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Acetic acid treatment for an accurate differentiation between ancient and recent human bones was assessed
using Raman and FTIR-ATR spectroscopies. Each set of skeletal samples was analysed by these techniques,
prior and after chemical washing, in order to determine the variations in bone’s chemical composition and
crystallinity. Bone samples were collected from several independent sources: recent bones burned under
controlled experimental conditions or cremated, and archaeological (XVII century and Iron Age). The effect
of acetic acid, expected to impact mostly on carbonates, was clearly evidenced in the spectra of all samples,
particularly in FTIR-ATR, mainly through the bands typical of A- and B-carbonates. Furthermore, as seen for
crematoria and archaeological samples, acetic acid was found to remove contaminants such as calcium
hydroxide. Overall, acetic acid treatment can be an effective method for removing carbonates (exogenous
but possibly also endogenous) and external contaminants from bone. However, these effects are dependent
on the skeletal conditions (e.g. post-mortem interval and burning settings). In addition, this chemical
washing was shown to be insufficient for an unequivocal discrimination between recent and archaeological
skeletal remains. Based on the measured IR indexes, only cremated bones could be clearly distinguished.
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1. Introduction

The antiquity of human skeletal remains can be difficult to es-
tablish, this being paramount to determine what kind of investiga-
tion is appropriate - archaeological or forensic. The direct estimation
of the post-mortem interval (PMI) of bones and teeth is at times
challenging, despite several methods being available with varied
efficacies, such as radiocarbon dating [1], luminol [2,3] or determi-
nation of the citrate content of bone [4,5]. Often, these methods are
not applicable, and experts are required to rely on PMI estimations
obtained indirectly, i.e., based on other than skeletal remains (e.g.,
entomology; botany, dateable objects). The challenge is even greater
when skeletal remains have been exposed to heat since such
methods may not be applicable or may be expensive (as in the case
of radiocarbon dating). Therefore, forensic anthropology lacks a
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rapid and cheap method able to circumvent the heat-elicited
changes in burned skeletal remains and to discriminate between
present-day and ancient bones.

Fourier transform infrared (FTIR) spectroscopy has been a tech-
nique of choice for the study of bone tissue, even upon extensive
burning, since it enables a molecular analysis with high accuracy and
sensitivity, providing reliable information on the diagenetic and/or
heat-induced alterations at both the chemical and structural levels
[6-28]. In particular, FTIR in attenuated total reflectance (ATR) mode,
avoiding any type of sample preparation and requiring minimal
amounts of sample, has become the most commonly used, rapid and
non-invasive spectroscopic tool for the analysis of skeletal remains
in both forensic [9,11,20,21,29,30] and archaeological settings
[10,16,19,24,31,32]. Spectroscopic relationships such as the crystal-
linity index (CI), the carbonate/phosphate and the hydroxyl/phos-
phate ratios, are reported to be highly valuable parameters for the
analysis of burned bones [10,12,17,22,24,26,29,33]. Some preliminary
research about the potential of infrared spectroscopy for post-
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Fig. 1. Human skeletal samples analysed in the present study: CEI/XXI - a collection of present-day identified skeletons (University of Coimbra, Portugal); Cr - present-day
cremated bones (Trieste, Italy); Arch - ancient archaeological bones (El Inchidero necropolis, Spain); ArchR - recent archaeological bones (Porto, Portugal).

mortem interval estimations has been carried out recently [34-38]
but further investigation on the potential effect of diagenesis on the
results is still needed. Also, none of these attempts focused specifi-
cally on burned bones.

Bone is a biphasic heterogeneous material that comprises organic
constituents (ca. 20 wt%, collagen type I and lipids) interwoven with
in plate-like mineral nanocrystals of non-stoichiometric hydro-
xyapatite (Ca;o(PO4)s0OHy, HAp, ca. 70 wt%), the hydroxyl and
phosphate groups being partly substituted by carbonates (2-8%) -
respectively A- and B-type, the latter being the predominant
[26,39-42]. In addition to collagen interactions with this mineral
phase of bone, carbonate concentration and substitution type con-
trols the morphology, crystallite nanoscale size, solubility and me-
chanical properties of bioapatite [42,43], which determine bone’s
physiological function.

Upon diagenesis (post-burial processes leading to physical and
chemical alterations [11]) or after exposure to heat, bone experi-
ences changes in chemical composition (lipid, protein and carbonate
contents), structure and crystallinity, which are accompanied by
macroscopic variations (in colour, dimensions and mass)
[6,9,12,18,21,22,27,44-46]. Apart from the temperature and duration
of the burning process, other factors can determine the heat impact
on bones such as the bone morphology, the heating conditions re-
garding oxygen availability and the type of surrounding medium (e.g.
chemical composition of the soil and groundwater, presence of
metal ions or pollutants) which may lead to bone contamination
through adsorption or inclusion of exogenous trace elements (e.g.
Mg?*, Sr?*, Hg?*, CI', F, HPO4> or labile CO52") that can exchange
with endogenous chemical constituents [21,26,32,37,39,46-51].
These early diagenetic phenomena may overrule the in vivo chemical
and structural profiles of the bone, and therefore confound further
analysis and hinder the retrieval of reliable information. However,
they may also provide a platform to attempt a general PMI esti-
mation.

Treatment with acetic acid has been applied by several authors to
remove soluble mineral contaminants from bone, namely diagenetic
carbonates (exogenous carbonates such as calcite (CaCOj3))
[24,37,42,47-57]. This procedure aims at recovering the original
biogenic bone composition and structure, thus allowing to obtain

accurate information (e.g., through radiocarbon dating or FTIR).
Snoeck et al. applied acetic acid treatment to human bones [24] and
verified that this procedure was able to remove contaminations as
well as carbonates. Exogenous carbonates can be generated under
different conditions, namely involving burial environments. These
authors hypothesized that a treatment with acetic acid would have
different effects on archaeological vs. recent bones. Since archae-
ological bones remain for longer times in burial environments, they
should acquire more exogenous carbonates, which would lead to
larger losses upon acetic acid washing as compared to recent bones.
Nevertheless, their experimental results did not confirm this hy-
pothesis since recent bones showed the greatest decrease in car-
bonates.

The current work applied FTIR-ATR to assess the impact of acetic
acid treatment on bone’s chemical and structural profiles — either
solely on exogenous carbonates or also on endogenous carbonates.
Human skeletal samples from different sources and chronologies
were probed: (i) present-day skeletal remains subjected to con-
trolled aerobic burning between 450 and 1000 °C (electric furnace);
(ii) cremated bones from a gas-fuelled present-day commercial
crematorium; (iii) recent archaeological inhumed remains subjected
to controlled aerobic burning (electric furnace); and (iv) ancient
archaeological cremated remains from an Iron Age necropolis. The
objective was to determine if an accurate discrimination between
present-day and archaeological burned bones could be achieved
based on the corresponding infrared profiles obtained both prior and
after acetic acid treatment. If so, this procedure would constitute a
rapid, inexpensive, and minimally destructive approach to identify
human skeletal remains with forensic relevance, which would be an
added value for routine cases of forensic anthropology.

2. Materials and methods
2.1. Materials
Samples of fresh porcine bone (obtained at a local market),

burned at 450 °C, 500 °C, 700 °C, 900 °C and 1000 °C, were used to
optimise the experimental protocol of acetic acid treatment.
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Four sets of human skeletal samples were analysed in this study,
two comprising present-day bones and two containing archae-
ological skeletal remains (Fig. 1, Table S1/Supplementary
Information):

(I) CEI/XXI - specimens of present-day femur (n = 8), radius
(n=8), tibia (n = 8), ulna (n = 8), humerus (n = 8), talus (n = 4),
pelvis (n = 3), coxae (n = 1), clavicle (n = 6), fibula (n = 8),
metacarpals (n = 18) and metatarsals (n = 20), from four
human skeletons formerly from the cemetery of Capuchos
(Santarém, Portugal) and now part of the 21° Century
Identified Skeletal Collection housed at the Laboratory of
Forensic Anthropology of the University of Coimbra (Portugal)
[58]. Skeletons were from individuals of known sex and age at
death, which occurred between 1982 and 2012, being inhumed
for ten years on average (three years is the minimum period of
inhumation time before exhumation according to Portuguese
legislation, Decreto-Lei 411/98). Authorization for research on
this collection was granted by the Ethics Committee of the
Faculty of Medicine of the University of Coimbra (reference
number: CE_026.2016).

(II) Cr - 24 specimens of present-day cremated bones (powdered
samples) subjected to temperatures from 850 to 1150 °C. These
samples, consisting of small femoral midshaft fragments were
obtained from the collection of small samples of historical or
controlled cremated bones - including anonymised human
commercial cremation - belonging to Research Unit of
Paleoradiology and Allied Sciences, Julian-Isontine Universitary
Integrated Health Enterprise (ASUGI), Trieste (Italy).

(I1) ArchR - 15 specimens of recent archaeological bones from the
cemetery associated with the former Hospital Real de Santo
Anténio (Porto, Portugal), belonging to skeletons from the XVII
to early XX centuries. These were merely inhumed bones which,
for research purposes, were later subjected to experimental
burning at 900 °C [59].

(IV) Arch - 18 specimens of ancient archaeological cremated bones
from the Iron Age necropolis of El Inchidero [Aguilar de
Montuenga (Soria), Spain].

The highly crystalline SRM 2910b calcium hydroxyapatite (HAp,
Ca1p(PO4)s(OH),, Ca/P=1.67) from NIST (Gaithersburg/MA, USA)
[NIST] was used as a reference material (crystallinity index=7.91, as
compared to 3.79 for commercial HAp).

2.2. Experimental burning

The samples from sets CEI/XXI and ArchR were subjected to
controlled experimental burning. These bones were dry (i.e., com-
pletely devoid of soft tissue and marrow) and were neither dehy-
drated nor degreased. Bone sections (ca. 2 cm in length) were cut
with a DREMEL® mini-saw electric tool (model 395).

The burning process was carried out in an electric muffle furnace
(BARRACHA model K-3, three-phased, 14 A manufactured by
Barracha Lda., Leiria, Portugal, 1994) coupled to an automatic pro-
grammer allowing programmed start-up and automatic heating
speed variation. A type K thermocouple (negative/nickel-aluminium,
positive/nickel-chrome) was used to measure the temperature in-
side the furnace (according to norm IEC 60584-2) which was dis-
played on a digital temperature indicator. The following maximum
temperatures and durations were applied (for a heating rate of ca.
6-10 °C/min): 450 °C (120 min), 700 °C (120 min), 800 °C (180 min)
and 900 °C (180 min). These burn durations reflect the time required
to attain each maximum temperature, after which the furnace was
switched off. Before removal from the furnace, the samples were left
to cool to room temperature.
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2.3. Treatment with acetic acid

Before the experiments on human samples, the experimental
procedure for acetic acid treatment was optimized using faunal bone
(porcine femur): in independent experiments, small scrapes from
fresh (deflected) bones were immersed in three different acetic acid
aqueous solutions - 0.1, 0.5 or 1.0M - in a 0.04 mg/mL proportion,
following previous reports [50,57], and left with stirring (at room
temperature) for different periods - 2, 3, 4, 6, 8 or 15 h. After each
time, the samples were repeatedly washed with deionized water,
filtered under vacuum or centrifuged (for the fine powdered sam-
ples) and dried at 70 °C in a muffle furnace. This optimization pro-
cess provided the best experimental conditions (assessed by infrared
spectroscopy), which were subsequently applied to the human bone
samples under study.

After burning at the defined temperatures (450, 700, 900 and
1000 °C), each human bone fragment from sets CEI/XXI, ArchR and
Arch was scraped with a scalpel to very small splinters and was
subjected to acetic acid treatment. The cremated bones (Cr) were
treated with acetic acid as received. Each sample was weighed be-
fore and after treatment, in triplicate, the average value having been
considered (to determine the weight loss upon acid treatment).

2.4. FTIR-ATR spectroscopy

FTIR data was recorded, in attenuated total reflectance (ATR) mode,
in the mid-IR interval (400-4000 cm™), in a Bruker Optics Vertex 70
FTIR spectrometer purged by CO,-free dry air and equipped with a
Bruker Platinum ATR single reflection diamond accessory. A liquid ni-
trogen-cooled wideband mercury cadmium telluride (MCT) detector
and a Ge on KBr substrate beamsplitter were used.

128 scans were averaged for each spectrum (and background), at
2 cm! resolution, applying the 3-term Blackman-Harris apodization
function, yielding a wavenumber accuracy above 1 cm™. The Bruker
OPUS - Spectroscopy Software (8.1 version) was used to correct the
spectra regarding the wavelength dependence of the penetration
depth of the electric field in ATR, using a mean refractive index of
1.25. The spectra were normalized to the (v3(PO,>") band at
1030 cm™.

Peak heights (rather than areas) were considered for calculating the
following spectroscopic ratios: CI (v4(PO4>)/Isgs = (Ises +lg03)/I565), C/P
(v3(CO5*)pfv3(PO4> )=l1415/l1030), BPI ((v3(CO5*)g/va(PO4>) =lia1s/le03),
API ((v3(CO3*)alva(PO4>)=l1540/l603), C/C (v3(CO5> )asp/v3(COs> )p=l1asol
Li415) and OH/P (OHjip/va(PO4*)=Is30/l603) (Table 1, Fig. 2).

2.5. Raman spectroscopy

Raman spectra were obtained from a WITec confocal Raman
microscope system alpha300 R, coupled to an ultra-high throughput
spectrometer (UHTS 300 VIS-NIR, f/4, 300 mm focal length, 600
groves per millimetre blazed for 500 nm). The detection system was
1650 x 200 pixels thermoelectrically cooled (=55 °C at room tem-
perature) charge-coupled device camera, front-illuminated with
NIR/VIS antireflection coating, with a spectral resolution< 0.8 cm™/
pixel. The excitation radiation was a WiTec 532 nm laser, yielding ca.
20 mW at the sample position. A 10x objective (Zeiss Epiplan, NA
0.23, WD 16.1 mm) was used. 10 accumulations were collected per
sample, with 30 s exposure time. The spectra were normalized to the
11(PO4>) band at 960 cm™.

3. Results and discussion
3.1. Procedure optimization

Porcine bone fragments burned at 300 °C, 500 °C, 700 °C, 900 °C,
1000 °C, as well as an unburned fragment (control), were used for
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Table 1
Spectroscopic ratios used in the current analysis, based on infrared and Raman bands.
Method Index Spectroscopic ratios Reference
FTIR Cl Degree of crystallinity (Abs(603cm=1) + Abs(565cm=1) [12,60-63]
Abs(590cm™1)
BPI Carbonate B Abs(1415cm=1) [12,24,45,60,62,64]
Abs(603cm—1)
API Carbonate A Abs(1540cm=1) [45,60,62,64]
Abs(603cm—1)
C/C Carbonate (A+B) to carbonate B Abs(1450cm=1) [7,12,24,45,60,62]
Abs(1415cm=1)
C/P Carbonate B to phosphate Abs(1415cm™1) [6,7,48,61,62,65,66]
Abs(1035cm=1)
OH/P Amount of OH™ groups Abs(630cm=1) [12,22,24,45,60]
Abs(603cm—1)
Abs(3572cm™1) [60]
Abs(603cm—1)
Abs(340cm™1) [60]
Abs(603cm—1)
CN/P Cyanamide to phosphate Abs(2010cm~1) [11,67]
Abs(1035cm=1)
Am/P collagen to phosphate Abs(1650cm™1) [11,65]
Abs(1035cm=1)
CO/CO5 protein to carbonate Abs(1650cm=1) [11]
Abs(1415cm=1)
CO3/P Carbonate to phosphate Abs(900cm=1) [11]
Abs(1035cm—1)
Raman Amount of Phosphate A(429cm=1)/A(1215¢cm™1) [60,68]
A(960cm=1)/A(1616cm=1) [11,69]
Mineral matrix/crystallinity 1/FWHM (960cm=1) [60,68]
Carbonate to phosphate A(1070cm=1)/A(960cm™1) [60,70]
A(1070cm=1)/A(422cm™1) [60]
Amount of OH™ groups A(3572cm=1)/A(422cm™) [60]
Collagen preservation [11,24]

1(960cm=1)/1(1636cm=1)

Abs - Absorbance; A - Area; I - Intensity; FWHM - Full Width at Half Maximum

optimizing the experimental conditions of acetic acid treatment.
Three bone fragments were treated with acetic acid at three dif-
ferent concentrations - 1.0, 0.5, and 0.1 M - for 2 and 15h.
Treatment with acetic acid at 0.1 M resulted in a 50% mass loss,
while the higher concentrations caused losses of about 60% (Table 2).
Additionally, the largest decrease of the BPI (B-type carbonates) and

C/P indices were achieved with 0.1 and 0.5M acetic acid. Thus, the
best conditions for carbonate removal were determined to be 0.1 M
non-buffered acetic acid, since it induced the smallest mass loss
coupled to the greatest decrease in BPI and C/P.

Following the establishment of the optimal acetic acid con-
centration, the most appropriate treatment time was determined. As

cl = A+B
R
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Fig. 2. Graphical representation of the infrared bands used for the calculation of the spectroscopic ratios Cl, C/P, BPI, API, C/C, OH/P.
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Table 2
Average mass, Cl, C/P, API and BPI variations of the samples treated with acetic acid
1.0, 0.5, and 0.1 M.

concentration (M) Time (h) Mass Cl(%) C/P(%) API(%) BPI(%)
Losses
(%)
1.0 2 59.7 19.9 -41.7 209 -40.6
15 76.4 10.9 -22.4 53.2 -233
0.5 2 66.8 219 -33.4 - -39.5
15 77.6 19.7 -49.0 - -41.9
0.1 2 52.9 18.0 -51.8 9.2 -51.0
15 473 243 -51.2 235 -48.6

a result, acetic acid treatment (0.1 M) was applied to porcine sam-
ples burned at 300 and 1000 °C for 2, 3, 4, 6, 8 and 15 h. The most
suitable treatment time was 4h. For this treatment time, a pH
change occurred - from 2.95 immediately after addition of acetic
acid up to ca. 4.5 at the end of the acid washing procedure - evi-
dencing carbonate removal from the bone matrix to the solution
(with concomitant formation of HCO5™ species, followed by CO, re-
lease).

Hence, the optimized conditions for acetic acid treatment were:
4-hours treatment with non-buffered 0.1 M-acetic acid. The samples
showed mass losses lower 50%, the CI has increased by 12.8% and
exogenous carbonate losses were more pronounced than in other
periods (Fig. 3).

These results are in line with previous studies that revealed
sample dissolution and recrystallization issues when using higher
acetic acid concentrations (e.g., 1.0 M), and a saturation effect for
treatment times above 4 h [49,50,52].

Forensic Science International 347 (2023) 111690
3.2. Spectral profile

While the acid had a significant impact on bone unburned and
lightly burned (at ca. 300 °C), it did not affect the samples burned at
high temperatures (900 or 1000 °C) since these contain only trace
amounts of carbonates (which were previously reported to dis-
appear at these high temperatures under oxidative heating condi-
tions [21]). The effectiveness of this chemical treatment for
removing endogenous carbonates and exogenous trace elements
depends on bone’s diagenetic state and processes it has been sub-
jected to - such as burning (e.g., cremation), inhumation and type of
burial [37]. Actually, bones from diverse sources have distinct phy-
sical and chemical characteristics, which are expected to affect their
response to acid treatment.

The effectiveness of acetic acid treatment was found to be the
same for all bones, but the amount of carbonates acquired during
either diagenesis or combustion greatly influences their physical and
chemical characteristics. Each sample was therefore expected to
behave differently when treated with acetic acid [37].

The FTIR-ATR data indicated that the acetic acid treatment pre-
dominantly affected the degree of carbonation of bone’s inorganic
matrix (Fig. 4). The v3(PO,4>") (at 1035 cm™') and v4(P04>") (at 563 and
603 cm™!) were the most appropriate signals for assessing the bone’s
phosphate composition, since v,(P0,>") (at ca. 460 cm™) had a very
low infrared intensity and v;(PO4>") (at 960 cm™') may be overruled
by the very intense v3(PO,>") signal (mainly in low crystallinity
samples). In turn, the v3(CO3% )a+p, v3(COs%")a and v3(COs% )z modes
were used for assessing the carbonate content in the samples.

A clear reduction of the carbonate content was observed for all
types of samples due to acetic acid washing, except for CEI/XXI-450
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Fig. 3. Average values of API (A), BPI (B) and CI (C) for samples from porcine bones, before (black) and after (red) acetic acid treatment for different periods of time.
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Fig. 4. FTIR-ATR spectra (400 - 4000 cm™) of selected human skeletal samples from CIE/XXI-450 °C, Cr, ArchR and Arch samples, before (black) and after (red) acetic acid
treatment. The spectrum of reference hydroxyapatite (HAp, SRM 2910b) is also shown, for comparison purposes.

°C and Cr, for which a C/P increase was observed. It is known that the
recently burned bones have smaller and more reactive crystals
which, due to the absence of organic matter, begin to grow spon-
taneously [71]. This increase in the average crystal size is due to the
removal of smaller crystals or the spontaneous growth of the crystal
(or both). Over time, larger and less reactive (more stable) crystals
begin to form that are not affected by acetic acid. Thus, it was ex-
pected that recently burned bones suffered a more pronounced ef-
fect by treating with acetic acid than the ancient burned bone
samples, as observed by Snoeck et al. [24]. However, we found lar-
gest reductions of carbonates in recent archaeological bones which
did not present post-treatment carbonate peaks. In contrast, the

smallest carbonates reduction was observed in the CEI/XXI samples
burnt at 450 °C. It should be noted that all types of samples pre-
sented variable reactions to the acetic acid treatment so no clear
trend was observed. Although most El Inchidero samples experienced
small carbonates reductions after the treatment, as previously re-
ported by Snoeck et al. (2014) for archaeological samples, such
specific behaviour was also observed for some present-day samples.

In addition, the Cr and Arch samples displayed a distinctive peak
from portlandite (Ca(OH,)) at 3643 cm™!(apart from the character-
istic v(OH) from hydroxyapatite at 3571 cm™!), which disappeared
upon acid treatment. This may be due to contamination from the
soil, for the archaeological samples, or even from CaO that might
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Fig. 5. Raman spectra (100 - 1250 cm™!) of human skeletal samples from the CEI/XXI-700 and CEI/XXI-900 °C, Cr, ArchR and Arch sets of samples before (black) and after (red)
acetic acid treatment. The spectrum of reference hydroxyapatite (HAp, SRM 2910b) is also shown, for comparison purposes.

have been added to the corpses. It should be emphasized that no
portlandite was detected for the ArchR or CEI/XXI sets of samples,
which are inhumed skeletal remains inside a coffin. Also, all samples,
except samples at 450 °C, have a stretching OH at 3544 cm™.

Regarding the present-day skeletal samples (CEI/XXI) and the
ancient archaeological bones (ArchR), distinctive vibrational bands
from water were detected, more noticeable before acetic acid
treatment, at 1620-1630cm™ (§(HOH)) and 3350-3400cm™
(\(OH)), probably due to water molecules trapped within the bone’s
crystalline framework.

Particularly regarding the carbonate-to-phosphate quantifica-
tion, the v3(C0O5%")g band at 1415cm™ and v5(C0O32 )4 band at 1540
can be severely influenced, respectively, by the methylene

deformation modes (8(CH,), at 1420-1460 cm™') and amide Il modes
from bone’s organic constituents (lipids and collagen), which have a
significant intensity both in intact bone and in samples heated at
moderate temperatures [12,21]. This interference was more note-
worthy in the CEI/XXI samples, particularly in those subjected to
burning at 450 °C.

Bone tissue often displays intrinsic fluorescence [72], mainly
arising from the presence of organic components (lipids and pro-
teins) [30]. This complicates Raman acquisition as fluorescence often
masks the Raman signals, mainly for samples not subjected to heat
or burned at low temperatures. However, Raman spectroscopy is a
complementary technique to FTIR that allows to observe vibrational
modes that are low [R-absorbers or even not infrared active. In
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Table 3
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Average (Mean), variation coefficient (VC) and standard error (Std. error) for the infrared spectroscopy ratios and for the Raman carbonate/phosphate index, for the human skeletal
samples from the four different sets currently analysed, before and after acetic acid treatment.

Ssamples CEI/XXI 450 °C CEI/XXI 700 °C  CEI/XXI800°C  CEI/XXI900 °C  ArchR Arch cr
a N 24 21 25 23 14 18 24
Before  Mean 3.29 475 3.66 414 512 489 496
vC 485 742 477 785 1312 9.62 14.69
Std. error  0.16 035 018 033 0.67 0.47 0.73
After Mean 3.88 492 4.05 525 5.43 519 5.94
vC 13.24 737 8.75 7.44 10.73 1115 12.73
std. error  0.51 036 035 039 058 058 0.76
c/p N 22 23 25 24 9 15 23
Before  Mean 035 018 0.21 0.19 0.06 0.16 018
vC 14.49 37.55 15.82 30.64 99.13 55.04 28.85
Std. error  0.05 0.07 0.03 0.06 0.06 0.09 0.05
After Mean 0.20 0.10 0.14 0.07 0.02 0.10 023
vC 4444 15.81 17.10 25.77 55.50 4150 81.13
Std. error  0.09 0.02 0.02 0.02 0.01 0.04 019
AP N 25 20 25 23 12 15 23
Before  Mean 0.62 0.31 034 0.28 017 0.18 0.47
vC 59.48 5536 33.54 45.02 12493 11822  29.04
Std. error  0.37 017 012 012 021 022 014
After Mean 0.40 0.10 019 0.07 0.02 0.04 0.10
vC 93.04 27.92 30.07 29.84 4483 59.01 59.45
Std. error  0.38 0.03 0.06 0.02 0.01 0.02 0.06
FTIR-ATR  ppy N 25 22 23 22 11 15 22
Before  Mean 164 0.68 1.00 0.67 026 056 0.73
vC 13.06 38.41 26.03 40.69 11005 3257 2422
std. error 021 0.26 026 027 0.28 0.18 018
After Mean 0.83 0.36 052 025 0.05 0.45 0.09
vC 5432 4110 46.82 40.96 80.48 3757 64.88
Std. error 0.5 015 024 0.10 0.4 0.17 0.06
cjc N 25 22 23 22 11 15 22
Before Mean 1.03 1.05 1.10 0.99 173 1.39 1.39
vC 258 485 3.46 336 19.83 13.16 11.79
Std. error  0.03 0.05 0.04 0.03 0.34 0.18 016
After Mean 1.05 118 114 115 2.20 158 278
vC 191 5222 5.28 5.43 2003 8.71 2470
Std. error  0.02 0.62 0.06 0.06 0.44 0.14 0.69
OH/P N - 24 25 24 14 18 22
Before  Mean - 0.43 035 0.43 0.55 0.46 0.57
vC - 762 12.45 11.40 14.76 12.84 1416
Std. error - 0.03 0.04 0.05 0.08 0.06 0.08
After Mean - 0.41 038 0.46 0.54 0.48 0.60
vC - 8.38 12.29 518 17.24 1018 12.73
Std. error - 0.03 038 0.02 0.09 0.05 0.08
Raman AwrolAsse  Before 0.043 0.086 0.032 0.028 0.026
After 0.040 0.070 0.031 0.030 0.024

particular, it yields very defined and intense bands for the phosphate
constituent, which enables evaluating the selectivity of the acetic
acid treatment (Table 1). Hence, Raman spectra were also acquired
for the samples under study (Fig. 5), allowing to verify that: (i) the
area of the v1(PO4>") band was not affected by acetic acid treatment,
with mean values of 14.7,16.1,12.7, 14.6, and 11.4 a.u. respectively for
samples CEI/XXI/700 °C, CEI/XXI/900 °C, ArchR, Arch and Cr; (ii) the
carbonate-to-phosphate ratio - C/P=A(v1(C03%))/A(v1(PO4"))
= A1070/Agso — decreased with acid washing with a more significant
effect on present-day bones burned at 900 °C (0.086 and 0.070, re-
spectively before and after treatment).

3.3. Chemometrics

Table 3 comprises the mean values of the most informative in-
frared and Raman spectroscopic ratios, for each set of human ske-
letal samples under analysis, before and after acetic acid washing.
Fig. 6 depicts the corresponding data of the mean variations and
associated ranges. A mean increase of the CI was observed upon acid
washing for all types of samples. This was expected since the atomic
order in bone decreases for higher carbonate contents [43] which are
reduced by the acid treatment. Increased crystallinity was more
noteworthy for the present-day cremated bones and the present-day

CEI/XXI samples burned at 900 and 450 °C, in agreement with pre-
vious reports [24].

Although the Cr and CEI/XXI samples burned at 900 and 450 °C
displayed the same behaviour after acetic acid treatment, the char-
acteristics of the three sets of samples were different. Samples
burned at 450 °C experienced a large increase in CI, since smaller
and more reactive crystals are more easily removed by acetic acid.
Consequently, these bones showed a greater margin for re-
crystallization than the other sets of samples which were already
recrystallized or under recrystallization.

Concerning the C/C ratio, all the samples showed an increase
after acid treatment, that may be due to a decrease in type-B and
type-A carbonates. C/C was found to display a variation in the pre-
sent-day CEI/XXI bones burned at 450, 700, 800 and 900 °C, in
contrast to ArchR or Arch specimens, after acid washing: 1.94%,
13.25%, 3.99% and 15.94% vs 27.87 or 15.01% (on average), respec-
tively. Thus, the C/C index appears to has a very large variation be-
tween the different CEI/XXI burning temperatures, the 700 and 900
°C values being very similar to those of the ArchR and Arch samples.
However, this index has no potential for discrimination between
recent and ancient samples. It may, nonetheless, have some poten-
tial for discrimination between crematorium samples (C/C=100%)
and the remaining samples.
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Fig. 6. Mean variation of CI, C/C, API, BPI and OH/P infrared ratios for the human skeletal samples from CEI/XXI (450, 700, 800, 900 °C), ArchR, Arch and Cr, before and after acetic
acid treatment. (The variation ranges, in percentage, are represented by the shaded rectangles).

The samples from the crematorium showed an average C/C in-
crease of 100% (variation coefficient (CV of 44.6%), which was even
greater than the one observed for archaeological bones. This increase
was caused by high losses of carbonates A (API=-78.31%) and car-
bonates B (BPI=-88.02%). The crematorium samples were heavily
enriched with carbonates most probably due to the presence of

wood (coffin) and methane during cremation. Methane was the fuel
used in the cremation process which ignited, when in contact with
oxygen from the furnace environment, the release of CO, subse-
quently absorbed by the bone surface. As modern cremation was
performed within a closed environment, Cr samples thus acquired
large amounts of carbonates. This hypothesis is in agreement with
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Table 4
Summary of the main conclusions obtained in the present study regarding acetic acid
treatment of burned skeletal samples.

Samples Main conclusions
CEI/XXI v Smallest carbonates reduction
450 °C v Significant increase of CI
CEI/XXI v Most significant decrease of C/P (Raman)
900 °C v Most substantial increase of CI
v Significant decrease of API
v Significant decrease of BPI
ArchR v Largest carbonate reduction
Arch v Detection of portlandite (Ca(OH),)
Cr v Second largest increase of CI
v Largest increase of C/C
v Largest decrease of API
v Largest decrease of BPI
v Detection of portlandite (Ca(OH),)
v Detection of exogenous carbonates

(mostly due to contamination from methane during
cremation)

Snoeck et al, who also observed that fuel and wood contribute
greatly to the carbonate content of bone samples [73]. This fact can
justify the failure of the acetic acid treatment to completely remove
the carbonates from these types of cremated samples, the bands at
1412, 1459 and 1549 cm™! (assigned to carbonates) being still de-
tected in the corresponding FTIR spectrum (Fig. 4).

Regarding the API ratio, a mean carbonate reduction was ob-
served for all sets of bones under analysis. Such reduction was larger
for present-day CEI/XXI samples burned at 900 °C and present-day
cremated bone samples, that displayed API values of -67.86%
(CV=27,5%) and -78.31% (CV=15,39%), respectively. However, a sig-
nificant increase in carbonates was verified for a few ArchR and CEI/
XXI samples (burned at 450 and 800 °C). Hypothetically, such an
increase (in carbonates A) may reflect a transfer of carbonates B to
carbonate A sites. In addition, the BPI index decreased for all samples
mainly for present-day CEI/XXI/900 °C specimens and for present-
day cremated bones, with values equal to - 57.22% (CV=36.96%) and
-88.02% (CV=7.29%), respectively. Therefore, the data presently
gathered evidence a more significant loss of carbonates B relative to
carbonates A. This was to be expected since type B carbonate sub-
stitutions are more common than type A. Hence, both B to A car-
bonate transfer and the pronounced loss of B-type carbonates justify
the observed increase of the C/C ratio.

The most pronounced carbonate losses in recent samples had
already been reported by Snoeck et al. and may be due to the lower
crystallinity of modern specimens, containing smaller crystallites
more easily accessed by the acid [24]. Additionally, former studies
have reported that present-day bones, still very reactive and un-
dergoing early diagenetic processes, appear to be more sensitive to
chemical treatment as opposed to older and less reactive bones [37].
The removal of the carbonates from the bone matrix in an aqueous
medium is associated with the recrystallization process of bioapatite
during which the re-entrance of OH™ anions into its framework, to
occupy the places left by the carbonates (Table 3, Fig. 4).

The cremated bones (Cr) constitute a very specific type of skeletal
remains, with a high crystallinity (the highest CI value presently
measured, 5.94, Table 3, Fig. 4) and a very low concentration of
exogenous trace elements. High CI values have already been ob-
tained by the authors for recent burned bones at high temperature
[12]. These samples displayed a distinctive infrared profile when
compared to the other three sets of bones, particularly regarding the
bands at 3640 cm™! (ascribed to portlandite, Ca(OH),) and three well
defined features at 1413, 1459 and 1549 cm™ that are assigned to
traces of carbonates (type B, A+B and A, respectively) and remain
after acid treatment (as opposed to ArchR for which this pattern
disappears upon acetic acid washing). They were found to be sig-
nificantly affected by acid treatment, although their chemical and
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structural properties have already been drastically altered by the
very intense burning (at ca. 1000 - 1100 °C) during the cremation
process, as previously observed in medieval cremated human bones
[37]. Additionally, these samples can be taken as a reference relative
to archaeological and modern bones, as they are completely devoid
of organic constituents and display the highest degree of structural
order (provided there is no significant contamination during cre-
mation) [37]. Moreover, the influence of soft tissues during the
burning process must be taken into account, as well as the high
amount of carbon dioxide formed during aerobic cremation (in an
oven fed by methane gas such as the one used in the Trieste cre-
matorium which was the source of the present samples). Both these
factors are prone to significantly increase the amount of carbonate
adsorbed by the bones. In addition, the cadavers were cremated with
their clothes on, inside a wooden coffin - so interferences from the
cloth materials and pigments, as well as from the wood, should not
be disregarded. In turn, the CEI/XXI and ArchR samples presently
analysed were defleshed bones, while the Arch bones were probably
burned with soft tissues but in open air settings (e.g. wooden pyre
cremations). The extremely high carbonate content in the Cr sam-
ples was evidenced by the variation of the API and C/P ratios upon
acid treatment, which is larger than for all other samples
(Table 3, Fig. 4).

The chemical treatment of bones with acetic acid was highly
selective — while it prompted a marked carbonate decrease, the re-
maining inorganic matrix (calcium phosphate and hydroxyl groups)
was left virtually unaffected. This was evidenced by: (i) the FTIR-ATR
spectra, which displayed no considerable variations of the hydro-
xyapatite bands, before and after acid washing (Fig. 4); (ii) the
Raman data, showing unchanged phosphate bands even upon acid
treatment (Fig. 5); and (iii) the infrared OH/P index, which remained
almost constant before and after chemical handling (Fig. 6).

The Raman spectral profiles obtained for the distinct bones under
study also evidenced a higher crystallinity of the CEI/XXI and Cr
samples (particularly for the latter), which displayed a remarkable
similarity to the spectra of reference hydroxyapatite (Fig. 5). More-
over, analysis of the areas of the Raman signals at 1073 and 960 cm™
assigned to carbonate (v1(CO3%),) and phosphate (v;(PO4>")), re-
spectively, allowed to corroborate the infrared results: (i) the area of
the v;(PO4>") band remains virtually unaffected by acid treatment,
for the CEI/XXI, ArchR, Arch and Cr sets of samples; (ii) the carbo-
nate-to-phosphate ratio decreases upon acid washing, this effect
being more noteworthy for the recent bones burned at 900 °C (0.086
vs 0.070, respectively before and after acid treatment). In addition,
no broadening of the phosphate vibrational bands (either infrared or
Raman) was observed upon acetic acid treatment for any of the bone
groups under analysis, which evidences a specific impact of the acid
on bone’s carbonate components (intrinsic, types A and B, and ex-
trinsic), leaving the phosphates unaltered (i.e., there is no dissolution
of hydroxyapatite).

4. Conclusions

Overall, it may be concluded that acetic acid washing of skeletal
remains, currently assessed by infrared and Raman spectroscopies, is
an effective method for carbonate removal (both exogenous and
endogenous carbonates), as well as possible contaminants such as
calcium hydroxide. This effect was found to depend on the type of
bone, regarding its source, age and burning process (Table 4). Fur-
thermore, this chemical process was shown to be highly specific,
leaving the phosphate matrix virtually unaffected (as evidenced by
both infrared and Raman).

Despite the distinct impact of the acid treatment on the different
types of bones, it proved to be insufficient for an unequivocal dis-
crimination between present-day and archaeological bones.
Nevertheless, the C/C spectroscopic index was identified as a
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possible indicator for recognising present-day bones burned in a
gas-fuelled crematorium from other skeletal remains (either ancient
or modern) burned under distinct conditions. Regrettably, such po-
tential is of little use because the need to differentiate present-day
cremated from other types of burned bones is not usually raised.
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