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Abstract 

Charcoal (also referred to as black carbon) is produced by pyrolysis of vegetation and 

fossil fuels in the absence of oxygen. The charcoal beneath the soil is valuable 

evidence, apparently reflecting past human activities in the selection of biomass origin 

and the use of fire over millennia; thus, the compositional analysis of charcoal has been 

developed. Nuclear magnetic resonance (NMR) spectroscopy is regarded as one of the 

most powerful approaches, enabling the structural characterization of black carbon 

cross-linked framework and other organic components. While the utilization of solid-

state NMR has been predominant for charcoal analysis owing to insolubility, solution-

state NMR possesses better selectivity and sensitivity to analyse pyrolytic substituents 

adsorbed onto charcoal sites. Herein, the novel comparative profiling of pine and birch 

charcoal extracts was established using 1D and 2D solution-state NMR spectroscopy. 

The degradation of lignocellulosic compounds in wood was recorded in parallel to the 

increase in heat treatment temperatures, followed by the production of polycyclic 

aromatic hydrocarbons (PAHs). Moreover, archaeological samples from Degersjön and 

Gunnarsbyn (northern Sweden) – part of a larger study including NMR, FTIR and other 

analyses – were subsequently evaluated in order to ascertain their biomass origin and 

burning temperatures. This provides valuable molecular information to complement 

prehistoric and archaeological insight into human activities in those regions. This 

strategy contributes to a comprehensive understanding of the hidden history of human 

development, pioneering the widespread investigation of different vegetation charcoal 

extracts. 
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Popular Scientific Summary, Societal and Ethical Aspects    

Popular scientific summary 

Charcoal is a product formed through the heating process of plants, trees, or fossil fuels 

in the absence of oxygen in the air. The appearance of charcoal beneath soil in 

archaeological sites contains a lot of valuable information to unravel the history of 

human development. Depending on the location, the biomass origin and combustion 

conditions were distinctive; therefore, to understand these factors, many analytical 

methods have been developed to give deep insights into the molecular level. One of the 

most powerful methods is nuclear magnetic resonance (NMR) spectroscopy, which 

allows the identification of the molecular structure of each component present in 

charcoal, including a complex black carbon network and adsorbed organic compounds. 

Because black carbon is not able to be dissolved effectively in any solvent, most 

publications have recently focused on solid-state NMR using intact charcoal. However, 

solution-state methods are suggested to be used to investigate the adsorbed components 

to distinguish the – its history reflecting – chemical composition of charcoal. Here, 

solution-state NMR spectroscopy was utilized to chemically profile pine and birch 

charcoal extracts, which correspond to an increase in the heat treatment temperature. 

The results show that with increasing the burning temperature, lignin, cellulose, and 

hemicellulose (the main components in wood) become decomposed and various 

polycyclic aromatic hydrocarbons (PAHs) were generated gradually. Using those data 

as references, archaeological samples collected from Degersjön and Gunnarsbyn were 

analysed and compared with the pine and birch pyrolysis profiles to clarify the biomass 

origin and heating temperature. Here, we clearly demonstrate the potential of our NMR  

approach on charcoal extracts to provide in-depth molecular fingerprints to uncover the 

hidden – human activities related – history in archaeological charcoal samples as found 

in spatial and chronological gradients across Scandinavia. 

Societal aspects 

This project primarily allows for decoding history from hundreds to thousands of years 

through the analysis of charcoal buried beneath soil at archaeological sites, as 

researchers are still finding evidence to prove the development of human society. The 

strategy could be utilized in many regions all over the world to investigate obviously 

the past human activities and the biomass related to their routine. Moreover, this study 

is a part of interdisciplinary research, motivating effective collaboration between 
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several fields (e.g., chemistry, archaeology, environment,…), which contributes to 

further study in prehistoric and archaeological investigations. 

Ethical aspects 

No human or animal testing was performed in this research. All conclusions were 

drawn from objective insights through the data and spectral information; moreover, 

both negative and positive results were presented in this thesis and were shared with 

members in groups via periodic meeting sessions. Manipulations in the procedure were 

precisely described in detail without any concealment. Each experiment was carried 

out once. 
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1. Introduction 

Charcoal, also known as black carbon, is a carbon-rich material produced by the 

incomplete combustion of vegetation and fossil fuels under limited oxygen conditions1. 

This process is referred to as pyrolysis. In terms of common vegetation resources, 

native wood primarily contains lignin (18 – 35%), cellulose (40 – 50%), and 

hemicellulose (25 – 35%)2. Structural changes in wood at high temperature are 

significant because of differences in the thermal decomposition of these components 

as well as their inherent complexity and diversity. 

During pyrolysis, the decomposition of lignocellulosic structures and other organic 

substances is recorded with an increase in carbon content, yielding the structural 

conversion to a highly stable and condensed carbon framework. With an increase in 

combustion temperature, this cross-linked framework develops a more extended 

aromatic network and becomes gradually more complex1,3. Hence, the presence of 

charcoal beneath soil in some archaeological sites often contains traces of pyrolytic 

components from hundreds or thousands of years ago. This provides valuable 

information about past human activities, especially the use of fire and wood selection. 

Understanding charcoal composition requires the investigation of the black carbon 

structure and extractable fractions, enabling the differentiation of the biomass origin 

and combustion conditions4. 

The complexity of the charcoal structural framework mainly contributes to its 

insolubility3. This property has been widely utilized for the characterization of charcoal 

using various modern spectroscopic techniques, including NMR5-7, FTIR8-10, and 

Raman9,11. Among these, nuclear magnetic resonance (NMR) spectroscopy is 

considered one of the most powerful instrumental methods in structural quantification, 

interpreting the linkage of the complex black carbon architecture and adsorbed 

substituents onto charcoal sites at the molecular level. Several studies relating to the 

compositional identification of charcoal have been published, applying both solution-

state12,13 and solid-state14-18 measurements.  

Due to the largely non-extractable nature of black carbon by solvents, solid-state NMR 

spectroscopy is more common and preferred for chemical analysis without 

dissolution14-18. While solid-state NMR offers key information about structural 

patterns, anisotropic interactions often limit spectral resolution, making it difficult to 

distinguish compositional differences between samples in detail19. Solution-state NMR 
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is a feasible approach to address this limitation, enabling the investigation of the 

extractable fraction in black carbon and affording the spectral fingerprints of the 

molecular components within the mixture12,13. Moreover, the profiling of extractable 

fractions in charcoal treated at different temperatures has not been examined since 

previous studies have mostly focused on solid-state NMR16,18. Although this concept 

offers better selectivity, the low extraction yield of charcoal is a significant challenge, 

often resulting in weak signal intensity and limited spectral information.  

To deal with this limitation, in this study, a series of solvents was scanned for extraction 

efficiency to figure out optimal conditions, based on solvent polarity and basicity. The 

obtained extracts were evaluated using 1D and 2D solution-state NMR spectroscopy, 

leading to comparative compositional profiling of charcoal derived from wood 

pyrolysis at various temperatures. Differences in composition between hardwood and 

softwood are expected to affect the formation and extractability of pyrolysis products. 

Therefore, Scandinavian typical tree types such as pine (softwood) and birch 

(hardwood) were chosen as representative reference samples for comparison with 

buried charcoal from prehistoric and archaeological locations. At this point, NMR 

analysis enables in-depth molecular insight; information ideas to unearth the hidden 

history of past human activities and living conditions as reflected in their 

archaeological charcoal remains. 

2. Experimental 

2.1. Charcoal preparation 

Charcoal samples were obtained from archaeological sites at Degersjön and 

Gunnarsbyn (Umeå, Sweden). Reference samples were prepared by the archaeologists 

at the Department of Historical, Philosophical, and Religious Studies (Umeå 

University). Briefly, the 1-3 cm thick discs of northern Swedish wood species, 

including pine and birch, were wrapped in aluminum foil and then placed on a 1 cm 

layer of Thermo Fisher sand (low iron grade) in a metal box. The foil-wrapped wood 

samples were covered with at least 1 cm of sand on top and then placed in a muffle 

furnace programmed to ramp rapidly to the desired temperature (250, 350, 450, and 

550 oC), hold for 4 hours, and then cool down naturally. The samples were removed 

after the furnace temperature decreased below 100 oC.  
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2.2. Solvent screening 

2.2.1. Single-solvent extraction 

To identify the most effective solvent, the investigation was performed using several 

options, including basic media (pyridine, sodium hydroxide in ethanol, triethylamine, 

and triethylamine in ethanol with the ratio of 1:4 w/w) and oxygenated ones (acetone 

and DMSO-d6). The ratio of solvent and charcoal was selected at 10:1 (w/w) as reported 

by Makgato et al 20. 5 g of mortar-ground charcoal were extracted for 6 hours at room 

temperature under sonication or reflux conditions (investigated separately). The 

supernatant was collected after centrifuging, evaporated under vacuum, and dried in 

the oven at 60 oC overnight.  The charcoal extracts were analyzed by NMR 

spectroscopy to evaluate the number of detectable peaks and spectral resolution. 

2.2.2. Sequential extraction 

Besides single-solvent screening, sequential extraction was applied to monitor the 

extracted composition by increasing the polarity of solvents. As such, 5 g of charcoal 

were extracted with 50 g of each solvent in the order of n-hexane, toluene, acetone, and 

ethanol. After each extraction step, the suspension was centrifuged to separate the 

supernatant. The remaining solid residue was dried in the oven at 60 °C overnight 

before proceeding to the next extraction step. The charcoal extracts were evaporated 

under vacuum and analyzed by NMR spectroscopy and compared with the single-

solvent extraction to yield the most effective extraction mode and solvent. 

2.3. Optimized extraction conditions 

The mortar-ground charcoal samples were placed in 20 mL zirconium oxide grinding 

jars and subjected to grinding using a planetary ball mill (Fritsch Pulverisette 7, 

Germany) at 300 rpm for 5 minutes to obtain a fine powder. For the fresh wood 

samples, ball milling was performed at 500 rpm for 10 minutes per cycle, followed by 

a 15-minute pause in between to avoid the excessive heating of the sample, for a total 

of five cycles. The extraction was subsequently conducted using 5 g of the ball-milled 

sample and 50 g of pyridine (Thermo Scientific) over 6 hours under sonication at room 

temperature. After extraction, the mixture was transferred into 50-mL Falcon tubes and 

centrifuged at 5000 rpm for 30 minutes. The supernatant was collected, co-evaporated 

with ethanol under vacuum, and dried in the oven at 60 oC to remove residual pyridine. 
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2.4. NMR measurements 

The dried extracts were dissolved in 750 μL of DMSO-d₆ and centrifuged at 5000 rpm 

for 30 minutes to remove insoluble residues. 550 μL of clear supernatant were then 

transferred into 5 mm NMR tubes for analysis by 1D and 2D NMR spectroscopy. 

Spectra were recorded on a Bruker 600 MHz AVANCE III spectrometer equipped with 

a 5 mm BBO broadband (1H/19F/2D) z-gradient cryo-probe and controlled with TopSpin 

3.6.5 software at 25 oC. 1D NMR analyses were carried out with the standard 1H-NMR 

pulse program (zg30) with the relaxation time (d1) of 4 s and 256 scans. Chemical 

shifts (δ) are reported in ppm relative to tetramethylsilane (TMS). The 2D NMR was 

acquired with the phase-sensitive 1H-13C heteronuclear single quantum coherence 

(HSQC) pulse sequence (hsqcetgpsisp2.3). Spectral widths were set to 11.5 ppm and 

190.0 ppm in the 1H and 13C dimensions, respectively. Each experiment was recorded 

with 32 scans across 512 t1 increments, using a relaxation delay of 2 s.  

2.5. Statistics, literature search and AI usage 

All results were managed and processed using Microsoft Excel 365. Spectral 

processing was performed by Mnova software (version 14.3.3, Mestrelab Research); 

1H-NMR spectra and bar graphs shown in this thesis were plotted using Origin 2024 

(OriginLab) and scaled based on sample concentration. Moreover, HSQC spectra were 

generated by Topspin (version 3.8.0, Bruker BioSpin). In terms of the linguistic aspect, 

Grammarly was applied to check grammar, and ChatGPT (OpenAI) was used to 

suggest some academic words and their synonyms relating to this project, with the 

prompt “Showing the synonyms of this word” or “Academic presentation of this word”. 

3. Results and Discussion 

3.1. Solvent screening 

The solvent investigation was conducted with the sample Degersjön 25-0039-006 (tar 

piece) under two different conditions (sonication at room temperature and reflux). 

Table 1 shows the extraction yields with different solvents, including basic and 

oxygenated solvents. The extraction yields were distinctive; however, the reflux 

condition generally afforded better efficiency than sonication. There are two key factors 

influencing the effectiveness of the extraction, including polarity and basicity. The 

polarity relates to the interaction between the solvent and desired compounds adsorbed 

onto charcoal sites; it was reported that highly polar aprotic solvents give good 

extraction with alkali solvents20. Besides that, alkalinity (or basicity) plays an important 
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role in the cleavage of charcoal-hydrogen bonds to dissolve organic compounds, which 

attach strongly to the charcoal matrix21. Nevertheless, each solvent extracted a 

distinctive composition profile based on the solvent-specific features. Finally, with the 

aim of investigating the archaeological context, the solvent and method were chosen 

that provided the most NMR-derived molecular information, while the final yield was 

much less important. 

Table 1: Extraction yields with 50 g of different solvents in the solvent screening experiment 

Entry Solvents  Extraction mode Time (h) mextracts (g) Yields (mg g-1) 

1 EtOH/NaOHa Reflux 6 1.0073 101.46 

2 EtOH/NaOHa Sonication 6 0.8741 74.82 

3 Pyridine  Reflux 6 0.0663 13.26 

4 Pyridine  Sonication  6 0.0035 0.70 

5 Et3N  Sonication  6 0.0096 1.92 

6 EtOH/Et3N
b Sonication  6 0.0045 0.90 

7 Acetone  Sonication 2 0.0214 4.28 

8 DMSO-d6 
c Ball-milling 

Sonication 
2 

Analyzed directly 550 μL of 

supernatant 
a 0.5 g of NaOH was dissolved in 50 g of EtOH 
b Solvent mixture of EtOH (40 g) and Et3N (10 g) 
c 50 mg of sample was extracted with 1 mL DMSO-d6 

The differences between the reflux and sonication conditions in NMR spectra were 

negligible (Figure 1); however, the extracts under sonication yielded better sensitivity 

and selectivity. This observation suggests that sonication is a more suitable method to 

extract the low-molecular-weight components from charcoal, which requires mild 

conditions and low energy consumption. 

 

Figure 1: 600 MHz 1H-NMR for charcoal extracts under reflux and sonication conditions with 

EtOH/NaOH (in DMSO-d6) and pyridine (in acetone-d6) extraction. 
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With six different solvents, the spectra were distinctive between each solvent (Table 

A1), especially in the oxygenated (2.5 – 5.0 ppm) and aromatic (6.5 – 9.0 ppm) NMR 

spectral regions (Figure 2). Wood mainly contained lignin, cellulose, and 

hemicellulose, so the oxygenated region had to be considered to evaluate the extraction 

efficiency. Moreover, during the pyrolysis, wood undergoes chemical transformation 

into condensed aromatic compounds; therefore, the aromatic region provides key 

evidence to assess charcoal samples besides lignin. Apparently, DMSO-d6 and 

triethylamine in ethanol had relatively no meaningful signals in the regions of interest 

since they extracted only the aliphatic components from the charcoal sample. In terms 

of the ethanolic alkali (EtOH/NaOH), the spectrum exhibited a better amount of 

information with a prominent signal at 8.45 ppm and numerous low-intensity signals 

distributed across the baseline. However, the evidence in this ethanol situation was still 

poor in general since the extraction only leached highly polar components. 

Indisputably, acetone, triethylamine, and pyridine were three potential candidates to 

afford an effective extraction. Acetone efficiently extracted the oxygenated 

composition, and triethylamine extracts contained primarily aromatic compounds, 

whilst pyridine had an excellent affinity for both those substances and even aldehydes 

(around 10.3 ppm). In the case of the charcoal matrix, aromatic structures dominate, 

rather than preserving native lignin signatures16,18; hence, aromaticity is a key piece of 

information to decode the archaeological charcoal. Consequently, pyridine was 

selected as the best solvent to extract the main aromatic composition in charcoal. 

 

Figure 2: 600 MHz 1H-NMR for the extracts of the solvent screening experiment.  
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The sequential extraction was also carried out with an increase in polarity (n-hexane, 

toluene, acetone, and ethanol in order) to compare with the single-solvent extraction in 

terms of effectiveness (Figure 3). Overall, the chemical diversity obtained from the 

sequential extraction was lower than that obtained from pyridine extraction because 

pyridine was able to afford a wider spectrum within one run. Moreover, the basicity of 

pyridine is a critical factor for an effective extraction. Considering its simplicity and 

efficiency, single-solvent extraction with pyridine was applied as an optimal condition. 

 

Figure 3: 600 MHz 1H-NMR for the extracts (in DMSO-d6) from sequential extraction experiment with 

n-hexane, toluene, acetone, and ethanol in order. 

3.2. Reference sample analysis 

To understand the archaeological sample from the archaeological sites clearly, 

reference samples with pyrolysis were prepared from pine and birch to examine the 

transformation of composition corresponding to the change in temperature.  

Table 2: Charcoal properties after heat treatment at different temperatures (recorded by archaeologists) 

Entry T (oC) Wood 
Start 

weight (g) 

End 

weight (g) 

Weight 

loss (%) 
Notes 

1 250 Pine 
52.336 38.377 26.7 Charred, still had wood-

like qualities. 54.288 40.492 25.4 

2 350 Pine 
47.623 16.598 65.1 

Solid black, charcoal puck. 
50.220 19.313 61.5 

3 450 Pine 
38.885 11.499 70.4 

Solid black, charcoal puck. 
41.872 11.528 72.5 

4 550 Pine 
45.869 11.631 74.6 Solid black, charcoal puck. 

Some ash on the bark. 47.268 11.860 74.9 
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Entry T (oC) Wood 
Start 

weight (g) 

End 

weight (g) 

Weight 

loss (%) 
Notes 

5 250 Birch 
34.230 18.210 46.8 Charred, still had wood-

like qualities. 42.370 21.028 50.4 

6 350 Birch 
29.762 6.144 79.4 

Solid black, charcoal puck. 
48.336 9.895 79.5 

7 450 Birch 
57.440 7.570 86.8 

Solid black, charcoal puck. 
47.424 7.664 83.8 

8 550 Birch 
48.155 6.966 85.5 

Solid black, charcoal puck. 
46.706 6.300 86.1 

Various properties and weight loss are summarized in Table 2  for charcoal specimens 

generated at different temperatures. As clearly seen, when increasing the temperature, 

the decomposition and evaporation of low-molecular-weight components occurred, 

leading to an increase in weight loss. Under 350 oC, the samples still retained wood-

like qualities with a darker color; however, they completely turned to charcoal at 350 

oC and higher temperatures.  

Ten samples, consisting of eight various heat-treated charcoal samples above and two 

fresh pine and birch woods, were extracted with pyridine over 6 hours under sonication. 

The extraction yields are demonstrated in Figure 4 and Table A2, corresponding to the 

heat treatment temperature.  

 

Figure 4: The extraction yields of reference samples at different heat treatment temperatures 

It is clear that when the temperature increased, a smaller amount of extractable material 

was observed because of the gradual formation of an insoluble carbonized framework 

in the charcoal structure, as illustrated in Scheme A1. Regarding pine, changing from 

350 oC to 450 oC was recorded with a significant yield loss from 21.16 mg g-1 to 1.5 
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mg g-1. In other words, almost all organic materials were condensed to contribute to the 

establishment of a charcoal network at 450 oC. In terms of birch, this step happened at 

a lower temperature, which decreased noticeably from 64.24 mg g-1 to 5.2 mg g-1 in the 

yields at 350 oC. Notably, when burning to 250 oC, more materials were extracted in 

the case of birch; the reason is that more soluble lignin-derived compounds formed 

during the cleavage of the lignin polymer at a higher temperature.   

In order to clarify the chemical transformation of reference samples, all extracts were 

analyzed and compared by both 1D and 2D NMR spectroscopy. In the 1H-NMR 

analysis, the spectra could be divided into several regions, including aliphatic (0.5 – 

1.8 ppm), lignin-derived (2.5 – 5.0 ppm), anomeric (3.0 – 5.5 ppm), aromatic (6.5 – 9.0 

ppm), and carbonyl (9.0 – 11.0 ppm)22. Regarding pine wood (Figure 5), aliphatic 

sidechains tend to reduce when increasing the temperature. The cleavage of 

lignocellulosic polymer bonds was obviously witnessed with the presence of aldehydes 

at 250 oC. Moreover, 350 oC observed a significant degradation of oxygenated 

compounds, followed by the formation of polycyclic aromatic hydrocarbons (PAHs), 

which are located at around 7.5 – 9.0 ppm23. At higher temperatures (450 oC and 550 

oC), the condensation occurred noticeably, so it is understandable that all signal 

intensity decreased. The same features were found in the case of birch wood extracts, 

as seen in Figure 5. However, at 550 oC, the carbonization seems to influence more 

dramatically than pine wood since all signals vanished largely, except in the aliphatic 

region. 

 

Figure 5: 600 MHz 1H-NMR spectra of pine and birch wood extracts treated at different temperatures 

(dissolved in DMSO-d6) 
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While 1D NMR reflects the chemical conversion of the extracts in general terms, 2D 

NMR allows for the identification and quantification of specific components in detail. 

Therefore, HSQC NMR spectra were obtained to differentiate changes in the 

composition of reference charcoal samples when raising the heat treatment 

temperature, based on some previous studies (Figure A1 and A2). Similar to 1H-NMR 

spectra, HSQC results were also separated into three main regions, namely lignin-

derived (δH/δC 2.50–5.00/45.0–90.0 ppm), anomeric (δH/δC 4.00–5.50/85.0–120.0 

ppm), and aromatic (δH/δC 6.50–9.00/95.0–160.0 ppm). The molecular structures of the 

main components of pine and birch woods are shown in Figure 6. 

 

Figure 6: The chemical composition of birch and pine woods. 

In the lignin-related region, all correlations were assigned according to the research 

conducted by Shihao Su and co-workers24. There are three dominant lignin compounds 

in fresh pine wood extract: β-O-4’ alkyl-aryl ether (A), β-5’-phenylcoumaran (B), and 

cinnamyl alcohol end-groups (I). At 250 oC, the reduction of β-O-4’ alkyl-aryl ether 

was apparently observed with the absence of Aα (δH/δC 4.70/71.5 ppm), Aβ (δH/δC 

4.24/84.1 ppm and 4.00/86.8 ppm). Along with the increase in heat treatment 

temperature, lignin-derived components tended to contribute to the aromatic 

condensation (Scheme A1), leading to the degradation of lignin at higher temperatures, 

especially at 350 oC when most of the signals vanished. Besides that, the decomposition 

of xylan was also noticeably recorded at 350 oC. In the case of fresh birch wood extract, 

besides a significant content of xylan, the lignin chemical composition included β-O-

4’ alkyl-aryl ether (A), β-5’-phenylcoumaran (B), and β-β’ resinol (C). However, only 

β-5’-phenylcoumaran (δH/δC 3.53/62.8 ppm) remained in small amounts at 250 oC, 

along with a complex mixture of unknown oxygenated components. At higher 

temperatures, the lignin derivatives and xylan composition progressively disappeared.  
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With respect to the anomeric region, the assignments followed the previous study of 

Yelle and colleagues25. The major carbohydrate correlations observed for fresh pine 

wood extract were attributed to internal (1→4)-linked β-D-glucopyranosyl units (β-D-

GlcpI) and (1→4)-linked β-D-xylopyranosyl units (β-D-XylpI). Besides that, β-D-

galactopyranosyl units (β-D-GalpT) and α-L-arabinofuranosyl units (α-L-Araf) were 

found as the terminal polysaccharides. Moreover, some other correlations were 

recorded, such as the acetylated structures of β-D-mannopyranosyl units (β-D-Manp), 

4-O-methyl-α-D-glucuronic acid units (4-O-MeGlcA), and the reducing ends contain 

β-D-XylpR only. When burning the pine wood to 250 oC, these anomeric units could 

not maintain the original structures, contributing to the degradation of carbohydrates at 

higher temperatures. However, in birch situations, carbohydrates in fresh birch extract 

were relatively poorer than pine since the found anomeric components were β-D-XylpI, 

β-D-XylpR, and α-D-XylpR. When increasing to 250 oC, only a single remaining 

correlation, assigned to β-D-XylpI at 4.26/102.4 ppm; however, the complete 

decomposition of polysaccharides was recorded at 350 oC.  

The aromatic spectral region is very characteristic for charcoal samples due to the 

formation of PAHs when burning charcoal at high temperatures, providing key 

evidence to investigate archaeological contexts, as other regions vanished strongly. In 

this regard, fresh pine and birch extracts differed substantially; with pine representing 

the softwood, which is composed of G-lignin (guaiacyl units), while birch (hardwood) 

contains both S and G-lignin (syringyl and guaiacyl units)24,25. At 250 oC, pine extract 

was still similar to the beginning; however, the degradation of all guaiacyl units was 

found at 6.66/115.2 ppm (G5), 6.59/118.8 ppm (G6), and 7.29/131.4 ppm (G’
6). At 

higher temperatures, the establishment of PAHs was observed23, whereas the aromatic 

lignin-derived structures decomposed completely. In the case of birch, the condensation 

of organic compounds at 550 oC proceeded effectively, so the amount of extractable 

components was trace, and no correlation was found in the HSQC spectrum. 

3.3. Archaeological sample analysis 

The archaeological samples collected from Degersjön and Gunnarsbyn were extracted 

under optimal conditions, and the corresponding extraction yields are presented in 

Figure 7. Because the archaeological charcoal composition depends on the biomass 

origin and thermal history, the extracts of the samples were analyzed by 1H-NMR and 

HSQC spectra and were subsequently compared with the reference samples. 
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Figure 7: The extraction yields of archaeological samples collected from Degersjön and Gunnarsbyn 

3.3.1. Degersjön 

The 1H-NMR spectra of four samples from Degersjön exhibited noticeable differences, 

especially with Degersjön 25-0039-006 because of its limited spectral information, 

compared to other samples (Figure 8A). This observation indicates extensive 

carbonization, comparable to the reference samples treated at more than 550 oC. 

However, minimal spectral features hinder the characterization of its biomass origin, 

so the remaining samples were further investigated for compositional analysis. 

 

Figure 8: 600 MHz 1H-NMR spectra of A) archaeological samples collected from Degersjön, and B) 

aliphatic region from 3.0 to 5.0 ppm (dissolved in DMSO-d6) 
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Besides sample 25-0039-006, the remaining samples had some similarities to pine at 

450 oC and birch at 350 oC because of the remaining methoxy signals from 3.5 to 4.0 

ppm in 1H-NMR (Figure 8B) and the overlapped correlation in HSQC with those 

references. In these samples, the aromatic region reflected most of the valuable 

evidence, which was comparable to wood references, thereby the comparison was 

observed in this region. However, the complexity of the background covering 6.5 to 

9.0 ppm in the NMR spectra limited the spectral identification to be deduced by 1D 1H-

NMR; consequently, HSQC spectra were applied to characterize more clearly and 

precisely. In the case of sample 25-0039-008 (Figure A3), there were two more 

resembling correlations with birch treated at 350 oC than with pine treated at 450 oC, at 

7.15/128.8 ppm and 7.06/126.1 ppm, although pine signals mostly overlapped with the 

sample. Nevertheless, when turning to 25-0039-009 and 25-0039-010, the similarities 

to birch heat treatment temperature of 350 oC were progressively stronger resemblance 

since more characteristic patterns overlapped, particularly at 7.17/124.5 ppm, 

7.06/125.8 ppm, and 7.15/128.8 ppm (Figure A4 and A5). As a result, the samples 

collected from the Degersjön area were suggested to likely come from the combustion 

of birch wood at around 350 oC. 

3.3.2. Gunnarsbyn 

With respect to samples obtained from Gunnarsbyn, the 1H-NMR spectra also lacked 

suitable information in the aromatic region due to the low signal intensity in those 

spectra (Figure 9A); notably, a small number of methoxy signals in the aliphatic region 

were observed, or were even absent (Figure 9B), suggesting a heat treatment 

temperature of higher than 350 oC before burial.  
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Figure 8: 600 MHz 1H-NMR spectra of A) archaeological samples collected from Gunnarsbyn, and B) 

aliphatic region from 3.0 to 5.0 ppm (dissolved in DMSO-d6) 

The HSQC spectra were also processed and concentrated mainly on aromatic 

correlations to moderately identify the combustion conditions and biomass origin 

(Figure A6). Regarding the heat treatment temperature, samples 25-0032-012, 25-

0032-013, and 25-0032-018 possessed really weak spectral features due to strong 

carbonization at high temperature. As a result, these three samples were suggested to 

burn at higher than or equal to 550 oC. The remaining samples, including 25-0032-014, 

25-0032-015, 25-0032-016, and 25-0032-017, showed clearer aromatic correlations; 

however, the signal intensity was slightly weak. Thus, heat treatment temperatures 

between 450 oC and 550 oC was suitable for these Gunnarsbyn samples. Some 

comparisons with reference samples (pine and birch) were also carried out; 

nonetheless, there was no significant similarity between the archaeological samples and 

references, resulting in the investigation of more types of woods to enrich the spectral 

database of charcoal extracts. 
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4. Conclusion and Outlook 

To conclude, solution-state NMR spectroscopy was presented as a powerful molecular 

method in archaeology as it was successfully applied to investigate extractable 

fractions of buried charcoal specimens from prehistoric and archaeological sites. 

Among the examined solvents, pyridine extract provided the most universal spectral 

features, especially under the sonication condition. Pyridine enabled the extraction of 

a wide range of adsorbed components onto charcoal sites, ranging from aliphatic to 

aromatic composition, or even aldehydes, leading to a more precise characterization of 

archaeological black carbon. 

Pine and birch woods were chosen as representative samples treated at different 

temperatures to establish a profile of soluble substances, which allowed for the 

differentiation and identification of archaeological samples using 1H-NMR and HSQC. 

Following the increase in heat treatment temperatures, the strong degradation of 

lignocellulosic composition was notably recorded at 350 oC, and the production of 

PAHs was subsequently found. Due to the carbonization, the extraction yields were 

progressively reduced, as well as the number of spectral patterns; however, pine and 

birch exhibited differences in the chemical composition. Depending on this strategy, 

the samples collected from Degersjön were suggested to be produced from the 

combustion of birch wood at approximately 350 oC, except for sample 25-0039-006, 

which was likely burned at much higher temperatures. On the other hand, the spectra 

of Gunnarsbyn samples exhibited no dramatic similarity to the pine and birch reference 

charcoal extracts, suggesting the examination of a diversity of charred woods to 

conclude more precisely. As a result, this approach highlights a feasible compositional 

characterization methodology to understand the hidden history of human development 

more deeply. 

Further work is recommended to investigate a diverse range of common vegetation in 

the world, for instance, spruce, oak, maple, etc., to obtain a large database of extractable 

fractions in different types of charcoal. In addition, some statistical analysis such as 

principal component analysis (PCA) should be carried out to provide a more 

straightforward and proper pathway to identify the biomass origin and combustion 

conditions of the archaeological buried charcoal. 
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Appendix 

Table A1: The extraction yields with 50 g of different solvents obtained from the sequential extractiona 

Entry Solvents  Time (h) mextracts (mg) Yields (mg g-1) 

1 n-Hexane 2 5.6 1.12 

2 Toluene  2 4.7 0.94 

3 Acetone 2 6.6 1.32 

4 EtOH  2 4.4 0.88 
a The sequential experiment was conducted with sample Degersjön 25-0039-006 using sonication at RT 

 

Table A2: The extraction yields of pine and wood treated at different temperatures (raw data)a 

Entry Sample  Time (h) mextracts (mg) Yields (mg g-1) 

1 Pine wood (Fresh) 6 138.7 27.74 

2 Pine wood (burned at 250 oC in 4 hours)  6 129.8 25.96 

3 Pine wood (burned at 350 oC in 4 hours)  6 105.8 21.16 

4 Pine wood (burned at 450 oC in 4 hours) 6 7.5 1.50 

5 Pine wood (burned at 550 oC in 4 hours)  6 3.7 0.74 

6 Birch wood (Fresh)  6 207.3 41.46 

7 Birch wood (burned at 250 oC in 4 hours) 6 321.2 64.24 

8 Birch wood (burned at 350 oC in 4 hours) 6 26.0 5.20 

9 Birch wood (burned at 450 oC in 4 hours)  6 4.9 0.98 

10 Birch wood (burned at 550 oC in 4 hours) 6 1.8 0.36 
a All experiments were conducted with 50 g of pyridine solvent using sonication at RT 

 

Table A3: The extraction yields of archaeological samples collected from Degersjön and Gunnarsbyna 

Entry Sample  Time (h) mextracts (mg) Yields (mg g-1) 

1 Degersjön 25-0039-006  6 6.4 1.28 

2 Degersjön 25-0039-008  6 7.0 1.4 

3 Degersjön 25-0039-009  6 8.4 1.68 

4 Degersjön 25-0039-010 6 22.9 4.58 

5 Gunnarsbyn 25-0032-012 (5 g) 6 9.9 1.98 

6 Gunnarsbyn 25-0032-013 (5 g) 6 3.7 0.74 

7 Gunnarsbyn 25-0032-014 (5 g) 6 6.5 1.3 

8 Gunnarsbyn 25-0032-015 (5 g) 6 7.4 1.48 

9 Gunnarsbyn 25-0032-016 (5 g) 6 12.5 2.5 

10 Gunnarsbyn 25-0032-017 (5 g) 6 13.0 2.6 

11 Gunnarsbyn 25-0032-018 (5 g) 6 3.2 0.64 
a All experiments were conducted with 50 g of pyridine solvent using sonication at RT 
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Scheme A1: Structural transformation of lignocellulosic composition during charcoal formation 

(Adapted from Reference 26) 
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Figure A1: 600 MHz HSQC spectra and assignments of pine extracts treated at different temperatures 

in DMSO-d6: A) Fresh, B) 250 oC, C) 350 oC, D) 450 oC, and E) 550 oC 

Aromatic Anomeric Oxygenated 
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Figure A2: 600 MHz HSQC spectra and assignments of birch extracts treated at different temperatures 

in DMSO-d6: A) Fresh, B) 250 oC, C) 350 oC, D) 450 oC, and E) 550 oC 

Aromatic Anomeric Oxygenated 
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Figure A3: 600 MHz 1H-NMR and HSQC spectra comparison of Degersjön 25-0039-008 with birch 

350 oC and pine 450 oC (dissolved in DMSO-d6) 
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Figure A4: 600 MHz 1H-NMR and HSQC spectra comparison of Degersjön 25-0039-009 with birch 

350 oC and pine 450 oC (dissolved in DMSO-d6) 
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Figure A5: 600 MHz 1H-NMR and HSQC spectra comparison of Degersjön 25-0039-010 with birch 

350 oC and pine 450 oC (dissolved in DMSO-d6) 
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Figure A6: 600 MHz HSQC spectra for Gunnarsbyn sample extracts in DMSO-d6, including A) 25-

0032-012, B) 25-0032-013, C) 25-0032-014, D) 25-0032-015, E) 25-0032-016, F) 25-0032-017, and G) 

25-0032-018
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