-

0.067
-

0.333
0.511 0.316

-
0.316

HAP
a

0.422 0.111
-

0.244
-

0.200
-

0.022
-

0.156
-

0.067
-

0.289
-

0.022
0.111

-
0.316

-
0.527

U
n

h
e

a
te

d

HAP
c

0.180 0.315
-

0.225
0.135

-
0.225

0.045 0.000 0.135
-

0.090
-

0.045
0.333 0.000

Mass
Loss

0.556 0.244 0.156
-

0.333
-

0.156
-

0.200
-

0.111
-

0.422
0.200 0.244 0.316

-
0.316

HAP
<00ℓ>

0.022
-

0.022
0.067

-
0.333

0.200
-

0.289
0.067

-
0.156

0.556
-

0.022
0.632 0.527

HAP
a

0.467 0.067 0.244
-

0.600
0.200 0.067 0.422

-
0.422

0.289 0.333
-

0.316
-

0.738

6
0

0
°C

HAP
c

-
0.378

-
0.067

-
0.067

0.333 0.067 0.200 0.200 0.333
-

0.289
0.200 0.632 0.527

Table A.29 – Cow: Kendall’s Tau correlation results for bone mineral characteristics
obtained from XRD analysis of bone heated to 1400 °C, mass change results for bone
heated to 1400 °C, sex and age data, each tested against bone mineral characteristics
obtained from XRD analysis of unheated bone and bone heated to 600 °C and mass

change results for bone heated to 600 °C. In each test result ‘box’ the correlation
coefficient is presented above the number of individuals used for the test. A grey shaded

box indicates p < 0.05 and a black box indicates p < 0.01
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Human AUS

600 °C

3 3 3 3 3 3 3 3 3 3 3 3 3

Ca
%

P
%

Atomic
Ca/P

Total
N %

Total
C %

Total
H %

Fe
ppm

K
ppm

Mg
ppm

Na
ppm

Sr
ppm

F
ppm

Cl
ppm

HAP
<00ℓ>

1.000 1.000
-

1.000
-

0.333
-

0.333
0.333

-
0.333

-
0.333

0.333 1.000 0.333 0.333 1.000

HAP
a

-
0.333

-
0.333

0.333
-

0.333
1.000 0.333

-
0.333

-
0.333

-
1.000

-
0.333

-
1.000

0.333
-

0.333

U
n

h
e

a
te

d

HAP
c

-
0.333

-
0.333

0.333
-

0.333
1.000 0.333

-
0.333

-
0.333

-
1.000

-
0.333

-
1.000

0.333
-

0.333

Mass
Loss

-
0.333

-
0.333

0.333
-

0.333
1.000 0.333

-
0.333

-
0.333

-
1.000

-
0.333

-
1.000

0.333
-

0.333

HAP
<00ℓ>

-
0.333

-
0.333

0.333
-

0.333
1.000 0.333

-
0.333

-
0.333

-
1.000

-
0.333

-
1.000

0.333
-

0.333

HAP
a

0.333 0.333
-

0.333
0.333

-
1.000

-
0.333

0.333 0.333 1.000 0.333 1.000
-

0.333
0.333

6
0

0
°C

HAP
c

0.333 0.333
-

0.333
-

1.000
0.333 1.000

-
1.000

-
1.000

-
0.333

0.333
-

0.333
1.000 0.333

Mass
Loss

0.333 0.333
-

0.333
0.333

-
1.000

-
0.333

0.333 0.333 1.000 0.333 1.000
-

0.333
0.333

HAP
%

1.000 1.000
-

1.000
-

0.333
-

0.333
0.333

-
0.333

-
0.333

0.333 1.000 0.333 0.333 1.000

HAP
a

-
0.333

-
0.333

0.333
-

0.333
1.000 0.333

-
0.333

-
0.333

-
1.000

-
0.333

-
1.000

0.333
-

0.333

HAP
c

1.000 1.000
-

1.000
-

0.333
-

0.333
0.333

-
0.333

-
0.333

0.333 1.000 0.333 0.333 1.000

β-
TCP
%

-
1.000

-
1.000

1.000 0.333 0.333
-

0.333
0.333 0.333

-
0.333

-
1.000

-
0.333

-
0.333

-
1.000

β-
TCP

a
0.333 0.333

-
0.333

-
1.000

0.333 1.000
-

1.000
-

1.000
-

0.333
0.333

-
0.333

1.000 0.333

β-
TCP

c
0.333 0.333

-
0.333

-
1.000

0.333 1.000
-

1.000
-

1.000
-

0.333
0.333

-
0.333

1.000 0.333

TTCP
%

-
0.333

-
0.333

0.333 1.000
-

0.333
-

1.000
1.000 1.000 0.333

-
0.333

0.333
-

1.000
-

0.333

CaO
%

-
0.333

-
0.333

0.333
-

0.333
1.000 0.333

-
0.333

-
0.333

-
1.000

-
0.333

-
1.000

0.333
-

0.333

1
4

0
0

°C

MgO
%

-
1.000

-
1.000

1.000 0.333 0.333
-

0.333
0.333 0.333

-
0.333

-
1.000

-
0.333

-
0.333

-
1.000

Age 1.000 1.000
-

1.000
-

0.333
-

0.333
0.333

-
0.333

-
0.333

0.333 1.000 0.333 0.333 1.000

Table A.30 – Human AUS: Kendall’s Tau correlation results for bone mineral
characteristics obtained from ICP-AES, P-IC and C-GC of bone specimens heated to
600 °C tested against characteristics obtained from XRD analysis of unheated bone
specimens, bone specimens heated to 600 °C and to 1400 °C and for mass change
results for 600 °C and 1400 °C. In each test result ‘box’ the correlation coefficient is

presented above the number of individuals used for the test
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Cow

600 °C

6 6 6 6 6 6 6 6 6 6 6 6 6 6 6

Ca
%

P
%

Atomic
Ca/P

Total
N %

Total
C %

Total
H %

Fe
ppm

K
ppm

Mg
ppm

Na
ppm

Sr
ppm

F
ppm

Cl
ppm

CO3

%
SF

HAP
<00ℓ>

-
0.333

-
0.276

-
0.072

-
0.467

-
0.467

0.000
-

0.200
0.333

-
0.067

-
0.600

0.200
-

0.467
0.733 0.200

-
0.333

HAP
a

0.467 0.276
-

0.072
0.600 0.067 0.000

-
0.467

-
0.200

0.467 0.200
-

0.333
0.067

-
0.067

-
0.067

0.200

U
n

h
e

a
te

d

HAP
c

-
0.138

0.500
-

0.741
0.276

-
0.276

-
0.143

-
0.828

0.552 0.000
-

0.276
0.276 0.000 0.000 0.276 0.552

Mass
Loss

-
0.200

-
0.414

0.072
-

0.067
-

0.333
0.138

-
0.333

0.200 0.067
-

0.200
0.067

-
0.067

0.600
-

0.200
0.067

HAP
<00ℓ>

-
0.733

0.138
-

0.501
-

0.333
-

0.333
-

0.414
-

0.333
0.733

-
0.467

-
0.200

0.867 0.200 0.067 0.067 0.333

HAP
a

-
0.200

0.138
-

0.358
-

0.067
-

0.600
-

0.414
-

0.333
0.200 0.333

-
0.467

0.067
-

0.600
0.333

-
0.467

0.600

6
0

0
°C

HAP
c

-
0.467

-
0.138

-
0.215

-
0.333

0.200 0.276
-

0.067
0.467

-
0.733

-
0.467

0.333
-

0.067
0.333 0.333 0.067

Mass
Loss

-
0.200

-
0.138

-
0.215

-
0.067

-
0.600

-
0.138

-
0.333

0.200 0.333
-

0.200
0.067

-
0.333

0.600 0.067
-

0.200

HAP
%

-
0.067

0.000
-

0.215
0.067

-
0.467

0.000
-

0.467
0.067 0.467

-
0.067

-
0.067

-
0.200

0.467
-

0.200
0.067

HAP
a

-
0.200

-
0.552

0.501
-

0.600
-

0.333
-

0.138
0.467

-
0.333

0.067
-

0.200
0.067

-
0.600

0.600
-

0.600
-

0.333

HAP
c

-
0.333

0.000
-

0.215
0.067 0.333 0.138

-
0.200

0.333
-

0.600
0.200 0.467 0.600

-
0.333

0.467
-

0.333

β-
TCP
%

-
0.067

0.414
-

0.215
-

0.200
0.333

-
0.138

0.333 0.333
-

0.333
-

0.333
0.200

-
0.200

-
0.067

0.200 0.200

β-
TCP

a

-
0.333

-
0.414

0.358
-

0.733
-

0.467
-

0.276
0.333

-
0.200

-
0.067

-
0.333

0.200
-

0.733
0.467

-
0.467

-
0.467

β-
TCP

c

-
0.067

0.138
-

0.215
-

0.467
-

0.200
-

0.414
0.333 0.067

-
0.067

-
0.333

-
0.067

-
0.733

0.200
-

0.333
0.200

TTCP
%

-
0.200

-
0.138

0.072
-

0.067
0.467 0.276 0.200 0.200

-
0.733

0.067 0.333 0.467
-

0.200
0.600

-
0.200

CaO
%

0.067 0.276
-

0.215
-

0.067
-

0.600
-

0.690
-

0.333
-

0.067
0.333 0.067 0.067

-
0.333

-
0.200

-
0.467

0.333

1
4

0
0

°C

MgO
%

-
0.467

-
0.690

0.358
-

0.600
-

0.333
0.138 0.200

-
0.067

-
0.200

-
0.200

0.333
-

0.333
0.867

-
0.467

-
0.200

Age
-

0.527
0.000

-
0.222

-
0.105

0.527 0.222 0.105 0.527
-

0.949
0.105 0.738 0.738

-
0.105

0.527
-

0.105

Table A.31 – Cow: Kendall’s Tau correlation results for bone mineral characteristics
obtained from ICP-AES, P-IC, C-GC and IR spectroscopy of bone specimens heated to

600 °C tested against characteristics obtained from XRD analysis of unheated bone
specimens, bone specimens heated to 600 °C and to 1400 °C and for mass change results

for 600 °C and 1400 °C. In each test result ‘box’ the correlation coefficient is presented
above the number of individuals used for the test


