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The fire of the Notre-Dame de Paris’s cathedral (NDP) in 2019 brought a unique opportunity to study the past
environmental conditions in the region during the High Middle Ages through the charred oak beams of the
“Forest” (name given to its framework). However, as a preamble, there is a need to evaluate the preservation of
. the stable carbon isotope signatures (813C) in response to changes in molecular composition, occurring with
Laser ablation - . . . :
Charcoal carbonisation. To this end, experimental studies were conducted on modern and NDP oak wood at both inter- and
Wood intra-annual levels. Laser ablation was used for the first time on burnt wood. Results show that regardless of the
charring duration, at temperatures above 500 °C, carbonisation-induced *3C fractionation shows a consistent
decrease (A'3C) of approximately 1 %o relative to uncharred values. Despite a slight decrease in variance, a strong
and significant correlation (rmean = 0.9, p < 0.01) was observed between the uncharred time series and the
carbonised counterpart, showing that the C isotopic variability is preserved. This study paves the way to use the
charcoal remains from the Notre-Dame de Paris framework as a unique paleoenvironmental archive.

1. Introduction and 1300 °C (Deldicque and Rouzaud, 2020).

Tree-ring studies, namely those focusing on the 5'3C signatures, have

Nicknamed “the forest” because of the hundreds of timbers used in its
construction, the oak frame of the Notre-Dame de Paris’s cathedral
(NDP) is one of the greatest masterpieces of Gothic carpentry in France
(Hoffsummer, 2009). It is estimated that between 800 and 1,000 oak
trees were used in its construction, with each large beam coming from a
different tree. Felled between the 12th and 13th centuries, the wooden
frame provides a unique window into the Middle Ages oak forest sur-
rounding the Paris Bassin (Stulc, 2023). Following the fire of April 2019,
the remaining beams exhibited various degrees of carbonisation (Fig. 1).
Some pieces were only partially burnt, while others were charred to the
wood core, with carbonisation temperatures estimated between 500 °C
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become a standard application in palaeoenvironmental assessments to
document and verify a myriad of environmental changes (Siegwolf et al.,
2022). §'3C in wood mainly reflects the balance between stomatal
conductance and photosynthetic rate and the influence of their envi-
ronmental drivers, such as soil water content, trees’ evaporative de-
mand, site fertility, and light availability (McCarroll and Loader, 2004;
Siegwolf et al., 2022). Consequently, 5!3C in tree rings has been widely
used to assess past environmental conditions, e.g. CO5 concentrations
(Zhao et al., 2006), air temperature (Esper et al., 2015; Young et al.,
2012), precipitation (Leavitt et al., 2007; Liu et al., 2008) and sunshine
variability (Hafner et al., 2014; Loader et al., 2013). While well
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Fig. 1. Example of the carbonisation heterogeneity in the wood beams recov-
ered from the Notre-Dame de Paris cathedral.

established as a proxy for paleoenvironmental reconstructions based on
living trees or relict wood stems (Edvardsson et al., 2014; Esper et al.,
2018; Helama et al., 2018; Masson-Delmotte et al., 2005), 8'3C has also
become an important tool in the investigation of wood charcoals from
archaeological settings (Aguilera et al., 2009; Caracuta et al., 2016;
Dufraisse et al., 2022; Fiorentino et al., 2015). Occurring as a testimony
of anthropic activities (including domestic firewood or fuel waste from
kilns), archaeological charcoals result from wood carbonisation in the
absence of oxygen (Braadbaart and Poole, 2008; Scott, 2010). As a
consequence of the preferential thermal degradation of the *C-enriched
cellulose and hemicellulose, carbonisation yields a progressive decrease
in 5!3C tightly related to heating temperature (Ascough et al., 2008;
Audiard et al., 2018; Czimczik et al.,, 2002; Mouraux et al., 2022).
Following the relationship between heating temperature and 3C frac-
tionation, the wood’s original 5'3C has been estimated and used as a
proxy to assess past climate and environmental variability (Aguilera
et al., 2012; Ferrio et al., 2006; Hall et al., 2008). Although promising,
this approach is still incomplete as it has not been straightforwardly
demonstrated that §'3C variations are preserved against carbonisation.
Additionally, many studies on 13C fractionation during charcoalification
have analysed charcoal as a whole without distinguishing between in-
dividual growth rings. This approach may not fully capture the §'3C
variability among different wood components (e.g., heartwood vs.
sapwood or earlywood vs. latewood)(Borella et al., 1998).
Annually-resolved time series of 5'3C not only serve as a record of
past climate and environmental changes but also offer valuable insights
into trees’ response to such variations, especially in years where distinct
radial growth reactions occur (e.g. narrow rings). Isotopic signatures can
also provide detailed information at the sub-annual resolution (i.e.,
earlywood (EW) and latewood (LW)), revealing changes within the
growing season that might help distinguish exogenous factors, such as
forest management practices (competition control and thinning treat-
ments), from the direct effects of climate variability (e.g. cold/wet or
warm/drought periods) (Marshall et al., 2022). Additionally, EW and
LW features, formed during spring and summer, respectively, record
distinct climatic signals that could be masked by inter-annual variability
when analysing the whole ring (Rinne et al., 2015). However, such an
intra-annual approach is rarely applied to the study of ancient charcoals
(Baton et al., 2017) due to technical limitations related to the physical
state of friability and shrinkage of samples (Blondel et al., 2018; Paradis-
Grenouillet and Dufraisse, 2018). Recent technological advances in
analytical techniques, notably the use of laser ablation coupled to IRMS,
can overcome this methodological issue, providing the possibility to
retrieve environmental information from tree-ring parameters, currently
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overlooked in dendro-anthracology (review in Dufraisse et al., 2022).

In this study, we aim to assess the preservation of 5'3C in oak wood
after carbonisation. To this end, we investigated inter- and intra-annual
s'3¢ variability in (i) experimentally charred modern deciduous oak
wood and (ii) charred oak wood from Notre-Dame de Paris. Following
this, we further discuss the feasibility of using charred wood from Notre-
Dame roof frame as a unique environmental archive to assess paleo-
environmental conditions prevailing in the Paris Basin between the 11th
and 13th centuries.

2. Material and methods

2.1. Reference — archaeological tree-ring data and experimental
carbonisation

Samples were collected from a 1.5 m length sessile oak (Quercus
petraea Liebl.) tree stem (Fig. 2a) growing in the Fontainebleau forest
(northern France; 48°25'N, 2°37'E), an area that has been providing the
source material for several dendroclimatological studies (Etien et al.,
2008; Labuhn et al., 2016). A total of 5 cubes (= 5 x 5 cm?) were cut
from the heartwood (including the pith). The cubes were kept in an oven
at a temperature of 20 °C for several weeks. Before carbonisation, one
thin disc was cut from each cube and used as a reference. The annual
ring widths (RW) of each disc were measured and crossdated using a
sliding measuring table connected to the Time Series Analysis Pro-
gramme (TSAP-Win) software (Rinntech, Heidelberg, Germany) and the
COFECHA program used to verify the accuracy of the measurements
(Grissino-Mayer, 2001). The series was dated to 1914-2021 CE (Fig. 3a).
Using a cone calorimeter from Fire Testing Technology (FTT) (Terrei
etal., 2019, Fig. 2b), each cube was individually subjected to a heat flux
of 80 kw/m? for durations of 12, 20, 24, 28 and 32 min. This exposure
leads to surface temperatures reaching up to 900 °C. An infrared camera
(ORION SC7000 by Flir with a specific optic filter at 2564 cm-1) was
used to measure the surface temperature of each cube. At the same time,
12 Type-K thermocouple sensors (@ 0.1 mm) were placed at varying
distances from the charred front in an additional cube designated for
control purposes. Precisely, ten thin wire thermocouples were posi-
tioned every 2 mm, from 2 to 20 mm depth, and two more at 30 and 40
mm (Fig. 2¢) according to the procedures described in Terrei et al.
(2021). The distance between the cone and the samples was set to 25
mm to obtain a homogeneous heat flux over the entire exposed surface.
Immediately after exposure, the samples were immersed in liquid ni-
trogen to stop the carbonisation process. To avoid fragmentation, the
samples were protected with thermo-retractable bands (i.e., a plastic
tube that shrinks when heated) following the procedure described in
Brossier and Poirier (2018).

For the archaeological sample, a 24-year sequence of rings from a
beam recovered from the roof structure of NDP, presenting both charred
and uncharred sections, was used in this study for comparative purposes
with the modern carbonisation experiment (Fig. 2d). The sample was
dated by dendrochronology to 1133-1177 CE (Penagos et al., 2022)
(Fig. 3b).

2.2. Inter- and intra-annual stable carbon isotope sampling,
measurements, and analysis

After carbonisation, the cubes were cut into smaller discs using a
diamond wire saw. Both reference (i.e. uncharred) and charred wood
were sampled in equivalent sections. Annual whole rings from 1919 to
1933 were separated using a drill (@ 0.5-0.8 mm) under a binocular.
Two radii were sampled to account for circumferential variability
(Leavitt, 2010), and approximately 1.5-2 mg of fine homogeneous
powder was obtained per calendar year.

The NDP sample was prepared using the same procedure as the
experimental wood. Due to the different degrees of carbonisation in the
NDP sample, the two-radii strategy was not always possible, particularly
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Fig. 2. Overview of some of the materials and methods used in this study. (a) Oak tree stem and sampled cubes. (b) Cone heater setup. (c) Examples of the tem-
perature evolution recorded by the thermocouples during the carbonisation experiment. (d) Experimental and Notre-Dame wood samples (with charred and
uncharred paths marked) and an example of the wood lath measured by the laser ablation method (LA-IRMS).
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Fig. 3. (a) Tree ring width (TRW) data from the five samples used in this study and their mean chronology (red). (b) TRW data from NDP carbonised samples. The
red line represents the mean chronology used for dendrochronological dating, and the blue line is the sample used in this study for the §'°C analysis. The dashed areas
indicate the period in analysis for both samples (i.e., 1919-1935 for the experimental wood and 1135-1158 for the NDP).

for the uncarbonised portion (see Fig. 2d). In such cases, a larger
circumferential path within the respective charred and uncharred sec-
tions of the sample (avoiding the intermediate zone) was preferred to
obtain a similar mass as for the experimental wood samples. Powdered
subsamples (0.15-0.2 mg) were then packed in tin foil capsules and

combusted using an elemental analyser Flash HT 2000 coupled to an
Isotope Ratio Mass Spectrometer Delta V advantage (EA-IRMS) from
Thermo Fisher Scientific to determine the 13C/12C ratio. The analysis
was performed at the ALYSES facility, located at the Institut de
Recherche pour le Développement (IRD-SU), France. The spectrometer
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was calibrated against VPDB using two certified reference materials, the
TIAEA-CH3 (Cellulose) and the EMAP2. Uncharred oak standard was used
as an internal control to assess the reproducibility and accuracy of §'3C
measurements (Baton et al., 2017; Mouraux et al., 2022) and indicates
an analytical uncertainty of + 0.1 %o on 8'3C values.

The intra-annual analysis of §!°C values was performed through laser
ablation isotope ratio mass spectrometry (LA-IRMS) (Teledyne Photon
Machines LSX-213 G2+, and Sercon 2022 RMS) at Stable Isotope Lab-
oratory of Luke (SILL), located at the Natural Resources Institute Finland
(Luke). Periods of 6 and 8 years (1919-1924 and 1139-1146) were
identified for the experimental and NDP wood, respectively. The above
periods were selected to include the extremely narrow rings of
1921-1922 (~1.2 mm) for the experimental wood and 1142-1143
(~1.0 mm) for the NDP. The samples were analysed twice per growth
ring for both earlywood (EW) and latewood (LW) isotopic composition.
A laser beam of 100 pym in diameter was used at a scan speed of 20 um/s
and a sampling length of 700 to 1800 pm. Two materials, USGS-55
reference (Mexican ziricote wood, 51%C = —27.13 %o) and an in-house
reference material (yucca plant, 5'3C = —15.46 %), were used for
513C data normalisation. Repeat measurements of a quality control
material (IAEA-C3 cellulose paper) were analysed concurrently with the
sample materials, indicating an uncertainty of < 0.2 %o. The results for
both methods were reported using the delta notation (3) in parts per mil
(%o) relative to the VPDB standard (Coplen, 1995).

2.3. Raman spectroscopy analysis

Raman spectroscopy analysis was used to determine the degree of
aromaticity/condensation of the charcoals’ chemical structure and to
assess heating temperatures at the scale of individual growth rings. The
analysis was performed on the 24-year carbonised sequence from NDP
and compared to the experimental charcoal formed for 12 and 32 min,
representing the lowest and highest carbonisation times of the experi-
mental setup. While the experimental charcoal was immediately pre-
served with thermo-retractable bands, fragmentation during the various
stages of storage and preparation of NDP samples resulted in the loss of
the more brittle material from the outermost parts, where the highest
thermal values are likely to be registered.

The Raman spectra were obtained with an HR800 Horiba Jobin Yvon
spectrometer equipped with a 514 nm Ar + green laser and an ultra-
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narrow band BragGrate notch filter for Rayleigh filtering. A small
amount of powder (few pg) from each ring was placed on a glass slide,
and the laser beam focused on the sample with a long working distance
of 50X objective. The laser power at the sample was set below one mW to
prevent any thermal alteration of the charcoal during analysis (Everall,
1991). Raman spectra were then acquired after a time exposure of 40 s,
repeated three times. For each sample, the Raman shift intensity was
determined in the 600 to 2300 cm ™! spectral window (using a 600 line/
mm grating), including the defect (D) and graphite (G) bands centred at
about 1350 and 1600 cm?, respectively (Fig. 4a). After linear baseline
corrections, the ratio between the height of the D and G bands (namely,
the Hp/Hg ratio) was computed and used to assess the heating tem-
peratures following the calibration curve provided in Deldicque et al.
(2016) and Rouzaud et al. (2015). It is mainly the steady increase in the
D-band height with increased temperatures, noticeable once carbon-
isation temperatures exceed 400 °C, that enables the estimation of the
maximum temperatures at which a charcoal was formed. For a detailed
characterisation of the evolution of the HD/HG ratios with temperature,
see Deldicque et al., 2016, Deldicque and Rouzaud, 2020 and Mouraux
et al., 2022.

2.4. Data analysis

Spearman’s rank correlations were computed to assess the relation-
ship between the uncharred and charred §!3C time series. Observed
isotope offsets, expressed as A3C, were calculated as the difference
between the §'3C determined on charred and uncharred samples (A'%C
(%0) = 8"3Cehar — 8'3Cyncn). First-differenced (FD = Y-Y..;) data was
used to assess the preservation of the year-to-year variability following
carbonisation. The ANOVA test was applied to assess the differences in
the carbonisation levels between the rings from the 12 and 32-minutes
samples and those from the NDP sample.

3. Results
3.1. Raman spectroscopy
The Raman spectra obtained for the experimental charcoal samples

at 12 and 32 min, as well as for NDP charcoal, showed statistically
similar Hp/Hg ratios (p = 0.1) (Fig. 4b), with mean values of 0.61 +
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Fig. 4. (a) Raman spectrum of a charcoal sample from the experimental wood after normalisation with the D-band and G-band position. (b) Hp/Hg ratios determined
by Raman spectroscopy in the annual rings of the NDP sample and experimental wood carbonised for 12 and 32 min.
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0.07 (12 min), 0.60 & 0.06 (32 min) and 0.57 & 0.05 (NDP). Based on
the calibration curve obtained from oak wood with a residence time of 1
h, as provided by Deldicque and Rouzaud (2020), these Hp/Hg ratios
correspond to heating temperatures of ca. 600 — 700 °C.

Regarding the experimental charcoal, as shown in Fig. 4b, carbon-
isation time (12 or 32 min) has a negligible impact on the Hp/Hg ratio,
with the measurements almost superimposed along the sampled tran-
sect. In both samples, the highest Hp/Hg ratios (0.77 and 0.78 for 12 and
32 min, respectively) are retrieved from the rings closest to the charred
front and correspond to heating temperatures of ca. 750-800 °C
(Deldicque and Rouzaud, 2020), in agreement with those determined by
infrared camera and thermocouples (Fig. 2b). After these first rings, no
clear carbonisation trend was observed in the measurements, with the
Hp/Hg ratios fluctuating between 0.51 and 0.72. Similarly, the NDP
sample displays a range of Hp/Hg ratios from 0.50 to 0.68, corre-
sponding to heating temperatures between ca. 500 and 750 °C
(Deldicque and Rouzaud, 2020).

3.2. Inter- and intra-annual §'°C values

The 6!3C values measured at the inter-annual scale on the whole ring
from the five reference samples (i.e., uncharred) ranged from —26.3 %o
to —23.7 %o (mean 513Cunch = -25.1 %o £ 0.6) (Table 1). After carbon-
isation, the mean A3C of all series was — 1.0 %o + 0.3, with 613C.3har
values ranging from —26.8 %o to —24.6 %o (mean 613Cchar =-26.0 %o +
0.5). Despite the carbonisation-induced decrease in §'°C, strong and
significant correlations (r > 0.7, p < 0.01) were observed between s'3¢
values determined on the uncharred time series and their carbonised
counterparts. Since carbonisation time had a negligible effect on the
A'3C, the five individual series were averaged to obtain a mean series for
uncharred and charred data, and a correlation of 0.9, p < 0.01, was
observed between the two series (Fig. 5a). First-differenced §'3C data on
the averaged series showed a coherent year-to-year variability (Fig. 6a)
with the 8'3C values ranging from —1.1 %o to a maximum of 1 %o for the
uncharred series and from —0.8 %o to a maximum of 0.8 %o for the
charred samples.

For the NDP sample, uncharred 5!3C values varied from —25.6 %o to
—23.4 %o (mean 5 3Cypen = —24.3 %o + 0.5), whereas in carbonised
rings, they ranged from —25.8 %o to —24.1 %o (mean 613Cd,ar = —25.3 %0
+ 0.4). In line with the findings for the experimental charcoal, the mean
decrease in 5'3C was 0.9 %o + 0.4 (Table 1). The correlation between the
uncharred and charred time series was slightly lower than that observed
for the experimental charcoals but remained highly significant (r = 0.7,
p < 0.01) (Fig. 5b). In addition, the inter-annual 53¢ variability
remained coherent, with 8'3C values ranging from —0.8 %o to a
maximum of 1 %o for the uncharred series and from —0.7 %o to 0.6 %o for
the charred series (Fig. 6b).

At the intra-annual scale, the laser ablation data of A'3C closely
corresponded to the inter-annual variations observed at the whole ring
level for both experimental and NDP samples. In experimental wood, the
year-to-year early- and latewood variation ranged from —1.3 to 1.2 %o
for uncharred samples and from —1 to 1.1 %o for charred samples
(Fig. 7a), suggesting a high degree of signal preservation. For the NDP,

Table 1
Summary of the 5'3C (%0) and Raman spectroscopy data.
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EW exhibited a uniform pattern year-over-year, with minimal and pre-
served 5!3C variations ranging from —0.4 to 0.5 %o for both uncharred
and charred samples. In contrast, for LW, the year-to-year 5'°C fluctu-
ation was reduced, ranging from —0.7 to 1.1 %o before carbonisation to
—0.3 to 0.6 %o following carbonisation (Fig. 7b).

4. Discussion and Conclusions

Carbonisation deeply modifies the physical, chemical, and structural
properties of wood through mass loss, volume shrinkage, increased
aromaticity and 3¢ depletion (Bird and Ascough, 2012; Li et al., 2022).
At the scale of a single plant species, the extent of these modifications
depends mainly on the state of the wood (e.g., altered, damp, treated)
and the carbonisation intensity (i.e. charring temperature and exposure
time); therefore, assessing maximum charcoal formation temperatures is
of utmost importance for the use of 33C as a paleoenvironmental proxy
(Mouraux et al., 2022; Turney et al., 2006).

The paleothermometry method used in this study shows that both
experimental and NDP charcoal samples exhibit heating temperature
above 500 °C, a temperature threshold beyond which carbonisation has
a limited effect on the §'3C signatures (Fiorentino et al., 2015; Mouraux
et al., 2022; Turney et al., 2006). The similar distribution of the Hp/Hg
ratios observed among the three samples (Fig. 4b) indicates that the
experimental charcoal underwent carbonisation intensities comparable
to that of the NDP fire, at least for the more well-preserved wood re-
mains that survived the heavy fragmentation processes. This consis-
tency, therefore, enables the comparison between samples regarding the
preservation of the 8'°C signatures. The generally higher Hp/Hg ratios
measured in the first rings of the experimental charcoal are rather
indicative of a more homogeneous carbonisation setup in terms of heat
flow and exposed surface, with the progression of the combustion front
from the core towards the outer layers of the beam. In the NDP samples,
extreme thermal conditions are expected at the outermost part of the
charcoal piece, due to the inverse carbonisation pattern, with the com-
bustion front moving from the outer layers towards the core of the beam
(Fig. 2d). The constant loss of material from the outermost parts of the
NDP samples may have led to an underrepresentation of the most
extreme thermal values, resulting in slightly lower HD/HG ratios.

The assessment on the preservation of the 5'C signatures shows that
charring duration had minimal impact on the A!3C, as the values
observed after 12 min of heating are identical to those after 32 min
(Table 1). These results align with the findings of Turney et al. (2006),
yet their observations were made after 30 min of heating. Previous work
presented by Mouraux et al. (2022) on oak wood showed that significant
5'3C changes due to carbonisation primarily occur at temperatures
below 400 °C, consistent with the early degradation of cellulose and
hemicellulose, which are relatively enriched in '3C (Ascough et al.,
2008; Czimezik et al., 2002). This suggests that cellulose and hemicel-
lulose were already degraded after 12 min of charring, thereby limiting
the effect of a further increase in residence time on §!°C signatures.

Overall, the average A'3C obtained in our study for both experi-
mental and NDP charcoals was approximately 1 %o, with a range from
0.1 to 1.6 %o (Table 1). This finding contrasts with the constant A13C of

Carbonisation time Mean §"*Cuncn) Range 5"3Ciuncn) Mean §"3Cienarred) Range 5"%C(charred) Mean A8'3C* Mean Hp/Hg Range Hp/Hg
(%) + SD (min; max) (%) + SD (min; max) (%) + SD + SD (min; max)

12 min —24.9+0.6 (~25.7; —23.7) ~258+0.5 (—26.7; —24.8) ~0.9+0.3 0.61 + 0.07 (0.51; 0.77)

20 min -25.0 £ 0.6 (—25.8; —23.7) —-26.0 £ 0.5 (—26.8; —25.1) -1.0+0.3 nd. ” nd

24 min —25.2+ 0.6 (—26.2; —24.0) —25.8+ 0.6 (—26.8; —24.6) —0.7 £ 0.2 n.d. nd.

28 min —25.4+ 0.6 (—26.3; —24.3) —26.2+0.5 (—26.8; —25.2) —0.7 + 0.4 nd. nd.

32 min ~25.0+0.5 (—25.9; —24.0) -26.1 0.4 (~26.5; —25.3) ~1.0+0.3 0.60 + 0.06 (0.53; 0.78)

Experimental (averaged series) -251+0.5 (—25.9; —24.0) —-26.0 + 0.5 (—26.6; —25.1) -0.9+0.1 nd "~ nd "~

NDP —243+0.5 (—25.6; —23.4) —253+0.4 (—25.8; —24.1) —0.9 + 0.4 0.57 + 0.04 (0.50; 0.68)

* A8'3C = difference between charred and uncharred values; “"n.d.:

not determined.
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1.8 %o and 1.4 %o reported by Mouraux et al. (2022) for Quercus petraea
and Turney et al. (2006) for Quercus robur, respectively. Such contrast
suggests that laboratory-produced charcoal experiments are not fully
representative of the natural §!3C variability of the wood. This is mainly
due to the use of powdered samples and homogenisation techniques, and
therefore, general corrections to estimate the wood’s original 8'°C
values should be applied with caution. In the context of the Notre-Dame
project, measurement accuracy can be enhanced by increasing the
number of radiis and trees analysed per year, as shown by averaging the
series from the modern wood experiment (Fig. 5a).

Comparison of the first-differenced data (Fig. 6) showed a slight
decrease in the inter-annual 5!3C variability between the uncharred and
charred profiles for both experimental and NDP samples. The decrease is
likely attributable to the different isotopic compositions of the wood
constituents. Loader et al. (2003) showed that cellulose and lignin have
different carbon isotope compositions, with lignin showing a slightly
lower variance and a weaker climatic signal than that of the whole
wood. Likewise, varying proportions of these wood compounds within
the annual ring can smooth the isotopic signature after carbonisation,
potentially explaining the observed differences in the LW profile of the
NDP sample for the year 1143 after undergoing the carbonisation pro-
cess (Fig. 6b and 7b). While this decrease in variance may impact the
extraction of long-term climatic trends from charcoals, our data shows
that information regarding extreme events is still preserved when large
year-to-year isotopic shifts are present (Fig. 8). Additionally, focusing
the analysis on either the EW or LW portions of each ring instead of the
whole ring increases the robustness of the study, especially concerning
oak trees, where early-seasonal growth largely relies on stored carbon
(Helle and Schleser, 2004; Klein et al., 2016). Even with only one sample
studied per period, the results from our laser ablation experiment are in
line with these findings (Fig. 8). The EW 5'3C profiles in both experi-
mental and NDP samples exhibit either an enrichment or a depletion in
13C relative to the preceding latewood values, showing the influence of
the previous year’s reserves on current earlywood formation. Previous

studies have yielded similar results but suggested that, in the presence of
adverse growing conditions or prolonged climatic trends, oak trees can
adapt their physiological strategies and alter these intra-seasonal dy-
namics (Kimak and Leuenberger, 2015; McCarroll et al., 2017). In the
context of the NDP charred woods, drought stress events during the
medieval climate anomaly are of particular interest, not only because
the recurrence of droughts impacts soil water availability but also due to
the potential influence of woodland management practices to reduce
competition for water resources and ensure the quality of the timber.
Current information on the physical characteristics of the longest beams
incorporating the NDP roof structure— about a hundred years old,
medium-diameter, straight, and knot-free long logs— suggests specific
woodland management practices tailored for Gothic carpentry (Penagos
et al., 2022). Depending on the site’s dryness, the implementation of
forestry practices can greatly modify the moisture and light conditions
within the stand and thereby trigger distinct isotopic shifts in the
remaining trees (Di Matteo et al., 2010).

In summary, the experimental assessment conducted here shows that
regardless of the charring duration, at temperatures above 500 °C, inter-
and intra-annual 8'3C signatures are preserved (Fig. 9). Although the
5'3C values of charred samples decrease towards those of the more
resistant and slightly less variable lignin, several studies have shown
that in general the correlations between §'3C and climatic variables are
preserved (Harlow et al., 2006; Loader et al., 2003). The further inclu-
sion of 8'3C intra-annual variations in the study of the charred woods
from NDP will allow a more detailed characterisation of a broad range of
environmental changes and gain a more in-depth understanding of the
different interaction(s) between climate—forest-woodland management
systems during the High Middle Ages. To this end, the laser ablation
system offers great potential, especially for charcoal samples with very
narrow rings that might otherwise limit the development of a contin-
uous and robust chronology.

Combined with wood anatomical features, 5'°C can provide an in-
tegrated approach to disentangle the complex physiological processes
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that impacted the oak “Forest” of NDP.
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