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Abstract

The estimation of the maximum temperature affecting skeletal remains was previously attempted via
infrared techniques. However, fossilization may cause changes in the composition of bones that
replicate those from burned bones. We presently investigated the potential of three OH/P indices
(intensity ratios of characteristic infrared bands for OH and phosphate groups, respectively) to
identify bones burned at high temperatures (>800 °C) and to discriminate between fossil and burned
archaeological bones, using vibrational spectroscopy: combined Inelastic Neutron Scattering (INS)
and FTIR-ATR.

The INS analyses were performed on two unburned samples and 14 burned samples of human femur
and humerus. FTIR-ATR focused on three different samples: i) modermn bones comprising 638
unburned and 623 experimentally burned (400-1000 °C) samples; ii) archaeological cremated human
skeletal remains from the Bronze and Iron Ages comprising 25 samples; and iii) fossil remains of the
Reptilia class from the Middle Triassic to the Eocene. The OH/P indices investigated were 630 cm
'/603 cm™, 3572 cm™/603 cm™, and 3572 em™/1035 em™.

The OH signals became visible in the spectra of recent and archaeological bones burned between 600
and 700 °C. Although they have episodically been reported in previous works, no such peaks were
observed in our fossil samples thus suggesting that this may be a somewhat rare event. While high
crystallinity index values should always correspond to clearly visible hydroxyl signals in burned
bone samples, this is not always the case in fossils which may be used as a criterion to exclude
burning as the agent responsible for high crystallinity ratios.

Keywords

Bioarchaeology; Chemical Anthropology; Hydroxyl Groups; Infrared Spectroscopy; Inelastic
Neutron Scattering; Burned Bones; Cremation
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The potential of vibrational spectroscopy for the analysis of skeletal remains has been
demonstrated since the 1990°s (1-16). For some time now, biological anthropologists have been
attempting to estimate the maximum temperature at which a burned human body was exposed to by
examining its skeletal remains (e.g. 7,17-20). The ability to precisely determine this parameter would
improve our inferences regarding human skeletal remains in both archaeological and forensic
settings. Heat may cause numerous changes in bones and teeth, depending on the temperature, that
interfere with the reliability of bioanthropological analyses (e.g. 21-30). Therefore, knowing the
burning temperature would be extremely useful to biological anthropologists, in order to assess how
the burned bones have been altered. Bioarchaeologists often attempt to assess cooking practices and
fuel management, for example regarding the level of investment on a given cremation, namely how
intense it was and how much combustible material it required (e.g. 31-33). Despite all efforts, our
understanding of the chemical phenomena undergone by bone tissue when subject to heat is still
incomplete. As a result, methods for temperature estimation lack precision, although clear
improvements have been made in recent years (7,10,34-37).

Human bone tissue is composed of an organic matrix (25%, mostly type I collagen), water (10%)
and an inorganic component (65%) (38-40). The latter is known as bioapatite, a non-stoichiometric
form of hydroxyapatite (12,41), of chemical formula Ca1O(P04)6-X(OH)2_y(CO32')X+y. In vivo,
carbonates may substitute phosphate (type B substitution) and/or hydroxyl (type A substitution)
groups (42-44). After death, diagenetic alterations lead to the loss of carbonates (mainly type B) and
of ion uptake (such as fluoride from the surroundings) as a consequence of collagen hydrolysis
(2,45,46). Similar alterations were detected in bones exposed to heat (16,47-49).

Although type A carbonate substitution is much less common than type B (43), the OH content in
bone has been controversial for many years. Some authors state that the bioapatite lattice contains little
or no hydroxyl groups (43,50,51), while others have detected hydroxyls in defatted and deproteinated

bone (52,53) and in intact bone (54). However, incrementally heated bone tissue clearly showed the
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OH" moieties (16,47), reaching the purest form of hydroxyapatite at very high temperatures (55) thus
representing a possible target for burning temperature estimation in human bones.

Vibrational spectroscopy, in particular Fourier transform infrared (FTIR) spectroscopy, has taken
a major role in the study of heat-induced changes of burned bones allowing the identification of
major chemical and structural alterations, contaminants, and new inorganic phases (7,11,12,16,55,
59). Based on these, several spectral relationships were developed to attempt to quantify these heat-
induced variations (7,8,12,16,37,60-62). However, to observe the complete vibrational profile of
bone samples, infrared spectroscopy must be combined with complementary vibrational techniques:
Raman and inelastic neutron scattering (INS) spectroscopies. Although Raman spectroscopy provides
important information about bone composition (57,63-66), its application to bones burned at low and
medium temperatures (<700 °C) is hindered by the high intrinsic fluorescence of these samples (67).
INS, on the other hand, has proven extremely useful for confirming the presence of hydroxyls in
heated bones as well as to unveil crystallinity changes within the bioapatite network (52,53,55). The
major advantage of the INS technique lies in the fact that the intensity of the signals is proportional to
the number of hydrogen atoms, enabling straightforward quantification of the hydroxyl content.

In their attempt to better describe heat-induced compositional and structural changes in bone,
Snoeck et al. (16) were the first to propose the OH/P ratio, obtained through FTIR-ATR, as a
valuable index for this analysis. They calculated the ratio between the intensity of the OH libration
from hydroxyapatite (OHy;p) band, at 630 cm’, and the v4(PO43'), at 603 cm™ (Equation 1), which
represents the amount of OH groups within bioapatite:

b/a = OH;;,/v,(P0O,) = 630 cm™1/603cm™t (1)

However, other alternatives are available for the calculation of the OH/P relationship. Taylor et al.
(52) reported the emergence of the OH stretching mode (v(OH)), at ca. 3570 cm’, concomitantly
with the OHj;, signal in FTIR spectra. So, as recently suggested by Mamede et al. (44), both FTIR

signals (OHj;, and v(OH)) may be used to estimate the hydroxyl content in bone by calculating the
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v(OH) band intensity, at 3572 cm™ in relation to either the v4(PO,>), at 603 cm’™ (Equation 2), or the

v3(PO,>), at 1035 cm™ (Equation 3), as schematically represented in Figure 1.
d/a =v(0OH)/v,(P0O,) = 3572 cm™1/603cm™! )
d/c =v(0OH)/v5(P0,) = 3572 cm™1/1035¢cm™? 3)

Given the multiple possible ways of calculating the OH/P ratio, the objective of the present study
was to explore which of the three previously suggested indices is more useful and reliable for the
analysis of burned human skeletal remains, particularly those recovered from archaeological
contexts. Therefore, the three mathematical ratios (Equations 1, 2 and 3) were applied and compared
to the INS results in order to understand which of them better describe the heat-induced alterations in
bioapatite. Additionally, the potential of the OH vibrational bands to differentiate recent and
archaeological burned bones from very ancient fossil bones, i.e. in which the organic component has
been entirely replaced by mineral substances, was investigated. This distinction is important because
the crystallinity index is altered in both, so its discrimination ability to identify burned bones may
often be jeopardized. The presence or absence of OH vibrational bands may therefore act as an

additional criterion for discrimination.

v3(PO*)

V(OH) 4,
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Wavenumber / cm’!
Figure 1. FTIR-ATR spectra of human femur burned at 1000 °C and representation
of the different OH/P relationships based on the intensity of distinct spectral bands.
a, b, ¢ and d represent the intensity of the v4(PO,) (603 cm’l), OHy, (630 cm’l),
v3(POy) (1035 cm™) and v(OH) (3572 cm™), respectively.



EXPERIMENTAL
Samples

For the INS analysis, femoral and humeral diaphyses of one skeleton (CC_NI 42) were used.
This skeleton came from the cemetery of Capuchos (Santarém, Portugal) and has been donated to the
University of Coimbra, thus having the same provenance of those from the 21 Century Identified
Skeletal Collection of the Laboratory of Forensic Anthropology (68). The total sample comprised 14
bone sections. Diaphyses were sectioned and 7 sections of each bone were burned separately. The
femur and humerus samples were burned under controlled conditions in an electric oven (model
Barracha K-3 three-phased 14A): 400, 500, 600, 700, 800, 900 and 1000 °C, for 120 minutes, at a
heating rate of 6 — 10 °C/min.

Four other unclaimed skeletons of unknown sex and age at death were used in the FTIR-ATR
measurements (CC NI 31, CC NI 32, CC NI 33, and CC_NI 34). Bone powder samples were
collected from long bones (seven sampling loci), short bones (three sampling loci), and irregular
bones (two sampling loci) from both left and right sides of each skeleton. In total, 168 bones (638
unburned samples) were used, including 47 long bones (329 samples), 72 short bones (213 samples)
and 48 irregular bones (96 samples). This terminology is based on the one used by Bass (Bass,
1995). Therefore, long bones refer to humeri, radii, ulnae, femora, tibiac and fibulae. Short bones
refer to bones from the metacarpus and metatarsus. For simplification, clavicles were analysed as
short bones because only three sample loci were used. Finally, irregular bones referred to calcanei,
tali, cuboids, naviculars and cuneiforms.

For experimentally burned bones, a total of 623 bone powder samples were used. This means that
15 potential post-burning samples (8 from long bones, 4 from short bones, and 3 from irregular
bones) were unavailable for FTIR-ATR analysis. The reason for this was that the right femur of
individual 34 was not burned because it had a prosthesis. For the remaining cases, samples were not

taken due to poor bone preservation aggravated by the sampling procedure and the heat treatment.
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The experimental burning was done on the same equipment mentioned above and following the same
maximum temperature thresholds and burning durations. The distribution of samples by maximum
temperature is given in Table S-1 of the supporting information. Overall, this study investigated 1261
bone powder samples. For comparison purposes a highly crystalline calcium hydroxyapatite sample
(Ca19(PO4)6(OH),, Ca/P=1.67) SRM 2910b from NIST, Gaithersburg/MA (USA) was used.

A third set of bones comprising 25 samples from various archaeological sites in Italy and Spain
was used for comparison with the experimentally burned modern bones, aiming to assess the
suitability of the three OH/P indices for an accurate analysis of this kind of material (Table S-2).
Those samples were collected from cremated human remains (bones and teeth) recovered from four
different necropoleis: Iron Age necropolis of Sebes (Tarragona, Spain: n = 3); Iron Age necropolis of
Monte Sirai (Carbonia, Italy: n = 12); Bronze Age necropolis of Can Missert (Terrassa, Spain: n =
5); and Iron Age necropolis of Aguilar de Montuenga (Soria, Spain: n = 5).

Finally, a fourth set comprised 25 samples (bones and teeth) from 8 chronologically diverse
paleontological sites, and were also used not only for comparison purposes but to assess how
frequently OH peaks occur in this kind of material (Table S-3), which has been reported to be quite
rare (69,70). The samples spanned from the Middle Triassic epoch (Anisian age) to the Eocene
epoch (Priabonian age) and belong to varied types of specimens from the reptilia class. Figure 2

show photo assemblies of archaeological and fossil samples used in this study.

INS

The INS experiments were performed at the ISIS Neutron and Muon Source of the Rutherford
Appleton Laboratory (71), using the direct geometry time-of-flight, broad range spectrometer MAPS
(72). Three incident energies were used — 5240, 2024 and 968 cm™ — to accurately observe the bands
from the OH libration, its overtones and stretching modes of hydroxyapatite.

The samples were wrapped in aluminium foil and fixed onto thin walled aluminium cans. To

reduce the impact of the Debye-Waller factor on the observed spectral intensity, the samples were



cooled to ca. 10 K. Data were recorded in the energy range of 0 to 6000 cm™ and reduced into

energy transfer spectra using the MANTID program (version 3.4.0) (73).

Figure 2. Examples of archaeological burned bone specimens from the Monte Sirai necropolis (left and
central columns) and fossil materials (right column) used in this study. Left column: T252 femur. Central
column: T250 skull (top); T252 vertebra (middle); T250 tooth (bottom left); T252 rib (bottom right). Right
colum: MCD-5589 sacral vertebra from Isona (Lleida, Spain) (top left); MD-6645 rib from Isona (Lleida,
Spain) (middle left). Right column: MB 6-5 2010 _1 from Isona (Lleida, Spain) (top right); NE12F ischion
from Vilamitjana (Lleida, Spain) (middle right). Both bottom fragments represent the MCD-6647 rib from
Isona (Lleida, Spain).
FTIR-ATR

FTIR spectra of fossil and archaeological cremated bones were collected in ATR mode using a
Bruker Alpha spectrometer with a Bruker Platinum-ATR accessory, as absorbance vs wavenumber
spectra in the range 370-4000 cm™, with a resolution of 4 cm™. Each spectrum was obtained by
averaging 256 interferograms. The loose powder was dispersed inside a cavity of spheroidal shape
with its surface aligned to the plate defining it.

For the analysis of recent modern human bone a Bruker Optics Vertex 70 FTIR spectrometer,

purged by CO,-free dry air with a Platinum ATR single reflection accessory was used. A Ge on KBr
substrate beamsplitter and a liquid nitrogen cooled wide band mercury cadmium telluride (MCT)

detector were used to record the spectra of pure bone powder, in the spectral range 400 — 4000 cm™,

128 scans, at 2 cm™ resolution. A 3-term Blackman—Harris apodization function was applied. The
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spectra were corrected for the wavelength dependence of the penetration depth of the electric field in
ATR (considering the mean reflection index of sample 1.25), using the standard Opus software

option (version 7.5). Under these conditions, the wavenumber accuracy is better than 1 cm™.

Statistical Analysis

Potential statistical differences among bone types were tested by using a Kruskall-Wallis test to
determine if the data could be pooled into the same analysis. This was done for the three OH/P
indices. In order to acknowledge if the information provided by them is similar, multicollinearity was
assessed and Spearman rho’s rank correlation tests were implemented. This issue was further
investigated by assessing multicollinearity among the three indices. All statistical analyses were

performed using the IBM SPSS Statistics software (version 23.0).

RESULTS AND DISCUSSION
INS

Using an incident energy of 5240 cm™, with the broad range MAPS spectrometer it is possible to
assess both OHj;, and v(OH) signals simultaneously, as depicted in Figure 3. While the OHy;, band
was present in all samples, the v(OH) stretch mode started being visible only at 600 °C. Above this
temperature, the 1% overtone of the OHy, and a band arising from the combination of the OH
libration and stretching modes (comb) became observable. In turn, the 2™ and 3™ overtones of the
librational mode were visible in the spectra from samples burned at 800 and 1000 °C, respectively
(Figure 3). This corroborates the results obtained by Marques et al. (2016).

As expected, all bands became progressively sharper as the temperature increased, thus
confirming an increased lattice organisation. Concerning the hydroxyl content in bioapatite, the
intensity of the corresponding bands increased from 700 to 900 °C (in agreement with previous
results (55) remaining constant at temperatures above 900 °C.

These results allowed us to accurately analyse the FTIR-ATR data in order to correctly apply the

different OH/P ratios under study.
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Figure 3. INS spectra recorded on MAPS (with 5240 cm™ incident energy) for human
femur (skeleton CC_NI 42), burned from 400 to 1000 °C and hydroxyapatite
reference spectrum. The INS spectrum of reference calcium hydroxyapatite is also
shown.

FTIR-ATR

Previous FTIR studies on human bone reported that all the organic material is lost by 500 °C
(40,74). In our experiments, the signals referring to the organic component, in particular amide I and
IT typical bands from proteins, disappeared only at temperatures higher than 700 °C (Figure 4).
Above this temperature, only hydroxyapatite was detected. This observation is in agreement with
previous FTIR experiments (37,41,61). The differences among reported experiments on burned
bones may be related to the diversified durations of burning. For example, Wang et al. (40) burned
their porcine samples for four hours while Etok et al. (74) experimentally heated their mammal
samples for 6 hours. In contrast, in the present work the bone samples were burned for 2 hours. Other
authors, who obtained results similar to ours, also burned their samples for shorter times, below or
equal to 45 minutes (37,61). Different burning periods result in distinct spectral profiles for the same
temperature range. In this study, the smaller time span we used was not enough to completely discard
the organic phase from our samples at temperatures below 700 °C. Nevertheless, shorter burning

duration is closer to real events. It should be emphasized, as argued before (35,36,61), that the
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burning duration is an influential variable that might interfere with attempts of estimating the heating

temperature to which a certain sample was subjected.
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Figure 4. FTIR-ATR spectra of human femur from skeleton CC_NI_42 burned from 400 to 1000 °C.

The FTIR OH signals (OHji, and v(OH)) were not visible in unburned samples nor in samples
burned at temperatures up to 600 °C. It was only for samples burned at 700 °C and above that these
bands became visible. Snoeck et al. (16) reported OH/P ratios obtained through FTIR-ATR both for
unburned and burned (500 to 900 °C) samples. Gongalves et al. (75) chose to report data for bones
burned at 700 °C. In the current study, we decided to follow a different procedure.

At 700 °C, the infrared OH librational signal often appeared as a shoulder of the 630 cm™ band,
while v(OH) was detected as a very weak band (Figure 4). This is in agreement with previous
reported studies (37,41,61). In turn, Etok et al. (74) and Wang et al. (40) made the same observation
at slightly lower burning temperatures (600 and 650 °C, respectively). In this work, shoulders were
observed for 69 out of 87 samples burned at 700 °C, clear OHy;, bands being present only in the
remaining 18 spectra. Therefore, although burning conditions were the same for all bone specimens,

some variation was found. Regrettably, we are unable to pinpoint the cause of such variation.



Therefore, in order to correctly obtain the intensity of the OHy;, and v(OH) signals and calculate
the OH/P relationships according to Equations 1, 2 and 3, spectral deconvolution should be
implemented for samples burned at 700 °C. In order to keep consistency in the analysis, we decided
not to perform deconvolution for any sample because it would have been a too complex and time-
consuming procedure, taking into account our large dataset. For this reason, only the samples burned
from 800 °C upwards were used for the statistical analysis since we feared that the less precise OH/P
values obtained for samples burned at 700 °C, without deconvolution, could bias the results. Table 1
comprises the average OH/P ratios presently obtained for the bone samples under analysis (n=263),

as a function of temperature.

Table 1. OH/P average and standard deviation values for the bone samples experimentally burned at
800, 900 and 1000 °C (n=263).

Temperature (°C) 630 cm /603 cm’ 3572 cm'/603 cm’! 3572 cm'/1035 cm™
OHy;,/v(POy) v(OH)/v(PO,) v(OH)/v(PO5)
800 0.5168 + 0.0536 0.5502 + 0.0281 0.5443 £0.0110
900 0.1528 + 0.0838 0.1527 £ 0.0396 0.1425 £ 0.0173
1000 0.0588 + 0.0600 0.0597 + 0.0345 0.0555 +0.0145

As expected, and similarly to what was observed in the INS spectra, the infrared OH bands
became progressively sharper and more intense with increasing temperatures, from ca. 700 to 1000
°C. In the case of the OHj; signal, this general trend had been previously observed in other
experiments (37,41,61,76), except for the one carried out by Reidsma et al. (77) who were unable to
detect any bands assigned to OH groups in their bovine bone samples. This was apparently not due to
the specific taxonomic origin of the samples, since Snoeck et al. (16) also used bovine samples in
their experiment and were nonetheless able to observe the OH infrared signals. Therefore, the
interesting absence of OH in the experiment of Reidsma et al. (77) remains unexplained.

Statistical OH/P differences between bone types regarding the 800-1000 °C maximum
temperature thresholds are given in Table S-4 (for long, short and irregular bones). Results were

quite variable according to each of the indexes obtained through Equations 1, 2, and 3. In the case of
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the 630 cm™/603 cm™ ratio, no significant differences among long, short, and irregular bones were
detected for any of the maximum temperatures. Regarding 3572 cm™/603 cm™ and 3572 cm™/1035
cm™, significant discrepancies were found only at 800 °C and 900 °C, no significant differences
having been observed at 1000 °C.

However, this descriptive statistics (Table S-4) appears to be quite similar among bone types,
even in those cases for which significant differences were obtained (never larger than 0.02 units).
Besides, for the type of applications foreseen for the OH/P index, regarding the assessment of how
intensively burned are the bones, we assumed that the small absolute differences among bone types
would not have a great impact on the subsequent inferences. Consequently, we decided to pool all
bone types into one larger set of samples, thus strengthening our results.

The correlation tests among the presently obtained OH/P indices provided significant results in
all cases (Table S-5), thus suggesting that all the analysed bone samples exhibited the same
behaviour in terms of heat-increment evolution, irrespectively of the type of bone. The assessment of
pairwise multicollinearity among the three indices, by implementing linear regression analyses to
predict maximum burning temperature, indicated that the two ratios based on the 3572 cm’ signal
provided the same information (variance inflation factor (VIF) = 9.184). In contrast, it became clear
that the input of the 630 cm™/603 cm™ index was substantially different from the inputs of the 3572
em™/603 cm™ (VIF = 1.127) and of the 3572 cm™/1035 cm™ (VIF=1.051). This suggests that the use
of two different OH/P indices is valuable for future regression models attempting to estimate the
maximum temperature (as the one developed by Ellingham et al. (37)).

Given our results, the use of indices based on the v(OH) band at 3572 cm” has one important
advantage over the OHy, signal at 630 cm™, such as the absence of interference and/or
superimposition with contiguous signals (e.g. v4(POs)). At 700 °C the OHjp band appears as a
shoulder of the 360 cm™ feature in the majority of the analysed samples thus preventing the precise

calculation of its intensity.



Regarding the 603 cm™ and 1035 cm™ phosphate bands, both are affected by contaminants, as
reported by Piga et al. (13,41,58,78), the latter being particularly influenced by the presence of
fluorapatite (at 1090 cm™) and several other phosphate vibrational modes (such as vi(HPO4Y), at
1005 cm™ and v,(PO,>), at 960 cm™). This is the cause for the broadened signal at 1035 cm™.
Moreover, this band experiences a substantial redshift upon heating as opposed to the one at 603 cm’
! that remains relatively stable. Also, this feature at 1035 cm™ was used for spectra normalisation
thus meaning that any calculation using it as denominator merely corresponds to the intensity of the
numerator rather than to a true OH/P ratio. For these reasons, the 603 cm™ signal is more appropriate
for the calculation of the indices.

Archaeological and fossilized remains usually contain several contaminants consequent of
diagenetic processes such as calcite (CaCOs), celestite (SrSQO4), gypsum (CaSO4-2H,0), quartz
(810,), goethite (FeO(OH)), kaolinite (Al,Si;Os5(OH)4), among others (13,78-80). Their infrared
bands will therefore add to the vibrational profile of bioapatite and may confuse the analysis and
identification of the OHjy, and v(OH) features. The presence of these mineral phases must be
evaluated through X-ray diffraction. Also, in the presence of such minerals, special care must be
taken in the calculation based on infrared data due to band overlap.

The archaeological burned bones and teeth, and the fossil materials provided distinct spectra. Both
presented the expected sharpened phosphate peaks typical of high crystallinity index values.
However, the OHy, and v(OH) bands were detected only for the 25 archaeological samples and
never for the 25 fossil samples. This could suggest that, although the fossil materials may mimic the
crystallinity index values typical of burned skeletal remains, they may be differentiated through the
presence of the OH bands. However, although infrequently, OH signals have indeed been reported
for fossil bones (69,70), so this is not always a reliable indicator of burned remains as opposed to
fossils (the spectra of some selected samples are given in Figure 5). High crystallinity index values in

either recent or archaeological burned skeletal materials should necessarily correspond to the
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detection of infrared OH signals, while their absence should be indicative of a more ancient material
whose high crystallinity index resulted exclusively from the fossilization process.

Conversely, it seems that the OH signals may contribute for the identification of genuine
archaeological skeletal remains subjected to burning. The fact that infrared OH peaks are only
occasionally visible in fossils, however, is not yet well understood. A possible explanation could be
the known mineralization of the bone that takes place during the fossilization process. This process
can occur either by: i) replacement of the original hard bone constituents by silica, calcite, pyrite or
hematite; or ii) perimineralization, when minerals dissolved in ground water are deposited in the
microscopic pores and cavities of the matrix (81,82). The result of this second process is a fossil that
mainly contains the original hard bone constituents. The spectral data presently measured for
fossilized samples appears to validate this latter hypothesis (perimineralization), as most of the
hydroxyapatite signals could be identified, with the exception of those characteristic of the OH
group, which may be explained by the substitution of these bioapatite’s hydroxyls by anions such as
F°, CI' or HCO3'". In fact, it is well known that fluoride ion incorporation in bone enhances in vitro
mineralization, increases apatite’s structural stability and induces a higher crystallinity (as currently
observed). Furthermore, Ca*" and Mg2+ (usually abundant in water and soils) are absorbed by the
bone matrix and may bind to its OH released groups thus causing significant shifts of their

characteristic vibrational bands, which can hinder their distinct observation.

CONCLUSIONS

The application of neutron spectroscopy techniques for the study of burned human remains is an
innovative approach that allowed the observation of the characteristic OH vibrational signals of HAP
at specific temperatures. This is extremely helpful for the analysis and interpretation of the data
acquired through widely used methods, such as FTIR-ATR. In turn, the infrared OH bands of burned

human bone samples appear to be of the utmost usefulness for the estimation of the maximum



temperature at which skeletal remains were burned. In addition, they seem to help discriminating
between genuine burned skeletal remains and fossilized remains (which generally display no OH
signals despite their high crystallinity index). Such discriminant ability thus confers much more
confidence on the analysis of archaeological remains, since this information is a pre-requisite for
such analysis. In order to extract reliable bioarchaeological information, burned remains must be
examined taking into consideration the possible impact of heat-induced changes. This can only be

achieved once burned bones are clearly identified.
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Figure 5. a) FTIR-ATR spectra of five fossil samples (Qurolles M, MB11-99, MB10-86, MCD5099 and IPS-
35594) in the 380 - 4000 cm™ range; b) FTIR-ATR spectra of the Qurolles M, MB11-99 and MB10-86 fossil
samples in the 380 - 1750 cm™ range; c¢) FTIR-ATR spectra of five archacological burned samples (T250-
Tooth, T250-Radio, SP08, SP32 and C3T12) in the 380 - 4000 cm™ range; d) FTIR-ATR spectra of five
archaeological burned samples (T250-Tooth, T250-Radio, SP08, SP32 and C3T12) in the 380 - 800 cm™
range, highlighting the OH libration band (‘); e) FTIR-ATR spectra of five archaeological burned samples
(T250-Tooth, T250-Radio, SP08, SP32 and C3T12) in the 3400 - 3700 cm™ range, highlighting the OH
stretch signal (‘). These are representative spectra of all the samples analysed in this work.
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The present study allowed us to identify the 630 cm™/603 cm™ index as providing accurate
information, that is different from the one yielded by the 3572 ¢cm™/603 cm™ and 3572 cm™/1035
cm’ ratios. As a result, it appears that the use of the former combined with one of the other two can
be beneficial to improve statistical models able to estimate maximum temperature, such as the ones
from Thompson et al. (61) and Ellingham et al. (37). In addition, it was verified that the application
of the 3572 ¢cm™/603 cm™ index may be more advantageous relative to 3572 cm™/1035 cm™ index,
namely because the 603 cm™ signal is more stable than the one at 1035 cm™. Nonetheless, this

advantage of the 3572 ¢cm/603 cm™ index must be confirmed through additional research with

specific applications such as temperature estimation.
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Table S-1 - Distribution of human bone samples according to maximum temperature of burning (°C).

Bone

Clavicle
Humerus
Radius
Ulna
MC1
MC2
MC3
MC4
MC5
Femur
Tibia
Fibula
MT1
MT2
MT3
MT4
MT5
Calcaneus
Talus
Cuboid
Navicular
Medial cuneiform
Middle cuneiform
Lateral cuneiform

CC_NIL_31
Left Right
600 400
700 -
1000 800
900 700
700 400
900 600
500 1000
900 400
500 1000
600 400
900 700
1000 800
600 400
700 500
1000 -
400 900
700 -
900 600
700 800

- 500
1000 -

CC_NI_32
Left Right
700 500
600 400
900 700
800 1000
600 500
900 700
600 400
800 500
1000 400
400 900
1000 800
800 500
1000 600
900 700
800 500
600 400
900 700
700 -
800 400
1000 500
900 600
600 900
400 700
800 500

CC_NI_33
Left Right
1000 800
500 900
600 400
700 400
500 800
1000 800
700 900
400 600
700 500
1000 600
700 900
400 900
800 500
600 1000

- 800
900 600
700 400
800 500
400 700
600 800
500 900
500 1000

- 600
400 -

CC_NI_34
Left Right

- 900
1000 700
400 600
500 800
1000 -
500 3
800 400
900 600
400 800
700 900
500 1000
1000 800
400 600
500 700
900 600
700 400
800 1000
1000 800
700 900
600 400

? Only unburned samples were collected.
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Table S-2 - List of archaeological samples used in this study.

Sample
2.118
2.118.3
2.121
2.121
2.106
SP32
SP08
SP27
T250
T250
T250
T250
T252
T252
T252
T252
T252
T252
T252
T252
C3T12
C3T14-2
CATS
C5T2
C5T11

Site of provenance
Necropolis of Can Missert (Terrassa, Spain)
Necropolis of Can Missert (Terrassa, Spain)
Necropolis of Can Missert (Terrassa, Spain)
Necropolis of Can Missert (Terrassa, Spain)
Necropolis of Can Missert (Terrassa, Spain)
Necropolis of Sebes (Flix Ribere d’Ebre, Tarragona, Spain)
Necropolis of Sebes (Flix Ribere d’Ebre, Tarragona, Spain)
Necropolis of Sebes (Flix Ribere d’Ebre, Tarragona, Spain)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Monte Sirai (Carbonia, Italy)
Necropolis of Aguilar de Montuenga (Soria, Spain)
Necropolis of Aguilar de Montuenga (Soria, Spain)
Necropolis of Aguilar de Montuenga (Soria, Spain)
Necropolis of Aguilar de Montuenga (Soria, Spain)
Necropolis of Aguilar de Montuenga (Soria, Spain)

Chronology
1.000-900 B.C. (Bronze Age)
1.000-900 B.C. (Bronze Age)
1.000-900 B.C. (Bronze Age)
1.000-900 B.C. (Bronze Age)
1.000-900 B.C. (Bronze Age)

900-800 B.C. (Iron Age)
800-500 B.C. (Iron Age)
500-400 B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
VI century B.C. (Iron Age)
IV-111 century B.C (Iron Age)
IV-111 century B.C (Iron Age)
IV-111 century B.C (Iron Age)
IV-111 century B.C (Iron Age)
IV-111 century B.C (Iron Age)

Element
skull
diaphysis
skull
diaphysis
diaphysis
tooth
skull
skull
skull
mandible
radius
tooth
rib
ulna
tooth
mandible
femur
radius
tibia
vertebra
diaphysis
diaphysis
diaphysis
diaphysis
diaphysis
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Table S-3 - List of fossil samples used in this study.

Sample Site of provenance Chronology Specimen
IPS-35594 Menorca Middle Triassic (Anisian) (245 Ma) Seimuromorpha

Patiras Todolella (Castelldn) Lower Cretaceous (Aptian) (125-112 Ma) Dinosauria (undet.)
Qurolles-M Portell (Castellon) Lower Cretaceous (Aptian) (125-112 Ma) Dinosauria (Ornithopoda)
MB10-41 Isona (Lleida) Upper Cretaceous (75-65 Ma) Crocodyliform tooth (ziphodont)
MB10-86 Isona (Lleida) Upper Cretaceous (75-65 Ma) Theropod tooth
MB10-114 Isona (Lleida) Upper Cretaceous (75-65 Ma) Theropod tooth
MB10-144 Isona (Lleida) Upper Cretaceous (75-65 Ma) Theropod tooth
MB10-195 Isona (Lleida) Upper Cretaceous (75-65 Ma) Crocodyle tooth
MB11-99 Isona (Lleida) Upper Cretaceous (75-65 Ma) Crocodyle tooth
MB11-115 Isona (Lleida) Upper Cretaceous (75-65 Ma) Crocodyle tooth
MB11-122 Isona (Lleida) Upper Cretaceous (75-65 Ma) Crocodyle tooth
MCD-6684 Isona (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (caudal vertebra)
MCD-5099 Isona (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (ischion)
MCD-5589 Isona (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (sacral vertebra)
MCD-6645 Isona (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (rib fragment)
MCD-6647 Isona (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (rib)
MB 6-5-2010_1 Isona (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (undet.)
MB 6-5-2010_2 Isona (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (undet.)
MB 6-5-2010_3 Isona (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (undet.)
MB 6-5-2010_4 Isona (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (undet.)

NE12F Vilamitjana (Lleida) Upper Cretaceous (Maastrichtian)(70-65 Ma) Dinosauria (ischion fragment)

Bfum017 Fumanya Upper Cretaceous (Maastrichtian)(70-65 Ma) Crocodyliform (undet.)
(Figols-Vallcebre)

TB-3 Orcau (Lleida) Upper Cretaceous (75-65 Ma) Testudines (plate)
Orcau-1 Orcau (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (Hadrosauria)
Espinau Espinau (Lleida) Upper Cretaceous (75-65 Ma) Dinosauria (Hadrosauria)

IPS-37438 Roc de Santa Eocene (Priabonian) (33.9-37.2 Ma) Reptilian (undet.)

(Conca de Dalt) (Lleida)

Key: undet. = undetermined anatomical element
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Table S-4 — Descriptive statistics of the three OH/P indices investigated and statistical differences among bone
types (through Kruskall-Wallis tests) according to maximum temperature of burning (800, 900 and 1000 °C).

Bone 630 cm™/603 cm™ (OH,;,/v(PO,)) 3572 cm™/603 cm™ (v(OH)W(PO,)) 3572 cm™/1035 cm™ (v(OH)/v(PO3))
Type

°Cc n Mean SD Min Max n Mean SD Min Max n Mean SD Min Max

Long 800 41 0.52 0.05 037 06 41 014 003 009 02 41 0.06*>* 001 0.03 0.08

Bones
900 56 0.55 0.04 0.45 065 56 0.14* 0.04 009 024 56 0.06*** 0.02 0.03 0.10

1000 42 0.56* 0.05 042 065 42 0.14 0.04 010 0.29 42 0.06 0.01 004 011

Short 800 28 0.52 006 038 06 28 017> 003 011 023 28 0.06** 001 0.04 0.09

Bones
900 27 0.56 0.14 0.25 094 27 0.16* 0.04 0.09 0.23 27 0.06*** 0.02 0.03 0.09

1000 31 0.53* 0.07 032 0.64 31 0.14 0.04 0.08 021 31 0.05 0.02 0.03 0.09

Irregular 800 14 0.51 005 041 058 14 0.16*** 002 0.13 0.19 14 0.06*** 0.01 0.05 0.08
Bones
900 14 0.54 0.04 0.49 061 14 0.18* 0.04 011 0.23 14 0.07*** 0.02 0.04 0.10

1000 10 0.53* 0.03 047 057 10 0.15 0.03 012 022 10 0.06 0.01 0.05 0.09

*=<.05;**=<.01;, *** =<.001
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Table S-5 — Results of the Spearman rho rank correlation tests among OH/P indices
investigated in this study for bones burned at 800, 900 and 1000 °C.

Maximum

Index Temperature 630 cm /603 cm? 3572 cm/603 cm® 3572 cm™/1035 cm’?
4 | 800 °C ; 0.373** 0.507**
6?2)‘;'”_‘ /VG((F’%C;? 900 °C . 0.371%%* 0.250*
1 ‘ 1000 °C ; 0.406%** 0.426%**
., ; 800 °C 0.373** ; 0.950%**
3572 cm /603 cm 900 °C 0.371%%* ; 0.923%**
(v(OH)v(PO,))
1000 °C 0.406%** ; 0.989%**
N 800 °C 0.507** 0.950%** ;
(HOHIYPOY) 900 °C 0.250* 0.923%** ;
3 1000 °C 0.426%** 0.989%** ;
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