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ABSTRACT:

Cremation is a widespread funerary practice that aims to burn the body and create
a new appearance of human remains. It has been interpreted as a ritual transition that
includes a sequence of acts and processes aimed at commemorating the dead on an
individual and collective scale. In the Near East, fire-induced manipulation or cremation
was not a usual burial practice during the Pre-Pottery Neolithic. In this contribution, we
present the geochemical (X-ray fluorescence), mineralogical (X-ray Diffraction) and
spectroscopic (Raman spectroscopy, Fourier Transform Infrared Spectroscopy and
(Electron Paramagnetic Resonance) analysis of bones from a Late Pre-Pottery Neolithic
B (ca. 9000 yr cal BP) burial in Kharaysin site (Quneya, Zarqa) in northwest Jordan. We
discuss the data obtained by the different analytical methods reviewing the state of the art
of each analytical method to infer bone burning palacotemperatures. Finally, it is
demonstrated the burned character of the analysed bones, confirming the earliest presence
of cremated human bones in a funerary context of the Pre-Pottery Neolithic of the Near
East in Kharaysin. This fact provides a new insight into the complexity and variability of

burial customs within the Pre-Pottery Neolithic in Levant.

KEYWORDS: Cremation, PPNB, Jordan, X-ray diffraction, FTIR, EPR, Raman
Spectroscopy.
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1. INTRODUCTON

Cremation it is not just burning bones, it represents a social process that includes
a wide range of actions involving burning, the living and the deceased (Goldstein and
Meyers 2014; Cerezo-Roman et al., 2017). Interpretations define cremation as a ritual
transition that includes a sequence of acts and processes aiming to commemorate the dead
at an individual and collective scale (e.g. Larsson and Nilsson Stutz, 2014).

Burned bone undergoes a range of significant changes, which have been described
and discussed elsewhere (e.g. Ubetlaker and Scammell, 1992; Mayne Correia, 1997;
Thompson et al., 2009; Gongalves et al., 2011; Depierre, 2014; Schmidtand and Symes,
2015; Thompson, 2015a; Gongalves and Pires, 2017; Piga et al., 2016 & 2018), and the
nature and degree of which are highly influenced by its heterogeneous nature. Thus,
understanding heat-induced changes and interpreting what they mean with regard to the
burning context is difficult. In this work we investigate the burned character of human
bones in a PPNB burial in Kharaysin archaeological site (Jordan) (Ibafiez et al., 2016)

(Fig. 1) in order to infer if they evidence the earliest human cremation in the Near East.
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Figure 1. Kharaysin archaeological site. A) Geographical location in the Zarqa river valley (NW Jordan).
B) Map of the excavation areas in Kharaysin site. Note the location of SU81S5 burial in the
northeastern Zone D. C) Detailed map of Zone D excavation and SUS815 burial. D)

Photographic sequence of the SU815 burial excavation process.

In the Levant, the earliest cremations known so far come from the Pre-Pottery
Neolithic C site of Beisamoun in Israel. At this site, archaeologists have found three
cremations: two secondary deposits of selected human remains and a combustion-burial
structure with few cremated human bones (Bocquentin et al., 2014). Younger cremations
were reported in three Pottery Neolithic sites at the northern Levant: Yarim Tepe II
(Merpert and Munchaev, 1993), Yiimiiktepe (Garstang, 1953), and Tell ‘Ain el-Kerkh
(Tsuneki, 2011). At Tell ‘Ain el-Kerkh, four collective cremation burials were found with
at least 37 cremated individuals. Three were in situ cremation pits and multiple burning
temperatures were observed on bones. This burial practice was associated with primary

and secondary pit burials at the earlier stages of the Pottery Neolithic, but cremations
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declined later (Tsuneki, 2011). At Yarim Tepe II and Yiimiiktepe, secondary and primary
cremations were reported. At Yarim Tepe (ca. 5800-5400 BC), there is also evidence that

some bodies were cremated soon after dead.

In this contribution, we present the geochemical (X-ray fluorescence),
mineralogical (X-ray Diffraction) and spectroscopical (Raman spectroscopy, Fourier
Transform Infrared Spectroscopy and Electron Paramagnetic Resonance) analysis of
bones from Burial SU815 in Kharaysin site, a secondary multiple burial with bone
remains of three individuals. This burial is located in Late Pre-Pottery Neolithic B levels
of Kharaysin site (Quneya, Zarqa) in northwest Jordan (Ibaiez et al., 2016) (Fig. 1), a
bone from the burial has been direct dated at 9007-8774 yr cal BP (Supplementary
Information). We discuss the data obtained by the different analytical methods to finally
infer the burned character of the analysed bones, confirming the earliest presence of
cremated human bones in a funerary context of the Pre-Pottery Neolithic of the Levant in

Kharaysin.

2. MATHERIAL & METHODS

2.1. Sampling



105
106
107
108
109
110
111
112

113
114
115
116
117
118
119
120
121
122
123

124

125
126
127
128
129

130
131
132
133
134
135
136

Burial SU815 was located in the square BE190 at the northeastern area (Zone D)
of Kharaysin PPNA/PPNB archaeological site (Fig. 1). It corresponds to an oval-shaped
pit nearby a stone wall. The burial contained an assemblage of 329 commingled and
fragmented human remains which were simultaneously disposed. Many of these bones
(129 remains) present colour changes attributable to burning. Lack of anatomical
coherence and disarticulation indicate the secondary disposal of bones. Moreover, some
bones displayed clear traits of fire-induced alterations comprising colour changes and
breakage. 13 different black to white coloured bones were selected for analysis (Fig. 2).

The burial included a

Only two individuals” bones are afflicted by fire-related
colouring/alteration (Fig. 2).

Figure 2. Burnt human remains from the burial SU815; a. b. g. & h. Dark-black colour; c. d. & e. Chalky-
white colour; d. & e. Heat-induced fractures (cracking) in a chalky-white specimen. f.
Medieval unburned bone, reference sample (F1). d. e. g. & h. photographs correspond to B1,
B2, N1 and N2 samples respectively.

We classified bone colour according to de Becdelievre et al. (2015), where the
following bone colours are stated: yellowish (107 remains), brown-grey (27), dark-black
(75), blue-grey (1), and chalky-white (26). In our samples bone remains from 3 main
different groups were observed: dark-black, chalky-white and mixed (with two or more

colours) groups (Fig. 2). Samples from homogeneous dark-black and chalky-white groups

were selected for detailed analysis to infer fheir burned character and burning
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temperature. Two representative samples (N1 and N2) of dark-black bone fragments, two
samples of chalky-white bone fragments (B1 and B2) and a reference medieval unburned
bone sample (F1) from the 12t century necropolis of Torrejon (Medina del Campo,
Valladolid, Spain) were selected for analysis (Fig. 2). A synthetic hydroxyapatite (HAp)
sample was also elaborated following Hayek et al. (1963) (see Supplementary

Information) and analysed as reference sample in FTIR and EPR analyses.

2.2. X-ray Diffraction, X-ray Fluorescence and Loss on Ignition organic carbon

determination

After carefully dry-cleaned and powdered using an agate mortar, the semi-
quantitative X-ray diffraction (XRD) mineralogical analysis of the samples was done
using a Bruker D8 Advance diffractometer equipped with a Cu tube (voltage 40KV and
intensity 30 mA) and a LynxEye XE detector. DIFFRACplus basic EVA software package
was used for the diffractogram interpretation and mineral identification. Two different
scan settings were used; the first one consisted in a general scan from 10° to 70° 26 angles
with a step-size of 0,05° and a measuring time per step of 2 seconds. A second scan,
focused in the phosphate identification, was done between 32° to 40° 28 angles with 0.02
step-size and 5 seconds measuring time. Hydroxyapatite crystallinity index (CI) based on
the X-ray powder diffractometric pattern of bone carbonate hydroxyapatite was
calculated following Person et al. (1995). This CI value provides a semi-quantitative way
to estimate the diagenetic changes in archaeological and palaeontological bone
phosphate.

An X-Ray Fluorescence (XRF) semi-quantitative geochemical analysis of the
samples was also done. The powdered samples were transformed into beads using an
EQUILAB FI Induction Fluxer after adding lithium metaborate/tetraborate (Li,B;05)
(50% wt.) and potassium bromide (KBr) (0.5 % wt.) fundents. The analyses were
performed in a Thermo ARL ADVAT XP sequential XRF device. WinXRF.ADVANT 3.2.1
and UNIQUANT v.5.47 software packages were used for the data interpretation.

The percentage weight lost on ignition (LOI) was also measured, it gives a crude
measure of the organic content of the analysed bones. The dried (14 hours at 110°C)
sediment samples in porcelain crucibles were placed in a furnace (Hobersal HD-23(0) and
kept at 550°C for 4 hours. When they have cooled, they were re-weighted, and the

percentage of the dry weight lost on ignition was then calculated.
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2.3. Raman Spectroscopy

Raman analyses were performed using a DXR confocal Raman Thermo Fisher
spectrometer coupled to an Olympus microscope. All samples were analysed using a near-
infrared laser operating at 780 nm wavelength, and 1 mW laser power. Accumulations

ranged from 40 to 60 at 10 second exposure time.

2.4. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) analyses were performed in the
medium infrared region (4000-400 cm™!) by a JASCO FT-IR 4200 spectrophotometer,
equipped with an ATR PRO ONE single reflection device for attenuated total reflectance
(ATR) measurements. Each recorded spectrum is the result of 128 scans at 4 cm’!
resolution. The preparation of the synthetic sample of hydroxyapatite Ca;o(PO4)s(OH),
for comparative purposes was carried out following a procedure based on the previously

reported by Hayek et al. (1963) (see Supplementary Information).

2.5. Electron Paramagnetic Resonance

Powdered samples of F1, N1, N2, B1 and B2 bone samples, together with
synthetic hydroxyapatite were measured by X-band electron paramagnetic resonance
(EPR) with a Bruker EMX spectrometer, equipped with a Bruker ER 036TM NMR-
teslameter and an Agilent 531504 microwave frequency counter. In all the measurements,
modulation frequency was 100 kHz and modulation amplitude 0.1 mT. WINEPR
SimFonia v1.25 (Bruker Analytische Messtecnik Gmf3H, 1996) program was used to
perform the simulated spectra and graphics were carried out with Kaleidagraph v4.1.1
(Synergy Software, 2010) software. At least two measurements per sample were carried

out. Experimental details are given in figure captions.

3. RESULTS

3.1. X-ray Diffraction, X-ray Fluorescence and organic matter content (LOI)
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X-ray fluorescence analyses (Table I and Figure 3) show the elemental
composition of the analysed bone samples (expressed in oxides and % of sample weight).
There are not significant changes in major element composition, Ca, P and F (Fig. 3 and
Table I). In general, a slight increase in the relative content of some elements as Na, Mg,
S and Sr is visible from fresh to dark-black bone samples and a subsequent depletion of
the same elements from dark-black to chalky-white bone samples could be inferred (Table
I). The organic C content measured (LOI) shows a strong depletion from fresh bone (7%
wt.) and dark-black bone (8.5-8% wt.), to chalky-white bone samples (0.9-0,6% wt.)
(Table I & Fig. 3).

Table 1. XRF elemental geochemical composition, mineralogical composition and organic carbon content
of analysed bone samples. Values are expressed in sample weight percentage (% wt). Hydroxyapatite

Crystallinity Index was calculated following Person et al. (1995).

Sanple Bonecolour LOI(550°0 G0 P05 F  Br Na20 MgO  SO3 A203 Si02 SO Hydroxyapatite Galdte HAp Gistallinity Index

F1 Yellowish 7.6443  51.64 41.94 273 215 0.395 0.311 0.251 0.231 0.123 0.0659 100 0 0.54
N1 Dark-black 8.4877 5240 3599 0 212 1.09 0833 0.389 0.328 588 0.112 80,32 19.68 0,19
N2 Dark-black 7.9574 5383 3840 213 231 1.08 0.797 0.357 0.252 0.334 0.106 89,39 10.61 0.12
Bl  Chalky-white 0.3612 50.46 38.60 4.25 3.9 0.836 0.417 0.067 0.364 0.748 0.0259 97,94 2.06 1.24
B2  cChalky-white  0.9019  52.95 40.03 2.08 192 0.686 0.413 0.0891 0.275 0.91 0.0245 96,5 3.5 1.26

XRD analysis shows that all bone samples are composed of hydroxyapatite
(HAp), but calcite is also present in dark-black (N1 & N2) and chalky-white samples (B1
& B2) (Table I, Fig. 3 & Fig. S1). Unburned Medieval bone is composed of HAp (100%
wt.) but dark-black bone samples show variable and relatively high (19.7-10.6% wt.)
calcite content. The calcite content is drastically reduced in chalky-white samples (3.5-

2% wt.) (Table I, Fig. 3 & Fig. S1).
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Figure 3. Mineralogical and geochemical data of analysed bone samples. A) Bubble diagram showing the
variation in major minerals and Hap Crystallinity Index (CI) from the analysed samples. B)
Ternary diagram representing the major elemental composition differences of analysed
samples: medieval unburned bone (F1), dark-black bone (N1 & N2) and chalky-white bone
samples (B1 & B2).

Diffractograms from analysed samples (Fig. 4 & Fig. S1) show that no other
phosphate mineral phase is present except for the HAp. The only significant difference is
related to the HAp peak intensity observed in different samples (Table I, Fig. 4 &
Supplementary Information); these intensity variations are related to crystallinity changes
(Person et al., 1995; Piga et al., 2013; Greiner et al., 2019). Medieval unburned bone
sample shows a relatively high CI value (0.54). However, in the dark-black samples the
CI decreases to 0.19 (N1) and 0.13 (N2), being the lowest values of analysed samples
(Fig. 3). Finally, the chalky-white bone samples yielded the highest CI values reaching
1.24 (B1) and 1.26 (B2) (Table I, Fig. 4 & Fig. S1).

o000~ ” ‘ | B2 sample
] |

F1 sample

N1 sample

3z 33 34 35 36 ar 38 39 40

2Theta (Coupled TwoTheta/Theta) WiL=1,54060

Figure 4. X-ray diffractograms of analysed samples between 32 and 40° 20 angles showing the intensity
peaks related to HAp. Medieval bone sample (F1, black), dark-black bone sample (N1, red)
and chalky-white bone sample (B2, blue). Notice the differences in HAp peak intensity.

3.2. Raman spectroscopy
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All Raman spectra obtained from analysed samples show very high fluorescence
and weak or very weak Raman signatures, which could be related to the presence of
organic compounds, which, in our case, is very likely. The main minerals found in the

samples were hydroxyapatite, calcite and carbon (Table II & Fig. 5).

The most common signature is located at 962 cm™! and was assigned to the v,
symmetric stretching Raman vibration of the PO, and related to the presence of
hydroxyapatite (Fig. 5). This band appears with very low intensity, for what no other
Raman band from lattice modes nor on the O-H stretching bonds appears, except for some
spectra from the Medieval unburned bone (F1). In unburned bone, Raman spectra show,
together with the signature at 962 cm!, one weak band at 1072 cm! related to the v,
stretching PO, mode and/or to the v; CO; stretching mode, and the signatures at 590 and
434 cm-!, that are related to the v4 and v; bending modes of PO, respectively (Wopenka
& Pasteris, 2005; Antonakos et al., 2007). Despite of the absence of weaker bands, the
identification of hydroxyapatite in those samples is accepted since any other calcium
phosphate shows the PO, signature at higher wavenumbers (Edwards et al., 2005) and,
furthermore, hydroxyapatite was also identified in this work by using X-ray diffraction
and IR spectroscopy.
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Figure 5. Raman spectra of most significant components from the studied bone samples. A) Raman spectra
obtained on calcinated, carbonized and not-burned bones. The main phosphate band is visible
in all spectra, although in the spectrum of carbonized bone (N1, M1 & M3), the signature is
very week; however, on the unburned medieval bone (F1 & F2) other identificative
hydroxyapatite bands appear. B) Raman spectra of other minerals found on the samples.
Carbon and calcite are related to the burnt bone but quartz and anatase are related to

adherences of soil and other mineral impurities.
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Calcium carbonate was detected in some of the spectra because of the v,
symmetric stretching CO; vibration at 1086 cm™'; however, only in two of the carbonized
and in one of the white-chalky bone sample (B2), the presence of the signature at 281
cm! (lattice mode) supports the assignment to calcite instead to aragonite (Edwards et

al., 2005) (Table II & Fig. 5).

Carbon is another compound identified in most of the samples by the Raman
vibrations at around 1329 and 1546 cm!, related to the D and G modes respectively

(Ferrari & Robertson, 2000) (Table IT & Fig. 5).

Apart from the previously explained compounds, quartz (466 cm!), anatase (142
cm ) and some unidentified minerals, probably clay minerals, were also detected in some

samples but they are linked to the diagenetic crust and sediment adherences on the bones.

Table II. Mineral phases detected by Raman Spectroscopy analysis of analysed bone samples.

GldumPhosphate | oy, 41 Carbonate Carbon .
Samples I-Iyt(igg&ylapid:le (1086 anr?) (1546, 1329 nt?) Other minerals
an')
Anatase,
F1 X X 220 cm’?
1360, 614 cm™®
Darl-Bladk bone
M1 X X 648, 530, 499 cm*
M2 X
M3 X (+ 281 cm™! calcite) X
M4 X X (+ 281 cm calcite) X
N1
N2 X X
N3 X 920, 845 cm’?
Chalky-White bone
Bl X X X 652 cm?
B2 X X (+ 281 cm™ calcite)

* The results are not from the bone properly but from white adherences on the surface

3.3. Fourier Transform Infrared Spectroscopy

The infrared spectra of five bone samples are provided in Figure 6 (and
Supplementary Information). In addition, synthetic hydroxyapatite has been prepared for
comparative purposes, whose spectrum can be seen in Supplementary Information (Fig.
S2). In the latter, the absorptions due to proper hydroxyphosphate Ca;o(PO,)s(OH),
content can be differenced from variable amounts of carbonate ions incorporated in the
structure by replacement processes. The assignments are given in Table III. Briefly, the

sharp and weak peak at 3572 cm™! has been attributed to v(O-H) modes of hydroxyde

11



291
292
293
294
295
296
297
298
299
300
301
302

303

304

305
306
307
308

309

OH- groups (Mamede et al., 2018a; Menzel et al., 1972; Diallo-Garcia et al., 2014)
arranged in columns inside the channels parallel to the ¢ axis in the structure of
hydroxyapatite (De Leeuw, 2001). The weak bands at 1457 and 1412 cm™! have been
assigned to v3(CO;327) modes of distorted carbonate groups placed inside the
hydroxyapatite structure. The intense absorptions at 1087 and 1022 cm™! are due to
v3(PO4*7) modes in tetrahedra with C;, symmetry, while the band at 962 cm™ is attributed
to vi(PO4>") vibrations (Mekhemer et al., 2019). The very weak absorption at 879 cm™!
is ascribed to v,(COs?") modes (LeGeros et al., 1969). The strong peak at 629 cm™! is
attributed to libration modes of OH~ groups (Menzel et al., 1972; Drouet et al., 2018). At
599 and 562 cm™! appear very intense absorptions corresponding to v4(PO4*") vibrations.
Finally, the medium intensity band at 473 cm™!' seems to be mainly due to v,(PO,3)

modes (Marques et al., 2018).

B1
B2
F1
N1
N2

3500 3000 2500 2000 1500 1000 v(cm'1) 1800 1600 1400 1200 1000 800 v (Cm'W)

Figure 6. Infrared spectra of analysed bone samples. A) Infrared spectra of white-chalky bone samples (B1
in red; B2, blue), unburned Medieval bone sample (F1, green), and dark-black bone samples
(N1, black; N2, pink). B) Magnification of the 2000—4000 cm™! region. For the assignments

related with the numbers given to the bands in Figure A, see Table III.

12
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Table III. Selected IR bands (cm™) and assignments for synthetic hydoxyapatite and all the measured

samples of bones. Main labels: sharp, sh (shoulder), v (very), s (strong), m (medium), w

(weak). The numbers in brackets given in the Assignments column correspond to the labels

of the bands in Figure 6.

HA F1 N1 N2 B1 B2 Assignments
3572w 3571 vw 3572 vw 3572 vw V(O—H)HA (12)
3332 vb,w 3365 vb,m 3348 vb,m 3402 b,w V(OH)water / V(NH) (1 1)
1644 w 1630 vb,m 1630 vb,m 1633 vw S(HOH) + Amide I (10)
1547 w 1600 vb,m 1600 vb,m Amide I1/ V3(CO32_) (9)
1457 vw 1454 m 1445sh,s 1445sh,s 1455 m 1455 m V3(CO327) (8)
1412 vw 1416 m 1411s 1411 s 1412 m 1412 m
1087 s 1084 sh,s 1080 sh,s 1080 sh,s 1087 s 1087 s V3(PO437) (7)
1022 vs 1018 vs 1012 vs 1012 vs 1021 vs 1014 vs
962 s 961s 961s 961s 961s 961s Vl(PO43_) (6)
879 vw 873 m 871s 872's 873 s 872's V2(C0327) (5)
712 vvw 712 vww 713 vw 713 vw V4(CO327) (4)
629 s 629 sh,m 631 m 631 m Vlibration(OH) (3)
599 s 599 s 599 s 599 s 599 s 599 s V4(PO437) (2)
562 vs 559 vs 559 vs 559 vs 562 vs 560 vs
473 m 474 w 470 vw 467 vw 471w 470 w V2(PO43_) (1)
467 w

Regarding the bone samples, the spectra of the white calcined samples B1 and B2

are essentially the same (Fig. S2 & Table III). The comparison with the spectrum of

synthetic hydroxyapatite (Fig. S3) evidences strong analogies, but the bones exhibit a

greater carbonate content (see bands around 1455, 1412 and 873 cm™!). B2 also shows

the presence of water (weak bands at 3402 and 1633 cm™!), which is negligible for B1

13
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and synthetic sample. Besides, a weak band at 713 cm™! is observed in B1 and B2, which
is absent in the synthetic hydroxyapatite. Bands around 700 cm™! in burned bones have
been previously reported (Reidsma et al., 2016), being attributed in some cases to
cyanamide (N=C=N") arisen from the presence of ammonia, which could come from the
thermal treatment of protein-containing biological materials (collagen, skin, etc.) (Snoeck
et al., 2014). However, in these publications, the band at 700 cm™! is concomitant with
another one quite more intense at 2010 cm™!, which is absent in our spectra. This fact,

together with the high temperature of the thermal treatment necessary to calcine the bone
samples, allow us to propose this band as a result of v4(CO32") modes (Marques et al.,

2018; Almanga Lopes et al., 2018). Some authors relate this band with the presence of

calcite in the bone (Scorrano et al., 2017).

Slight divergences affecting the carbonate modes in B1 and B2 could be ascribed
to the different kind of replacement in the analysed bonds respect to the synthetic
compound. In this respect, carbonate ions can incorporate into the channels parallel to the
¢ axis by substitutution of hydroxyde OH™ anions (type A carbonate) or inside the
phosphate arrangement by replacement of PO,*" groups (type B carbonate) (Rey et al.,
1989; Lee Thorp and Sponheimer, 1999; Marques et al., 2018). Type A carbonates use to
exhibit bands at 1545 and 1450 cm™ (v3) together with a unique signal in the 878—881
cm™! region (v;). Type B carbonates show absorptions about 1465, 1412 cm™! (v3) and a
single band in the 870-873 cm™! range (v,) (Fleet, 2009). The values of the energies
would suggest the presence of a predominant amount of type B carbonate (873 cm™) in
the bone samples. Anyway, a magnification of the region related with v, (Fig. S5) shows
that bands are not symmetric because unresolved shoulders appear at wavenumbers close
to 878 cm™!, and the envelopes could obscure absorptions generated by both A and B
sites. The same problem arises in the 1400—1500 cm™! region. Anyway, the predominance
of B carbonate ions seems to be clear for all the bone samples. However, the low
carbonate content in the synthetic hydroxyapatite precludes any clear conclusion about A
and B sites in the compound prepared in the laboratory, which would explain the apparent
disagreement between the presence of a very weak band around 879 cm™!, while no band
at 1545 cm™! is clearly observed.

The Medieval unburned bone sample (F1) contains all the features described for
B1 and B2 (Fig. 6 & Table III), together with weak bands of water probably overlapped
with absorptions of collagen (Schmidt et al., 2017) at 3330 v(NH), 1644 (Amide I) and
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1546 (Amide II) cm™!. Taking into account the discussion on the A and B position for
carbonate ions given above, we cannot discard the band at 1546 cm™! as due, at least in
part, to carbonate type A. In this sense, note that Flsample exhibits the less marked
predominance of the 873 cm™ minimum of all the bone samples (Fig. S5). Finally, no
band at 713 cm™! is observed in F1.

On the other hand, spectra of N1 and N2 are nearly identical and exhibit
resemblances with those previously mentioned. Some features deserve to be mentioned
in them, as the absence of hydroxide stretching and libration bands around 3570 and 630
cm™!, respectively, together with the presence of higher amounts of water and organic
matter (broad bands around 3365-3345 cm™! and a plateau in the 1530-1630 cm™!
region), the shift of the band at 1455 to 1445 cm™!, the decrease in intensity of this band
with respect to that at 1411 cm™!, and the nearly negligible absorptions at 713 cm™.

3.4. Electron Paramagnetic Resonance

The X-band EPR spectra measured at room temperature on powdered samples of
F1, N1, N2, Bl and B2 in the 0-700 mT range are given in Figure 7. All of them depict
a series of spectra recorded in the same experimental conditions to directly evidence the
difference in intensities. F1 is nearly EPR-silent, with an extremely weak signal at g =
4.2. N1 shows a spectrum of low intensity constituted by a broad absorption at g = 12.5
(band width, AH = 50.0 mT), a weak one at g = 4.2 (AH = 10.0 mT), a very broad and
complex band at g = 2 (AH = 80.0 mT), which is really the envelope of several broad
signals, probably including unresolved hyperfine structure and, finally, a thin absorption
characteristic of radical species, whose better fit is achieved with a Lorentzian
orthorhombic fit g; =2.0056 (AH, = 0.3 mT), g, =2.0040 (AH, = 0.3 mT) and g; =2.0023
(AH; = 0.2 mT) (Fig. S7), in spite of a isotropic one with g = 2.0040 (AH = 0.5 mT,
Gaussian) is also possible (Fig. S7). N2 exhibits a quite similar spectrum, except for the
lack of the band at g = 12.5 and the slight shift in the radical signal, g; = 2.0056 (AH, =
0.3 mT), g, = 2.0036 (AH, = 0.3 mT) and g3 = 2.0025 (AH; = 0.3 mT), or isotropic fit
with g =2.0039 (AH = 0.5 mT, Gaussian).
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Figure 7. EPR spectra of bone samples. A) EPR spectra in the 0—-700 mT range. Note that in the
experimental conditions, the signal of B2 saturates. Experimental details: modulation
amplitude 0.1 mT, time constant 81.92 ms, conversion time 327.68 ms, gain 6.32 10* and
power 20 mW in all cases. Microwave frequencies: 9.4244 (F1), 9.4239 (N1), 9.4240 (N2),
9.4234 (B1) and 9.4238 GHz (B2). B) EPR spectra of bone samples in the 250-400 mT range.
Microwave frequencies: 9.4244 (F1), 9.4239 (N1), 9.4239 (N2), 9.4223 (B1) and 9.4237 GHz
(B2). C) Detail of EPR spectra of bone samples in the 329 — 343 mT range. Microwave
frequencies: 9.4220 (F1), 9.4239 (N1), 9.4239 (N2), 9.4234 (B1) and 9.4238 GHz (B2).

The spectrum of B1 exhibits a very large and broad signal at g = 2, which could
be formed through overlapping of two or more broad bands, together with a radical at g
=2.0030 (AH=0.2 mT). In the case of B2, the spectrum is analogous, with slight variation
in the position of the radical, g = 2.0029 (AH = 0.2 mT). A comparison between both
spectra is given in Figure S8. Both signals are absent in the spectrum of the
hydroxyapatite synthesized at 800 °C (Fig. S9).

No new signals are detected on lowering the microwave power from 20.0 mW to
2.0 and 0.2 mW. However, variations in the width and shape of the radical signal are
observed at lower power. On the other hand, the peak-to-peak amplitude has been
compared for the broad band around g = 2 and the radical signal. Regarding the radical,

the sequence is:

Ig2 (6 Int) > It (5 Int) > In2 (2 Ing) > Ina

While, in the case of the g = 2 broad band, the ratios are:

Ig2 (20 Int) > Ig1 (10 Ing) > Inz (2 Ing) > Ina

4. DISCUSSION
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The different analytical methods performed to ascertain the burnt character of
studied bone samples has proven satisfactory. However, each analytical methodology
shows different results focused in different aspects of the physio-chemical
transformations produced during bone burning. In this section the main outcomes from

different methodologies and a general assessment of the results are discussed.
4.1. Colouring, mineralogical and geochemical transformations of burned bones

Many studies have demonstrated that colour change is a reliable indicator of
different intensity burning of bone remains (Shipman et al., 1984; Devlin and Herrmann,
2008; Greiner et al., 2019). Experimental research indicates the relationship between
colour and temperature, as colour change reflects the sequential decomposition of the
organic and inorganic components with increasing temperature (Buikstra and Swegle,
1989; Mayne Correia, 1997; Shipman et al., 1984; Stiner et al., 1995). Most scholars
agree that yellowish colours form at temperatures from 0 to 200/300 °C; dark brown and
black colours from 200/300 °C to 550 °C; greyish colours from 300 to 700 °C, and whitish
colours from 600 to 1000 °C (Nicholson 1993; Shipman et al., 1984; Stiner et al., 1995;
Symes, 1996; Thompson, 2015b; Walker et al. 2008). Our analytical work supports the
colour-based interpretations, and as discussed below, additional FTIR and EPR analyses

could help to infer more precisely the burning temperature.

Bone’s crystal structure changes fundamentally when heated. Research
consistently shows that as the temperature of burning increases, the hydroxyapatite
transforms into a purer form, with higher levels of crystallinity, larger crystal sizes overall
and reduced porosity (Figueiredo et al., 2010; Thompson, 2015b). This all coincides with
the release of the lattice carbonate and water from the bone (Wang et al., 2010). It has
been argued that during burning, the crystals become bigger spheroids and that
intercrystalline space is simultaneously lost (Hummel et al., 1988). The chemical nature
of the bone can change, and studies have detected the presence of new crystal phases
within the bone following burning, including p-tricalcium phosphate and NaCaPO, (Etok
et al., 2007; Piga et al., 2018).

Mineralogical and geochemical composition of bones show some changes in
analysed bone samples. XRD and RS analyses show that the main mineralogical phase in
all the samples is HAp and no new phosphate mineral formation is observed (e.g.
whitlockite) indicating that burning temperature in analysed samples did not exceeded

>750 °C for a long time (Piga et al., 2008 & 2013; Monge et al., 2014) (Table I). The
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most outstanding mineral change corresponds to the formation of calcite in the HAp,
mainly type B carbonate (Fleet, 2009), in dark-black (N1 & N2) samples reaching 19-10
% wt. that sharply decreases in chalky-white samples to 2-3 % wt. (Bl & B2) due to
calcination of carbonate (decarbonatation) at temperatures usually higher than 775 °C

(Piga et al., 2008) (Fig. 3 & Table I).

As seen in previous works (e.g. Subira and Malgosa, 1993) there are not
significant changes in major and minor element content (Fig. 3 & Table I). The organic
C content (LOI) shows the most important change consisting in a strong depletion from
fresh (7% wt.) and dark-black bone (8.5-8% wt.), with similar values, to chalky-white
bone samples (0.9-0,6% wt.). This fact is due to organic matter combustion during
burning; higher temperature and/or burning time involve a higher organic carbon lose as
seen in chalky-white samples (B1 & B2). The decrease of organic matter content when
crystallinity increases is a typical phenomenon seen in other studies (Person et al., 1995;

Thompson, 2015b; Piga et al., 2013 & 2018).

The study of burned bone using crystallinity measures has revealed useful in many
archaeological contexts (e.g. Butler and Dawson, 2013; Olsen et al., 2013; Schiegl et al.,
2003, Piga et al., 2016a & 2016b). In our case study, mineralogical composition of bones
shows that the main mineralogical phase in all the samples is HAp and its crystallinity
increases from unburned to white-chalky samples, indicating an increasing burning
temperature (Thompson, 2015b; Piga et al., 2008; Greiner et al., 2019). Noteworthy, the
most significant structural changes in the bone crystalline phase occur between 500°C
and 700°C (Etok et al., 2007, p. 9812) coinciding with the major CI change observed
between analysed dark-black samples (N1 & N2) and chalky-white samples (B1 & B2).

4.2. Burning indices and temperature

The FTIR pattern of the spectrum of F1 strongly resembles to that corresponding
to unburned bone that has been chemically defatted, deproteinated and dehydrated
(Marques et al., 20165 Piga et al., 2010b), but is also similar to the Henry VII’s bones
spectrum (Scorrano et al., 2017), and even spectra of modern bones heated around 600
°C (Marques et al., 2018; Gongalves et al., 2018; Mamede et al., 2018a & 2018b,
Thompson et al., 2009; Walker et al., 2016; Piga et al., 2016). The spectra of B1 and B2
agree well with those reported for bones heated in the 700—800 °C range, which exhibit a
good resolution of the bands at 1090—1010, 961 and 631 cm™!, attributed to v3(PO4*"),
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vi(PO4*") and v(OH)jipration, respectively (Marques et al., 2018; Gongalves et al., 2018;
Mamede et al., 2018b).

The FTIR spectra of N1 and N2 suggest, as a whole, that N1 and N2 are formed
as a result of uncompleted pyrolytic processes where water and notable amounts of
organic materials remain, as the dark colour denotes. The FTIR spectra of N1 and N2
reveal higher organic and water content and lower relative phosphate amount than any
other of the measured samples. On the other hand, a spectrum close to those of N1 and
N2 is that reported for Reidsma et al. (2016) after heating a bone at 340 °C in reducing
conditions, with strong similarities in the absorptions inside the 1400—1630 cm™! region
and the lack of hydroxide bands at 3570 and 630 cm™!. In the same way, analogies are
observed with other reported results (Schiegl et al., 2003) mainly for thermal treatments

below 500 °C (Marques et al., 2018; Gongalves et al., 2018; Mamede et al., 2018b).

We have selected a set of IR indices for analyzing the samples in order to attain
information about the composition and crystallinity, with the aim of deducing the
maximum burning {emperatures experienced by the bones! i) the splitting factor (SF) or
crystallinity index (CI) (Weiner and Bar-Yosef, 1990), which measures the peak
sharpening by calculating the quotient of the addition of intensities of the bands about
599 and 560 cm™! and the valley at 588 cm™! in Equation 1, over a baseline correction
drawn from 750 to 450 cm™'; ii) the amount of type B carbonates with respect to the
phosphate content has been evaluated in two different ways, named as BPI (Sponheimer
and Thorp, 1999) and B2PI (Piga el al., 2015); iii) the ratio between the whole carbonate
content and the type B carbonate (C/C) (Snoeck et al., 2014); and iv) the ratio (OH/P),
that relates the amounts of hydroxyde OH™ with the phosphate content through the
comparison of the intensities of the libration (630 cm™) or stretching modes (3572 cm™)
of the hydroxyapatite hydroxyde groups and the v4(PO,*") vibration, OHI/P and OHs/P
values, respectively (Snoeck and Schulting, 2014; Ellingham et al., 2015, Mamede et al.,
2018a). The corresponding equations are given below (Equations 1-6), and the results
are summarized in Table IV. Calculation of BPI, C/C and OH/P are problematic in the
carbonized N1 and N2, where the hydroxide bands are not observed and the absorptions
of probable organic nature obscure those of carbonates above 1400 cm™! and preclude
reliable values for the C/C index. In these cases, the use of the band around 880870
cm™!, corresponding to v,(COs?") vibrations, could be more realistic, as it has been

pointed out by other authors (Fleet, 2009). Therefore, we have not evaluated the
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hydroxide content in N1 and N2, while the carbonates have been analysed by the
definition of two new indices (named as B3PI and CB/CA), which have been calculated
by using the values of absorbances at fixed wavenumbers (i.e. 880 and 871 cm™ for A
and B carbonate types, respectively, equations 7 and 8). Finally, the possible presence of
calcite in the most of our samples (band at 713 cm™!), which agree well with interpretation
given for other authors to the same spectral motif (Scorrano et al., 2017; Monge et al.,
2014), could affect to the bands around 1415 and 870 cm™! because in the v3(COs%") and
v2(CO327) modes in this mineral appear in the same regions. Absorbances of v,(CO3?") in
synthetic hydroxyapatites are negligible, so that B3PI and CB/CA have not been provided
for them. _ have been carried out after correcting the base line, as it is

shown in Figures S6 for the F1 sampleliconsidering 750=450,'895=835and 1590=1300

A o +A
CI — 599¢m 560cm Equation 1
588cm”!
A . .
BP] = 45em Equation 2
599em™
A . .
B2p] = 14bem Equation 3
1035¢m™
A 4 .
C/C =12 Equation 4
1415¢m™
A .
OHl/ P = 8% Equation 5
599cm™
A " .
OHs| P = 222" Equation 6
599¢m™
A -1 .
B3Pl = 1 Equation 7
599¢m™!
A .
CB/CA =1 Equation 8

880cm ™!

Data point to the calcined B1 and B2 bones, together with the unburned Medieval
one (F1), as the most crystalline samples, as shown by XRD CI. Both, BPI, B2PI and
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B3PI indices suggest that the carbonized N1 and N2 samples are the richest in carbonate
-, followed by the calcined bones. In this sense, carbonate ions are mainly present
as type B, above all in both the N1 and N2 samples. F1 could contain the greatest amount
of type A carbonate.

Table IV. Calculated burning indices for samples B1, B2, F1, N1 and N2, together with two synthetic

hydroxyapatite compounds, HAp_1 and Hap_2. EachiValue'is'an'average of three independent

Sample | CI BPI | B2PI | C/C | OHVP | OHs/P | B3PI | CB/CA
B1 |53(1) |024() |DA3() | M09 | 028() | 0:022(1) | 0:220(6) | 62 |
B2 |B5B() |06 |0WAM | Wo6) | 025 |0027@) | G | eI |
FI [494) [020(1) |0.10@2) | 1.0I(1) | 0.18(1) | 0.0352) | 0.142(6) | 1.46(3) |
N1 |[BR@ |05 |02 | 07AG) 0391(11) | 1.87(4) |
N2 |[BRD |0FA | 0250 | 0Fsm 0348(4) | 1.81(1) |
HAp_1 |8G) |002( |00 | [030 | 0593 | 010336

HAp 2 |BI@ | 0020 | 00I() | I17() | 0358 | 0:038(1

The CI values show a qualitative agreement with those calculated by XRD
analysi§ and some of them agree well with those previously published (Gongalves et al.,
2018; Piga et al., 2015; Schiegl et al., 2003; Squires et al., 2011; Thompson et al., 2013).
However, other reported works exhibit divergences with our results, in particular lower
values for CI and other indices (Scorrano et al., 2017; Mamede et al., 2018a; Stiner et al.,
1995; Munro et al., 2007; Piga et al., -; Piga et al., 2016b; Piga et al., 2016).

Seeking into the sources of such discrepancies, it has been demonstrated that
transmitance FTIR measurements on KBr pellets give rise to CI indices smaller than those
deduced from the ATR technique (Thompson et al., 2009), which is in good accordance
with our results because KBr method has been used in some of the above mentioned

papers (Munro et al., 2007; Piga et al., -; Piga et al., 2016b; Kontopulos et al., 2018).
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Apart from this, as Table S1 summarizes, the CI values strongly depend on the
different base-line corrections considered. A correct choice of the background is crucial
in order to avoid discrepancies (Gongalves et al., 2018).

In addition, it has been studied the influence of the grinding and the particle size
on the crystallinity and the contact between powdered bone samples and the prism of the
equipment and, therefore, in the penetration of the IR beam of light. In this sense, CI
increases with decreasing the particle sizes from > 500 pum to 20 — 63 um (Kontopulos et
al., 2018). However, down to 20 — 63 pum particles lose crystallinity and CI decreases
(Surovell and Stiner, 2001). This fact could be also related with the differences observed
in parameters of the two synthetic HAp samples described in the present work.

Furthermore, Thompson et al. (2011) have reported that the addition of fluorine
increases CI by promoting the crystal growth. Regarding with this, it has been proposed
the presence of a band or shoulder about 1087 cm™! as an indicator of the presence of
francolite (fluoroapatite), and even that the Igps ., ' / Isgs cm ! Tatio increases with the degree
of fluoridation (Nagy et al., 2008). In our case, the fluorine contents are not quite different
and seem not to follow a clear trend with the CI values.

Other possible influence for the disagreement among the results of different
studies is the presence of different mineral phases in the samples, mainly different
phosphate compounds or calcite. Thus, the appearance of whitlockite, or the synthetic
analogous ftricalcium phosphate, f-Cas(PO,),, has been interpreted as an effect of
heating in the 550 — 1000 °C range (Monge et al., 2014). It has been discussed about the
influence of the presence of whitlockite in the CI values (Piga et al., 2018). In our

samples, however, no shoulders around 1123 cm™! not distortions in the bands around
560 cm™! are observed, which suggests that no appreciable amounts of -Ca;(POy), are

present. Notwithstanding, a greater phosphate-content in B2 is suggested by the values of
BPI and B3PI, in good agreement with the XRF analysis.

On the other hand, the presence of calcite in bones can be included within the
diagenetic processes. Calcite is derived from the secondary precipitation of carbonate,
typical of any karst system and calcareous soil with alternation of wet and dry periods
(Monge et al., 2014). Some authors state that highly carbonated samples exhibit low CI
indices (Nagy et al., 2008). Carbonate content uses to decrease drastically from 500 to
600 °C, temperatures at which the carbonate apatite (bioapatite or dahllite) begins to
transform into hydroxyapatite, disappearing at 950 °C (Lebon et al., 2008). Actually,
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while v,(CO3?7) and v3(CO32") vibration modes of calcite overlap with those of carbonate
ions in the bioapatite crystal structures, the band at 713 cm™ attributed to v4(CO;?") is
characteristic of calcite. Because of this, the presence of calcite arising in archaeological
bones from precipitation of secondary mineral phases in bone micropores during
diagenesis can be monitorized, despite the detection limit of calcite in FTIR ATR
measurements is close to 2.5 % since this band is difficult to see at lower calcite contents
(Dal Sasso et al., 2016).

Our calculations evidence an unusually high CI value for the medieval bone (F1).
It is worth noting that diagenetic changes experienced by buried bones may have had an
impact on subsequent heat-induced changes (Gongalves et al., 2018). In fact, the
crystallinity appears to increase as a function of diagenetic processes and/or heat
treatment (Piga et al., 2016a). Thus, recrystallization of buried bones can take place (i)
for many years, as a part of a fossilization process, (ii) as rapid transformations by
weathering over few months or decades, (iii) nearly instantaneous by high temperature
diagenesis, especially above 650 °C, and (iv) by bioturbation effects on bones (Stiner et
al., 2001; Kontopoulos et al. 2019). Hypotheses (ii) and (iv) could explain, at least in part,
the anomalous CI value in F1.

A clearer insight can be obtained when more than one index is considered, being
the most frequently used the combination of CI and C/P indices (Gongalves et al., 2018;
Piga et al., 2015; Thompson et al., 2013; Squires et al., 2011; Nagy et al., 2008; Koon et
al., 2003). In fact, the CI and B2PI values for the medieval unburned F1 bone are close
to those reported by Dal Sasso et al. (2016) in meroitic unburned bones (250 — 50 years
BCE) from the archaeological site of Al Khiday 2 (in central Sudan). These results were
attributed to differences in the diagenetic alteration due to the influence of
palacoenvironmental conditions and climatic changes at regional level.

Finally, some authors have related the white colours in bones and B2PI values lower than
0.15 with the presence of visible bone cracks (Olsen et al., 2008).

All these observations prompt us to give qualitative validity to the results here
reported. The absence of OH™ bands for N1 and N2, the values of different indices,
together with the spectra profile as a whole, suggest temperatures of carbonization of
300—500 °C for both samples. On the contrary, the thermal treatments in B1 and B2,
whose spectra exhibit a clear band at 631 cm™! and the highest OH/P ratios and CI indices,
could be in the 700—800 °C range.
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Concerning the EPR analyses, the bands at g =~ 12.5 (broad, i), g~ 4.2 (ii) and g =
2 (very broad, 1ii) are characteristic of the presence of S = 5/2 ions, mainly high spin
Fe(III) ions, in magnetically coupled systems (i), distorted orthorhombic symmetries (ii),
and octahedral environments and/or superparamagnetic iron nanoparticles (iii),
respectively (Pon-On et al., 2007; Bertolino et al., 2010). As in our case, it has been
reported variations in the width of these bands with temperature for ceramic carbonate-
rich objects (Ionescu et al., 2014). These absorptions can affect the radical signal. As a
whole, their intensities could suggest two possibilities, (i) the iron content is greater in
the white calcined samples and follows the trend B2 > B1 > N2 > NI, or/and (ii) the
burning process originates magnetic changes in iron-containing minerals. Taking into
account the XRF measurements, the latter seems the most probable possibility. If this
hypothesis is right, an increment in the intensity of the broad EPR signal could correspond
to transformation / formation of magnetic minerals as a result of the thermal treatment.
In this regard, dehydration processes at ~ 280 °C, transformation of maghemite into
magnetite and hematite (~ 400 °C) and formation of secondary magnetite over 500 °C
have been reported (Kostadinova-Avramova et al., 2013; Carrancho et al., 2016; Tema
and Ferrara, 2019). Therefore, the presence of low intensity signals would suggest
temperatures lower than 400 °C for the carbonized N samples.

The radical signal shifts to lower g-values from 2.0040 in carbonized to 2.0030 in
calcined samples and its line width narrows, from 0.5 to 0.2 mT, while the peak-to-peak
amplitude increases. Taking into account the experimental error +£0.0007, this signal
could be that reported at g = 2.0046 attributed to organic radicals for most of authors
(Ikeya, 1993; Dennison and Peake, 1992; Oduwole et al., 1993; Walker et al., 2016) or to
CO™ radical anions (note, in this case, the values reported by Callens et al., (1998), g =
2.0057, g y = 2.0043 and g , = 2.0021) (Callens et al., 1998). Anyway, it strongly
resembles that signal described in carbonaceous samples as carbon microbeads
(Alcantara et al., 2006), coke (Zhecheva et al., 2002) and lignite coals (Taub et al., 2018).
It is consistent with the presence of localized radicals in the sample, whose origin has
been associated with aromatic mt-radicals produced during thermal pyrolisis (Zhecheva et
al., 2002), defects in the carbon structure such as dangling bonds with unpaired electrons
in the borders of small-size graphene sheets (Alcantara et al., 2006), or carbon-centered
radicals with an adjacent oxygen atom (Taub et al., 2018; Green et al., 2014; Menachem

el al., 1998).
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The radical signal has been detected in archaeological samples even at high
temperatures (Robins et al., 1984; Fattibene et al., 2010). In fact, variations of the line
width and g-values with temperature from 2.0065 (RT) to 2.0035 (500 °C) for this signal
have been reported in carbonized lentil samples, with maximum intensity (and minimum
line width in the studied range) around 450 °C (Aydas et al., 2010). Other studies
reproduce the same trends in the position and line width of the signal with temperature
(Bachmann et al., 2007; Rudko et al., 2010). Despite caution must be taken in the
comparison with other results and use of these parameters to propose temperatures for
thermal processes, the values obtained in the present work would suggest for our

carbonized N1 and N2 samples heating temperatures in the 250—450 °C range.

5. CONCLUSIONS

All the measured samples contain hydroxyapatite partially substituted by
carbonate anions, mainly of type B. Calcined B1 and B2, together with the Medieval
unburned bones, exhibit the highest crystallinity and lowest carbonate content. The results
suggest that B1 and B2 have been heated at temperatures in the 700—800 °C range, while
N1 and N2 at temperatures below 500 °C.

All the bone samples studied exhibit two kind of EPR signals at g = 2, a very broad
and a radical one, which are not present in the unburned Medieval F1 bone nor in the
synthetic hydroxyapatite. The spectra are more intense in the calcined ones, which reveals
changes in the magnetic properties of the iron centres (broad band) for the calcined
samples B1 and B2. The variation of the energy and line width of the radical signal,
together with the colour and IR data, points to temperatures in the 300—450 °C for the N1
and N2 samples. The same EPR parameters of the radical signal suggest greater annealing
temperatures for B1 and B2. The combination of both techniques, the IR and EPR
spectroscopies, allows to propose if high crystalline bones, as F1, B1 and B2, have

undergone thermal treatment or not.

The results from the multianalytical study of bones from Burial 815, in the Late
Pre-Pottery Neolithic B level of Kharaysin site, indicates that they have been cremated.
The burned character of the analysed bones confirms the earliest presence of cremated
human bones in a funerary context of the Pre-Pottery Neolithic of the Near East in

Kharaysin. These cremations constitute an important change in the funeral practices of

25



686
687
688
689
690
691

692

693

694
695
696
697
698
699
700
701

702

703
704
705

706
707
708

709
710

711
712
713

714
715

the Pre-Pottery Neolithic of the Levant. The Kharaysin cremations fit well with the
appearance of variations in funerary practices in the central and southern area of the
Levant during the Late PPNB (Bocquentin et al., 2016; Ibafiez et al. 2018; Verhoeven
2002), that point to initial funerary rite changes that later led to more usual and
widespread cremations during the Late Neolithic (Pottery Neolithic) (Croucher 2012;
Merpert and Munchaev 1993).
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SUPPLEMENTARY INFORMATION

7.1. Radiocarbon dating

Different approaches were applied to directly date the bone remains from the burial.
Standard radiaocarbon dating was not successful due to the lack of organic material in
bones. We therefore selected totally cremated chalky-white bone samples to date them
after bone carbonate extraction (acid wash prior to acidification). When bones are heated
above 600°C, the osteocalcin (bioapatite) in the bone is converted to structural carbonate. This
bone carbonate could be dated. The structural carbonate is very resistant to change and not easily
contaminated once cremation has occurred, therefore it has been shown to be a good substance
for reliable AMS dating. This second approach was successful and one dating was obtained.
Datings were performed using AMS method in Beta Analytic Laboratories and were
calibrated using Oxcal software and Intcal 13 calibration curve (Ramsey, 2009; Reimer

et.al., 2013).

The radiocarbon dating of a chalky-white sample from the 815 Burial in Kharaysin site
yielded and age of 8010 + 30 BP, corresponding to 9007-8774 yr cal BP (7058-6825 cal
BC). This age is in good agreement with the archaeological remains and context of the

burial suggesting a Late PPNB age.

7.2. Synthetic hydroxyapatite preparation (Hayek et al., 1963)

Concentrated HNO; was dropwise added over solid CaCO; (3.00 g, 30 mmol) with
continuous stirring inside a hood. Once dissolved, 20 ml of distilled water were poured
over the solution and, afterwards, a freshly prepared NaOH 10 M aqueous solution was
carefully added with stirring just to reach pH 12, with a strict control of pH to avoid
exceeding this pH value because it would provoke the precipitation of Ca(OH),. This
solution was filtered off. Another aqueous solution was prepared dissolving (NH,4),HPO,

(2.64 g, 20 mmol) in 50 ml of water, followed by addition of NaOH 10 M to reach pH



12. The last solution was filtered off, transfered to a dropping funnel and very slowly
added over the boiling Ca(II) solution with stirring. Once the addition was finished, the
solution was kept with stirring and boiling for 10 min. The white precipitate was filtered
off and washed with boiling water (150 ml) and acetone (30 ml), dried in a stove at 240
°C for 2 h and, finally, heated in an owen at 800 °C overnight. The compound was

characterised by X-ray powder diffraction and infrared spectroscopy.

7.3. DRX, XRF and LOI analyses

Figure S1. XRD diffractograms of analysed bone samples.
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7.4. FTIR Analysis

Figure S2. (a) Infrared spectra of synthetic hydroxyapatite. (b) Magnification of the
2000-4000 cm! region.
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Figure S3. (a) Infrared spectra of calcined bone samples (Bl in red, B2 blue). (b)
Magnification of the 2000-4000 cm™! region.
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Figure S4. (a) Comparison between the infrared spectra of the calcined bone sample B1

and hydroxyapatite synthesised at 800 °C. (b) Magnification of the 2000-4000 cm™!

region.
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Figure S5. Magnification of the infrared bands attributed to ,»(CO32—) modes for

calcined bone samples (B1 red, B2 blue), a Middle Ages bone sample (F1, green), and
dark carbonized bone samples (N1 black, N2 pink).
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7.3. EPR Analysis

Figure S7. (a) EPR spectra of N1 and orthorhombic fit. Experimental details:
modulation amplitude 0.05 mT, time constant 40.96 ms, conversion time 327.68

ms, gain 6.32 IOI, power 2 mW and microwave frequency 9.4239 GHz. Fitting

parameters: Lorentzian-type signal, §1=2.0056/(linewith H = 0.30'mT), & =2!
0040 (line with H, = 0.30 mT) and g5 = 2.0023 (line with H; = 0.34 mT). (b)
Isotropic fit for the same experimental spectrum. Fitting parameters: Gaussian-

type signal, g =2.0040 (line with H = 0.52 mT).



dy" / dH

dy" / dH

|
1
|
! (‘
l“l‘
.' '
|
Ml |
fihwl'sﬂ-““-'ﬁf'l‘ WA Iw\n,,\ M‘ ‘lw Hin, 'r,\\ m ‘W \
m‘
r
— N1 fit !
i
i
i
| | |
332 334 336

m NI u'”H
HLMH H‘hl m} J‘h J‘lﬂ\,ﬁ;\*‘wrl“’m H

!
/ ‘f\
I
e | I-H
ih*\'h‘l_\hh‘.'ﬂillﬂ i 'Wi f“'u'f‘h-"‘“"“r"“";“\‘.«"t{l“-n,\¢r"f
AT )
|
H
| I
| H
[ N'] \ I
o NT i N
I
I
i
| | |
332 334 336

llN

u Uf‘;\“”lﬂ W }[lv‘lll\'llm

K ’ﬁl ‘\
\ll\wrﬁ b
\r

H [mT] (b)

338 340

Figure S8. (a) Spectra of F1, N1 and N2 samples. Experimental details given in
Figure EPR 1. (b) Spectra of Bl and B2 samples. Experimental details:

modulation amplitude 0.1 mT, time constant 40.96 ms, conversion time 327.68

ms, gain 6.32 lOI and power 20 mW. Microwave frequencies: 9.4242 (B1) and

9.4243 GHz (B2).
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Figure S9. Comparison of the spectra of Bl and synthetic hydroxyapatite

Experimental details: modulation amplitude 0.1 mT, time constant 40.96 ms,

conversion time 327.68 ms, gain 6.32 IOI and power 20 mW. Microwave

frequencies: 9.4234 (B1) and 9.4246 GHz (hydroxyapatite).



dy" / dH

— B1

— Hydroxyapatite

332

334

336

338

%0 H [mT]




