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Abstract

Evidence of wildfires in deep time is preserved as fossilised charcoal fragments in the rock
record and inertinite macerals in coal. Historically, charcoal reflectance has been utilised to
assess the formation temperature of these charcoals, and thus burning intensities of
prehistoric fires. This is achieved by quantifying reflectance variability as a function of
changes in charcoal microstructure with temperature. Raman spectroscopy been shown to
similarly assess microstructure in carbonaceous organic matter with thermal maturation.
However, there have been few applications of Raman spectroscopy to wildfire-derived
charcoals, modern or prehistoric. Little consideration has also been paid to the nature and
applicability of derived parameters in assessing intensity. This study presents a novel
assessment of Raman spectroscopy as a method for interpreting palaeowildfire burning
intensity. Spectra were obtained from experimentally pyrolysed Calluna vulgaris material,
generated across a range of natural wildfire temperatures, and subsequent derived parameters
were compared with established principles. For assessing changes in palaeowildfire intensity,
this study has found the best correlations between thermal maturity and; D-band full-width at
half-maximum (D-FWHM) and the D-/G-band full-width at half-maximum ratio (D-
FWHM/G-FWHM). Additional parameters, commonly applied to Raman studies of charcoal,
are otherwise influenced by non-linearity. The influence of precursor material on charcoal
microstructure has also been derived, indicating further complexity when assessing
heterogenous samples. Our results indicate that, whilst Raman spectroscopy offers
extraordinary potential for understanding prehistoric and modern wildfire intensity,

parameters and further analyses used require measured consideration.

1. Introduction

Recent developments in the global interaction between wildfires and climate have
elevated the importance of understanding the factors that influence changing fire regimes. In
order to discern the future of wildfires under anthropogenic climate change, understanding
palaeowildfires associated with archaeological and geological records may prove beneficial.
Whilst modern fires are primarily characterised by the influence of vegetation fuel type,
weather and topography (Scott, 2000 after Pyne et al., 1996) often associated with human
ignition, the resolution of geological preservation often limits such evidence for

palaecowildfires. Instead, we may better categorise palaeowildfires by assessing long term
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climatic, vegetational and atmospheric changes (Scott, 2000). These factors directly relate to
fire intensity, representing a significant component of palaeowildfires that may be quantified

via the assessment of temperature.

Palaeowildfire temperature has historically relied on reflectance analysis of pyrolysed
biomass - charcoal or ‘fusain’ (Scott, 1989). This may be preserved in sediments, or within
coals as inertinite macerals (Scott, 1989, 2000; Glasspool, 2000; Diessel, 2010; Abu Hamad
et al., 2012; Jasper et al., 2013). Since the initial derivation of the relationship between
reflectance and charcoal formation (pyrolysis) temperature (Jones et al., 1991) many studies
have utilised charcoal reflectance to understand how wildfires have occurred and progressed
through geological time (e.g. Bojesen-Koefoed et al., 1997; Scott, 2000; Edwards and Axe,
2004; Glasspool et al., 2004, 2006; Marynowski et al., 2011; Shen et al., 2011; Petersen and
Lindstrom, 2012; Uhl et al., 2014; Hudspith et al., 2015; Rimmer et al., 2015; Cardoso et al.,
2018; Benecio et al., 2019). The aim of applying charcoal reflectance to fossil charcoals is to
understand the ‘anatomy’ of a fire and its vegetation, utilising three thermo-limitational
subgroups of fire; smoldering (ground), surface, and crown (Scott, 1989 after Davis, 1959).
However, more recent characterisations of wildfires (see Section 1.1) have recorded instances
of overlap between typical crown, surface and smoldering temperatures, suggesting the
requirement of palaesoecological and palynological context when assessing palaeowildfires.
This is further complicated by definitive shifts in recorded reflectance values and subsequent
formation temperatures in modern fires, dependent on the precursor plant material (Hudspith
et al., 2014). Instead, the assessment of changes to wildfire intensity patterns may better offer
an insight into the structure and nature of fuels associated with a particular wildfire regime,

without need for a quantitative temperature reconstruction.

1.1 Characterising wildfire temperatures

Smoldering ground fires typically occur within the subsurface biomass and
characterise much of the burning we observe in modern (Rein et al., 2008) and historic
peatland fires (Mauquoy et al., 2020). In contrast, surface fires occur across the ground
surface, consuming low growing plant material and litter (Scott, 1989). When a fire reaches
the uppermost flammable material in the crown of a tree, it is designated a crown fire (Scott,

1989), often propagated from surface fires via ‘ladder fuels’ (Menning and Stephens, 2007).
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Historical thresholds have characterised smoldering, surface and crown fires as <350°C, 350-
600°C and >600°C respectively (Rundel, 1981; Scott and Jones, 1994; Scott, 2000; Rimmer
et al., 2015). These values may now be considered outdated, given significant variability in
natural temperatures identified within modern wildfire systems. Temperatures between
450°C and 700°C are now considered more representative of smoldering fires (Rein et al.,
2008; Rein, 2016) whilst burning in modern eucalypt forests (Wotton et al., 2012) has
reported little variability in temperatures observed between surface (~670-1100°C) and
crown fuels (~680-1180°C). Maximum boreal crown fire temperatures have exceeded 1200-
1300°C (Butler et al., 2004; Taylor et al., 2004) though it has been suggested flaming fires
may reach 1500°C (Drysdale, 1998; Rein et al., 2008).

1.2 Raman spectroscopy and wildfires

Charcoal reflectance, reliant on changes in reflectivity as a function of microstructure
to quantify temperature (Scott, 2010), is similar in process to vitrinite reflectance — a method
of assessing thermal maturity in organic material. Vitrinite reflectance has been shown to
correlate well with Raman spectroscopy in the assessment of organic maturation (Quirico et
al., 2005; Guedes et al., 2010; Hinrichs et al., 2014; Linsdorf, 2016; Schito et al., 2017;
Wilkins et al., 2014, 2015, 2018; Henry et al., 2019a, 2019b; Muirhead et al., 2019).
However, little work has utilised charcoal reflectance and Raman spectroscopy

simultaneously (Ascough et al., 2010).

The application of Raman to charcoals, however, has been limited primarily to the
understanding of microstructural change in wood with pyrolysis (e.g. Ishimaru et al., 2007Db).
The understanding of wildfire intensity and associated climatic and vegetation changes, via
the application of Raman spectroscopy, has only been approached once so far. In Mauquoy et
al. (2020) a succession of charcoal preserved in an 11550 BP Falkland Island peat profile was
analysed using Raman spectroscopy — identifying fluctuations in wildfire intensity associated
with fire-favorable moisture and vegetational changes. All other relevant Raman applications
are limited to Quaternary charcoal material derived from modern soils (Ascough et al., 2010;
Jorio et al., 2012; Ribeiro-Soares et al., 2012; Mastrolonardo et al., 2014; Inoue et al., 2017;
de Sousa et al., 2020). Further investigation of Raman spectroscopy is required to better
characterise the applicability of this methodology in the assessment of wildfire charcoals,

formation temperature and intensity.
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In this study, we present and examine Raman spectroscopic analysis of charcoals
derived from experimentally pyrolysed plant material. Utilising these data, we introduce the
first assessment of Raman parameters with respect to their ability to effectively quantify
changes in charcoal formation temperature and equivalent intensity. This preliminary study
ultimately demonstrates the requirement for targeted application of Raman parameters,
consideration of the statistical nature of datasets, and recognition of the inherent

heterogeneity of fossil charcoal samples.

2. Materials and Methods

2.1 Sample selection

Samples of Calluna vulgaris (L.) Hull (Ling Heather) were acquired between June
and October 2019 in NE and NW Scotland, and separated into three broad groups: stems,
roots and flowers. Calluna was selected primarily for its widespread nature across Scotland
and intimate relationship with fire (Hudspith et al., 2015). Its small, shrubby habit also
ensures it is easily sampled, prepared, and pyrolysed. Samples were separated by anatomical
component in order to test results individually and assess the potential impacts of charcoal

precursor material on resultant data.

2.2 Sample pyrolysis

In order to assess the applicability of Raman spectroscopy to characterising wildfire
intensity changes, reference charcoals are required to calibrate changes in parameters with a
range of appropriate formation temperatures, and thus, intensities. Achieving this requires the
production of charcoals via the pyrolysis of plant material. Pyrolysis is the process by which
biomass thermally decomposes in the absence of oxygen — perpetuated by the initial
oxidative combustion of flammable gaseous (pyrolysate) products (Rein, 2013). This process
draws oxygen away from the surface of biomass fuel, producing pyrolytic charcoals and ash
(Tran and White, 1992; Belcher and Hudspith, 2016). Recent work has brought to light the
nature of combustion within natural wildfire systems, and the understanding that both
pyrolysis and oxidation occur as the flaming phase passes, and residual smoldering
combustion continues (Rein, 2013; Belcher and Hudspith, 2016). Results have also indicated

that heating continues within samples during this transition to a smoldering phase, which has
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a direct impact on the applicability of charcoal reflectance as a quantitative assessment of
wildfire temperature (Belcher and Hudspith, 2016; Hudspith and Belcher, 2017).

The experimental generation of charcoals by wrapping plant samples in foil has been
utilised historically (Orvis et al., 2005). Other common methods have included the
submersion of samples in sand (Jones et al., 1991; Orvis et al., 2005), and the implementation
of a controlled inert atmosphere oven — a method that has typically been used in Raman
studies (Yamauchi et al., 2000; Yamauchi and Kurimoto, 2003; Paris et al., 2005; Ishimaru et
al., 2007a, 2007b). More recent experimental studies, with reference to assessing charcoal
reflectance, have indicated the suitability of oxygen-depletive calorimetry in replicating the
conditions of wildfires (Belcher and Hudspith, 2016; Hudspith and Belcher, 2017). Contrary
to applications alongside charcoal reflectance, the impact of pyrolysis methodology on
Raman spectroscopic data has not been assessed in any capacity. Therefore, the application of
foil-pyrolysis within this study allows for a preliminary analysis of changes in charcoal
microstructure with increasing heat treatment. This is with the intention of future exploration

into the impact of pyrolysis methodology on data derived from Raman spectroscopy.

Prior to charring, samples of Calluna were dried for 48 hours in
a Gallenkampf ‘Hotbox” oven at 70°C. This is to ensure the complete removal of free
moisture, a factor that has been shown to directly influence charcoal reflectance values in
charring experiments (Belcher and Hudspith, 2016). Each sample was then separated by
anatomical component into the three categories (stem, root, flower). Following preparation,
samples were placed into a Carbolite ELF 11/148 temperature-controlled laboratory furnace
and heated at a rate of 5°C/min until experimental temperatures of 250, 400, 600 and 800°C —
were reached. These are consistent with a range of fire temperatures observed in modern
wildfire systems (Scott, 2000), including the temperature at which the earliest point of
charcoalification is observed (Jones et al., 1991). Samples dwelled at the desired temperature
for 90 minutes, and following pyrolysis were allowed to cool gradually to room temperature
before collection. For temperatures below 800°C, samples were wrapped individually in
aluminum foil, whilst samples tested at 800°C were wrapped similarly in copper foil, due to
the respective melting points of aluminum (~660°C) and copper (1080°C). The duration of
charring was limited to 90 minutes, given observations in reflectance stability after 60
minutes in charcoal reflectance studies (Scott and Glasspool 2007; McParland et al., 2009).

This also indicates that the change in foil metal at 800°C, and subsequent differences in metal
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thermal conductivity, should have little impact in the resultant degree of charcoalification.
This is supported by an additional 30 minutes at the desired temperature; ensuring samples
reached the correct charring temperature prior to dwelling (McParland et al., 2007) and
displayed charcoalification at the lowest temperature (Jones et al., 1991).

2.3 Raman spectroscopy

Raman spectroscopy, when applied to organic carbon, relies on the quantification of
the relationship between two first order spectral bands — D (disordered) and G (graphitic)
(Tuinstra and Koenig, 1970). These bands ultimately reflect the changes to structural
ordering, via the growth of ordered crystallite units, within carbonaceous material (Tuinstra
and Koenig, 1970). Previous research has indicated the relationship between several
parameters and the formation temperature of charcoal, including both natural (300-1000°C)
and industrial (>1200°C) pyrolysis (Yamauchi et al., 2000; Yamauchi and Kurimoto, 2003;
Paris et al., 2005; Ishimaru et al., 2007a; 2007b; Zaida et al., 2007). Whilst Raman
spectroscopy has been utilised in studies regarding all components of the structural ordering
process in carbon — from disordered organic carbon to homogenous graphite — the nature of

charcoal limits Raman assessment wholly to amorphous maturation processes.

Charcoal samples were analysed using a Renishaw inVia Reflex Raman spectrometer
at the University of Aberdeen, utilising an Ar+ green laser (514.5 nm). This was focused
using a Leica DMLM reflected light microscope through a x50 objective lens. A laser spot
size of ~1-2 um was achieved, employing 10% laser power. Prior to sample analysis, the
laser was calibrated against a Renishaw podule-housed silicon sample, followed by manual
crosshair alignment and slit-alignment where appropriate. Spectra were recorded using a
coupled device detector (CCD). Spectral acquisition was centered at 1400 cm* and collected
between 1100 and 1700 cm-t, with a resolution of 3 cm™. Three accumulations were recorded
per spectra, over a period of 15 seconds in total. Deconvolution was performed using
the Renishaw WIRE 3.4 Curve-fit Software, followed by smoothing and baseline extraction
via cubic spline interpolation. This process was implemented at least three times for each
spectral acquisition, ensuring any background interference was removed, and data remained
reproducible. This methodology is consistent with established processes analysing
carbonaceous organic matter (Muirhead et al., 2012, 2016, 2019; Henry et al., 2018)
including, specifically, the study of charcoal (Paris et al., 2005; Ishimaru et al., 2007a, 2007b;
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Zaida et al., 2007). The use of reduced laser intensity (10%) resulted in a laser power of
approximately 3 mW. Whilst laser power exceeding 1 mW has been suggested to cause
sample combustion and an erroneous G-band shift (Henry et al., 2018) no discernible damage
to the samples was noted in this instance. Up to 50 Raman measurements were taken for each
sample, comprising 10 randomly selected positions across 5 individual pieces of charcoal
where appropriate. Sampling was limited by visible and distinguishable charcoalification,

identifiable within a sample by light reflectivity in microscopic assessment.

The data produced following deconvolution were processed into the following Raman
parameters; full-width at half-maximum of the D-band (D-FWHM) and G-band (G-FWHM),
D- and G-band area ratio (AD/AG), D- and G-band height ratio (ID/1G), D- and G-band peak
separation (G-D) and finally, D- and G-band full-width at half-maximum ratio (D-FWHM/G-
FWHM). The nature of these parameters with respect to the Raman spectral response is
displayed in Figure 1. In order to reduce confusion between parameter nomenclature, the
given abbreviation in Henry et al. (2019b) for ID/IG (R1) and G-D (RBS) will be
implemented throughout this paper.

D-band Area (AD) G
G-band Area (AG) D §
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Raman Shift (cm™) ~1350 cm ~1585 cm'!

Figure 1. Schematic diagram indicating the relevant parameters and their relationship to raw
(grey) and deconvolved (black) Raman spectra, following the application of a cubic spine
interpolative baseline (red).

3. Results

3.1 Statistical distribution
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Following distribution assessment of the Raman data in this study it is evident that,
whilst there are several instances of near-normal distribution, this may change with respect to
the sample and formation temperature (Figure 2). The greatest variance from normal
distribution may be observed in data associated with 250°C formation temperature. Applying
Shapiro-Wilk’s test of normality to individual parameter-temperature datasets, assuming a
null hypothesis of normal distribution, indicates only three instances where the data are
normally distributed (Table 1). For all other datasets, the null hypothesis may be reliably
rejected, and non-normal distribution assumed. Variation in distribution may also be
observed in boxplots (Figure 3) where it is clear that 250°C charcoals display multiple
outliers, typically associated with higher parameter values. The impact of this shift in
distribution is indicated by the relationship between mean and median values displayed on
the boxplots. At 250°C, mean values tend to be shifted toward higher parameter values as a

result of the outlying data.
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Figure 2. Stacked histograms displaying the relative distributions of data sets for each

temperature across the different contributory Raman parameters.
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Figure 3. Box and whisker plots showing the relative distribution of data across the four
tested temperatures, for each parameter. Outliers are indicated by filled circles outwith the
minimum and maximum value ‘whiskers’, whilst mean values are denominated by a cross.

Median values correspond to the central line within the interquartile range ‘box’.
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Parameter oC Shapiro-Wilk’s Test of Normality
N W p(normal)

250 450 0.802 <.001

400 450 0.964 <.001
D-FWHM 600 450 0.982 <.001

800 384 0.899 <.001

250 450 0.770 <.001

400 450 0.994 Not Significant
G-FWHM 600 450 0.961 <.001

800 384 0.913 <.001

250 450 0.935 <.001
R1 400 450 0.995 Not Significant

600 450 0.405 <.001

800 384 0.829 <.001

250 450 0.820 <.001

400 450 0.991 <.01
ADIAG 600 450 0.617 <.001

800 384 0.976 <.001

250 450 0.938 <.001
RBS 400 450 0.995 Not Significant

600 450 0.984 <.001

800 384 0.936 <.001

250 450 0.901 <.001

400 450 0.981 <.001
D-FWHM/G-FWHM 1 ¢4 450 0.990 <.01

800 384 0.939 <.001

Table 1. Results of Shapiro-Wilk’s statistical assessment of normality, with respect to tested
formation temperature across each Raman parameter. N indicates number of tested datasets,
whilst values of W<1 represent data non-conformable to the null hypothesis. Assessment of
normality is derived from p(normal) values, in accordance with alpha (a) level 0.05 (95%
confidence). Given p(normal) values below a 0.05, the null may be reliably rejected, and non-

normality assumed.

3.2 Raman-temperature interactions

Primary visual assessment of the typical spectra produced at each temperature
indicate changes that are reflected in later analysis of parameters. In Figure 4, a narrowing of
the G-band, by way of subtle width reduction and increased intensity, may be observed. This
occurs simultaneously with D-band intensification and width reduction. The width between

band peaks (RBS) also increases, suggesting a leftward shift of the D-band to lower



278  wavelengths, and a congruent shift in the G-band to higher wavenumbers. These observations

279  are similarly reflected in data obtained following deconvolution.
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282  Figure 4. A visual representation of stacked first-order Raman spectra for each temperature,
283  across the three tested materials; roots (R), stems (S) and flowers (F). Relative observed

284  changes in parameters with temperature are also displayed — indicating positive (green

285  arrow), negative (orange arrow), and projected change (outlined arrow) — adapted from

286  Henry et al. (2019b). With increasing formation temperature, visual inspection of spectra

287 indicates width of D- and G-band decreases (narrows) with the exception of 800°C for G-
288 FWHM. The D- and G-band width ratio similarly reduces with temperature — a function of
289  the ratio between components that are simultaneously reducing. RBS, the distance between
290  D- and G-peaks, may be observed in the spectra increasing after 400°C. R1 and AD/AG both
291  show non-linear fluctuating relationships with temperature, though these parameters are less

292  apparent from visual inspection of spectra.
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When considering trends in data observed across all components, several significant
changes with temperature are apparent. D-FWHM shows a clear reduction with increased
temperature, displaying a greater gradient between 250°C and 400°C. G-FWHM similarly
reduces from 250-600°C, at which point the data encounters a mild inversion in trend,
displaying a gradual increase up to 800°C. R1 shows reduced linearity in the trend, indicating
a sharp initial decrease in height ratio from 250-400°C, followed by a small increase from
400-600°C, and a sharp increase up to 800°C. The relationship observed in the trend for
AD/AG (band area ratios) is less clear. Whilst the overall trend suggests a reduction in the
band area ratio with increased temperature, an inflection point at 600°C suggests a significant
change in peak height and width (as the primary components of peak area). This inflection is,
however, temporary as AD/AG continues to reduce between 600°C and 800°C. RBS provides
the second-most linear parameter relationship, indicating a strong increase with temperature
between 400 and 800°C, accompanied by R? 0.8527. Band width ratio (D-FWHM/G-
FWHM) displays inverse proportionality to temperature, although it records little variation in
values between 400 and 600°C.

Applying Pearson’s correlation coefficient analysis on median trends with
temperature (see Figure 5) indicates that the strongest linearity in trend is observed in D-
FWHM/G-FWHM, followed by RBS and D-FWHM, whilst moderate to poor linearity is
observed in G-FWHM, AD/AG, and R1. However, significance values corresponding to the
correlations shown in Figure 5 indicate that none of the parameter trends are statistically
significant. This is most likely a function of small sample sizes (n = 4) utilized in these
illustrative crossplots, however, all references herein regarding linearity in parameter trends

must be considered under the preconception of no statistical significance.
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319  Figure 5. Crossplots displaying the median values for each Raman parameter with increasing
320  charcoal formation temperature. Linearity in trend has been denoted by use of Pearson’s

321 correlation coefficient, including corresponding significance, in the bottom right corner of
322 each crossplot. .

323

324 Statistical assessment of variation across parameter mean values, according to robust
325  one-way ANOVA testing, suggests all variability in values and their associated trends are
326  statistically significant (Table 2). This is indicated by p values below alpha (a) levels 0.05
327 (95% confidence), with respect to the null hypothesis (Ho). By applying the original and

328  modified Levene’s test for homogeneity of variance, we may further infer from p<0.05 that
329  median and mean values record heterogenous variance. Unequal variance dictates that we
330  utilise p-values from Welch’s test of unequal variance (Table 2), indicating a significant

331 difference between mean values across all tested temperatures.

332

333



Levene’s | Modified , .
o . One-way ANOVA Variance | Levene’s Welch’s Un_le_g;ltal-Vanance
arameter Test Test

F df p p(mean) | p(median) F df p
D-FWHM 600 (3,1730) <.001 <.001 <.001 808 (3,924) <.001
G-FWHM 377 (3,1730) <.001 <.001 <.001 206 (3,893) <.001
R1 284 (3,1730) <.001 <.001 <.001 638 (3,871) <.001
AD/AG 155 (3,1730) <.001 <.001 <.001 75.3 (3,901) <.001
RBS 587 (3,1730) <.001 <.001 <.001 1830 (3,939) <.001
D-FWHM /
G-EWHM 241 (3,1730) <.001 <.001 <.001 278 (3,936) <.001

334

335  Table 2. Statistical significance of mean values (Welch’s p) given unequal variance, as

336 determined by the Levene’s test for homogeneity of variance and one-way ANOVA analysis.

337 All values have been reported to 3 significant figures.

338
339

In order to determine non-parametric pairwise comparisons within parameter

340  variables, given previously determined unequal variance, Games-Howell analysis was

341 utilised (Figure 6). Whilst the majority of comparisons display significance below a0.05,

342 rejecting the aforementioned null, R1 and AD/AG both indicate a single instance of

343 significance >0.05. This indicates that the mean values for R1 at 250°C and 800°C are

344  indistinguishable. The same applies to the AD/AG parameter between 400°C and 800°C.

345  These instances are closely matched to periods of ‘inversion’ in trends with temperature, as

346 shown in Figure 5.

347
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350  Figure 6. Post-hoc Games-Howell pairwise analysis of mean values across formation
351  temperatures in each tested Raman parameter. The 95% confidence intervals are displayed by
352 grey bars, whilst mean difference values are plotted as black bars. The red highlighted

353  comparison indicates values which are not significant.

354

355 3.3 Spectral variability and precursor material

356

357 Though the data from different plant components — stems, roots and flowers - remains

358  typically consistent with median trends (Figure 5 and 7), flower results differ most compared
359  to stem and root trends alike. This becomes pronounced particularly across G-FWHM, D-
360 FWHM/G-FWHM and AD/AG parameters, with flower-originated charcoal spectra

361  producing opposite trends between 400 and 800°C. This once again indicates an inversion
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point at 600°C within some, but not all, parameters. The lowest apparent variation in material

trends occurs in D-FWHM and RBS data. Minor differences are present between stem and

root data, manifest in the higher value-frameshifted nature of stem trends compared to root —
with the exception of R1, AD/AG and D-FWHM/G-FWHM. This indicates that parameter

responses are generally higher for stem charcoal, whilst greater ratio values indicate smaller

differences between D- and G-band components. It is also evident that, whilst no consistent

pattern is portrayed, parameter data procured from flower charcoal tends to exhibit more

instances of high standard deviation compared to stems and roots (Table 3). This suggests a

higher degree of variation within flower spectra, respective of formation temperature, and is

particularly pronounced in the G-FWHM results.

P wer | °c Calluna Overall Flower Root Stem
arameter Median S.D. Median S.D. | Median S.D. | Median S.D.
250 | 207 77.4 200 74.7 202 64.7 221 87.2
D- 400 | 155 11.7 148 9.04 154 7.39 164 10.3
FWHM 600 | 143 10.2 137 12.9 145 7.99 145 5.66
800 | 131 6.62 127 8.49 130 4.57 133 14.7
250 | 92.6 21.3 96.3 27.3 88.5 9.78 96.0 20.9
G- 400 | 76.9 4.42 77.3 4.3 74.0 3.63 79.6 3.65
FWHM 600 | 71.6 6.03 78.2 6.03 67.9 3.73 71.6 2.65
800 | 73.6 7.50 74.3 9.99 72.1 5.11 76.3 9.32
250 | 0.595 0.229 | 0.612 0.211 | 0539 0.223 |0.632  0.247
R1 400 | 0.416 0.0545 | 0.406 0.0487 | 0.444  0.0565 | 0.403  0.0487
600 | 0.434 0.132 |0.371 0.0516 | 0.482  0.202 | 0.440  0.0416
800 | 0.629 0.0878 | 0.586 0.111 | 0.653 0.0628 | 0.629  0.089
250 | 1.42 1.31 1.25 0.969 |1.42 1.30 1.61 1.54
AD/AG 400 | 0.962 0.196 | 0.896 0.206 |1.01 0.170 [0.976  0.191
600 | 1.06 0.445 10.726 0.221 |1.27 0.604 [1.11 0.143
800 | 0.919 0.223 | 0.826 0.240 |1 0.989 0.208 |0.896  0.196
250 | 236 11.6 234 15.9 237 6.98 237 9.08
RBS 400 | 234 3.60 234 3.38 233 3.68 234 3.59
600 | 243 3.64 242 4.53 243 3.35 244 2.39
800 | 252 3.27 249 3.42 254 1.63 253 27.3
D- 250 | 2.29 0.703 |2.09 0.661 |2.32 0.692 |2.37 0.714
FWHM/ | 400 | 2.02 0.175 [1.91 0.155 | 2.08 0.118 | 2.07 0.174
G- 600 | 2.00 0.214 |1.75 0.171 |2.13 0.151 |2.03 0.0984
FWHM 800 | 1.78 0.162 |1.71 0.193 | 1.81 0.120 |1.78 0.127

Table 3. The calculated median and standard deviation (S.D.) values associated with each

material Raman dataset, across all Raman parameters at each formation temperature. Highest

standard deviations are highlighted. All values have been reported to 3 significant figures.
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380  Figure 7. Crossplots displaying temperature-related changes to median parameter values
381 when separated into root, stem and flower components.
382

383 4. Discussion

384 4.1 Raman parameters and temperature
385
386 According to Tuinstra and Koenig (1970), our observed reduction in D-FWHM is

387  attributed to increased ‘structural arrangement’ and lateral growth of graphitic crystallites
388  (La) within carbon samples. This was later described as a function of increasing structural
389  order in carbon polyaromatic stacks (Lespade et al., 1982; Paris et al., 2005). Whilst this was
390  shown initially as a product of graphitisation, with charcoal as the lowest denominator of

391 thermal maturity (Tuinstra and Koenig, 1970), later work on carbonised (pyrolysed) wood
392 confirmed the applicability of this trend from 200-1100°C (Yamauchi et al., 2000; Yamauchi
393  and Kurimoto, 2003), 300-1400°C (Paris et al., 2005), 500-1200°C (Ishimaru et al., 20074a;
394  2007b) and 500-2600°C (Zaida et al., 2007) independently. This parameter has been
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correlated directly to structural changes and ordering within wood during carbonisation,
noting a correlation between DFWHM as an indicator of ‘order’ and the growth of
polyaromatics, volatilisation of oxygenated functional groups, and destruction of cross-
linking structures within amorphous sp3-bond carbon above 500°C (Ishimaru et al., 2007a;
2007b). Aromatisation, and subsequent development of Raman bands, has been suggested to

occur as early as ~300°C (Paris et al., 2005).

G-FWHM has similarly been used to quantify structural order within carbon, as the
prime indicator of structural order in sp?-bonded carbon crystallites (Ferrari and Roberston,
2000; Schito et al., 2017). As with D-FWHM, increasing thermal maturity is accompanied by
a similar increase in structural order, thus a decrease in G-FWHM is observed. This trend is,
however, notably subtle across studies in charcoal (Yamauchi et al., 2000; Yamauchi and
Kurimoto, 2003; Paris et al., 2005; Ishimaru et al., 2007a, 2007b; Sheng, 2007; Zaida et al.,
2007). A significant decrease in G-FWHM is presented above 1400°C in Ishimaru et al.
(2007b), which in turn is attributed to significant growth of ordered carbon crystallites, and
reduction in disordered amorphous sp? and sp®sites. The change in G-FWHM with
temperature has also been directly correlated to changes in charcoal reflectance between 300
and 600°C, indicating an expected reduction as temperature and ordered polyaromatic

content increases (Ascough et al., 2010, 2011).

When implemented in the study of charcoal formation under heat treatment, RBS
displays a clear increase with temperature up to 700°C (Yamauchi et al., 2000, Yamauchi and
Kurimoto, 2003; Paris et al., 2005). Whilst an increase is observed, this is described primarily
as the result of a significant shift of the D-band to lower wavelengths, whilst G-band shifts
very little to higher wavelengths as graphene sheets compress and merge with temperature
(McDonald-Wharry et al., 2013). The predominance of D-band shift during increasing
temperature has been described as the result of aromatic ordering (Ferrari and Robertson,
2000; Schito et al., 2017), subsequent crystallite growth (increasing La) during aromatisation
(Paris et al., 2005) and the removal of amorphous sp® carbon from graphene sheets
(McDonald-Wharry et al., 2013). The subsequent reduction in RBS at 700°C observed in
Yamauchi et al. (2000), Yamauchi and Kurimoto (2003) and Paris et al. (2005) may indicate
a similar inflection in the rate of aromatisation at this temperature. Our data, however, does
not mirror this inflection beyond 700°C, nor is this observed in additional literature
(McDonald-Wharry et al., 2013).
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AD/AG displays less application to charcoal within the literature, most likely the
result of its complexity — derived from changes in band width and height simultaneously.
Yamauchi and Kurimoto (2003) observe an initial reduction in AD/AG from 200-400°C,
followed by a sharp increase up to 800°C. This was concluded as the result of increasing
proportions of sp3-bonded amorphous carbon. This would suggest an increase in system
disorder up to 800°C, at which point AD/AD and disorder falls again. This trend is consistent
with data presented in this paper, although the inflection point is experienced 200°C earlier.
Given the suggestion by most parameters that structural order increases with temperature, the
conclusion of increased disorder up to 800°C indicates that the complexity of simultaneous
height and width changes with temperature may be a more appropriate description of AD/AG

results observed.

R1 presents similar complexity. Initially described as inversely proportional to the
growth in lateral accretion (La) of ordered graphite crystallites, this ratio was similarly
deemed inversely proportional to thermal maturity and structural ordering of carbon (Tuinstra
and Koenig, 1970). This relationship, however, has since been brought into question, and a
significant proportion of research has aimed to implement and construe the relationship
between R1 and thermal maturity. Paris et al. (2005) and McDonald-Wharry et al. (2013)
note an increase in R1 from ~300-1400°C and 400-1000°C, respectively. These results,
according to Tuinstra and Koenig (1970), would indicate a reduction in La and subsequent
ordering. However, Paris et al. (2005) recorded a simultaneous increase in Lawith
temperature — concluding the relationship between La and R1 to be more complex than
previously considered. Explanation for this trend was later proposed by Zaida et al. (2007),
suggesting that crystallites are initially too small for Raman detection. Whilst Zaida et al.
(2007) observe an eventual fall in R1 beyond 2000°C, others have observed this fall at much
lower temperatures (Yamauchi and Kurimoto, 2003). Such variability in expected and
observed trends has been as suggested as a result of applying this ratio to amorphous carbon,
given the predominant influence of disorder on both bands at low thermal maturity (Ferrari
and Robertson, 2000; Schito et al., 2017). Whilst an increase in R1 is observed above 400°C
in the Calluna charcoal spectra, an initial fall in values at 250°C suggests further complexity
to this relationship. This is countered only with the suggestion that variability is a function of
high H and O content, manipulating low temperature aromatisation in wood carbonisation
(Paris et al., 2005).
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The ratio of D- and G-band widths (D-FWHM/G-FWHM) is not commonly utilised
in the study of charcoal under heat treatment, though has been implemented in the study of
kerogens under increasing thermal maturity (Schito et al., 2017). In this instance, kerogen
samples showed an increase in D-FWHM/G-FWHM with increasing depth and vitrinite
reflectance (thermal maturity). This is inconsistent with observed results for Calluna
charcoal, showing an inverse relationship. It is worth noting, however, that the thermal
maturity regime undergone during burial is significantly less intense than heating undergone
during a wildfire. The ratio has, ultimately, been related to the reduction in width of the G-
band with heating, as aromatic rings within the sample begin to cluster and subsequently
‘order’ (Ferrari and Robertson, 2000; Schito et al., 2017). Whilst we also observe an initial
linear reduction in G-FWHM, Schito et al. (2017) note a simultaneous increase of the D-band
width with thermal maturity. Given differences in heating regime of our two studies, resulting
in variability in the response of the D-band, this may explain the difference in our recorded
trends for D-FWHM/G-FWHM.

Whilst it is evident that comparative studies into the relationship between Raman
spectra and charcoal formation are numerous, there are some inconsistencies regarding
method of deconvolution. Our application of first-order deconvolution (between 1000 and
2000 cm™) to D and G bands has been supported by use in similar studies (Tuinstra &
Koenig, 1970; Yamauchi et al., 2000; Yamauchi & Kurimoto, 2003; Paris et al., 2005;
Mauquoy et al., 2020), and also those focusing on different forms of carbonaceous organic
matter (Muirhead et al., 2016, 2017, 2019; Kedar et al., 2020; Schito & Corrado, 2020). In
contrast, second order deconvolution (between 2000 and 3500 cm*) has been deemed
inapplicable in amorphous organic matter studies as a function of high fluorescence,
obscuring second-order bands (Beyssac et al., 2002). Instances remain where authors have
deemed it appropriate in application to pyrolysis (Yamauchi & Kurimoto, 2003; Zaida et al.,
2007), though these are few in number. Examples of multi-band first order deconvolution
may also be found in the study of charcoal (Yamauchi and Kurimoto, 2003; Ishimaru et al.,
2007a, 2007b; Sheng, 2007; McDonald-Wharry et al., 2013), however, the origin and
derivation of these additional bands has been deemed controversial (Beyssac et al., 2002;
Schito et al., 2017; Schito & Corrado, 2020). Therefore, consideration of the relationship
between temperature and charcoal spectra must include the nature of deconvolution processes

— though key similarities in principles of parameter change have been highlighted.
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4.2 The influence of precursor material

Differences in the Raman spectra when analysing varying material compositions is
not unexpected, particularly when considering the chemical changes undergone during the
pyrolysis of plant material. According to Ishimaru et al. (2007a), the proportion of cellulose
in plant material significantly impacts structural ordering with pyrolysis, greatly influenced
by the greater ratio of O/C reported in cellulose (Byrne and Nagle, 1997). Experiments
assessing the spectra of isolated cellulose, lignin, and wood (a mixture of hemicellulose,
cellulose and lignin) have determined structural order within samples increased across
cellulose-wood-lignin, given lignin displays the lowest FWHM values (Ishimaru et al.,
2007a). Though trends between the materials were somewhat dissimilar, wood and cellulose
were most alike, suggesting cellulose content provides the greatest limitation to structural
ordering. Potential impacts of this are highlighted further when considering the increase in
lignin observed in plant material as it matures, and natural variation in biochemistry both

between and within a species.

Given the prominence of vascular tissue in root and stem material, and its dependence
on structurally supportive lignin structures, it would be expected that this material under
Raman spectroscopy would exhibit lower FWHM values than cellulose-dominant flower
material. This, however, is not entirely the case in the Calluna charcoal spectra. Whilst root
material displays lower G-FWHM values, suggesting greater structural order at each
temperature, stem and flower material fluctuate in intensity. Contrary to this, D-FWHM
consistently exhibits lower values in flower material. Though such differences are notable,
stem and root materials do exhibit similar trends in FWHM analysis. This perhaps suggests
that, though the data reported in Ishimaru et al. (2007a) may not be applicable to wider
proportional trends in plant material, there are differences in the impact of material on Raman
results. An experimental analysis of cellulose and lignin proportions within the tested

materials is required to understand this relationship further.

It appears that the content of cellulose may further impact spectra observed at lower
temperatures, at the onset of aromatisation. Yamauchi and Kurimoto (2003) record

significant jumps in trend between 200°C and 300°C, not dissimilar from results presented in
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this study. In contrast, however, they record clear spectra at 200°C, whereas the spectra in
this study were of limited quality at 250°C, accompanied by a poor degree of
charcoalification in samples. Whilst this may be a function of dwell time impacting extent of
sample pyrolysis, previous works discussed in Yamauchi et al. (2000) note the differences in
aromatisation thresholds for structural components in wood; hemicellulose degrades at 200-
250°C, cellulose at 240-350°C, and lignin at 280-500°C (Graham et al., 1984). This is
pertinent when considering potential differences in reported aromatisation thresholds for

varied material.

4.3 Thermal maturation in similar organics

The study of coal and thermal maturity utilising Raman spectroscopy has, historically,
been linked to the study of charcoal during heat treatment in an extensive review by
Potgieter-Vermaak et al. (2011). This relationship is no doubt perpetuated by similarities in
vegetative origin, interrelation with combustion, and the presence of wildfire-derived
charcoal macerals within coals. Therefore, the parameters used in understanding coal
maturation — the response of plant material to heat — pertains to the understanding of
charcoal. Initial research into Raman and coal determined that study of the D-band width was
most applicable in assessing low-grade coals, given their disordered nature (Wopenka and
Pasteris, 1993; Quirico et al., 2005), congruent with our assessment that changes to the
spectra with heating are most prominent in the D-band. Later work, however, deemed the
sensitivity of Raman parameters to the bulk assessment of coal maturity to be dependent on
the thermal maturity itself (Quirico et al., 2005). It was identified that whilst D-FWHM and
R1 (ID/1G) are most sensitive to higher maturities - between 3% and 7% Ro — changes to the
width of the G-band was better suited to low-medium grade coals (1-5% Ro). Quirico et al.
(2005) also identified an initial fall in R1 with maturity, followed by an inversion in at 5%
Ro, which may correspond to the inversion observed in the Calluna charcoal spectra. This is,
however, deemed indicative of the inapplicability of R1 to poorly ordered amorphous organic
material (Quirico et al., 2005; Li, 2007). Subsequent work utilising UV-Raman has also
shown little correlation between maturity and D-FWHM in mature coals, and R1 in immature
coals, whilst G-FWHM shows an inverse non-linear relationship with maturation (Quirico et
al., 2020). This contradicts earlier research, with data indicating a linear inverse relationship
—as observed in the current work — between maturity and D-FWHM, and G-FWHM,
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respectively (Hinrichs et al., 2014; Zhang and Li, 2019). Zhang and Li (2019) have further
iterated the highly linear positive relationship between RBS and maturity, though in
agreement with Quirico et al. (2005), note the requirement for utilising different parameters

under different maturities.

It has, however, been proposed that most studies are reliant on bulk analysis of coals,
without consideration of the extreme heterogeneity exhibited between coal macerals (Guedes
et al., 2010). Analysis of the maturation of collotelinite, fusinite and macrinite has indicated
that the macerals, alongside bulk analysis, exhibit a related decrease in G-FWHM and
increase in R1 (Guedes et al., 2010). Further still, similarities between collotelinite and bulk
macerals indicate its suitability at assessing overall thermal maturity, whereas fusinite and
macrinite share similarity in Raman response given their shared oxidative formation pathway.
This consideration of internal sample heterogeneity remains poignant given the variability in

Raman data we have observed between charcoals of differing precursor materials (Figure 7).

4.4 Assessing wildfire intensity

Following the experimental analysis of Raman spectroscopic parameters with
increasing heat treatment, it can be established that the assessment of wildfire intensity
benefits from the use of particular parameters. This is alongside an established understanding
of structural changes in fossil plant material with maturation, namely coal and charcoal. Our
results indicate that the parameter with the most linear apparent trend with increasing
temperature of formation remains D-FWHM/G-FWHM (Figure 5). Though seldom applied in
the analysis of organic material, this parameter benefits from the application and
consideration of both spectral bands, D and G. This ensures the assessment of thermal
maturity in fossil charcoal samples incorporates changes in both disordered structures, and
ordered graphitic crystallites (Tuinstra and Koenig, 1970). Linearity with temperature change
ensures any assessment of intensity is not impeded by inversions as identified in other
parameters. The nature of D-FWHM/G-FWHM as a ratio also increases the applicability of
this parameter to comparison studies — ensuring variable datasets are comparable, and
concepts transferable. This is, however, contrasted by previous determination that this
parameter may be inherently impacted by multi-band deconvolution, limiting comparability

across studies of variable methodology.



596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628

Though exhibiting lower apparent linearity with temperature, sole analysis of
intensity utilising D-FWHM offers further benefits. Homogeneity in the spectral response
between all component materials (Figure 7) indicates that D-FWHM trends with temperature
are mostly unaffected by the composition of sampled charcoal. Further still, D-FWHM has no
reliance on changes to the G-band, which does not indicate a linear trend with temperature.
This lack of consideration for G-band changes may contradict prior applications (Yamauchi
et al., 2000; Yamauchi and Kurimoto, 2003; Paris et al., 2005; Quirico et al., 2005; Ishimaru
et al., 2007a, 2007b; Sheng, 2007; Zaida et al., 2007; Hinrichs et al., 2014; Zhang and L.,
2019) though it offers a method of circumventing a significant dilemma when assessing the
thermal maturity of palaeocharcoals using Raman — oxidation. Most palaeofire research in
tandem with Raman has focused primarily on the impact of diagenetic alteration on charcoal
microstructure. Cohen-Ofri et al. (2006) identified that fossil charcoals (40,000 BP) display a
higher proportion of disorganised material in their structure due to the oxidative humification
of graphitic material. The selective preservation of more disordered material has also been
suggested as a function of the physical instability of more-graphitic materials, preferentially
removed by water (Inoue et al., 2017). This concept was countered somewhat by de Sousa et
al. (2020), who recently identified changes in archaeological biochar microstructure with soil
depth - reporting an initial alteration period of 2000 years within the amorphous charcoal
structures. Whilst the succeeding 9000 years of preservation lead to an increase in oxidative
alteration of graphitic microstructures, it was not as intense as changes seen in the amorphous
material. By applying D-FWHM and avoiding G-band analyses, skewed assumptions of
maturation due to changes in graphitic material during diagenesis may be counteracted.
Limitation in the application of D-FWHM does, however, reside in the aforementioned
impact of multi-band deconvolution. Changes in width values as a result of multi-band
deconvolution may in turn limit the comparability of datasets and applicability of precise
geothermometry. Palaeofire intensity change derived as a function of relative D-FWHM

change appears to remain robust regardless of deconvolution process.

Whilst RBS also displays high apparent linearity in trend with temperature, its use in
assessing wildfire temperature and intensity is hindered by the inversion between 250°C and
400°C, which may make the differentiation of low-temperature smoldering fires inaccurate.

Further work is required in this respect to determine the exact threshold between these
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temperatures at which the inversion occurs, to better constrain the applicability of this
parameter. This complication is also attributable to R1, AD/AG and G-FWHM, making their
use in assessing wildfire intensity complex and potentially problematic. Whilst this may
appear to suggest that the use of these parameters is entirely null, there are means by which
this is counteracted. Mauquoy et al. (2020), in the first extensive study into wildfire intensity
and Raman spectroscopy, utilised R1 under assumed linearity concordant with the majority of
prior Raman-charcoal study (e.g. Paris et al., 2005; Zaida et al., 2007; McDonald-Wharry et
al., 2013). This was, however, in conjunction with a qualitative visual analysis of spectra.
Whilst we have observed disparity in data at 250°C, leading to non-linearity, the spectra at
this temperature are distinct and allow for clear differentiation between low and high
temperatures (Figure 4). Therefore, with respect to Mauquoy et al. (2020), the assessment of
wildfires using R1 is justified, but only alongside the consideration of individual spectra. This
method, however, may not feasible when considering extensive successions of charcoal

samples and accompanying datasets.

A further key consideration, with reference to all parameters, is the nature of the
applicability of Raman when analysing charcoals derived from material other than Calluna
vulgaris. Whilst our experimental assessment of Calluna charcoals has yielded results
comparable in nature to those gathered in prior literature (see Section 4.1 and 4.3) our
conclusions regarding the potential impact of variable biochemistry (see Section 4.2) suggest

the need for further experimental study into charcoals derived from other species.

5. Conclusions

Raman spectroscopy represents an efficient and non-destructive method of
characterising the structural changes associated with charcoal formation. This study has
produced a range of comparable parameters that indicate structure in Calluna charcoal is
dictated primarily by changes to D-band and associated structural disorder. As temperature of
formation increases, Calluna charcoal exhibits a strong inverse proportionality in structural
ordering within D-FWHM and D-FWHM/G-FWHM parameters. However, multi-dependent
parameters such as intensity (R1) and area (AD/AG) ratios portray more complex
relationships. This complexity is heightened by variation in results between different origin
materials. Whilst previous research has reported on the differences between wood

components and structural ordering as a function of cellulose and lignin content, this
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relationship has been shown to grow more complex when attributed to broader material
classification. In order to assess changes in wildfire intensity, as a function of charcoal
pyrolysis temperature, we have determined that the most effective parameters are D-band
width (D-FWHM) and the ratio of D and G-band width (D-FWHM/G-FWHM). Whilst D-
FWHM/G-FWHM indicates the greatest apparent linearity with temperature and incorporates
changes in both D- and G-bands, the impact of oxidation on graphitic material during
diagenesis is still under discussion. Therefore, given uncertainty over the impact of the G-
band in the band-width ratio (D-FWHM/G-FWHM), instances of unknown diagenetic
influence would benefit from sole D-FWHM application. The application of these parameters
must, however, be considerate of variability in derived parameters as a function of the Raman

deconvolution process.

Further research is required to determine the proportion of cellulose and lignin in
different plant materials, within and between species, and the influence this displays on
spectroscopic trends. Additionally, further experimental work is required to refine and
evaluate the influence of pyrolysis methodology, moisture and heat flux on charcoal structure
and the subsequent Raman data. Nevertheless, the application of Raman to experimental
charcoals has revealed significant insight into the applicability of certain parameters,
considered otherwise comparable in the study of thermal maturity in organic carbons.
Ultimately, Raman spectroscopy is an unexplored method of characterising palaeowildfires,

with extensive potential.
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