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Glass forms when a liquid is fast cooled preventing crystallization, across a reversible process known 
as the glass transition. Organic tissues are commonly preserved as glass by processes of vitrification 
at very low temperatures, known as cryopreservation, and can return to their original soft state when 
heated back to ambient temperature. It would therefore be impossible to find organic glass embedded 
in volcanic deposits that have reached several hundred of Celsius degrees. Here we demonstrate that 
material with glassy appearance found within the skull of a seemingly male human body entombed 
within the hot pyroclastic flow deposits of the 79 CE Vesuvius eruption formed by a unique process 
of vitrification of his brain at very high temperature, and is the only such occurrence on Earth. 
Calorimetric analyses show that the temperature at which the brain transformed into glass was well 
above 510 °C, implying that the body was exposed to the passage and vanishing of a short-lived, dilute 
and much hotter pyroclastic flow, explaining its early fast heating and the following very fast cooling. 
The glass that formed as a result of such a unique process attained a perfect state of preservation of 
the brain and its microstructures.

Main
Natural glasses are uncommon but not rare on Earth1–9. The glass state represents a non-equilibrium, non-
crystalline condensed phase of matter characterized by the presence of a glass transition1. Glass formation 
occurs as the cooling path of a liquid leads to an increase in its structural relaxation time, thereby circumventing 
the crystallization process and entering the phase referred to as the glass transition interval, during which the 
liquid properties deviate from equilibrium. The temperature at which this deviation occurs is known as fictive 
temperature Tf

2. Tf is not a fixed temperature, as it depends, for a given liquid, on the cooling rate, i.e., the faster 
the cooling rate, the higher Tf

2–4,10–14. Glasses can unlock their thermal history if heated above Tf. Given such 
conditions of formation, natural glasses can only occur on Earth if their Tf is above ambient temperature. This is 
the case of silicic glasses that commonly form in volcanic environments from the fast cooling of viscous magma 
(eruptive temperatures 700–1200 °C depending on chemical composition) in subaerial or subaqueous conditions 
(e.g., obsidian)15–17. More rarely silicic glasses may form by the melting of rocks across slipping faults or at the 
high-shear base of landslides and then their quenching as pseudotachylites18 or may also form when lightning 
strikes locally melt rocks which then quench as fulgurites19. In all these cases the silicate liquid temperatures are 
several hundred to above one thousand degrees Celsius, and the relative Tf is in the same range.

By contrast, organic tissues are largely made of water, that is a liquid at ambient temperature, so that they can 
only be vitrified by quenching and storage well below 0 °C6. In cryopreservation, vitrification refers to the rapid 
cooling of organs to a stable, ice-free, glass-like state20 by immersion in liquid nitrogen to be fully preserved 
and returnable to its original state5; in this condition, the system becomes a glass, acquiring the properties of a 
solid but retaining the molecular structure of soft tissues typically at Tf of -120 °C (± 10 °C)5,21. Consequently, 
no glasses obtained from the quenching of biological soft tissues can exist at ambient temperature as they would 

1Dipartimento di Scienze, Università Roma Tre, Largo San Leonardo Murialdo 1, Roma 00146, Italy. 2Istituto 
Superiore per la Protezione e la Ricerca Ambientale, Via Vitaliano Brancati 48, Roma 00144, Italy. 3Technische 
Universität Clausthal, Adolph-Roemer-Straße 2A, 38678 Clausthal-Zellerfeld, Germany. 4CNR-ISSMC Istituto 
di Scienza, Tecnologia e Sostenibilitá per lo sviluppo dei Materiali Ceramici, Via Granarolo, 64, 48018 Faenza, 
RA, Italy. 5Dipartimento di Scienze Biomediche Avanzate, Università di Napoli Federico II, Naples, Italy. email:  
guido.giordano@uniroma3.it

OPEN

Scientific Reports |         (2025) 15:5955 1| https://doi.org/10.1038/s41598-025-88894-5

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-88894-5&domain=pdf&date_stamp=2025-2-8


cross back above their Tf and return to soft materials, which is why no such occurrences exist as natural glasses 
on Earth.

However, there is one exception. Unique apparently vitrified remnants of organic material, recognized as 
a human brain in origin, have been recently identified in the skull of a victim from the ancient Roman city 
of Herculaneum7, buried by the pyroclastic flow deposits that also destroyed Pompeii in 79 CE, during the 
most famous Plinian eruption of Vesuvius22–26. This unique finding belongs to a victim of the eruption found 
lying in his bed (Fig. 1a) inside the Collegium Augustalium (lat. 40°48’24"N, long. 14°20’52"E). He was a young 
male of about 20 years-old, believed to have been the guardian of the Collegium, a public building dedicated 
to the worship of Emperor Augustus, located on the city’s main street (Decumanus maximus) (Fig. 1b)27. The 

Fig. 1.   (a) Carbonized body of the guardian in his wooden bed within the Collegium Augustalium; the 
vitrified brain remains have been found within his skull. (b) Panoramic eastward view of Herculaneum ruins 
with Vesuvius volcano in the background, and the location of the Collegium Augustalium within the city.
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remnants in the skull are proven to be organic and human brain owing to the preservation of proteins common 
in human brain tissue and fatty acids typical of both human brain triglycerides and human hair fat7, as well 
as their chemical composition8. The glassy nature of this material is suggested because of its black and shiny, 
obsidian-like appearance7 (Fig.  2a). Moreover, exceptionally well-preserved complex networks of neurons, 
axons, and other neural structures have been revealed by Scanning Electron Microscope (SEM) investigation 
of the brain remains and those of the spinal cord (Fig. 2) of the guardian8, which exclude other types of more 
common preservation processes, such as saponification28,29. However, an unequivocal origin as an organic glass 
has not yet been demonstrated, nor the conditions at which such process might have occurred.

The 79 CE Vesuvius eruption killed instantly several thousands of people24,27, but of the approximately 
2,000 bodies unearthed throughout the archaeological sites of the Vesuvian area30 the apparently vitrified 
remains of brain and spinal cord found in the Collegium Augustalium, is the only occurrence of this type8. This 
uniqueness requires very specific and rare conditions for glass formation and preservation. In addition, these 
unique conditions are completely counterintuitive and so far unexplored, as the temperatures of pyroclastic 
flow deposits that buried Herculaneum and Pompeii are well documented to have been several hundreds of 
degrees Celsius9,31–33. Such temperatures are expected to burn and destroy soft tissues, and certainly not lead 
to quenching. To unravel such a conundrum, here we present analytical and experimental data to constrain the 
conditions of soft tissue glass formation and preservation in a hot volcanic environment. Our findings have 
broad implications for material science, volcanology, forensic biology and archaeology.

Materials
The material analysed in this study consists of fragments sampled from within the skull and the spinal cord of 
a skeleton buried by the pyroclastic flow deposits of the 79 CE Vesuvius eruptions in the archaeological site of 
Herculaneum (Fig. 1; Table 1).

Material characterisation
The material analysed is made of angular clasts of variable shapes, black to dark grey and shiny under natural or 
artificial light (Fig. 2a). Clasts were sampled intact, directly from within the skull of the guardian (Fig. 1a). Their 
dimensions range 0.5–5  mm. Field emission scanning electron microscope (FE-SEM) images (See Methods 
section) at low magnification show conchoidal surfaces with step-like fractures, with very sharp dihedral angles 
(Fig. 2b). At higher magnifications, micron-sized spherical voids occur both as isolate, or scattered, or clustered 
features (Fig.  2c, d). Several features of different shapes, characterised by a very high level of geometrical 
organization and complexity can be observed on the surfaces of the clasts (Fig. 2e, f), some of which have been 
recognized and interpreted as integrally preserved human neural structures8.

The density of the material averages at 1000 kg m− 3. The 3D scanning tomography (see Methods section) 
shows a very homogeneous material characterised by microporosity of 1.4 vol %. The porosity is made mostly by 

Fig. 2.  Images at different magnifications of the C1 sample: (a) optical image under direct light. (b) FE-SEM 
image showing the angular shape of the fragments. (c), (d) FE-SEM images detail spherical voids clustering 
and stepped fracture. (e), (f) FE-SEM details of preserved neural structures; white arrows point to the best 
preserved axons.
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micron-sized scattered and isolated spherical voids and subordinate larger and more irregular voids formed by 
the coalescence of smaller features (Fig. SI1 in Supplementary Information, hereonward SI).

The SEM-EDS (energy dispersive X-ray spectroscopy) analysis (See Methods Section) on groundmass 
performed during the FE-SEM images acquisition revealed a composition that is predominantly C and O with 
minor amounts of Na, Cl, K Mg, Al and Si (Fig. SI2).

Differential scanning calorimetry (DSC)
During conventional (C)-DSC analysis (see Methods section), sample C7 was heated at a rate of 25 K min− 1 
(0.42 K s− 1) and exhibited an endothermic event with an onset temperature of 420 °C (Fig. 3). Endothermic 
events are depicted by upward peaks in Fig. 3. In contrast, a small fragment from sample C1 was analyzed using 
flash (F)-DSC (see Methods section) at a significantly faster heating rate of 1000 K s− 1. This resulted in a similar 
endothermic event observed at a higher onset temperature of 510 °C (Fig. 3). The C-DSC analysis of sample C7 
revealed a subsequent endothermic event peaking around 500 °C, followed by a sharp exothermic event reaching 
its peak at approximately 530 °C. Interestingly, F-DSC analysis also detected this exothermic event, albeit at a 
higher peak temperature of 600 °C (Fig. 3).

Assuming the Arrhenius dependence and a balanced thermal history, the two onset temperatures 
(420  °C for C-DSC and 510  °C for F-DSC) allow a preliminary estimate of the enthalpy change of 390.1  kJ 
mol− 1 associated with relaxation (viscous flow) at the glass transition. Although an Arrhenius dependence is 
justified over a small range of heating rates, in this case 3.4 log units, the assumption of a matched cooling 
and heating rate underestimates the fraction of excess enthalpy originating from the thermal history of the 
samples with mismatched (i.e., this study) cooling and heating rate and its effect on the onset temperature of the 
glass transition. However, this effect is likely minor. For example, in the technical production of blast furnace 
slag (silicate) glasses, rapid quenching (~ 105 K s− 1) leads to an excess enthalpy of ~ 55 kJ mol− 1 in relation to 
standard laboratory heating rates (10 K min− 1 = 0.17 K s− 1), about 7% of the activation enthalpy of viscous flow 
at the fictive temperature (740 kJ mol− 1)34. Similar small proportions of excess enthalpy are also reported for the 
production of glass fibers from basaltic rocks for insulation purposes35.

Post-analysis FE-SEM imaging indicated changes in the C-DSC sample during measurement, such as the 
formation of bubbles and crystals (Fig. 4). Consequently, we associated this alteration in sample texture with 
degassing, marked by the sharp C-DSC peak slightly above 500 °C. Thus, we assert that the degassing event 
in C-DSC analysis is preceded by structural relaxation of the material (endothermic event starting at 420 °C) 
and succeeded by crystallization (at 530 °C). The considerably faster F-DSC analyses suppressed the formation 
of bubbles and induced crystallization at a higher temperature (600  °C), preceded by structural relaxation 
(endothermic event starting at 510 °C).

In both C-DSC and F-DSC experiments, samples were subjected to a cooling downscan, returning to room 
temperature to align with the previous upscan. Subsequent upscans at the same rates did not exhibit any thermal 
events (Fig. SI3). Consequently, we inferred that after degassing and crystallization the samples were no longer 
in a glassy state.

Based on C-DSC results obtained from the first upscan up to 620 °C (Fig. 3), we targeted different temperatures 
by subjecting different fragments of sample C1 to four heating/cooling cycles (run#1–4) to variable maximum 
temperatures (Tmax). Specifically, in the first two runs (run#1 and run#2) the sample was heated up to Tmax of 
520 °C. Subsequent cycles were conducted at progressively higher temperatures, with Tmax of 620 and 670 °C for 
run#3 and run#4, respectively. C-DSC results are reported in Fig. SI3. By comparing results of the first upscan for 
samples C7 (Fig. 3) and C1 (Fig. SI3) we notice that the DSC signals are almost overlapping. Minor differences 
can be due to heterogeneities between samples.

The recovered samples after run#2, run#3 and run#4 were analysed by FE-SEM, EDS and Raman spectroscopy 
(see Methods section) to detect possible evidence of material transformation and compositional changes.

Post-run#1 and #2 (maximum T of 520 °C) images show that the material did not change its glassy appearance, 
with surfaces and conchoidal fractures still very sharp, including the preserved neural structures (axons) 
emerging from the surface of the clast (Fig. SI4.1a-d). However, the clast surface was covered by micron-sized 
well-formed euhedral cubic crystals, which were not present in the original sample (Fig. 4a, b). EDS analyses 
showed that the composition of these crystals is pure KCl, whereas the glass maintained its carbonaceous 
composition (Fig. SI4.1a-d).

ID Sample Description Analytical methods

ERC-2 C1 Several glass fragments from inside the skull FE-SEM, EDS, Raman, Micro-CT, Calorimetry (C-DSC and F-DSC)

ERC-3 C2a Glassy bone fragment from the chest Raman

ERC-4a C2b Carbonaceous fragment from the chest FE-SEM, EDS, Raman

ERC-26 C7 Single glass fragment from inside the skull FE-SEM, EDS, Raman, Calorimetry (C-DSC), density

ERC-57 C102 Glassy fragment from the chest-5 A FE-SEM, EDS

ERC-66 C117 Glass fragment from inside the skull FE-SEM, EDS

Table 1.  Summary of samples and analyses conducted for the characterization of the vitrified human 
brain found at Herculaneum buried by deposits from the 79CE Vesuvius eruption. See Method section for 
explanation of analytical methods.
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Exposing the material to a higher maximum temperature of 620 °C (run#3) resulted in a visible degradation 
of its initial visual characteristics. Surfaces became more irregular and granular in texture (Fig.  4c). Some 
evidence of material relaxation was observed in the stepped fractures that appear weakly wavy instead of sharp. 
KCl crystals are still present but in lesser amounts. The surfaces also show abundant newly formed craters with, 
radial, micron-size, blade-like needle agglomerates emerging from some of them (Fig. 4d).

The EDS composition of the blade-like needles indicates the presence of C, O, Na, P, Ca, K, Mg, Cl and Fe 
(Fig. SI4.2a-c). The composition of the groundmass instead remained mainly C with only traces of the other 
components (Fig. SI4.2d-f).

Tmax in run#4 was 670 °C. After the experiment, FE-SEM images show a further increase in the process of 
craterization of the exposed surfaces, transition to granular texture due to crystallization, and the formation of 
blade-like needle aggregates (Fig. 4e, f). Also, the relaxation of the material appears more evident, with surfaces 
and edges that become more fluidal in shape.

Raman spectroscopy
Raman analysis (see Methods section) conducted on fragments of the sample C1 groundmass (Fig. 5a) confirmed 
the organic nature of the material: the spectra are constituted of two main bands centred at 1330–1370 cm− 1 and 
1590–1610 cm− 1, called D and G respectively36,37. The G band corresponds to graphite band (carbon)36,38, while 
the D band indicates the presence of disorder in the graphite structure39,40. D and G display almost equivalent 
intensity and shape, with the D band slightly wider than the G band.

Fig. 3.  DSC curves for heating experiments. The blue line represents sample C7 analyzed using C-DSC at 
a heating rate of 25 K min− 1 (0.42 K s− 1), while the red line represents a fragment of sample C1 analyzed 
using F-DSC at a heating rate of 1000 K s− 1. Upward and downward peaks correspond to endothermic and 
exothermic events, respectively. The temperature at the onset of relaxation (Tf) is indicated by the intersection 
of the two tangents drawn to the baseline at the beginning of the first endothermic event. Thermal events are 
interpreted in the text.
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Raman analysis carried out after each experiment at increasing temperature (run#1–4) show changes in 
shape, intensity and position of the D and G bands with respect to those of the original sample (Fig. 5a). The 
width of the G band becomes narrower than the D band, a characteristic associated with the transition from 
amorphous carbonaceous material (pre-run sample) to material with higher structural order after heating. 
Similar information is given by the increase of D band intensity (ID) with temperature respect with to G band 
intensity (IG) (ID/IG in Fig. 5b). The change of ID is also accompanied by a shift of the D band towards lower 
wavelengths (Fig. 5b) and a consequent increasing separation from the G band. All the variations are excellent 
indicators of increasing structural order with thermal maturity, in the low thermal maturity range41–43. These 
variations are the very first to be shown on this kind of human organic material, and show that at increasing 
temperature corresponds an increase in structural order in agreement with observation from FE-SEM images 
(Fig. 4) and with calorimetric evidence for crystallization in the same analysed temperature range (Fig. 3).

Discussion
Although human brain preservation is documented in the archaeological record, it is a relatively infrequent 
phenomenon. The known mechanisms responsible for such occurrences are dehydration, saponification, 
tanning, and freezing29, but not vitrification. In addition, neuronal structures are poorly preserved in ancient 
brains44–46.

Our comprehensive chemical and physical characterization of the material sampled from the skull of a human 
body buried at Herculaneum by the 79 CE eruption of Mount Vesuvius shows compelling evidence that these are 
human brain remains, composed of organic glass formed at high temperatures, a process of preservation never 
previously documented for human or animal tissue, neither brain nor any other kind.

DSC analyses conducted at contrasting heating rates (25  K min− 1 and 1000  K s− 1) revealed consistent 
patterns indicative of three primary processes occurring within the samples during heating up to 670 °C. The 
most relevant process is the onset of a structural relaxation of the material, that is the fictive temperature Tf. 
Figure  3 shows that Tf for the slower heating rate (25  K min− 1) is at 420  °C and increases to 510  °C at the 
faster rate (1000  K s− 1). The identified structural relaxation extends for an interval of tens of degrees above 
Tf and is followed by degassing and crystallization events at higher temperatures (Fig. 3). These processes are 
accompanied by surface crater formation and KCl crystallization (Fig. 4), likely as a result of degassing of from 
the glass. The transformation of the material above its fictive temperature Tf is further corroborated by Raman 
spectroscopy (Fig. 5), which reveals increased order within the carbonaceous component. This transformation 
inhibits glass formation during experimental cooling, which may explain the absence of thermal events during 
subsequent upscans.

Fig. 4.  SEM images (magnification on scale bar) of sample C1 after C-DSC experiments at progressively higher 
maximum temperatures. (a) formation of new small KCl crystals at 520 °C on the undeformed sample surface. 
(b) Detail of the newly formed crystals of KCl at 520 °C on sample surface. (c) At 620 °C, crystallization is 
accompanied by modification of the sample surface which appears more granular and less sharp. (d) Detail of 
sample surface at 620 °C, with formation of craters suggesting degassing and radial blade-like needles emerging 
from them. (e), (f) At 670 °C the surface of the sample becomes more granular with further evidence for 
relaxation of the material and craterization.
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To determine the unknown cooling rate experienced by the sample during the volcanic event, and thus 
the temperature at which the material transformed from human tissue to glass, the temperature dependence 
of the melt viscosity is required47. With this information, cycles of matching heating and cooling at known 
rates across the glass transition interval are needed to retrieve the unknown cooling rate17. However, this is 
not feasible since the temperature dependence of the viscosity for our sample does not exist, preventing the 
assessment of the natural cooling rate at which the brain was vitrified. Nonetheless, in our experiments the 
glass underwent structural relaxation at Tf between 420 °C (25 K min− 1) and 510 °C (1000 K s− 1), allowing us 
to further investigate the thermal environment where quenching occurred. While this range is a measure of the 
uncertainties associated with the experiments, we have strong constraints that allow us to identify 510 °C and 
1000 K s− 1 as the closest approximations for the temperature of liquid to glass transformation and the unknown 
cooling rate experienced by the sample.

The main constraint is the temperature of the pyroclastic deposits that embed the vitrified brain fragments. 
The emplacement temperatures of these deposits have been extensively studied by means of palaeomagnetism32,33 

Fig. 5.  (a) Representative Raman spectra of sample C1 acquired after each upscan at different Tmax; in black 
the original, pre-DSC, spectrum in comparison with analyses conducted after experiments, DSC run#1–4. 
(b) Indicative Raman parameters: ID/IG ratio (circles) and D band position (squares) vs. temperature, colour 
legend as in a).
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and reflectance of charcoal9,31. Both methods provide similar deposition temperatures between 315  °C and 
465 °C. The implications of such high deposition temperatures are twofold. First, the preservation of the glass 
requires the temperature of the embedding pyroclastic material (up to 465 °C) to be (substantially) lower than 
the brain Tf, because otherwise the glass would have returned to a soft tissue and, at such high temperatures, 
disintegrated. Second, as a consequence, the vitrification of the brain must have occurred entirely prior to the 
entombment of the body and the brain inside the pyroclastic material, because glass cannot form during the slow 
cooling of a pyroclastic deposit.

We therefore infer that within the experimental range of our measured Tf (420–510 °C), the upper bound at 
510 °C is the closest to the natural Tf, while 420 °C, which is comparable or lower than the temperature of the 
embedding deposits, is very unlikely, if not impossible.

This would suggest a very fast process of cooling to vitrify the brain at rates comparable with our experiments 
at 1000 K s− 1. Such fast cooling rates may imply that the brain, while not entirely destroyed during the heating, 
was likely severely damaged and disaggregated in small sub-centimetric pieces - as they have been found - 
favouring the heat exchange during cooling. Thus, the only possible scenario for such a process in the context 
of the 79 CE Vesuvius eruption is that of a short-lived transient passage of a detached very dilute ash cloud 
surge with internal temperature well above 510 °C9,48. Possibly, the protection by the direct contact with the hot 
ash cloud given by the thick bones of the skull and spine of the guardian may have helped to prevent complete 
devolatilization of the brain tissue and the vetrification of the survived parts during rapid cooling. Complete 
devolatilization affected instead the external soft tissues in both the victims from the city and those discovered 
in the suburban area, on the beach and in a series of boat-chambers facing the sea49.

Therefore, we reconstruct a scenario where a fast, very hot ash cloud was the first deadly event during the 
79CE Vesuvius eruption, enveloping victims, including the guardian who was subject to the specific conditions 
for heating the brain at temperatures well above 510 °C without the (total) destruction of the cerebral tissue. 
As the ash cloud dissipated (comparison with observed modern ash clouds suggest on order of minutes), 
the temperature immediately returned to ambient conditions, inducing cooling at rates comparable with 
our experimental 1000 K s− 1 that are very reasonable for cooling upon thermal gradients of several hundred 
of degrees50. The deposit of this early ash cloud surge is present as just few centimeters of ash on ground22 
so the bodies were left virtually in open air. The brain then turned into glass during the fast cooling at glass 
transition temperature close to 510 °C. Later, in agreement with witness accounts and deposit stratigraphy9,22,23, 
Herculaneum was progressively buried by thick pyroclastic flow deposits, but at lower temperatures9,31-33, so that 
the unique presence of a vitrified brain could have been preserved until today.

In conclusion, the brain tissue studied here is the only known case of preserved vitrification of human tissue 
as a result of cooling after heating to very high temperatures. This is the only way by which such a glass type 
can be preserved in the geological or archaeological record and explains why this is a unique occurrence and 
preserves the ultra-fine neural structure of the brain7.

Methods
The material characterization. included micro-imaging, determination of density, porosity and chemical 
composition. All necessary permits were obtained for the study of the human specimen from the Ethics 
Committee for Biomedical Activities, AOU Federico II, Naples, Italy, Protocol N. 101/17. Four un-coated 
samples (samples C1, C2b, C102 and C117; Table 1) were imaged by a Zeiss Sigma 300 Field emission scanning 
electron microscope (FE-SEM (Department of Science, University of Roma Tre), at variable operating conditions 
(e.g., accelerating voltage, as indicated on each image). The densities of samples C1 and C7 were measured 
by hydrostatic balance (Department of Science, University of Roma Tre). A 3D microtomographic imaging of 
sample C1 (Table 1) has been acquired by Nikon XT H 225 ST Tomograph, equipped with a Perkin Elmer 1620 
(by Remet s.a.s). The chemical composition has been determined by energy dispersive X-ray spectroscopy (EDS). 
Elemental analyses were performed on a Quantax EDS System, equipped with an XFlash energy-dispersive X-ray 
detector (Department of Science, University of Roma Tre). EDS operated at acceleration voltages of 15 kV for 
the measurements. EDS analysis was acquired using a 16 µs dwell time per pixel. The EDS spectra were analysed 
with ESPRIT 2 software. Raman spectroscopy was performed using a Jobin Yvon micro-Raman LabRam system 
(Department of Science, University of Roma Tre). A neodymium-yttrium-aluminum-garnet (Nd:YAG) laser at 
532 nm (green laser) was used in a backscattering geometry using a 600 grooves mm– 1 spectrometer grating and 
Charge Coupled Device (CCD) photon detector. Spectra were collected at 700–2300 cm– 1 (first order Raman 
spectrum) on a 5 µm diameter spot, with a 50X optical objective.

The samples were subjected to differential scanning calorimetry analysis (DSC) which involved the 
investigation of endothermic and exothermic events during the heating and cooling processes of samples C1 
and C7. Two types of calorimetry techniques, conventional (C)-DSC and flash (F)-DSC, were employed for 
this study. Initially, two samples underwent high-temperature treatments at relatively slow rates of heating and 
cooling using the C-DSC apparatus (Netzsch Pegasus, Department of Science, University of Roma Tre). C-DSC 
measurements were conducted under N2 5.0 atmosphere (flow rate 30 ml min– 1). The temperature calibration 
was performed up to ~ 1050°C using the melting points of reference materials (In, Sn, Bi, Zn, Al, Ag, and Au). 
Baseline measurements were conducted with two empty Pt crucibles. C-DSC samples experienced heating and 
cooling rates of 25 K min– 1. Specifically, the C7 sample (20 mg) underwent a single heating/cooling cycle with 
a maximum temperature (Tmax) of 620°C. One fragment of the sample C1 (20 mg) underwent four heating/
cooling cycles with Tmax values first at 520°C, then repetated at 520°C, and then increased to 620°C and 670°C. 
Post-treatment, the samples were analysed using FE-SEM, EDS, and Raman techniques, utilizing the same 
instruments and settings as previously described. Additionally, the F-DSC (Clausthal University of Technology) 
was employed to explore much faster heating and cooling rates for fragments from the same sample C1 studied 
by C-DSC. We used the UFH1 sensor (operating up to 1,000°C and cooling/heating rated of 30,000 K s– 1). 
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Before measuring, the sensor underwent a two-step thermal treatment following the manufacturer’s protocols: 
(1) a conditioning program to remove thermal history, and (2) a thermocouple correction program. F-DSC 
temperature calibration was performed using the melting temperature of aluminum (Tm = 660.4°C) and indium 
(Tm = 156.6°C). Two cycles of heating and two cycles of cooling were conducted on sample C1. The procedure 
involved an initial heating cycle at 1000 K s– 1, followed by a downscan at the same rate of 1000 K s– 1.

Data availability
All data from this study are available within the article. Additional data that support the findings of this study are 
available from the corresponding authors on reasonable request.
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