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Abstract: The study of the structural order of charcoals embedded in pyroclastic density currents
provides information on their emplacement temperature during volcanic eruptions. In the present
work, a set of charcoals from three distinct pyroclastic density currents deposits whose temperatures
have been previously estimated by charcoal reflectance analyses to lie between 250 ◦C and 550 ◦C,
was studied by means of Raman spectroscopy. The analyses reveal a very disordered structural
ordering of the charcoals, similar to kerogen matured under diagenetic conditions. Changes in Raman
spectra at increasing temperatures reflect depolymerization and an increase of aromaticity and can be
expressed by parameters derived from a simplified fitting method. Based on this approach, a second
order polynomial regression with a high degree of correlation and a minimum error was derived to
predict paleotemperatures of pyroclastic deposits. Our results show that Raman spectroscopy can
provide a reliable and powerful tool for volcanological studies and volcanic hazard assessment given
its advantage of minimum samples preparation, rapid acquisition processes and high precision.

Keywords: charcoal; Raman spectroscopy; pyroclastic density currents; charcoal reflectance; multivariate
polynomial regression

1. Introduction

Pyroclastic density currents (PDCs) are among the most devastating and least pre-
dictable volcanic phenomena on Earth, as shown by recent catastrophic events like the
2006 and 2010 eruptions of Merapi volcano, Indonesia [1–3], the 1999 and 2005 eruptions
of Volcàn de Colima, Mexico [4–7] and the 2015 eruption of Calbuco [8,9]. In addition to
high velocity, extensive destructive capacity and great run-out distances [2,10], the ability
to maintain high temperatures during flow and emplacement [3,6,7,10–13] are among the
main aspects that need to be taken in consideration for volcanic hazard assessment [14].

PDCs’ emplacement temperature estimation is thus one of the most important pa-
rameters to be considered in volcanological studies. Nevertheless, due to the difficulties
to gain direct temperature measurements during the events, scientists usually adopted
indirect methodologies, such as the partial thermal remanent magnetization (pTRM) of
lithic clasts embedded within PDC deposits, which allows the emplacement temperature
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determination by measuring the components of the pTRM parallel to the magnetic field
orientation, at the time of emplacement [15–18].

Moreover, PDCs are known to be able to entomb vegetation and produce large amount
of charcoal [3,6,7,19–21]. Charcoal is the solid residue of the slow heating in low-oxygen
condition (i.e., pyrolysis) of biological tissues. Studying the changes of the lignocellulosic
structures in the original raw wood into the highly stable, condensed, polyaromatic config-
urations of the charcoal can provide information on the maximum temperatures attained
during combustion (e.g., wildfire) or pyrolysis. Structural changes in charcoals can be de-
tected by different chemical and physical methods including: elemental analysis, molecular
markers, optical analyses (charcoal reflectance, Rc%), pyrolysis–gas chromatography-mass
spectrometry (Py–GC–MS), solid state 13C nuclear magnetic resonance (NMR) spectroscopy,
infrared (IR) spectroscopy, Raman spectroscopy, near edge X-ray absorption fine-structure
spectroscopy (NEXAFS), X-ray diffraction or high resolution transmission electron mi-
croscopy (HRTEM) (see [22] for a complete review). Among them, Rc% is considered a
valuable, relatively inexpensive, method for the evaluation of pyroclastic flow emplacement
temperature even at low charring values. Several authors provided correlations between
Rc% and pyrolysis temperatures measured on different wood types and at different heating
rates [23–25]. However, only Scott and Glaspool [19] planned calorimeter experiments to
reproduce pyrolysis conditions of wood fragments embedded in pyroclastic flow deposits
and were able to correlate Rc% with emplacement temperatures. Charcoal reflectance
analysis proved to be an effective, comparable and accurate geothermometer in numer-
ous case studies and different volcanic deposit types [3,6,7,19–21], but despite its wide
application, this technique implies time consumption in sample’s preparation and analyses
processing. Thus, to have an appropriate and representative statistical analysis, prolonged
time and a skilled operator are required, since the procedure is not automatic but linked to
the operator’s data interpretation.

The support of a further independent, faster, automatic and valuable proxy, for the
PDCs emplacement temperature evaluation, constitutes a significant contribution in terms
of timesaving, big data availability and data processing simplification due to the lower
incidence of data interpretation by the operator.

In recent years, Raman spectroscopy was demonstrated to be a powerful tool for the
analysis of carbonaceous material. It is now routinely used to assess maximum paleo-
temperature experienced by the rocks during prograde regional metamorphisms [26–28]
and is becoming one of the most-used methods for thermal maturity assessment in dia-
genetic environment [29–40]. The main advantages of this geothermometer are its non-
destructive nature, the minimum or null time for sample preparation and the ability to
provide quantitative chemical parameters with a definition within microns.

Notwithstanding its wide versatility, Raman spectroscopy has been applied to charac-
terize charcoals composition and structure only in recent time [41–44] and mainly in the
high-temperature regime between 600 and 1800 ◦C.

In this work, for the first time, we aim to investigate the evolution of Raman spectra at
relatively low temperatures (mainly between 250 and 600 ◦C), more relevant for PDCs flow
and emplacement conditions [21,45]. With this purpose, based on already existing charcoal
reflectance datasets, we selected charred wood samples from three different eruptions,
(Figure 1a): the 2015 Volcan de Colima eruption, (Mexico), the 2015 Calbuco Volcano
eruption (Chile) and the 4.6 ka Fogo Volcano eruption (Azores, Portugal). These eruptions
have been selected as they all entombed great amounts of wood (Figure 1b,c) and represent
a very wide spectrum of PDC types and deposits, associated with different degrees of
explosivity and mechanisms, including small volume block and ash flows from lava dome
collapse (Colima 2015), small volume flows from partial collapses of sub-Plinian eruption
columns (Calbuco 2015) and large volume partial to total collapse of Plinian eruption
columns (Fogo 4.6 ka).
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distal fan [6,7]. Samples COL-24-02, COL-05-02, COL-18-03 and COL-14-01 were collected 
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COL-20-01 Colima Volcano 0.25 0.02 245 9 Montegrande Ravine Distal fan Ash cloud 
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Figure 1. (a) Schematic representations of a PDC; (b) standing pine-tree trunk within a block-and-
ash flow deposit from Volcán de Colima; (c) charcoal fragment embedded within a PDC deposit
(ignimbrite) from Fogo volcano. Hammer at the bottom of Figure 1b is about 30 cm long while pencil
in Figure 1c is about 2 cm.

2. Geological Setting and Materials

The first set of charcoal samples come from PDC deposits of the 2015 eruption of
Colima Volcanic Complex (Mexico). Colima Volcanic Complex is composed by different
volcanic edifices and experienced an activity ranging from extremely explosive Plinian erup-
tions (e.g., the 1576, 1818 and 1913 eruptions) to vulcanian events alternated with episodes
of growth and dome collapses (e.g., the 1991, 2000–2005 and 2015 eruptions [5,46–49]).
Charcoal samples collected from this site derive from deposits of a specific type of PDC
associated with dome collapses, known as block and ash flows (BAF), emplaced during
two major events occurred during the 10th and 11th of July 2015 eruption [6,7,50]. PDCs
flowed confined along the Montegrande ravine on the southern slope of the volcano [4].
The deposits have volumes estimated between 4.5 × 106 and 7.7 × 106 m3 respectively
and a maximum runout of 10.5 km from the crater [4,50]. The majority of charcoal frag-
ments (samples: COL-20-01, COL-21, COL-04-03, COL-48-01, COL-08-01A, COL-15-01,
see Table 1) were collected from still standing trees embedded in valley-confined deposits
within Montegrande Ravine. These deposits are characterized by massive and stratified
facies, with abundant andesitic blocks embedded in a lapilli ash matrix [46]. One of them,
sample COL-20, was charred by the turbulent/overriding ash cloud deposits along the
distal fan [6,7]. Samples COL-24-02, COL-05-02, COL-18-03 and COL-14-01 were collected
along the better sorted and fine-grained overbank deposits where trees were partially
buried by coarse and fine ash deposits. All charcoal fragments derive mostly from pine
trees (e.g., Pinus harwegii) and only a few from spruce trees (e.g., Abies guatemalensis and
Abies Jaliscana, [6]). Reflectance data from these deposits were published by [6,7].

The second set of charcoal samples comes from PDC deposits of the 4.6 ka Plinian
eruption of Fogo volcano (Azores), known as Fogo A eruption [21,45]. Fogo volcano, located
at the center of São Miguel Island, is one and the largest of the three active Quaternary
volcanoes composing the Azorean islands. The 4.6 ka Fogo A eruption started with a
hydromagmatic phase that was followed by the development of a Plinian eruptive column
(>20 km in height, [51]) with the emplacement of 4 m of fallout deposit. The partial collapses
of the column first generated small-volume, valley confined PDCs, known as “pink and
black intraplinian ignimbrites”, and, in the final stage, the total collapse of the column
led to the emplacement of a voluminous ignimbrite [21,45,52,53], known as “dark brown
ignimbrite”. Based on [45] the total bulk volume on land of pink, black and dark brown
ignimbrite is 3.2 km3 (0.24 km3, 0.07 km3 and 2.9 km3 respectively). This, combined with the
fallout deposit bulk volume (1.2 km3) calculate by [51], infers a total bulk volume of 4.4 km3

of the entire Fogo A eruption [45]. A total of four samples (CH3-115-02 center, CH3-115-02
edge, CH4-22-01 center and CH1-113-01 edge) were selected. Samples CH3-115-02 center



Minerals 2022, 12, 203 4 of 19

and CH3-115-02 edge derive from the “dark brown ignimbrite” from the northern flank of
the island, characterized by massive and poorly sorted deposits with some stratifications at
the base and at the top. Samples CH4-22 and CH1-113 derive from the “pink intraplinian
ignimbrite” from the southern flank, that mainly consists of vesciculated pumice lapilli and
ash. Charcoals mainly derived from laurel trees fragments (e.g., Laurus azorica and Laurus
canaricus) and probably by conifers (see results section, Figure 1c). Here, reflectance data
were measured and calibrated against TMR data in [21,45].

Table 1. Charcoal reflectance average values for each sample and conversion into temperature (◦C)
according to Scott and Glasspool [19].

Sample Provenance Rc%
Average Sd T ◦C

[19] ±◦C Locality Position

COL-20-01 Colima Volcano 0.25 0.02 245 9 Montegrande Ravine Distal fan Ash cloud
COL-04-03 Colima Volcano 0.28 0.02 258 8 Montegrande Ravine Valley pond
COL-24-02 Colima Volcano 0.40 0.02 276 11 Montegrande Ravine Overbank
COL-48-01 Colima Volcano 0.43 0.02 279 13 Montegrande Ravine Valley pond

COL-08-01A Colima Volcano 0.45 0.03 283 11 Montegrande Ravine Valley pond
COL-05-02 Colima Volcano 0.46 0.03 284 13 Montegrande Ravine Overbank
COL-15-01 Colima Volcano 0.50 0.02 289 11 Montegrande Ravine Valley pond
COL-14-01 Colima Volcano 0.57 0.04 299 15 Montegrande Ravine overbank
COL-18-03 Colima Volcano 0.99 0.05 353 10 Montegrande Ravine overbank

COL-21 Colima Volcano 1.07 0.08 368 5 Montegrande Ravine Distal fan?
CH3-115-02 centre Fogo Volcano 0.5 0.05 289 8 Dark brown ignimbrite, North flank Valley pond
CH3-115-02 edge Fogo Volcano 0.53 0.05 293 4 Dark brown ignimbrite, North flank Valley pond

CH3-114-01B Fogo Volcano 0.85 0.08 332 10 Dark brown ignimbrite, North flank Valley pond
CH1-113-01 edge Fogo Volcano 1.21 0.09 371 7 Pink Ignimbrite, South Flank Veneer deposit

CH4_022-01 centre Fogo Volcano 1.37 0.12 388 11 Pink Ignimbrite, South Flank Valley pond
CAT 16A Calbuco Volcano 1.50 0.07 408 2 Rio Blanco ravine Valley confined
CAT 05A Calbuco Volcano 2.90 0.08 566 3 Rio Blanco ravine Valley confined

The third set of charcoal samples come from PDC deposits of the 2015 sub-Plinian
eruption of Calbuco volcano (Chile). Calbuco volcano is a composite stratovolcano situated
in the Southern Volcanic zone of the Andes [54]. Samples derive from PDC deposits
generated by the partial collapse of the sub-Plinian (>15 km) column of the 22–23 April
2015 eruption [8,55]. Early PDCs were generated at the end of the first eruptive phase
but most of the total volume, that has been estimated between 10 and 50 × 106 m3, was
emplaced by PDCs during the 23rd of April event and reached runout distances of 7–8 km
from the crater down the Rio Blanco [56]. These PDC deposits are massive and rich in dense
scoria bombs and are all valley confined. Two charred wood of pine tree (i.e., Fitzroya
Cupressoides) were collected in the valley confined by the ravine of the Rio Blanco deposits
at 4–5 km from the crater (CAT 16A, CAT 05A).

3. Methods
3.1. Charcoal Reflectance and Correlation against Temperature

Most of the samples, as well as reflectance measurements shown in this work from
charcoals collected in Colima and Fogo volcanoes, derive from [6,7,21]. Only the two sam-
ples belonging to Calbuco volcano present original reflectance data. Sample’s preparation
methodology used for these two samples is summarized in [21].

To establish the relation between Rc% and wood charring temperature, different char-
coalification experiments (Figure 2) have been proposed in literature aiming at simulating
charcoal production by wildfire [23,24,57] or by burial in volcanic ash deposits [19]. The ex-
perimental pyrolysis curves by [23,24,57,58] were calibrated for wildfire temperatures,
representing rapid charring time, generally between one and five hours (Figure 2). On the
other hand, the experimental studies of [19] were specifically focused to simulate conditions
within pyroclastic flow deposits. They observed that, in samples at temperatures below
400 ◦C, Rc% becomes steady after four hours, while for charring temperatures higher than
400 ◦C, Rc% continues to rise gradually becoming nearly constant after 24 h.
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Figure 2. Conversion of charcoal reflectance measurements (Rc%) into temperatures (◦C). Representa-
tion of the five pyrolysis curves from: Scott and Glasspool [19] (red dotted-dashed line with red dots),
Scott and Glasspool [58] (yellow dashed line with yellow triangles), Hudspith et al. [57] (cyan dashed
line and cyan dots); Ascough et al. [23] (green dotted-dashed line and green triangles), McParland
et al. [24] 1 h (blue dotted-dashed line and blue triangles), McParland et al. [24] 24 h (pink dashed line
and pink triangles). Bars indicate standard deviations (available only for data from Scott et al. [19],
Ascough et al. [23] and Hudspith et al. [57]). Redrawn after Pensa et al. [6].

All these authors carried out their experiments using different kinds of woods moving
from low-density gymnosperms like pines (Pinus silvestris, [23]), Sequoia sempervirens [19,58],
oaks (Quercus, [24]) and spruces (Picea Mariana, [57]) to low-density angiosperms like
aspens and birches (Populus temuloides, Betula nana and Betula papyfera, [57]) to high-
density angiosperms like mangroves (Rhizophora apiculate Blume, [23]) and fungi (Ganoderma
Fungus, [58]). Results highlighted that different woods charred under the same conditions
show similar reflectance values [57] even comparing low-density gymnosperms and high-
density angiosperms [23]. However, differences can be observed between low-density
gymnosperms and fungi [58] probably because of underlying differences in the internal
structure, density and moisture content.

Calibration curves of Figure 2 show that for the same temperature, the highest Rc%
values are achieved by samples pyrolyzed for longer time and that the spread among Rc%
values rise with temperature increase, up to 800 ◦C. Moreover, measuring the same woods
heated for different times [24,58] showed that the effect of residence time is much larger
than the effect due to wood variability.

In this study, charcoal fragments mainly derived from low-density angiosperms and
gymnosperms, so they are consistent with the experiments of [19,24,57,58]. Regarding the
time of residence, PDCs are thought to maintain high temperatures for several months
and [19] demonstrated that Rc% generally stabilized after 24 h or even later in the case of
temperatures higher than 500 ◦C. Given this evidence, Scott and Glasspool’s correlation [19]
was used as the most appropriate to assess minimum temperatures reached during the
long-time heating in a pyroclastic flow.

3.2. Raman Spectroscopy

Raman spectroscopy was performed using a Jobin Yvon micro-Raman LabRam system
in a backscattering geometry. In order to prevent preparation effects on Raman spectra [59],
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measurements were taken both on not altered charcoals and on plugs prepared for re-
flectance measurements before and after sample polishing (only with 1 and 0.3 µm alumina
powder) and no significant differences were found.

A Neodimium-Yag laser at 532 nm (green laser) was used in a backscattering geometry
using a 600 grooves/mm spectrometer grating and CCD detector. To avoid charcoal degra-
dation, optical filters adjusted the power of the laser (<0.4 mW) with an integration time of
20 s for 3 repetitions for each measurement. Between 20 and 50 spectra were collected for
each sample and each spot had a 2 µm diameter using a 50X optical power objective.

Data were collected in the range of 700–2300 cm−1 (first order Raman spectrum) and
were analysed by a two band Lorentzian deconvolution through the PeakFit program
designed by [60] and modified by [33].

A simplified and automatic deconvolution was chosen to evaluate basic Raman pa-
rameters (e.g., distance between D and G bands, the D/G intensity, width and area ratios)
and at the same time avoid errors derived by a complex multiple bands fitting. Before
deconvolution, a quadratic baseline was subtracted to correct high fluorescing spectra.
Control points for baseline were automatically found by the software between 750 and
850 cm−1 and between 1880 and 1920 cm−1. Subsequently, all spectra were fitted with two
Lorentzian curves. In Figure 3, an example of the baseline subtraction (Figure 3a) and of
the proposed two band deconvolution is shown (Figure 3b).
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Figure 3. Spectra treatment and deconvolution. (a) Representative raw spectrum and quadratic
baseline (red line). (b) Spectrum after baseline subtraction and two band fitting.
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3.3. Regression Analysis

Raman spectra of carbonaceous material show sensible changes in response to tem-
perature increase. These changes can be quantified by the variation of relative intensities
and areas of the bands that composed the whole spectrum. However, in addition to tem-
perature variation, spectra evolve differently according also to heating rate and pressure
conditions [34,38,61–63]. This implies that the same value of a Raman thermal parameter
can indicate different temperatures according to the geological settings in which the organic
matter matured. To achieve the best results, the use of different Raman parameters in
the same equation is advisable. For this reason, the most-used correlation between Ra-
man parameters and temperature and/or thermal maturity are based on multiparameter
regressions [28,30,33,64].

In this work, we propose a multivariate polynomial regression analysis based on
parameters obtained from the automatic fitting approach, to represent the relationship
between Raman parameters and temperatures. A detailed description of the multivariate
polynomial regression can be found in Supplementary Materials.

4. Results
4.1. Charcoal Reflectance

Rc% data for each sample shown in Table 1 are from [6,7,21] except samples CAT 16A
and CAT 05A from Calbuco volcano. Charcoal fragments generally display intact cell walls
with a cell shape varying from rounded to elongate (Figure 4) typical of the pyrofusinite
group (a sub-group of the inertinite maceral group, see [58]). Tracheidal structures of both
angiosperms and gymnosperms were recognized in these samples. Angiosperms show
tracheids with different dimensions (Figure 4b,c) while gymnosperms structures have
very similar shapes and dimensions (Figure 4a, [65]). Wood samples from Colima and
Calbuco volcanoes are mainly constituted by gymnosperm group, while both angiosperms
and gymnosperms families have been recognized in samples from Fogo Volcano. This is
consistent with the presence of pine and spruce trees in Colima and Calbuco volcanoes,
while at Fogo volcano it is likely that also conifer trees were embedded in the PDCs together
with laurel trees [21].

It is worth noting that, in this work, despite belonging to different plant families,
angiosperms and gymnosperms show Rc% values in the same ranges when measured
within the same deposit level. Charcoals collected from Colima dataset show generally Rc%
values between 0.27 and 0.57 in samples from the concentrated valley-confined deposits,
while in the diluted ash cloud deposits they vary between 0.43 and 0.99 [6,7]; the lowest
Rc% value was measured in distal fan area (0.25).

Charcoal fragments from the dark brown ignimbrite along the northern flank of Fogo
volcano show Rc% values of about 0.5, while samples from the pink intraplinian ignimbrite
on the southern flank display higher Rc% values between 1.20 and 1.37. The highest Rc%
values (1.5 and 2.9) were both recorded from Calbuco Volcano. Standard deviations for the
whole dataset are comprised between 0.02 and 0.12 and their values are the highest for the
highest Rc%.

The conversion into paleotemperatures according to [19] shows PDCs emplacement
for Colima volcano ranging between 245 and 353 ◦C and between 289 and 388 ◦C at Fogo
volcano, while the two samples from Calbuco volcano indicate 408 and 566 ◦C.

4.2. Micro-Raman Spectroscopy

All spectra were measured by pointing the laser spot at cell walls (Figure 4), since
spectra acquired on the surrounding matrix showed generally higher fluorescence.

In Figure 5, a selection of spectra at increasing reflectance values, both before (Figure 5a)
and after baseline subtraction (Figure 5b), show typical D band at around 1350 cm−1 and G
band at 1600 cm−1 (see dotted lines in Figure 5).

Samples with low Rc% values (0.28 Rc% in Figure 5a) show high fluorescent Raman
spectra and after baseline deconvolution low signal-noise ratio (0.28 Rc% Figure 5b). As
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the maturity of the samples increases for higher Rc% values, fluorescence progressively
decreases (Figure 5a) and signal-noise ratio increases (Figure 5b).

Further features that can be recognized as Rc% increase are: the progressive decrease
of the G band width, the increase of the D band area and a shift of the D band toward
lower wavenumbers (see the reference line at about 1350 cm−1 in Figure 5). In order to
quantify these trends, the following parameters have been calculated: (i) position of the
D and G bands (pD and pG); (ii) intensity of the D and G bands (ID and IG); (iii) width
and area of the D and G bands (respectively wD, aD and wG, aG); (iv) distance between D
and G bands (∆D–G); (v) intensity ratio (ID/IG); (vi) full width at maximum height ratio
(wD/wG); and (vii) area ratio (aD/aG).
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and (d) SEM enlarged view of tracheidal structures.
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Figure 5. Selected spectra at different reflectance values, before (a) and after baseline subtraction (b).
Dotted lines show the position of the D band at around 1350 cm−1 and of the G band at 1600 cm−1.
Rc% values refer to the mean value of the samples.
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All Raman parameters are reported in Table 2, while Figure 6 shows the trends as
a function of Rc% and converted temperature of D–G distance (Figure 6a), D position
(Figure 6b), the width of the D (Figure 6c) and G (Figure 6d) and width, area and intensity
ratios (Figure 6e–g).
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Figure 6. Raman parameters vs. measured charcoal reflectance (Rc%) and temperature (upper x axis).
Green triangles were used for Colima samples, yellow squares for Fogo samples and blue diamonds
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for Calbuco samples. Bars represent standard deviation (Table 2). (a) Distance between D and G
bands; (b) position of the D band; (c) Full width at maximum height of the D band; (d) Full width
at maximum height of the G band; (e) Full width at maximum height ratio of the D and G bands;
(f) area ratio of the D and G bands; (g) Intensiy ratio of the D and G bands.

Figure 6 shows that the best correlations between the Raman parameters and Rc%
and temperature are: D–G distance, pD, wG and wD/wG (Figure 6a,d,e). None or limited
correlations occur between intensity, area ratio and width of the D band versus Rc% and
temperatures (Figure 6c,f,g).

Table 2. Average Raman parameters calculated for the different samples. Acronyms: pD: position of
the D band; pG: position of the G band; ID: intensity of the D band; IG: intensity of the G band; wD:
full width at maximum height of the D band; wG full width at maximum height of the G band; aD:
area of the D band; aG: area of the G band; ∆D–G: distance between D and G bands; ID/IG: intensity
ratio; wD/wG: full width at maximum height ratio; aD/aG: area ratio; std: standard deviation.

Site Samples pD std pG std ID std IG std wD std wG std

Fogo
volcano

CH1-113-01
edge 1359.90 0.70 1593.80 0.33 1876.21 275.36 2383.51 367.88 206.69 4.62 72.64 0.65

Fogo
volcano

CH4-022-01
centre 1363.40 2.29 1596.21 1.41 1427.56 645.06 1816.99 821.44 198.92 12.63 72.15 1.49

Calbuco
volcano CAT 16A 1362.45 1.79 1590.41 1.19 11,467.37 1537.63 18,334.30 2233.66 234.74 8.03 72.07 1.64

Colima
volcano COL-20-01 1376.50 4.93 1585.00 9.83 1188.50 125.21 1286.18 308.27 259.78 26.34 136.50 9.86

Colima
volcano COL-04-03 1384.06 3.48 1588.30 2.81 1827.50 476.37 2851.56 749.73 249.08 13.06 118.51 8.13

Calbuco
volcano CAT 05A 1352.63 1.15 1593.09 1.07 7388.50 1822.00 11,885.99 2874.65 213.38 7.32 62.33 1.42

Colima
volcano COL-24-02 1381.55 2.45 1586.57 1.86 2276.13 1326.58 3367.29 1690.18 260.66 18.94 106.36 9.20

Colima
volcano COL-48-01 1381.76 7.35 1584.41 3.68 1617.43 407.15 2434.78 607.02 258.20 10.74 116.76 10.75

Colima
volcano COL-08-01A 1380.58 2.70 1590.60 1.26 1531.93 205.54 2553.91 557.26 247.24 16.11 93.23 5.62

Colima
volcano COL-05-02 1365.77 1.40 1583.69 0.78 1032.37 283.64 1630.71 416.14 212.00 10.63 91.37 2.21

Fogo
volcano

CH3-115-02
centre 1381.31 1.88 1589.57 2.10 776.34 113.82 994.79 143.68 247.98 12.06 97.46 4.54

Colima
volcano COL-15-01 1369.79 1.62 1591.52 0.97 1279.47 341.06 2125.81 563.90 217.18 8.81 84.16 1.45

Fogo
volcano

CH3-115-02
edge 1379.27 1.43 1586.67 1.35 551.82 130.58 711.67 166.50 267.33 12.91 110.77 4.48

Colima
volcano COL-14-01 1369.50 1.32 1595.32 0.97 1113.72 212.46 1596.81 240.77 217.50 12.92 80.88 2.13

Colima
volcano COL-18-03 1375.04 2.64 1597.33 1.86 1238.99 271.31 1690.43 383.28 237.58 15.22 96.30 7.14

Colima
volcano COL-21 1369.40 2.01 1599.05 1.17 1362.51 422.37 2233.50 621.63 221.14 19.84 71.10 3.95

Fogo
Volcano

CH3-114-
01B 1369.16 2.63 1594.76 1.33 204.81 106.22 285.87 143.39 21.96 18.10 76.65 2.68

Site Samples aD std aG std ∆D–G std ID/IG std wD/wG std aG/aD std

Fogo
volcano

CH1-113-01
edge 5.41 × 105 8.16 × 104 2.59 × 105 3.97 × 104 233.90 0.71 0.79 0.02 2.85 0.05 2.10 0.07

Fogo
volcano

CH4-022-01
centre 4.05 × 105 1.89 × 105 1.96 × 105 8.87 × 104 232.81 1.40 0.79 0.01 2.76 0.15 2.03 0.11

Calbuco
volcano CAT 16A 3.70 × 106 5.40 × 105 1.98 × 106 2.53 × 105 227.95 0.85 0.62 0.02 3.26 0.08 1.87 0.08

Colima
volcano COL-20-01 4.10 × 105 5.42 × 104 2.45 × 105 6.22 × 104 208.50 14.20 0.95 0.17 1.92 0.31 1.76 0.52

Colima
volcano COL-04-03 6.21 × 105 1.72 × 105 4.93 × 105 1.44 × 105 204.24 2.81 0.64 0.03 2.11 0.15 1.27 0.12

Calbuco
volcano CAT 05A 2.20 × 106 5.62 × 105 1.12 × 106 2.79 × 105 240.46 0.42 0.62 0.02 3.42 0.06 1.96 0.07

Colima
volcano COL-24-02 7.84 × 105 4.94 × 105 5.32 × 105 2.87 × 105 205.03 3.23 0.67 0.05 2.32 0.17 1.51 0.17

Colima
volcano COL-48-01 5.71 × 105 1.55 × 105 3.78 × 105 1.01 × 105 202.64 4.52 0.61 0.06 2.46 0.24 1.28 0.22

Colima
volcano COL-08-01A 5.33 × 105 6.34 × 104 4.39 × 105 1.32 × 105 210.02 3.45 0.63 0.04 2.23 0.18 1.54 0.14

Colima
volcano COL-05-02 3.51 × 105 1.06 × 105 2.25 × 105 6.08 × 104 217.93 1.36 0.78 0.02 2.32 0.08 1.71 0.12

Fogo
volcano

CH3-115-02
centre 2.29 × 105 3.75 × 104 1.34 × 105 1.81 × 104 208.27 2.73 0.60 0.03 2.66 0.12 1.42 0.10
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Table 2. Cont.

Site Samples pD std pG std ID std IG std wD std wG std

Colima
volcano COL-15-01 4.34 × 105 1.23 × 105 3.06 × 105 8.68 × 104 221.73 1.81 0.78 0.02 2.55 0.12 1.87 0.11

Fogo
volcano

CH3-115-02
edge 1.67 × 105 4.27 × 104 8.87 × 104 2.08 × 104 207.39 1.81 0.69 0.04 2.58 0.13 1.55 0.12

Colima
volcano COL-14-01 4.01 × 105 8.45 × 104 2.58 × 105 4.52 × 104 225.83 1.32 0.76 0.03 2.42 0.15 1.92 0.15

Colima
volcano COL-18-03 4.05 × 105 9.84 × 104 2.41 × 105 6.85 × 104 222.30 1.95 0.73 0.04 2.48 0.21 1.70 0.22

Colima
volcano COL-21 4.24 × 105 1.44 × 105 2.40 × 105 7.16 × 104 229.65 1.42 0.60 0.05 3.11 0.14 1.73 0.18

Fogo
Volcano

CH3-114-
01B 6.07 × 104 3.25 × 104 3.26 × 104 1.65 × 104 225.60 3.34 0.71 0.04 2.76 0.20 1.83 0.19

5. Discussions
5.1. Raman Evolution of Charcoal in the Interaction with PDCs

PDCs are known to incorporate significant amounts of wood that are thus charred
within the deposits. Carbonification into a PDCs is a heating event that occurs in a closed
system (i.e., fluids generated by the heating cannot escape) and is relatively long lasting
when compared with other natural charring processes (i.e., wildfire, impact meteorite, etc.).
It has been experimentally reproduced by [19] showing that it led to an increase of Rc%
values, with, nevertheless, a different trend than that predicted by the most-used kinetics
equation for temperature-derived wood transformation during burial in sedimentary
basin [66–68]. This means carbonification has its own kinetics that, similarly, but not in the
same way, correlates reflectance values with temperature increases.

Rc% has the main advantage of being a relatively simple and easy technique, but it is
still an indirect analysis and does not provide a sufficient insight into the chemical-physical
changes occurring in the wood during the interaction with the pyroclastic flow as Raman
spectroscopy can do. Evolution of Raman spectra, provides, indeed, detailed information
on the aromatization degrees reached by charcoals at different temperatures if we compare
our data after curve-fit with the available literature on the char formation. The process can
be described by a three-stage evolution. At each one of these stages, typical Raman feature
can be recognized and correlated with our observations.

Once the woods have been transformed into charcoal by fast heating, the main process
that take place between 200 and 340 ◦C is depolymerization by band scission with a release
of water and volatiles (mainly CO, CO2 and some hydrocarbons [69,70]). The presence
in this stage of hydrogen-rich functional groups (i.e., aliphatic compounds) is probably
the cause of the high fluorescence [71] that characterizes Raman spectra at temperature
below ca 325◦ (Rc% lower than 0.78%, Figure 5 and Table 1). Concurrently, the D band
position downshifts and the decrease of the G band width up to temperatures of about
500 ◦C (Figures 5 and 7) reflects an increase of the size of the aromatic clusters that pass,
in this stage, from simple mono-aromatic units up to larger compounds [71–73]. This is
confirmed by [72], which measured the content of aromatic carbon in charcoals, showing
an increase with temperature from less than the half (14% at 200 ◦C and 19% at 250 ◦C)
to about 88% at 350 ◦C and more than 90% above 400 ◦C. Even if based on only two data
points, the ∆D–G, pD, wG and wD/wG trends are confirmed also for wildfire coalification
by [44].

The third stage, for temperatures from 600◦ up to a maximum of 1000 ◦C, is out of our
ranges. Nevertheless, it is worth noting that the Raman evolution at this higher stage is
related to a further increase degree of aromatic condensation of the turbostratically aligned
polyaromatic [22,71–73] and has been described by [42], consisting mainly of a relative D
band area and intensity increase with respect to the G band.
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Figure 7. Calibration model for the evaluation of carbonification temperatures by Raman spectroscopy.
(a) Second order polynomial correlation between Raman parameters (see text for abbreviations and
symbols) and temperatures (◦C) derived by reflectance analyses. (b) Temperatures predicted by
polynomial regression vs. temperatures derived by reflectance analyses. Red dots and red lines
indicate respectively average values and standard deviation. Light grey dots indicate predicted
values for each spectrum in the dataset according to automatic fitting.
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5.2. Calibration of an Empirical Model for the Estimation of Charring Temperature through
Multivariate Polynomial Regression and Limit of the Method

Raman spectrum of organic matter is composed of several and most overlapping
bands in the region between 1000 and 1700 cm−1 [29,31,74–77] that changes at different
metamorphic and/or heating rate conditions [28,38,61,62]. The highest pressure and
temperatures’ end-member graphite is composed by a single band at 1585 cm−1 while
disordered bands at 1350 and 1620 cm−1 (i.e., D and D2 bands) arise at the onset of vacancies
and lattice defects in the graphite crystals and generally four and five bands composed the
spectrum at respectively mid and low metamorphic degrees [27,78]. In diagenesis, or in
general for very disordered material, there is still an open debate on the number of bands
that compose the spectrum, and several interpretations exist varying from four bands [79],
to six [29,31,80], up to ten [76]. Nevertheless, when we want to find regression parameters to
be correlated against temperature (or other factors, e.g., thermal maturity, pressure, heating
rate and so on), it has been demonstrated by [79,81] that a fitting with four or more bands
is mainly influenced by user interpretation and does not return replicable parameters.

In this work, low-temperature charcoal spectra strongly resemble low to middle diage-
netic spectra (see [31]) probably because, given the relative short-term heating, the activa-
tion energy is the same as the long-time/low-temperature one suffered in diagenesis [34].
Thus, to reduce uncertainties related to a complicated multiband deconvolution that can
strongly effect Raman measurements [34,74,81], we opted for a simplified automatic fitting
approach based on two band deconvolution (Figure 7).

A multivariate polynomial regression using the four Raman parameters with the
highest correlation (namely ∆D–G, pD, wG and wD/wG, Figure 7a) with temperature
was derived.

Figure 7a shows that the ∆D–G, pD, wG and wD/wG relationship displays the
most significant correlations versus temperature, with R2 comprised between 0.7 and 0.8.
Thus, these parameters have been used to build the equation for temperature prediction.
In Figure 7b, temperatures predicted by our model are plotted against temperatures derived
by conversion of reflectance data, showing an R2 of 0.96 (more details about the regression
model can be found in Supplementary Materials). In order to show the whole dataset
variability, both average values of predicted temperatures (with their standard deviation red
dots) and predicted values for each spectrum (small grey dots) are displayed in Figure 7b.
Red dotted lines indicate the 90% confidence interval of the regression. The accuracy
of the model is poorest at the lowest temperatures (below 275 ◦C, Figure 7b) due to the
low quality of the Raman signal and the small number of available data, both problems
arising from the high fluorescence of the spectra in this region. Despite that, the confidence
interval indicates an error below 10% in most of the cases. The use of the model for higher
temperatures has not been tested and will need further verification.

5.3. Raman Spectroscopy for Volcanological Studies

PDCs’ temperature is strongly related to the quantity of air ingested at the time of
their formation along the volcano flanks [21,82] or further ingestion of air and/or other
external cold material along flow [14] and also to confined or unconfined topography
conditions [7,12].

All these boundary conditions strongly influence the carbonization degree acquired
by the wood fragments incorporated in the pyroclastic flow. Due to rapid acquisition and
its non-retrograde nature, the process of carbonification records over time the maximum
temperatures experienced by the tree trunks during multiple flows transit. This implies
that the charring degree acquired by a tree trunk can be not homogeneous because it re-
flects different conditions of pyroclastic flows heat transport and conservation capacity [7].
Therefore, in this work, Raman spectroscopy analyses on charred fragments reveal struc-
tural differences in aromatization related to the explosive degree (Plinian, sub-Plinian and
Volcanian-dome collapse), pyroclastic flow transport and emplacement regime, quantity of
ingested air and paleo-topography conditions of the three different case histories analysed.
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The BAF generated during the 2015 dome collapse of Colima volcano destroyed
the pine tree forest along the southern flank, filling completely the narrow Montegrande
ravine to a distance of 10.5 km from the emission point [4,6,50,83]. Among the three-case
history, this eruption is associated with the lowest erupted volumes and a maximum runout
from the crater. These reflect the highest Raman disorder of charcoals’ Raman spectra.
Nevertheless, a general increase of the average Raman ordering (Table 2) is observed
moving from distal fan to valley confined to overbank samples that reflect an increase
in temperatures, due to strongly confined topography condition and presence of high
temperature dome collapse-derived blocks in the valley and the passage of the hotter
dilute ash cloud on the overbank [6]. Sample COL-21 was also found in the distal fan;
nevertheless, its high Rc% values point out that charcoals in these deposits were possibly
remobilized after the eruption.

The 4.6 Ka Fogo A eruptive Plinian column is associated with high volumes during
the eruption and underwent several partial collapses, which generated two intraplinian
pyroclastic flows [45]. Valley-confined deposits (pink ignimbrites, Table 1) show similar
Raman spectra as those from Colima, while an increasing ordering in the dark brown
ignimbrite (Table 1) is a consequence of the short distance from the vent, low air ingestion
and the absence of accidental big cold lithic blocks [45].

On the other hand, the PDC deposits of the 2015 sub-Plinian Calbuco volcano eruption
show the highest Raman ordering since its valley-confined deposits, unlike the other two
cases which are located in the closest position to the vent.

6. Conclusions

Charring temperature of charcoal fragments embedded in PDC deposits, emplaced
during three explosive eruptions, has been analysed in this study coupling optical and
Raman spectroscopic analyses. Charcoal reflectance results indicate a range between 0.25%
and 2.90%, corresponding to pyrolysis temperatures between about 250 ◦C and 560 ◦C.
Raman evolution of charcoal spectra at different temperatures has been discussed and
Raman parameters were derived by a simplified two band deconvolution. A second
order polynomial regression equation has been derived to predict paleotemperatures from
Raman parameters, based on the four Raman parameters with the highest correlation.
The goodness of the fit indicates that Raman spectra of charcoal well reflect the chemical
modification of charcoal at relatively low carbonization temperatures (about 250–550 ◦C)
and in relation to the nature of the volcanic deposits, providing a new suitable tool for
volcanological studies and the assessment of volcanic hazard.
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