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Archaeological wood charcoals offer a unique window to study paleoclimates through their '3C isotope
composition (8'3C) provided that (i) past heating temperatures are assessed to correct 5'>C modifications related
to carbonisation, and (ii) they have not been modified by post-depositional processes occurring in soil after their
formation. Our goal was to assess how post-depositional processes can modify (i) the determination of past
heating temperatures by Raman thermometry and (ii) the 8'3C signature of charcoals, notably through the
occurrence of exogenous organic matter (OM). To this end, short-term post-depositional processes were simu-
lated on oak and pine charcoals — produced at 400 and 600 °C — incubated in vermicompost for 6 months. While
almost all the studied charcoals showed no evidence of the occurrence of exogenous OM, pine charcoal produced
at 400 °C appeared to be subjected to an organic coating with incubation time. This organic coating may have led
to a decrease in the Hp/Hg ratio, a proxy of carbonisation temperatures obtained from Raman spectra. In
contrast, the Hp/Hg ratio increased in oak charcoal produced at 400 and 600 °C at certain incubation times.
Although the processes behind these modifications remain unclear, this investigation highlights that the Raman
thermometer may be biased when assessing the heating temperatures of archaeological charcoals. In addition,
subtle modifications in the chemistry of pine charcoal produced at 400 °C were enough to yield an increase in
513C by up to 0.3 %o at the short-term scale of our incubation experiments. This study suggests that long-term
experiments are necessary to assess the effect of post-depositional processes on the chemical structure of char-
coals and to provide a valuable framework to minimize potential biases in the use of Raman thermometry and of
the 813G signature.

1. Introduction

Charcoals, which are by-products of the pyrolysis of plant biomass,
can persist in soils and sediments for centuries to millennia (Schmidt and
Noack, 2000; Sigmund et al., 2021). Charcoals are ubiquitous artifacts
from archaeological settings testifying to complex interactions between
past societies and their environment (Marguerie and Hunot, 2007; Sal-
avert and Dufraisse, 2014). In addition, archaeological charcoals may
also contain information about paleoclimate changes, notably according

to their stable 13C isotope composition (8'3C; Ferrio et al., 2006; Hall
etal., 2008; Aguilera et al., 2009; Masi et al., 2013; Caracuta et al., 2016;
Baton et al., 2017; Audiard et al., 2021) since the §'3C of the original
woods is a function of the combined effects of environmental variables —
precipitation, humidity and evapotranspiration — affecting water
availability (Fiorentino et al., 2015; Bonal et al., 2017).

In addition to these effects, the 8'3C of archaeological charcoals also
varies as a function of the effects of (i) the degree of carbonisation and of
(ii) post-depositional processes including modifications of 8'3C by
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inorganic phases (e.g. carbonates) and exogenous organic matter (OM).

Numerous studies have shown that carbonisation leads to (i) the
degradation of cellulose and hemicellulose and (ii) an enhanced degree
of aromaticity. As cellulose and hemicellulose are relatively enriched in
13¢, a progressive decline in §'3C values is classically observed during
carbonisation (Turney et al., 2006; Ascough et al., 2008; Mouraux et al.,
2022). By correcting the effect of carbonisation on §'3C as a function of
heating temperatures or by comparing charcoals having been subjected
to similar heating temperatures, several authors have used the §'3C
variations to reconstruct past climate with charred woods (Ferrio et al.,
2006; Hall et al., 2008; Aguilera et al., 2009; Masi et al., 2013; Caracuta
et al., 2016; Baton et al., 2017; Audiard et al., 2021).

The assessment of past carbonisation temperatures is therefore
mandatory before using §'3C as a potential climate proxy. Through
experimental charring experiments, it has been demonstrated that the
carbon content (%C) is correlated to heating temperatures up to 600 °C
(Ferrio et al., 2006). Following this correlation, %C has been classically
used to assess the carbonisation degree to which archaeological char-
coals were subjected (Ferrio et al., 2006). With time and related post-
depositional processes, charcoals are oxidised leading to an increase in
oxygen (O) content (Wiedner et al., 2015). In turn, oxidation can yield a
relative decrease in %C and therefore, an underestimation of past
heating temperatures (Mouraux et al., 2022). Raman spectroscopy and
relative derived parameters (notably the Hp/Hg ratio, the Raman ther-
mometer; Deldicque et al., 2016), were proposed as an alternative
method to determine heating temperatures. The Hp/Hg ratio is related
to the carbon structural order and has been used to assess heating
temperature from 400 to 1200 °C (Deldicque et al., 2016; Mouraux et al.,
2022). Nonetheless, the impact of post-depositional processes on this
Raman thermometer remains poorly constrained and understood.
Lambrecht et al. (2021) were the first to present evidence for the
modification of the the Hp/Hg ratio with post-depositional processes.
Following this, Deldicque et al. (2023) provided additional insight by
suggesting that chemical oxidation could enhance the Hp/Hg ratio,
leading in turn to a possible overestimation of heating temperatures. To
date, these studies have been based on a strong hypothesis, namely that
the chemical structure of experimental charcoals was fully representa-
tive of that of the archaeological charcoals before they were subjected to
post-depositional processes. To validate their findings and possibly
provide new insights to understand changes in the Raman spectra as a
consequence of post-depositional processes, additional investigations in
which the chemical structure of charred wood is known are still
required.

Post-depositional processes also involve inorganic and organic con-
taminations, which are likely to alter §'C values and therefore bias
5'3C-based paleoclimate reconstruction. As an illustration, minor levels
of contamination by carbonates can have a significant impact on 5'3C
values (Vaiglova et al., 2014). With aging, charcoals in soils and sedi-
ments are subjected to biological or abiotic oxidation/adsorption,
implying a rise in carboxylic/carboxylate functional groups (COOH/
COO") and phenolic moieties at their surface (Wiedner et al., 2015; Zeba
et al., 2022). Microbial biofilm and colonies may also develop on the
surface of charcoals (Hockaday et al., 2006; Yan et al., 2023). For several
decades, studies have highlighted the role of exogenous OM, in partic-
ular “humic substances”, in modifying the §'3C values determined in
charcoals (DeNiro and Hastorf, 1985; Ascough et al., 2011; Vaiglova
et al., 2014). To avoid such exogenous OM, archaeological charcoals are
usually subjected to a chemical pre-treatment, the “Acid-Base-Acid”
(ABA) procedure (Bird et al., 2014). However, the ABA procedure can
lead to the destruction of studied charcoals. Vaiglova et al. (2014)
suggested that §'3C does not change when the humic acid concentration
is lower than 10 % as revealed by Fourier-transform infrared spectros-
copy (FTIR). Following this, they proposed the use of an acid-only
procedure (0.5 M HCI for 30 min at 80 °C) to (i) remove carbonates as
exogenous OM was considered to be negligible and (ii) avoid sample
destruction. However, this approach encounters several problems. First,

Journal of Archaeological Science: Reports 57 (2024) 104672

it has been demonstrated that humic substances do not occur naturally
in soils and sediments and are now considered as being the by-product of
alkali extraction (Kleber and Lehmann, 2019). Second, focusing on the
occurrence of humic substances implies that additional sources of
exogenous OM can be neglected. Third, wood charcoals present a high
microporosity (Hossain et al., 2020). This high microporosity yields a
large specific surface area, which can profoundly modify the interaction
between the charcoal surface and exogenous OM through oxidation,
adsorption and coating (Hagemann et al., 2017; Weng et al., 2022; Zeba
et al., 2022). Taken together, these issues suggest the need to better
constrain the effect of exogenous OM — independently of humic sub-
stances — on 5'°C measured on aged wood charcoals. This is a prereq-
uisite in order to adapt future pre-treatments so that they respect the
physical integrity of archaeological charcoals.

Our aims were therefore to evaluate the effects of post-depositional
processes on the direct use of (i) Raman spectroscopy to assess past
heating temperatures and of (i) 5!3C isotope composition as a past
climate/environmental proxy in archaeological charcoals. To this end,
following a netbag experiment aiming to simulate post-depositional
processes, charcoals from oak (Quercus petraea) and pine (Pinus syl-
vestris) were buried in vermicompost for 6 months. Changes in the
chemical structure and isotope composition of the charred woods were
then determined by combining elemental and isotope analyses (C, H, N,
0, and 5'3C), Raman spectroscopy, Rock-Eval® thermal analysis, and
FTIR spectroscopy.

2. Material and methods
2.1. Studied charcoals and incubation

Charcoals were produced from oak (Quercus petraea) and pine (Pinus
sylvestris) wood disks. Oak and pine charcoals are commonly observed in
temperate Northern Hemisphere archaeological settings (Baton et al.,
2017; Audiard et al., 2021). After drying, each disk (@ ca. 7 cm; thick-
ness: 2 cm) was wrapped in aluminium foil and placed in a muffle
furnace set at 400 °C (1 h) and 600 °C (30 min) leading to the formation
of charcoals respectively named oak-400 and pine-400 on the one hand,
and 0ak-600 and pine-600 on the other hand. Charcoals were produced
at 400 and 600 °C, which correspond to carbonisation temperatures
usually estimated in archaeological charcoals (Cohen-Ofri, 2006; Ferrio
et al., 2006). The charcoals were then crushed and sieved. Charcoals
ranging in size between 1 and 2 mm were placed in nylon netbags (pore
diameter size = 37 um; 3 replicates) incubated in vermicompost (carbon
and nitrogen content: 22 and 1.6 %, respectively) for 2, 4, 8, 16, and 32
weeks (at room temperature, ca. 20 °C). Using netbags with such a pore
diameter size avoid cross-contamination of charcoals by particulate OM
(Khan et al., 2017). In this study, vermicompost was not used as an
analogue of archaeological soils/sediments but rather as a substrate
enriched in OM favouring the establishment of microbial communities
and consequently, modifications of the chemical structure of studied
charcoals.

Vermicompost — previously homogenised through manual mixing —
and nylon netbags were placed in aluminium containers and were kept
at a moisture content of ca. 25 % (wt.) during the incubation experi-
ment. Each week, aluminium containers were opened and their mass
measured in order to determine changes in the moisture content. Sub-
sequently, MilliQ water was added weekly to compensate this mass loss
and keep moisture content constant.

After each incubation, nylon bags were opened allowing to directly
retrieve charcoals, which were then crushed and sieved to obtain a
powder. All analyses were then conducted on these powdered charcoals.
Results of elemental and '3C isotope composition, FTIR and Raman
spectroscopy, and Rock-Eval® thermal analyses determined before in-
cubation on the studied charcoals are presented in the supplementary
information.
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2.2. Elemental analyses

The elemental composition of the charcoals was determined with a
Flash 2000 CHNS-O analyser. For each sample, 0.15-0.2 mg and 1.5-2
mg of powdered charcoals were put in tin and silver capsules to deter-
mine the C, H and N contents (% wt.) on the one hand, and the O content
on the other hand. 2,5-Bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene
(BBOT) was used as an internal standard for the determination of C, H
and N contents while cystine was used for the determination of the O
content. Mean C, H and N contents of ca. 72.75 4 0.45 %, 6.06 &= 0.07 %
and 6.33 + 0.04 % were determined on the BBOT standard. A mean O
content of a. 26.34 + 0.07 % was determined on cystine standard.

2.3. 13C isotope analyses

For each sample, ca 0.3 pg of powdered charcoal was put in a tin
capsule for analysis. The *3C isotope composition was determined with
an elemental analyser (Thermo Fisher Scientific Flash, 2000) coupled
with an isotope ratio mass spectrometer (Thermo Fisher Scientific Delta
V advantage). Uncharred oak powder, pure cellulose (IAEA-CH-3) and
IRMS Reference Material (EMA P2) were used as internal standards
(analytical error less than 0.1 %o). All results were expressed in per mil
(%o) in accordance with the international standard V-PDB (Vienna Pee
Dee Belemnite).

2.4. Rock-Eval® thermal analysis

Rock-Eval® thermal analyses using a “6 Turbo” device (RE6) were
conducted on charcoals to assess whether post-depositional processes
lead to quantitative modifications of the chemical structure of studied
charcoals. RE6 thermal analysis is conducted in two stages: a pyrolysis
stage (under N flow) followed by a combustion stage. In this study, we
will focus only on the pyrolysis stage, as described below. First, the
studied charcoals were subjected to an isothermal pyrolysis at 300 °C
held for 3 min. Second, the pyrolysis temperature was increased at a rate
of 25C/min up to 800 °C. During pyrolysis, the emission of hydrocarbons
(HC) was continuously measured with a flame ionization detector (S1
and S2, respectively, in mg HC/g of the sample). The amount of HC
released during the first isothermal pyrolysis at 300 °C is called the “S1
parameter” (Fig. 1). The amount of HC released from 300 to 800 °C is
called the “S2 parameter”. Following the analyses of pyrograms, we
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Fig. 1. Raw Rock-Eval® thermograms determined in oak charcoals produced at
400 and 600 °C.
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computed the S2300.500 and S2500.800, Which correspond to the integra-
tion of HC emissions in the temperature range indicated in the subscript.
From 300 to 800 °C, emissions of HC reached a maximum intensity at a
specific temperature, the TpkS2. The CO and CO; released during py-
rolysis were also continuously monitored during pyrolysis with an
infrared spectrometer. The amount of CO, released between 300 and
400 °Cis called the “S3 parameter”. In contrast to the S2 parameter, the
S3 parameter is computed in a narrower range of pyrolysis temperature
to avoid interference related to the thermal decomposition of inorganic
materials such as carbonate (Espitalié et al., 1977; 1985).

2.5. Fourier-transform infrared spectroscopy

Modification of the chemical structure of charcoal samples by post-
depositional processes was investigated by infrared spectroscopy with
a Bruker Tensor 27 FTIR spectrometer. Powdered charcoal samples were
first placed onto the germanium crystal. FTIR spectra were acquired
from 4000 to 600 cm ™" with 64 scans at a 4 cm™! resolution. FTIR
spectra were corrected for CO,, water vapour and ATR correction (Opus
software). FTIR spectra were normalized to determine the intensity of
the peaks occurring at ca. 1710-1740 cm™! (Aromatic carbonyl/
carboxyl C-O stretching and C = O assigned to carbonyl/carboxyl
groups; hereafter called “Carbo.”), 1600-1610 cm! (Aromatic C = C
ring stretching, assigned to aromatic groups; hereafter called “Aro.”),
1450-1460 cm™! (CH bending vibrations, assigned to aliphatics; here-
after called “Aliph.”), 1250-1260 cm™! (Aromatic CO- and phenolic
—OH stretching, assigned to phenols; hereafter called “Pheno.”) and
1040-1050 cm (Aliphatic ether C-O- and alcohol C-O stretching;
assigned to polysaccharides: hereafter called “Poly.”). Assignments of
functional groups were done following Guo and Bustin (1998) and
Solomon et al. (2005). Following the intensity of these peaks, the ratios
Carbo./Aro., Aliph./Aro., Pheno./Aro. and Poly./Aro. were determined.

2.6. Raman spectroscopy

The aromatic structure of the charcoals was studied by Raman
spectroscopy, performed using a HR800 Horiba Jobin Yvon spectrom-
eter equipped with a 514.5 nm green laser. The laser was focused on the
target with an Olympus 50 x objective (long working distance). The
Raman spectroscope was first calibrated with a silicon crystal before the
analytical session. The use of a 600 line/mm grating gives a spectral
resolution of about 3 cm™! and allows a large spectral window to be
acquired in a single measurement. A laser power below 1 mW was
applied on the samples to avoid thermal alteration during spectrum
acquisition (Everall et al., 1991). Spectrum acquisition was achieved
with an exposure time of 60 s. For each sample, the Raman shift intensity
in the 600 to 2300 cm ! spectral window was determined. This spectral
window includes the first-order disorder (D) and graphite (G) bands.
After linear baseline correction, two Raman-derived parameters were
computed: the Ap/Ag and the Hp/Hg ratios corresponding to (i) the ratio
between the integrated D (between 1000 and 1500 c¢cm ) and G areas
(between 1500 and 1800 cm_l) and (ii) the ratio between the maximum
intensity of the D and G bands, respectively (Fig. 2).

2.7. Statistics

Uncertainties presented in Figures and Tables are standard errors.
The significance of the changes in the studied properties of the charcoals
was evaluated by the non-parametric Kruskal-Wallis test followed by a
Dunn’s post-hoc test to allow pairwise comparison (three replicates).
Charcoals incubated for 2 weeks were used as a reference to assess the
effect of incubation on the chemical structure with time. Statistical an-
alyses were performed with XLStat-Pro (v2010 AddinSoft) to test for
significant modifications (p-value < 0.05) of studied parameters across
treatment time for each type of charcoal (Five groups corresponding to
each incubation time, three replicates in each group).The following
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Fig. 2. Raman spectrum of pine-400 and Raman-derived parameters.

results and discussion sections only deal with results that are signifi-
cantly different across replicates analysed at different time incubation.

3. Results
3.1. Elemental analyses

From 2 to 32 weeks of incubation, an overall decrease in the C/N
ratio was observed at the end of the incubation experiment in all the
studied charcoals. In 0oak-400 and pine-400, C/N ratios of 291 + 31 (S.
E.) and 240 + 32 were determined after 2 weeks of incubation while
they exhibited a value of 170 + 3 and 162 =+ 13 after 32 weeks of in-
cubation (Fig. 3). In oak-600 and pine-600, C/N was about 272 + 20 and
260 + 23, respectively, after 2 weeks of incubation (Fig. 3). After 32
weeks, they declined to 172 + 3 and 138 + 9 (Fig. 3).

No effect was recorded on the H/C ratio determined in oak-400 and
pine-600. In pine-400, an H/C ratio of 0.057 + 0.002 was determined
after 2 weeks of incubation (Fig. 3). After 16 and 32 weeks of incubation,
the H/C ratio was enhanced to 0.065 + 0.001 and 0.064 + 0.001 in
pine-400 (Fig. 3). In 0ak-600, an H/C ratio of 0.029 (S.E. < 0.001) was
determined at the beginning of the incubation experiment. The H/C
ratio then decreased slightly to 0.027 + 0.001 in 0ak-600 incubated for
4 and 16 weeks (Fig. 3).

The effects of incubation on the O/C ratio were recorded only in oak
and pine formed at 400 °C. After 2 weeks of incubation, O/C ratios of
0.26 + 0.01 and 0.24 + 0.01 were determined in 0ak-400 and pine-400,
respectively (Fig. 3). In 0ak-400, a decrease in the O/C ratio to 0.24 (S.E
< 0.01) was observed after 32 weeks of incubation. In pine-400, a slight
increase in the O/C ratio up to 0.025 + 0.01 was observed after 16 and
32 weeks of incubation.

3.2. Rock-Eval® thermal analyses

The results from RE6 analyses are summarized in Table 1. In oak-
400, pine-400, 0ak-600 and pine-600, the S1 parameter exhibited
values of 0.8 + 0.02, 1.1 + 0.02, 1.5 + 0.03 and 1.5 + 0.03 mg HC/g
after 2 weeks of incubation, respectively. In oak-400, S1 increased to 1.1
+ 0.1 and 1.5 + 0.1 after 8 and 16 weeks of incubation while an
enhancement of S1 to 2.6 + 0.01 was observed in pine-400 after 8
weeks. In 0ak-600, no clear effect was observed on S1 while it decreased
to 0.5 &+ 0.3 in pine-600 after 32 weeks.

In 0ak-400, pine-400, oak-600 and pine-600, the S2 parameter dis-
played values of 38.1 + 0.2, 58.1 + 6.7,1.8 = 0.2 and 5.3 + 2.0 mg HC/
g after 2 weeks of incubation, respectively. No effect of incubation on S2
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was observed in 0ak-400, 0ak-600 and pine-600. In pine-400, S2
increased to 91.7 + 2.6 and 86.6 + 3.1 mg HC/g after 8 and 16 weeks of
incubation, respectively. This increase was related to (i) a rise in the
amount of HC compounds released between 300 and 500 as evidenced
by S2300-500 and (ii) a reduction in TpkS2 at the same incubation time.
No effects were observed on S2509.g00 except in oak-400 in which it
decreased from 14.8 + 0.4 to 13.2 + 0.2 mg HC/g between 2 weeks to 8
weeks of incubation.

In 0ak-400, pine-400, 0ak-600 and pine-600, the S3 parameter dis-
played values of 11.7 + 0.1, 10.3 + 0.3, 7.0 £+ 0.3 and 6.0 + 0.2 mg
COy/g at the beginning of the incubation experiment, respectively.
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Contrasted results were observed in the studied charcoals. In oak-400,
S3 increased to 13.1 + 0.1 and 13.0 £ 0.5 mg CO,/g after 4 and 36
weeks of incubation. In pine-400 and pine-600, S3 decreased to 9.1 +
0.1 and 4.9 + 0.4 mg CO2/g after 4 and 16 weeks, respectively. In oak-
600, S3 decreased to 5.9 + 0.2 and 6.0 + 0.2 mg CO,/g at 8 and 32
weeks of incubation, respectively.

3.3. Fourier-transform infrared spectroscopy

In 0ak-400, only the Aliph./Aro. ratio presented a modification with
incubation. The Aliph./Aro. ratio decreased from 0.71 + 0.02 to 0.65 +
0.01 after 32 weeks of incubation (Table 2). In pine-400, the Aliph./
Aro., Pheno./Aro. and Poly./Aro. ratios displayed values of 0.69, 0.69
and 0.14, respectively, at the beginning of the experiment. After 8 and
16 weeks of incubation, the Aliph./Aro. and Pheno./Aro. ratios
increased up to 0.80 + 0.02 and 0.90 + 0.02 in pine-400 (Table 2). In
0ak-600, no effect was observed on the Aliph./Aro. and Poly./Aro. ratios
in comparison to the values determined after 2 weeks of incubation
(Table 2). At the beginning of the experiment, Carbo./Aro. and Pheno./
Aro ratios of 0.49 + 0.08 and 0.69 + 0.04 were determined in 0ak-600,
respectively (Table 2). These two ratios respectively reached 0.34 +
0.01 and 0.81 + 0.04 after 4 weeks of incubation. In pine-600, incuba-
tion did not result in any significant change in the Aliph./Aro. ratio
(Table 2). Presenting a value of 0.27 + 0.01 after 2 weeks of incubation,
the Carbo./Aro. ratio increased by up to 0.34 + 0.02 after 4, 8 and 16
weeks of incubation in pine-600. The Pheno./Aro ratio was 0.75 + 0.01
after 2 weeks of incubation while it reached a value of 0.83 + 0.02 after
36 weeks of incubation. Finally, the Poly./Aro. ratio determined in pine-
600 was 0.16 + 0.01, 0.38 & 0.01 and 0.30 + 0.04 after 2, 4 and 32
weeks of incubation (Table 2).

3.4. Raman spectroscopy

While several significant changes with incubation time were
observed in the Ap/Ag and/or the Hp/Hg ratios determined in oak-400,
pine-400 and 0ak-600, no obvious effect was observed on pine-600
(Fig. 4). At 2 weeks of incubation Hp/Hg ratios of 0.53 + 0.01, 0.55
+ 0.02 and 0.62 + 0.00 were determined in 0ak-400, pine-400 and oak-
600, respectively (Fig. 4). At the same incubation time, Ap/Ag ratios of
1.11 £+ 0.0, 1.10 + 0.03 and 1.4 + 0.01 were determined in oak-400,
pine-400 and 0ak-600, respectively (Fig. 4). In oak-400, Hp/Hg and
Ap/Ag ratios increased by up to 0.61 + 0.01 and 1.23 + 0.01, respec-
tively after 16 weeks of incubation. In pine-400, the opposite pattern
was observed (Fig. 4). Hp/Hg and Ap/Ag ratios, respectively, decreased
by up to 0.50 £ 0.00 and 0.96 + 0.04 after 32 weeks of incubation. In
0ak-600, no changes in the Hp/Hg ratio were observed although a slight
increase in the Ap/Ag ratio up to 1.45 + 0.02 was observed after 4 and
16 weeks of incubation (Fig. 4).

3.5. 13C stable isotope composition

At 2 weeks of incubation, §'3C values of —29.1 + 0.2, —26.2 + 0.0,
—28.9 + 0.2 and —26.4 £ 0.1 %o were determined in oak-400, pine-400,
0ak-600 and pine-600, respectively (Fig. 5). While no changes were
observed with incubation time in o0ak-400, a slight increase was
observed in pine-400. Occurring after 4, 16 and 32 weeks of incubation,
the reduction in 5'3C reached 0.3 %o (Fig. 5). In contrast to pine-400,
513C values decreased in 0ak-600 and pine-600 after 4 and 36 weeks
of incubation. In 0ak-600, the decline in §'3C was 0.5 %o while it was 0.2
%o in pine-600 (Fig. 5).

4. Discussion
4.1. Identification of exogenous organic matter

Although a few changes in the chemical composition of oak-400,
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Fig. 4. Mean Hp/Hg and Ap/Ag determined by Raman spectroscopy in oak-
400, pine-400, 0ak-600 and pine-600 incubated for 2, 4, 8, 16 and 32 weeks.
Green and brown circles correspond to oak and pine charcoals, respectively.
Light green and light brown indicate the Hp/Hg and Ap/Ag determined in oak
and pine charred woods determined at 2 weeks of incubation, a time at which
the effects of post-depositional processes were minor. Dark green and dark
brown indicate parameters determined after 2 weeks of incubation. Error bars
correspond to standard errors (SE). Different letters denote significant differ-
ences at p-value < 0.05. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

0ak-600 and pine-600 were recorded with incubation time, they
cannot be used to define an overall scheme for exogenous OM in these
charcoals. Most of the chemical changes that occurred during incubation
were observed in pine-400. Interestingly, following plant species and
heating temperatures, pine-400 can be seen as an analogue of numerous
archaeological charcoals used for paleoclimate reconstruction (Ferrio
et al., 2006; Aguilera et al., 2009). In pine-400, slight rises in O/C and
H/C ratios were observed with incubation time (Fig. 1 and Fig. 6).
Such a rise in the O and H contents could be assigned to an effect of
oxidation and adsorption of organic compounds, which have been
demonstrated to modify the elemental composition of charcoals
(Wiedner et al., 2015; Zeba et al., 2022). However, RE6 provides an
alternative explanation here. Parameter S1, which is related to free
hydrocarbonaceous and thermodesorbable OM (Delarue et al., 2018;
Romero-Sarmiento et al., 2016), does not support a potential rise in the
adsorption of organics at the surface of pine-400. Interestingly, the rise
in H/C was associated with an enhancement of the S2 parameter in pine-
400 (Fig. 6), which is used to assess the Hydrogen Index, a proxy of the
H/C atomic ratio in geological organic materials (Espitalié et al., 1977).
Parameter S2 quantifies HC emissions related to the thermal cracking of
organic compounds that are covalently bonded within a macromolec-
ular structure (Vandenbroucke et al., 1988; Sykes and Snowdon, 2002).
As HC emissions correspond to the thermal cracking of covalently
bonded OM, arise in S2 therefore suggests that the additional amount of
H observed in pine-400 does not originate from adsorption but rather
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cant differences at p-value < 0.05. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

from another source of OM presenting a macromolecular structure. In
pine-400, this additional source of OM implies a higher contribution of
HC released prior to 500 °C and a lowering of TpkS2 (Table 1; Kruskal-
Wallis p-value = 0.001) by up to 20 °C (Table 1; Kruskal-Wallis p-value
= 0.001). Such a lowering of TpkS2 likely indicates the appearance of a
new thermolabile organic pool with incubation time.

Previous netbag experiments have described a microbial coloniza-
tion at the surface of charcoals (Khan et al., 2017). Through microbial
colonization and the production of an extracellular polymeric matrix,
biofilm can develop at the surface of charcoals (Hockaday et al., 2006;
Yan et al., 2023). Biofilms are enriched polysaccharides (Naseem et al.,
2018) and can consist of a source of exogenous OM that coats the surface
of charcoals. Here, an overall decrease in the C/N ratio was observed in
all the studied charcoals with incubation time (Fig. 3). This reduction
indicates additional N exogenous inputs. These N exogenous inputs can
originate from organic compounds as well as inorganic compounds such
as NOj3 or NHj that are likely adsorbed onto the charcoal surface (Fidel
et al., 2018). No organic or inorganic N was observed with FTIR ab-
sorption bands, precluding their identification. Nonetheless, it is worth
mentioning that C/N variations are not correlated with any variables
measured on the studied charcoals. This suggests that N variations are
not related to organics but rather to an inorganic N source such as ni-
trate. Such a scenario is in line with recent results, which describe a
nitrate enrichment in the organic coating formed at the surface of
charcoals (Hagemann et al., 2017). In addition, pine-400 presents higher
polysaccharide contents as revealed by FTIR spectra. This is expected in
the formation of an organic coating related to an extracellular polymeric
matrix. Taken all together, the chemical proxies mainly argue for an
exogenous OM of pine-400 by a microbial-derived OM. While the
organic coating likely explains most of the chemical modifications in
pine-400, the simultaneous effect of oxidation seems very limited as no
changes in carboxylic and phenolic functional groups were recorded in
pine-400 (Table 2; Fig. 6).

4.2. Short-term post-depositional processes can bias the estimation of past
heating temperatures using Raman thermometers

The aromatic structure of charcoals can be probed with Raman
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spectroscopy especially by using the geometrical features of the D and G
bands observed in the first-order region of the Raman spectra (Ferralis
et al., 2016). Observed at ca. 1380 cm ! (Fig. 2), the D band exhibits a
complex shape including several sub-bands related to the absence/
presence of aliphatics, heteroatoms, structural defects, and vacancies
(Rouzaud et al., 2015; Ferralis et al., 2016). The G-band (ca. 1595 cm’l)
is related to the vibrations of C = C bonds within graphene-like clusters
(Ferralis et al., 2016). As both the Ap/Ag and Hp/Hg ratios increase with
the formation and growth of aromatic clusters that occur with heating
(Deldicque et al., 2016; Mouraux et al., 2022), these Raman-derived
parameters have been used to estimate the heating temperatures to
which the charcoals had been subjected (Deldicque et al., 2016; Del-
dicque and Rouzaud, 2020, Mouraux et al., 2022). Up to now, little is
known about the effect of post-depositional processes on these Raman
thermometers. Here, no effect of incubation time was observed on Hp/
Hg and Ap/Ag ratios (Kruskal-Wallis p-value > 0.05 for all studied
charcoals.). Nonetheless, a slight increase or alternatively, decrease in
Hp/Hg and Ap/Ag ratios was recorded at certain incubation times in
0ak-400, pine-400 and 0ak-600 (Fig. 4).

Investigating the effect of oxidation on carbonised charcoals and
bones, Deldicque et al. (2023) proposed that oxidation leads to the
removal of aliphatic chains and heteroatoms. Following this, they
further suggested a relative increase in the proportion of polyaromatic
rings with oxidation, which would increase the intensity of the D band.
In the present study, the occurrence of oxidation is unlikely, or at least
very limited, as it was not straightforwardly recorded. Instead of an
enrichment in O, a relative depletion in O was observed in oak-400 and
0ak-600 (Fig. 3 and Fig. 6). In 0ak-400, this depletion was only observed
at 32 weeks of incubation (Fig. 3). Decreases in the O/C ratio suggest a
preferential degradation of oxygen-enriched compounds in 0ak-400 and
0ak-600. Used as a proxy of the O content in coal and other thermally
altered geological material (Copard et al., 2002), the S3 parameter does
not confirm the observed decrease in O/C as it decreases and alterna-
tively increases in 0ak-400 and 0ak-600, respectively, with incubation
times (Fig. 3). A preferential biological degradation would yield a
relative rise in the concentration of aromatic moieties. Consequently,
this would lead to the rise in Hp/Hg and Ap/Ag ratios (Fig. 4), which
“mimic” the effect of increased heating temperature. However, it is
worth mentioning that further experimental investigations are still
required to support or discount this hypothesis as this preferential
degradation was not confirmed either by RE6 analyses or by FTIR
spectroscopy. In contrast to 0ak-400 and 0ak-600, post-depositional
processes in pine-400 led to a reduction in Hp/Hg and Ap/Ag ratios
(Fig. 4), which likely implies an underestimation of past heating tem-
peratures with these Raman thermometers. In this case, the occurrence
of organic coating and potentially, the addition of amorphous carbon at
the edge of the aromatic structure may have led to a relative decrease in
the proportion of polyaromatic rings, leading in turn to a decrease in
Hp/Hg and Ap/Ag ratios. Although additional experiments are required
to fully understand the exact mechanism(s) leading to opposite changes
in the Raman line shape as observed in oak and pine charcoals, this study
provides additional insights to those evidencing/suggesting an over-
estimation of heating temperatures through an increase in the Hp/Hg
ratio (Lambrecht et al., 2021; Deldicque et al., 2023).

4.3. Effect of short-term post-depositional processes on §'°C values:
Implications for paleoclimate assessment

Slight decreases in 5'C were observed in 0ak-600 and pine-600 after
4 weeks and 36 weeks of incubation, respectively (Fig. 5). These mod-
ifications systematically occurred at a time when phenolics presented a
higher relative intensity in FTIR spectra (Table 2). Such a rise in phe-
nolics can be consistent with the observed decreases in 5'3C as they are
known to be relatively depleted in °C in comparison to other com-
pounds such as cellulose or hemicellulose (Czimczik et al., 2002: Turney
et al., 2006; Ascough et al., 2008). Nonetheless, comparison with the
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5'3C determined on these charcoals before incubation (supplementary
information) suggests that observed modifications in §!3C cannot be
straightforwardly assigned to post-depositional processes.

In contrast to 0ak-600 and pine-600, a slight but significant increase
of 8'3C was observed in pine-400 with incubation time (Fig. 5).
Reaching a maximum value of ca. 0.34 %o, this shift in 5'3C is consistent
with the observed rise in polysaccharides and aliphatic compounds that
are known to be enriched in '3C in comparison to aromatic moieties. In
addition, such a shift in §!3C cannot be considered as negligible when
comparing 8'3C values from charcoals sampled in different archaeo-
logical sites (Baton et al., 2017; Audiard et al., 2021). Indeed, although
these charcoals may have been produced at a similar heating tempera-
ture, one cannot exclude potential discrepancies in the intensity of post-
depositional processes, which are highly dependent on the physico-
chemical properties of the surrounding soils or sediments. To avoid
such a potential issue, pre-treatments —including the ABA treatment— are
often applied on charcoals in order to minimise/exclude exogenous
organic and inorganic contaminations. Negligible §!3C changes were
hypothesized when contamination by humic substances was lower than

10 % (Vaiglova et al., 2014). As stressed before, humic substances do not
exist naturally in soils and sediments. Consistently, we did not observe
any FTIR peaks that were related to these by-products of alkali extrac-
tion. In fact, only very subtle chemical variations were observed in FTIR
spectra from pine-400 (Fig. 7) although it presented a significant 13C
contamination after a very short-term experiment in comparison to the
residence time of archaeological charcoals from the Neolithic and
Paleolithic.

These results suggest that pre-treatments dedicated to the removal of
exogenous OM are still required even though FTIR spectroscopy does not
reveal obvious changes in the chemical structure of charred woods. This
conclusion does not mean that paleoclimate reconstructions based on
the 8'3C measured on archaeological charcoals are biased in the absence
of a pre-treatment dedicated to the removal of exogenous OV, since the
use of an acid treatment to remove carbonate may also favour the hy-
drolysis of microbial residues, depending on the concentration of the
acid and on the duration and temperature of the acidic treatment.
Nonetheless, the efficiency of such a chemical treatment to remove
exogenous OM, which can arise from several sources, must be properly
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Table 1
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Rock-Eval analysis-derived parameters (S1, S2, S2300.500, S2500-800, TPS2 and S3) determined in 0ak-400, pine-400, oak-600 and pine-600 incubated for 2, 4, 8, 16 and

32 weeks. Standard errors are indicated between brackets. Different letters denote significant differences at p-value < 0.05.

S1 S2 S2300-500 S2500-800 TpS2 S3
(mg HC/g) (mg HC/g) (mg HC/g) (mg HC/g) (mg CO2/g)
0ak-400 2w 0.8 (+£0.02)a 38.1 (+£0.2)a 23.3 (+£0.6)a 14.8 (+£0.4)a 471(+4)a 11.7 (£0.1)a
4w 0.8 (+0.1)ab 38.2 (£3.0)a 24.7 (+2.8)a 13.5 (+0.2)ab 467(+8)a 13.1 (£0.1)b
8w 1.1 (£0.1)be 40.4 (+£2.5)a 27.2 (£2.3)a 13.2 (+£0.2)b 464(+4)a 12.5 (+£0.1)ab
16w 1.5 (£0.1)c 36.7 (£0.1)a 23.1 (£0.2)a 13.6 (+0.2)ab 476(+5)a 12.4 (+£0.2)ab
32w 0.9 (+0.2)abc 38.3 (+£2.8)a 24.9 (+£3.2)a 13.4 (+£0.4)ab 475(+6)a 13.0 (+£0.5)b
pine-400 2w 1.1 (£0.2)a 58.1 (£6.7)a 38.5 (+6.2)a 18.6 (+2.0)a 483(+8)a 10.3 (+0.3)a
4w 1.3 (£0.1)a 73.8 (£1.0)abc 56.0 (+0.7)abc 17.8 (+£0.3)a 467(+0)abc 9.1 (+0.1)b
8w 2.6 (£0.1)b 91.7 (£2.6)c 74.8 (£2.3)c 16.9 (+0.3)a 459(+1)c 9.6 (+0.3)ab
16w 1.5 (£0.2)ab 86.6 (£3.1)bc 70.3 (£2.8)bc 16.4 (+£0.5)a 461(+1)bc 9.2 (+0.8)ab
32w 1.3 (£0.2)a 65.9 (+4.7)ab 49.5 (+4.7)ab 16.4 (+0.4)a 475(4+5)ab 10.7 (£0.2)a
0ak-600 2w 1.5 (£0.3)ab 6.7 (+0.8)ab 1.1 (£0.2)a 5.5 (£0.6)a 713(+£7)a 7.0 (£0.3)a
4w 1.2 (£0.2)ab 4.7 (£1.1)b 1.2 (£0.2)a 3.5 (+0.8)a 722(+5)a 6.5 (+£0.4)ab
8w 0.8 (+0.2)a 5.7 (+1.3)ab 1.2 (+0.2)a 4.5 (£1.1)a 718(+5)a 5.9 (+0.2)b
16w 2.4 (+0.4)b 12.8 (+5.0)a 3.3 (£0.7)b 9.5 (+£4.7)a 634(£79)a 6.0 (+0.4)ab
32w 0.6 (£0.1)a 6.0 (+£0.4)ab 1.9 (£0.2)ab 4.0 (£0.3)a 724(+3)a 6.0 (£0.2)b
pine-600 2w 1.5 (£0.3)a 5.3 (+£2.0)a 1.3 (£0.1)ab 4.0 (£1.9)a 732(+19)a 6.0 (+£0.2)a
4w 0.8 (+0.1)ab 3.4 (£1.0)a 0.9 (+0.1)b 2.6 (£0.9)a 750(£15)a 5.9 (+0.3)ab
8w 1.0 (£0.2)ab 5.5 (£2.6)a 1.1 (£0.2)ab 4.4 (£2.5)a 739(+16)a 5.6 (+0.1)ab
16w 1.5 (£0.2)a 4.8 (+£0.6)a 2.5 (£0.4)a 2.3 (+0.2)a 480(+3)b 4.9 (+0.4)b
32w 0.5 (+0.3)b 3.5 (£0.5)a 1.2 (+£0.0)ab 2.3 (£0.4)a 465(+82)ab 5.7 (+0.4)ab
Table 2
FTIR absorption band intensity ratios (Aliph., Aro.. Carbo., Pheno., Poly., stand
for aliphatics, aromatics, carbonyl/carboxyl groups, phenols and poly-
saccharides, respectively) determined in oak-400, pine-400, oak-600 and pine-
600 incubated for 2, 4, 8, 16 and 32 weeks. Standard errors are indicated be-
tween brackets. Different letters denote significant differences at p-value < 0.05.
Aliph./Aro. Carbo./Aro. Pheno./Aro. Poly./Aro.
0ak-400 2w  0.71(£0.02)a  0.71(+0.01)a  0.77(+0.03)a  0.29(+0.03)a pine-400
4w 0.67(:0.01)ab 0.74(+0.01)a  0.75(x0.02)a  0.25(0.02)a 2 weeks
8w  0.67(4+0.02)ab 0.74(+0.01)a  0.74(£+0.01)a  0.24(+0.03)a
16w 0.68(£0.01)ab 0.72(+0.01)a  0.76(+0.02)a  0.29(+0.02)a —_
32w 0.65(+0.01)b  0.74(£0.03)a  0.71(£0.02)a  0.22(+0.04)a :
pine-400 2w  0.69(£0.00)a  0.68(+0.04)a  0.69(+£0.01)a  0.14(+0.04)a © pine-400
4w 0.74(4+0.02)ab 0.72(£+0.04)a  0.77(£0.04)ab 0.21(+0.06)ab :; 4 WeekS
8w  0.79(£0.04)b  0.70(£+0.01)a  0.87(£0.07)b  0.35(£0.03)b (3]
16w 0.80(£0.01)b  0.73(+0.02)a  0.90(+0.02)b  0.23(+0.00)ab g
32w 0.68(4+0.03)a  0.67(+0.01)a  0.76(£0.04)ab 0.19(+0.05)ab 0
0ak-600 2w  0.75(+0.02)ab 0.49(£+0.08)a  0.69(£+0.04)a  0.12(+0.02)a s pine_400
4w 0.78(+0.02)a  0.34(+0.01)b  0.81(£0.04)b  0.30(£0.09)a (7} *
8w  0.70(:0.01)b  0.42(+0.02)ab 0.69(+0.03)a  0.18(+0.04)a 2 8 weeks
16w 0.73(£0.03)ab 0.33(+0.04)ab 0.80(+0.05)ab 0.25(+0.07)a
32w 0.74(£+0.02)ab 0.40(£+0.02)ab 0.72(£0.03)ab 0.23(+0.08)a
pine-600 2w  0.80(£+0.00)ab 0.27(+0.01)a  0.75(+£0.01)a  0.16(+0.01)a
4w 0.83(+0.01)a  0.33(+0.02)b  0.82(£0.02)ab 0.38(+0.01)c
8w  0.79(£+0.04)ab 0.33(+0.02)b  0.82(£0.01)ab 0.29(+0.05)abc
16w 0.72(£0.04)b  0.34(£0.02)b  0.72(+0.05)ab 0.19(+0.05)ab pine_400
32w  0.81(£0.02)ab 0.30(£0.02)ab 0.83(£0.02)b  0.30(+0.04)bc
16 weeks
verified to avoid any misuse of 513C values for paleoclimate recon- pine-400
struction. Indeed, although several studies showed that pre-treatment 32 weeks

can lead to a modification of the §'3C signature of archaeological
charcoals, it is worth mentioning that none of them has proven to
retrieve the initial isotope signature of the charcoal as the starting ma-
terial is no longer available. Such a gap in current knowledge can be
filled by taking advantage of current in situ investigations on the effect of
biochar on soil functions, which has been conducted over decades. In
such a view, these experiments may offer a valuable framework to test
the effect of post-depositional processes as well as the use of pre-
treatment(s) to minimise/avoid biases in using 8'3C to depict past cli-
mates as well as the Raman thermometer to determine carbonisation
temperatures.

2000 1800 1600 1400 1200 1000 800
Wavenumber (cm-)

Fig. 7. FTIR spectra determined in pine-400 incubated for 2, 4, 8, 16 and
32 weeks.

5. Conclusion

Our aims were to assess the effects of post-depositional processes on
the use of (i) Raman thermometers and of (ii) 8'°C as a past climate/
environmental proxy when applied to archaeological charcoals.
Following oxidation/adsorption and organic coating revealed by the
combination of elemental composition, FTIR spectroscopy and Rock-
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Eval® thermal analysis, contrasted effects on both Raman thermometers
(under- and overestimation of heating temperatures) and 513C (enrich-
ment or depletion in 13¢) were recorded across time in charred oak and
pine woods formed at 400 and 600 °C. It is worth bearing in mind that
these contrasted changes were observed in unfavourable conditions
compared to archaeological charcoals since they were observed (i) only
after a 6-month incubation, whereas archaeological charcoals can be
subjected to post-depositional contamination for thousands of years and
(ii) in a netbag experiment that intrinsically minimises chemical in-
teractions with organic and mineral matter from the soil. By showing
these contrasted responses of the Raman thermometer and of §'3C, this
study suggests that further experimental investigations — especially on
long-term incubation in which the initial chemical structure of the
charcoals is fully controlled - are still required. Such experimental in-
vestigations are necessary to provide suitable methods to constrain the
effect(s) of post-depositional processes on the determination of Raman
thermometry and §'3C, which are prerequisites for the study of past
climate/environmental conditions with archaeological charcoals.
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