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Abstract: The ‘terre di rogo’ (pyre debris) are black-coloured layers resulting from the crematory pyres,
placed inside graves within the ritual of secondary deposition and containing different materials,
including cremation slags. The characterisation of the slags, until now rarely conducted by chemical
techniques, can provide useful data to explain more precisely the protocol of the funeral ritual and
to better understand the effects of fire during cremation for the accumulation of pyre debris. In
this study, a fast screening method using ATR-mode infrared spectroscopy is proposed, which may
highlight the need for further investigations with SEM and XRD. The protocol was tested on the black
and irregularly shaped cremation slags from the pyre debris of two Iron Age cremation necropolises
in Padua (northern Italy). The results of the analysis identified several types of cremation slags within
each individual pyre ground and the presence of bone fragments exposed to different intensities of
combustion during cremation.

Keywords: terre di rogo; pyre debris; necropolis; cremation slags; human remains; cremation; food
remains; FTIR-ATR; SEM-EDX; XRD

1. Introduction

The ‘terre di rogo’ (pyre debris) are black layers that can be found inside tombs in the
various levels of an ustrinum (the dedicated area where the corpses of the dead were burnt),
and inside the shafts and cinerary urns. They usually contain around 90% wood charcoal,
the remnants of the wood used for the funeral pyre, together with a few fragments of burnt
bones, which are usually small in size. They may also include seeds and fruit, resulting from
offerings from the funeral rites or from consumption during the funeral banquet, along
with tiny shreds of textiles, bits of bread, and other very small findings; henceforth, the
latter are called ‘cremation slag’, even though their nature is not metallic. These different
components can be identified with the naked eye or under an optical microscope before
being subjected to chemical–physical analytical techniques.

The characterisation of pyre debris in general, and of cremation slags in particular, can
provide useful information to reconstruct certain practices linked to the ritual of incinera-
tion [1–4]. From these cremation slags, it is possible, for example, to derive information on
the intensity of combustion, but also more general information on the plant species used
to prepare foodstuffs, the minerals in the soil with which they came into contact during
combustion or after being deposited elsewhere, etc. The interpretation of these data then
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remains the responsibility of archaeologists, who can use them to formulate hypotheses on
the living habits of a given population.

The literature review revealed a substantial lack of studies on the use of chemical anal-
yses to characterise all the components in pyre debris. In fact, studies have only focussed
on the characterisation of a few particular components. These include ‘cramps’, glassy slags
obtained from the fusion of sand and seaweed with embedded bone fragments, typical
of the Orkney Islands (U.K.) and analysed by petrographic analysis, scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), X-ray diffraction (XRD),
inductively coupled plasma optical emission spectroscopy (ICP-OES), and gas chromatog-
raphy (GC) [5]. Another such study is the analysis of glass fragments or beads found in the
cremation remains at the Roman cemetery in Birdoswald (U.K.), which was conducted by
X-ray fluorescence (XRF) and SEM-EDX [6], as well as the faience beads found in an urn
containing cremation remains in Findhorn (U.K.), also analysed by SEM-EDX [7].

Most studies involving cremation remains in general (i.e., not only pyre debris) focus
on bones, the alterations of which after exposure to high temperatures are also of forensic
interest. These studies employ several analytical techniques, e.g., infrared spectroscopy in
transmission mode [8–10], in attenuated total reflectance mode (ATR) [2,3,8,10–15] or in
total reflection mode [8], Raman spectroscopy [2,3,11], X-ray diffraction (XRD) [2–4,16,17],
optical microscopy [18,19], also in polarised light on thin sections [12], scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) [3,16–18,20], inelastic
neutron scattering (INS) [11,15], thermogravimetry (TGA) [2,3], reflectance analysis [2],
X-ray fluorescence (XRF) [2,3], CHN analysis [2], and mass spectrometry [2,3] to test
archaeological and modern samples. These studies concern both archaeological samples
and experimental tests involving controlled heating of modern samples. In their review,
Ellingham et al. [21] focus in particular on the techniques used to determine the temperature
to which bones were exposed.

The new method outlined in this study consists of screening cremation slags, previ-
ously separated from pyre debris, with FTIR-ATR spectroscopy. This would achieve a rapid
and inexpensive first characterization of their composition, and would direct the selection
for further investigations with other analytical techniques, such as SEM-EDX and XRD.

Case Studies

Since the late 1980s, the former Archaeological Superintendency for the Veneto Region
in Padua and the Laboratory of Archaeobiology of the Civic Museums of Como have
collected archaeobotanical data through the pyre debris samplings carried out in incin-
eration necropolises in and around Padua. These results have made it possible not only
to delineate the layout of the necropolises from the 9th and early 5th centuries BCE, but
also to formulate hypotheses regarding certain aspects of funeral rituals in ancient Paduan
communities using a multidisciplinary approach [22–32].

This study examines the protocol used for the morphological and chemical analyses
of the cremation slags found in the pyre debris taken from the burials of two necropolises
discovered in Padua, the first located along via Umberto I (henceforth referred to as ‘Necrop-
olis A’) (Figure 1a), in the courtyard of Palazzo Emo Capodilista-Tabacchi (Figure 1b,c),
and the second between via S. Massimo and via G.B. Tiepolo (henceforth referred to as
‘Necropolis B’) (Figure 1a).

The southern Necropolis A, excavated between 2002 and 2003, covers from early 9th
century BCE to 5th century BCE. The area investigated (300 m2) was intensively occupied
with different ways of exploiting the burial space. A total of 692 tombs were discovered, of
which 520 were incinerated, 169 were inhumations, and 3 were horse inhumations, and in
addition, approximately 200 burial shafts were found. The necropolis occupies a prominent
sector at the southern urban entrance, which would justify its early settlement [33]. On the
whole, between the 9th century BCE and the mid 8th century BCE, the settlement of the
first family units is visible together with the first generations that set out to make up the
proto-city of Padua. In addition, there is evidence of the formation of the funerary code
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and the selection of the constituent elements of the grave goods. In terms of rituals, among
others, the settlement appears to show the combination in the earliest period between
inhumations and incinerations, mostly female, which then become predominant within a
generation, the diversified management of pyre debris, and the first examples of reopening
up to the mixing of burnt remains [34].

The stratigraphic sequence documents nine phases, without interruptions, except for
that deriving from episodes of restructuring, the most significant of which is the activation,
from the 7th century BCE onwards, of a centrally located ustrinum. There are surfaces with
areas reddened by fire, the result of funeral pyres, alternating with thin layers, with coals
and minute ceramic fragments, and modest fillings [33].

The intervention in the eastern Necropolis B took place from 1990 to 1991 in an area of
4100 m2. The first apparent activities at the sites date back to between the end of the 9th
and the first quarter of the 8th century BCE, in which both inhumations and cremations
were located. In the second quarter of the 8th century BCE, small burial mounds were built
at the necropolis and the continuation of burials exclusively by incineration, where family
members appear to have been grouped together. The end of the 9th and the beginning of
the 7th century BCE, in the easternmost sector of the necropolis, witnessed the allotment
of burial spaces with tumulus structures. The area where rituals took place shows a rapid
increase in incinerations, the use of perishable containers of different morphologies, with
significant changes also in the management of pyre debris [34].

Both necropolises have several burial areas dedicated to extended families who main-
tained the same location over time. On the other hand, within the ceremonial area, the
deposition method of the pyre debris differs. It was found directly inside the shaft tombs,
mostly in Necropolis A, whereas in the other necropolis, the debris was frequently in-
side perishable containers, with shafts dedicated exclusively to receiving the remains of
pyres [34].

In the cremation areas of Necropolis A, cremation slags (Figure 1f) were found in 71
out of 75 sieved pyre debris samples, ranging from a minimum of 5 to over 100 per sample.
Necropolis B revealed cremation slags (Figure 1d,e) in 14 out of 26 areas, ranging in number
from a few units to a few dozen.

These findings, all burnt and with a maximum size of between 2 and 10 mm, were
revealed under a stereoscopic microscope. Some were recognised as food remains—
sometimes pieces of bread—others whose shapes and content that are difficult to ascribe by
means of light microscopy alone, either to some sort of elaborate food or to some plant and
animal finding or other materials [27].
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Figure 1. (a) Map of pre-Roman findings in Padua: Necropolis A and B are indicated (modified
from Gamba, Ruta Serafini, 2014 [35]). Legend of main symbols—red circle: settlement; blue square:
necropolis; green triangle: votive deposit; black star: stone marker. (b) Archaeological excavation
of Necropolis A in the courtyard of Palazzo Emo Capodilista-Tabacchi (image taken from de Min
et al., 2005 [36]). (c) Example of pyre debris (indicated in the figure with arrows) from a tomb in
Necropolis A (image modified from de Min et al., 2005 [36]). (d) Macro-photograph of cremation slags
from sample B3. (e) Macro-photograph of cremation slags from sample B4. (f) Macro-photograph of
cremation slags from sample A22.

2. Materials and Methods
2.1. Sampling

The remains chosen for the study come from Necropolis A and Necropolis B, which are
shown in Tables 1 and 2 with the tomb/context of derivation, stratigraphic unit of reference,
attributed chronology, deposition method of the pyre debris, and analysis performed.

Table 1. Necropolis A: pyre debris samples, stratigraphic units of origin and their contextualisation—
US: stratigraphic unit.

Sample
Label Tomb US Details Total Number

of Fragments Bone Starch Possible
Lignin Minerals

A1 131 filling of glass 3 5 3 0 4 5

A2 159 filling of cup 12 1 1 0 1 1

A3 162 filling of olla 3 1 0 0 1 1

A4 185 filling of cup 14 5 3 1 4 5

A5 207 filling of vessel 18 5 52 01 1 5

A6 207 filling of vessel 5 5 2 1 3 5

A7 207 971d external pyre debris 5 3 1 0 5
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Table 1. Cont.

Sample
Label Tomb US Details Total Number

of Fragments Bone Starch Possible
Lignin Minerals

A8 207 971g external pyre debris 5 4 0 3 5

A9 235 1120b pyre debris above
the lid of the cassette 3 0 13 2 1

A10 237 1122b internal pyre debris
above the goods 3 0 2 3 3

A11 273 1209b internal pyre debris 1 1 0 1 1

A12 318 1346b internal pyre debris 1 0 1 1 1

A13 324 1357b pyre debris 10 1 8 9 9

A14 37 916b pyre debris 5 1 3 4 5

A15 460 1722c external pyre debris 1 1 0 1 1

A16 49 small bowl 10 1 1 0 0 1

A17 581 1965b internal pyre debris 10 6 2 4 10

A18 614 2044b external pyre debris 7 1 45 7 7

A19 617 2053d external pyre debris 10 3 6 7 9

A20 647 2134b external pyre debris 1 1 0 0 1

A21 67 294c filling of olla 3 5 2 3 5 5

A22 672 2198b internal pyre debris 10 1 9 10 9

A23 674 2204b internal pyre debris 5 2 2 2 5

A24 1562 filling of the shaft 1 1 0 1 1

A25 2154 filling of the shaft 2 0 2 2 1

A26 480a accretion of ustrinum 1 1 0 0 1

A27 512 central shaft of ustrinum 1 0 0 1 1

A28 625 central shaft of ustrinum 1 1 0 0 1

A29 639 ustrinum 1 1 0 0 1

Table 2. Necropolis B: pyre debris samples, stratigraphic units of origin and their contextualisation—
US: stratigraphic unit.

Sample
Label Tomb US Details Total Number

of Fragments Bone Starch Possible
Lignin Minerals

B1 50 458 external pyre debris 3 1 1 3 2

B2 284 3754 external pyre debris 1 1 0 0 1

B3 286 3805 external pyre debris 12 1 10 11 11

B4 287 78/79 internal pyre debris 6 2 3 6 6

B5 289 3774b external pyre debris 6 6 0 6 6

First, samples were observed under an optical microscope, analysed by SEM-EDX
and then FTIR-ATR to obtain additional information. After examining a few samples
with this method and gaining a general idea both of their composition and of the signals
present in the spectra, another approach was adopted. The numerous fragments in a
sample were analysed individually by FTIR-ATR in order to direct the possible subsequent
observation by SEM-EDX or using other techniques. FTIR-ATR analysis was used as a kind
of screening because it is very fast (preparation and analysis take about three minutes in
total) and inexpensive, whereas SEM observations require much more time and involve
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higher costs. At this stage of the work, a number of fragments were chosen for each sample,
depending on the total quantity. Each one was identified with a number and a small part
was detached and analysed by FTIR-ATR, keeping the rest for possible further analysis.
The most interesting fragments on the basis of their FTIR-ATR spectrum were isolated in
order to proceed with further analytical investigations.

A total of 29 samples from Necropolis A and five from Necropolis B (amounting to
140 fragments) were analysed.

2.2. Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDX)
(SEM-EDX)

The samples were observed using a FEI/Philips XL30 ESEM scanning electron micro-
scope. Elemental analysis was obtained with an Ametek Element EDX energy-dispersive
X-ray spectrometer, combined with SEM. The fragments were analysed without pre-
treatment, in low-vacuum mode (1 torr H2O) at 20 kV, using GSE, BSE, and X-ray detectors.

2.3. Digital Optical Microscopy

The samples were observed using a Maozua USB001 portable digital optical micro-
scope combined with MicroCapture Plus software (v. 3.1).

2.4. Fourier Transform Infrared Spectroscopy in ATR Mode (FTIR-ATR)

The samples were analysed by infrared spectroscopy in the ATR (Attenuated Total
Reflectance) mode. Small parts of the samples were detached, ground in an agate mortar,
and subjected to analysis as a fine powder. The spectra were recorded using a Thermo
Scientific Nicolet iS10 instrument in the range 4000–600 cm−1, with a resolution of 4 cm−1,
32 scans; a background analysis was carried out periodically and the obtained spectra were
used to correct those of the samples. The interpretation of the spectra obtained was carried
out by means of comparison with paper databases and the literature.

2.5. X-ray Diffraction (XRD)

The samples were analysed using a Rigaku MiniFlex 300 diffractometer (X-ray source
30 kV, 10 mA; 2Theta/Theta geometry; range 5–55◦; step 0.02◦; speed 3◦/min). A small
part of the fragment to be analysed was detached and finely ground in an agate mortar,
then placed on an aluminium sample holder with a monocrystalline silicon support to form
a compact, uniform layer. The interpretation of the diffractograms obtained was realised
by comparison with multimedia databases, using the PDXL2 software (v. 2.6.1.2).

2.6. Experimental Tests on Modern Animal Bones

A chicken femur was cleaned and boiled in water to remove any remaining tissue,
and a fragment of it was heated in a glass tube at 350 ◦C for two hours using a homemade
furnace, with a heating ramp of 10 ◦C/min and in contact with air. The resulting sample,
which was friable and black in colour, was subsequently pulverised and analysed by FTIR-
ATR. The bone was also analysed as it was, i.e., without heating, in the form of powder
scraped from the whole sample with a scalpel.

A fragment of cattle bone was boiled for a couple of hours to remove the flesh, marrow,
and other soft tissue, and after washing, it was ground as finely as possible. The resulting
powder was heated in a cylindrical quartz tube. The tube was heated by an external
tubular electric furnace for about 8 h at 700 ◦C (the final temperature was reached in about
30 min). The heating was conducted under vacuum (10–2 mbar) in order to work without
oxygen. The resulting grey-coloured powder was analysed by FTIR-ATR. The bone was
also analysed as ground powder without heating.

2.7. Analysis of an Archaeological Human Bone

As a further comparison, an archaeological human bone sample from the Neolithic
period was analysed by FTIR-ATR. The sample was dry-brushed to remove deposited soil,
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immersed in an ultrasonic bath to remove all embedded soil particles (three 15-min cycles
with ultrapure water, one 15-min cycle with a 5% solution of CH3COOH), left overnight in
a 5% solution of CH3COOH, rinsed with ultrapure water, dried in an oven at 60 ◦C and
pulverised [37]. The resulting powder was analysed by FTIR-ATR.

3. Results and Discussion

The first SEM observations concerned a group of samples (A10, A15, A20, A24)
from Necropolis A, which showed, also through EDX analysis, their osseous nature. Some
cremation slags were also photographed under a digital optical microscope to obtain further
images for analysis. The FTIR-ATR spectra of samples A15, A20, and A24 all showed a
peak at 1023 cm−1, which immediately appeared to be useful for the identification of the
osseous nature of the fragment.

As further confirmation, the FTIR-ATR spectrum of a chicken femur sample burnt at
350 ◦C in the presence of air was recorded (Figure 2a). This showed a very intense peak
at 1020 cm−1, together with a less intense peak at 962 cm−1 and a shoulder at 1088 cm−1,
which are all characteristic of the phosphate group of hydroxyapatite [Ca10(PO4)6(OH)2],
the main component of bone [8]. The signals were due to (PO4)3− asymmetric stretching,
symmetric stretching, and bending modes, respectively. Signals were also visible at 876
((CO3)2− asymmetric bending/(POH) stretching modes), 1416, and 1454 cm−1 ((CO3)2−

asymmetric stretching modes) typical of carbonate–hydroxyapatite [8,14], which often
partially replaces hydroxyapatite in bone. Some peaks were also visible at 1555 and
1604 cm−1 (C-N stretching and C-N-H bending modes), probably attributable to residues
of the organic component [8], not yet fully degraded at 350 ◦C.
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To test the effect of heating to higher temperatures (more similar to those reached
during the combustion) on the IR spectrum, a bovine bone subjected to heating to 700 ◦C, in
vacuum, was also analysed (Figure 2b). This test also provides an IR reference of bone from
the mammalian animal family, in addition to that of birds. Its spectrum showed classic
phosphate group peaks at 1020, 1085, and 962 cm−1, which were very sharp in this case, and
weak peaks at 874, 1412, and 1458 cm−1 typical of carbonate–hydroxyapatite [38]. There was
also an intense peak at 2013 cm−1, the attribution of which is still uncertain in the literature,
but which seems characteristic of the decomposition of protein substances in the bone to
form cyanates or cyanamide [2,8,14]. This peak was absent in the spectrum of chicken bone,
which was heated at a lower temperature and in the presence of air. The same applied to
the peak at 637 cm−1, which was identified with a characteristic phosphate signal ((PO4)3-

bending), which appears at temperatures around 600–700 ◦C (referred to in the literature
as PHT, ‘phosphate high temperature’) [4]. Here, a peak at 3568 cm−1 (OH stretching
mode) was also visible, attributable to the presence of hydroxyapatite hydroxyl groups,
which appears and becomes increasingly intense at temperatures around 600 ◦C [8]. Finally,
to complete the reference database, the spectrum of an unburnt archaeological human
bone sample from the Neolithic period was also recorded (Figure 2c). In its spectrum, a
very intense peak at 1018 cm−1 was visible, accompanied by a much less intense peak at
962 cm−1. Carbonate–hydroxyapatite peaks were also visible at 872, 1413 and 1458 cm−1.

A sample from Necropolis B (B1) (Table 2), on the other hand, using SEM showed the
presence of numerous microstructures attributable to shreds of vegetable tissue structuring
the caryopses of cereals, which were almost always in an excellent state of preservation. De-
tailed comments on the structures identified are presented in the section on this necropolis;
in any case, the FTIR-ATR analysis of a fragment of this sample returned a spectrum with a
peak at around 1030 cm−1 and a shoulder at 1110 cm−1. Given the presence of caryopsis
tissue, as revealed by SEM, the peak at around 1030 cm−1 can be attributed to the presence
of starch [39], together with its shoulder at 1110 cm−1 (C-O and C-C stretching vibrations,
respectively). This is also supported by previous analyses conducted by our group on
archaeological bread remains found at other sites, of different ages, in northern Italy. The
samples were recognised as consisting of bread by SEM observation [40]. Figure 2d shows
an FTIR-ATR spectrum recorded on one of these samples: the characteristic peaks at 1029
and 1105 cm−1 are visible.

The SEM observation carried out on the first group of cremation slags was therefore
crucial for the attribution of the signals of the first spectra recorded by FTIR-ATR, which
is never straightforward in the case of charred samples. The discriminating peak used to
identify the nature of the sample analysed was the one around 1020–1030 cm−1. When
this peak is observed at low wavenumbers, around 1020 cm−1, this typically indicates the
presence of bone; at around 1030 cm−1 or higher, it indicates starch. Unfortunately, the
particular closeness between the main bone peak and the starch peak means that only the
more intense of the two could be identified. It cannot be ruled out that there were cremation
slags in which bone and starch coexisted, but it is not possible to derive this information
from FTIR-ATR analysis.

Based on the first results obtained, which mainly made it possible to determine which
peaks were the most interesting for identifying the composition of the samples, a series of
further samples consisting of numerous fragments were analysed by FTIR-ATR as described
above. Several fragments were chosen for each sample, depending on their abundance.

Observation of the numerous spectra recorded (almost 150) showed that most of the
signals were recurrent. In fact, almost all the spectra showed a peak around 1560 cm−1,
which can be attributed to the presence of carboxylates (asymmetric stretching of COO-)
or aromatic C=C bonds (stretching mode) produced by combustion [8,41,42]. Both could
also be responsible for the peak around 1370–1380 cm−1 (COO- symmetric stretching), also
present in almost all spectra (but not in that of the modern chicken bone heated to 350 ◦C,
nor in the bovine bone heated to 700 ◦C) as well as a very broad peak around 3200 cm−1

related to the presence of O-H groups (stretching mode) [41]. According to Styring et al. [41],



Heritage 2023, 6 857

the observation of carboxylate groups is probably due to the complexation of carboxylate
moieties with metal ions in the soil matrix. The production and storage conditions of
cremation slag samples could also be compatible with this complexation and stabilisation
by the soil with which they came into contact. Smidt et al. [43,44] analysed archaeological
wood charcoal samples using FTIR and compared them with modern samples. Their
analysis revealed the presence of peaks due to carboxylates in the regions of 1585–1565 cm−1

(asymmetric O-C-O stretching) and 1385–1375 cm−1 (symmetric O-C-O stretching), the
intensity of which increases with increasing age of the archaeological sample. These peaks,
which are almost absent in modern charcoal samples, appear and then become increasingly
intense with the ageing of the sample, due to oxidation reactions. This would also be in
agreement with the fact that modern reference samples also do not show these peaks, or
show them much less intensely than the archaeological samples.

Many spectra also showed the peaks of calcite: in particular, those at 874 and 712 cm−1

(C-O asymmetric in-plane and symmetric out-of-plane bending modes) were often recog-
nisable; however, its signals around 1410–1420 and 1795 cm−1 (C-O asymmetric stretching
and combination band) [45] were also sometimes observed, as were those of dolomite
(728 cm−1, bending absorption) [46]. Absorptions of quartz (797, 778, 693 cm−1, Si-O
symmetric stretching modes) and other silicates, e.g., kaolinite found in clays (approx. 910,
Si-O stretching, 1000 (Si-O-Al), 3620, 3650, 3690 cm−1, O-H group stretching vibrations),
were also often present [45,46]. All these minerals were probably residues from the soil
where the remains were found or where the pyre fire was ignited.

In some samples, the peak between 1020 and 1030 cm−1 was very weak or even absent,
showing that neither starch nor bone were present. Generally, this absence was associated
with particular evidence of a shoulder at around 1260 cm−1, which can be attributed to the
presence of possible lignin (guaiacyl ring breathing and C=O stretching) [47].

All recorded spectra are shown in the supplementary material (S1), grouped by sample
and with an indication of the diagnostic peaks.

Tables 1 and 2 present the results of the FTIR-ATR analysis of the finds from the two
sites. For each sample, the number of fragments analysed and the number of fragments
are shown, in which the presence of bone, starch, possible lignin, and minerals referable to
the soil was identified by examining the spectra. As already mentioned, for each fragment,
the simultaneous presence of more than one species (e.g., bone and starch) is possible, but
the proximity of the characteristic signals only enabled the more intense of the two to be
identified. The samples from the two studied necropolises are discussed in detail below.

3.1. Necropolis A

In the case of sample A15, SEM observations revealed the osseous structure of some
cremation slags (Figure 3a), which were also confirmed by EDX analysis (Figure 3b), digital
optical microscope observation (Figure 3c,d), and the FTIR-ATR spectrum. Some cremation
slags from the same sample were subjected to archaeozoological analysis with optical
microscopy and SEM-EDX at the Bioarchaeology Laboratory of the Museum of Civilisations
(Rome). The cremation slags examined consisted of spongy bone tissue, presumably animal,
although there may have been some human cremation slags. No fragments of compact
tissue belonging to the diaphysis of the long bones were observed in the sample analysed,
which represents an anomaly as these portions are normally more easily preserved. A
further anomaly is the exclusive presence in sample A15 of black-coloured bone elements,
when usually there are both calcined fragments subjected to high intensity of combustion
and others that had not been completely burnt. Given the minuscule size of these findings,
it is not possible to determine the animal species from which they derive, as we do not
know to which bone portion they belonged and cannot establish the modifications that the
pyre may have caused. However, it seems plausible that they belonged to medium/small
size (e.g., sheep, goats or pigs) mammals, without completely excluding larger mammals
such as cattle and equids. The presence of portions of presumably animal spongy bone
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could be ascribed either to their use as an additional fuel together with the great amount of
wood generally used to feed the fire, or to the remains of a meal or funeral feast.
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Figure 3. Necropolis A: (a) A15—SEM image of a bone fragment and (b) EDX analysis of the red
point; (c) A15—OM image of a bone fragment; (d) A15—OM image of a bone fragment.

Sample A10 contains a fragment of beech (Fagus sylvatica) bark, as indicated by the
multiseriate rays in its inner part (Figure 4a). An additional image can be seen in the
supplementary material (S2), together with further images of most of the other samples.
The corresponding FTIR-ATR spectrum (Figure 4b) showed the presence of a signal at
1261 cm−1, which could be linked to the lignin content (guaiacyl ring breathing and C=O
stretching) [47]. However, the two most intense lignin peaks at around 1601 and 1508 cm−1

(due to the absorption of the aromatic rings) are not visible, most likely because they are
covered by the carboxylate peaks. For this reason, the presence of lignin in this and the
other samples cannot be stated with certainty, but only assumed. The observation of a peak
around 1260 cm−1 may, however, be a clue for subsequent observation under an optical or
electron microscope to check for the presence of structures that can be traced back to wood
and, if necessary, attempt to identify the species of origin. Another cremation slag from
the same sample showed a peak compatible with the presence of starch (Figure 4b), and a
third fragment showed a peak characteristic of bone (Figure 4b), in agreement with both
the SEM observations (Figure 4c,e,f) and the presence of calcium and phosphorus detected
by EDX (Figure 4d). Most likely, the sample consisted of a mixture of bone fragments, food
remains, and plant fragments.



Heritage 2023, 6 859

Heritage 2023, 6, FOR PEER REVIEW  11 
 

 

by EDX (Figure 4d). Most likely, the sample consisted of a mixture of bone fragments, 

food remains, and plant fragments. 

 

Figure 4. Necropolis A: (a) A10—SEM image of a fragment of beech (Fagus sylvatica) bark; (b) A10—

FTIR-ATR spectra of different fragments: bark (black), bone (red) and starch (blue); (c) A10—SEM 

image of a fragment of bone with a shred of aleurone and inorganic deposits and (d) EDX analysis 

of the area indicated by the red frame; (e) A10—SEM image of a fragment of spongy bone; (f) A10—

SEM image of a fragment of spongy bone. 

Observation of A18 under the optical microscope and SEM revealed the presence of 

bone and embedded textile fibres (Figure 5a,b). In particular, intertwined flax (Linum usi-

tatissimum) fibres (Figure 5c) with typical nodes and striations (Figure 5d) were observed 

under SEM, while the lumen of the fibres themselves had been totally lost in almost all 

cases. EDX analysis showed the predominant presence of carbon and oxygen, also com-

patible with the composition of a plant fibre. For the FTIR-ATR analysis, we tried to take 

a micro-sample containing only the textile, using a scalpel, and working under an optical 

microscope. Unfortunately, the size and fragility of the fragment made this difficult.  

Figure 4. Necropolis A: (a) A10—SEM image of a fragment of beech (Fagus sylvatica) bark; (b) A10—
FTIR-ATR spectra of different fragments: bark (black), bone (red) and starch (blue); (c) A10—SEM
image of a fragment of bone with a shred of aleurone and inorganic deposits and (d) EDX analysis of
the area indicated by the red frame; (e) A10—SEM image of a fragment of spongy bone; (f) A10—SEM
image of a fragment of spongy bone.

Observation of A18 under the optical microscope and SEM revealed the presence
of bone and embedded textile fibres (Figure 5a,b). In particular, intertwined flax (Linum
usitatissimum) fibres (Figure 5c) with typical nodes and striations (Figure 5d) were observed
under SEM, while the lumen of the fibres themselves had been totally lost in almost
all cases. EDX analysis showed the predominant presence of carbon and oxygen, also
compatible with the composition of a plant fibre. For the FTIR-ATR analysis, we tried to
take a micro-sample containing only the textile, using a scalpel, and working under an
optical microscope. Unfortunately, the size and fragility of the fragment made this difficult.
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Figure 5. Necropolis A, SEM images (a,c–h). (a) A18—Bone with embedded textile fibres; (b) A18—
OM image of bone with textile fibres; (c) A18—woven flax (Linum usitatissimum) fibres; (d) A18—flax
fibres with nodes and striations; (e) A9—flax fibres adhering to and escaping from bone; (f) A9—flax
fibres adhering to and escaping from bone; (g) A9—flax fibres escaping from bone; (h) A9—flax fibres
with nodes and striations.

The spectrum, recorded on a very small fragment of textile, was noisy and very low in
intensity; however, we detected the presence of particular peaks absent in the spectra of the
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other cremation slags. In particular, an unknown peak was observed at 1051 cm−1, together
with others at 1122, 1171, 1242, and 1610 cm−1 and the peak at 1375 cm−1 of carboxylates.
Useful comparison spectra were not found in the literature. Other sampling attempts
on the same cremation slag produced better quality spectra, but with other components
besides textile fibres and in which peaks were recognised as the presence of starch and
possible lignin.

SEM observations of A9 also showed flax fibres (Linum usitatissimum) partly adhering
to or escaping from a portion of the bone (Figure 5e–h), which was also confirmed by the
presence of calcium and phosphorus in the EDX spectrum. FTIR-ATR analysis showed
a weak peak at 1034 cm−1, probably attributable to starch. Again, the lack of reference
spectra of burnt textiles prevented any other hypothesis from being formulated.

Sample A19 was particularly interesting as one of its fragments, which when ground,
yielded a white powder, showed an FTIR-ATR spectrum typical of bone (Figure 6a), with the
main hydroxyapatite peaks at 1020, 1088, and 962 cm−1 being sharply defined. Carbonate–
hydroxyapatite peaks were also noted at 876, 1411, and 1459 cm−1. Only in this cremation
slag was a peak observed at 2013 cm−1, which was also present in the spectrum of bovine
bone heated to 700 ◦C in the absence of air (Figure 2b). In addition to the particular def-
inition of the three peaks associated with the phosphate group, this peak suggests that
its combustion took place at a temperature above 600 ◦C [8,14] and in, for example, a
closed container [4], or, in our case, inside the pyre. A peak was also detected at 3571 cm−1

(OH stretching), which was attributed to the presence of hydroxyapatite hydroxyl groups,
which appears and becomes increasingly intense at temperatures around 600 ◦C [8], as
already observed in the spectrum of the bovine bone sample. The same applies to the
peak at 634 cm−1 (PHT), present only in this spectrum and in the bovine bone reference,
which is characteristic of phosphates subjected to temperatures around 600–700 ◦C [4].
This fragment was also subjected to X-ray diffraction, which produced a diffractogram
with sharp peaks (Figure 6b), indicating good crystallinity of the sample under examina-
tion. Its interpretation showed how all the signals were associated with the presence of
hydroxyapatite, particularly recognisable in the three characteristic peaks in the central
area, at 2.81, 2.77, and 2.71 Å. According to the literature, crystallinity and crystal size
tend to increase during heating and are related to the temperature to which the bone has
been exposed [2,14,17]. To further confirm this, subsequent SEM observations showed the
morphology of the bone.
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The hydroxyapatite and carbonate–apatite peaks in the FTIR-ATR spectrum of one
of the fragments of sample A13, which, after being ground, turned out to be a brown
powder, were much less well defined, likely indicating a combustion at a temperature
probably below 500 ◦C [21]. XRD analysis (Figure 6b) of this cremation slag indicated a
lower crystallinity compared to the A19 sample, confirming the exposure to a lower temper-
ature [21]. The analysis still showed the presence of hydroxyapatite, with chlorapatite and
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calcite. SEM analysis revealed the probable presence of compact bone tissue, associated
with unidentified needle-like structures.

Samples A5, A6, A7, and A8, from four areas of the same T207 grave, were analysed
by FTIR-ATR. Sample A5 shows cremation slags that consisted of bone, mixed with organic
and mineral soil residues. Another particular cremation slag showed a white and a black
part, which were analysed separately. The white part showed intense peaks of kaolinite,
calcite, and possibly dolomite. The peaks typical of burnt organic compounds were absent,
and thus it can be assumed that this part of the fragment consisted only of the original soil.
On the other hand, the black part showed peaks of the same minerals, although much less
intense, together with others indicating bone mixed with other organic substances. In the
remaining samples, bone, starch-containing fragments, and minerals present in the soil
were observed, with intense and clearly recognisable peaks of kaolinite and calcite, and
an absence of the typical signal of carboxylates. All the A8 cremation slags also showed
particularly intense peaks of calcite, probably from the soil that contained them.

The composition of the rest of the samples was heterogeneous. Of particular interest
was sample A3, whose only recorded spectrum showed a similar trend to that of the
previously mentioned sample A10 of beech bark, with the typical signal indicating the
presence of possible lignin.

3.2. Necropolis B

SEM analysis of some of the cremation slags of sample B1 revealed the tissue that forms
part of the outer coating of cereal caryopses, i.e., cross-field fragments known as ‘bran’, and
which is composed of longitudinal cells and transverse cells (Figure 7a). Transverse cells
appeared to have punctuated cell walls and are likely Triticum sp. (wheat) (Figure 7a) [48,49].
Frequent clusters of aleurone cells were distributed in the cremation slag (Figure 7b,c);
these cells had also partly or completely emptied or collapsed (Figure 7d), and in other
places they were in connection with cross-field fragments [48]. Elsewhere, the cells of the
wheat aleurone were arranged in a single row, typical of Triticum sp. (Figure 7e) [48]. At
another point cross-field, aleurone and starch granules were shown in stratigraphy, most
probably spilled from the amiliferous parenchyma, or the three layers are mixed.

FTIR-ATR spectra of the B1 sample showed the presence of intense starch peaks
(Figure 7h). Traces of spongy bone with cross-field cells or aleurone were also observed
by SEM (Figure 7f). The structure of the observed bone tissue (Figure 7f,g) was similar
to that found in the samples from A15 (necropolis in Via Umberto I). One of the three
cremation slags was also analysed by XRD: the diffractogram typical of a non-crystalline
sample (indicating organic food residues) was obtained, with even rare peaks attributable
to quartz and chlorapatite contained in the bone.

This sample can therefore be attributed to a mixture of wholemeal wheat flour, at-
tributable to portions of bread/flat bread/gallets, to a kind of votive offering and/or
remnant of a meal/funeral offering placed on the pyre in all likelihood in the final phase of
combustion and/or in an area of the pyre itself not subjected to particularly high intensities
of combustion.

FTIR-ATR analysis of sample B3 showed a starch-related peak in almost all the frag-
ments, albeit not very intense. Only one of the analysed cremation slags showed the
characteristic peaks of hydroxyapatite and carbonate–hydroxyapatite and, when ground,
produced a brown powder. When analysed by X-ray diffraction (Figure 6b), it showed
peaks of hydroxyapatite that were not very sharp, together with peaks related to calcite and
quartz. SEM observation of a cremation slag led to the identification of its osseous nature,
with traces of aleurone on the surface. Some EDX spectra of the fragment showed almost
exclusively intense carbon and oxygen peaks, indicating the presence of organic matter.
Other areas of analysis were particularly rich in calcium, magnesium, silicon, aluminium,
and potassium, undoubtedly derived from the soil minerals that also appeared recurrently
in the FTIR-ATR spectra of the other samples from the necropolis. In some other areas,
intense calcium and phosphorus signals were visible, indicative of the presence of bone.
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Finally, sample B5 was particularly notable, in which all the fragments showed the
FTIR-ATR spectra typical of bone.

Heritage 2023, 6, FOR PEER REVIEW  15 
 

 

 

Figure 7. Necropolis B, SEM images (a–g). (a) B1—Cremation slag with cross-field cells. (b) B1—

Aleurone layer. (c) B1—Cross-field cells with aleurone layer. (d) B1—Aleurone layer partially col-

lapsed or emptied. (e) B1—Aleurone arranged in a single row, typical of Triticum sp. (f) B1—Spongy 

bone with cross-field cells. (g) B1—Spongy bone (h) B1—FTIR-ATR spectrum with typical starch 

signals. 

FTIR-ATR analysis of sample B3 showed a starch-related peak in almost all the frag-

ments, albeit not very intense. Only one of the analysed cremation slags showed the 

Figure 7. Necropolis B, SEM images (a–g). (a) B1—Cremation slag with cross-field cells. (b) B1—
Aleurone layer. (c) B1—Cross-field cells with aleurone layer. (d) B1—Aleurone layer partially
collapsed or emptied. (e) B1—Aleurone arranged in a single row, typical of Triticum sp. (f) B1—
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4. Conclusions

Through the analysis of 140 cremation slags from the pyre debris of two necropolises,
this study highlights the potential of FTIR-ATR analysis as a fast and inexpensive screening
method to select samples for observation by SEM-EDX or analysis with additional tech-
niques, e.g., X-ray diffraction. The multi-analytical method highlights that most samples
consisted of different kinds of cremation slags, and that an individual cremation slag in turn
contained different components, for example bone, although without clarifying human or
non-human origin. Thus, FTIR-ATR diagnostic signals of the presence of starch (around
1030 cm−1) and bone (around 1020 cm−1) were proposed.

The finding in the pyre debris from different areas within the two necropolises supports
the hypothesis that the cremation slags were found fortuitously in the samples excavated
and analysed. This suggests that these remnants were collected randomly, together with
the other remains of the pyres in the ustrinum, i.e., in the place where cremation took place,
and that they were deposited in no specific way or order, but with considerable frequency
and continuity—for at least three centuries—not only in the grave fillings, but also in the
shafts and containers of the grave goods.

The particularity of the cremation slags is linked to the fact that they bear witness
to the most intimate aspects of the combustion of funeral pyres. In the future, the same
methodologies could be applied to samples from other incineration contexts, to obtain
further scientific data on the significant presence of cremation slags in pyre debris, of which
we have evidence in Italy from the Final Bronze Age onwards.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/heritage6020047/s1, S1—FTIR-ATR spectra grouped by sample
and with an indication of the diagnostic peaks; S2—SEM images.
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