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Aberdeen, Aberdeen, United Kingdom

Charcoal geothermometry continues to offer considerable potential in the study of
palacowildfires over decadal, centennial, millennial, and deep time scales—with
substantial implications for the understanding of modern wildfire intensification. Recent
developments in the application of Raman spectroscopy to carbonaceous organic material
have indicated its capability to potentially reconstruct the palaeocharcoal formation
temperature, and equivalent palaeowildfire pyrolysis intensity. Charcoal reflectance
geothermometry (which also relies upon microstructural change with thermal
maturation) has also been the subject of extensive modern evaluation, with multiple
studies highlighting the key influence of energy flux on the resultant charcoal
microstructure. The ability to accurately quantify modern wildfire temperatures based
upon novel Raman-charcoal analyses has not yet been attempted. Using Raman band
width-ratios (i.e., FWHMRa) and accompanying geothermometric trends to natural wildfire
charcoals, our results identify differences between microstructurally-derived fire
temperatures compared to those recorded during the fire event itself. Subsequent
assessments of wildfire energy flux over time indicate no dominant influence for the
observed differences, due to the inherent complexity of natural fire systems. Further
analysis within this study, regarding the influence of reference pyrolysis methodology on
microstructural change, also highlights the difficulty of creating accurate post-fire
temperature reconstructions. The application of Raman spectroscopy, however, to the
quantification of relative changes in fire temperature continues to prove effective and
insightful.

Keywords: charcoal, raman spectroscopy, geothermometry, wildfire, microstructure, organic carbon, pyrolysis

1 INTRODUCTION

A significant shift in global fire regimes—characterized by greater duration, intensity and atypical
seasonality-has instigated fresh and serious consideration for the role of anthropogenic climate
change on the future of fire (e.g., Phillips and Nogrady, 2020) as we enter the “Pyrocene” (Pyne,
2015). Studies into the understanding of palaeowildfires—those occurring over decadal, centennial,
millennial, and deep time scales—have often focused on the assessment of the driving forces behind
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changes in wildfire intensity, for example, climatic, atmospheric
oxygen, and ecosystem fluctuations (Scott, 1989). Considerable
insight has been drawn into the interactions between fire,
palaecobotany and palaeoclimate throughout the early
Palaeozoic (e.g., Edwards and Axe, 2004; Glasspool et al,
2004; Glasspool et al, 2006; Rimmer et al, 2015), late
Palaeozoic (e.g., Nichols and Jones, 1992; Scott and Jones,
1994; Jasper et al.,, 2013; Benicio et al., 2019), Mesozoic (e.g.,
Harris, 1958; Belcher et al., 2010; Belcher and Hudspith, 2016a;
Zhang et al,, 2020) and into the Cenozoic (e.g., Keeley and
Rundel, 2005; Zhou et al., 2014; Korasidis et al., 2016). Studies
into recent sediment records have focused significantly upon the
role of humans in utilising fire and modifying environments,
often with insights into anthropogenic climate change and its
effects (Marlon et al,, 2013). The analysis of fire during the
Palaeocene-Eocene boundary (Collinson et al., 2007; Collinson
etal., 2009; Denis et al., 2017) has proven particularly relevant to
our modern situation, given similarities in the climatic thermal-
maximum and projections of extreme anthropogenic climate
change (McInerney and Wing, 2011; IPCC, 2021, p. TS-101).

Aside from the study of polycyclic aromatic hydrocarbons
(PAHs) associated with palaeocombustion (e.g., Marynowski and
Simoneit, 2009; Nabbefeld et al., 2010; Zakrzewski et al., 2020),
assessing changes in wildfire activity through time is typically
achieved through palaeowildfire-derived charcoal
geothermometry. This refers to the quantification of palaeofire
temperatures from the thermal conditions of charcoal and
inertinite formation. Whilst this has been achieved historically
and extensively by the application of charcoal reflectance (e.g.,
Edwards and Axe, 2004; Petersen and Lindstrém, 2012; Rimmer
et al., 2015; Benicio et al., 2019), recent studies have introduced
the application of Raman spectroscopy as a novel and effective
method of charcoal geothermometry (Rouzaud et al., 2015;
Deldicque et al, 2016; Deldicque and Rouzaud, 2020;
Mauquoy et al., 2020; Theurer et al,, 2021).

The thermal alteration of organic carbon and carbonaceous
matter, including as a result of burial and coalification, has been
extensively interpreted using Raman spectroscopy—often in
conjunction with studies in vitrinite reflectance (Henry et al,
2019b and references therein). It has been shown that, with
increasing temperature and often burial pressure, the
microstructure of carbon in organic material undergoes a
process of structural reorganization—varying in composition
and proportion of amorphous carbon (Tuinstra and Koenig,
1970). Here, “microstructure” refers, primarily, to the carbon
bonds and molecular arrangements that result from changes in
constituent chemistry. Microstructural reorganization is
presented as the preferential removal of amorphous carbon
bonding, and the subsequent increasing development of
graphitic structures, shown by gradual changes in D-
(amorphous) and G- (graphitic) bands (Tuinstra and Koenig,
1970; Beny-Bassez and Rouzaud, 1985; Wopenka and Pasteris,
1993; and Robertson, 2000). The process of
charcoalification, by application of thermal energy to plant-
based organic material, exhibits a similar microstructural
development. Processes are, however, varied in their
constituent biochemistry, and limited by temperatures
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experienced. Following the initial dehydration of material
below 250°C, exceedance of this temperature initiates the
thermal degradation of component molecules (e.g., lignin,
cellulose, hemicellulose) into aromatic compounds (Braadbaart
and Poole, 2008; Braadbaart et al., 2009). Complete aromatization
occurs at ~400°C, at which point the microstructure of charcoal is
dominated by large planar aromatic sheets (Braadbaart and
Poole, 2008; Braadbaart et al, 2009). Pervasive growth of
polyaromatic units during the microstructural reorganization
of charcoal remains broadly consistent with aforementioned
changes in amorphous carbon under thermal maturation. This
relationship between increasing temperature and microstructural
organization during charcoalification has been reported using
Raman spectroscopy in several instances (Yamauchi et al., 20005
Yamauchi and Kurimoto, 2003; Kawakami et al., 2005; Paris et al.,
2005; Ishimaru et al., 2007a; Ishimaru et al., 2007b, Manabe et al.,
2007; Potgieter-Vermaak et al., 2011 and references therein), often
permitting geothermometry (e.g., Beyssac et al., 2002; Wilkins
et al., 2014; Wilkins et al., 2015; Rouzaud et al., 2015; Deldicque
et al,, 2016; Wilkins et al., 2018; Henry et al., 2019a; Henry et al,,
2019b; Deldicque and Rouzaud, 2020). Whilst the principles of
carbonaceous structural reorganization are consistent, the Raman
spectral response, associated parameters, and its derivation of the
temperature-structure relationship depend on the regime of
maturation and organic material under study (Henry et al,
2019b and references therein).

Despite numerous applications of Raman spectroscopy to
charcoal and amorphous organic matter, no investigation into
the correlation between experimental charcoal thermometry and
true wildfire temperatures has yet been attempted for Raman
spectroscopic methods. The application of charcoal reflectance
analyses to modern wildfire charcoals—with the intention of
better understanding temperature, intensity, and severity—may
be found within several examples (e.g., Scott et al., 2000; Hudspith
et al,, 2015; New et al,, 2018; Belcher et al., 2021). Similarly,
Fourier-Transform Infra-Red spectroscopy (FTIR) has shown
considerable potential in understanding chemical and
microstructural change in charcoals (e.g., Guo and Bustin,
1998; Ascough et al, 2020). This has developed into
applications in the assessment of wildfire intensity and severity
(Gosling et al., 2019; Constantine et al.,, 2021; Maezumi et al.,
2021). Nonetheless, many studies continue to rely on an
assumption of harmony between experimental and naturally
observed temperature-microstructure relationships.

Recent research in charcoal reflectance has highlighted the
innate variability of energy within a natural wildfire system, and
the inapplicability of oven-based experimental pyrolysis in
replicating the true charcoalification process (Belcher and
Hudspith, 2016b; Hudspith and Belcher, 2017; Belcher et al.,
2018). However, modern studies utilising more accurate forms of
experimental pyrolysis (i.e., calorimetry) have yet to corroborate

thermometric calculations with precise natural wildfire
temperatures. Discrepancies in natural vs. experimental fire
thermometry may also be perpetuated by variable
environmental  conditions, and  the inter- and

intraheterogeneity of fuels (Ishimaru et al, 2007a; Guedes
et al, 2010). Furthermore, in the context of palaeowildfires,
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the nature of archaeological and geological records with regards
to charcoal suggest considerable potential for alteration of
wildfire evidence, through diagenetic processes such as
humification and oxidation (Cohen-Ofri et al, 2006;
Braadbaart et al, 2009; Ascough et al., 2008; Ascough et al,
2010; Ascough et al,, 2011a; Ascough et al., 2018; Ascough et al,,
20205 de Sousa et al., 2020; Smidt et al., 2020), and taphonomic
bias (Scott and Damblon, 2010 and references therein). Such
natural variability, particularly with regards to the influence of
energy flux may bring into question the validity of historic
assessments of palaeowildfire temperature.

The importance, therefore, of understanding energy flux
within natural fire systems and their concurrence with
geothermometric techniques remains significant. This is
complicated somewhat by the association of fire temperatures
and intensity in historic palaeofire study. Fire intensity refers
more specifically to the energy release that occurs during a
wildfire event, with considerable evidence suggesting this may
not be consistent with recorded temperatures (Keeley, 2009).
Reference, therefore, to “intensity” alongside temperature-
specific geothermometry reflects a considerable misnomer. As
a result, we have endeavored to draw a distinction between
applications of Raman spectroscopy to measures of intensity,
dependent on energy, vs. “pyrolysis intensity”, derived from
geothermometry. The limitative nature of the palaeofire record
prevents the accurate quantification of energy flux, in turn
preventing measures of intensity. This has been countered by
the implementation of pyrolysis intensity in recent assessments of
palacoecosystem change, as a reflection of temperatures
experienced during the pyrolysis of plant material in wildfires
(Hudspith et al., 2015). This in turn has been related to fire
severity, a measure of post-fire ecosystem mortality. The
correlation of energy-dependent intensity with severity
(Keeley, 2009) confirms a broader applicability of pyrolysis
intensity as a proxy for intensity, given key relationships
between fire structure, fuel consumption, and recorded
temperatures (Theurer et al., 2021 and references therein). The
exploration, however, of associations between fire temperature,
energy flux, and charcoal microstructure below offer a unique
opportunity to investigate the relationship, if any, between
intensity and pyrolysis intensity.

In this study we present the first consideration of the influence
of reference charcoal pyrolysis on the application of charcoal
geothermometry in natural heathland wildfire systems, using
Raman spectroscopy. The focus, here, on utilising a heathland
environment is supported by the modern prominence of fire
within these, and similar, ecosystems. A relationship with fire has
indeed persisted in biomass-accumulative environments—such
as peatland and wetlands—throughout geological history, often
comprising a significant proportion of preserved palaeofire
evidence (Scott, 2000 and references therein). Modern practices
in the artificial promotion of fire, within NW European Calluna
vulgaris-rich heathland environments, offer a unique opportunity
to test Raman-charcoal geothermometry within a controlled
environment with considerable modern and palaeowildfire
context. Our research also continues to emphasize the
relationship between microstructural change in charcoal with

Raman Geothermometry of Heathland Wildfire

thermal alteration, via the application of an inert-atmosphere
tube furnace. These data contribute toward a further evaluation
of the influence of experimental pyrolysis methodology on
Raman spectra and derived parameters. We ultimately
underline the complications that may arise from
characterizing complex natural fire processes using laboratory
techniques, and the implications these may have for
palaeowildfire study.

2 MATERIALS AND METHODS

2.1 Prescribed Calluna Fire

Charred Calluna vulgaris (L.) Hull (ling heather, hereafter
Calluna) stem samples analyzed within this study were
collected from experimental (“prescribed”) fires, conducted at
Glensaugh Research Farm in the Grampian Highlands of
Aberdeenshire, Scotland (56°55’ N, 2°33’ W).

On the 12th of April 2021, fires implemented as part of an
additional distinct research project were conducted within an
area consisting predominantly of Calluna-Vaccinium myrtillus
dry heath vegetation (Figure 1B), overlying a thin peaty podzol.
The weather during the experimental fires remained sunny with a
gentle breeze, whilst relative humidity and air temperature
approximated 40% and 6°C, respectively. Two replicate plots
(15 x 15m) separated by a distance of 2 km were utilized for
sampling, constrained by surrounding fire breaks cut prior to
ignition. Using a diesel-fueled knapsack sprayer, both plots were
ignited upwind and burnt within 3 hours of each other.

Temperature profiles across both plots were measured using
wireless K-type thermocouples and Tinytag Loggers (Gemini
Data Loggers, United Kingdom). Temperatures were recorded
at 5s intervals for the duration of fire progression exceeding
minimum recordable temperature. A total of five thermocouple-
logger pairs were utilized across both areas, buried toward the
center of each plot, and spaced approximately 2 m apart. Burial
within the soil was conducted in such a way as to ensure the heat-
determinant thermocouple tip protruded ~2 cm above the moss
surface layer. In order to ensure maximum fire temperatures
recorded were similarly experienced by Calluna samples
utilized in this study, the tip of each thermocouple was placed
within 1 cm of a Calluna stem, later sampled. Stems identified for
measurement and sampling were selected according to width, and
equivalent likelihood of survival during the fire. Immediately
following extinguishment, Calluna stems directly adjacent to each
thermocouple were collected and placed into separate, clean
containers. Following burning, a single temperature logger was
deemed faulty as considerably lower temperatures were recorded
than expected (<200°C). The data from this logger and the sample
related to it were therefore omitted from this study. Samples of
Calluna for fuel moisture content (FMC) analyses were also
collected independently, adjacent to thermocouples, within 1h
of burning and placed in tightly sealed aluminium containers.
FMC samples were then oven dried for 48 h at 80°C, at which
point mass loss recorded was deemed equivalent to moisture
content. This yielded an average stem FMC of 74.4 and 78.0% for
each plot, respectively.

Frontiers in Earth Science | www.frontiersin.org

July 2022 | Volume 10 | Article 827933


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Theurer et al.

Raman Geothermometry of Heathland Wildfire

Fume Hood 30.5cm

|
FSENENEN

. Output purification

A Not to scale.
3
—_— [le—1
2

. Nitrogen moisture removal
Horizontal tube furnace
. Alumina boat crucible

v
oo

%

A\
D-band Area (AD) G
G-band Area (AG) D
_ RBS (Band Separation)
§
g D ey O
g D-FWHM CEWHM

Raman Shift (cm?) ~1350 em™* ~1585 cm™*

(grey) and its baseline (red), after Theurer et al. (2021).

FIGURE 1 | A diagram highlighting the collective methodological components within this study, including; (A) a schematic representation of experimental pyrolysis
using a tube furnace under an inert nitrogen atmosphere, (B) field photographs indicating conditions during, and propagation of, prescribed fire in the Glensaugh Calluna
heathland, and (C) a representation of the method by which applied Raman parameters (labelled) are obtained via deconvolution, and their relationship to a raw spectrum

2.2 Tube Furnace Pyrolysis
Historically, the understanding of charcoal recorded in archive

deposits has relied upon the generation of reference charcoals by
the replication of pyrolysis in a laboratory (Orvis et al., 2005).
Methods of pyrolysis—in lieu of natural fire processes—have
included wrapping samples in foil, burying plant material in sand,
and utilising an inert atmospheric furnace. Standard studies in
charcoal geothermometry have utilized all of these methods at
some time (e.g., Jones et al., 1991; Edwards and Axe, 2004; Scott
and Glasspool, 2005; McParland et al., 2007; Ascough et al,,
2010). This is contrasted by the reliance on inert atmospheric
pyrolysis—often using a tube furnace—in Raman-charcoal
analyses (e.g., Yamauchi et al., 2000; Yamauchi and Kurimoto,
2003; Paris et al., 2005; Zickler et al., 2006; Ishimaru et al., 2007a;
Ishimaru et al., 2007b; Manabe et al., 2007; Deldicque et al., 2016;
Deldicque and Rouzaud, 2020). Recent research, however, has
determined that the use of laboratory furnaces to replicate natural
wildfire conditions may not be appropriate. This is compared to
more advanced techniques and equipment such as a calorimetry,
or indeed, natural wildfires themselves (Belcher and Hudspith,
2016b; Hudspith and Belcher, 2017; Belcher et al., 2018).
However, an assessment of methodological interference in the
application of Raman spectroscopy to charcoals—experimental
or natural—has never been approached. In order to understand
the influence of charcoalification methodology on Raman
spectroscopy of charcoals, pyrolysis of plant material in a tube
furnace has also been tested here with the intention of comparing
to results using an alternate method of laboratory pyrolysis.

In order to replicate pyrolysis in an inert atmosphere, five
10 mm (L) x 2-3 mm (D) sections of Calluna stem were heated in

a Lenton horizontal tube furnace under a constant flow of
nitrogen (80 ml/min + 10 ml/min), contained within an
Almath Alumina BS100 boat crucible (15ml) measuring
100 mm x 2l mm x 14mm. Samples of Calluna stem were
collected in Aberdeenshire (NE Scotland) in October 2020.
Stem samples were dried prior to charring in a Gallenkamp
“Hotbox” oven at 70°C until a constant weight was achieved.
This ensured samples were completely devoid of free moisture,
and any impacts on charcoal microstructure as a result of “wet”
pyrolysis were negated (Belcher and Hudspith, 2016b).
Throughout the heating process, the nitrogen gas was first
passed through a drying agent in order to remove any
moisture that may have influenced the process of pyrolysis.
Temperatures of 250, 400, 600, 800, and 1000°C were utilized,
heating samples from room temperature at a rate of 5°C/minute,
with a dwell time of 90 min. Following completion of dwell time,
samples were allowed to cool to room temperature before
collection. Between experiments, the crucibles used were
cleaned using concentrated nitric acid to prevent potential
contamination. A schematic display of the experimental set-up
implemented during tube furnace pyrolysis is shown in
Figure 1A.

2.3 Raman Spectroscopy

Spectra were collected by applying an Ar+ green diode (514.5 nm)
to samples, using a Renishaw InVia Reflex Raman spectrometer at
the University of Aberdeen. A x50 objective lens, in conjunction
with a Leica DMLM reflected light microscope, was used to focus
the laser spot (~1-2pum). Prior to sampling, the laser was
calibrated against the in-house Renishaw spectrometer silicon
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FIGURE 2| Crossplots indicating the relationship between temperature of charcoal formation and Raman parameters —derived from tube furnace pyrolysis. Each
data point reflects median values from 150 individual spectral deconvolutions, with standard deviations shown by vertical black lines. Linear trends are indicated by
dotted grey lines, corresponding to R? values denoted in the bottom left corner of each crossplot.

sample. Manual crosshair and slit alignment calibration were
completed where necessary. Upon sampling, spectra were
recorded between 1100 and 1700cm™' and centered at
1400cm™  (3em™  resolution). Per spectrum, three
accumulations were recorded across a period of 15s total (5s
per accumulation). Renishaw WiRE 3.0 Curve-fit software was
implemented in the subsequent process of spectral deconvolution;
consisting of smoothing, baseline extraction via cubic spline
interpolation, and curve-fitting (Figure 1C). This process was
implemented three times per acquisition, ensuring reproducibility
and the removal of background interference. A laser power of 1%
(<0.3 mW) was implemented to ensure spectra displayed a sufficient
response, reduced fluorescence, and limited sample damage (Henry
etal., 2018). Each charcoal sample—both experimental and naturally
procured—was measured using the Raman spectrometer at ten
randomly selected sampling points across five individual samples
of charcoal, where possible. Charcoal sampling points were discerned
and ultimately limited by microscopic identification of high surface
reflectivity—indicating carbonaceous maturation associated with
charcoalification.

Datasets acquired post-deconvolution were processed
manually 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 full-width at half-maximum ratio
(FWHMRa, formerly D-FWHM/G-FWHM), D- and G-band
peak separation (RBS), D- and G-band height ratio (R1), and

D- and G-band area ratio (AD/AG). These parameters, and their
relationship to the process of spectral deconvolution, are
highlighted in Figure 1C.

3 RESULTS

3.1 Raman Parameters and

Temperature—Tube Furnace Pyrolysis
Following deconvolution and the application of median values to
parameter calculations—consistent with dataset non-normality
(“Statistical Analyses”)—trends detailed in Figure 2 indicate the
nature of temperature and spectral change in tube furnace-
pyrolyzed charcoals. Due to the lack of spectra suitably
displaying D- and G-bands at 250°C, this experimental
temperature was not utilized in later assessments of trend for
Raman parameters.

3.1.1 Full-Width at Half-Maximum Analyses (G-FWHM,
D-FWHM, FWHMRa)

Analysis of parameters associated with FWHM (full-width at
half-maximum) indicate that inverse proportionality—reduction
of band width with increasing temperature—can be expected
during the thermal maturation of charcoal in a tube furnace.
D-FWHM and FWHMRa both indicate a strong linear
relationship with temperature, though the width ratio displays
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the strongest linearity of all parameters (R* 0.983), compared to
D-FWHM (R* 0.960). Deviations from total linearity are
indicated by reductions in trend gradient between 600 and
1000°C. This reduction in gradient is replaced by an inversion
in trend for G-FWHM, resulting in the lowest linearity with
temperature of all tested parameters (R* 0.710). Standard
deviation (indicated by error bars in Figure 2) appears to
reduce with increasing experimental temperature for all
FWHM-associated parameters, contradicted only by increases
in standard deviation at 800°C, relative to 600°C. In all
parameters, standard deviation at the 400°C production
temperature is considerable.

3.1.2 Height and Area Ratios (R1, AD/AG), and Band
Separation (RBS)

Similar to FWHM-associated parameters, AD/AG (band area
ratio) displays inverse proportionality ~with increasing
temperature, with variation in trend resulting in a near-
linearity for AD/AG (R* 0.877). In contrast, R1 (peak height,
or “intensity”, ratio) is one of two parameters displaying a direct
relationship, increasing with temperature under strong linearity
(R? 0.930). The relationship between R1 and temperature is
marked by a sharp increase in values between 600 and 800°C,
followed by a lessened gradation in trend up to 1000°C. Band
separation, alike R1, shows a near-linear (R* 0.911) direct
relationship with increasing formation temperature. Figure 2
shows that RBS values increase more significantly between 600
and 800°C, resulting in an increase in trend gradient between
these temperatures. Standard deviations indicate a similar pattern
to those aforementioned within FWHM-associated parameters.

3.2 Raman Parameters and
Temperature—Prescribed Calluna Fire

During experimental fire treatment of natural Scottish heathland
(“Prescribed Calluna Fire”), thermocouple recordings indicated
that each of the four Calluna sample sites were exposed to
maximum temperatures of 466, 592, 705, and 803°C,
respectively. Subsequent to spectroscopic study of charcoals
from each of the sample sites, these maximum fire
temperatures will be used to correlate calculations of Raman-
derived thermal maturity (see below).

3.2.1 Full-Width at Half-Maximum Analyses (G-FWHM,
D-FWHM, FWHMRa)

Investigation of Raman parameters associated with band width
interactions in naturally derived Calluna charcoals indicates a
consistent response to increasing maximum recorded flame
temperature (MRFT henceforth). Median values in both
D-FWHM and G-FWHM, as well as FWHMRa indicate no
distinct linear trend with temperature (Figure 3). This appears
to be the result of a significant inversion in trend at 705°Cyrprs
shifting toward higher width and ratio values typically indicative
of lower thermal maturity. If this point is temporarily discounted,
a general trend of reducing width with increasing temperature
may be observed up to 592°Cyrpr, with a slight inversion at
803°Cyrpy toward higher values. The trend displayed in

Raman Geothermometry of Heathland Wildfire

D-FWHM is notably comparable to typical values displayed in
tube furnace pyrolysis between 466 and 592°Cyrpr. FWHMRa, in
contrast, displays lower values at lower temperatures, followed by
an inversion to higher values between 592 and 705°Cyrers
relative to the trend displayed by tube furnace pyrolysis
samples (Figure 2).

3.2.2 Height and Area Ratios (R1, AD/AG), and Band
Separation (RBS)

As with band width parameters, RBS displays significant
inversion at 705°Cygpy, resulting in little difference between
values for 466 and 705°Cyprer, and 592 and 803°Cyrer
respectively. RBS values derived from 466°Cyrer are similar to
those values derived from tube furnace pyrolysis between 400 and
600°C, and a derivation of trend may indeed determine similar
temperatures of formation between the two sources. In contrast to
the median D-FWHM and G-FWHM results; RBS, AD/AG and
R1 typically show values that are lower than those displayed by
charcoals produced in tube furnace pyrolysis, with the exception
of 466°Cyrer in RBS (Figure 3). This highlights a further
complexity in the results, with lower R1 and RBS typically
associated with lower temperatures, and higher temperatures
in AD/AG as shown in tube furnace trends. Nonetheless, R1
and AD/AG both indicate very little difference in values between
466 and 803°Cyrpr, with a slight inversion in R1 at 705°Cyrpr
toward lower values.

3.3 Statistical Analyses

Assessments of distribution for both experimental (tube furnace)
and natural (prescribed fire) charcoal results indicate non-normal
distributions of the applied Raman parameters. Minor exceptions
to this are found, inconsistently, within parameters R1, AD/AG,
RBS. Subsequent one-way ANOVA, Levene’s (standard and
modified), and Welch’s unequal-variance testing suggest,
within each respective dataset, statistically significant variation
between mean parameter values across all tested temperatures.
Statistically significant heterogenous variance was recorded for
parameter R1, derived from the prescribed fire dataset. For
further information regarding applied statistical analyses -
including tabulated results—Supplementary Table S1.

3.4 Geothermometric Application

3.4.1 Experimental Derivation and Results

In order to assess the ability for Raman geothermometry to
characterize true wildfire temperatures accurately and consistently
from charcoal microstructure, we have implemented FWHMRa to
charcoals collected in a prescribed Calluna heathland fire. Suitable
application of FWHMRa to the assessment of wildfire charcoal
formation temperatures—as recommended in Theurer et al.
(2021)—is corroborated by increased linearity within this study
(Figure 2). A geothermometric equation has been derived from
the linear trend displayed by FWHMRa, generated under tube
furnace pyrolysis within this study (Figure 2). This equation is
highlighted below (Eq. 1). As non-normality was typically
exhibited in Raman results yielded from our natural Calluna
wildfire samples (Table 2 in Supplementary Table S1) the
equation below has been applied to both median and mean
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FIGURE 3 | Crossplots indicating the relationship between median Raman parameter values and the formation temperature of charcoals derived from prescribed

fire (dashed black line, open circle) and tube furnace pyrolysis (black line, filled circle), respectively. Each data point reflects median values from 150 individual spectral
deconvolutions, with standard deviations for the experimentally pyrolyzed charcoal dataset shown by vertical black lines. Key in top left crossplot corresponds to all
succeeding plots.
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TABLE 1 | Table indicating the total duration of heating for each prescribed fire sample set, including the time taken to reach, and cool from, maximum recorded temperature.
Heating rate and cooling rate are also highlighted. All values are presented to three significant figures, and considered strictly approximate given the recording capabilites

and resolution of implemented thermocouples. Durations of heating are derived from times recorded immediately before and after 50°C is measured, and therefore may
include lower temperatures than 50°C depending on the rate of increase between measurements. Values at 466°Cyrer do not correspond to the recorded total duration as a

result of the sustaining of maximum recorded temperature for 3 s.

Sample Set Approximate duration of heating (s) Heating Cooling
o -1 o -1
Total (~50°C) 50°C—Maximum Maximum —50°C rate ('C. s™) rate (‘C. s™)
466°Cyprrr 168 39 126 10.8 3.33
592°Crer 130 40 90 14.0 6.06
705°Cprrer 250 25 225 26.8 2.93
803°Cyrrer 180 60 120 12.6 6.34

parameter values, with the intention of assessing the nature of data
distribution. Understanding the effect of distribution on Raman-
calculated temperatures may offer further insight into the interaction
between maximum flame and typical charring temperature. The
application of the geothermometric equation below, and the
comparison between maximum recorded flame temperature and
Raman-calculated temperature, are highlighted in Figure 4.
[FWHMRa] - 3.1765

FormationT. ture (°C) = !
ormation Temperature (°C) —-0.0016 M

Representing the spread of data relative to calculated and
recorded fire temperatures, histograms for each sample set are
shown in Figure 4A. These primarily highlight a reduction in
data spread (i.e, presence of outlying data) with increasing
temperature. The single exception to this is seen within
samples generated at 705°Cyrpr. Values denoted by vertical
lines in Figure 4A indicate the expected equivalent, mean, and
median FWHMRa values associated with each sample set. Whilst
median FWHMRa values and the temperatures derived from
them are not wholly dissimilar from thermocouple recordings,
percentage variation from the recorded temperature ranges
between 9-40%. Mean values may generate temperatures close
to those expected for samples at 466 and 592°Cyrpr, however
significant deviation from this at higher temperatures,
particularly for 705°Cyrer, indicates the influence of outlying
data on our proposed geothermometry. Within these data a
pattern emerges. Namely, lower formation temperatures (466
and 592°Cprpr) generate mean and median calculated values
higher than those expected, exceeding recorded fire temperatures.
In contrast, higher formation temperatures (705 and 803°Cyrer)
present the opposite relationship. This inversion in relationship
between expected and calculated fire temperatures suggests a
likewise inversion in the response of microstructure to
temperature that cannot be explained solely by Raman
parameters.

3.4.2 Time-Temperature Interactions

To better understand the variable disparity between recorded and
calculated fire temperatures in the heathland fire, we have
collected and utilized thermocouple recordings—indicating
changes to fire temperature over time within each sample site
(Figure 4B). Quantitative assessment of time-temperature curves
(Table 1), indicate that 705°Cyrpr samples underwent the most
overall time heated above 50°C, followed by 466 and 803°Cyggt-

Charcoal generated at 592°Cyrpr exhibited the shortest duration
of heating. Our results also indicate that the sample set at
705°Cprpr underwent the most rapid heating rate, alongside
the slowest post-maximum cooling rate. Heating rates for 466,
592, and 803°Cyrpr remain relatively similar, whilst samples at
592 and 803°Cyrpr experienced a much faster cooling rate
compared to 466°Cyrer, and indeed, 705°Cygrpr-

Assessments of total energy (Table 2), as a function of area-
under-curve measurements (e.g., Belcher et al., 2021), may also
offer further insight into energy fluxes undergone during each
Calluna heathland fire regime. This method of approximating
energy change within a fire system relies on the relationship
between energy exhibited by a fire system, and net change in
temperature (°C) over time. By considering energy output above
and below the key threshold of charcoalification (>300°C) we may
better characterize the proportion of energy implemented in the
development and maturation of charcoal microstructure.

As shown in Table 2, the fire system for 705°Cyrpr produced
the most energy (equal to total "C) across the duration of heating
above 50°C. This was followed by 803°Cyrpr, whilst the total
energy for 466 Cyrpr and 592°Cyrpr Systems remained similarly
lower in intensity. Considering key approximate thermal
thresholds of mortality (~50-299°C) and charcoalification and
maturation (>300°C), Table 2 indicates that both 803°Cyrpr and
705°Cprer exhibited the highest output of energy during an
exceedance of 300°C. Below 300°C however, sample set
705°Cyrer also expended the greatest amount of energy. The
remaining samples all generated between 11800 and 15700 (°C)
below 300°C, with the highest output in samples 466 Cyrprs
followed by 803°Cyrer and 592°Cyrprs respectively. More
specifically, fire system 705°Cygpr exhibited the greatest
amount of energy out of all four sites within the ranges of
50-299°C and 300-399°C. The greatest energy produced above
400°C occurred at sample site 803°Cprpr- In contrast, the
592°Cyrer  regime expended the least amount of energy
between 50—299°C and 300-399°C, whilst 466°Cyprpr
experienced the lowest total energy >400°C.

These results are not unexpected given the relationship
between heightened temperature and energy generated. In
which case, energy per threshold as a function of percentage
total energy may be more comparable. For percentage
distribution of energy within each sample site (Table 2),
466'Cyrer and 705°Cyrer indicate a higher percentage of
energy generated below 300°C. Contrasting this, 592°Cprpr
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TABLE 2 | Table highlighting the total energy generated within each prescribed fire site, related to key thresholds in mortality (>50°C), charcoalification (>300°C), and flaming
combustion (>400°C). These values have also been presented as percentages of total energy output exceeding mortality thresholds. All values are derived approximately
from the calculated area under time-temperature curves (Figure 4) and reported to three significant figures.

Sample Set 466°Cyvrer 592°Cmrer 705°CmRer 803°CmRrFr
Total energy expended (>50°C) 29200 29100 44500 40900
Energy Expended ('C) 50-299°C 15700 11800 23400 14200
300-399°C 5480 4010 6130 6130
>400°C 8060 13300 15000 20600
Total < 300°C 15700 11800 23400 14200
Total > 300°C 13500 17300 21200 26800
Percentage 50-299°C 53.7 40.5 52.5 34.6
Energy Expended (%) 300-399°C 18.8 13.8 13.8 15.0
>400°C 27.6 45.7 33.8 50.4
Total < 300°C 53.7 40.5 52.5 34.6
Total > 300°C 46.3 59.5 47.5 65.4
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FIGURE 5 | Crossplots indicating the relationship between median Raman parameter values and the formation temperature of charcoals derived from foil (Theurer
etal., 2021) and tube furnace pyrolysis (this studly), respectively. Each data point represents median values from 150 individual spectral deconvolutions, with standard
deviation for tube furnace charcoals shown by vertical black lines. Key in the top left crossplot corresponds to all succeeding plots. Here, “foil (stem)” and “foil (all)” refer to
the sole use of Calluna stem, or collective stem, flower, and root data, respectively.

and 803°Cyrpr appear to have generated more energy in
exceedance of 300°C. The presentation of higher Raman-
geothermometric temperatures calculated from samples at
592°Cyvrer and 803°Cyrep, and lower values in 466°Cyrer and
705°Cyrer (Figure 4), correspond directly to this difference in
proportion of energy generated before and after 300°C. Simply, the
greater proportion of total energy produced by each fire system
above 300°C, the higher the calculated geothermometric

temperature. This, in turn, equates to lower median FWHMRa
values and consequent thermal maturity. It is worth noting,
however, that the consideration of energy within a wildfire
system in this instance is limited to approximating its impact on
the maturation of microstructure. Characterizing a fire’s intensity
using energy output must otherwise include assessments of
duration and heating rate (Table 1) for risk of equating
sustained low temperature and rapid high temperature fire regimes.
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4 DISCUSSION

4.1 The Influence of Reference Pyrolysis
With the intention of assessing the influence of pyrolysis
methodology on resultant Raman parameter relationships,
results presented here (tube-furnace pyrolysis) have been
compared to established parameter trends. These have been
derived from prior research into the foil-based pyrolysis of
Calluna across natural wildfire temperatures, and the
associated process of microstructural reorganization in
charcoals (Theurer et al, 2021). Key differences in trend
include variable presentation of identifiable charcoalification,
and an overall reduction in thermal maturity of tube furnace
charcoals, relative to those generated in foil at any given
temperature (Figure 5).

Initial consideration of these inconsistencies may suggest them
as a product of innate variabilities in origin material—though
notably derived from a single species. It is, however, more likely
that the observed differences in microstructural change with
temperature result not from key procedural differences - given
the consistency in method between studies—but rather,
differences in heat application due to equipment and
processes. Tube furnace equipment may be considered a more
“modern” and reliable form of laboratory
pyrolysis—guaranteeing flame retardation via the use of inert
gas flow, without the possible limitations of foil thermal
conductivity. However, the evidence of poorer microstructural
development with temperature compared to foil pyrolysis
experiments remains present. This could be considered the
result of two possible influences; 1) tube furnace experiments
detailed in this study fail to implement sufficient thermal energy
to the sample, or 2) charcoals derived from foil pyrolysis
underwent greater heating than expected. These sources of
error suggest the potential for inert gas flow drawing heat
from the surface of the sample, or localised uncontrolled
flaming as a result of pyrolytic limitations, respectively. The
limitation of pyrolysis yields, and greater removal of pyrolytic
volatiles, has been observed under high nitrogen flow during
experimental pyrolysis of jute (Choudhury et al., 2014) and palm
oil biomass waste (Mohamed et al., 2013). Whilst this suggests the
opportunity for similar removal of pyrolyzate and heat from the
surface of charring plant material, the impact on charcoal yield
with relation to flow rate shows no significant trend (Mohamed
et al., 2013).

This difference in the degree of maturation presented by both
methodologies remains particularly pertinent, given differences
in the minimum temperature at which spectral evidence of
charcoalification is presented. The lower observed limit of
charcoalification has been previously reported at ~250°C
(Jones et al., 1991), consistent with reported limits of hemi-/
cellulose decomposition (Graham et al, 1984; Mohan et al,
2006). This is contrasted in recent studies reporting cellulose
decomposition initiation closer to 280-290°C (Braadbaart et al.,
2009; Scott, 2010). Chemical changes in organic matter during
charcoalification may begin at lower temperatures, however the
wood-charcoal transition has been observed between 310 and

Raman Geothermometry of Heathland Wildfire

370°C (Braadbaart and Poole, 2008), with full charcoalification
occurring at 400°C (Vaughan and Nichols, 1995; Scott, 2010),
accompanied by full aromatization (Braadbaart et al., 2009). This
is, however, dependent on the characterization of “full
charcoalification”, as changes in mass, carbon content,
biochemistry, structure, and reflectance continue up to, and
exceed, 1200°C (Braadbaart and Poole, 2008; Braadbaart et al.,
2009). More specifically, the generation of true charcoal may be
associated with the occurrence of cell wall homogenization within
the cellular structure of plant material, the temperatures
associated with this process varying widely between 280 and
350°C (Scott et al., 2000; McParland et al., 2007; Scott, 2010;
Osterkamp et al., 2018). It is below this threshold of ~300°C that
presents significant variability in reflectance, particularly between
species (Scott, 1989), indicating a key difficulty for the application
of reflectance geothermometry during early charcoalification
(McParland et al., 2007).

For foil pyrolysis, few Raman spectra of significant resolution
were reported at 250°C (Theurer et al., 2021). Nonetheless, D- and
G-bands were sufficient enough for deconvolution. This is
contrasted by the lack of identifiable bands in spectra at 250°C
using the tube furnace, suggesting significant differences in the
application, transfer and/or permeation of the heating regime.
Given the identical permeation and dwell times applied to all
samples across both methodologies, we may confidently propose
that the observed differences are the result of key contrasts in the
thermal capabilities of the equipment used. Whilst no charcoal is
reportable at 250°C for tube furnace pyrolysis, the more
developed nature of spectra at 400°C suggests the lower limit
of charcoalification for tube furnace pyrolysis exists between 250
and 400°C. This is consistent with natural limits of decomposition
and charcoalification previously stated, though this remains
dependent on the component material under analysis
(Graham et al, 1984; Mohan et al, 2006). This further
supports the explanation that the “simple” nature of foil
pyrolysis may result in poor replication of anoxia, particularly
at lower temperatures - as indicated by the similarities in
parameter values after 400°C. This in turn may result in the
generation of a flame and localised instances of a higher
temperature than experimentally set.

4.2 Comparing Experimental and Modern

Fire Thermometry

The discrepancy listed above, between recorded flame
temperatures in a prescribed heathland fire and those
calculated from microstructure using Raman FWHMRa, may
be answered by considering the behavior of each fire system. The
pattern described previously shows that charcoals formed during
lower recorded temperatures of 466 and 592°Cyrpr exhibit
greater calculated temperatures from Raman geothermometry
relative to expected (Figure 4). The reverse is true for samples
collected from 705 to 803°Cyrpr. Considering, first, the nature of
the lower temperature samples, 466°Cyrpr presents a greater
number of high-FWHMRa outlying data (comparable to
705°Cprer) Which may reflect the incapability of lower
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temperature fire regimes to consistently and fully char fuels. This
would in turn present poorly developed Raman spectra, and
associated width ratio values. Such an effect may be accentuated
by the lower cooling rate in 466°Cyrpr and an extended duration
of heating overall, offering a greater opportunity to partially-char
material, or indeed extend the maturation of charcoals beyond
expected values. This may be characterized by the post-flaming
oxidation of charcoals as pyrolyzate depletes, namely
“smouldering combustion” (Rein, 2013 as cited in; Belcher and
Hudspith, 2016b). However, this is inconsistent with the nature of
the fire regime recorded at 592°Cy;rpr. These samples indicate the
lowest duration of heating overall, accompanied by rapid heating
and cooling - more consistent with reduced opportunity for
maturation. Instead, samples from this site have generated the
greatest calculated temperature from median FWHMRa (739°C).
It is possible that the rapid nature of this heating regime presented
more obvious and complete charcoalification, resulting in focused
sampling and spectral acquisition, i.e., fewer data associated with
lower temperature charcoalification. When considering the
approximate total energy within each system (Table 2), both
466 and 592°Cyrer present very similar total energy output (over
50°C). However, 592°Cyrpy exhibits a greater proportion of
energy above 300°C, compared to 466°Cyrpr which expends
most energy below 300°C, consistent with a less intense
application of energy, heat, and microstructural maturation.
This may explain why 592°Cyrpr samples present a
microstructure consistent with greater thermal maturation
than those at 466 Cyrpr-

For samples generated within a maximum of 705 and
803°Cyrer- higher recorded temperatures are characterized by
calculated temperatures lower than expected. Curiously,
705°Cyrer  reports the greatest heating duration, slowest
cooling rate (Table 1) and greatest total energy expended over
time (Table 2). This would be expected to generate a charcoal
microstructure associated with greater maturity, and therefore
greater  calculated  temperature  through ~FWHMRa
geothermometry. In contrast, these samples have generated the
lowest median calculated temperature of all four fire systems
(583°C). This may be explained by very rapid heating, reducing
the opportunity for heating of fuel prior to ignition. Pre-ignition
heating of fuels from a flame front, whilst intermittent and
seldom reaching 350°C (Finney et al, 2015), promotes wood
decomposition and generation of pyrolyzate, resulting in the
creation of charcoal (Belcher and Hudspith, 2016b). Pre-
ignition heating within smouldering fires similarly generates
lower temperatures, approximating 80-100°C (Rein et al,
2008). Reduced pre-ignition heating would therefore result in
reduced production and maturation of charcoal prior to ignition,
and a larger proportion of energy expended for evaporation of
fuel moisture, permitting ignition. A slow cooling rate may have
also resulted in partial charring of material—as with
466°Cyrpr—generating instances of poor, highly variable
charcoal microstructure and likewise spectral results. This is
supported by the presence of numerous outlying data at very
low maturity (high FWHMRa), and a greater proportion of total
energy for this system expended below the 300°C. In contrast,
samples at 803°Cyrrr underwent a short duration of heating and

Raman Geothermometry of Heathland Wildfire

rapid cooling, potentially offering less time overall to mature the
sample microstructure. This is somewhat complicated, however,
by the presentation of high total energy, most of which occurred
above 300°C. This would be expected to generate much higher
temperatures than associated with the median FWHMRa value of
this sample set, however it may explain why it remains the second
highest calculated temperature.

It appears that in some instances there are consistencies
between the microstructure present, and the behavior of
energy flux within each system. This remains coherent with
key recent findings in charcoal microstructural change, with
specific reference to reflectance studies. Whilst charcoal
reflectance analyses initially utilized oven-based pyrolysis to
replicate the wildfire charcoalification process, much research
has now deemed this form of replication inapplicable. The core
principle behind this remains that oven-charring does not present
the variable nature of heat and, most importantly, energy flux that
occurs over the course of charcoalification in a natural wildfire
(Belcher and Hudspith, 2016b; Hudspith and Belcher, 2017;
Belcher et al, 2018). There are three key components of
combustion within a fire: pyrolysis, flaming combustion, and
oxidation or “smouldering combustion” of fuels (Belcher and
Hudspith, 2016b). Oven-charring replicates the pyrolysis process
solely, often with significant pre-heating of fuels, yet neglects the
process of oxidation which has been shown to mature charcoal
reflectance past that which is associated with peak heat intensity
(Rein, 2013 as cited in; Belcher and Hudspith, 2016b). This
“overprinting” of maturity has been directly observed, with
results in Belcher et al. (2018) showing a 22% increase in
reflectance from oven-pyrolyzed charcoals compared to those
sourced from a natural-fire-replicative calorimetry process. These
discrepancies are similarly reflected in cellular structures,
indicating an inability of oven-charring to generate fracturing
of the middle lamellae and distortion associated with the
oxidizing component of smouldering combustion (Belcher and
Hudspith, 2016b; Hudspith and Belcher 2017; Belcher et al,
2018). It becomes increasingly evident then, that
microstructure within charcoals is not solely reliant on
maximum temperature of formation, but rather a combination
of combustion behavior and its relation to the dynamism of
energy within a fire system.

The importance of energy application to microstructural
change in charcoals is similarly reflected in applications of
FTIR to charcoal thermometry. Statistical modelling, including
multivariate and model-based clustering study, alongside FTIR
applications has highlighted key associations between FTIR
spectra and pyrolysis intensity (Gosling et al., 2019; Maezumi
et al, 2021). A similar relationship has also been derived
respective of charred species and temperatures experienced
(Maezumi et al., 2021). The accuracy of these models, though
generally good, remains somewhat limited. Reduced accuracy is
particularly evident in low temperature classification, attributed
to species-specific variability in chemistry, and the role this plays
in altering structural development in early charcoalification
(Maezumi et al.,, 2021). This effect is lessened by introducing
broader allowances for error in temperature estimation (Gosling
etal., 2019; Maezumi et al., 2021), though this raises questions as
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to the potential influence variable temperature and energy flux
may play in further limiting FTIR thermometry (Maezumi et al.,
2021). Nevertheless, FTIR has proven consistently effective at
estimating pyrolysis intensity via broad temperature-associated
intensity classifications (i.e., low, moderate, high) with
considerable potential in palaeofire assessment (Gosling et al.,
2019; Constantine et al., 2021; Maezumi et al., 2021). Measured
consideration for the influence of energy within a fire system is
presented in Constantine et al. (2021) through their application of
FTIR in understanding charring intensity. Charring intensity,
here, refers to the quantification of fire intensity by considering
energy output ("C) as a function of time. This is regarded as a
more robust reflection of fire behavior and intensity (Constantine
et al., 2021 and references therein), and corresponds to the
application of similar considerations within this study. A
strong correlation found within regression modelling in
Constantine et al. (2021) suggests a close relationship between
modelled and observed charring intensity—though limited to
temperatures below 700°C. This conclusion, though somewhat
disparate from the results presented here, still remains reliant on a
methodology that replicates pyrolysis in a furnace. Consistency in
expected and observed charring intensity may therefore reflect,
simply, the consistency observed in thermal application within
furnaces, as iterated in Belcher et al. (2018). This research does,
however, promote a vital consideration of energy and time when
developing microstructurally derived thermometry. This
continues to suggest the need for further comparative research
into charcoal thermometry techniques and the influence of
energy in natural fire systems. Such research may come to
require an understanding of the role of activation energy.

Via the study of charcoalified wood within pyroclastic
deposits, Sawada et al. (2000) has shown that, through the
assessment of activation energy, the reduction in charcoal
hydrogen/carbon ratio (H/C) with maturation is increased
with a simultaneous reduction in cooling rate. This is directly
attributable to charcoal maturation under increasing
temperature. The degree to which cooling rates influence
resultant maturation are also relative to initial maximum
emplacement temperatures (Sawada et al., 2000), indicating a
further dimension to issues of accuracy in geothermometry when
relying on microstructural change. For the spontaneous
combustion of wood, component proportions (e.g., cellulose)
related to material age have been shown to directly influence
activation energy and resultant burning rates (Zachar et al., 2021).
Furthermore, the concept of maturation in organic matter and
activation energy has been a key consideration of historic source
rock evaluation, linked directly to changes in reflectance as a
function of temperature and time (e.g., Burnham and Sweeney,
1989). This is noteworthy given the similarities between charcoal
and vitrinite reflectance in core principle, and by extension,
Raman spectroscopy of organic carbon. It is clear that the
nature of charcoal microstructure and geothermometry is
related not only to maximum heat and associated energy, but
also the way in which energy changes over time, its relation to the
process of combustion, and the properties of fuels themselves.

The overall lack of one significant, definable influencing factor
upon microstructural change suggests that the relationship
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between  recorded  temperature and  Raman-derived
microstructure is a function of many interacting factors,
operating simultaneously. These factors, as we have identified,
include the influence of energy flux within each sample site,
however, additional potential factors may be divided into two
further groups: natural, and methodological variability. The
present study relies on the assumption that the temperature
recorded by thermocouples is equal to that which is
represented or expected by microstructural analysis of
charcoals. This in itself may be subject to small differences in
the ability for heat to permeate into fuels, whilst the accuracy of
thermocouples may too be brought into question. It is more
likely, however, that whilst samples were sourced from Calluna as
close as possible to the relevant thermocouples, fire temperature
and energy flux vary considerably within three-dimensions. This
variability is likely to occur at a fine scale of resolution, as a
function of the intermittent, turbulent, and convective nature of
heat flow within a fire front (Finney et al., 2015), in turn resulting
in considerably different temperatures experienced by fuels
within a short distance of one another. This may explain the
inconsistency between expected (recorded) flame temperatures,
and temperatures of formation calculated from Raman
geothermometry.

As for natural influences, the variability of charcoal
microstructure as a result of differences in cellulose, lignin and
hemicellulose proportions within plant material has been
investigated previously using Raman (Ishimaru et al., 2007a).
The influence of high lignin aromaticity on elevating charcoal
reflectance has also been reported (Scott, 1989). Moisture
content, typically removed from laboratory experiments, may
too introduce a limiting factor on charcoal maturation, as a key
determinant of fuel flammability (Belcher and Hudspith, 2016b).
Greater moisture content within plant material requires a greater
amount of energy to pyrolyze (Hudspith and Belcher, 2017).
Belcher and Hudspith (2016b) also noted that microstructural
change is strongly influenced by varying conditions of fuel
moisture, with experimental results indicating significantly
lower charcoal reflectance values at 70% moisture, compared
to those charcoals produced at 7 and 0%.

Localised variations in air circulation and humidity, closely
linked to vegetational moisture, may play a role in influencing the
discrepancy between recorded flame and charring temperatures,
due to fire limitative moisture and promotive air flow,
respectively. These meteorological components have been
linked closely to the increase in fire weather observed, and
predicted to occur, with changes in anthropogenic climate
(Jolly et al., 2015). However, the degree of variation occurring
within centimeters, between thermocouple and sample, are likely
negligible or indefinable. Ultimately, difficulty arises when
attempting to infer potential influences within an unregulated
and natural fire system at both macro- and microscopic scales.

4.3 Taphonomic Implications for

Palaeowildfire Geothermometry
When considering the reflection of fire behavior
palaeocharcoals, a myriad of further additional biases and
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potential impactors become apparent. These influences may be
characterized by their occurrence as pre-, syn-, or post-fire effects,
and are broadly associated with the concept of charcoal
taphonomy.

A primary control on the nature of the charcoal record may be
understood as production biases during the wildfire event
itself—limited primarily by the temperatures generated and
experienced. High severity fires indicate a tendency to produce
smaller charcoal fraction sizes (Mastrolonardo et al., 2017),
increasing the likelihood of depositional dilution, loss, and/or
degradation post-fire—marked also, in part, as a function of fuel
bulk density (Hudspith et al., 2018). Whilst fragment number is
not considered a function of temperature, it has been associated
more closely with variability between species, their density, and
its relationship to constituent cell structure (Chrzazvez et al,
2014). Coarser fractions, commonly associated with wood fuels
(Scott et al., 2000), have also shown instances of increased
reflectance due to low microstructural amorphosity and
sustained combustion (Mastrolonardo et al., 2017). This
highlights not only the impact of fire temperature on
fractionation and preservation of fuels, but indeed the
influence of the fuels themselves in constraining charcoal
production—with direct geothermometric implications. This is
consistent with the pre-fire alteration of wood biochemistry via
fungal and microbial decay retaining lignin-rich cellular
structures (Blanchette, 2000; Schwarze, 2007; Hudspith and
Belcher, 2017) and subsequently presenting heightened
charcoal reflectance values post-charcoalification (Guo and
Bustin, 1998; Hudspith and Belcher, 2017).

In fact, non-altered vegetation, too, shows an innate ability to
limit charcoal-geothermometric applications. This is seen in the
significant lignin-defined variability between tissue components
within a single plant, and the resultant increase in reflectance
values at a given temperature in lignified tissues, relative to less-
lignified material (Scott, 1989; Guo and Bustin, 1998). Such
influences are contrasted only by the influence of structural
density in fuels (Braadbaart and Poole, 2008). This
component-species level variability is also seen in charcoal
transport and waterlogging; as species and bulk density
(Nichols et al., 2000; Scott et al., 2000), water speed, salinity,
and surface tension-limiting objects (Vaughan and Nichols,
1995) all play a role in the settling and deposition rates of
charcoalified material. Aside from these influences,
temperature-dependent ~ fracturing  within  the  plant
microstructure acts to elevate permeability and subsequent
charcoal settling rates (Vaughan and Nichols, 1995; Nichols
et al., 2000). Considering, therefore, that the depositional rate
of charcoals is as a result of temperature-induced structural
variability, it is likely that different temperatures may be
determined from geothermometry depending on the locality of
deposition and distance from source.

For charcoals held or deposited terrestrially, high aromaticity
due to high temperatures of formation (e.g., Ascough et al., 2008),
contributes not only toward microstructural maturation but
subsequent increases in charcoal stability and resistance to
oxidative degradation (Ascough et al,, 2018; Constantine and
Mooney, 2021), growing increasingly susceptible with time and

Raman Geothermometry of Heathland Wildfire

exposure (Ascough et al.,, 2011a; Ascough et al., 2020; Smidt et al.,
2020), particularly in alkaline environments (Braadbaart et al.,
2009; Ascough et al., 2011b). This suggests that low-temperature
charcoals are in turn more susceptible to alteration, degradation,
and preferential loss from the palaeofire record, including as a
result of sample acquisition and analysis (Constantine and
Mooney, 2021). Further removal of wildfire evidence may be
perpetuated by subsequent fires—an effect proportional to fire
temperature (Doerr et al.,, 2018). Here, surviving charcoals are
likely to undergo further charcoalification and maturation
relative to original fire conditions, reducing further their
susceptibility to degradation, in turn preferentially preserving
erroneously matured material. Such degradation of amorphous
microstructural components may be contrasted by rapid
deposition (Ascough et al., 2020), however this introduces a
further dimension to the consideration of temperature-
dependent waterlogging rates.

It is clear then that, whilst fire has a direct influence over the
nature of charcoal microstructure and its presentation in the
charcoal record; material, species, and ecosystem-level
variabilities in fuel biochemistry have a direct influence in
turn on the behavior of fire. Taken together, these factors can
result in the preferential creation, transport, deposition, and
degradation of wildfire-derived charcoals and make it
challenging to accurately reconstruct post-fire temperatures.

5 CONCLUSION

Experimental observations, and the application of Raman band-
width ratio geothermometry to heathland fire charcoals, have
yielded the following key findings:

1) The method of pyrolysis implemented during the creation of
reference charcoals contributes significantly towards the
alteration of established spectral trends.

The D- and G-band width ratio (FWHMRa) records the most
linear response to temperature for both furnace-based
pyrolysis methodologies.

Temperatures derived from the Raman spectroscopy of
heathland fire charcoals register differences to those
directly recorded using thermocouples.

Analysing combustive energy, as a function of temperature
change, cannot solely determine subsequent changes in
charcoal microstructure.

Environmental factors and their innate natural variabilities
are likely contributors to the continued difficulties
experienced in temperature-specific geothermometry.

2)

3)

4

~

5)

Further research is required to better assess how
microstructural change is reflective of energy flux within
variable fire conditions, and the ability of existing
thermometry methods to disentangle this. Raman
spectroscopy, in this instance, offers a unique opportunity to
assess carbon-specific maturation features through the
characterization of multi-faceted spectral features. Non-linear
spectral changes, associated with the Raman analysis of
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variable conditions of carbon maturation, may indeed be better
suited to unravelling complex energy flux in natural fire systems.

Nevertheless, the consistency in Raman FWHMRa
trends with increasing charring temperature, reiterated
here, shows a continued applicability and reliability of
this method when quantifying changes in wildfire
activity—past and present.
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