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ABSTRACT: The characterization of inter-species variation in bone mineral (b-HAP) is of relevance to forensic science and archeology, but has
not previously been widely explored. Results of an investigation into unheated bone mineral and behavior of bone upon heating for 12 animal species
(including human) demonstrate that b-HAP characteristics, quantitatively measured using X-ray diffraction (XRD) analysis, exhibit significant inter-
species variation. Human bone was found to be significantly different to all other species in terms of b-HAP lattice parameter values from unheated
and heated bone and in terms of recrystallization behavior of b-HAP upon heating bone to 600�C. The amounts of b-HAP thermal decomposition
products were also significantly different for human bone heated to 1400�C compared to those obtained for most other species. Therefore, there is
potential for the development of an XRD-based method of species identification, particularly one that distinguishes human from non-human bone.
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Bone mineral (b-HAP) is perhaps the most studied natural min-
eral and numerous characteristics of b-HAP have been investigated
over many years, across a wide range of disciplines for a variety of
research goals (1). The composite nature of bone consisting of inor-
ganic, organic, and water components is therefore widely known
(2). The nature of the inorganic component (bone mineral, bio-apa-
tite, or b-HAP) as a poorly crystalline nonstoichiometric form of
the mineral calcium hydroxy-apatite (Ca5(PO4)3(OH), HAP) is also
widely accepted (3). A diagram showing the crystal lattice structure
of HAP is presented in Fig. 1.

Bio-apatite is poorly crystalline and nonstoichiometric due to ion
substitutions and ion vacancies within the b-HAP crystal lattice (lat-
tice defects) and ion adsorptions on crystal surfaces (4,5). An
approximation to the general formula of b-HAP is presented in For-
mula 1. This is inevitably far from a complete account of b-HAP
composition as, for example, it does not include consideration of
adsorbed ions. Nevertheless, it does clearly demonstrate that b-
HAP composition and structure is heterogeneous and variable.

Inter-species variation in bone mineral has been reported by pre-
vious researchers (6–14). However, the nature and extent of such
variation is an area of research that has not been extensively
explored. Characterization of b-HAP with respect to inter-species

variation is of particular relevance to medicine, forensic science,
and archeology. For example, in medical research, such character-
ization can be of benefit to bone disease and aging studies and in
the development of biomaterials (7,15).

Within forensic and archeological contexts, b-HAP can be the
most significant surviving component of bone, and it is therefore a
valuable resource. Advances in the development of analytical tech-
niques have resulted in an increase in forensic and archeological
research activity with respect to b-HAP over recent years. Previous
studies have investigated b-HAP characteristics with respect to
changes that occur on heating and burning bone, the effects of dia-
genesis, and for the purpose of human identification (16–24). The
characterization of b-HAP with respect to inter-species variation has
the potential to have a significant impact in enabling species identi-
fication, particularly in distinguishing human from non-human bone
in cases of fragmented, burned, and pulverized bone (17,25–31).

The study of heated bone often forms part of investigations into
b-HAP characteristics (9,16,32,33). The heating of bone induces
changes in b-HAP such as (16,33):

• Recrystallization: increase in ‘‘crystallinity’’: increase in crystal
size and ⁄ or decrease in microstrain (lattice disorder).

• Changes to lattice defects (such as ion substitutions and
vacancies).

• Thermal decomposition: formation of additional mineral phases
at the expense of b-HAP.

In the theoretical case of stoichiometric HAP (Ca10(PO4)6(OH)2),
thermal decomposition would occur as a result of dehydroxylation
(loss of gaseous H2O) and the formation of b-tri-calcium phosphate
(bCa3(PO4)2, b-TCP), tetra-calcium phosphate (Ca4(PO4)2O, TTCP)
and calcium oxide (CaO) at the expense of the HAP (see Reactions 1
and 2). The amount of each decomposition product would be depen-
dent on the relative thermal stabilities of the products and the heat
treatment conditions employed. The extent of decomposition would
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also depend on the heat treatment conditions as, for example, com-
plete decomposition of HAP would not be achieved using short heat
times.

Ca10ðPO4Þ6ðOHÞ2 ! 2 bCa3ðPO4Þ2 þ Ca4ðPO4Þ2Oþ H2O

ðReaction 1Þ

Ca10ðPO4Þ6ðOHÞ2 ! 3 bCa3ðPO4Þ2 þ CaOþ H2O ðReaction 2)

The behavior of nonstoichiometric HAP materials such as b-
HAP upon heating is additionally influenced by the composition
and structure of the material prior to heat treatment. As examples,
calcium deficiency may result in the formation of less TTCP than
expected for stoichiometric HAP (see Reaction 1) and specifically,
the presence of magnesium ions in HAP materials is known to
favor the formation of b-TCP. Thus, the study of heated bone can
provide additional relevant information for investigations into
b-HAP composition and structure. In particular, inter-species varia-
tion in behavior of b-HAP upon heating under standard conditions

corresponds to any inter-species differences in b-HAP prior to heat
treatment. The increase in the number of b-HAP characteristics
available for use in the development of species identification meth-
ods and the ease of analysis of heated bone compared to unheated
bone are further advantages of heated bone studies.

Unfortunately, it is difficult to distinguish between biological
(both intra- and inter-species) variation and that due to experimen-
tal or environmental factors within previously published results
(13,32,34,35). This is because the behavior of b-HAP upon heating
is dependent on both the heat treatment conditions and the compo-
sition and structure of the unheated bone (16,36). Therefore, spe-
cific research into the extent of biological variation in bone mineral
chemistry of unheated and heated bone under standardized condi-
tions is vital to the future development of analytical tools that will
incorporate measurement of b-HAP characteristics. This study aims
to identify and quantify inter-species variation in the behavior of
bone to standardized heat treatment at 600�C and 1400�C.

The study aim was achieved through the use of X-ray diffraction
(XRD) analysis to measure bone mineral characteristics. XRD
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FIG. 1—Diagram showing the crystal lattice structure of calcium hydroxy-apatite (HAP) and the HAP unit cell.

FORMULA 1—Approximation to the general formula of b-HAP, accounting for ion substitutions and vacancies (lattice defects) and based on the formula
of HAP (using two stoichiometric Ca5(PO4)3(OH) formula units).
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analysis has, for many years, played a key role in structural studies
of bone mineral (1,4). The characteristics measured in this study
included:
• The relative coherence length of b-HAP crystals in the <0 0 ‘>

direction (b-HAP <0 0 ‘>) for unheated bone and bone heated to
600�C. This was used as a measure of ‘‘crystallinity’’ of b-HAP.

• The lattice parameters of b-HAP (b-HAP ‘‘a’’ and b-HAP ‘‘c’’)
in unheated and heated bone. These are measures of the b-HAP
unit cell dimensions and were used as indicators of the net extent
of lattice defects.

• The weight percentage of each mineral phase detected (b-
HAP%, b-TCP%, TTCP%, CaO%, MgO%, and a-TCP%) in
unheated and heated bone. These were used as measures of the
nature and extent of the thermal decomposition of b-HAP.

Materials and Methods

Table 2 provides a list of the 12 species that were investigated
in this study and the number of different individuals from each
species. Names commonly used for species are used in this paper
and a list of the corresponding taxonomic terms can be found in
a previous publication, along with further details of the materials
and methods employed in this study (37). Contemporary femoral
(cortical) bone was used in all cases, was collected shortly after
death, and was stored frozen. Left femur samples were used if a
choice between left or right was available. Non-human bone
material was obtained from several sources: local butchers, abatt-
oirs, and pet food stores, Bristol Veterinary College, the Depart-
ment for the Environment and Rural Affairs Veterinary
Laboratories Agency, the Ministry of Defence, and Whipsnade
Zoo. Human bone was obtained from the North London Tissue
Bank.

Three bone specimens were cut from each bone sample, using
water-cooled band and circular saws. Each specimen was a seg-
ment cut from an annulus of bone from the periosteal to endosteal
surface. One specimen was left unheated, one was heated to
600�C, and one was heated to 1400�C. The unheated specimen
was cut to height of approximately 1 mm, and the specimens to be
heated were cut to a height of approximately 5 mm. Owing to the
small physical size of rat femoral bone, only two specimens per
individual were prepared for heat treatment. These were prepared
by using a scalpel to remove both epiphyses from a femur and lon-
gitudinally sectioning the entire bone shaft into halves, each half
becoming a test specimen.

Heat treatment of bone specimens was carried out using a Carb-
olite tube furnace (CTF 16 ⁄ 75; Carbolite Ltd., London, U.K.)
sealed at each end with a ceramic fiber bung. Each bone specimen
was placed into a separate alumina crucible and specimens were
placed into the furnace at room temperature in batches. The furnace
program increased the temperature at a rate of 10�C per minute
and then maintained a temperature of 600 or 1400�C for 2 h,
switching off at the end of this dwell time. Bone specimens were
allowed to cool to room temperature before removal from the
furnace.

All heated bone specimens were powdered, using an agate pestle
and mortar, and sieved through a stainless steel mesh of 106 lm,
in preparation for XRD analysis. Powdered specimens were
mounted onto silicon (low background scattering) slides, using a
thin film of petroleum jelly as an adhesive, and flattened to pro-
duce 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. 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.

Powder XRD analysis of all heated bone specimens was carried
out using Phillips 1820 diffractometers with Cu Ka radiation. One
diffraction run was carried out per bone specimen. Data were col-
lected as stepped scans across an angular range of 10–80� ⁄2h
(4.43–0.78 � d-spacing). The count time at each step was 5 sec,
with a 0.02� ⁄ 2h step size. XRD analysis of unheated bone speci-
mens was carried out using a Bruker D8 X-ray diffractometer with
Cu Ka radiation. One diffraction run was carried out per bone
specimen. A General Area Detector Diffraction System (GADDS)
and a 500-l collimator were used to collect data over an angular
range of approximately 21–55� ⁄2h (2.15)0.94 � d-spacing).

The mineral phase(s) present within each specimen were identi-
fied by comparison of the data with the International Centre for
Diffraction Data (ICDD) Powder Diffraction File (version PDF-2,
2004), using Crystallographica Search-Match software (version
2.1.1.1 1996–2004; Oxford Cryosystems Ltd., Oxford, U.K.).

Bruker Topas software (version 2, 2000) was used to carry out
‘‘whole pattern fitting’’ Rietveld refinement (38,39) of all diffraction
profiles to obtain phase quantification and b-HAP lattice parameters.
The structural models used for each mineral phase were derived from
the ICDD Powder Diffraction Files: hydroxy-apatite (HAP) 9-432,
beta-tri-calcium phosphate (b-TCP) 9-169, alpha-tri-calcium phos-
phate (a-TCP) 29-359, tetra-calcium phosphate (TTCP) 25-1137,
CaO 37-1497, and magnesium oxide (MgO) 45-946.

Bruker Topas software (version 2, 2000) was also used to carry
out profile fitting of the b-HAP 002 peaks in diffraction profiles
obtained from unheated bone and bone heated to 600�C. A silicon
powder standard (NBS 640c) and a corundum (Al2O3) standard
(NIST SRM 1976) were used to correct for instrumental broaden-
ing. Values of relative coherence length of b-HAP crystals in the
<0 0 ‘> direction (b-HAP <0 0 ‘>) were calculated using the
Scherrer equation (40) applied to the 002 reflection.

One-way analysis of variance (ANOVA) and Bonferroni post hoc
tests were carried out to identify significant differences between spe-
cies for b-HAP lattice parameter and b-HAP <0 0 ‘> values
obtained from unheated bone and bone heated to 600�C and for
mineral phase weight percentage values obtained from bone heated
to 1400�C. It was not possible to include monkey and elephant
within these tests owing to the analysis of bone from only one indi-
vidual from each species. Significant differences between these spe-
cies and all other species were tested using one-sample t-tests, and
elephant and monkey were not tested against each other (see Fig. 4).

Results

The general characteristics of unheated bone and the general
behavior of bone upon heating are first presented, followed by
results relating to inter-species variation. The results obtained for
human, chicken, and rat are specifically discussed as these species
were found to exhibit the most notable inter-species variation.

General Characteristics of Unheated and Heated Bone

The mineral component of contemporary unheated bone, for all
specimens analyzed (n = 68), was identified as calcium hydroxy-
apatite (bio-apatite) (see Fig. 2 and Table 1). This was poorly crys-
talline as all values of b-HAP <0 0 ‘> were less than 300 � (see
also the broad diffraction peaks in Fig. 2). In general, b-HAP ‘‘a’’
values (99%) were greater than the stoichiometric (defect free)
value of HAP ‘‘a’’ = 9.42 �, and all b-HAP ‘‘c’’ values were
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greater than the stoichiometric value of HAP ‘‘c’’ = 6.88 � (5) (see
Table 1). Therefore, the lattice parameter value results suggest that
the b-HAP was also nonstoichiometric and that b-HAP possesses a
greater than stoichiometric average unit cell volume.

In general, upon heating bone to 600�C, no significant recrystal-
lization or thermal decomposition occurred but in all cases
(n = 73), a reduction of both b-HAP lattice parameter values com-
pared to unheated bone was observed (see Tables 1 and 2).

Upon heating bone to 1400�C, significant recrystallization of b-
HAP was apparent (see the narrow b-HAP diffraction peaks in
Fig. 3). In general, both b-HAP lattice parameter values were reduced
compared to corresponding values obtained for unheated bone. The
b-HAP phase underwent thermal decomposition and b-TCP was
always detected as a decomposition product. In general, TTCP, CaO,
and MgO were also detected but a-TCP was rarely observed
(n = 7 ⁄ 73).

Inter-Species Variation

The results of this study clearly demonstrate significant inter-spe-
cies variation in b-HAP characteristics of unheated and heated bone
(see Fig. 4) that was greater than the variation observed within spe-
cies (see Tables 1–4). Between some species such as cattle and
deer, no significant inter-species variation was observed for the b-
HAP characteristics measured in this study. However, most species
were significantly different (p < 0.05) to all other species in terms
of at least one b-HAP characteristic.

Human

Unheated human bone possessed small b-HAP ‘‘a’’ values that
were significantly different to those of all other species (p < 0.05,
see Fig. 4). Large values of b-HAP <0 0 ‘> were obtained

although these were not significantly different to most other species
(p > 0.05, see Table 1 and Fig. 4).

Recrystallization of b-HAP occurred on heating human bone to
600�C, in contrast to the general findings for most other species.
The b-HAP <0 0 ‘> values obtained for human bone were signifi-
cantly different to those obtained for most other species
(p < 0.05, see Table 2 and Fig. 4). Human bone heated to 600�C
possessed relatively large b-HAP ‘‘c’’ values that were signifi-
cantly different to those of all other species (see Table 2 and
Fig. 4). A plot of b-HAP ‘‘a’’ values against b-HAP ‘‘c’’ values
(see Fig. 5) for bone heated to 600�C clearly shows a separate
cluster of values that distinguishes human bone from all other
species investigated.

Relatively large values of b-HAP ‘‘c’’ were also obtained for
human bone heated to 1400�C, and these were also significantly
different to those obtained for all other species (p < 0.01, see
Table 3 and Fig. 4). Furthermore, human bone was significantly
different to most other species in terms of b-TCP and TTCP
weight percentage values (p < 0.01, see Table 4 and Fig. 4).

Chicken

The b-HAP phase of unheated chicken bone was significantly
less crystalline (along <0 0 ‘>) compared to most other species
(p < 0.01, see Table 1 and Fig. 4). Upon heating chicken bone to
600�C, b-TCP was detected. This thermal decomposition finding is
inconsistent with the bone mineral behavior of most other species.
On heating chicken bone to 1400�C, TTCP weight percentage val-
ues of <5% were obtained and these were significantly different to
those of most other species which were in general >5% (p < 0.05,
see Table 4 and Fig. 4). In general, CaO was not detected. How-
ever, a-TCP, which was not detected for most species, was detected
in chicken bone specimens (see Table 4 and Fig. 4).

FIG. 2—Examples of X-ray diffractograms from unheated bone (b: human) and bone heated to 600�C (c: human, d: cattle, e: rat). For clarity, diffracto-
grams have been stacked and the expected peak positions for calcium hydroxy-apatite (from PDF 9-432) are presented (a). Most intense peaks for additional
mineral phases are denoted by * (b-TCP) and . (MgO).
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Rat

The characteristics of heated rat bone were found to be similar to
those of heated chicken bone. The mineral phase b-TCP was
detected in bone heated to 600�C. For bone heated to 1400�C, TTCP
weight percentage values of <5% were obtained (see Table 4) and
in general, a-TCP was also detected. CaO was not detected in any
rat bone specimens. For all rat bone heated to 600�C, b-HAP ‘‘a’’
values were greater than 4.920 � and significantly different to all
other species, except chicken (p < 0.05, see Table 2 and Fig. 4).

Discussion

General Findings

The results for the typical characteristics of unheated bone and
the typical behavior of bone upon heating were generally found to
be in agreement with results of previously published studies
(13,16,20,32,33,35,41,42). However, the general lack of recrystalli-
zation of b-HAP upon heating bone to 600�C was surprising as
many studies report the observation of recrystallization at this tem-
perature. This is likely to be due to variation between studies with
respect to heating times and also, possibly, variation in the extent
of removal of the organic component during sample preparation
stages prior to heating. Inter-species variation and the bias within

the literature toward studies of human bone for which, this study
has demonstrated, b-HAP undergoes recrystallization at a lower
temperature compared to most other species, may also partly
explain the discrepancy.

The detection of CaO and MgO, for most species, in bone
heated to 1400�C was also an unexpected result. Although both
CaO and MgO are reported in the literature as mineral phases
that have been detected in heated bone (13,32,43), they are not
widely considered to be consistent thermal decomposition products
of b-HAP (9,13,20,35,44) (see later Discussion). Again, this may
partly be due to the variety of experimental conditions that have
been employed by previous studies, some of which may be con-
ditions that do not result in the formation of CaO or MgO. How-
ever, varying reports of CaO and MgO detection may simply be
a reflection of the small weight percentage presence of these
phases compared to the bulk decomposition products. This study
therefore demonstrates the value of a quantitative whole pattern
fitting analysis approach in b-HAP research to detect these low-
quantity phases.

Inter-Species Variation—b-HAP Lattice Parameters

Of the measured b-HAP characteristics, b-HAP ‘‘a’’ values most
clearly demonstrated inter-species variation in unheated bone and

TABLE 1—Mean, minimum, and maximum values for relative coherence length of bone mineral (b-HAP) crystals in the <0 0 2> direction (b-HAP
<0 0 ‘>) and b-HAP lattice parameters (b-HAP ‘‘a’’ and b-HAP ‘‘c’’) obtained from unheated bone, grouped by species (no data for rat). Values for the

standard error of the mean are presented in parentheses, corresponding to the last significant figure of each mean value.

Species
Number

(Total 68)

b-HAP <0 0 ‘> (�) b-HAP ‘‘a’’ (�) b-HAP ‘‘c’’ (�)

Mean Min Max Mean Min Max Mean Min Max

Chicken 5 194 (4) 187 210 9.482 (3) 9.475 9.493 6.895 (2) 6.888 6.901
Cattle 10 238 (4) 215 255 9.464 (4) 9.441 9.482 6.900 (1) 6.893 6.906
Deer 5 243 (5) 228 255 9.479 (4) 9.468 9.490 6.900 (2) 6.893 6.906
Dog 12 248 (4) 211 268 9.467 (4) 9.438 9.491 6.902 (2) 6.894 6.912
Elephant 1 217 – – 9.463 – – 6.907 – –
Goat 8 251 (3) 238 265 9.460 (2) 9.450 9.471 6.904 (1) 6.902 6.907
Human 8 262 (5) 241 281 9.441 (4) 9.419 9.458 6.902 (1) 6.898 6.906
Monkey 1 258 – – 9.467 – – 6.906 – –
Pig 7 217 (7) 175 231 9.484 (5) 9.468 9.508 6.899 (2) 6.888 6.904
Rabbit 5 237 (5) 224 251 9.471 (7) 9.452 9.489 6.898 (2) 6.892 6.906
Sheep 6 234 (4) 218 246 9.479 (2) 9.471 9.484 6.898 (4) 6.891 6.918

TABLE 2—Mean, minimum, and maximum values for relative coherence length of bone mineral (b-HAP) crystals in the <0 0 2> direction (b-HAP <0 0 ‘>)
and b-HAP lattice parameters (b-HAP ‘‘a’’ and b-HAP ‘‘c’’) obtained from bone heated to 600�C, grouped by species. Results for the weight percentage of b-
TCP and MgO detected, when detected, in bone heated to 600�C are also presented. Values for the standard error of the mean are presented in parentheses,

corresponding to the last significant figure(s) of each mean value.

Species Number (Total 73)

b-HAP <0 0 ‘> (�) b-HAP ‘‘a’’ (�) b-HAP ‘‘c’’ (�)

Mean Min Max Mean Min Max Mean Min Max

Chicken 5 237 (8) 206 255 9.423 (1) 9.419 9.427 6.883 (1) 6.880 6.885
Cattle 10 224 (6) 201 263 9.414 (1) 9.410 9.418 6.8842 (4) 6.883 6.886
Deer 5 247 (10) 226 283 9.414 (1) 9.411 9.417 6.884 (1) 6.882 6.887
Dog 12 236 (4) 208 260 9.413 (1) 9.407 9.421 6.888 (1) 6.884 6.890
Elephant 1 236 – – 9.402 – – 6.891 – –
Goat 8 259 (16) 210 330 9.413 (1) 9.408 9.416 6.8863 (4) 6.885 6.888
Human 8 412 (64) 225 723 9.414 (1) 9.410 9.419 6.894 (1) 6.891 6.897
Monkey 1 519 – – 9.413 – – 6.886 – –
Pig 7 315 (32) 209 410 9.414 (1) 9.408 9.417 6.885 (1) 6.883 6.890
Rabbit 5 255 (3) 248 261 9.413 (1) 9.411 9.416 6.886 (1) 6.885 6.889
Rat 5 232 (6) 222 250 9.428 (1) 9.423 9.430 6.8828 (3) 6.882 6.883
Sheep 6 235 (4) 217 247 9.416 (2) 9.405 9.420 6.883 (1) 6.881 6.886

The mineral phase b-TCP was detected in all chicken bone specimens (mean 6.9 [5]%, min. 5.9%, max. 8.2%), in all rat bone specimens (mean 8 [2]%,
min. 3.6%, max. 13.9%), and in one (of 6) sheep bone specimen (3.1%). The mineral phase MgO was detected in one (of 8) human bone specimen (0.7%)
and in one (of 1) monkey bone specimen (0.8%).
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human could be distinguished from all other species on the basis of
b-HAP lattice parameters obtained from unheated and heated bone.
Thus, b-HAP lattice parameter values should be considered for
inclusion in future development of species identification methods
based on b-HAP characteristics. Furthermore, the inter-species vari-
ation observed with respect to lattice parameter values suggests that
there are significant elemental composition differences between
species. Future investigation into inter-species variation in elemental
composition of b-HAP in conjunction with XRD analysis may
enable a better understanding of the inter-species differences in b-
HAP characteristics observed in this study.

Inter-Species Variation—Crystallinity

Inter-species differences in b-HAP <0 0 ‘> values observed for
unheated bone may be due, in part, to lattice defect variation
between species. Certain lattice defects are known to affect b-HAP
crystallinity. For example, fluorine ion substitutions cause an
increase in crystallinity (45). The differences between human and
most non-human bone in terms of the b-HAP <0 0 ‘> values
observed in this study have demonstrated the potential of measures
of recrystallization upon heating for use as species differentiating
characteristics. As recrystallization did not occur for most species
upon heating to 600�C, investigation into heat temperatures
between 700 and 1000�C may enable significant inter-species varia-
tion between non-human species to be identified.

Inter-Species Variation—Thermal Decomposition of b-HAP

The inter-species variation upon heating bone to 1400�C in
terms of the extent of thermal decomposition of b-HAP and the
quantities of the decomposition products suggests that there is sig-
nificant inter-species variation in terms of b-HAP composition

and structure of unheated bone. For example, the relatively high
weight percentage values obtained for TTCP for human bone sug-
gests that human bone may be less calcium deficient and ⁄ or less
phosphate deficient compared to bone of most other species. It is
also plausible that human bone may possess greater quantities of
TTCP-stabilizing ions or smaller quantities of b-TCP-stabilizing
ions compared to bone of most other species. Magnesium is
known to substitute for calcium ions within the b-HAP lattice
and is also known to stabilize b-TCP upon heating (42). How-
ever, less is known about the effects of other calcium-substituting
ions such as sodium and potassium on the thermal decomposition
of b-HAP. A combined investigation into elemental and XRD
analysis, as suggested above, may enable a better understanding
of the effects of b-HAP lattice defects on b-HAP thermal decom-
position, especially if lattice parameters of the decomposition
products are also considered. This has the potential to have a sig-
nificant impact in the development of bio-materials in addition to
the benefit it would have in the development of species identifica-
tion methods.

While thermal decomposition of b-HAP upon heating bone to
1400�C was expected, observations of additional mineral phases in
bone heated to 600�C were surprising results of this study. The
detection of b-TCP in chicken and rat bone suggests that thermal
decomposition of b-HAP occurred at a lower temperature compared
to other species and prior to any significant recrystallization of
b-HAP. It is likely that this finding is due to a combination of
factors. The b-HAP of unheated chicken bone, with small b-HAP
<0 0 ‘> values, may have a relatively large degree of microstrain,
and this may result in a much lower thermodynamic barrier to
b-HAP decomposition than expected. Unheated chicken and rat
bone may possess greater amounts of b-TCP-stabilizing ions such
as magnesium ions as preliminary elemental investigations into
chicken and rat bone from this study suggest (37). Furthermore,

FIG. 3—Examples of X-ray diffractograms from bone heated to 1400�C (b: human, c: rat, d: chicken). For clarity, diffractograms have been stacked and
the expected peak positions for calcium hydroxy-apatite (from PDF 9-432) are presented (a). Most intense peaks for additional mineral phases are denoted
by * (b-TCP), (TTCP), � (a-TCP), D (CaO), and . (MgO).
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chicken and rat bone had greater percentage mass loss values upon
heating to 600�C (37), indicative of greater loss of organic and ⁄or
water components compared to other species. This may have
resulted in higher relative temperatures within the local environ-
ments of chicken and rat bone, enabling decomposition to occur at
an apparently lower experimental temperature.

There are several reports within the literature of the formation of
CaO in the absence of b-TCP (33). Several studies have demon-
strated that b-HAP is calcium deficient compared to stoichiometric
HAP, and on this basis CaO is not a phase that would be expected.
However, b-HAP is also phosphate deficient owing to carbonate ion
substitutions, and therefore it is plausible that the formation of CaO
occurs as a result of recrystallization of b-HAP without the forma-
tion of any calcium phosphate decomposition products (see Reac-
tion 2) (46). Although CaO was not detected in bone heated to

600�C, MgO was detected in some bone specimens heated to this
temperature. Previous reports of the detection of MgO within the lit-
erature have been for bone heated to temperatures higher than
600�C and the mechanism for MgO formation in heated bone is per-
haps a subject for debate and further investigation. Is MgO simply
formed instead of CaO in phosphate-deficient bone that possesses
high quantities of magnesium ions or is it formed through an entirely
different mechanism such as oxidation of residual magnesium ions
from the combustion of the organic component of bone (13)?

The formation of a-TCP occurs from the high temperature con-
version of b-TCP (47). Based on evidence of previous studies, it
was expected that a-TCP would be a consistent decomposition
product detected in bone specimens heated to 1400�C (16). How-
ever, a-TCP was only detected in chicken and rat bone specimens.
The lower conversion temperature observed for chicken and rat

FIG. 4—Results of ANOVA Bonferroni post hoc tests for significant inter-species differences for measured characteristics of unheated (U) and heated bone
(600 and 1400�C). Results presented for elephant and monkey are for one-sample t-tests. An ‘‘X’’ within a box indicates that no test was carried out. Signifi-
cant differences are indicated by gray shading for p < 0.05 and black shading for p < 0.01. Unshaded boxes indicate no significant difference (not sig.).

TABLE 3—Mean, minimum, and maximum values for the weight percentage of bone mineral (b-HAP) and the b-HAP lattice parameters (b-HAP ‘‘a’’ and b-
HAP ‘‘c’’) obtained from bone heated to 1400�C, grouped by species. Values for the standard error of the mean are presented in parentheses, corresponding

to the last significant figure(s) of each mean value.

Species Number (Total 73)

b-HAP% b-HAP ‘‘a’’ (�) b-HAP ‘‘c’’ (�)

Mean Min Max Mean Min Max Mean Min Max

Chicken 5 52 (3) 45.94 60.66 9.413 (1) 9.409 9.414 6.888 (1) 6.887 6.890
Cattle 10 40 (1) 35.06 48.82 9.416 (1) 9.413 9.419 6.8842 (3) 6.882 6.886
Deer 5 37 (1) 33.27 40.26 9.416 (1) 9.414 9.418 6.8833 (3) 6.883 6.884
Dog 12 55 (2) 43.57 72.33 9.414 (1) 9.409 9.418 6.890 (1) 6.885 6.896
Elephant 1 24.56 – – 9.417 – – 6.887 – –
Goat 8 38 (2) 26.47 43.52 9.413 (1) 9.410 9.415 6.8880 (2) 6.887 6.889
Human 8 41 (3) 31.88 56.47 9.411 (2) 9.400 9.422 6.897 (1) 6.892 6.900
Monkey 1 22.22 – – 9.407 – – 6.889 – –
Pig 7 44 (4) 29.66 60.04 9.4165 (3) 9.415 9.417 6.8848 (4) 6.884 6.886
Rabbit 5 38 (2) 33.42 44.95 9.413 (2) 9.408 9.417 6.886 (1) 6.883 6.890
Rat 5 34 (2) 28.55 39.37 9.416 (1) 9.412 9.419 6.888 (2) 6.885 6.894
Sheep 6 43 (4) 31.65 59.02 9.417 (1) 9.414 9.419 6.884 (1) 6.882 6.886
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bone is likely to be related to the lower temperature of initial ther-
mal decomposition that was observed for these species. Further-
more, the observed inter-species variation in b-TCP to a-TCP
conversion temperature is likely to be due to inter-species variation
in elemental composition of unheated b-HAP. Research into syn-
thetic b-tri-calcium phosphates has shown that the presence of cer-
tain ion substitutions such as magnesium ions can inhibit the
conversion of b-TCP into a-TCP (42,47).

Summary

The results of this study have clearly demonstrated that b-HAP char-
acteristics of unheated and heated bone exhibit significant inter-species
variation and that this is quantifiable using XRD analysis. There is

potential for the development of an XRD-based method of species
identification, and the potential capability for distinguishing human
from non-human bone is particularly promising. Furthermore, a
research approach that considers inter-species variation when investi-
gating b-HAP characteristics contributes to a better understanding of
b-HAP composition and structure which is of relevance and value to
medical, forensic, and archeological research. Such studies may be fur-
ther enhanced by consideration of elemental compositional informa-
tion within the context of XRD data and whole pattern fitting analyses.
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Chicken 5 44 (3) 35.12 49.15 3 2.5 (2) 2.09 2.81 1 0.43 – – 0.98 (3) 0.88 1.09
Cattle 10 45 (1) 40.33 50.60 10 14 (1) 8.68 18.74 10 1.04 (7) 0.57 1.32 1.03 (2) 0.89 1.14
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Human 8 26 (3) 15.33 41.58 8 32 (2) 24.67 38.26 8 0.8 (1) 0.36 1.39 0.65 (4) 0.48 0.77
Monkey 1 44.16 – – 1 32.85 – – 0 – – – 0.78 – –
Pig 7 38 (2) 30.91 42.77 7 16 (3) 7.12 26.17 7 0.72 (5) 0.52 0.84 0.97 (5) 0.72 1.11
Rabbit 5 41 (1) 38.41 43.11 5 19 (3) 12.00 24.60 4 0.7 (1) 0.31 0.90 0.9 (1) 0.68 1.40
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The mineral phase a-TCP was detected in 3 (of 5) chicken bone specimens (mean 2.4 [7]%, min. 1.43%, max. 3.76%) and in 4 (of 5) rat bone specimens
(mean 13 [3]%, min. 7.53%, max. 19.57%).

FIG. 5—Plot of bone mineral (b-HAP) lattice parameter values ‘‘a’’ and ‘‘c’’ for bone heated to 600�C. Data include all individuals from all species investi-
gated, labeled as either human (n) or non-human (h). The error bars indicate the magnitude of fitting errors associated with each data point.
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