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Ancient bones are archives of information to reconstruct past life. However, detecting the organic content
and the crystallinity changes of bone apatite post-mortem alteration becomes more challenging when
burial conditions are coupled with thermal degradation. The present study proposed a non-invasive pre-
screening method to distinguish burnt bones based on diagnostic spectral features, using a reflectance
portable FT-IR spectrometer (650-5500 cm~!) and a portable miniaturized near-infrared (MicroNIR) spec-
trometer (900-1700 nm). Burnt bones from the Roman age (Modena, Italy) were analyzed and the pre-
screening approach was combined with a multivariate data analysis. Principal Component Analysis (PCA)
was used to enhance spectral changes leading to a differentiation among the specimens, according to
their chemical changes. The proposed methodology highlighted the potential of the two non-destructive
and portable instruments, and of chemometric analysis to select the most suitable samples for forensic
and archaeological studies, overcoming drawbacks related to the traditionally applied visual examination
of bones colour.
© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction as fuel, or from mortuary practices, i.e. cremation, a common rite

in many cultures and civilizations throughout history [15,16]. In

Bone is a composite material constituted by the intimate asso-
ciation of an organic component, a mineral phase and water [1-5]
arranged in a complex structure described in terms of hierarchi-
cal levels of organization. The mineral fraction consists of bioap-
atite, (carbonate-substituted apatite, Ca;o(PO4, CO3)s(0OH),) [1,3-7],
while the organic matrix is mainly collagen type I [5,6] accounting
30 % of total bone weight [2]. Bones could be an essential reservoir
for the reconstruction of past human habits and history. However,
bones are dynamic tissues that undergo constant remodeling both
during life and post-mortem, due to burial effects [2,8,9]. Conse-
quently, investigating bones becomes challenging for anthropolo-
gists when burial conditions are coupled with thermal degradation
[2,10-14].

Burnt bones are observed in the archaeological record, result-
ing from heating practices, accidental exposure to fire, use of bone
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its original state, bone exhibits a disordered crystal structure with
small crystals [17]. The exposure of bones to high temperatures
leads to different burning states [1,2,12-14,17,18] as an effect of:

- Dehydration, (100-600°C);

- Degradation and loss of organic matter (300-800°C);

- Increase in crystallinity of bioapatite and formation of stable
and large crystals (inversion and fusion) (500-1100°C).

Moreover, when the water and organic components are lost,
and thermal alteration is prolonged (over 800°C), fusion of crystals
occurs and several degradation products appear, such as tricalcium
(- and B-) and tetracalcium phosphates [2,5,12,14,18,19]. Conse-
quently, the result of prolonged and intense thermal degradation
is the formation of bioapatite (HA) [20].

Even if dating of cremated remains has become common
[15,16,21-23], burnt remains are often excluded from advanced
analyses for dating or molecular analyses, due to their structural
alterations. However, in many archaeological sites, burnt bones are
the only source of information. For this reason, a deeper under-
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Table 1
Reference samples burnt at known temperature and time.

Sample ID  Temperature (°C)  Exposure time (min.)
s1 / /
S2 300 30
S3 300 60
S4 300 90
S5 300 120
S6 600 30
S7 600 60
S8 600 90
S9 600 120
S10 900 30
Si1 900 60
S12 900 90
S13 900 120
S14 1200 30
S15 1200 60
S16 1200 90
S17 1200 120

standing of chemical changes of both organic and inorganic frac-
tions in each burning phase is essential. Usually, preliminary in-
vestigations of burnt bones are based on the visual examination of
the color change according to reference color charts as an indicator
of the heat-induced transformations [2,12]. Indeed, when the tem-
perature increases, bones acquire a black appearance due to car-
bonization. With further heating, the bones take on grey hues, un-
til they get white due to calcination processes [1,2,14]. Besides the
color changes, morphological modification can also be observed
such as increase in the porosity and the brittleness [24].

Colorimetric investigations based on CIE L*a*b* (CIELAB) uni-
form color space was also used for the recording of bone surface
color data [25-28]. However, since the color of bone fragments is
produced by a combined effect of i) temperature, ii) time of ex-
posure, iii) occurrence of oxidative conditions, and iiii) context of
incineration [12,14,18], the color examination method may be in-
effective in predicting the burning state of bones [17,29]. On the
other hand, the identification of the burning state is crucial to eval-
uate which remains may be worthy to be selected for further in-
vestigation such as isotopic, dating, proteomic, and DNA analyses
which are expensive and time consuming [5,6,30-32].

In recent years, Fourier transform infrared (FTIR) spectroscopy
[1,2,5,17,33-36], both in the ATR [6,7,37], and reflection mode, in
the mid-IR range has been employed to comprehensively monitor
heat-induced chemical alterations in bone samples (Table 1). In-
frared spectra provide information on both the organic and the in-
organic components, such as the presence of phosphate from bioa-
patite (HA), of carbonate from the substitution in bioapatite of the
hydroxyl and phosphate groups, and of amide bands from the pro-
teinaceous component [6,17,33].

FTIR studies demonstrated that, even after thermal treatments,
spectral signals from the organic component remain detectable
up to 600 °C. In particular, below 300 °C, both amide I and II
bands, along with signals attributed to the asymmetric vibration
of CH, and symmetric vibration of CHs, are observable. Between
300 and 600 °C, only the amide I can be detected. Beyond 600 °C,
the organic fraction undergoes complete deterioration, and spe-
cific degradation products, notably low-intensity bands associated
with cyanate (NCO~) and cyanamide (NCN2-), indicate an escalat-
ing heating process from 600 °C to 1000 °C, as a consequence of
charring [2,38,39].

The mineral fraction of bones primarily composed of phos-
phates, shows a temperature-dependent stretching band at 1015
cm~!. This band begins to shift to higher wavenumbers after
300 °C, moreover at 600 °C starts to bifurcate into two peaks
likely due to increased crystallization. Thermal degradation prod-
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ucts, such as o -and B -tricalcium phosphate result from the
bone dehydroxylation process, which occurs at temperatures above
900 °C [2].

FTIR-ATR allows to obtain clear spectra with the consequent
possibility to evaluate the Infrared Splitting factor (carbonyl-to-
phosphate ratio) and carbonyl-to-carbonate ratio to assess the tem-
perature [1,40,41], while the use of portable FTIR in reflection
mode posed challenges, as surface modifications and sediment ac-
cumulation could obscure the signal, making it difficult to distin-
guish the bone signals. Reflectance spectra are more complex due
to distortions arising from the combined effects of specular reflec-
tion (Rs) and volume reflection (Rv) contributing to the total re-
flected signal [42,43].

In recent studies, near infrared spectroscopy has been applied
to human forensic burnt samples to differentiate between cal-
cined and carbonized bones [14]. However, as far as the authors
are aware, NIR spectroscopy has not been systematically employed
in archaeological research to comprehensively investigate burnt
bones, exploring its potential as a rapid and deeply penetrating
analytical method. Interestingly, recent applications of NIR spec-
troscopy on animal and human bones have focused on assessing
collagen presence and content, leveraging its ability to probe sev-
eral millimeters beneath the surface [4,44-49].

Despite the widespread use of infrared spectroscopy in cul-
tural heritage studies, archaeologists still rely on color-based as-
sessments to determine burning phases.

The aim of this research was to propose a more objective pre-
screening method to evaluate burnt bones conservation state by
means of a non-invasive, fast, and portable approach. To reach this
goal two complementary techniques were used combined with a
chemometric approach. In detail a handled miniaturized NIR spec-
trometer (MicroNIR), which works in the 900-1700 nm range and
a non-contact reflectance portable FTIR spectrometer, which works
in the 650-5500 cm~! range, were used for a non-invasive, fast
analysis.

First the two techniques were tested on the same standard
samples used in Legan et al. [2], prepared on a modern bovine
femur exposed to different controlled temperatures. Since the de-
tailed identification of the burning conditions of the specimens is
beyond the scope of the research, we limited the identification
of the spectral features to these standards which were previously
studied [2]. Thus, this preliminary characterization was aimed at
identifying markers characteristic of different conservation states,
particularly for the MicroNIR spectrometer, which currently has
limited reference data available.

The spectral investigation was applied on a large collection of
archeological samples from the Roman period (I century B.C.-II
century A.C.). A multivariate exploratory analysis based on PCA
(principal component analysis), was applied to separate the spec-
imens which were distinguished based on their state of con-
servation through a joint evaluation of the loadings and of the
comparison with the spectral features identified in the standards
[3,4,14,49,50].

The specimens were also assessed with the traditional visual
examination and the comparison of the results with the spectro-
scopic pre-screening allowed to confirm the importance of devel-
oping more objective diagnostic methods to avoid the dismissal of
burned bones samples which may visually appear less preserved
than their actual state.

2. Materials and methods
2.1. Standard samples

Seventeen samples were used as standards for Portable FTIR
and MicroNIR analyses, to identify the main features for each in
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the mid (650-4000 cm~!) and NIR region (980-1700 nm). These
samples were the same previously used in the study of Legan et al.
[2] for the determination of the main markers in mid-IR. The bones
come from an adult bovine femur diaphysis which was cut into
17 rectangular pieces (4.5 x 4 cm), out of these samples 16 were
burnt in a temperature-controlled vented muffle furnace (Table 1).
Each sample was stored in a dry environment within small perfo-
rated low-density polyethene (LDPE) bags until analysis (Fig. S1).

2.2. Archeological samples and visual examination

Fifteen burnt bone samples were collected from the Roman
necropolis of Via Emilia Est-Via Cesena of Mutina (known today as
Modena, Italy) (Fig. S2). Excess soil was drilled from the remains,
and then the bones were gently brushed, followed by a light wa-
ter wash. Subsequently, the bones were left to air-dry. Visual ob-
servation was performed at the BONES Lab (Laboratory of Osteoar-
chaeology and Paleoanthropology, Department of Cultural Heritage,
University of Bologna), attributing the burning state through the
comparison with the color chart reported in Walker et al. [12]. The
comparison with this color chart is routinely used as a method for
phase assignment.

2.3. Portable FTIR spectroscopy

Agilent Cary 630 FTIR (Agilent Technologies, Santa Clara, CA)
portable mid-infrared spectrometer was used to collect spectra al-
lowing analyses in the range from 4000 to 650 cm~! with a spec-
tral resolution of 4 cm~! and 256 scans. The number of points for
each sample ranged from 4 to 13, according to the samples size. In-
deed, some real samples were smaller and/or had rougher surface,
while others were larger and/or had smoother surface. The number
of points was chosen to ensure adequate coverage of sample het-
erogeneity. Diffuse reflectance measurements were conducted di-
rectly on the external surface of the samples, and for background
collection, a gold mirror was employed. The acquisitions were car-
ried out using the Agilent MicroLab PC software (JDSU Corporation,
Milpitas, CA).

2.4. MicroNIR spectroscopy

Near infrared analyses were performed using the portable Viavi
MicroNIR 1700ES spectrometer (Viavi Solutions, JDSU Corporation,
Milpitas, California), a spectrometer performing in the spectral re-
gion of 900-1700 nm (6000-11,000 cm™!), with a spectral reso-
lution of 6 nm. The instrument is based on a linear-variable filter
(LVF) acting as the dispersing element. The LVF is linked directly to
a 128-pixel linear Indium Gallium Arsenide (InGaAs) uncooled de-
tector, resulting in a compact device. The radiation source consists
of two tungsten light bulbs. The spot of analysis is approximately
3 mm in diameter. The spectral data were acquired with an inte-
gration time of 3 ms and 1000 scans, using the MicroNIR Pro ver-
sion 2.5.1 software by Viavi. Prior to any analysis, background was
collected both on air and using a NIR-reflectance standard with
99 % diffuse reflectance. Samples were subsequently placed directly
in contact with the instrument.

2.5. Data analysis

The multivariate data analysis for all spectroscopic techniques
was performed using Matlab routines (The Mathworks Inc., Natick,
USA). Spectra corrections (pre-processing) were performed in or-
der to remove unwanted effects. Portable FTIR data were denoised
using Discrete Wavelet Transform (DWT). To correct the baseline
shifts, a linear detrending transform was applied. No Kramers-
Kronig (KK) transformation was applied since the spectra presents
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the coexistence of specular and diffuse components [42 /43 ]. A
Savitzky-Golay second derivative was applied to all MicroNIR spec-
tra after data acquisition (third polynomial order, 11 data point
gap) to correct baseline shift and drift and to enhance the signals.
In the Results and Discussion section only averaged spectra will be
reported in figures and tables for brevity and clarity.

The pre-processed data were then subjected to Principal Com-
ponent Analysis (PCA), an unsupervised method that enables data
exploration and identification of trends [4,44,51].

3. Results and discussion
3.1. Analyses of standard samples

Standard samples burnt at known temperatures and durations
previously analyzed by Legan et al. [2] were submitted to portable
FTIR in reflection mode and micro NIR analyses and the results
were integrated and used to identify spectral features related to
the conservation state of samples, according to their spectral fea-
tures (Fig. S3-S20, Tables 2, 3 and S1).

The results are briefly discussed here in accordance with the
objectives of the present research, which focuses on the develop-
ment of a protocol based exclusively on the use of non-destructive
and portable techniques suitable for in situ analyses. Therefore, in-
formation derived from micro-destructive techniques such as ATR
and FTIR in transmission obtained by Legan and presented in the
previous work [2], has been excluded from the evaluation.

Table 2 reports the main spectral features, combining samples
that, despite being exposed to different burning conditions, ap-
peared indistinguishable based on their spectral profiles.

A detailed comment on the spectral features is demanded in
the supporting information with all the spectra (Fig. S3-S11).

The same standard samples analyzed with the portable FTIR
were also analyzed with MicroNIR spectroscopy to identify spe-
cific features as discussed in the supporting info and reported in
Table 3.

Standards providing the same spectral profiles were considered
to have been exposed to conditions that, even if different in term
of temperature and exposure, lead them to a similar state of con-
servation, defined as burning state (BS). Based on the similarities
we grouped the standard samples in seven groups from the un-
treated sample (BSO) to the samples exposed to stronger conditions
in term of temperatures and exposure times (BS6) (Table 4).

It is out of the purposes of this paper identifying the exact com-
bustion conditions, but just to identify spectral features which may
be useful to distinguish real samples based on their conservation
state.

Comparing the results, it can be noted that FTIR is more useful
for the characterization of high burning stages (BS>5), thanks to
the occurrence of characteristic features. On the contrary, MicroNIR
can distinguish better from different stages below 900 °C, thanks
to its deeper penetration depth in the sample.

This information is particularly valuable for samples treated at
lower temperatures, where the presence of organic materials is ob-
served.

Near-IR radiation penetrates more deeply than mid-IR radiation,
making the information obtained more representative of the inter-
nal state of bones and thus more reliable for pre-screening sam-
pling methods [52,53].

On the other side, as the temperature and exposure time in-
crease, the surface of the specimen begins to darken, decreasing
the spectroscopic signal obtained with both techniques. Despite
the reduction in signal in NIR spectra, it is still possible to distin-
guish characteristic features for different specimens up to S9 BS4.
At this point, the signal becomes so low that FTIR is more effective
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Table 2
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Groups identified based on portable FTIR analyses on standard burnt bones and bands assignment.

S1-S2 S3-S5 S6-S9 -S10 S11-S17 Attribution
0-300° (30')  300° (60-120")  600° (30-120") 900° (30") 900° (60-120")-1200 (30-120")
3180 3180 v(OH)
- - - - 3650 v(Ca-OH)
- - 3572 3572 3571 v(OH)
- - - - 3544 v(F-OH)
- - - - 3496 v(CI-OH)
2916 2916 2916 2914 - Vaym (CHy)
2849 2849 2849 2847 - Vaym (CH3)
- 2204 2202 2204 2204 vs (NCO™)
- - 2146, 2076, 2046 2145, 2077, 2048 2141, 2077-2079, 2046 (PO4)3~ 2 v3 overtones and v3 combinations
- 2016 2018 2022 2020-2014 v3 (NCN?-)
- - 1984 1986, 1930 1986,1930 (PO4)*~ 2 vy
1690 1688 1679-1686 1682 - v (C = 0) (amide I) [ § (OH) | v (C = C) aromatic
1595-1560 1599-1596 - - - v (CN), 8 (CNH) (amide II) / v (C = C) aromatic
1435-1401 1448-1401 1448-1401 1448-1401 - (CO3)*~ V3 qsym
- - - - 1095-1110 (PO4)*~ V3 asym
1030 1030 1034 1034 1036-1047 (PO4)*~ V3 asym

All the spectra were acquired in reflection mode and the reported values are in cm~!. Standard samples that show the same characteristic peaks are reported in the

same column, thus in the same burning stage.

Table 3
Groups identified based on the MicroNIR spectra acquired on standard burnt bones and bands assignment.
S1-S2 S3 S4-S5  S6-S7  S8-S9  S11-S17  Attribution
1583 1583 - - - NH 1st overtone
1508 1508 1502 - - NH 2nd overtone
- - - 1484 - 1490 Mg-OH 1st overtone
1434 1434 C032- substitution of OH
1422 1428 1428 1428 - OH 1st overtone
- - - 1391 1378 OH combination Vsym+ Vasym
1347 1347 - - - CH Combination (CH; - CH; - CH)
1273 - - - - - CH 2nd overtone
1180 1180 - - - - CH 2nd overtone
1025 - - - - - NH 2nd overtone
1001 1007 1007 1013 - combination of § H-O-H + v O-H
982 951 951 945 951 976 C-H 3rd overtone and/or O-H 2nd overtone

All the reported values are in nm. Standard samples that show the same characteristic peaks are reported
in the same column, thus in the same burning stage.

Table 4

Grouping made on standard samples based on mid-IR and NIR: BS = burning state.

Sample ID Temperature Exposure time Portable NIR
(°C) (min) FTIR

S1 / / BSO BSO

s2 300 30

S3 300 60 BS1-BS2 BS1

54 300 90 BS2

S5 300 120

S6 600 30 BS3-BS4 BS3

S7 600 60

S8 600 90 BS4

S9 600 120

s10 900 30 BS5 No

signal

S11 900 60 BS6 BS6

S12 900 90

S13 900 120

S14 1200 30

S15 1200 60

S16 1200 90

S17 1200 120

in distinguishing the burning state, at least at a superficial level.
With further increases in temperature and/or exposure time, calci-
nation occurs, and the surface acquires a white coloration. In this
state, both FTIR and NIR spectra provide similar information, de-
spite their depth of penetration, thereby highlighting a homogene-
ity in depth of the effects caused by more intense combustion
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Table 5
Grouping of the archeological burnt bone samples based on visual examination,
portable FTIR (in reflection mode) assessment, and micro NIR.

Sample Burning state (visual Burning state Burning state
ID subdivision based on [12]) (portable FTIR) (Micro-NIR)
M1 400-600 °C BS0-2 BS1

M2 400-1000 °C BS0-2 BS1

M3 300-500 °C BS0-2 BSO-1

M4 400-600 °C BS0-2 BO-1

M5 600-700 °C BS0-2 BS1

M6 600-700 °C BS5-6 NOISY

M7a 600-900 °C BS0-2 BS2

M7b 600-900 °C BS6 BS6

M8 300-500 °C BSO0-2 BSO-1

M9 400-500 °C BS0-2 BS1

M10 300 °C BS1-2 BS2

M11 400-800 °C BS0-2 BS1

M12 700-900 °C BS5-6 NOISY

M13 400-600 °C BS0-2 BS1

M14 400-700 °C BS5-6 NOISY

M15 400-700 °C BS0-2 BS1

3.2. Analyses of archaeological bones

The initial evaluation of burning temperatures achieved through
visual inspection [12] of archaeological bone samples is reported in
Table 5. Temperature evaluation for each sample was determined
according to the color variations observed across their entire sur-
face using the commonly procedure that they employ which con-
sists of referring to color charts reported in [12], as explained
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Fig. 1. The scheme of the approach followed during the analysis of archaeological samples.

in 2.2. In cases of sample heterogeneity, a broader temperature
range was attributed, resulting in temperature assessments span-
ning from narrower ranges (e.g. M14) for more homogeneous sam-
ples, to wider ranges, sometimes encompassing a 600-degree span
(e.g. M2). However, as reported in the previous paragraph (3.1) the
state of burning depends not only on the temperature, but also on
the duration of the exposure. Moreover, the bone color can be in-
fluenced by the burial environment and color perception by the
operator. Since such assessment is mainly aimed at distinguishing
the specimens based on their preservation state, subsequent spec-
troscopic investigation was conducted to find a more objective way
to differentiate the samples. Spectra obtained with portable FTIR
for some samples were particularly noisy, especially in the regions
1500-1700 cm~* and 3200-3600 cm™, due to the influence of ab-
sorbed water. This is a significant limitation because these regions
are important for distinguishing the best-preserved samples from
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those subjected to the strongest conditions and those in an inter-
mediate state.

On the other hand, as observed in the standard samples, NIR
may fail in the characterisation of samples in an intermediate state
of conservation when the superficial darkening increases the ab-
sorption processes reducing the reflectance. For this reason, both
portable FTIR and micro NIR analyses have been performed, and
their results were interpreted in an integrated way with the ap-
proach that for the sake of clarity is summarised in the following
steps (Fig. 1):

1. PCA analyses performed on FTIR data to distinguish samples in
a worst conservation state (BS>5).

2. Identification of samples in worst conservation stats (BS5-BS6)
based on the comparison of their spectral features with stan-
dard samples.
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Fig. 2. PCA on mid IR data. The score plot (a) shows the separation of the samples in 3 groups according to the PC1 and PC2 wavenumbers, reported in the loading plot (b).
The red group is constituted by samples with burning stage lower than BS5, the blue samples were identified as BS5-6 and the green ones as B6 according to the spectra.

3. PCA performed on NIR spectra acquired on the samples in the
best conservation states (BS<5).

4, Identification of specimens in BS0-BS2 based on the compari-
son of their spectral features with standard samples.

3.2.1. Identification of samples in the worst conservation state: STEP
1-2 (PCA on FTIR data and integrated interpretation of FTIR and NIR
data)

Portable FTIR data were submitted to PCA, revealing the dis-
crimination among samples M7b, M6, M12 and M14 in the PC1-
PC2 score plot (Fig. 2a). These samples are characterized by neg-
ative value on PC1, while all the other samples are distributed at
positive values of PC1. The loading plot (Fig. 2b) highlights the vari-
ables that influence the distribution of samples along the different
principal components (PCs).
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According to the loadings scatter plot, negative PC1 values are
associated with bands in the 2000-2200 cm™' range, attributed to
cyanate and cyanamide groups, which are characteristic of speci-
mens in a more advanced state of degradation. In contrast, positive
PC1 values correspond to CH stretching bands at 2918 and 2849
cm~!, suggesting that the corresponding group of samples is in a
more preserved state.

Sample M7b can be distinctly discriminated from all the others,
as confirmed by the presence in the spectra of bands at 3571, 3544,
and 3496 cm™!, respectively related to OH vibration, v(F-OH), and
Cl-OH vibration (Fig. 3a), indicating a low conservation state char-
acteristic of samples exposed to high level of thermal degradation
(BS6) (Fig. 3b). The shape of the phosphate peak which became
doubled and is shifted to higher wavenumbers (1044 cm~!) indi-
cates that, at this burning stage, bioapatite is dehydroxylated, has
lost its thermal stability, and B-TCP is produced. The persistence of
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Fig. 3. Pre-processed average spectrum of spectra acquired on sample M7b by portable FTIR (a) and MicroNIR (c). Comparison with standard S17 acquire by portable FTIR

(b) and MicroNIR (d).

cyanamide (2022 cm~!, NCN2-) and cyanate (NCO~) band at 2204
cm™' suggests that the sample has been burnt at high tempera-
tures for long durations (BS6, standard treated at 900 °C for >60
min and over).

The same attribution can be obtained considering the NIR spec-
trum (Fig. 3c) which presents the same features observed in the
standard S17 (BS6) such as the absence of the peak at 1007 nm,
related to combination of § H-O-H + v O-H, the appearance of a
shoulder at 1490 nm, which is ascribable to the Mg-OH 1st over-
tone, and of a small band at 1378 nm, due to the carbonation
process and the re-crystallization of bioapatite. In addition, the
1434 nm band appears sharp, suggesting a higher level of burning
and thus the increasing of crystallinity.

In samples M6 (Fig. S21), M12, and M14, FTIR bands attributed
to NCO~ and NCN2- at 2202 and 2022 cm~' were detected, to-
gether with a weak band at 3578 cm™, related to OH vibration,
as what was observed on standard S10 (BS5). However, the split of
the phosphate peak related to v3(PO4)3~ is clearly observed (1034,
1110 cm~') which can be attributed to a higher burning state (517,
BS6). For this reason, based on the portable FTIR results, the sam-
ple may be ascribed to an intermediate state between BS5 and BS6.
In this case the NIR spectra appear quite noisy suggesting that the
calcination is still not completely reached at least in depth (data
not reported).

3.2.2. Identification of the best conservation states samples: STEP 3-4
(PCA on NIR data and interpretation of the spectra)

Samples located at positive values of PC1 in the score plot of
portable FTIR data, reported in Fig. 2a, are correlated with the CH
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stretching at 2918 and 2849 cm~! suggesting that they are in a
better conservation state with the presence of organic substance.
However, FTIR spectra of samples M1, M2, M3, M4, M5, M7a, M8,
M9, M11, M13, M15, appear particularly noisy in the amide I and
Il region, and the absence of other specific markers of burning do
not allow for a clear distinction among the different conservation
states (Fig. S23, S24, S25, S26, S27, S28, S29, S30).

Sample M10 can be separated in the score plot (Fig. 2a) from
the other samples due to the contribution of the band at 1680
cm~! (Fig. 2b). Indeed, its FTIR averaged spectrum (Fig. S22) char-
acterised by the presence of a strong and broad signal at 1688
cm~! (amide I, or more likely, to aromatic C = C and/or water
bending modes), of the CH stretching vibrations (2918 and 2851
cm~1), such as by the absence of cyanamide but the slight pres-
ence of cyanate (2210 cm™!), suggest that this sample could be
close to S3-5 (BS1-2).

To better distinguish the high conservation states samples, PCA
has been performed on their NIR spectra.

Indeed, as already observed in standard samples, NIR spec-
troscopy, thanks to its higher penetration depth, offered better dif-
ferentiation for samples exposed to milder conditions where the
presence of organic materials is still detected.

The PC1-PC2 score plot revealed a separation of samples M3,
M4, and M8 along the positive axis of PC1 (Fig. 4). The load-
ings on PC1-PC2 show a positive correlation with the bands at
1267 nm and 1025 nm, related to CH and NH 2nd overtones,
respectively. This suggests that, moving from negative to posi-
tive PC1 values, the preservation of organic substances tends to
increase.
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spectra, the light blue ones as BS1 and the green ones as BS2.

In the spectra of samples M3, M4, and M8 (Fig. 5) even if the
bands at 1583 (NH 1st overtone) and 1508 nm (NH 2nd overtone)
cannot be clearly distinguished from the broad signal of the OH
at 1422 nm, the presence of organic substance is confirmed by
the CH 2nd overtone, which appears shifted at 1162 nm with re-
spect to the standards as reported in [54], probably due to effects
connected to the burial conditions. The peak at 1273 nm was not
distinctly detected, instead, a slight broad signal was revealed at
1267 nm. If compared to the standards at low burning state S2
and S3 the signal of the organic components appears reduced in
intensity, but this may be related to the fact that the real bones,
besides the exposure to the burning conditions, were buried for
a long time differently from the standards, and this may have af-
fected their integrity. In M3 and M4, the band at 951 nm (ascrib-
able to C-H 3rd overtone and/or O-H 2nd overtone) is not present,
as in S2 (BS0), while a broad signal at 1007 nm (ascribable to com-
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bination of § H-O-H + v O-H) appears as in S3 (BS1) (Fig. 5).
In M8 both signals can be clearly distinguished, as in S3 (BS1).
Moreover, the band at 1341 nm related to the CH combination
(CH3 - CH, - CH), can be detected in all the three samples. Thus,
these three samples appear in an intermediate situation between
S2 (BSO) and S3 (BS1), with M8 moving towards the first identi-
fied state of burning based on the standards analyzed at known
burning conditions.

Samples M1, M2, M5, M9, M11, M13, and M15 (Fig. S33, S35,
S37, S38, S39, S40) present spectra with features common to S3
(BS1) (Fig. S31). The signals at 1422 nm (OH 1st overtone) is still
present, as the peak at 1162 nm (CH 2nd overtone) in some sam-
ples (M9, M13, M15), even if the shape appears changed and the
intensity is drastically reduced. It is noteworthy that the shape of
the bands can be related to the morphology of the surface, which
may have been altered not only by the combustion process but
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Fig. 5. Pre-processed averaged MicroNIR spectrum of spectra acquired on M3 (a), reported here as example for the first group of samples identified in the PCA. The spectra
of M4 and M8 are reported in Fig. S34 b, S37 a. Comparison with the references S2 (BS0) (b) and S3 (BS1) (c) MicroNIR spectra.

also by the burial conditions. Moreover, sharper peaks are detected
at 951 (C-H 3rd overtone and/or O-H 2nd overtone) and 1007 nm
(combination of § H-O-H + v O-H).

Samples M7a and M10 (Fig. S36, S38) can be distinguished
along PC2. Compared to the previous samples, the intensity of the
signals in the range 1400-1600 nm is strongly reduced, and only
the peaks at 1007 and 951 nm can be clearly detected in addition
to the OH stretching at 1422 nm, similar to standard S4 and S5
(BS2) (Fig. S32).

3.2.3. Discussions of the results

By comparing the results reported in Table 5, it can be noted
that confiding just on the visual assessment provides ambiguous
results if the aim of defining the burning state is to perform a
pre-screening of the more preserved samples for other destruc-
tive analyses. Indeed, it is known that organic matter is degraded
and lost when bones are exposed to a wide range of temperatures
(300-800 °C) depending, as demonstrated in this study and in pre-
vious research [2], not only by temperature but also by the dura-
tion of the exposure.

The integration of the two spectroscopic approaches can im-
prove the determination of the burning stages of bones. Specifi-
cally, mid-IR proved valuable in identifying stages in samples burnt
above 600 °C due to the gradual disappearance of the organic frac-
tion and the emergence of specific markers o However, in the early
stages, due to the high noise in the amide region, it may be diffi-
cult to establish specific changes and a clear distinction of samples
in burning state from BSO to BS2 was not possible. As reported in
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paragraph 3.1. standards in the BS2 states present a high reduction
of the organic content thus it may be quite useful to discriminate
them with respect to samples which can be identified as belonging
to BSO-BS1. Near-IR, within the 900-1700 nm range, more effec-
tively detects variations in the early combustion stage. Therefore,
by combining these methods, it is possible to identify bones that
are better preserved for subsequent destructive analyses.

From an archaeological perspective, the integration of portable
FTIR and MicroNIR spectrometers, combined with chemometric ap-
proaches, offers a more rigorous and scientifically grounded assess-
ment of the degree of thermal alteration in archaeological mate-
rials. This integrated methodology enhances our ability to clearly
distinguish between different stages of burning, contributing to a
more nuanced understanding of pyro technological processes.

Such precise characterization is particularly valuable in funerary
contexts, as it enables a careful evaluation of each sample prior
to any decision to discard it on the basis of being “too burnt.”
In doing so, it minimizes the risk of excluding materials that, de-
spite their altered appearance, may still retain valuable information
about ancient funerary practices.

In this specific case, the integration of these two non-
destructive techniques proved especially effective, allowing the
identification of samples M3 and M4 as the best preserved. These
samples were determined to be the most suitable candidates for
further analysis using micro-destructive techniques, thus ensuring
that research efforts are focused on material with the highest po-
tential for meaningful results [55].
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4. Conclusions

This study represents a significant step forward in the analyt-
ical investigation of burnt human remains. Traditionally, archae-
ologists have relied on visual assessment and color evaluation to
estimate the degree of thermal alteration in bones. However, as
demonstrated here, such methods can often lead to ambiguous or
misleading conclusions, as color changes are influenced not only
by temperature but also by burning duration and environmental
conditions.

To overcome these limitations, this study proposes the integra-
tion of portable FTIR and MicroNIR spectrometers combined with
chemometric techniques, offering a more scientific and objective
approach to evaluate thermal alteration. This integrated method-
ology allows to assess each individual sample before it is poten-
tially discarded for being “too burnt,” thereby minimizing the risk
of overlooking material that could yield significant insights into fu-
nerary practices.

Portable FTIR spectroscopy has proven highly effective in char-
acterizing the molecular composition of thermally altered bones,
particularly in identifying advanced burning stages where charac-
teristic mineralogical transformations occur. However, its ability to
detect early-stage burning is limited by the interference of wa-
ter, which can overcome modifications related to the proteinaceous
components.

MicroNIR, on the other hand, has been effective in identifying
bones affected by early burning -stage. Thanks to its deeper pene-
tration, this technique is less influenced by surface contamination
and better suited to detect organic subsurface preservation. Never-
theless, its effectiveness decreases as charring increases, due to the
significant reduction in signal intensity.

The application of Principal Component Analysis (PCA) to both
FTIR and NIR datasets proved effective in extracting complemen-
tary information from the two techniques. PCA on FTIR data suc-
cessfully distinguished samples in advanced burning stages, though
it failed to clearly separate early-stage samples. Conversely, PCA on
NIR spectra allowed for the identification of better-preserved sam-
ples in earlier stages of burning.

By combining FTIR (mid-IR) and NIR spectroscopy with multi-
variate statistical analysis, this study proposes a reliable protocol
for in-situ prescreening of burnt bone samples.

These innovative methods open new avenues for the study
of burnt remains, which have traditionally been analyzed only
through classical physical anthropology approaches. As a result,
important information may have been lost—information crucial
to understanding burial practices, reconstructing the paleodemo-
graphic profile of past populations, and exploring the cultural and
social dynamics of ancient communities.

This work represents a first feasibility study. Future research on
a broader range of modern experimental samples, subjected to dif-
ferent burning conditions, could lead to the development of su-
pervised classification models based on temperature and exposure
time. Additionally, the application of hyperspectral imaging sys-
tems may further enhance the detection of heterogeneous chem-
ical changes in burnt bones, providing more accurate information
for the identification of the sampling area inside the specimen.
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