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Abstract
This research paper presents a novel methodology for determining the burn temperature of archaeological bones using electron paramagnetic resonance (EPR) supported by Fourier Transform Infrared (FTIR) spectroscopy. A selection of bone samples, burned at different temperatures, were examined with EPR. The EPR spectra displayed dependency on burn temperature, showing characteristic narrow spectra of carbon radicals, Mn[image: $$^{2+}$$] signals and signals from different carbonate ions. This methodology was applied to selected archaeological samples of burnt bones, successfully determining the burn temperature these bones were exposed to in the past. The extracted burn temperatures showed good agreement with those determined from a complementary reflectance FTIR study.
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Introduction
Archaeological remains often show signs of exposure to elevated temperatures. This can vary in intensity from a mild exposure, which in most cases affects only the appearance, to extreme exposure that can change chemical composition of the remains and can even render the object unrecognizable. Studying such objects often leads to attempts to determine the temperature they were exposed to. This can provide valuable information on the source of exposure and thus enable the researcher to gain insight into the historical context on what has transpired at a specific archaeological site. Most common events are different burial rituals, natural disasters, armed conflicts, meal preparation, etc. [1–6].
These events affect organic matter to a much higher degree than other materials, therefore human, animal or plant remains show more significant changes when exposed to elevated temperatures. From this group, bones are a very common archaeological find and the exposure of bones to these kind of conditions causes different physical and chemical changes in them. The most vivid physical observation after bones’ exposure to high temperatures is colour change. At the lowest burn temperatures, we observe charring of the organic component with the change of colour from white to black. With increasing temperature, the black colour then slowly changes to grey and finally it becomes white (Table 1 and Ref. [7]). Beside the colour change, different processes and transformations (i.e. charring, mineral recrystallization, microscopic cracking and shrinkage, etc.) also take place during the heat exposure, regarding its core components collagen and carbonate hydroxyapatite. The latter bone component, together with other present trace elements and molecules, may be subjected to many substitutions during heat exposure. Elevated temperatures therefore change atomic order and the size of the apatite crystal, while the proportion of the organic matrix gradually decreases [2, 4, 7–12].Table 1Sample labels with respect to their burn conditions (burn time and temperature)


	T (°C)
	30 min
	60 min
	90 min
	120 min

	300
	S2 (b)
	S3 (b)
	S4 (b)
	S5 (b)

	600
	S6 (b)
	S7 (bg)
	S8 (bg)
	S9 (bg)

	900
	S10 (bw)
	S11 (gw)
	S12 (gw)
	S13 (w)

	1200
	S14 (bw)
	S15 (bw)
	S16 (w)
	S17 (w)


In the parentheses next to the labels are letters, describing the different colours of the sample (b black, g grey and w white). The raw (unheated) sample is labelled S1



Determination of burn temperatures based on change of colour or detailed surface examination is in most cases insufficient and is subjected to large uncertainties [13–15]. To provide better burn temperatures of archaeological bones, a technique that also probes different structural, physical and chemical changes in the bones is needed [16]. FTIR spectroscopy is a useful and versatile technique for monitoring the state of burnt bones [2, 4, 8–12]. Recently, Legan et al. [7] showed a great potential of reflection Fourier-transform infrared (FTIR) spectroscopy in non-invasive manner for studying archaeological burnt bones. The study first included investigation on experimentally heated bones where total reflection spectra disclose specific thermal degradation products of bones, such as α and β-tricalcium phosphate, calcium pyrophosphate, aromatic compounds, etc. Collected FTIR spectra also reveal distinctive peaks, which belong to characteristic anionic and cationic substitutions. These isomorphic ion replacements are distinctive for bioapatite due to its crystal structure and presence of various ions in its formula [17].
The exposure of organic matter to elevated temperatures usually creates various paramagnetic centres and radicals, which can be detected by the means of the electron paramagnetic resonance (EPR). In the past, EPR has been extensively used to study coal and other similar materials, which are rich in carbon-based radicals [18–22]. These types of radicals also appear in different charred remains, often in archaeological context, thus making EPR a very suitable technique to study them [23–27]. Very recently, a detailed study of archaeological bones using EPR found correlations of stable carbon and nitrogen isotope ratios and g-factor with burn temperature [28]. They concluded that some information about the burn temperature could be extracted, however the accuracy is limited by the age of the studied sample. Besides the organic matter, the burning of other materials also produces different paramagnetic species, such as those observed in burned ceramics, where interesting elemental substitutions of manganese and calcium in CaCO[image: $$_3$$] was detected and analysed [29, 30].
The aim of this study is to investigate the possibility of determining the burn temperature of bones by studying their EPR spectra. This is done by performing EPR measurements on bone samples, which were burned in laboratory conditions at known temperatures. The proposed EPR methodology, combined with the complementary FTIR spectroscopy analysis is then applied on burnt bones from archaeological context in order to determine their burn temperature.

Methods
Samples
For the purpose of this study, we used the right femoral diaphysis of adult cattle, which was defleshed using a sharp knife and carefully freed from the periosteum and bone marrow. It was then sawed using a butcher’s band saw into 17 pieces of approximately the same size of 4.5 cm × 4 cm. The resulting fragments were placed in a large ceramic capsule and placed in the oven once the desired temperature was reached. 16 samples were thus exposed to different burn conditions, regarding temperature and time of exposure, one was left as a reference. The sample labels with regards to those two parameters are presented in Table 1. The same samples were previously used in the reflection FTIR study of experimentally burnt bones [7].

EPR spectroscopy
Room temperature X-band EPR measurements were done using the benchtop EPR spectrometer Bruker EMXnano with microwave frequency of 9.63 GHz. For this purpose, small same-coloured parts of the burnt bone samples were extracted using a scalpel and inserted into 4 mm Suprasil quartz tubes. Therefore, one initial bone sample could contribute up to three different coloured samples for EPR measurements (Table 1). For selected samples, additional low-temperature measurements between room temperature and 4 K were conducted using a Bruker Elexsys E580 X-band spectrometer operating at 9.37 GHz and equipped with a Varian TEM104 dual-cavity resonator, Oxford Instruments ESR900 cryostat and an Oxford Instruments ITC503 temperature controller with temperature stability better than ± 0.05 K. The burnt bone samples were measured more than a year after they were burned.

FTIR reflection spectroscopy
Archaeological burnt bones were examined with portable Alpha-R spectrometer (Bruker Optics, Germany). Contactless and non-destructive FTIR analysis were performed with external reflection module and [image: $$25^{\circ }$$]/[image: $$25^{\circ }$$] optical layout. The total reflection spectra of archaeological burnt bones were collected in the spectral range between 8000 and 375 cm[image: $$^{-1}$$], with 4 cm[image: $$^{-1}$$] spectral resolution. Five spectra were acquired for each sample and an average of 160 spectral scans were accumulated. We refer the reader to our previous manuscript for the methodology [7].


Results and discussion
Firstly, we measured the reference sample (S1), which was not exposed to elevated temperatures. EPR spectra of sample S1 appears at [image: $$g = 2.0047$$] as a weak Gaussian line of width [image: $$\Delta B = 0.73$$] mT (Fig. 1a top). The narrow EPR linewidth and g-factor close to the free electron value [image: $$g_e = 2.0023$$] indicate, that the EPR signal is most probably of free radical origin [31, 32]. In contrast to FTIR spectroscopy, in which collagen, lipids and calcium hydroxyapatite are clearly resolved, it is difficult to determine the exact origin of an EPR signal in heterogeneous materials such as bone. The free radicals that produce the observed EPR signal in our reference bone sample S1, are most probably formed on organic parts of the bone due to broken bonds or other defects, that can occur during various degradation processes or mechanical stress [33, 34]. In the case of free radicals, we usually expect to see a Lorentzian lineshape of the EPR signal, instead we observe a Gaussian line. This could mean either an electron–electron dipolar interaction or an unresolved hyperfine interaction between the electron and a nearby nucleus [35]. The former option is more plausible, since the long-range nature of the dipolar interaction and the measured low spin concentration of n[image: $$_s = 1.2 \cdot 10^{11}$$]/mg support the case of random diluted defects.[image: ]
Fig. 1Examples of EPR spectra, characteristic for different colours found in the bone samples: (a-top) sample S1—raw (unheated) bone acquired after 45 scans, (a-bottom) sample S5 (black)—burned for 120 min at 300 [image: $$^\circ$$]C, b grey samples S9 (120 min, 600 [image: $$^\circ$$]C), S11 (60 min, 900 [image: $$^\circ$$]C) and S12 (90 min, 900 [image: $$^\circ$$]C), c White sample S13 (120 min, 900 [image: $$^\circ$$]C). Marked with six arrows are EPR lines corresponding to electron hyperfine interaction with [image: $$I=5/2$$] nuclear spin of Mn[image: $$^{2+}$$]. d EPR spectra of white parts of the bone of sample S11 measured at 4 K (black line), fitted by a three-component powder spectrum simulation with g-factor anisotropy


The black parts of the burnt bone samples all have very similar EPR spectra. The relatively strong signal appears as a narrow Lorentzian line positioned around [image: $$g \approx 2$$] (Fig. 1a bottom). The spectra were fitted to a single isotropic Lorentzian lineshape, the results of the fits are presented in Table 2. The g-factor and EPR linewidth values suggest the EPR signals are of free radical origin, more specifically carbon radicals [24, 36–40], which are formed when organic matter is exposed to high temperatures. The same type of radicals are also found in charcoal and coal [18–22]. The data presented in Table 2 is in good agreement with the g-factor and EPR linewidth values found in the literature, thus further confirming the presence of carbon radicals in our burnt bone samples. The charring effect is visible also in reflection FTIR spectra collected on bones heated up to 300 [image: $$^\circ$$]C [7].Table 2Experimental data for the g-factor, EPR linewidth ([image: $$\Delta B$$]) and spin concentration (n[image: $$_s$$]) for the black parts of the burnt bone samples


	Sample
	T (°C)
	Time (min)
	g-factor
	[image: $$\Delta B$$] (mT)
	n[image: $$_s$$] (10[image: $$^{13}$$] mg[image: $$^{-1}$$])

	S2
	300
	30
	2.00455
	1.24
	0.05

	S3
	300
	60
	2.00357
	0.88
	4.7

	S4
	300
	90
	2.00326
	0.78
	23

	S5
	300
	120
	2.00329
	0.76
	14

	S6
	600
	30
	2.00330
	0.72
	13

	S7
	600
	60
	2.00330
	0.68
	13

	S8
	600
	90
	2.00298
	0.67
	21

	S9
	600
	120
	2.00303
	0.67
	15

	S10
	900
	30
	2.00314
	0.27
	52

	S14
	1200
	30
	2.00233
	0.39
	16

	S15
	1200
	60
	2.00277
	0.62
	1.84




The change in bone colour from black to grey first appears in samples that were burned at 600 [image: $$^\circ$$]C. The grey parts of the bones were carefully separated from the rest and put into the EPR quartz sample tubes. The measured EPR signal is qualitatively very similar to the EPR spectrum of black parts of the bone, shown in Fig. 1a, with the narrow Lorentzian lineshape and [image: $$g \approx 2$$]. This indicates the same origin of the EPR signal – carbon based free radicals. The only difference is in the spin concentration, which is noticeably lower than in the case of the black parts of the bone (Table 3). Additionally, in grey parts of the bones of samples S9, S11 and S12, very broad EPR spectra with [image: $$g=1.993$$] (S9, 600 [image: $$^\circ$$]C) and [image: $$g \approx 2.01$$] (S11 and S12, 900 [image: $$^\circ$$]C) are observed (Fig. 1b). The measured EPR spectra are also characterized by the broad linewidth that spans from 35 to 80 mT with increasing burn temperatures. The origin of these spectra is unknown, with transition metals like iron (Fe) or manganese (Mn) being the best candidates. Even though it is known that both Fe and Mn, and also many other elements, are present naturally in bones [41–44], their concentration is too low to explain this broad signal. The calibrated EPR signal intensity provides an estimate for the concentration of approximately 2 percent, if the signal would originate from Mn or Fe. This is a few orders of magnitude too much, since the concentration in bones for both Fe and Mn are expected to be in the ppm range [41–44].Table 3Experimental data for the g-factor, EPR linewidth ([image: $$\Delta B$$]) and spin concentration (n[image: $$_s$$]) for the grey parts of the burnt bone samples


	Sample
	T ([image: $$^\circ$$]C)
	Time (min)
	g-factor
	[image: $$\Delta B$$] (mT)
	n[image: $$_s$$] (10[image: $$^{13}$$] mg[image: $$^{-1}$$])

	S7-1
	600
	60
	2.00351
	0.73
	7.9

	S8-1
	600
	90
	2.00328
	0.73
	7.1

	S9-1
	600
	120
	2.00339
	0.69
	5.6

	S11
	900
	60
	2.00269
	0.36
	5.6

	S12
	900
	90
	2.00267
	0.37
	9.7




At the highest burn temperatures, we find that the majority colour of the burnt bone samples turns to white (Table 1). The measured EPR spectra on white parts of the bones (from here on referred to as white spectra) differ significantly, when compared to the simple EPR spectra observed before for the case of black and grey parts. The white spectra consist of a complex central set of EPR lines and an additional set of six narrow lines, equally separated by 8.5 mT (Fig. 1c). These six lines indicate hyperfine coupling of the [image: $$S=1/2$$] electron spin to the [image: $$I=5/2$$] nuclear spin of Mn[image: $$^{2+}$$]. Since we did not detect the Mn[image: $$^{2+}$$] signal at lower burn temperatures, it must have changed its oxidation state from a non-magnetic one to 2+, most probably it is substituting calcium in CaCO[image: $$_3$$]. This process was observed before in ceramics, and since CaCO[image: $$_3$$] is present in bones, it could also be what is occurring in our case [29, 30]. Furthermore, the complementary reflection FTIR spectroscopy analysis also detected this substitution taking place at 900 [image: $$^\circ$$]C [7].
To characterize the central complex set of EPR signals of the white bone parts, we cooled the sample down to liquid helium temperatures (4.2 K) and measured the EPR spectrum. We observe the shape of the EPR spectrum is characteristic of that of multiple components with g-factor anisotropy (Fig. 1d). After a careful analysis of the spectra, we find that three components are needed to describe the EPR signal in full detail, one isotropic Lorentzian line, one with axial g-factor anisotropy and another with rhombic g-factor anisotropy (Table 4). The isotropic component is either carbon based radical or some defect-based radical. The possibility of the signal being of carbon radical origin though is low, since at such high burn temperatures, the carbon radicals are usually gone. The most possible candidates for the other two components, based on the g-factors’ values and anisotropy type, are CO[image: $$_2^-$$] and CO[image: $$_3^{3-}$$] [45, 46].Table 4Results from S11 sample EPR spectra simulation with g-factor anisotropy at 4.3 K


	Source
	[image: $$g_x$$]
	[image: $$g_y$$]
	[image: $$g_z$$]
	[image: $$I/I_0$$]

	CO[image: $$_2^-$$]
	1.9794
	2.0055
	2.0264
	1

	CO[image: $$_3^{3-}$$]
	2.0063
	2.0063
	2.0088
	0.09

	C[image: $$^{\bullet -}$$]
	2.0035
	2.0035
	2.0035
	0.21


Listed are g-factor values and relative intensities, where [image: $$I_0=3.88.$$]



In order to now try and extract the burn temperature of bones from the EPR data, we first analyse the results from the EPR spectra of carbon-based radicals. In Fig. 2(top), we plot the measured g-factor values from Tables 2 and 3 versus burn temperature. We observe a general trend of decreasing g-factor values with increasing temperature. At each temperature there is some spread in the data due to different times of exposure. The same type of plot of EPR linewidth [image: $$\Delta B$$] shows a similar trend Fig. 2(bottom). This information can be used to make an estimate on burn temperature based on the EPR signal of carbon radicals, that we find in burnt archaeological bones. To get the best estimates possible, the studied archaeological sample would have to be burned again at different temperatures, starting from low temperatures and then progressing up to higher temperatures, with EPR measurements done at room temperature after every step. We would expect that EPR measurements done after burning the sample at temperatures lower than the original burn temperature, would produce signals with fairly constant values of g-factor and EPR linewidths. Only after we would exceed the original burn temperature, would we notice a change, a decrease, in these two EPR parameters[28, 47]. This is possible due to the fact that the g-factor and EPR linewidth are highly dependent on their local crystal-field surroundings, which change irreversibly each time a bone is burned at a certain temperature. Therefore, when we expose the archaeological bone sample again to lower temperatures than the original, this does not induce changes in the local crystal-field surroundings of the radical, only when we go above the original burn temperature is when we start to induce additional changes in the structure and in turn also in the g-factor and EPR linewidth values. This method can give us relatively good burn temperature estimates, however the sample undergoes irreversible changes as it needs to be burned, sometimes extensively, above the original burn temperature. A much less accurate but indestructible way to obtain burn temperature estimates, is to use the data from Fig. 2(top) and (bottom) to make a simple model, for example a linear fit of the average g-factor values at each temperature, which can then be used to determine the burn temperature from the measured archaeological samples, together with some error estimates. We stress here that the g-factor values obtained for different times of exposure at selected burn temperatures have large spread, which in turn causes the average values to have a large error associated to them. Therefore, the burn temperatures obtained from this simple model are useful only as very rough estimates.[image: ]
Fig. 2Top: Dependence of g-factor values of carbon-based radicals on the burn temperature. Black circles represent data from black parts of the bone and grey circles from the grey parts of the bone. The red circles are the average g-factor values at a given burn temperature. The solid red line is a linear fit to the average g-factor values. Bottom: Dependence of EPR linewidth [image: $$\Delta B$$] of carbon-based radicals on the burn temperature. Black circles represent data from black parts of the bone and grey circles from the grey parts of the bone


The detection of the unknown broad resonance observed for burn temperatures of 600 [image: $$^\circ$$]C and 900 [image: $$^\circ$$]C can also serve us as a good marker for burn temperature estimates. From the detection of this signal, we can assume that the burn temperature could be in the range between 600 and 900 [image: $$^\circ$$]C. Since we additionally observe, that these signals broaden with increasing burn temperature and shift to higher g-factor values, we could also get an estimate whether the burn temperature is more towards the lower or the upper boundary. We should note here, that this is a very rough approximation, for a more accurate determination of the burn temperature from g-factor and EPR linewidth of these broad signals, more burn temperature points should be taken in this range with more bone samples, to provide better statistics.
Another good marker for burn temperature estimates is the observed Mn[image: $$^{2+}$$] EPR signal in bones exposed to temperatures in the range between 900 and 1200 [image: $$^\circ$$]C. Similarly, as written above, the detection of this characteristic signal points to the bone burn temperature in this temperature range. Additionally, the absence of this signal can also serve us as an indication that the bone burn temperature was below 900 [image: $$^\circ$$]C.
Finally, we test the above-described EPR methodology on selected archaeological samples excavated from Slovenian archaeological site. The EPR results collected on burnt archaeological samples were compared with the validated results of reflection FTIR spectroscopy. All examined burnt bone fragments were excavated at archaeological site in Drnovo in southeast of Slovenia.
The EPR measurements of the archaeological burned bone sample labelled A1 show a wide Lorentzian line at [image: $$g=2.05$$] and [image: $$\Delta B \approx 85$$] mT, together with 6 lines of Mn[image: $$^{2+}$$] of manganese-substituted calcium in CaCO[image: $$_3$$] and the central set of lines, belonging to different carbonate radicals (Fig. 3a). This puts the burn temperature somewhere between 800 [image: $$^\circ$$]C and 900 [image: $$^\circ$$]C. The reflection FTIR spectrum (Fig. 3b) collected on sample A1 shows characteristic signals of carbonate vibrations placed at 1465 cm[image: $$^{-1}$$], 1411 cm[image: $$^{-1}$$] and 873 cm[image: $$^{-1}$$], which indicate a primarily carbonate substituted calcium apatite (i.e. B-type substitution) [48]. Carbonate anion forbidden bands are placed at 2928 cm[image: $$^{-1}$$], 2509 cm[image: $$^{-1}$$] and 2464 cm[image: $$^{-1}$$]. These signals usually arise when bone is exposed to 900 [image: $$^\circ$$]C for longer times. Absorbance bands of HCN2–, NCO–, CN22– groups of cyanamidapatite and/or calcium deficient cyanamidapatite are located at 3242 cm[image: $$^{-1}$$], 2204 cm[image: $$^{-1}$$] and 2014 cm[image: $$^{-1}$$], respectively. Furthermore, the reflection FTIR spectrum reveals distinct absorption bands of Cl–OH vibration at 3497 cm[image: $$^{-1}$$], as well as the signal of 1st overtone of OH stretching at 6986 cm[image: $$^{-1}$$]. The latter two signals indicate that the bone sample A1 was exposed to at least 900 [image: $$^\circ$$]C [7].[image: ]
Fig. 3EPR (a, c and e) and reflection FTIR (b, d and f) spectra for archaeological burnt bones samples labelled A1 (a and b), A2 (c and d) and A3 (e and f). The insets in the EPR plots show the details of the spectra in a narrow magnetic field range around [image: $$g \approx 2$$]


The second archaeological burned bone sample labelled A2 also shows an EPR spectrum consisting of a wide Lorentzian line at [image: $$g=2.02$$] and [image: $$\Delta B \approx 77$$] mT, together with the 6 lines of Mn[image: $$^{2+}$$], but without the central set of lines of carbonate radicals (Fig. 3c). Instead, only a single isotropic line, centred at [image: $$g=2.0025$$] and with [image: $$\Delta B \approx 0.34$$] mT, that is most probably of carbon radical origin. The g-factor and linewidth values put the burn temperature at around 900 [image: $$^\circ$$]C, which is also in line with the detected manganese and broad EPR signal. Figure 3d reports a reflection FTIR spectrum collected on the sample A2. [image: $$\nu _3$$] vibrations of carbonate groups are in the reflection FTIR spectrum placed at 1549 cm[image: $$^{-1}$$] and 1448 cm[image: $$^{-1}$$]. The latter band is in the FTIR spectrum slightly broadened and contains additional peak at 1402 cm[image: $$^{-1}$$]. The presence of all three signals of [image: $$\nu _3$$] vibrations of carbonate groups along with the presence of derivative-like [image: $$\nu _2$$] carbonate band ([image: $$\sim 872$$] cm[image: $$^{-1}$$]) suggesting the hydroxyl and carbonate substituted calcium apatite (i.e. AB-type substitution) [48]. Moreover, this spectrum contains a well-resolved [image: $$2\nu _3$$] and [image: $$\nu _3 + \nu _1$$] combination bands of carbonate anion placed at 2927 cm[image: $$^{-1}$$], 2859 cm[image: $$^{-1}$$], 2512 cm[image: $$^{-1}$$] and 2466 cm[image: $$^{-1}$$]. These signals are unmistakable in bones that have been exposed for a longer time, at least at a temperature of 900 [image: $$^\circ$$]C. The exposure of this bone sample to a temperature of 900 [image: $$^\circ$$]C is supported also by the detection of retained molecular CO[image: $$_2$$] (IR band at [image: $$\sim 2347$$] cm[image: $$^{-1}$$]), a weak interaction between hydroxyl group and of Cl[image: $$^-$$] anion (IR band at [image: $$\sim 3497$$] cm[image: $$^{-1}$$]) and the presence of first overtone of the OH stretching vibrations in the near-IR region (IR band at [image: $$\sim 6969$$] cm[image: $$^{-1}$$]). Furthermore, the strong IR absorptions are visible in the region of overtones and combination bands. The bands at 2204 cm[image: $$^{-1}$$] and 2014 cm[image: $$^{-1}$$] along with the signal at 3242 cm[image: $$^{-1}$$], confirm the presence of cyanates and cyanamides.
On another archaeological burned bone sample labelled A3, the EPR spectrum consists of a broad Lorentzian line at [image: $$g=2.08$$] and [image: $$\Delta B \approx 130$$] mT, with an addition of a narrow Lorentzian line with [image: $$g=2.0032$$] and [image: $$\Delta B = 0.4$$] mT (Fig. 3e). These values put the burn temperature, based on the narrow component, between 600 and 900 [image: $$^\circ$$]C, which are in line with the detection of the broad EPR signal. Infrared reflection spectrum of sample A3 is illustrated in Fig. 3f. B-type substitution is indicated in the spectrum based on the vibration of carbonate anion placed at 1475 cm[image: $$^{-1}$$], 1395 cm[image: $$^{-1}$$] and 875 cm[image: $$^{-1}$$]. The presence of carbonate anion is confirmed also by detection of typical doublet at 2509 cm[image: $$^{-1}$$] and 2466 cm[image: $$^{-1}$$]. Additional bands are present in the reflection spectrum placed at 988 cm[image: $$^{-1}$$] and 949 cm[image: $$^{-1}$$]. These signals suggest the detection of [image: $$\beta$$]-tricalcium phosphate ([image: $$\beta$$]-TCP, Ca[image: $$_3$$](PO[image: $$_4$$])[image: $$_2^-$$]). [image: $$\beta$$]-TCP is a thermal degradation product of hydroxyapatite. Based on our previous research, the detection of [image: $$\beta$$]-TCP suggests that this bone fragment was exposed to a temperature of at least about 800 [image: $$^\circ$$]C [49]. On the other hand, the reflection spectrum reveals also signals of Cl-OH vibration placed at 3497 cm[image: $$^{-1}$$] which is used as a marker that the bone was exposed to temperatures at least 900 [image: $$^\circ$$]C. Cyanamideapatites are also detected in the corresponding FTIR spectrum, based on their typical absorptions at 3242 cm[image: $$^{-1}$$], 2204 cm[image: $$^{-1}$$] and 2014 cm[image: $$^{-1}$$].

Conclusions
The research conducted in this study is based on EPR measurements on model burnt bones samples, which were burned at controlled temperatures of 300 [image: $$^\circ$$]C, 600 [image: $$^\circ$$]C, 900 [image: $$^\circ$$]C, and 1200 [image: $$^\circ$$]C. The obtained results show an interesting dependence of the measured EPR spectra on the burn temperatures, with characteristic carbon-based radical signals dominating the lower end of the burn temperatures, the emergence of the broad EPR signal of unknown origin in the mid-range burn temperatures, and Mn[image: $$^{2+}$$] and carbonate ions signals at higher temperatures. These different EPR signals can serve us as characteristic burn temperature markers and with a careful analysis of the obtained results, we were able to construct a novel model for determining an estimate for the burn temperature of bones based on the measured EPR spectrum. Finally, to test this methodology in practice, we employed it, together with a complementary reflection FTIR spectroscopy measurements, on different archaeological burned bone samples. The two methods provided us with similar burn temperature estimates and have thus confirmed that our EPR-based model performs well. The interdisciplinary approach of determining the burn temperature of archaeological bones with EPR and reflection FTIR spectroscopy can prove to be very useful in the future. The methods are relatively fast and easy to use, however the accuracy of the burn temperature estimates could be improved. In the future, additional studies are needed to improve on this by perhaps providing model burnt bone samples at more selected temperatures and also by employing additional complementary techniques, such as pulsed EPR or solid state NMR. Nevertheless, this research has opened up additional avenues for archaeological studies, providing a complementary understanding of historical events and practices. This study promises great potential for the use of EPR to determine the burn temperature of bones and adds another piece to the mosaic of archaeological research, bringing us one small step closer to unravelling the mysteries of our past.
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