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bed by neutron diffraction: the
burning process†

A. P. Mamede, *a M. P. M. Marques, ab A. R. Vassalo,ac E. Cunha, bc

D. Gonçalves, cde S. F. Parker, f W. Kockelmannf and L. A. E. Batista de
Carvalho a

The first neutron diffraction study of human burned bone is reported, aiming at a comprehensive

elucidation of the heat-induced bone diagenesis process. Chemical and crystallinity changes were

probed in different types of bone (femur, humerus and tibia) upon heating to different maximum

temperatures (from 400 to 1000 �C, under aerobic conditions). Fourier transform infrared spectroscopy

has provided valuable complementary information. Noticeable crystallographic and domain size

variations were detected, mainly between 700 and 900 �C, the high temperature interval (>700 �C)
corresponding to an organized, highly symmetric inorganic bone matrix, virtually devoid of carbonates

and organic constituents, while the lower range (<700 �C) revealed a considerably lower crystallinity

associated with the presence of carbonates, lipids and collagen. This work contributes to a better

understanding of heat-induced changes in bone and is therefore relevant for archaeology, biomaterials

and forensic science.
Introduction

Although the (bio)chemistry of human bone has been exten-
sively studied regarding archaeological, forensic and clinical
scenarios, there is still a lot to be understood. Bone is
a heterogeneous tissue composed mainly of type I collagen
brils mineralized with small crystals of bioapatite (BioHAp),
a carbonated substituted form of hydroxyapatite (HAp, Ca10(-
PO4)6(OH)2) in continuous lifetime renewal.1–3 Aer death, the
organic components of bone are gradually lost and the inor-
ganic component becomes exposed to the environment,
undergoing chemical changes that may give information on
post mortem events. These taphonomic variations replicate
some of the changes experienced by skeletal remains during
heat exposure which are extremely important for their forensic
and archaeological examination, to retrieve information on the
circumstances of death, and on the biological prole of the
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deceased. Ultimately, this may contribute to achieve positive
identications in forensic settings and to outline funerary
practices of past populations.

The analysis of bones affected by burning events causes
serious problems, as heat induces considerable changes in the
skeleton (e.g. variations in size), which interfere with the reli-
ability of the available metric techniques that are based on
references from unburned bones.4–9 Heat-induced diagenetic
variations in bone have been assessed by several methods,
optical (Fourier transform infrared spectroscopy (FTIR) and
Raman) and neutron vibrational spectroscopy (inelastic
neutron scattering (INS)) having been established as powerful
techniques for these types of study.4–7,10–20 FTIR spectroscopy in
attenuated total reectance mode (FTIR-ATR) is particularly
suitable for a daily basis analysis of archaeological or forensic
bones since it is easily accessible, inexpensive, fast and requires
no specic sample preparation, yielding an accurate chemical
and structural prole unique for each sample. Hence, extensive
work has been performed by FTIR-ATR on heat-prompted
changes in human bone.4–6,8,15,19,21–26 These analyses rely on
the calculation of spectroscopic indices, based on specic
biomarker bands, that should deliver the chemical composition
of the bone as well as its crystallinity details.

Neutron diffraction techniques are particularly suitable for
probing bone because neutrons are strongly scattered by
hydrogen. This means that hydrogen is observable even in the
presence of heavy metals. Hence, they are able to observe
changes in the H-bonding pattern within bone's inorganic
framework previously suggested by neutron spectroscopy.2,27
This journal is © The Royal Society of Chemistry 2019
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However, neutron diffraction has been rarely applied to the
investigation of human bone, only a few studies being found in
the literature: on foot bones and subchondral trabecular
bone,28,29 on collagen within bone's hydroxyapatite matrix30 and
on osteoporosis in compact female bone.31 Moreover, of the
reported work on animal bone,2,27–30,32,33 only two probed
samples that were studied aer heating, but only to one
temperature (625 �C). This was done with a view to remove the
bone's organic constituents,28,33 but without any assessment of
the impact of temperature on bone's crystallinity. X-ray
diffraction studies are, however, frequently applied.13,22,34–38

Following several successful studies in burned human bone
(400 to 1000 �C) by combined FTIR, Raman and INS.4–6,8,21,26 The
present study aimed to complement these spectroscopic results
with diffraction data leading to a more detailed interpretation
of the chemical and microcrystallinity variations already
revealed spectroscopically, that will identify skeletal remains
subject to unknown heating conditions. Bone's chemical and
crystallinity changes were probed, upon an aerobic burning
process at different maximum temperatures (from 400 to
1000 �C, chosen according to those reached in re and explo-
sion settings). To the best of the authors' knowledge, this was
the rst neutron diffraction study of human burned bone using
a wide temperature range. The information thus gathered on
the heat-induced changes in bone is expected to greatly
contribute to a more accurate identication of archaeological
and forensic human skeletal remains, as well to an improved
design of biomaterials from bone (e.g. for regenerative
medicine).
Experimental
Materials

The bone samples currently analysed belong to unidentied
human skeletons housed at the Laboratory of Forensic
Anthropology of the University of Coimbra. These correspond to
unclaimed skeletons from the cemetery of Capuchos (Santarém,
Portugal) which were donated for research, and therefore have
the same origin and burial environment as the identied skel-
etons of the 21st Century Identied Skeletal Collection.39 Two
femora (F), one humerus (H) and one tibia (T) bones from two
different skeletons were analysed: CC_NI_41 and CC_NI_42, the
naming convention is: cemetery of Capuchos (CC), unidentied
(NI) skeletons 41 and 42 (hereaer denominated as Sk41 and
Sk42). No replicates were performed due to limited sample
resources. A skeleton human collection as rare as the one the
authors had access to must be preserved (without compro-
mising scientic advances).

The highly crystalline SRM 2910b calcium hydroxyapatite
(Ca10(PO4)6(OH)2, Ca/P ¼ 1.67, crystallinity index ¼ 7.91) from
NIST, Gaithersburg/MA (USA) (NIST) was used as a reference
material.
Sample preparation and controlled bone burning

Bone sections from femora of Sk41 and Sk42 (F41 and F42),
humerus and tibia of Sk42 (H42 and T42, respectively) were
This journal is © The Royal Society of Chemistry 2019
obtained with a Dremel mini-saw electric tool and contami-
nants from the outer layer were removed by gentle sanding. The
fragments were then burned under controlled conditions, at
400, 500, 600, 700, 800, 900 and 1000 �C for 120 min burns,
counting from the moment the maximum chosen temperature
was reached, at a heating rate ranging from 3.33 to
8.33 �Cmin�1 (aerobic burning/combustion). An electric muffle
furnace was used (Barracha model K-3, manufactured by Bar-
racha Lda., Leiria, Portugal), with an automatic programmer
with digital temperature indicator, allowing programmed start-
up and automatic heating speed variation. The temperature
range chosen – 400 to 1000 �C – allowed us to probe different,
important heat-degradation events such as water loss, pyrolysis
of the organic component, changes in porosity and increase in
crystal size.7 A two-hour period for all burning experiments
allowed us to have two controlled variables: maximum
temperature and burn duration. The temperature was
measured with a type K probe (negative/nickel-aluminium,
positive/nickel-chrome) following norm IEC 60584-2. The
bones were not removed from the furnace aer the burning
process – they were le to cool overnight in the furnace, and
removed only when at room temperature. Aer burning, the
bones were ground followed by sieving (mesh size of 400 mm),
yielding 6–10 g of each sample. (F41_500 �C, T42_400 �C,
H42_400 �C, H42_500 �C, H42_600 �C and H42_700 �C were not
measured due to lack of beam time).

Neutron diffraction

The time-of-ight (TOF) diffraction data were collected by the
General Materials Diffractometer (GEM)40 at the ISIS Pulsed
Neutron and Muon Source of the Rutherford Appleton Labora-
tory (UK [GEM]), within the scattering angle range 8� to 170�.

The GEM powder diffractometer uses a polychromatic beam
with neutron wavelengths ranging from 0.2 to 3.5 Å. For the
present experiments, the powder samples (5–8 g) were loaded
into vanadium containers of 11 mm diameter and 0.15 mmwall
thickness. The containers were installed on a sample changer
and measured under vacuum at room temperature. The beam
size was 20 � 40 mm2 (width � height). The counting time was
about 1 h per sample.

Data sets were normalized and ‘focused’ using the MANTID
soware package41 with data from a solid V3% Nb rod collected
under the same experimental conditions. This normalization
procedure takes into account the spectral distribution of
neutrons and provides a correction for efficiency variations of
individual detector elements. The data focusing provides
a grouping of the diffraction data into six histograms, i.e.
diffraction patterns corresponding to average 2q angles between
10� (Hist#1) and 155� (Hist#6), with normalized counts versus d-
spacing.

FTIR-ATR

FTIR-ATR spectra were acquired for the powdered bone samples
using a Bruker Optics Vertex 70 FTIR spectrometer purged by
CO2-free dry air and a Bruker Platinum ATR single reection
diamond accessory. A Ge on KBr substrate beamsplitter with
RSC Adv., 2019, 9, 36640–36648 | 36641
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a liquid nitrogen-cooled wide band mercury cadmium telluride
(MCT) detector for the mid-IR interval (400–4000 cm�1).

Each spectrum was the sum of 128 scans, at 2 cm�1 resolu-
tion, and the 3-term Blackman–Harris apodization function was
applied. Under these conditions, the wavenumber accuracy was
better than 1 cm�1. The spectra were corrected for the frequency
dependence of the penetration depth of the electric eld in ATR
(considering a mean reection index of 1.25) using the Opus 7.2
spectroscopy soware.
Neutron diffraction data analysis

The Rietveld method of analysis of neutron diffraction data was
performed with the soware GSAS-EXPGUI,42,43 using the
reference structures of carbonated hydroxyapatite characterized
by Fleet et al.44 (BioHAp, obtained from the American Mineral-
ogist Crystal Structure Database45) and hexagonal hydroxyapa-
tite (HAp) characterized by Kay et al.46 obtained from the FIZ
Karlsruhe – Leibniz Institute for Information Infrastructure
(ICSD). LeBail renements were carried out using GSAS-
EXPGUI, using the space group P63/m and unit cell of
hydroxyapatite. For the Rietveld or LeBail analysis all six GEM
histograms were tted. The GSAS time-of-ight prole function
#2 (Ikeda Carpenter- Pseudo-Voigt) was used. The following
parameters were rened: scale factors and background poly-
nomials for six histograms; lattice parameters; zero shi
parameters; prole parameters, with sig-1 being the linear term
of the Gaussian peak width for the Rietveld ts, additionally one
linear absorption parameter (function no. 1 in GSAS) and
isotropic temperature parameters with constraint values for the
same atom type were varied.
Fig. 1 Neutron diffraction patterns (HIST#4) of human femoral
sections (F42) burned at 400, 600, 700, 800, 900 and 1000 �C.
(reference hydroxyapatite (HAp) is also shown for comparison).
Results and discussion

The range of burning temperatures chosen for this work (and
previous studies on burned human bones) is intended to span
the range of temperatures likely to be encountered in forensic
and archaeological scenarios (while conserving the scarce
skeletal resources). Within this temperature interval most heat-
induced osseous changes are likely to occur. Regarding the
burning duration, 2 hours was chosen to be a suitable time
lapse, in the light of the main events to be considered in future
applications. These include: (i) terrorist attacks, that can actu-
ally involve res even longer than two hours (e.g. those from the
Twin Towers attacks went on for several weeks47); (ii) house,
forest or vehicle res, which can also go on for this amount of
time (e.g. the forest res in Portugal/Pedrogão Grande (2017)
which involved a large number of victims); (iii) funerary
cremations, both from present and past populations, that may
easily take two or more hours (e.g. Roman cremations oen
went on for the entire night);48,49 (iv) archaeological hearths
(oen found with burnt human skeletal remains), that usually
took place for about 2 hours; (v) foul-play destruction of bodies,
carried out in actual furnaces (or even improvised ones), takes
similar amounts of time.50

Neutron diffraction data were measured for the human bone
samples aer ex situ heating of several sections of each type of
36642 | RSC Adv., 2019, 9, 36640–36648
bone from 400 �C up to a maximum of 1000 �C, with a view to
establish the phases and composition at particular
temperatures.

The diffraction patterns obtained for the human femur (F42)
are shown in Fig. 1. It is evident that the more noticeable
changes occurred within the 700–800 �C temperature range, the
pattern of the samples burned at the highest temperatures (900
and 1000 �C) being identical to that of reference hydroxyapatite
(HAp). There was a noticeable sharpening of the peaks for
higher temperatures as well as the expected shi to larger d-
spacing consistent with the thermal expansion of the samples.
This behavior was observed for all samples under study, in
accordance with previous results obtained from INS and FTIR
spectroscopy.5,6,21,51

Fig. 2 represents the renements of the neutron diffraction
data measured for tibia sections (T42) burned at high temper-
atures (800, 900 and 1000 �C). For all samples subjected to
1000 �C, the highly crystalline hydroxyapatite (SRM 2910b from
NIST) was used as a reference, and the HApmodel by Kay et al.46

was considered as a starting model for the least squares
renements. This initial structure (by Kay et al.46) was rened
against the experimental data to obtain tting curves. The 800
and 900 �C samples were rened using the data from the
highest previous temperature as a model (i.e. data from bone
burned at 1000 �C was the reference for the sample burned at
900 �C, while this one was the reference for the sample burned
at 800 �C). A good t was obtained, and the phase model by Kay
et al.46 appeared to be suitable for these systems.

A progressive rise in peak intensity was observed as the
temperature increased from 800 to 1000 �C. In addition, there
was a noticeable decrease in the background as the burning
temperature increased, which was due to the reduced inco-
herent scattering from the lipids, collagen and water that
decrease and nally disappeared upon heating. The samples
from T42 burned at 900 and 1000 �C displayed features at 2.033,
This journal is © The Royal Society of Chemistry 2019



Fig. 2 Refined neutron diffraction data (Hist#5) for human tibia (T42)
burned at 800, 900 and 1000 �C.

Fig. 3 FTIR-ATR spectra for human tibia (T42) burned from 600 to
1000 �C. (reference hydroxyapatite, HAp, is also shown for compar-
ison. Fapatite refers to fluorapatite. *Identifies the signals assigned to b-
TCP and +represents the signals assigned to HPO4).
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2.194, 2.375, 2.559 and 2.406 Å (identied with (o) in Fig. 2),
which were also present for F41 (burned at 900 and 1000 �C),
H42 (at 1000 �C) and F42 (at 900 and 1000 �C) (ESI Fig. S1.1(B)–
S1.3†).

These additional features detected for the sections subjected
to the highest temperatures may be assigned either to a second
inorganic phase or to an impurity. The infrared measurements
performed on exactly the same samples claried this issue.
Fig. 3 shows the FTIR data for the T42 sections burned at
temperatures above 600 �C (FTIR data for the other samples are
in the ESI, Fig. S2.1–S2.3†). The spectra showed some features
This journal is © The Royal Society of Chemistry 2019
apart from those ascribed to the standard (unburned) bone
constituents, namely at 544 cm�1 (shoulder) and 1125 cm�1

assigned to b-tricalcium phosphate (b-TCP),20,22 and at 982 cm�1

due to hydrogenphosphate (n1(HPO4
2�)).5 Also, for F42 at 900 �C

the n1n2(PO4) domain (ca. 900–1100 cm�1) was considerably
broadened (ESI Fig. S2.1†) suggesting the existence of signals
from additional components that overlapped with the charac-
teristic HAp bands which would be the only ones expected at
this high burning temperature. The infrared proles also
revealed the anticipated peak narrowing with increasing
temperatures already evidenced in the diffraction measure-
ments, thus allowing the detection of a splitting for the
nas3 (PO4) signal at 1031 and 1042 cm�1 (this being a triply
degenerate vibrational mode) for all the samples heated at 900
and 1000 �C. As expected, the bands assigned to carbonates B
and (A + B), respectively at 1415 and 1450 cm�1, progressively
disappeared with incremental heating,5,6 except for the F42
RSC Adv., 2019, 9, 36640–36648 | 36643



Fig. 4 Refined neutron diffraction data (Hist#5) for human tibial
sections (T42) burned at 400, 600 and 700 �C.

RSC Advances Paper
sample for which some traces of CO3
2� were still detected above

800 �C (as previously found in a FTIR analysis of a large set of
modern human bones).

The samples burned at temperatures equal to or lower than
700 �C, were clearly shown to be structurally different from
those heated at the highest temperatures: the calculated and
observed neutron diffraction patterns diverging considerably as
the burning temperature decreased (ESI Fig. S1.1 and S1.6†). In
fact, the renement of the data for these samples required
a model of an inorganic phase that was different from HAp – an
analogue of bioapatite (carbonated form of hydroxyapatite,
BioHAp). The presence of A-type carbonates is reported to cause
compression of the PO4

3� tetrahedron along the c-axis and
expansion of the a [Å] parameters within the lattice2,52,53 while,
B-type carbonates are reported to cause expansion of the c-
parameter and compression of a [Å], as well as generation of
Ca2+ and OH� vacancies.2,52,53 Consequently, the structure for
carbonated hydroxyapatite (BioHAp) available from the Amer-
ican Mineralogist Crystal Structure Database45 and charac-
terised by Fleet et al.44 was applied. This approach also did not
provide a satisfactory t, as the model and the observed struc-
tures did not match (ESI Fig. S1.4†). This is probably due to the
high similarity between the two HAp and BioHAp models (ESI
Fig. S1.5†), both failing to accurately represent the noticeable
chemical and structural differences between the bone samples
heated at low and high temperatures (<700 �C vs. >700 �C).
Therefore, the nal renement of these samples was performed
using the LeBail model, which is less restrictive, by delivering
the unit cell and prole parameters but without constraint by
the structure factors, i.e. Bragg peak intensities. This allowed us
to use the unit cell and symmetry of the HAp model, without
using the HAp atom positions and occupancies.

As veried for the higher temperatures, a progressive
intensity increase was observed from 400 to 700 �C (Fig. 4), due
to the loss of water and organic components within the bone
coupled to a growing degree of crystallinity. This was particu-
larly noteworthy between 700 and 800 �C (Fig. 1, 2 and 4),
considerable chemical and structural changes having been
formerly identied within this temperature interval by vibra-
tional spectroscopic methods.5,6,21 For d-spacing below 2 Å the
diffraction patterns displayed a signicant peak overlap due to
the large density and widths of the detected features, especially
at temperatures lower than 700 �C.

Table 1 comprises the unit cell parameters and respective
estimated standard deviations (esd), c2 and weighted prole R-
factors (wRp) obtained from renements (corresponding to
Fig. 4, S1.1–S1.3 and S1.6†). For the samples displaying an
additional inorganic phase or impurity, higher c2 and wRp

values were obtained reecting an anticipated t divergence at
some point of the renement.

From Table 1 and Fig. 5, it is possible to conclude that while
the a lattice parameter (Fig. 5(A)) did not give useful informa-
tion being relatively constant for all samples and temperatures,
the c lattice parameter (Fig. 5(B)) clearly showed a tendency to
decrease with increasing temperatures (F41 being an outlier for
the lowest temperatures (400 to 600 �C)). This can be due to
anisotropic thermal expansion or a consequence of the loss of
36644 | RSC Adv., 2019, 9, 36640–36648
the molecules going up in temperature, this trend is consistent
with more symmetric crystallographic sites at higher burning
temperatures.

Both lattice parameters showed greater uctuations in the
lower temperature range which is consistent with the low
symmetry of the unit cells in the bone matrix. The progressive
loss of bone's organic constituents and carbonates from 400 to
700 �C led to a reorganization of the atoms within the crystal
framework. This behaviour is in agreement with the low
intensity and broadened peaks observed in the diffraction
proles at these temperatures (Fig. 1, 4, S1.1(A) and S1.6†).
This journal is © The Royal Society of Chemistry 2019



Table 1 Unit cell parameters with respective standard deviations (esd), c2 and weighted profile R-factors (wRp) obtained through the Rietveld
and LeBail refinements for all bone samples burned from 400 to 1000 �C. (Values for hydroxyapatite were also calculated, for comparison
purposes)

Sample

Unit cell parameters

c2 wRpa [Å] esd c [Å] esd

HAp (NIST reference) 9.4235 9.6 � 10�5 6.8882 9.20 � 10�5 3.072 0.0229
F41_1000 �C 9.4193 8.20 � 10�5 6.8813 8.60 � 10�5 9.464 0.0363
F41_900 �C 9.4216 1.28 � 10�4 6.8830 1.26 � 10�4 11.690 0.0436
F41_800 �C 9.4184 7.40 � 10�5 6.8846 7.30 � 10�5 5.716 0.0283
F41_700 �C 9.4220 3.61 � 10�4 6.8912 2.97 � 10�4 2.889 0.0215
F41_600 �C 9.4147 5.93 � 10�4 6.8882 5.02 � 10�4 3.280 0.0206
F41_400 �C 9.4348 1.04 � 10�3 6.8845 8.73 � 10�4 1.813 0.0139
F42_1000 �C 9.4207 7.00 � 10�4 6.8825 7.00 � 10�5 6.875 0.0272
F42_900 �C 9.4191 7.00 � 10�5 6.8840 7.00 � 10�5 7.856 0.0286
F42_800 �C 9.4204 1.00 � 10�4 6.8870 1.00 � 10�4 5.744 0.0279
F42_700 �C 9.4196 3.40 � 10�4 6.8928 2.80 � 10�4 2.173 0.0160
F42_600 �C 9.4179 7.85 � 10�4 6.8900 6.53 � 10�4 3.929 0.0192
F42_500 �C 9.4108 7.88 � 10�4 6.8941 6.37 � 10�4 2.767 0.0152
F42_400 �C 9.4221 7.78 � 10�4 6.8925 6.00 � 10�4 9.633 0.0234
H42_1000 �C 9.4211 7.70 � 10�5 6.8829 7.70 � 10�5 8.177 0.0314
H42_900 �C 9.4210 7.40 � 10�5 6.8832 7.30 � 10�5 6.409 0.0287
H42_800 �C 9.4237 1.56 � 10�4 6.8843 1.48 � 10�4 6.812 0.0325
T42_1000 �C 9.4254 1.41 � 10�4 6.8842 1.39 � 10�4 13.880 0.0528
T42_900 �C 9.4254 8.50 � 10�5 6.8829 8.30 � 10�5 4.631 0.0303
T42_800 �C 9.4357 2.39 � 10�4 6.8858 2.14 � 10�4 6.210 0.0345
T42_700 �C 9.4329 3.55 � 10�4 6.8896 2.86 � 10�4 2.455 0.0227
T42_600 �C 9.4314 5.37 � 10�4 6.8873 4.50 � 10�4 3.822 0.0214
T42_400 �C 9.4271 8.23 � 10�4 6.8942 6.98 � 10�4 3.278 0.0144
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The particle size, in Ångström, was then calculated using eqn
(1):

p ¼ CK

g2

(1)

where C represents the diffractometer parameter DIFC, K the
Scherrer constant (here assumed as 1), and g2 the rened Gam-
Fig. 5 Graphical representation of the unit cell parameters obtained f
parameters a and (B) c, respectively.

This journal is © The Royal Society of Chemistry 2019
2 value. Table S1,† in ESI summarizes the obtained p values (in
Ångström).

The Gam-2 parameter (g2) was rened and graphically rep-
resented, in Fig. 6(A) and (B) for Hist#5 and Hist#6, respectively
(ESI Table S1† comprises the obtained values). This parameter
is an empirical tting parameter for TOF data which assumes
that the instrument contribution to this parameter is zero and
or the bone samples under study, as a function of temperature: (A)

RSC Adv., 2019, 9, 36640–36648 | 36645



Fig. 6 Graphical representation of: (A and B) Gam-2 values, as a function of temperature, for Hist#5 and Hist#6, respectively; (C and D) domain
size variation, as a function of temperature, obtained through eqn (1), for Hist#5 and Hist#6, respectively, for the samples under study. Note that
the y-axis is a log scale.

RSC Advances Paper
that any Lorentzian peak broadening visible as a non-zero value
is related to a small domain size.

Hence, this was the parameter of choice to evaluate peak
broadening and from it, the domain size at different
temperatures.

The domain size of the crystals is presented in Fig. 6(C) and
(D), respectively for Hist#5 and Hist#6. As previously re-
ported5,17,19,24,54,55 the exposure to higher burning temperatures
is reected in an increased crystallinity which correlates with
higher structural organization. According to Fig. 6, bioapatite
crystals' domain size increased considerably when bones were
exposed to temperatures higher than 700 �C, from an average
particle size of 214.9 to 4010.7 Å for Hist#6 (ESI Table S1†).
These values are in agreement with those reported by Piga
et al.13 obtained for the human femora, through XRD. Hence,
according to what was discussed above for the unit cell
parameters a and c, a decrease in the size of the unit cell was
accompanied by an increase in domain size.
36646 | RSC Adv., 2019, 9, 36640–36648
The dominant term of the Gaussian widths of the TOF Bragg
peaks, Sig-1, was also evaluated and is shown in Fig. S3† (in the
ESI) for Hist#5 and Hist#6. Table S1† (in ESI) comprises the
obtained Sig-1 values.

The data showed a general trend of decreasing Sig-1 values
with increasing temperatures (Fig. S3(A) and (C)†), reecting the
peak sharpening with increasing temperature, in agreement
with the observed diffraction proles (Fig. 4, S1.1(A) and S1.6†).

Unexpectedly, from 800 to 900 �C Sig-1 increased for all
samples except for sample F41 for which Sig-1 showed a very
small variation with temperature (Fig. S3(B)†). Hence, data from
Hist#6 was analysed (Fig. S3(C) and (D)†), since this corre-
sponds to the most sensitive detector bank in the GEM
diffractometer. While a very slight increase in Sig-1 was
observed from 800 to 1000 �C (Fig. S3(D)†) for F42 and T42, H42
and F41 behaved very differently: for the former Sig-1 decreased
considerably from 800 to 900 �C then remaining constant, and
for F41 Sig-1 did not change from 800 to 900 �C but rose
This journal is © The Royal Society of Chemistry 2019
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signicantly from 900 to 1000 �C. At present, we do not have an
explanation for this behaviour though, it is possible that the
crystal changes at such temperatures are beyond the resolution
of the GEM diffractometer.

From the results presented here, it is clear that in the 700–
900 �C temperature range, interesting crystallographic and
domain size events were observed. Regarding the unit cell
parameters' alterations with heating, the c-axis is more affected
than the a-axis, displaying a general trend to decrease with
increasing temperatures. The domain size, in turn, shows
increasing dimensions with increasing temperatures, with
a considerable rise from 700 to 900 �C.

The bones subjected to temperatures below 700 �C are poorly
crystalline with disorganized structures associated with the
presence of carbonates, lipids and collagen. Below this
temperature the bone's lattice appears to be in constant reor-
ganization; the heat-induced changes in chemical composition
prompting structural and crystalline rearrangements. In
contrast, the samples burned at 800, 900 and 1000 �C display
a single-phase hydroxyapatite lattice, virtually devoid of
carbonates and organic constituents.

Despite differences previously identied by vibrational
spectroscopic studies for distinct types of heated human
bone,5,21 the present neutron diffraction results clearly evidence
structural changes triggered by the heating process, at various
temperatures, which cannot be ascribed to a specic type of
bone (femur, humerus or tibia). In addition, for some of the
highly burned samples a second inorganic phase was detected
in the diffraction patterns and identied by FTIR-ATR as b-tri-
calcium phosphate.

Conclusions

Neutron diffraction experiments, combined with FTIR-ATR
measurements, were applied to human bone samples burned
under aerobic conditions (from 400 to 1000 �C), as an innovative
approach for the elucidation of heat-elicited crystallinity varia-
tions. Neutron diffraction is sensitive to hydrogen, so allows the
organic content to be qualitatively (and perhaps quantitatively,
this is still to be explored) tracked (Fig. 4), it also conrms that
hydroxyls are present because they are required for successful
Rietveld ts. A distinct advantage of neutron diffraction is that
the sample size is several grams ensuring that the results are
representative of the bulk.

Regarding the 700–900 �C interface, in particular, further
investigations are needed in order to clarify the intricate
ongoing phenomena that occur within the bone matrix within
this temperature interval.

It is important to note that biochemical variations exist
between the bones currently studied due to environmental
differences, distinct mechanical and physical pressure as well
as different bone remodelling rates according to the biological
function of each bone, and to diagenetic events undergone by
the different types of bones.56,57 However, these are expected to
be residual and not detectable upon high temperature expo-
sure. Events such as dehydration, destruction of the collagen
native conformation and consequently of the bioapatite
This journal is © The Royal Society of Chemistry 2019
crystals’ arrangement along the collagen brils are more
signicant than the inherent biochemical differences between
types of bones, thus overruling this contribution.
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