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ABSTRACT 14 

Production of charcoal has accompanied human life from the beginning. We 15 

aimed at evaluating the degree to which the chemical signatures of charcoal 16 

may serve as a fingerprint for burning conditions. After a compilation of fire 17 

literature we differentiated three typical fire regimes [grass and forest 18 

ground (285 ± 143 °C), shrub (503 ± 211 °C) and domestic fires (797 ± 165 19 

°C)] and three main factors impacting on charcoal formation: charring 20 

duration, temperature and fuel. For fingerprint calibration and validation, 21 

typical fuels of prehistoric burning events (wood and grass) were charred 22 

under laboratory conditions (300-700 °C; varying duration) and compared 23 

with residues from natural fires in SE Europe. Analysis comprised 24 

assessment of benzene polycarboxylic acids (BPCAs), organic carbon (Corg) 25 

content, nitrogen content, oxygen index (OI: CO2/Corg) and hydrogen index 26 

(HI: HC/Corg), temperature of maximum heating (Tmax) and mid-infrared 27 

spectroscopy (MIRS). All parameters including mass loss increased with 28 

increasing combustion temperature, but were unaffected by charring 29 

duration. Grass charcoal had consistently lower  Corg content and HI than 30 

wood, but values showed a bias towards the natural charcoals, probably 31 

because the latter contained higher amounts of mineral matter or were 32 

combusted under greater O2 supply. Nevertheless, natural charcoals could 33 

be differentiated into forest ground fires (B5CA/B6CA 1.3-1.9; OI >20; 34 

intense CH2 stretching, Tmax <488 °C) and grass fires (B5CA/B6CA 0.8-1.4; 35 

OI >20; weak CH2 stretching, Tmax <425 °C), whereas domestic fires revealed 36 
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B5CA/B6CA values <0.8, OI values <20 and little MIRS absorbance. In 37 

summary, it appears possible to reconstruct fire regimes from the 38 

temperature sensitivity of BPCA patterns, Tmax, OI and aromatic and 39 

aliphatic MIRS signals, whereas assignment of fuel source was less reliable.  40 

Keywords: black carbon, soot, charred grass, fire temperatures, prehistoric 41 

fires 42 
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1. Introduction 43 

Incomplete combustion of biomass-derived fuels produces a continuum of 44 

structurally preserved organic matter (OM), differentlyaromatic structures 45 

re-condensed to differing extents and ash. The aromatic structures are 46 

particularly recalcitrant (black carbon, BC; Brodowski et al., 2005a; 2006) 47 

and so may reside in soil and sediments for up to several millennia or even 48 

longer (e.g. Masiello and Druffel, 1998; Scott 2000; Antal and Grønli, 2003; 49 

Grasby et al., 2011). The combustion residues may therefore preserve 50 

information about past burning and related environmental conditions 51 

(Knicker, 2011) or human-environment interaction. However, it is difficult 52 

to utilise this information because of a lack of analytical methods that allow 53 

complete characterisation of the BC continuum in environmental matrices 54 

(Hammes et al., 2007; Roth et al., 2012). 55 

With abundant O2 supply, OM may be burned completely, with only ash 56 

remaining (Misra et al., 1993); however, if the process is interrupted or O2 57 

supply is limited, charcoal rather than ash remains (Beaumont, 1985; 58 

Braadbaart and Poole; 2008). The organic combustion residue is often 59 

differentiated into charcoal and soot BC. Charcoal BC is commonly defined 60 

as a solid, often woody, relict of incomplete combustion (Goldberg, 1985; 61 

Novakov, 1984; Preston and Schmidt, 2006; Keiluweit et al., 2010), while 62 

higher burning temperatures produce new condensed forms of polyaromatic 63 

carbon from the gas phase (soot BC; Novakov, 1984; Preston and Schmidt, 64 

2006; Apaydin-Varol et al., 2007). In general, a lower charring temperature 65 
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of ca. 400 °C preferentially leaves charcoal behind, while a charring 66 

temperature of 600 °C and higher promotes the formation of soot (Apaydin-67 

Varol et al., 2007; Keiluweit et al., 2010). Keiluweit et al. (2010) used near-68 

infrared spectroscopy to illustrate how - upon combustion - the proportion of 69 

initial woody structures is lost, accompanied by a loss of H2O and CO2, 70 

finally becoming reorganized into polyaromatic structures. McBeath et al. 71 

(2011) could show that, on top of re-condensation and aromatization, soot 72 

particles increasingly coagulate on the charcoal with increasing combustion 73 

temperature. The overall properties of the BC particles therefrom change; 74 

however, these variable properties also offer a chance to relate the BC 75 

properties to its conditions of formation. 76 

Multiple factors characterize the “thermal profile” of different fire regimes 77 

(Livingstone Smith, 2001). Several studies of fire temperature revealed that 78 

it varied from ca. 80 °C in grass (grass biomass) to 950 °C in domestic fires 79 

(woody fuel; Table 1-SI in Supplementary Material; Stinson and Wright, 80 

1969; Bailey and Anderson, 1980; Cohen-Ofri et al.; 2006; Sah et al., 2006; 81 

Dupuy et al., 2007; Fierro et al., 2007). We consider this large variation as 82 

the greatest challenge for the reconstruction of past fire regimes. Other 83 

factors that likely have an impact on charcoal production are fuel type, resin 84 

content (especially in softwood), wind speed (affecting O2 supply), moisture 85 

(Archibold et al., 1998) and duration of charring (Braadbaart and Poole, 86 

2008). Some of these factors, such as moisture, wind speed and fire 87 

temperature, correlate (Stinson and Wright, 1969); others, such as fuel type 88 
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have to be tested in addition for their effect on geochemical fire 89 

reconstruction proxies. 90 

Different fuel sources, such as grass and wood, differ in the proportions of 91 

lignin and cellulose and, hence, in their physical structure (Czimczik et al., 92 

2002; Braadbaart and Poole, 2008; Knicker, 2011). Accordingly, a higher 93 

amount of organic carbon (Corg) remains in charred wood than in charred 94 

grass (Hammes et al., 2006). Besides, the fuel and therefore the resulting 95 

charcoal vary in the proportions of H, O, C and N (Haumaier and Zech, 96 

1995; Hammes et al., 2006). The depletion in O and H from organic bonds 97 

reveals an insight into charcoal formation. Several authors have 98 

consistently reported, by way of elemental C, H and O analysis, ongoing 99 

“carbonization” (Haumaier and Zech, 1995; Baldock and Smernik, 2002; 100 

Hammes et al., 2006; Keiluweit et al., 2010; Schneider et al., 2010). The 101 

rapid loss of H and O is related to dehydration, decarboxylation, 102 

demethylation and aromatization (Baldock and Smernik, 2002; Almendros 103 

et al., 2003; Keiluweit et al., 2010). Hence, the degree of carbonization of 104 

charcoal and therefore the combustion temperature can be estimated 105 

approximately using the hydrogen index (HI) and oxygen index (OI; 106 

Almendros et al., 2003). Yet, we are not aware of a study which has tried to 107 

relate a combination of these properties to both fuel type and combustion 108 

conditions. 109 

A more detailed insight into the origin of charcoal might be achieved by 110 

characterizing in addition its quality (Keiluweit et al., 2010). Among the 111 
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different procedures available, the assessment of BC quality and amount 112 

from oxidation to benzene carboxylic acids (BPCAs) and mid-infrared 113 

spectroscopy (MIRS) were found to be most suitable (Bornemann et al., 114 

2008; Keiluweit et al., 2010; Ziolkowski et al., 2011; Roth et al., 2012). 115 

Hence, we assumed that combining all approaches might provide a clue to 116 

both reconstructing the charring conditions and fuel source of the charcoal 117 

from geochemical fingerprint analysis. 118 

The main goal was to elucidate whether or not, and to which degree, typical 119 

charring conditions for vegetation fires may be reconstructed on the basis of 120 

MIRS, BPCA analysis, elemental analysis (C, N) and Rock Eval parameters 121 

(OI, HI, Tmax) for different charcoal samples. The main factors for 122 

consideration were charring temperature, charring duration and change in 123 

fuel type (hardwood, softwood and grass). 124 
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2. Material and methods  125 

To attempt to assign the properties of BC to different fire events, we first 126 

performed a literature survey for analysis of common fire temperatures and 127 

associated properties (e.g. fuel type, wind speed; see Table 1-SI for details). 128 

2.1. Wood and grass samples in combustion experiments 129 

To test the feasibility of reconstructing past fire events in the Holocene, we 130 

used typical fuels used by prehistoric settlers in Europe. These were beech, 131 

apple and whitethorn as primary fuel in domestic fireplaces, as identified 132 

from pollen analysis, and einkorn and emmer grass burned in prehistoric 133 

agricultural plots (Knörzer et al., 1999). In addition, pine wood was 134 

processed as a typical fuel from Mediterranean temperate forests. Hence, 135 

samples comprised both soft- and hardwood. Apple and whitethorn wood 136 

were collected at the beginning of the growing season (March 2010; Garden 137 

of the Horticulture Department and field station at 54550 Rengen, 138 

University of Bonn, Germany). Einkorn and Emmer grass were provided by 139 

A. Börner [Leibniz Institute of Plant Genetics and Crop Plant Research 140 

(IPK), Gatersleben, Germany] and were collected in the growing season 141 

after threshing (August 2010). Grass samples were dried at 40 °C, cut to ca. 142 

20 cm length and bundled to a diameter of < 7 cm. All wood samples were 143 

dried at 40 °C and frozen with liquid N2 for crushing to ca. 5-10 cm length 144 

and < 1 cm diameter. They were then combusted as outlined below. 145 
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2.2. Production of BC calibration material in combustion experiments 146 

To relate geochemical proxies to fire regime, we produced BC calibration 147 

material by combusting the above fuels in the laboratory. Three set ups 148 

were chosen (Table 1) to reveal combustion residue characteristics. Based on 149 

fire regimes as assigned from the literature survey (Table1-SI, Table 2), set 150 

ups (Table 1) were typical for A, domestic fires (i.e. high temperature and 151 

high heating rate) and B, slash and burn fires (i.e. low temperature and 152 

slow heating rate). Different degrees of combustion duration were chosen to 153 

cover a reasonable duration for fires in archaeological situations (Table 1). 154 

In experiment C, charcoal samples were produced in a thermo-sequence to 155 

systematize the change in wood transformation and charcoal formation. All 156 

experiments were carried out using a split tube furnace with external 157 

control (Carbolite, Ubstadt-Weiher, Germany), equipped with synthetic air 158 

(AIR LIQUIDE, Düsseldorf, Germany; 50 l synthetic air, 5.0 hydrocarbon 159 

free, purity 99.999 %; 20.5% O2 in N2) supply to ensure a constant gas flow 160 

(60 ml min-1), providing one way transport of condensate. Exact temperature 161 

was assured by heating with three internal thermocouples and controlled 162 

via one external thermocouple situated in the middle of the combustion 163 

tube. Charcoal residues were collected after passive cooling to ca. 50 °C. 164 

2.3. Natural charcoal samples 165 

To test the validity of the fingerprints for fire regime reconstruction, we 166 

looked for natural charcoal samples from real wild and anthropogenic fires. 167 
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We used samples collected after forest ground fires in oak stands in Russia 168 

and one oak slash pile (n=4). These samples were obtained in the region of 169 

Voronezh on Chernozems one year after the fire event. In addition, charcoal 170 

samples from natural  grass fires (n=8) were collected in Serbia on Haplic 171 

Chernozems of the Titel Loess Plateau near the village of Mosorin, ca. 25 172 

km E of Novi Sad. There, charcoal samples were collected from the litter 173 

layer between a few days and weeks after the fire.  174 

Domestic style fires were taken from a campfire (n=2) and additionally 175 

reproduced in a barbecue with (i) pure apple wood and a mixture of beech, 176 

birch and oak wood (30 to 60 min) and (ii) with beech and meat (chicken; 2 177 

h). For the campfire, a constant O2 supply assured a high combustion 178 

temperature. The burning experiments were carried out outdoors in 179 

November 2011 on dry days with a temperature of ca. 10 °C and wind speed 180 

21 km h-1. Samples were dried in an oven at 40 °C, homogenized with a 181 

mortar and pestle and milled in a ball mill (MM400, RETSCH, Haan, 182 

Germany). The domestic (barbecue) fire samples were additionally 183 

differentiated manually into solid charcoal residues > 2 cm (char10cm) and 184 

solid charcoal residues < 2cm (char2cm). The latter were lighter in colour, 185 

likely reflecting higher ash content (Table 2b-SI); however, since all other 186 

properties of these two size classes were identical, the different sizes of the 187 

domestic charcoals are not discussed further.  188 

2.4. Chemical analysis 189 

2.4.1. C and N 190 
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Corg content and N content were determined with a Fisons NA 2000 191 

elemental analyzer. The method involves dry combustion to CO2 and its 192 

quantification using a heat conduction detector. To guarantee the complete 193 

transformation of BC to CO2, tungsten oxide (ca. 20 mg) was added as 194 

catalyst to 3 mg charcoal. To remove inorganic C from the ash residue in the 195 

combustion product, we added 5 ml 2 M HCl. Samples were added to a glass 196 

fibre filter (GF 6), and vessel and filter were rinsed with deionized water 197 

until neutral. Filters were dried in an oven for 2 h at 30 – 40 °C before Corg 198 

and N analysis. 199 

2.4.2. Rock Eval parameters 200 

Rock Eval pyrolysis after Espitalié et al. (1977, 1985) and Bordenave et al. 201 

(1993) was designed to discriminate labile hydrocarbons from thermally 202 

altered, stable hydrocarbons and to quantify CO2 emanating from O-203 

containing compounds via stepwise pyrolysis. Thereby the temperature 204 

required for releasing and cracking of “altered hydrocarbons” is recorded 205 

(Tmax). Trapping of CO2 up to 390 °C and subsequent release allows 206 

quantification of O from OM. Compared with elemental analysis of C, H and 207 

O, this method avoids overestimation of inorganically bound O and H, and is 208 

thus free from contamination by, e.g., ash. The proportion of O and H in OM 209 

is indicative for diagenetic (van Krevelen, 1950) or thermal degradation 210 

(Haumaier and Zech, 1995). The measurements were performed with a Rock 211 

Eval II instrument (VINCI, Nanterre, France). In brief, milled samples were 212 

heated rapidly to a maximum temperature of 300 °C in an inert atmosphere, 213 
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thereby recording the amount of free hydrocarbons (S1 signal; HC mg g-1). 214 

The temperature was then increased again to 550 °C at 25 °C min-1 in order 215 

to assess the amount of hydrocarbons generated via thermal cracking of 216 

stable OM (S2 signal; flame ionization detector; HC mg g-1). The maximum 217 

generation of stable hydrocarbons during the S2 peak temperature program 218 

is recorded as Tmax (i.e. Tmax ≤ 550 °C with the setup used here; if in reality 219 

Tmax was higher it could only be set to > 550 °C using the Rock Eval 220 

equipment available to us). To measure the proportion of O-containing 221 

compounds, a thermal conductivity detector recorded the released CO2 up to 222 

390 °C (S3 signal: CO2 mg g-1). The S2 and S3 signals for the organic 223 

compounds containing hydrocarbon and oxygen were then normalized to 224 

Corg, thus giving the so-called HI or OI values, respectively (Espitalié et al., 225 

1977; 1985; Bordenave et al., 1993).  226 

2.4.3. BPCAs 227 

The BPCA method allows qualifying and quantifying BC in environmental 228 

samples (e.g. Glaser et al., 1998; Hammes et al., 2008; Roth et al., 2012). 229 

The method relies on the oxidation of condensed aromatic moieties in 230 

charcoal to BPCAs by hot HNO3 Glaser et al., 1998). The sum of carboxylic 231 

acids after oxidation represents a marker for the total amount of 232 

polyaromatic carbon (Glaser et al., 1998). The ratio of products with 5 to 233 

products with 6 carboxyl groupss (B5CA/B6CA) serves as a measure for the 234 

original degree of aromatic condensation in the charcoal. We followed the 235 

revised protocol of Brodowski et al. (2005b). For BPCA assessment, 10 mg of 236 
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dried and milled charcoal was treated with 10 ml 4 M CF3CO2H (99 %, 237 

Sigma Aldrich, Taufkirchen, Germany) to remove polyvalent cations. The 238 

charcoal was then converted to BPCAs by oxidation with HNO3 (8 h, 170 239 

°C). After cleanup via a cation exchange column (Dowex 50 W X 8, 200–400 240 

mesh, Fluka, Steinheim, Germany), the BPCAs were silylated and 241 

measured using gas chromatography with flame ionization detection (GC-242 

FID; Agilent 6890 gas chromatograph; Optima-5 column; 30 m x 0.25 mm 243 

i.d., 0.25 µm film thickness; Supelco, Steinheim, Germany). To assess the 244 

recovery of citric acid (internal standard 1), biphenyl dicarboxylic acid was 245 

added to the samples prior to derivatization (internal standard 2). Carefully 246 

monitoring the pH avoided decomposition of citric acid during sample 247 

processing (as criticized by Schneider et al., 2010); the recovery of the first 248 

internal standard ranged between 70 and 95%. We discuss the carbon 249 

content of BPCA (BPCA-C) corrected for loss during sample preparation via 250 

internal standard 1 and normalized to charcoal [g BPCA-C per kg 251 

combustion residue] or normalized to Corg [g BPCA-C per kg Corg]. 252 

2.4.4. Spectroscopic analysis  253 

A Bruker Tensor 27 instrument equipped with an automated high 254 

throughput device (Bruker HTS-XT) operating with a liquid N2 cooled 255 

mercury–cadmium telluride (MCT) detector was used. Employing a 256 

broadband KBr beam splitter, spectra from 8000–600 cm-1 were recorded in 257 

a single run at a resolution of 4 cm-1 (Bornemann et al., 2008). Each analysis 258 

was performed in quintuplicate with 120 scans.  259 
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2.5. Statistical analysis 260 

Data were tested for significant differences with SIGMAPLOT 11.0. One 261 

Way Anova was used if parameters passed Normality-Test (Shapiro-Wilk); if 262 

this test failed, Anova on Ranks values were calculated with Kruskal-263 

Wallis-H Test (comparison of a couple of groups) or Mann-Whitney Rank 264 

Sum Test (comparison of two groups). 265 

 266 

3. Results  267 

3.1. Literature survey and data analysis of fire regimes 268 

Evaluating quantitative records of fire events revealed a large range of fire 269 

temperature, with the lowest value around 80 °C for grass fires (Stinson and 270 

Wright, 1969; Ramsey and Oxley, 1996), but up to 950 °C for domestic fires 271 

(Wells, 1960). The temperature for forest ground and shrub fires lay in 272 

between this range (Table 2, Table1-SI). In general, surface fires of grass, 273 

litter and herbaceous material burned at < 350 °C (Albini, 1993; Stocks and 274 

Kauffman, 1997; Scott, 2000). A typical temperature for natural wild fires 275 

(e.g. shrub fires) was ca. 450 °C (Hammes et al., 2006; Turney et al., 2006; 276 

Alexis et al., 2007), close to the median of 503 °C calculated from literature 277 

data (Table 2). For forest ground fires, a median temperature of close to 300 278 

°C could be calculated (Table 2, Table 1-SI). This is in line with forest 279 

ground fire temperatures found by Rundel (1983). Domestic fires, due to the 280 

continuous feeding with fuel, reached the highest temperature of, on 281 
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average, 797 °C (Table 2, Table 1-SI; Livingstone Smith, 2001). Hence, it 282 

seems reasonable to distinguish different fire regimes on the basis of both 283 

combustion temperature and fuel source. 284 

We produced BC calibration material from different combustion 285 

temperatures and fuel sources (experiments A-C). We first evaluated their 286 

chemical properties and then compared the findings with charcoal analysis 287 

from a variety of natural fires. 288 

3.2. Production of BC calibration material  289 

Mass loss, Corg and BC content increased systematically with combustion 290 

temperature in the tube furnace combustion experiments (Table 2-SI). This 291 

may be interpreted as a successful production of BC calibration material 292 

and allowed further discrimination of geochemical proxies for (i) duration, 293 

(ii) temperature and (iii) fuel type. 294 

The results from experiments A and B, including differing heating rate (5 295 

°C, 10 °C min-1) and duration (30 min to 12 h; Table 1) showed that, 296 

irrespective of combustion temperature, the duration had no significant 297 

effect on any of the charcoal properties studied (Table 2-SI; example in Fig. 298 

1 via BPCA-C content of all sampling materials). Also, the BPCA pattern, 299 

indicated by the ratio of penta- to hexacarboxylic benzoic acids 300 

(B5CA/B6CA) and the element ratios from Rock Eval pyrolysis were not 301 

related to the duration of combustion (minimum p = 0.406 for B5CA/B6CA, 302 

OI, HI, C/N; Kruskal-Wallis H-test; Table 2-SI). Hence, with respect to 303 
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interpretation of fire regimes from geochemical properties of charcoal, the 304 

effects of different fire duration on charcoal properties may be neglected.  305 

3.3. C and N concentration in BC calibration material and natural charcoal 306 

Before combustion in the tube furnace, the different fuels exhibited similar 307 

Corg concentration (447.4 to 464.8 C mg g-1). After wood combustion in 308 

experiments A (domestic fires), B (slash and burn fires) and C 309 

(thermosequence),  the Corg content in the residue increased from 620 mg g-1 310 

at 300 °C to > 800 mg g-1 at 600 °C (Table 2a-SI). Residue from burned grass 311 

generally exhibited lower Corg content (from 330 mg g-1 to 650 mg g-1, Fig. 312 

2a) than the residue from the other fuel types. Hence, it was possible to 313 

distinguish the laboratory-produced wood and grass charcoal with 314 

reasonable accuracy on the basis of Corg content (Fig. 2a).  315 

The N content of fuel varied widely before combustion (1.8 to 14.8 mg g-1) 316 

but was not systematically affected by combustion temperature. The final 317 

range spanned from 2.3 to 22.1 mg N g-1 charcoal. The values did not allow 318 

differentiation of grass charcoal from wood charcoal, but did allow to a 319 

certain degree distinguishing among apple, whitethorn and beech 320 

hardwoods (Fig. 2a; Table 2a-SI) as shown by a Kruskal-Wallis H Test 321 

(p < 0.001). Hence, plotting C content vs. N content enabled initial 322 

differentiation of charcoal origin (Fig. 2a).  323 

The content of Corg in charcoal residue from natural fires ranged between 65 324 

and 873 mg C g-1. Charcoal from forest ground and domestic fires exhibited 325 
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466 to 873 mg C g-1, without showing a significant difference for particles < 326 

10 cm and < 2 cm. Grass-derived charcoal showed the lowest values (66 to 327 

446 mg Corg g-1), except for one outlier (697 mg Corg g-1; Table 2b-SI). Hence, 328 

the analysis of natural charcoal samples confirmed that it is possible to 329 

differentiate charcoal derived from grass and wood derived on the basis of 330 

Corg content; however, in comparison with the charcoal from the BC 331 

calibration material, we observed this difference at 470 mg Corg g-1 and not 332 

at 600-650 mg Corg g-1 (Fig. 2a, dashed lines). This bias towards lower Corg 333 

content in natural charcoal samples (Fig. 2b) vs. the laboratory ones may 334 

result from dilution with inorganic material, e.g. ash. We tried to wash the 335 

samples with HCl (2M, overnight) to remove at least acid soluble ash. For 336 

some charcoal samples the difference in element content from the lab-337 

produced charcoal samples disappeared, but for others the bias remained. 338 

Apparently, some of the minerals in natural charcoal cannot be easily 339 

washed out, and other procedures, such as HF treatment) might be required 340 

to get rid of the ash.  341 

The N content of the wood-derived charcoal produced under natural fire 342 

conditions ranged between 1.3 mg N g-1 and 24 mg N g-1 (one outlier at 35 343 

mg g-1; Table 2b-SI). Plotting N content vs. C content of the natural samples 344 

confirmed a differentiation of fuel type at the above-mentioned bias (Fig. 345 

2b). 346 

3.4. Rock Eval parameters (OI, HI and Tmax) in BC calibration material and 347 

natural charcoals 348 
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The HI as an indirect measurement for hydrocarbon content differed widely 349 

in the BC calibration material as a function of fuel type: for low temperature 350 

charcoal (300 °C) from einkorn, emmer and pine wood, HI values > 100 were 351 

observed, whereas the samples produced from apple and whitethorn 352 

exhibited HI values < 50. The beech charcoal had a HI value of ca. 16. 353 

Overall, values decreased as combustion temperature increased (r2 0.57), 354 

finally reaching values of < 1 for wood charcoal and < 7 for grass charcoal at 355 

a temperature exceeding 500 °C (Fig. 3a).  356 

The proportion of O containing organic matter (OI) behaved similarly to HI 357 

values. For low temperature charcoal, the highest OI values were observed 358 

for grass (ca. 200), whereas those for pine, apple and whitethorn averaged 359 

around 35. With increase in combustion temperature, a decline in OI values 360 

almost paralleled that of HI values for all BC calibration materials. Hence, 361 

plotting HI vs. OI enables differentiation of combustion temperature (Fig. 362 

3a). The plot revealed trend lines that exhibited a slightly different slope for 363 

wood charcoal (black line) than for grass charcoal (grey line; Fig. 3a). 364 

Accordingly, Tmax revealed good correlation with temperature of combustion 365 

(r2 0.88; Fig. 4). All charcoal produced at 600 °C and 700 °C had Tmax > 550 366 

°C, except for two outliers from beech charcoal combusted at 600 °C (Tmax 367 

380 °C). Thus, Tmax was also a useful proxy for combustion temperature and 368 

was insensitive to fuel origin. 369 

The HI and OI also decreased systematically for natural samples from forest 370 

ground fires to domestic fires (Fig. 3b; Table 2, Table 1-SI). Including the 371 
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range of combustion temperature depicted from the HI/OI relationship for 372 

BC calibration materials (Fig. 3a) into a HI/OI plot for natural fire samples 373 

confirmed our temperature evaluation from literature data. It had 374 

suggested that the temperature of grass and forest ground fires hardly 375 

exceeded 410 °C, whereas it typically exceeded 500 °C for domestic fires 376 

(Table 2; Fig. 3b).  377 

The Tmax data for charcoal from natural fire events corroborated the HI and 378 

OI findings. Charcoal from forest ground fires (literature range 120 °C to 379 

621 °C) had a Tmax value of 369 °C, with one outstanding value of 488 °C for 380 

the slash pile sample (i.e. only slightly above the temperature depicted from 381 

the HI/OI plots and literature data evaluation). Tmax for grass fires exhibited 382 

values from 345 °C to 425 °C and do thus also plotted almost exactly in the 383 

median range for grass fires calculated from the HI/OI plot (Fig. 3b) and 384 

literature data (150 °C – 412 °C; Table 2, Fig. 4). The Tmax value for 385 

domestic fires with characteristic fire temperature > 632 °C could not be 386 

recorded with our analytical Rock Eval device due to the analytical 387 

restriction (550 °C maximum). 388 

3.5. BPCAs and MIRS as markers for charcoal amount and quality  389 

The concentration of BPCA-C in the BC calibration material increased 390 

systematically with increasing combustion temperature (experiment C). For 391 

pine wood residue, for instance, an increase from 300 to 600 °C raised BPCA 392 

proportion from 59 to 178 g BPCA-C kg-1 (r² 0.80; Table 3a-SI). For grass 393 

BC, the rise was less pronounced, ranging from 4 to 118 g BPCA-C kg-1 (r² 394 
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0.54; Table 3a-SI). This rise was, however, accompanied by an overall 395 

weight loss for all wood and grass species of ca. 75% (Table 2a-SI). 396 

In general, a higher energy input during charring results in a higher degree 397 

of BC condensation. Indeed, low temperature charcoal samples 398 

predominantly afforded benzene rings with four and five carboxyl groups 399 

(about 35% each of B4CA and B5CA at 300 °C), while high temperature 400 

charcoal afforded a significantly higher proportion of mellitic acid (40 to 50% 401 

B6CA at 600 °C; Table 3a-SI). Hence, B5CA/B6CA ratio values in the BC 402 

calibration material samples (thermosequence) correlated linearly with 403 

combustion temperature (r2 0.88; Fig. 5). However, the ratio did not show a 404 

linear relationship to OI, but responded more sensitively when combustion 405 

temperature was > 400 °C, and remained fairly constant for cooler charring 406 

(Fig 6). Moreover, BPCA composition was also not affected by the type of 407 

fuel (Fig. 5). As much as different fire regimes can be discriminated by the 408 

specific combustion temperature (Table 2, Table 1-SI), our current data 409 

indicate that a B5CA/B6CA ratio of ca. 1.5 – 2.0 could be typical for forest 410 

ground and grass fires and 0.8-1.7 for shrub fires. In contrast,  B5CA/B6CA 411 

< 0.8 should discriminate domestic fires from other fire regimes (Fig. 5).  412 

The different B5CA/B6CA ratios values indicated structural differences in 413 

the charcoals, which might be even better revealed via MIR spectroscopy, 414 

which was therefore used. The MIR spectra of the BC calibration material 415 

samples changed systematically with increasing combustion temperature 416 

(Fig. 7). Up to 450 °C the charcoal showed a characteristic signal at 2900 417 
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cm-1 indicating aliphatic CH and CH2 groups (Stevenson, 1994; Tatzber et 418 

al., 2007). At higher combustion temperature it was absent. Then, signals 419 

around 3050 cm-1 were observed, which are typical for aromatic groups 420 

(Tatzber et al., 2007). Resolution was best for the middle temperature range 421 

(450-500 °C). The C-O stretch from COOH at 1720 cm-1 (Stevenson, 1994) 422 

was strong at low combustion temperature but disappeared at very high 423 

temperature. The BC produced at 700 °C absorbed the mid infrared light 424 

almost completely (Fig. 7; Roth et al., 2012). Again, these changes in MIRS 425 

were not affected by variation in fuel type, corroborating the BPCA results.  426 

When applying both BCPA analysis and MIRS to the charcoals sampled 427 

from natural fires, we could confirm the trends mimicked in the lab: 428 

domestic fires had higher BPCA-C concentrations (150 g BPCA-C kg-1) than 429 

charcoal from forest ground fires and grass fires (6 to 52 g BPCA-C kg-1, 430 

with two outliers > 100 g BPCA-C kg-1; Table 3b-SI). Nevertheless, the 431 

BPCA concentration in natural charcoals was slightly lower than in BC 432 

calibration samples produced in the laboratory (4-118 BPCA-C kg-1; Table 3-433 

SI), similar to the bias in Corg content (see above), which we attributed to 434 

dilution with inorganic matter. However, the BPCA yield normalized to Corg 435 

as well as the BPCA pattern should not be affected by dilution processes, i.e. 436 

BPCA-C/Corg for natural vs. lab charcoal was 28 – 195 and 9-194 g kg-1. 437 

Indeed, natural charcoal mostly reflected the typical temperature range of 438 

fire regimes, as deduced from the B5CA/B6CA ratio assessed in the artificial 439 

combustion experiments (Fig. 8a). Besides, and in contrast to the 440 
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compilation from literature data, these data also indicated a differentiation 441 

of forest ground from grass fires: the B5CA/B6CA ranged between 1.3 and 442 

1.9 for the forest and between 0.8 and 1.4 for the grass fires, respectively. 443 

We assume that there was minimal variability in temperature for forest 444 

ground and grass fire regimes in the sampling area, whereas the overall 445 

validity of this differentiation should be taken with care unless supported by 446 

other findings. Domestic fires revealed typical B5CA/B6CA values of 0.3 to 447 

0.8 (Fig. 8a), clearly different from the values for the other fire regimes and 448 

significant at p <0.001 level of probability. 449 

The MIRS spectra of charcoal from natural fires finally confirmed the 450 

systematic changes attributable to different fire regimes (Fig. 8b). Aliphatic 451 

CH and CH2 groups showed signals at 2900 cm-1 for forest and grass fire 452 

samples but the signal was absent from charcoal from domestic fires. This is 453 

in line with MIRS findings for BC calibration material samples at 454 

comparable temperatures. Aromatic signals around 3050 cm-1 were not 455 

observed for charcoal from natural grass and forest ground fires, likely due 456 

to the fact that the selected natural charcoal samples did not cover the 457 

required temperature range of 450 – 500 °C (see Fig. 3b, 7, 8b). Like the BC 458 

calibration samples, the COOH stretch at 1720 cm-1 was characteristic for 459 

charcoal from low temperature fires but was absent for charcoal formed at 460 

high temperature from domestic fires. Hence, the spectra nicely 461 

complemented the assignment of different combustion temperatures. 462 

4. Discussion 463 
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4.1. Fire regime 464 

Since various factors control a fire event, extracting the most relevant fire 465 

properties is essential for geochemical differentiation of fire regimes. We 466 

concentrated on fire duration, temperature and fuel type and on analysis of 467 

charcoal as one main fire residue. We disregarded O2 supply and wind 468 

speed, assuming that the effect of these factors was included in fire duration 469 

and temperature. Hence, Smith and Sparling (1966) found, for instance, 470 

that higher wind speed (> 2 m sec-1) may exert a “cooling effect” on fire. In 471 

contrast, Fahnestock and Hare (1964) found that woody vegetation burns 472 

longer than grassy vegetation, but forest headfires burn hotter because the 473 

flames are fanned by the wind  (Hare, 1961). There are also zones in natural 474 

fires which are excluded from wind influence (e.g. tree bark). Hence, a 475 

different wind speed (and thus also O2 supply) is either negatively or 476 

positively related to combustion temperature, but whatever the direction of 477 

this correlation, the measured combustion temperature integrates these 478 

effects.  479 

Domestic fires are usually hotter than grass and forest ground fires (Cohen-480 

Ofri et al., 2006; Braadbaart and Poole, 2008; Maggetti et al., 2011), and 481 

this is also reflected in our data: we found more B6CAs as a result of higher 482 

fire temperature in natural charcoal collected from domestic fires than in 483 

charcoal collected from ground fires (i.e. grass and forest; Fig. 8a), and a loss 484 

of aliphatic moieties in the MIR spectra (Fig 8b).  485 
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In general, fire temperature is heterogeneous, e.g. forest fires burn at 800 486 

°C at the crown (Pyne et al., 1996; Alexis et al., 2007), but at lower 487 

temperature at the ground (Scott, 2000). Detecting some variability in the 488 

characteristics of charcoal was thus also reasonable and we recommend that 489 

any fire regime reconstruction has to be conducted on a range of charcoal 490 

samples (as provided by finely dispersed, molecular scale BC on soil) and not 491 

on a single BC analysis of n=1 charcoal found. Certainly, deducing fire 492 

regimes from charcoal properties is most reliable when aerobic degradation 493 

of the char itself maybe neglected, such as in anaerobic parts of bog soil or in 494 

limnic and marine archives, respectively.  495 

 4.2. Effect of fire duration on charcoal formation 496 

Braadbaart and Poole (2008) suggested that the mass loss of fuel during 497 

heating might be used as an indicator for the duration of combustion. They 498 

found that combustion residues of equal mass loss also have similar 499 

chemical properties, because the conversion of cellulose, hemicellulose and 500 

lignin to new compounds during heating occurs to a similar degree. Our 501 

data suggested, however, that across the heating duration times realistically 502 

tested, all BC calibration materials showed similar mass loss at a given 503 

temperature (Table 2-SI), whereas the BC amount was not significantly 504 

affected by charring duration (Fig. 1). Though at timescales < 30 min 505 

differences in BC quantity were observed previously (Glaser et al., 1998), we 506 

assume that the observed stability of the BC parameters for > 30 min 507 

combustion time more likely characterizes the majority of natural charcoal. 508 
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We relate the initial mass loss mainly to loss of moisture and volatile OM 509 

but not to formation of novel structures, which obviously requires higher 510 

input of energy (higher temperature) and less prolonged energy input at a 511 

given temperature (Braadbaart and Poole, 2008). As a result, we could 512 

disregard the effect of charring duration on our geochemical proxies.  513 

4.3. Temperature effect on charcoal formation 514 

Laboratory experiments suggest that physical and chemical charcoal 515 

properties depend on fire temperature (Baldock and Smernick, 2002; Brown 516 

et al., 2006; Hammes et al., 2006; Braadbaart and Poole, 2008; Schneider et 517 

al., 2010). Any formation of charcoal begins with a loss of easily oxidizable 518 

OM, which slows down between 300 and 400 °C as compatible with our HI, 519 

OI and MIRS findings (loss of aliphatic and carboxylic signal intensity; Fig. 520 

7) and the model of Keiluweit et al. (2010). From 300 to 400 °C we observed 521 

dehydration and perhaps also demethylation via a rough decrease in HI and 522 

OI relative to the BPCA pattern (Fig. 6). MIR adsorption also indicated that 523 

in this temperature range the transformation of more stable carbon forms 524 

(lignin, cellulose) to aromatic carbon (MIR signals at 3050 and 1500 cm-1; 525 

Fig. 7) began. Moreover, the curvature in B5CA/B6CA vs. OI revealed that 526 

from about 400 °C aromatization and coagulation dominated the combustion 527 

process, whereas at lower temperature only OI, but not the BPCA pattern, 528 

changed, likely reflecting loss of water and other volatiles (Fig. 6).  529 

High temperature combustion has been known to end in nearly complete 530 

carbonization of samples in form of “turbostratic”, polyaromatic crystallites 531 
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(Keiluweit et al., 2010), respectively the graphite-like structure of a soot 532 

particle (Schmidt and Noack, 2000; Gustafsson et al., 2001). Along this line 533 

of ongoing carbonization and aromatization, McBeath et al. (2011) found 534 

that single aromatic rings are formed which condense above 400 °C. As a 535 

result, B5CA/B6CA values decreased when combustion temperature rose, as 536 

observed in the laboratory produced BC calibration materials samples (Fig. 537 

5) and respective natural charcoal samples. They finally provided distinct 538 

classes for different fire regimes for charcoal derived from forest ground, 539 

grass and domestic fires (Fig. 8). It should be kept in mind, however, that 540 

the natural charcoal samples here all stemmed from a certain region in 541 

Serbia and Russia. The fact that these natural forest ground and grass 542 

charcoal samples could be differentiated via the B5CA/B6CA ratio, 543 

indicating a temperature difference of ca. 100 °C - whereas this temperature 544 

difference was not indicated by the literature review - may therefor be 545 

explained by reduced natural variation in combustion temperature among 546 

the fires in these regions vs. the more global average gained from the 547 

literature review (Table 2). Likewise, reconstructing fire regimes on a 548 

regional scale is more sensitive than across different regions. 549 

Although the HI/OI ratio could be shown to be more sensitive for 550 

temperature changes < 400 °C (Fig. 6), dilution with other OM in 551 

environmental matrices would be problematic. However, the Rock Eval 552 

pyrolysis method gives, with Tmax, another temperature sensitive parameter 553 
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to hand (Fig. 4, r² 0.88), which is robust against dilution from biomass 554 

derived organic carbon, e.g. in soil.  555 

4.4. Influence of fuel type 556 

Plant biomass differs in Corg composition mainly due to changing 557 

proportions of lignin, cellulose and hemicellulose (e.g. Bridgwater et al., 558 

1999; Czimczik et al., 2002; Thevenon et al., 2010). Softwood contains the 559 

highest lignin content relative to holocellulose (cellulose + hemicellulose) vs. 560 

hardwood or grass, with the lowest lignin content (Sjöström, 1993; Czimczik 561 

et al., 2002; Braadbaart and Poole, 2008). Additionally, holocellulose 562 

degrades over a narrower temperature range than the more thermally 563 

stable lignin (Bridgwater et al., 1999). Hence, lower lignin concentration in 564 

grass might lead to low residual Corg in grass derived charcoal due to more 565 

efficient combustion vs. wood, thereby facilitating differentiation of these 566 

fuels (Fig. 2a).  567 

However, as noted above, Corg content and the discrimination line for grass 568 

and wood charcoal in the BC calibration materials shifted from 600 mg g-1 569 

Corg to slightly lower Corg content in natural charcoal (450 mg g-1 Corg; 570 

dashed lines in Fig. 2a and b). Hence, it still appears possible to 571 

discriminate C sources, but only when one can succeed in getting rid of the 572 

contamination from inorganic matter. We failed to do so with 2M HCl. 573 

Testing other treatments, e.g. HF, might still warrant attention. Unless 574 

solved, the validation of fuel specific markers in natural charcoals was 575 

therefore unsatisfactory using simple chemical analysis (Figs. 2b, 3b).  576 
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4.5 Oxygen supply 577 

It is fairly known that under inert conditions less OM is lost by oxidation to 578 

CO2, but stabilized in charcoal - a fact on which biochar production is based. 579 

Comparing results from pyrolyzed wood it is apparent that Corg content is 580 

ca. 100 mg g-1 higher than in our combustion experiment (Baldock and 581 

Smernik, 2002; Trompowski et al., 2005; Schneider et al., 2010). 582 

Additionally Kloss et al. (2009) pyrolyzed grass and wood under low O2 583 

conditions (< 1 vol %). For wood, the Corg content is comparable with our 584 

results, indicating that our lab experiments might have been dominated by 585 

O2 deficient combustion due to an O2 supply only to the surface of the intact 586 

branches (diam. < 1 cm). However, for pyrolyzed grass the values were 587 

higher than in our experiment. Hence, we suggest that, if O2 deficiency in 588 

grass fires occurs - which does not seem likely in nature due to the filigree 589 

structure of grass - Corg concentration might be elevated. Indeed, the natural 590 

grass charcoals analyzed in this study had lower Corg content at the 591 

respective temperatures (discussed above as an effect of dilution), which 592 

might be related to an elevated O2 supply in the field. Correspondingly, we 593 

could observe a deviation between B5CA/B6CA values for grass charcoal 594 

calibration material and natural grass fire residues, also indicating that O2 595 

availability was not representative in the tube furnace (Fig. 8a). 596 

As far as we know, the thermosequence of Schneider et al. (2010) is the only 597 

work investigating the BPCA quantity and quality of pyrolyzed wood. The 598 

B5CA/B6CA ratio, as a marker for BC quality, yielded results comparable to 599 
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the findings of our series of lab produced charcoal. Nevertheless, the 600 

B5CA/B6CA valuess of Schneider et al. (2010) were lower by ca. 0.3 601 

compared with the values reported in our study (equivalent to ca. + 50 °C; 602 

Fig. 8), indicating a higher degree of aromatization under inert conditions. 603 

Different O2 supply therefore appears to contribute to an additional bias in 604 

the source assignment of charcoal to different fire regimes; however, the 605 

effect appears to be small compared with the differences induced by 606 

combustion temperature.  607 

 608 

5. Conclusions 609 

On the basis of an evaluation of literature data and chemical analysis of 610 

charcoal it is possible to reconstruct fire temperature as a proxy for different 611 

fire regimes. Of the analytical methods tested, particularly the combination 612 

of Rock Eval analysis with BPCA analysis and MIRS was promising in this 613 

regard. Overall, as combustion temperature increased, the HI and OI 614 

increased and B5CA/B6CA decreased linearly with increasing combustion 615 

temperature. The fuel source had only little impact on these correlations, 616 

the combustion duration having no impact. While the quantitative proxies 617 

Corg, N, HI and OI support temperature reconstruction for pure charcoals 618 

only, qualitative proxies - MIRS, Tmax and BPCA pattern analysis - exhibit 619 

potential to also work for finely dispersed charcoal residues in 620 

environmental matrices. Challenging is further reduction in a slight bias 621 
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between lab produced chars and those produced in the field, likely caused by 622 

remaining differences in the content of ash formed and O2 supply.  623 
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Table and Figure Captions 915 

Table 1 916 

Setups for production of BC calibration material chosen with respect to 917 

typical fire regime variables: temperature, heating rate and duration, 918 

applied to different fuels. 919 

 920 

Table 2 921 

Data from literature survey (SD, standard deviation; n.d., not detectable).a a 922 

Range and median of wind speed and temperature were calculated from 923 

average fire recordings (temperature measurement was at ground level to a 924 

maximum 15 cm above ground; for detailed information see Table 1-SI.  925 

Editor: text in yellow should be a footnote to the table 926 

Fig. 1 927 

Combustion duration shows no significant impact on char formation as 928 

shown by example here for BPCA-C amount (p > 0.05). 929 

 930 

Fig. 2 931 

Corg and N concentration of grass and wood charcoal for a) BC calibration 932 

materials. A distinct discrimination of grass charcoal from wood charcoal via 933 

Corg content is obvious, while variation in N content provides to some degree 934 

differentiation of fuel type (shaded grey bars; open symbols indicate Corg and 935 
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N content of respective unburned fuels); b) charcoal from natural fire 936 

regimes can be differentiated according to prevalent fuel type via Corg and N 937 

content. A systematic shift to lower Corg is related to dilution by inorganic 938 

matter.  939 

 940 

Fig. 3 941 

Change in OI and HI vs. temperature in a) BC calibration materials. The 942 

offset between OI and HI can be attributed to difference in fuel type [see 943 

trend lines for grass (grey) and wood (black)]; (b) shows discrimination of 944 

charcoal from natural fires via HI and OI. Temperature ranges were taken 945 

from laboratory-controlled combustion experiments A, B and C (Fig. 3a) and 946 

translated to the charcoals formed under natural fire conditions. 947 

 948 

Fig. 4 949 

Tmax of a) laboratory produced charcoal vs. combustion temperature. Tmax is 950 

close to a one-to-one correlation with temperature but has a fixed positive 951 

offset of ca. 50 °C; b) shows Tmax analysis of natural charcoal samples and 952 

demonstrates that Tmax for charcoals from forest ground, grass, and 953 

domestic combustion fits with the respective typical temperature ranges for 954 

laboratory experiments and the literature review (outlier sample from slash 955 

pile in brackets).  956 

 957 

Fig. 5 958 
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Relationship between  B5CA/B6CA and and combustion temperature. The 959 

figure shows that this ratio declines as combustion temperature increases, 960 

irrespective of the fuel source used for charcoal production (r2 0.88; p< 961 

0.001). Temperature ranges depicted for typical fire regimes were from the 962 

literature review.  963 

 964 

Fig. 6 965 

Correlating temperature sensitive B5CA/B6CA ratio vs. OI reveals a non-966 

linear but systematic behaviour related to two phases of the combustion 967 

process: dehydration to 400 °C and subsequent aromatization. 968 

 969 

Fig. 7 970 

MIRS characterization of charred apple wood, combusted from 300 °C to 700 971 

°C. The signal response differed with increasing heat treatment. Solid lines 972 

indicate bonds typical of aromatic compounds, dotted lines aliphatic CH and 973 

CH2 groups, and medium dashed lines C-O stretch of COOH. 974 

 975 

Fig. 8 976 

Fig. 8a: Range of B5/B6CA ratios in natural charcoals as put into context 977 

with (i) fire regime and ii) as related to observations from BC calibration 978 

materials (dotted regression line from Fig. 5). Natural residues of forest and 979 

domestic fires fitted well to calibration materials, while charred grass 980 

separated more clearly from forest fires than indicated by the literature 981 
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survey; (b) MIR spectra of charcoal from natural fires revealed comparable 982 

dealkylation and aromatization trends as for laboratory produced charcoal 983 

(Fig. 7; outlier sample from slash pile in brackets).  984 
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Experimental 

setting

Target temperature    

(°C) 

Heating rate  

(°C min
-1)

Heating duration (h)

A 600 10 1; 2; 3; 4; 12

B 300 (grass); 400 (wood) 5 0.5; 1; 2; 3; 4; 12

C 300-700 10 3

Table 1

Table(s)



  

Vegetation 

type 

Windspeed 

range       

[m s
-1

] 

Windspeed 

median      

[m s
-1

]

Temperature 

range        

[°C]

Median 

temperature 

and SD [°C]

References

forest          

(n=12)
n.n.

7.6              

(n=2)
120 - 621 287 ± 151

Beadle, 1940; Bently and Fenner, 

1958; Bailey and Anderson, 1980;  

Rundel, 1983; Sackett and Haase, 

1992;  Archibold et al., 1998; 

Keeley and McGinnis, 2007; 

Massman et al., 2008; 

Wanthonghchai et al., 2008

grass and    

straw        

(n=30)

2.2 - 16.5      

(n=13) 

3.1            

(n=13)
82.5 - 555 283 ± 134

Sampson, 1944; Miller et al., 1955; 

Bently and Fenner, 1958; Ito and 

Iizumi, 1960; McKell et al., 1962;  

Smith and Sparling, 1966; Stinson 

and Wright, 1969; Archibold et al, 

1998; Busse et al., 2005; Sah et al., 

2006; Alexis et al., 2007

shrubland 

(n=37)

1.5 - 12          

(n=29)

6               

(n=29)
70 - 1042 503 ± 211

Bently and Fenner, 1958; 

Whittaker, 1961; Kenworthy, 1963; 

Countryman, 1964; Stinson and 

Wright, 1969; Bailey and 

Anderson, 1980;  Hobbs and 

Grimingham, 1984; Archibold et al, 

1998; Neary et al., 1999; Sah et al., 

2006; Alexis et al., 2007

domestic fires 

(n=18)
n.n. n.n. 317 - 950 797 ± 165

Shepard, 1956; Wells, 1960; 

Tylecote, 1962; Rowlett et al., 

1974; Gibson and Wood, 1997; 

Martineau and Pétrequin, 2000; 

Livingstone-Smith, 2001; Fraser et 

al., 2003; Cohen-Ofri et al., 2006; 

Braadbaart and Poole, 2008; 

Maggetti et al., 2011

Table 2

Table(s)
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Highlights 985 

• Combustion residues preserve information of past burning events.  986 

• Literature review differentiates three typical fire regimes by 987 

temperature. 988 

• Geochemical fingerprints for typical fire regimes established from 989 

laboratory charcoal. 990 

• Fingerprints validated on natural charcoal samples. 991 

 992 


