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Abstract:  

The carbonization process induces significant physical, elemental, and structural 

transformations of wood. In this study, the modification of 𝛿18O in wood during the 

carbonization process was investigated in conjunction with elemental analysis, infrared 

spectroscopy (FTIR), and Rock-Eval thermal analysis, to explore the connection between the 

chemical composition of the materials and the alterations in 𝛿18O. Quercus petraea wood 

samples were experimentally burned at temperatures ranging from 200°C to 1000°C under inert 

(pyrolysis) and oxidative atmospheres. The results reveal that the modification of 𝛿18O values 
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in charred wood can be described as a sequential two-step process. The initial step, occurring 

below 300°C, involves the volatilization and preferential degradation of thermolabile 

compounds, leading to an increase of +1.6 ‰ in 𝛿18O. The subsequent step, below 700°C, 

results in a decrease in 𝛿18O values of -21.6 ‰, primarily driven by the thermal degradation of 

cellulose and lignin, as well as the increase of aromaticity and reorganization. The components 

and the 𝛿18O of wood undergo distinct changes in combustion mode, due to different 

carbonization kinetics as evidenced by FTIR and elemental analysis. To assess the intensity of 

the carbonization process, influenced by temperature, oxygen availability, and wood 

characteristics, the H/C atomic ratio, a good indicator of aromaticity, is used. A non-linear 

regression model was established, relating 𝛿18O to the H/C atomic ratio, thereby demonstrating 

that 𝛿18O values undergo changes as wood aromatization progresses, independent of the 

carbonization conditions. The second order model has a mean confidence interval of 1.9 ‰ and 

a prediction interval of 8.1 ‰. This work provides a fundamental understanding of the 

connection between the chemical composition of woody materials, alterations in 𝛿18O, and the 

carbonization process, offering valuable insights for further studies and applications related to 

oxygen-related information that may be preserved in charcoals. 
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1. Introduction  

Stable isotopes of carbon (δ13C) and oxygen (δ18O) in tree rings have proven useful for 

reconstructing past climate and  water cycle variability, as well as better understanding tree 

ecophysiology (e.g. in temperate areas: [1–5]). These properties derive from the fact that 

environmental parameters (temperature, precipitation, solar radiation, air humidity) control the 

biological functions of trees, which, in turn, regulate δ13C and δ18O variations [6,7]. The 



variability of δ13C is mainly related to the stomatal regulation of gas fluxes into the leaf and the 

photosynthetic activity [8,9]. The δ18O of plant tissues reflects the variation of δ18O in 

precipitation and the subsequent evaporative fractionations that mainly take place in the soil 

and at the leaf level [10–13]. Thus, δ13C and δ18O in wood provide complementary climatic 

information. 

 

The δ13C of carbonized wood, especially archaeological charcoals, which are better preserved 

than wood in sediments over time, has been used to investigate paleoclimate [14–18]. Charcoals 

result from the incomplete combustion of woody material under an O2-free or -restricted 

atmosphere [19,20]. Wildfires as well as anthropogenic fires cause heterogeneous charring of 

woody material with fast-burning high-temperature areas on the wood surface and smouldering 

lower-temperature regions in the interior [21,22].  

Carbonization results in the modification of the physicochemical structure of wood. This 

change occurs through the progressive thermal degradation of wood constituents inducing the 

formation of stable aromatic rings and the reorganization of their structure into highly stable 

condensed compounds [21,23–29]. Consequently, in comparison to uncarbonized wood, 

charcoals are relatively enriched in carbon and aromatic moieties but are also depleted in 

hydrogen and oxygen as a consequence of the loss of functional groups [22,30,31]. 

 

The variation of 𝛿13C of wood under charring is generally between + 0.5 ‰ and – 2 ‰ (see 

review by [26]). Carbonization induces the preferential degradation of 13C-enriched wood 

compounds (i.e., proteins, amino acids, holocellulose), resulting in a decrease of 𝛿13C close to 

the signature of the 13C-depleted lignin [32,33]. The changes in 𝛿13C have been attributed 

mainly to kinetic effects related to temperature and the physiochemistry of the main wood 

components [34–36]. However, in contrast to the evolution of 𝛿13C during charring, the 



behaviour of  remains poorly documented. Hatton et al. [37] reported 18O enrichment in 

charred wood at temperature of less than  300°C (+ 0.5 ‰) and 18O depletion at 600°C (- 15.9 

‰). Hamilton (master thesis) [38] also found an increase in 𝛿18O followed by a large decrease 

with increasing temperature in ambient and reduced atmosphere (+ 2.1 ‰ at 300°C and – 20 

‰ at 900°C during pyrolysis; + 1.8 ‰ at 300°C and -17.8 ‰ at 900°C during combustion). 

Nonetheless, the intensity of oxygen isotopic changes in relation to the chemical modifications 

that occur during carbonisation needs to be better understood since each component is 

differently altered and modified as charring progresses.  

Therefore, our study aims to document the progressive changes of wood 𝛿18O in relation to the 

transformation of organic matter during carbonization. We measured the 𝛿18O of oak wood 

experimentally burnt between 200°C and 1000°C in inert (nitrogen pulsed gas) and oxidative 

(air) atmospheres to characterize the changes of 𝛿18O in wood. Elemental analyses, infrared 

spectroscopy and Rock-Eval® thermal analyses were conducted to investigate potential links 

between the evolution of the chemical components of the studied materials and 𝛿18O 

modifications.  

 

2. Material and methods 

2.1. Experimental design 

Approximately 200 mg of crushed oak (Quercus petraea; Ø ~ 50 µm) was heated in quartz 

tubes plugged with SiO2 wool. The samples were placed for one hour in a preheated tubular 

furnace set at 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, and 1000°C. They were 

held under a constant flow of N2 (≥ 99,8 %) to produce charcoal via pyrolysis. After heating, 

the samples were cooled to room temperature (ca. 20°C) outside of the oven. A similar 

experiment with different aliquots was conducted for the Rock-Eval® thermal analysis. 



Experimental carbonization was also conducted under an ambient atmosphere (in the presence 

of O2) as an approach to produce charcoal through combustion. The powders were heated for 

one hour in ceramic crucibles in air using a preheated muffle furnace set at 200, 250, 300, 350, 

400, 450, and 500°C. It is worth mentioning that above 350°C, only ash remained after one 

hour of thermal treatment.  

Each experiment was replicated three times. All samples were weighed before and after heating 

to determine mass loss (data are available in Supplementary Material; Fig. S2).  

2.2. Elemental and Rock-Eval® thermal analyses 

Carbon (C), hydrogen (H), and oxygen (O) contents (wt%) were measured with a Thermo-

Fisher Flash 2000 analyser. Ca. 2 mg of samples were weighed in tin capsules for C and H and 

in silver capsules for O. International standards were used to calibrate the values. The 

uncertainties were ± 0.5 % for C, ± 0.7 % for H and ± 3 % for O. Carbon and hydrogen were 

determined simultaneously following combustion, while oxygen was determined following a 

pyrolysis process. The elemental composition of the ash obtained after burning samples above 

300°C was not measured.  

Rock-Eval® thermal analysis was conducted using less than 10 mg of materials with a Rock-

Eval® 6 turbo device designed by Vinci Technologies. The basic operating principles of this 

method have been presented by Behar et al. [39]. Briefly, Rock-Eval® thermal analyses consist 

of two stages: pyrolysis, followed by combustion. In the following section, we focus on the 

pyrolysis stage. Programmed pyrolysis (under N2) takes place in two phases: (i) a three-minute-

long isothermal phase at 300°C (corresponding to the “S1 peak”), followed by (ii) a pyrolysis 

phase performed at an increasing temperature from 300 to 800 °C at a rate of 25 °C/min. During 

these two phases, hydrocarbons (HC), on the one hand, and CO and CO2, on the other hand, are 

continuously quantified with flame ionization and infrared detectors, respectively. 



Quantification of HC released during the first isothermal phase provides the S1 peak parameter 

related to free and thermodesorbable HC [39]. 

2.3. Fourier transform mid-infrared spectroscopy (FTIR)  

The samples were dried overnight (50°C) to eliminate moisture before being analyzed. FTIR 

analyses were performed using a Bruker Tensor 27 spectrometer equipped with a germanium 

crystal in attenuated total reflectance (ATR) mode. FTIR spectra were acquired over the 4000–

600 cm−1 spectral range, with a spectral resolution of 4 cm−1 and 64 scans. Spectra were 

corrected for atmospheric interference (H2O and CO2) and differences in beam penetration 

depth at different wavelengths (ATR correction) using Opus software. FTIR absorption bands 

were assigned on the basis of literature (Table 1). 

2.4. Isotopic analysis 

The δ18O was determined using a high-temperature conversion elemental analyzer (TC‐ EA, 

Thermo Scientific) coupled with an Isotope Ratio Mass Spectrometer (IRMS, IsoPrime). 0.2 to 

1 mg of charcoal material was weighed in silver capsules (data are available in Supplementary 

Material; Fig. S1), converted to CO by pyrolysis at 1400°C, and then flushed into a mass 

spectrometer. The isotope ratio values are expressed in Eq. 1 according to the δ notation: 

 

 (‰) = [(18O/16Osample)/(
18O/16Ostandard) -1]   1000     (1) 

Where 18O/16Ostandard refers to the oxygen isotopic ratio of the Vienna Standard Mean Ocean 

Water (V-SMOW) 

). Along the sequence of analyses, the isotopic composition of CC31, an internal laboratory 

reference for cellulose, was measured every three samples. The 18O of CC31 (set by consensus 

between 9 European laboratories; [40]) is 31.85 ‰. A one-point calibration was applied using 



this reference value. The long-term analytical precision based on repeated measurements of 

CC31 cellulose was within 0.20 ‰.  

 The effect of charring on wood isotope composition is further expressed as Eq. 2:  

Δ18Ochar (‰) = δ18Ochar − δ18Oinitial    (2) 

where δ18Oinitial represents the δ18O value of uncharred oak (δ18Oinitial = 24.66 ‰), and δ18Ochar 

is the mean value of charred materials formed at a given temperature (between 200 and 

1000°C).  

 

2.5. Statistics 

 Pearson correlation coefficients and second order polynomial regression as well as confidence 

and prediction intervals were calculated using XLSTAT 2023 1.1 (https://www.xlstat.com/fr).  

3. Results  

3.1. Elemental and Rock-Eval® thermal analyses 

The oxygen (O) and hydrogen (H) contents decreased substantially with increasing pyrolysis 

temperature from 42.00 % and 5.82 % to 3.71 % ± 1.00 and 0.49 % ± 0.11, respectively, at 

1000°C (Table S1 & S2). At 400°C, with 25.53 % ± 2.33 wood had almost lost half of its initial 

oxygen content. The C content continuously increased from 47.09 % to 83.91 % ± 5.09 at 

1000°C. The atomic ratios decreased with temperature, as illustrated in the H/C versus O/C 

diagram (so-called van Krevelen diagram; [41]; Fig. 1). Pyrolysis charcoals exhibit a H/C ratio 

decreasing continuously from 1.47 ± 0.04 at 200°C to 0.07 ± 0.01 at 1000°C. The O/C ratio 

decreased from 0.68 ± 0.01 to 0.03 ± 0.01 in the same temperature range.  



 

 

Fig. 1. H/C and O/C atomic ratios determined in wood carbonized from 200°C to 1000°C in 

pyrolysis and combustion (n=3; the standard deviation is indicated in dotted lines). The 

carbohydrates, lignin-derived, char-, black carbon- soot fields are inspired from Hammes et al. 

[42]. 

 

The H and O contents of the charred wood is much lower when carbonization was obtained 

under combustion compared to pyrolysis at a given temperature. For example, at 300°C, the H 

content was 5.49 ± 0.10 % during pyrolysis, while it decreased to 1.92 ± 0.14 % during 

combustion. At the same temperature, the O content was 38.23 ± 1.37 % during pyrolysis, while 

it reached 32.50 ± 0.71 % during combustion. The H/C and O/C ratios decreased continuously 

during combustion (Fig. 1). The wood was completely consumed at 350°C in combustion, 

leaving only ash.  

 

The Rock-Eval® thermal analyses revealed that a significant quantity of volatile products was 

released (CO, CO2, and HC) during the pyrolysis experiments, in particular between 200°C and 



400°C (Fig. 2). More specifically, the S1 peak decreased from 54.4 mg/g at 200°C to 1.4 mg/g 

at 400°C, and less than 1.2 mg/g at 1000°C (Fig. 2 and Table S3). Beyond 400°C in pyrolysis, 

we observe that CO, CO2, and HC emissions were asynchronous (Fig. S3). 

 

 

Fig. 2. S1 peak (300°C isothermal phase) measured by Rock-Eval® on charred wood heated in 

pyrolysis from 200°C to 1000°C.  

3.2. Fourier-transform infrared spectroscopy 

The infrared spectra of the raw sample showed absorption bands assigned to C-H, C-O, OH, 

and aromatic skeletal vibration functions (Fig. 3 and Table 1). The intensity of absorption bands 

(1) in the 3600-3000 cm−1 range and (2) at 1040 cm-1, assigned to (1) OH stretching and (2) 

aliphatic and alcohol C-O stretching vibrations, respectively, [43] were substantially reduced 

between 300 and 400 °C. (Fig. 3a and Table 1). The C-H aliphatic stretching vibration group 

(2930 cm−1) showed a similar trend, that is, a rapidly decreasing intensity with increasing 

temperature, becoming almost undetectable above 400 °C. 



Below 700°C, the intensity of the band observed between 1704 cm-1 and 1735 cm-1 (C=O 

stretching; [44]) decreased. Between 400 and 700°C, the relative intensity rise in the C=C 

aromatic skeletal vibration and the presence of a C=O stretching band (1596-1606 cm-1) attested 

to the progressive aromatization of organic matter with increasing carbonization temperature 

[45] (Fig. 3a and Table 1). In addition, absorption bands assigned to skeletal C-C vibration and 

C-O and O-H bending (1150, 1235, 1370, 1420, and 1460 cm-1) merged in a broad band 

occurring between 1150 and 1460 cm-1 [46]. From 800°C onwards, IR spectra showed a general 

decrease in intensity until the bands were no longer visible. 

 

 

Fig. 3. FTIR-ATR spectra of oak samples charred (a) between 200°C and 1000°C in pyrolysis 

and (b) between 200°C to 300°C in combustion. The brown dotted lines indicate the 

characteristic wood peaks reported in the literature and described in Table 1.  

 

Table 1. Major IR absorption bands and assignments. 



Wavenumber 

(cm-1) 

Peak assignment 

3400 -O-H stretching[43,44,46] 

2925 Aromatic and aliphatic C-H and CH2 stretching in methyl and 

methylene[43,44,46] 

1735-1704 Non-conjugated C=O in hemicellulose and aromatic carbonyl[43,44,47] 

1596 Aromatic skeletal vibration in lignin[48,49] 

1505-1512 Aromatic skeletal vibration in lignin [43,44,46,48,49] 

1460 C-H deformation in lignin and carbohydrates[44,49] 

1423 Benzene skeletal combined with C-H deformation[44,48] 

1370 Aliphatic C-H stretching in methyl and phenol O-H[47] 

1325 C-H vibration in cellulose and C-O vibration in lignin units[48,49] 

1235 C-O stretching in lignin units and bending O-H, antisymmetric stretching 

vibration of the acetyl ester groups[44,47–49] 

1150 C-O-C stretching[47–49] 

1040 Aliphatic ether C–O and alcohol C–O stretching in cellulose and 

hemicellulose[43,46,49] 

895 aromatic C-H out of plane deformation[46,47] 

Guo & Bustin, 2018 [43] ; Esteves et al. 2013 [44]; Yu et al. 2018 [46]; Lehto et al. 2018 [47]; 

Gonultas et al. 2018 [48] ; Kwon et al. 2013 [49] 

 

 

The band between 800 and 950 cm-1, persisting to 1000°C, will not be discussed here as an 

assignment to Si-O vibration (due to remnants of glass fibers from the experimental device) 

cannot be ruled out unambiguously. 

The structural modifications undergone by the wood during pyrolysis were different from those 

undergone during combustion at the same temperature. It could have been similarities between 

spectra obtained from different temperature such as the resemblance between spectra at 300°C 

from combustion and those from 400°C in pyrolysis which experienced the disappearance of 

the cellulosic band (1040 cm-1). However, it should be noted that the FTIR spectra exhibit a 

distinct disparity in the band ratio of 1735/1600 cm-1 related to the carbonization process (Figs. 

3b, Table. S1; 1730/1600).  



 

3.3. Oxygen isotopic composition  

 δ18O values are presented in Table S1 and averaged in Supplementary Material (Table S2).  

During the pyrolysis experiments at temperatures lower than 300°C, the Δ18Ochar values no 

longer equals zero and increases slightly, indicating an 18O-enrichment of the heated wood 

compared to the raw wood (maximum values of Δ18Ochar at 300°C:  + 1.6 ± 0.2 ‰). Such slight 

increases were also observed in charred wood produced by combustion, but at 200°C (Δ18Ochar 

= + 0.7 ± 0.2 ‰ at 200°C) (Fig. 4 and Table S2).  

This enrichment was followed by an overall decrease in Δ18Ochar from -1.9 ± 0.5 ‰ at 350°C to 

-24.6 ± 3.6 ‰ at 1000°C. The largest isotopic shift observed between fresh and charred wood 

was -29.6 ‰ (± 1σ = 0.5, n=3), at 900°C during pyrolysis. Δ18Ochar was highly correlated with 

pyrolysis temperature (r = - 0.95; p-value < 0.05). 

 



Fig. 4. Mean Δ18Ochar measured in wood carbonized from 200°C to 1000°C in pyrolysis and 

combustion (n=3 except for 350°C sample in combustion for which, n=1; the standard deviation 

is indicated as dotted lines). The bold red line represents the raw sample with 0.2 ‰ 

measurement uncertainty. 

 

For a given temperature, Δ18Ochar values were notably different in the pyrolysis and combustion 

experiments. For instance, at 300°C, Δ18Ochar are respectively +1.6 ‰ ± 0.2 and -11.8 ‰ ± 0.8 

(Fig. 4 and Table S2). Furthermore, two samples remaining after combustion above 300°C 

exhibited Δ18Ochar values -14.99 ‰ and -14.53 ‰ at 350°C and 500°C, respectively (Table S1).  

During pyrolysis, the standard deviation of oxygen isotopic ratio among the replicates remained 

lower than the mass spectrometer uncertainty (± 0.2 ‰) below 400°C. At higher temperatures, 

the difference between the Δ18Ochar values of the three experimental replicates was as high as ± 

3.6 ‰ (mean for 1000°C). 

4. Discussion 

4.1. How and why does 𝛿18O change with increasing temperature during pyrolysis? 

The increase in pyrolysis temperature mainly results in two distinct Δ18Ochar modifications: (1) 

a slight increase (ca. + 1.5 ‰) between 200 and 300°C and (2) a broad decrease (ca. -21.5 ‰; 

Fig. 4 and Table S1) up to 700 °C. Beyond 800°C, no clear effect of carbonization was 

evidenced either on the chemical structure or on the δ18O values of the charred wood.  

Between 200 and 300°C, the Δ18Ochar increase is related with the decrease in H/C and O/C due 

to the loss of unbound and structural waters as well as the thermal desorption/degradation of 

hydrocarbons (Figs. 1 and 2, Table S1; [23,36,37]). In addition, the decrease of intensity in 



carbonyl groups bands observed in FTIR spectra at 1735 cm-1 (Fig. 3 and Table 1) is consistent 

with the thermal decomposition of hemicellulose initiated between 200°C and 300°C as 

described by Cheng et al. [50] and Yang et al. [30]. However, in these two studies, the 

investigations were conducted on pure hemicellulose, the thermal decomposition of which may 

have a different behaviour when it is interconnected with other components in wood [51]. 

Furthermore, the 18O of the hemicellulose is similar or slightly higher than that of the whole 

wood [52]. Thus, the thermal degradation of this component cannot account for the observed 

increase in Δ18Ochar. Hence, the initial increase in Δ18Ochar may rather reflect the loss of residual 

water, depleted in 18O compared to the wood [12,13], and possibly the decomposition of 

unidentified 18O-depleted organic component. Czimczik et al. [23] interpreted a 13C enrichment 

of charred wood at 150°C by the loss of 13C depleted lipids. A similar process may take place 

here for the 18O increase as lipids are also 18O depleted with respect to bulk wood [53]. 

The second phase in the thermal decomposition is marked by a notable decline of Δ18Ochar from 

350°C to 700°C. This phase consists in (i) the thermal degradation of the main constituents of 

wood (e.g. hemicellulose, cellulose, and lignin; Fig. 4; [54,55]) and (ii) the increase in the 

degree of aromaticity of the carbonized wood (Fig. 1, Table S1; [24]). 

 Below 400°C, the thermal degradation of carbohydrates, including cellulose, takes place 

through depolymerization, as illustrated by the disappearance of their characteristic FTIR bands 

at 1040 and 1735 cm-1 (Fig. 3 and Table 1; [43,56]). As cellulose is 18O-enriched compared to 

bulk wood material [26,57–59], its thermal degradation could lead to the decline of Δ18Ochar. 

However, in our experiments the depletion in 18O is accentuated above 400°C, while the thermal 

degradation of cellulose has almost been completed by that temperature (Fig. 4; [20,30]). 

Therefore, the decreasing trend of Δ18Ochar with temperature suggests that the thermal 

degradation of cellulose can only partially explain the evolution of Δ18Ochar
 with temperature. 



Between 400 and 700°C, the FTIR spectra indicate the progressive decrease in the intensity of 

carbonyl, carboxyl, methoxy and phenolic hydroxyl groups bands with temperature (Figs. 1 and 

3; Tables 1 and S1), which can be assigned to lignin depolymerization [54,60,61]. 

Aromatization also takes place during the wood thermal degradation as shown by the 

progressive increase of the C=C aromatic vibration in the FTIR spectra (Fig. 3 and Table 

1).  This conclusion was also drawn by Hatton et al. [37], Li et al. [55], McBeath et al. [24] and 

Mouraux et al. [35]. Lignin exhibits a lower δ18O value compared to the whole wood (between 

10.2 and 15.4 ‰; [32,38]). Nevertheless, the relatively low δ18O value of lignin may not be 

sufficient to explain a low δ18O of 3.0 ± 2.9 ‰ as observed in charcoals at 700°C. For instance, 

the δ18O of oxygenated functional groups in vanillin which can be derived from the thermal 

transformation of lignin, show large variations between carbonyl, methoxy and phenolic 

hydroxyl groups [62]. Indeed, in comparison to carbonyl oxygen, with a δ18O of ca. 26.2 ‰, 

methoxy and phenolic hydroxyl groups exhibited δ18O as low as 2.7 and 5.8 ‰, respectively. 

The decline in Δ18Ochar from 400 to 700°C may then be attributed to the selective and relative 

preservation of the 18O-depleted methoxy and phenolic hydroxyl groups (Fig. 3 and Table 1). 

The evidence that these groups exist at these temperature [37,54,56,63,64] supports this 

hypothesis. 

Above 800°C, the evolution of O/C atomic ratio as well as FTIR spectra do not reveal any 

changes in the chemical structure of the charcoals because of the limits of the precision and the 

resolution of the analytical approach and the inability of FTIR to detect carbon covalent bonds 

(Fig. 3, Table S1 and S2). Between 800 and 1000°C, the uncertainties on Δ18Ochar are ± 1.5 ‰ 

and ± 3.6 ‰, respectively. Such variability in Δ18Ochar may reflect differences in the proportions 

of the various compounds between the replicates. However, increased pyrolysis temperatures 

imply an overall degradation of oxygenated functional groups, which should theoretically 

smooth out intrinsic heterogeneity related to organics. We hypothesize that the observed 



variability of 18O at a given temperature can be ascribed to changes in the concentration of 

inorganic sources of O in the charred wood or to small changes in the experimental conditions 

between replicates.  

 

4.2. Why is the reproducibility of the 18O measurements low above 400°C?   

Wood contains a variety of mineral elements with calcium, potassium and magnesium being 

the most abundant cations [65,66]. The concentrations in mineral elements are neither constant 

across growth rings [66], nor along the stem (e.g. [67]). These elements exist as oxides, 

oxalates, carbonates, phosphates and sulphates in the wood [64,68]. Minerals usually 

correspond to < 1 wt% of wood and the mineral content of charred wood increases with 

increasing charring temperature [69]. In oaks, Ca-oxalate (CaC2O4) and silica (SiO2) are the 

most common minerals [68,70].  

It has been shown that the interactions between wood constituents and mineral elements 

naturally present in the biomass, can modify thermochemical processes and promote the 

rearrangement of aromatic rings above 350°C [54]. They could also alter the yields of 

lignocellulose-derived compounds [71,72].    

In this study, CO, CO2, and HC emissions are asynchronous above 400°C during the Rock-

Eval® thermal experiment (Fig. S3). This suggests a contribution from an inorganic 

component, such as calcite, to CO and CO2 emissions at these temperatures. Actually, calcite 

has already been detected by X-ray diffractometry in Fagus and Picea samples pyrolyzed at 

600°C and in biochar of hardwood and softwood heated at 450°C [31,73]. Its formation was 

suggested to follow the transformation of Ca-oxalate present in uncharred wood. The formation 

of quartz and cristobalite during wood carbonisation has also been described [73].  



As the oxygen from organic molecules is progressively lost above 400°C, the contribution of 

oxygen from minerals to the overall 18O of the charred wood may increase with increasing 

temperature [63,74,75]. However, since the nature and the distribution of the minerals in the 

original wood were not determined, we cannot evaluate their contribution to 𝛿18O.  

4.3. Does the oxygen supply during the carbonization process impact the oxygen isotope 

ratio? 

Within a fire, conditions change from the heart to the periphery of the blaze. The oxygen 

availability, being uniform neither in space nor time, depends on the fire regime and severity 

[29,76–78]. Therefore, documenting the modification of 𝛿18O under both pyrolysis and 

oxidizing conditions is a required first step to enable interpretation of the oxygen isotopic 

composition of charcoals.  

At a given temperature, the depletion in H and O contents and the decrease in Δ18Ochar are larger 

in combustion than in pyrolysis mode (Figs. 1 and 4, Table S1). The presence of oxygen during 

wood charring impacts various physicochemical properties, such as the mass loss, the aromatic 

C content, and the isotopic composition of the residual char [34,79–81]. The pyrolysis and 

combustion processes involve different chemical and physical reactions [81–84], which 

necessarily lead to differences in kinetic or equilibrium isotopic effects.  

For a given value of 18O, the structural composition of the charcoal is not the same in pyrolysis 

and combustion experiments, as shown by the infrared spectroscopy results. For example, the 

Δ18Ochar of -12.9 ± 3.6 ‰ in the wood pyrolyzed at 600°C, is close to the value of – 11.76 ± 0.8 

‰ in the wood sujected to combustion at 300°C, but the 1735 cm-1 band is much shorter in the 

former than in the latter (Fig. 3, Table S2). Moreover, Li et al. [85] showed that the relative 

absorbance of this band, attributed to the carbonyl (C=O) bond, increased with temperature 



during carbonization under oxidative conditions, which is not the case under pyrolysis 

conditions. This reaction could be due to the fragmentation of aliphatic side chains in lignin or 

the cleavage of β-O-4 linkages [85]. Nevertheless, the different structural changes between 

pyrolysis and combustion do not significantly affect the charcoal's isotopic composition. 

Indeed, Δ18Ochar parameters follow similar changes along the two experiments, albeit at 

different rates. Consequently, these isotopic alterations appear to be primarily driven by the 

degradation of the main components, although we cannot entirely rule out the possibility of 

minor isotope exchanges with atmosphere in combustion experiments.  

 

4.4. Can the original 𝛿18O value of wood be inferred from its burnt 

counterpart? 

More than temperature, the intensity of the carbonization) induces the degradation and 

structural changes in the wood components that drive the modification of 𝛿18O. The intensity 

of carbonization depends both on temperature and oxygen availability since at a given 

temperature, the carbonization and pyrolysis do not produce the same results. In addition, other 

characteristics of the wood such as its moisture content, chemical composition (including its 

mineral content), density, and porosity as well as the size and shape of the wood particles may 

affect the evolution of the isotopic composition under heat treatment [23,26,34,36]. 

Given the observed differences in the physicochemical and oxygen isotopic composition of the 

charred wood between the two fire regimes, the O/C atomic ratio hardly provides an 

independent assessment of the intensity of carbonization (Fig. S4). On the contrary, the H/C 

atomic ratio decreases with the growth and subsequent progressive condensation of aromatic 

rings, which take place with the intensification of the charring process [27,86]. We thus propose 



to use the H/C atomic ratio as a proxy for the intensity of carbonization. 18Ochar decreases with 

decreasing H/C, both in pyrolysis and combustion experiments (Fig. 5). A non-linear 2nd order 

regression model can be fitted to the data as Eq. 3:  

18Ochar = -31.2 + 54.3  (H/C) -22.5  (H/C)2 with a 95 % mean confidence interval of 1.9 ‰ 

and a prediction interval of 8.1 ‰ (3) 

This regression can theoretically be used to estimate the original oxygen isotopic composition 

of wood samples burned by combustion or pyrolysis from their H/C and 18O (Fig. 5). However, 

this approach can only provide a rough indication of the pristine 18O because the variation of 

the wood 18O during carbonization is very large compared to the natural variability in time 

and space of wood 18O (typically a few per mil, e.g in oaks : [87–90]). In addition, the model 

uncertainty is large, which precludes a precise determination of 18Ochar. Moreover, the model 

defined in this study may not be transposable to the wood of another tree species, or even to the 

wood of another oak. Indeed, the evolution of 18Ochar as a function of carbonization intensity 

may change from one wood to another because the proportions of the main components and 

their molecular stability, which control the isotopic signature, are variable. Furthermore, even 

if the H/C is known to be a good index of the aromaticity of organic matter [27,86], the 

proportions of lignin, cellulose and hemicelluloses, which vary from one species to another, 

affect the H/C. Therefore, comparative studies on different species would be necessary to 

strengthen the model.  

In addition, it has to be acknowledged that experimental charcoals are not subjected to the same 

post-depositional and diagenetic conditions as charcoals found in the natural environment. 

Indeed, oxidation and sorption can alter the O/C and H/C ratios during the diagenesis process 

[91,92]. Hence, the application of the model to H/C ratios affected by diagenesis may lead to 

misinterpretations. Moreover, it is worth noting that no research has investigated the potential 



influence of oxidation and sorption on the δ18O isotopic signature of charcoal during post-

depositional processes. Consequently, it is imperative to ascertain, prior to referencing the 

model, that the chemical composition of the charcoal has not undergone substantial alteration. 

 

Fig. 5. Nonlinear regression (black line) modelling the relationship between Δ18Ochar ratios and 

H/C atomic ratios from wood samples charred between 200°C and 1000°C in pyrolysis and 

combustion. The blue lines represent 95 % confidence interval while red dotted lines represent 

95 % prediction intervals.  

 

5. Conclusion 

Carbonization induces significant physical, elemental, and structural transformations in 

Quercus petraea wood. The modification of δ18O values in pyrolysis wood products can be 

characterized as a two-step process. The initial step (<300°C) is influenced by the volatilization 

and preferential degradation of labile compounds, as well as the loss of free and non-structural 

water. During this step, δ18O increases. The subsequent step (<700°C) is primarily driven by 



the thermal degradation of wood cellulose and lignin. During this step, δ18O drastically 

decreases.  

Combustion induces different changes to pyrolysis, in particular different oxygen bond 

rearrangement in the material as shown by FTIR and elemental analysis. The overall evolution 

of δ18O during combustion differs from pyrolysis. Indeed, the intensity of the carbonization 

process, not only influenced by temperature but also oxygen availability, and various wood 

characteristics, primarily drives the modification of δ18O. The H/C ratio, which reveals the 

degree of aromatization of the organic material, reflects the progress of carbonization, whether 

by combustion or pyrolysis. Δ18Ochar changes systematically as a function of H/C according to 

a non-linear model. The application of the model to Δ18Ochar - H/C data from charcoal does not 

allow to track back to an initial δ18O value in the wood with confidence, in particular because 

of large model uncertainties. However, for an H/C >1, the Δ18Ochar measured do not undergo 

large changes compared to their initial value (<2 ‰) which should encourage the development 

of this function especially on charcoal heated at low carbonization intensity. 

 Ideally, each fraction should be identified, such as the δ18O linked to the physiological process 

involved in its formation. However, our approach is limited to an empirical quantification of 

the oxygen isotope fractionation process at different structural stages of carbonization product 

formation in Quercus petraea. Ideally, to refine the model and provide the theoretical 

fundamentals of δ18O changes with H/C, each molecular compound in the wood should be 

identified, and its δ18O determined.  
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