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wealth of information it can provide. Both FTIR absorption and Raman scattering
techniques can be used and several crystallinity-index-calculating methods have
been proposed. In this work we show that Raman spectroscopy offers reliable
crystallinity markers which yield results consistent with those obtained with IR.
Moreover, Raman spectroscopy does not require complex or invasive sampling
procedures and possibly enables “in situ” measurements thanks to the use of
portable instruments.
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1. Introduction

The mineral phase of bones, which accounts for 60-70 weight% [1], can be referred to as a carbonate
substituted hydroxyapatite named bioapatite. Many possibilities of substitution can occur in this phase leading to
a poorly crystalline form of hydroxyapatite, with small sized crystals and a high structural strain. A number of
genetic and nongenetic factors can alter the mineral composition. One of the most significant changes to the
structure and composition of bone occurs when this material is heated. Heated bone is one of the most challenging
osteological materials to study, since the process of heating produces complicated changes within the material
such as dehydration, loss of the organic component, coalescence of crystal structure, etc. [2—4].

Analysis of skeletal remains burned under controlled laboratory conditions at different temperatures has
enabled the development of different methods to estimate the thermal history of the bones. This is of particular
relevance in the case of archacology even if fossil bones present important modifications with respect to fresh,
unaltered bones. These changes can produce modifications of color, appearance of new constituent minerals
(recrystallized hydroxyapatite, whitlockite) and changes in the crystallinity of phosphatic phases [5,6]

In particular, heating is known to lead to an increased crystallite size and a decreased lattice strain [7] which
need to be monitored in order to derive useful information on the history of the remains. Different spectroscopic
techniques can be used to this purpose and several markers such as the crystallinity index and other spectroscopic
markers (see e.g., [8,9]) have been discussed in the literature and widely used.

The crystalline index is a measure of the crystal order, strain and organization in bone. When bone is fresh,
the bulk structure is poorly crystalline [8], partly as a result of carbonate substitution causing crystal disorder [1].
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Crystallinity throughout the skeleton of the human body is not uniform, and it varies among the different
mineralized tissues [10]. Age has been shown to have an influence on crystallinity, with younger bones being less
crystalline than more mature bones [11]. There are also species differences in bone mineral crystallinity, although
some of these relate more to differences in the proportion of organic material within rather than species difference
per se [12].

As a result of heating and burning, the crystal structure of bone becomes better ordered and characterized by
larger crystals and less strain, and as such the CI value increases [4].

According to Etok et al. [4] there are three key stages:

(i) 25-250 °C: loss of loosely bound water up to 100 °C, with little change in organic and mineral matrices,
followed by loss of structural water within protein and mineral-surface bound water up to 250 °C;

(il)) 300-500 °C: combustion of organic component (50-55% mass loss), associated with increase in mean
crystallite size from 10 nm to 30 nm, and an increase in crystallite thickness from 2 nm to 8-9 nm, together
with formation of new mineral phases (buchwaldite, halite, sylvite);

(ii1) above 500 °C: any residual organic matter, is burnt off, and mean crystallite size progressively increases as
well as crystallite thickness. A further phase, B-tricalcium phosphate, appears at 900 °C.

Given this brief and necessarily incomplete description of the extremely complex nature of the problem it is
evident that it is mandatory to have reliable characterization tools. Several techniques have been used to this aim.
In this work we focus on the use of vibrational spectroscopy and in particular on Raman scattering.

The key point in the characterization of burned bones is the determination of the crystallinity index.

The CI can be calculated, e.g., using X-ray Diffraction (XRD), Fourier Transform InfraRed spectroscopy
(FTIR) and Raman spectroscopy, although the specific calculations and values will differ between the different
techniques. As a result, CI values from the various methods are not directly comparable, although the general
trends are similar. Each one of these techniques has its own advantages. CI value as determined from X ray-
analysis (X-ray CI), rises in the early stages of diagenesis and is due to thermal events. Values reported in the
scientific literature range between 0.00 and 0.57 [13].

In order to calculate CI using infrared spectroscopy the approach traditionally used is to measure the splitting
factor (SF) of the two (PO4)*~ asymmetric bending vibrations bands peaked at ~605 cm™' and ~565 cm™! defined
as the sum of the heights above baseline of the two bands divided by the height of the valley between the two
bands at 595 cm ™.

SF=1(565cm™)+1(605cm ")/ (595 cm™)

It has been demonstrated that SF increases with the degree of crystallinity [14,15].

Great relevance has been given to the use of IR spectroscopy both in absorption (hereafter referred to as IR)
and attenuated total reflection (ATR). For solid samples, as bone materials, IR spectroscopic analysis is commonly
performed in KBr pellets. With this method, to obtain good and reliable spectra, a small amount of powdered
sample mixed with KBr powders is subjected to mechanical grinding and sintering at 10 tons/cm?. In principle,
these operations might alter, to some extent, the crystal structure of the material. On the contrary, ATR is a
spectroscopic straightforward method with remarkable potential for quick and easy sampling often requiring no
demanding preparation of the samples. However, it is well known that an ATR spectrum differs from its
transmission counterpart in band position, band shape and relative intensities all over the spectral range. These
differences are related to the inherent way in which ATR works. It is worth remembering that ATR is based on the
interaction between the electromagnetic evanescent wave at the surface of a high refractive index crystal and the
sample which must be in conformal contact with it. In this experimental set-up the penetration depth of the IR light
into the samples is small (1 to 3 pm) and depends on wavelength, incident angle, and refractive indices of the ATR
crystal and sample. To compare ATR and transmission spectra appropriate correction algorithms are needed, but
often they are not foolproof. For this reason, it is crucial to validate which approach can be used to confidently
evaluate bone mineral crystallinity using vibrational spectroscopy. Many studies have tried to correlate different
spectral IR features to the standard XRD measurement of crystallinity (see for example, [16]).

An alternative spectroscopic approach relies on the use of Raman spectroscopy which has, in principle, the
advantage of not requiring any sample preparation and is not affected by the problems inherent with the IR
techniques. Moreover, with portable Raman instrumentation, which to date has achieved notable performances,
the analyses can be performed directly on site. One of the most widely used methods to estimate CI from Raman
spectra is the reciprocal of the FWHM (Full Width at Half Maximum) of the 960 cm ™! Raman line (v1(PO4)*"
symmetric stretching vibration).
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To assess the reliability of the different markers which can be obtained using both IR and Raman
spectroscopies, in this work, FT-Raman data recorded on samples of burned bones from an archaeologic
excavation site, have been compared to results obtained with IR measurements.

2. Material and Methods

53 fragments of burned bones found in The Cueva del Angel (Lucena, Spain), an Acheulean hunter habitat
in the South of the Iberian Peninsula have been studied by means of vibrational spectroscopy (both IR and Raman).

FT-Raman spectra of burned bones were recorded with a Nicolet NXR 9650 FT-Raman spectrometer coupled
to a Thermo Microstage FT-Raman Microscope (both from Thermo Fischer Scientific, Waltham, MA, USA)
(excitation laser wavelength 1064 nm, power on the sample 300 mW, and 512 scan). With the purpose of
minimizing the possible inhomogeneity of the samples, bones were prepared in powder form, placed in a metallic
cup and analyzed under the focusing mirror of the microstage with a 1 mm laser spot.

IR absorption spectra (in the following referred to as IR) of bones were recorded with a Nicolet Nexus FT-
IR spectrometer on samples prepared in KBr pellets (128 scan, 4 cm™!). These pellets have been obtained by mixing
and finely grinding a few mg of powdered bone with 100-200 mg of spectroscopic grade potassium bromide (KBr)
in an agate mortar. The fine powder obtained is then sintered at 10 ton/cm? into a transparent disk-shaped pellet.

Spectral data were obtained and processed with Thermo Fisher Scientific Inc. OMNIC 8.2.0.387 software.

The values of the full width at half maximum (FWHM) of Raman bands have been obtained by a curve fitting
analysis of the spectra with Fityk-1.3.1 program adopting Pseudovoigt functions [17].

3. Results and Discussion

The most widely used Raman spectroscopic marker used to characterize bones tissues is the so called Raman
Crystallinity Index (Raman CI) obtained (i) as the reciprocal of the FWHM of the 960 cm™' Raman line (v1(PO4)*~
band symmetric stretching vibration) or (ii) as the carbonate to phosphate band intensities ratio. The rationale
behind the former is the variation of the bandwidth with the degree of crystallinity which is believed to increase
on exposure to higher temperatures [S]. A larger degree of crystallinity corresponds to a narrower Raman line. In
the second case CI is calculated as the ratio of the integrated areas of the vi(COs3)*” band at 1085 ¢cm™’, to the
v1(PO4)* band at 960 cm™'. An increase in temperature is expected to lead to a decrease of the carbonate/phosphate
ratio due to carbonate loss [9]. In our case we prefer to focus on the former marker since due to strong fluorescence
in some samples, the determination of the intensity of the phosphate band is often not straightforward.

Fluorescence is a well-known problem when considering Raman spectra. There are many different reasons for
this to occur and it is one of the main limits of the technique. However, there are ways to, at least partially and in
some circumstances, reduce the problem, e.g., change the exciting line, apply photobleaching, use UV resonance, etc.

In order to measure the Raman CI of our samples, we used an exciting laser line at 1064 nm because of the
strong fluorescence emission, which almost completely obscures the Raman signal in some of the samples, when
using visible 514 nm or near IR 785 nm laser lines. This in spite of several studies on fresh and burned bones,
which in the literature use the 514 nm excitation (see for example [7]). The reason for the large fluorescence signal
in our case is probably due to the nature of archaeological samples buried for thousands of centuries in a collapsed
open air cave site [ 18] which could have been contaminated (e.g., ions uptake) or as a consequence of the burning
process itself since during burning, the complex organic matrix of bone—primarily type I collagen—undergoes
drastic chemical transformation. Under limited oxygen or controlled heating, it forms amorphous carbon,
polycyclic aromatic hydrocarbons, and other graphite-like microcrystalline structures. Most of these carbonaceous
products are highly fluorescent if excited by visible radiation.

A first very rough classification of the bone samples can be made by considering their color. Different
coloration of fossil bones usually indicates that they have been subjected to some thermal events. Thus, the color
of bones is the most commonly used characteristic to identify past occurrences of heating. The change in color
depends on the temperature to which they were subjected [5]. In fact, several experimental studies are based on
identifying the heating temperature from the color of the bones [19-21]. Dark colors indicate rather low
temperatures [22], while white coloration indicates calcinations at relatively high temperatures [19]. Other studies
show that color can vary enormously depending on certain intrinsic characteristics of fossil bones (e.g., thickness,
presence or absence of organic matter), the color of sediments, the presence of organic acids or iron and manganese
oxides [20,21,23]. However, the color of burned bones is still used as a general criterion for determining the
combustion temperature to which bones have been subjected.

In this work we labeled the samples according to the color of the bone fragments, determined by eye, as W
(white), B (black), YB (yellow/brown), BR (brown), R (red), LB (light brown), and G (gray).
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The arbitrariness of the rough classification of the bone fragments considering by eye the color, is made
evident when we examine the color of the powders obtained by soft mechanical grinding of the bones. The color
of the powders is often different from that of the bone fragments and a classification of the color of the powders
becomes even more erratic. This inconsistency might be due to contaminants mostly present on the surface of the
bone (see for example Figure 1).

Figure 1. Change of color of a bone fragment (top) after mechanical grinding (bottom).

For the determination of the Raman CI, the FWHM of the 960 cm ™' line (see Figure 2a) has been measured.
Given the intrinsically inhomogeneous nature of the samples examined, the reproducibility of the measurements
is an issue. For this reason, two sets of measurements for each sample have been done (both spectra recording and
band deconvolution). Indeed, in Figure 2b and in Table 1, we see that the correlation between the two sets of
measurements is fair. In what follows the average value of the two measurements has been considered as FWHM.

Table 1. Values of the FWHM of the 960 cm™! Raman line from set A, set B, and their average for 53 samples labelled
as Wn = white, Bn = black, YBn = yellow-brown, BRn = brown, Rn = red, LBn = light brown and, Gn = grey where
n is the progressive numbering in each group.

W B YB BR R LB G
n A B Average A B Average A B Average A B Average A B Average A B Average A B Average

1 97 90 94 11.7146 132 140133 136 102105 104 118115 11.7 133 11.1 122 12.711.8 123

2 94 94 94 146152 149 102101 101 139132 13.6 11.0105 107 94 94 94 139118 128
3 98 94 96 138124 131 163163 163 133129 13.1 14213.0 13.6 107 9.7 102 12.7 12.1 124
4 128 11.3 12.0 133109 121 128125 127 10.811.0 109 144141 142 96 98 9.7 118 11.7 117
5 97 96 96 12.1 11.7 119 128 127 128 9.6 98 9.7 125115 120
6 134128 13.1 13.8 12.0 129 134132 133 12,6123 125 125143 134
7 98 96 9.7 122 11.7 119 140132 13.6 10.1 10.5 103 134124 129
8 123120 12.1 145127 13.6 129 12.0 125
9 14.1 13.8 139 129 11.8 124

10 10.5 10.5 10.5 119112 11.6

11 13.1 13.1 13.1 136 132 134

12 93 95 94
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Figure 2. (a) Raman spectra of BR7 (green), W9 (red), and W2 (blue) in the region of the vi(PO4>") vibration at,
960 cm™! showing different FWHM for the different samples. (b) Correlation between determination sets (A and

B) of FWHM of the 960 cm™! Raman line. Correlation coefficient is 0.880.

We then compared the classification based on the color to that based on the CI value determined from Raman
spectra. In Figure 3 we report the average values of the FWHM of the 960 cm ™' band and the calculated CI together

with the color label assigned prior to grinding.
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Figure 3. Histogram showing the FWHM of all samples ordered according to increasing FWHM. Colors refer to
the labels assigned to the samples.

The analysis of the data shows that most of the white samples, as expected, have the smallest FWHM (=9 cm ™)
and therefore the largest CI, however, there are also white samples with a much larger FWHM. By the same token
we see that there are samples labeled with different colors which have a similar FWHM. As for the largest FWHM
(13-14 cm™), likely the less crystalline samples, there is no dominant coloration suggesting that temperature is
not the only relevant event affecting crystallinity. Probably, the presence of impurities such as adsorbed ions during
burial time might induce a number of modifications both in composition and structure. These observations support
the fragility of a classification based just on the color, at least for archaeological samples.

As for the infrared analysis probably the most widely used marker is the splitting factor of the doublet
previously defined. A higher value of SF corresponds to a more crystalline sample and hence to a smaller Raman
CI (reciprocal of the 960 cm™! FWHM).

As far as SF is concerned, SF values are low in modern, unaltered bones (SF = 2.5-2.9) and very high in
burnt bones or those affected by severe diagenesis (SF ~ 7) [21,24-26].

SF can be obtained either by using absorption IR (SF-IR) or ATR (SF-ATR) spectra. As previously explained,
both techniques have critical aspects. Indeed, as it can be seen in Figure 4, if we compare the SF values obtained
with the two approaches the correlation is not very good.

6.50
o
5.50
* W
* . ® m B
. n . S
~ K A ® . A
= 4.50 o L% " YB
w ®
7z a8 > BR
¢ g *n o
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o
3.50 A e * LB
G
2.50
2.50 3.50 4.50 5.50 6.50
SF-ATR

Figure 4. Correlation between SF-IR and SF-ATR values. Correlation coefficient is 0.673.
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Which one of the two spectroscopic techniques is more reliable is an open issue. We believe that intensity
determinations are more reliable using IR absorption.

In order to judge on the correlation between SF and Raman-CI in Figure 5a we plot SF-IR vs. Raman CI and
in Figure 5b SF-ATR vs. Raman CI. It is apparent that in the former case we obtain a better correlation.
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Figure 5. (a) Correlation between SF-IR and Raman CI. Correlation coefficient is 0,803. (b) Correlation between
SF-ATR and Raman CI. Correlation coefficient is 0.644.

This finding is an indication that Raman CI values provide information consistent with that obtained with
(SF-IR). As previously seen, Raman CI is known to correlate with the crystallinity determined with x-ray
diffraction [5] and hence a correlation also between SF and CI (x-ray) might be expected.

Another observation in favor of the use of Raman CI as a possible marker of bone crystallinity is the following.
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In the literature it has been observed that the heat induced reorganization of bioapatite’s microcrystalline
structure is revealed by the progressive narrowing of the bands upon increasing temperature coupled to the
appearance of the characteristic signals from the hydroxyl groups OH libration and OH stretching at 630 cm™! and
3570 cm™! respectively [7].

The new band at 630 cm™! appears to be related to the decomposition of the phosphates present in the
sample [27] and it has been observed only when bones are exposed to temperature exceeding 700 °C or there has
been severe diagenesis [5]. If this is correct, we expect to find a correlation between the intensity of this absorption
band and Raman CI. We estimated the ratio between the integrated intensity of the bands at 630 cm ™' and 603 cm™!
(see Figure 6) and plotted it as a function of CI and we do observe some kind of correlation as it can be
seen in Figure 7. Once again this suggests the reliability of using the Raman CI index as a marker for the study of
bone crystallinity.

W1 FWHM 9.4 603 cm™!

B4 FWHM 12.1
W9 FWHM 13.9

630cm?

Absorbance

/’“///E/ \ =

650 600 550 500
Wavenumbers (cm-)

Figure 6. IR spectra of samples W1, B4, and W9 showing the appearance of the 630 cm™! band in samples with
smaller FWHM, i.e., in samples with a higher crystallinity.
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Figure 7. Comparison between the intensity ratio of the 630 cm™! and 603 cm™' IR absorptions and Raman CI. For
samples with large FWHM values (i.e., less crystalline) the ratio is vanishingly small.
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Moreover, as a further support to the use of this parameter, it has been verified that whenever the FWHM of
the 960 cm ™! Raman band exceeds 13 cm™! (less crystalline) no band (or negligibly small) at 630 cm ™! is observed.

4. Conclusions

In this work we presented a vibrational spectroscopy study on burned bones from an archaeological
excavation site. The identification of reliable spectroscopic markers that can be used to reveal the history of burned
bones is extremely useful in a variety of situations ranging from archaeological studies to forensic applications.
However, due to the complex nature of the remains to be analyzed and possible contaminations because of
environmental effects, their use is not straightforward and unambiguous. For this reason, to reach a satisfactory
level of accuracy, different approaches are needed. We have compared the reliability of the data obtained from
ATR and transmission FTIR measurements and we think we can say a word in favor of the use of FTIR in spite of
some issues related to the sample preparation. Moreover, we suggest that also Raman spectroscopy can be a
valuable characterization technique due to the ease of sampling and the existence of reliable spectroscopic markers.
Another rather unique advantage of the Raman technique is that it can be used also for “in sifu” analysis, an
approach that, given the aforementioned applications, might reveal itself extremely useful.

The combined use of IR and Raman spectroscopies, together with other techniques (XRD; INS, etc.) can
shed light on the complex problem of characterizing burned bones. The specificity of each situation will suggest
the optimal combination of the available markers to unravel the problem of interest.
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