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Abstract

The chemical composition of the wood reflects the composition of the soil over which 
the corresponding tree has developed. Multi-elemental and isotopic signatures, which 
are characteristic of the soil and underlying rock substrates, are potentially power-
ful tools for determining wood provenance. These tracers are of special interest for 
charred archaeological wood because they circumvent some limitations of dendro-
chronological provenancing linked to tree-ring loss. However, thermal degradation 
may introduce a significant bias in wood chemical and isotopic analyses. This experi-
mental study focused on the effects of carbonization temperature on three geochemi-
cal wood markers: elemental signatures and isotopic signatures of strontium and 
neodymium (86Sr/87Sr and 143Nd/144Nd, respectively). Wood specimens from a variety 
of oak trees and stand locations were pyrolyzed at four temperatures (ranging from 
200°C to 800°C) and analyzed using ICP-MS and µ-XRF (X-ray fluorescence) spectros-
copy for elemental composition and with multiple collection ICP-MS (MC-ICP-MS) for 
strontium (Sr) and neodymium (Nd) isotope composition. The concentration of min-
eral nutrients generally increased with temperature, but the magnitude of the enrich-
ment depended on the element, wood compartment (sapwood vs. heartwood), and 
geological substrate. The concentrations of rubidium, strontium, manganese, mag-
nesium, potassium, and, to a lesser extent, calcium, were minimally affected by tem-
perature, wood compartment, and substrate. The ratios between the concentrations of 
these elements, as well as the 86Sr/87Sr and 143Nd/144Nd isotope ratios, were stable over 
the entire temperature range. However, only 86Sr/87Sr and selected elemental ratios 
(calcium or magnesium normalized to manganese) were successful for site discrimi-
nation. Therefore, our multi-tracer approach provides promising new information to 
determine the provenance of charred archaeological wood.

Keywords

carbonization – ICP-MS analysis – Itrax Multiscanner – µ-XRF analysis – pyrolysis – 
wood tracing markers

1 Introduction

Dendrochronology has been used since the 1970s to constrain wood prove-
nance in archaeological studies (Eckstein et al. 1975; Hafner et al. 2021). Because 
of its robustness and precision, dendrochronology has become a standard 
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provenancing method for deciduous oaks and other temperate tree species in 
Europe (Haneca et al. 2009; Fowler & Bridge 2015). However, its application 
depends on well-established tree-ring chronologies (Towner 2002; Gut 2020), 
which are not available for all tree species and regions, particularly in the trop-
ics (Edvardsson et al. 2021). The requirement of a minimal tree ring number 
is not met for archaeological charred wood, which is usually found as small 
fragments (Marguerie & Hunot 2007). The growing demand for provenance 
studies of archaeological charcoals calls for the development of complemen-
tary methods (Jenkins 1989; Fermé et al. 2015; Million et al. 2018), which can 
circumvent the drawbacks of studies based on tree-ring width alone (Bridge 
2012; Rich et al. 2012).

Alternative techniques to trace archaeological woods or commercial timbers 
are either based on analysis of chronological sequences such as Blue Intensity 
chronologies (Akhmetzyanov et al. 2020a) and wood anatomy (Akhmetzyanov 
et al. 2019; D’Andrea et al. 2022), either on bulk proxies such as DNA and hap-
logroup mapping (Deguilloux et al. 2003; Kanno et al. 2004; Liepelt et al. 2010; 
Akhmetzyanov et al. 2020b), isotopic signatures of carbon (Kagawa & Leavitt 
2010), hydrogen (Keppler et al. 2007), oxygen (Boner et al. 2007; Young et al. 
2015), and strontium (Rich et al. 2016; Hajj et al. 2017; Pinta et al. 2021), organic 
markers (Doussot et al. 2002; Prida & Puech 2006; Sandak et al. 2011; Traoré 
et al. 2018), and multi-elemental composition (Durand et al. 1999; Boeschoten 
et al. 2022). These new techniques have proven to be particularly versatile and 
efficient tools for wood tracing when combined in a multi-proxy approach 
(Gori et al. 2015; Akhmetzyanov et al. 2019; Domínguez-Delmás et al. 2020).

The multi-elemental and isotopic signatures are better adapted for charred 
wood provenancing than DNA, stable isotopes (H, C, and O), and organic mark-
ers that decompose during thermodegradation. Tracing with elemental and 
isotopic signatures relies on the similarity between the composition of wood 
on the one hand and that of underlying soil and rock on the other (DeWalle 
et al. 1991; Marschner 1995). The absorption of nutrients by plant roots is con-
trolled by element bioavailability, which in turn is strongly dependent on soil 
acidity. In such cases, the concentration ratios of pH-sensitive elements such 
as Ca, Mg, Mn, and Al might be used as a proxy for soil pH (Kuang et al. 2008) 
and discriminate between sites characterized by different soil acidities.

The isotope ratio of strontium (Sr) 87Sr/86Sr is the most relevant tool for 
sourcing archaeological materials (Bentley 2006; Slovak & Paytan 2012). 
Strontium is an alkali-earth trace element that is abundant in calcareous rocks, 
where it substitutes for calcium in the crystal lattice. Isotope 87Sr is a product 
of the radiogenic decay of 87Rb, which is abundant in silicate rocks, while 86Sr 
is a stable isotope used as a reference. The 87Sr/86Sr ratio of a rock depends 
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on its initial Sr and Rb contents and the time elapsed since its formation, that 
is, rock type and age. The power of the “radiogenic” 87Sr/86Sr ratio in prove-
nance studies is that, unlike the stable 88Sr/86Sr ratio, any isotope fractionation 
that might occur is cancelled out by correction with a reference value of the 
88Sr/86Sr ratio. Therefore, 87Sr/86Sr ratios reflect only source effects and are 
not affected by biosynthetic or physiological processes, particularly adsorp-
tion and relocation, in plants. Prominent applications of 87Sr/86Sr in wood 
provenance include the identification of the timber wood source in houses in 
Chaco Canyon, New Mexico, constructed between 850 and 1150 (English et al. 
2001; Reynolds et al. 2005), an antique watercraft from the East Mediterranean 
(Rich et al. 2016), or a 16th-century shipwreck from north-western Spain (Hajj 
2017; Domínguez-Delmás et al. 2020). Nevertheless, for a given archaeological 
wood sample, the potential sites of origin might share similar Sr isotope ratios, 
rendering the disambiguation of wood provenance complicated.

To add constraints for provenance studies in Earth sciences, the Sr iso-
tope ratio is frequently combined with another isotope ratio, the neodymium 
(Nd) isotope ratio 143Nd/144Nd. 143Nd is produced by α-decay of samarium-147 
(147Sm). Samarium is preferentially incorporated in melts in magmatic pro-
cesses, leading to its enrichment (and thus higher 143Nd/144Nd ratios) in the 
Earth’s mantle over time, compared to the crust (White 2020). Consequently, 
and similar to the 87Sr/86Sr ratio, the 143Nd/144Nd ratio varies between rocks of 
different types and ages and only reflects the source of Nd in biological mate-
rial. However, unlike Sr, Nd is strongly enriched in silicate minerals compared 
with carbonate minerals, meaning that soils and thus plants should carry a 
143Nd/144Nd signature that is reflective mainly of the local underlying sili-
cate component of the rock (e.g., clay minerals in marl layers or limestone). 
Although Nd isotope ratios are widely applied in Earth Science, for example, to 
identify the source of detrital sediments (Padoan et al. 2011; Bayon et al. 2015), 
only a handful of applications of Nd isotopes exist in archaeological studies, all 
focusing on glass (Henderson et al. 2009; Ganio et al. 2012). Here, for the first 
time, we explore the potential of this marker for historical biological materials.

Altogether, two types of provenance geochemical markers were investi-
gated in this study: (i) elemental ratios and multi-elemental compositions; and 
(ii) isotope ratios of Sr and Nd, both in bulk wood subjected to carbonization. 
Although promising, especially for charcoal samples whose number of tree 
rings is too small to allow dendrochronological provenancing, this combina-
tion of markers has never been investigated.

During carbonization, structural organic macromolecules are decom-
posed, and wood becomes proportionally enriched in mineral nutrients. The 
elemental composition of wood is expected to vary depending on the degree 
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of decomposition of individual wood components (e.g., cellulose, hemicel-
lulose, and lignin), as well as on environmental conditions (with or without 
oxygen). Elements such as calcium, manganese, and magnesium are likely to 
be less volatile than zinc and sodium (Misra et al. 1993). It is generally accepted 
that carbonization does not have a significant impact on radiogenic isotope 
ratios in biological materials (Hawley et al. 2020; Larsson et al. 2020; Ryan 
et al. 2021), in accordance with the fact that such ratios are insensitive to iso-
tope fractionation. For instance, a slight decrease in 87Sr/86Sr of charred and 
uncharred grains reported by Heier et al. (2009) was attributed to the variabil-
ity in biogenic sample composition and contamination. Charring is sometimes 
even part of sample preparation to remove organic residues prior to digestion 
(Reynolds et al. 2005). The reliability of radiogenic isotopic ratios in determin-
ing the source of archaeological material was demonstrated for Sr in calcined 
bones (Harbeck 2011; Snoeck et al. 2015), but to the best of our knowledge, this 
question was not specifically addressed for wood, let alone for Nd.

Our aim was to verify the preservation of multi-elemental and isotopic sig-
natures during carbonization at different temperatures, and to discuss it with 
respect to the heterogeneity between wood compartments (i.e., heartwood and 
sapwood). In addition to bulk concentration measurements using quantitative 
mass spectrometry (ICP-MS), we explored the potential of semi-quantitative 
µ-XRF spectroscopy as a complementary, non-destructive, and spatially 
resolved technique. Although our primary goal was not to address the ability 
of these markers to prove their provenance, trees from two different sites were 
selected to check the robustness of the markers with respect to carbonization 
under different lithological and environmental conditions. This enabled us to 
introduce the concept of chemical variability of wood between distinct geo-
graphical sites and to propose potential relevant markers for future applica-
tions in studies on the provenance of carbonized wood.

2 Material and Methods

2.1 Wood Materials and Sampling Design
Oak wood from two sites was included in this study: (1) an abandoned coppice 
woodland, currently undergoing conversion to high forest, growing on a neu-
tral calcisol (pH 6.8) developed on a calcareous substrate composed of lime-
stone, located in Les Cagouillères (Vienne, France: 0.8573° E, 46.6598° N); and 
(2) a coppice-with-standard growing on an acidic brown soil (pH 3.7) devel-
oped on an acidic substrate composed of schists, located in Bogny-sur-Meuse 
(Ardennes, France: 4.7069° E, 49.8505° N).
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Three individuals of Quercus petraea (A, B, and D) were selected at the 
Cagouillères site, and one individual of the same genus (tree O) was selected 
at the Bogny-sur-Meuse site. All trees were selected among individuals with 
similar dendrological characteristics, with heights between 17.7–20.3 m, and 
a diameter between 20.75–33 cm, and free of any physical or sanitary damage. 
Trees A, B, and D were 62 years old, and tree O was 68 years old (Dufraisse 
et al. 2018). A section of the trunk taken at a height of 7 m was sectioned into 
disks, from which a sample series of five parallelepipedal specimens of approx-
imately 1 × 1 × 8 cm were cut out. Three sets of specimen series were taken from 
a single tree, D, from the Cagouillères site to evaluate intra-individual variation. 
Although these pseudo-replicates cannot be considered strictly independent 
samples, they provide the first estimation of the expected intra-tree variability. 
Thirty wood specimens were prepared from four trees following the sampling 
scheme presented in Fig. 1. The samples were air-dried and stored in polypro-
pylene bags prior to carbonization.

2.2 Carbonization
Wood specimens enclosed in aluminium foil to prevent access to oxygen were 
heated for 30 min. in a muffle furnace at 200°C, 400°C, 600°C, or 800°C. A 
control sample was placed in each tree. The heartwood/sapwood boundary 
was identified on non-carbonized specimens by observing the wood colour 
and tylosis distribution under an optical microscope, following the protocol 

Figure 1 Sampling scheme used in this study
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of Dufraisse et al. (2018). The number of heartwood tree rings counted on the 
non-carbonized specimens was then used to locate the boundary between the 
hardwood and sapwood in the corresponding carbonized specimens.

2.3 Multi-Elemental and Isotopic Analysis
The multi-elemental composition of the wood specimens was determined 
using two independent techniques: in-situ µ-XRF (X-ray fluorescence) spec-
troscopy, which produces scans of signal intensity converted to relative con-
centrations in arbitrary units (a.u.), and inductively coupled plasma mass 
spectrometry (ICP-MS), yielding absolute concentrations in parts per million 
(ppm) for bulk samples. Relative concentrations from µ-XRF spectroscopy 
were kept in the form of arbitrary units, as the lack of equivalent reference 
material, that is, burnt and of biological origin, prevented any calibration of 
absolute concentration. Bulk ICP-MS measurements were systematically per-
formed as part of the protocol for isotope-ratio measurements. Being a pre-
cise yet time-consuming method, ICP-MS analyses were carried out only on 12 
specimens representing various descriptive factors of the sample set (carbon-
ization temperature, site, tree, and heartwood/sapwood, Table 1). µ-XRF scans 
were acquired for all wood specimens (n = 30).

Table 1 Summary of elemental analyses of wood specimens performed in this study

Temperature Non-carbonized 200°C 400°C 600°C 800°C

Tree A Sapwood* 
Heartwood*

Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Tree B Sapwood* 
Heartwood*

Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Tree D (ray 1) Sapwood* 
Heartwood*

Sapwood 
Heartwood*

Sapwood* 
Heartwood*

Sapwood 
Heartwood*

Sapwood* 
Heartwood*

Tree D (ray 2) Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Tree D (ray 3) Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Sapwood 
Heartwood

Tree O Sapwood* 
Heartwood*

Sapwood 
Heartwood*

Sapwood* 
Heartwood*

Sapwood 
Heartwood*

Sapwood* 
Heartwood*

* Analysed by both µ-XRF spectroscopy and ICP-MS, the rest were analysed only by µ-XRF spectroscopy.
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2.3.1 In-Situ µ-XRF Spectroscopy and Microdensitometry
Coupled, spatially resolved measurements of multi-elemental distribution 
and radiographic density were performed using an Itrax Multiscanner (Cox 
Analytical Systems, Mölndal, Sweden) equipped with a µ-XRF detector and an 
X-ray photodetector. The X-ray source was a Cu target tube operated at a volt-
age of 50 kV and a current of 30 mA using a scanning step of 500 µm. The X-ray 
beams used for microdensitometry and µ-XRF spectroscopy were 10 µm and 
100 µm in size, respectively. The peaks of Al, P, Ni, Fe, S, K, Cr, Ca, Mn, Ti, and 
Cl were identified in the µ-XRF spectra by semi-automatic detection with the 
Qspec software. Compared to elements detected by bulk elemental analysis 
with ICP-MS (Section 2.3.2), the list was short of Sr, Rb, and Nd, all present 
below the µ-XRF detection limit, and of Mg and Cu, whose peaks interfered 
with those of the Cu target tube.

2.3.2 Bulk Chemical and Isotope Composition
The specimens were split into heartwood and sapwood, each ground sepa-
rately in a cutting mill with a 2 mm sieve. Three aliquots of approximately 
500 mg of sawdust from each sample were weighted to the nearest 0.1 mg with 
an analytical balance in 15 ml disposable glass vials. The number of aliquots 
was adjusted for samples with low amounts of material (carbonized sapwood). 
Each glass vial was washed with hot, ultrapure nitric, and hydrochloric acids, 
rinsed with ultrapure water (> 18.2 MOhm), and dried overnight. Each sample 
was suspended in 5 ml of 69% nitric acid (Optima grade, Fischer Chemical) 
and digested in batches of 15 using a microwave-assisted system (Milestone 
Ultrawave) at 220°C and 110 bar for 40 min. Digested samples were centri-
fuged, and the supernatant was collected and diluted with ultrapure water 
to a TDS (total dissolved solids) of 0.25% and an acid percentage of 6%. In 
each batch, at least two blanks and one reference material (SRM INCT OBTL5, 
tobacco leaves) were included in the wood sample. The elemental concentra-
tions were quantified by ICP-MS (Thermo iCap TQ, Thermo Fisher, Bremen, 
Germany) as follows: The instrument was tuned for oxide and doubly charged 
ions. The single quadrupole—Kinetic Energy Discrimination (SQ-KED) mode 
and TQ-O2 (Triple Quadripole Oxygen) reaction and mass-shift modes were 
used to limit or eliminate potential interference. External calibration was 
performed using synthetic multi-elemental solutions (TECHLAB) acidified 
with 2% HNO3 (v/v). The accuracy of the calibration was checked with certi-
fied reference surface water (SPS-SW1), and the instrumental drift was moni-
tored by running SPS-SW1 every 10–20 samples and by adding Rh and Ir to the 

Downloaded from Brill.com02/22/2023 02:56:44PM
via free access



International Journal of Wood Culture 3 (2023) 1–48

10 Štulc et al.

samples as internal standards. The measurements were performed three times 
and averaged for each solution. The reference material INCT OBTL5 (tobacco 
leaves) was used to check the accuracy of the method, and procedural blanks 
were measured to assess contamination (Table A1 in the Appendix).

Strontium and neodymium were separated from the sample matrix in the 
digestion solution by extraction chromatography based on specific resins: 
Sr-SPEC resin (50–100 µm size; Eichrom) for Sr (Hajj 2017) and TRU-SPEC 
and Ln-SPEC resins for Nd (Eichrom) (Caro et al. 2006; Cogez et al. 2015) at 
the High-Resolution Platform (PARI) of the Institut de Physique du Globe de 
Paris (IPGP). Columns loaded with 0.2 ml of the Sr-SPEC resin were washed 
with Milli-Q water and ultrapure acids (5 M HNO3 and 6 M  HCl) prior to 
sample introduction, while matrix elements and Sr were eluted with HNO3 
3 M and Milli-Q water, respectively. Neodymium was extracted in a two-step 
separation: first, on columns loaded with 0.5 ml TRU-SPEC resin washed with 
ultra-pure HNO3 2 N and Milli-Q water, where rare earth elements were eluted 
with Milli-Q water, and then on a column loaded with 2 ml of Ln-SPEC resin, 
previously washed with Milli-Q water and ultra-pure HNO3 6 N, and where Nd 
was selectively eluted with 0.25 M HCl. Isotope ratios 87Sr/86Sr and 144Nd/143Nd 
were acquired during separate measurement sessions using a Multi-Collector 
Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS; Neptune Plus 
ThermoFisher Scientific) in low-resolution mode at the PARI platform of the 
IPGP. Solutions were introduced into the mass spectrometer using an APEX 
desolvation unit (for Sr solutions) and a cyclonic spray chamber (for Nd solu-
tions) connected to a PFA nebulizer (50–100 µl/min, depending on the mea-
surement session). The Sr and Nd concentrations in the loading solutions were 
approximately 100 ppb and 5 ppb, respectively. Because of the low concen-
tration of Nd in some of the wood samples (a few ppb of dry mass), it was 
sometimes difficult to obtain sufficient amounts of Nd for isotope analyses. 
Therefore, the corresponding data were discarded because of deteriorated pre-
cision and accuracy at these signal levels, as indicated by the measurement of 
standard solutions of known isotope compositions at similar levels. To reduce 
the formation of oxides, N2 was used as an additional gas during Nd measure-
ment sessions. Ions were detected using Faraday cups, with masses of 86 and 
146 in the centre cup for Sr and Nd, respectively. Blank signals were corrected 
using on-peak zeroes (leading as well to the subtraction of Kr-86 for Sr mea-
surements), and mass-dependent isotope fractionation was corrected by using 
the “natural” ratios 88Sr/86Sr (8.3752) and 146Nd/144Nd (0.7219). For samples 
measured three times, the average ratio and 95% confidence interval accord-
ing to the Student’s t-distribution were calculated. For samples measured 
fewer than three times, the 95% confidence interval was estimated from the 
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two standard errors of the repeated measurements of the reference material 
(processed through powder digestion and separation as wood samples). The 
reference materials NIST-987 and NIST-3135a were checked for the accuracy 
of Sr and Nd isotope ratio measurements and procedural blanks for contami-
nation rates (Table A1 in the Appendix). Equation (1) was used to express Nd 
isotope ratios on the relative εNd scale by normalizing 143Nd/144Nd ratios to 
the 143Nd/144Nd ratio of the “chondritic uniform reservoir” (CHUR = 0.512638).

εNd

Nd

Nd sample

Nd

Nd CHUR

143
144
143
144

1 104

 (1)

2.4 Data Analysis
2.4.1 Mass, Volume, and Density Measurements
The specimens were weighed systematically before (mbefore) and after (mafter) 
carbonization, and the relative mass loss (RML) was computed as the differ-
ence in the weight of the identical specimen before and after carbonization.

rml
m m

m
after before

before

100
 (2)

The specimen size (transverse surface and longitudinal thickness) and density 
of the specimens were assessed after carbonization, and their relative loss (RL) 
was computed by comparing the values between the control and carbonized 
specimens.

rl x x x
x

carbonized control

control

( ) 100
 (3)

Wood density was assessed in two independent ways. First, the bulk specimen 
density was determined as the ratio of mass to volume of the total specimen, 
where the volume was estimated from the dimensions measured after car-
bonization. Second, in-situ radiographic density was determined based on the 
X-ray intensity detected by the Itrax Multiscanner. The significant correlation 
(r = 0.99, n = 30) between these two estimates lends confidence to the radio-
graphic density estimates.
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2.4.2 Elemental Composition of Wood
Micro-XRF spectroscopy has a number of advantages relevant to archaeological 
and heritage samples, such as a short acquisition time, little sample prepara-
tion, and non-destructive analysis, but it is not able to detect elements in trace 
amounts and has lower accuracy compared to ICP-MS. Except for intra-tree 
variation study, we relied on ICP-MS data. The comparison between the two 
techniques provided in Section A1.2 in the Appendix demonstrated that the 
concentration data from µ-XRF spectroscopy were correlated with those from 
ICP-MS (r > 0.75) for P, Ca, K, and Mn. The two methods were less strongly 
correlated at high temperatures; therefore, any comparison between different 
degrees of carbonization based on µ-XRF spectroscopy data should be made 
cautiously. For the purpose of this study, we focused on the bulk chemical 
composition of wood rather than on the chronology of tree development and 
the µ-XRF scans were treated as average concentrations over wood compart-
ments and specimens.

Before data processing, individual measurements were checked for outliers, 
which were identified as values differing by a factor of 10 or more from the 
average concentration value. Outliers were removed for two wood specimens 
measured with ICP-MS measurements (two measurements from the tree’s D 
heartwood at 600°C and one measurement from the tree’s D ray 2 sapwood 
carbonized at 800°C) and one measurement from μ-XRF scan (from the tree’s 
D ray 1 non-carbonized). Elemental and isotope composition data were further 
processed using R software (version 4.1.2).

Descriptive analysis was carried out with principal component analysis 
(PCA) on a dataset of ICP-MS concentrations (n = 58) with carbonization tem-
perature as a supplementary quantitative variable and wood compartment 
and site as supplementary qualitative variables, with the help of the “fviz_pca” 
function from the package “factoextra” (Kassambara & Mundt 2020).

Linear models were selected with the help of the AIC score computed by 
the function AIC (Table A1 in the Appendix) and processed with ANOVA type 2. 
Models were checked for the normality of their residual distributions by plot-
ting histograms and quantile-quantile plots. The significance of random effects 
was evaluated with the help of a Chi-Square test using the function “ranova” 
from the package “ImerTest” (Kuznetsova et al. 2017).

First, a model for non-carbonized wood was constructed using the aver-
age relative elemental concentrations from µ-XRF spectroscopy (n = 10) as a 
response variable and wood compartment (heartwood/sapwood), tree, and 
ray as explanatory variables. The wood compartment was considered a fixed 
effect because of its fixed relationship with chemical composition, while 
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concentrations in trees and rays, which vary depending on individual obser-
vations, were treated as random effects. Two sub-models were constructed: 
one with relative concentrations in the form of arbitrary units and the second 
with relative concentrations normalized to wood density to reduce the matrix 
effects. In XRF, density is linked to signal intensity, and µ-XRF fluorescence is 
more strongly absorbed by high-density samples. To study intra-tree variation, 
a simplified model including only the wood compartment as a fixed effect and 
the ray as a random effect was applied to a subset of non-carbonized speci-
mens of the three rays of tree D. The adjusted variation associated with the 
ray effect was computed with the help of the “icc” function from the package 
“performance” (Lüdecke et al. 2021). We noted that the dataset was unbalanced 
regarding the site factor, with only one tree from the Bogny-sur-Meuse location 
and three trees from the Cagouillères location.

The second model was based on the ICP-MS concentrations (n  = 58) in 
response to the effects of temperature, wood compartment, their interaction, 
and trees. Consistent with the previous model, the tree was considered a ran-
dom effect, whereas temperature and wood compartments were fixed effects. 
The concentrations were first normalized to the corresponding Rb concentra-
tions (from the same wood compartment and tree), as Rb was identified as the 
most thermostable element (Section 3.3). The last model was constructed to 
modelize the µ-XRF relative concentrations as a function of ICP-MS concen-
trations in interaction with the heartwood/sapwood factor and carbonization 
temperature, all considered as fixed effects.

2.4.3 Elemental Mass Loss
To determine the change in elemental composition during carbonization, 
independent of total mass loss, the elemental mass loss (MLel) was computed 
as the change in the mass of element (mel) between non-carbonized specimen 
and specimen carbonized at 800°C (Equation (4)). The mass of the element 
(mel) was calculated as a product of the ICP-MS concentration and the total 
mass of the specimen.

ml el
el C el control

el control

m m
m

800 100_

_  (4)

In this context, an MLel value of 0% meant no elemental mass loss, whereas a 
value of −50% indicated that half of the element mass was lost during carbon-
ization. Elements with an MLel close to zero were considered the most refrac-
tory (i.e., the least volatile).
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3 Results

Data used for analyses in the article are available at https://doi.org/10.1163 
/27723194-bja10019.

3.1 Elemental Composition of Non-carbonized Wood
The highest concentrations in wood were reached by K, Ca, S, Mg, Al, and 
P (Fig. 2 with the bulk heartwood of trees from the calcareous site), with a 
decrease in concentration in the aforementioned order from 106 ppb for K to 
104 ppb for P. The concentrations of other elements (Fe, Mn, Rb, Cu, Sr, Zn, Ni, 
Cr, and Nd) ranged from 104 ppb for Fe to less than 10 ppb for Nd. The bulk ele-
mental composition of sapwood was similar to that of heartwood, albeit with 
higher concentrations of some of the most abundant elements. The tree from 
the acidic site had a composition similar to that of the trees from the calcare-
ous site (Fig. A1 in the Appendix), except for Mg and Ca (twice more abundant 

Figure 2 Concentration of mineral nutrients in the heartwood of the trees A, B and D from 
the calcareous site Cagouillères, with log-scale for the y-axis. Brown bars indicate 
non-carbonized wood (average, n = 3, SD), and gray bars wood carbonized at 
800°C. Elements are sorted along the x-axis by decreasing values of concentration 
in non-carbonized wood.
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at the calcareous site) and Mn (five times more abundant at the acidic site). 
The major mineral nutrients in wood, K and Ca, together accounted for at least 
80% of the mineral content measured in our tree samples. Additionally, Mg, S, 
P, Al, and Mn occurred at lower but still relevant amounts, between 0.5 and 5% 
of the total measured mineral content.

The variability in relative concentrations measured by µ-XRF-spectroscopy 
within non-carbonized wood was assessed for trees A, B, and D, the latter 
with rays 1, 2, and 3, all of which were grown at the calcareous site. Using the 
model based only on relative concentrations (Model 1 in Table 2), Fe and Mn 
tended to vary the most, and their differences were statistically significant with 
respect to the three effects: wood compartment, tree, and ray. In addition, Cr, 
Ni, and Ca varied significantly between wood compartments, and Cr and Ca 
varied significantly between trees and rays. In the model based on relative 
concentrations weighted by density (Model 1 in Table 2), Fe, Mn, and P varied 
significantly between wood compartments, whereas only Mn revealed signifi-
cant differences depending on tree and ray. Normalization by density con-
tributed to diminishing the inter- and intra-tree variability of trace elements 
(Ni and Cr), meaning that such normalization might be useful for detecting 

Table 2 Results of ANOVA for a model based on average relative µ-XRF elemental concen-
trations of non-carbonized wood from Cagouillères (trees A, B and D, and rays 1, 2 
and 3, n = 10) as a function of wood compartment, tree and ray

Element Wood compartment Tree Ray

Model 1 Model 2 M1 M2 M1 M2

Fe 43.14*** 16.58*** *** ***
Ni 39.06***
Cr 33.4*** *** ***
Mn 16.94*** 10.12*** *** *** *** ***
Ca 9.33*** * *
P 5.94*
K
S
Al

Model 1 (M1) was computed using arbitrary units of µ-XRF data and Model 2 (M2) was com-
puted using µ-XRF data normalized to radiographic density. ***  p  < 0.001, **  p  = 0.001–0.01,  
* p = 0.01–0.05, otherwise blank. F-values presented for p < 0.05. Elements are sorted by decreas-
ing values of F-value for wood compartment effect.
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variations in elements with limited quantification accuracy with µ-XRF spec-
troscopy (Section A1.2 in the Appendix). The higher concentrations of mineral 
nutrients in sapwood were also inferred from ICP-MS measurements (Fig. A2 
in the Appendix). The strongest enrichment of sapwood over heartwood was 
recorded for P (987 ± 52%, n = 3, SD, ICP-measurements), Mg (915 ± 61%), and 
Mn (743 ± 34), and a minor enrichment was noted for S, K, Rb, and Ca; for tran-
sition elements such as Fe, Ni, and Cu, the increase was negligible.

The bulk ICP-MS analyses of heartwood and sapwood were compared to 
the elemental distribution along the radial axis (i.e., from the pith to the bark) 
using µ-XRF. In general, concentrations of mineral nutrients were higher in 
the outermost rings than close to the pith, and the correlation coefficient 
between concentration and distance from the pith was between −0.25 and 
0.60, with all elements correlating significantly and positively, except for Ni 
and Cr, which correlated significantly and negatively. In comparison, the corre-
lation between density and concentrations, and between radiographic density 
and distance from the pith were both significant, but weaker, with a correla-
tion coefficient within 0.01–0.40 for the former, and around 0.21 for the latter. 
For Mn and to some extent for K, the concentrations within the sapwood and 
heartwood compartments were nearly constant, although they indicated an 
abrupt change at the sapwood/heartwood boundary (Fig. A3 in the Appendix).

The average elemental composition was significantly different from one ray 
to another (p-value of Chi-Square test < 0.005). In the mixed model combin-
ing the ray effect and the wood compartment effect, the former was not strong 
except for Cr (49.01% of variation due to ray effect) and to some extent for Ni 
(21.66% of variation due to ray effect against 8.74% of variation due to wood 
compartment effect; Table 3). The compartment effect on Ca and Mn concen-
trations was stronger than that of the ray effect, in line with the important 
wood compartment effect inferred above.

Table 3 Relative adjusted variation of random effect of ray and of fixed effect of wood compartment 
in % compared to the total variation (with ray and wood compartment induced variation and 
residual variation)

Element Cr Fe K Ni S P Ca Mn Al Ti

Ray variation (%) 49.01 25.08 24.98 21.66 20.27 19.17 16.31 9.87 2.15 0.13
Compartment  
variation (%)

19.98 21.46 23.41 8.74 36.12 11.21 34.53 45.70 1.07 12.70

Elements are sorted by decreasing values of ray variation (n = 6).
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3.2	 Effect	of	Carbonization	on	Wood	Density
Average density calculated for specimens carbonized at the same temperature 
(n = 6) ranged from 787.1 ± 37.9 g/dm3 for non-carbonized wood to 434.1 ± 49.2 
g/dm3 for wood carbonized at 800°C. Carbonization at 800°C led to an average 
mass loss of 81.3 ± 1.0% and to a decrease of 47.2 ± 5.3% and of 44.3% ± 5.8% 
in terms of density and average radiographic density, respectively (Fig. 3). The 
mass and density did not decrease at a constant rate throughout carboniza-
tion, with wood undergoing a major change between 200 and 400°C, which 
accounted for 79 ± 17% of the overall density decrease and 66 ± 12% of the total 
mass loss. The strong mass loss between 200 and 400°C split the population of 
wood specimens into two clusters: the low-temperature and high-density sam-
ples (non-carbonized and carbonized at 200°C) and high-temperature and 
low-density samples (carbonization temperatures of 400, 600, and 800°C). 
Within the two groups, changes were inferior to 10% between successive car-
bonization steps. In the high temperature group, the density decrease was par-
ticularly low between 600 and 800°C. In this step, trees A and D displayed an 

Figure 3 Average over specimens of trees A, B, D and O (n = 6, SD is depicted as error bars) 
relative loss of mass, density (quantified in two different ways: bulk density and 
from radiographic density measurements averaged over the entire specimen), 
and dimensions (transverse surface area, longitudinal thickness, and volume) 
between each carbonization steps
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inverse trend (i.e., the density increased instead of decreasing). Mass loss was 
significantly (p-value < 0.05) and strongly (r = 0.95) correlated with tempera-
ture, responsible for 38% of the mass loss.

3.3 Changes in Wood Elemental Composition during Carbonization
Temperature was positively correlated with the concentrations of all analysed 
elements, particularly Sr, Nd, and Ni (Fig. 4a and Fig. A1 in the Appendix). At 
800°C, the concentrations were between 106 ppb (K and Ca in sapwood from 
the calcareous site) and 10 ppb (Nd in heartwood from the calcareous site) 
and increased by a factor of 0.95 (Zn) to 4.8 (Rb) relative to non-carbonized 
wood. In comparison, at the same temperature, specimens lost, on average, 
63% of their volume and 48% of their density. K and Ca remained the most 
abundant elements in carbonized wood, and their relative contributions to 
the overall mineral content even increased, reaching 92.9% in wood carbon-
ized at 800°C. The temperature was strongly correlated with the first PCA axis, 
explaining 51.5% of the variation, which indicated its dominant impact on the 
overall dataset variability (Fig. 4c). The second axis singled out elements S, 
Ca, and Mg associated with sapwood and calcareous sites, and elements Al, 
Fe, and Nd associated with heartwood and acidic sites. Sapwood and heart-
wood were clearly distinguished on the second axis and partially on the first 
axis (Fig. 4d). The sites overlapped on the first axis but were discriminated 
on the second axis (Fig. 4b). Nevertheless, the localization of several samples 
into non-corresponding site groups (Fig. 4b) indicated a slight interference 
between heartwood/sapwood and site factors. The interaction between the 
site and the wood compartment was not tested because of the small number 
of samples per site (Section 2.4.2).

PCA indicated that elemental concentrations in carbonized wood were 
influenced by multiple factors, and it would be impossible to firmly associate 
a single concentration value with a specific substrate without further infor-
mation on other factors, especially the carbonization temperature. Such infor-
mation is rarely available for archaeological samples, and for charred wood 
provenancing, it is necessary to define how to constrain the effect of tempera-
ture. Although the elemental concentrations and the density of carbonized 
wood were generally negatively correlated, the corresponding correlation coef-
ficient ranging from −0.24 to −0.55 (excluding Cr) implied that the strength 
of this correlation was highly element-dependent. To identify elements that 
increase their abundance proportionally to the total mass loss, the elemen-
tal mass loss MLel was computed according to Equation (4) in Section 2.4.3. 
Rubidium (Rb) was identified as the most refractory element during our 
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carbonization experiments (i.e., the element whose absolute amount in wood 
remained almost constant during carbonization) with MLRb of −9.77 ± 3.67%, 
implying that only approximately 10% of Rb mass was lost during carboniza-
tion at 800°C (Fig. 5).

Elements K, Mg, Nd, Sr, and Mn had MLel values between −10 and −30% and 
could be considered as rather refractory elements for the purpose of our study. 
On the contrary, S and Zn underwent losses of almost 80%. It is worth noting 
that MLZn (−82.07 ± 1.58%) was close to the total mass loss of 81.3 ± 1.0% imply-
ing that Zn likely volatilized at the same rate as major wood components, such 
as cellulose and hemicellulose, which are composed only of H, C, and O. The 
behaviour of Ca during carbonization was ambiguous, as it appeared rather 
refractory for wood from the calcareous site but was subjected to a relative loss 

Figure 4 Result of PCA of ICP-MS concentration data (n = 58) for axes 1 and 2, representing 51.5 and 
22% of dataset variation, respectively. (a) Diagram of variables, with supplementary variable 
temperature in red. (b, c, d) Diagrams of individuals, with large points representing centers 
of gravity of point clouds. (b) Individuals are distinguished between the acidic site in red and 
the calcareous site in blue. (c) Individuals are distinguished using a color gradient going from 
dark blue for non-carbonized individuals to dark red for individuals carbonized at 800°C. 
(d) Individuals are distinguished between heartwood in light brown and individuals from 
sapwood in dark brown.
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of 40–65% for wood from the acidic site, where MLel tended to be higher for 
all elements and particularly for Fe, Al, and Ni. Additionally, MLCa was consid-
erably different between sapwood (66.0%) and heartwood (39.3%), whereas 
for refractory elements, this difference was less than 10%. Values of MLel for a 
given element were not consistent between the heartwood and sapwood of the 
two sites, suggesting a differential effect of carbonization within each wood 
compartment.

The impact of temperature on concentrations was examined through a 
model that included the effects of wood compartments and trees (Table 4). The 
difference in the effect of carbonization on heartwood and sapwood hypothe-
sized above was not confirmed, as the interaction between temperature and the 
wood compartment was found to be insignificant. To evaluate the thermosta-
bility of the elements, their individual concentrations were normalized to the 
corresponding Rb concentration. The effect of temperature (p-value < 0.05) on 
the elements P, K, Mg, Ca, Nd, Sr, and Mn was not significant when expressed 
as a relative concentration with Rb. The model ascertained the poor thermo-
stability of Al, S, Cu, and Ni (Fig. A2 in the Appendix). The difference between 
wood compartments was significant for Al, Nd, Mg, Cu, and Ca, in addition to 
Mn and P, for which a difference between compartments was already observed 
in non-carbonized wood (Table 2). The tree effect represented both the site 
and the individual, and its significance for Mn, Ca, Sr, Cu, and P was possibly 
derived from the difference between the two sites.

Figure 5 Elemental mass loss MLel in wood carbonized at 800°C compared to non-carbonized wood. 
Heartwood is depicted in dark brown and sapwood in light brown from calcareous (left panel) 
and acidic (right panel) sites. Elements are sorted along the X-axis by decreasing values of 
average MLel for heartwood and sapwood.
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3.4 Sr Isotope Signatures
The 87Sr/86Sr ratios of non-carbonized wood from trees at the calcareous site 
varied between 0.71265 (tree A sapwood) and 0.71486 (tree B sapwood), with a 
global mean ± SD value of 0.71368 ± 0.00075 (n = 6) and 0.71381 ± 0.00103 (n = 3) 
for heartwood and 0.71356 ± 0.00115 (n = 3) for sapwood (Fig. 6). Tree O grown 
on acidic site had a global 87Sr/86Sr ratio of 0.71736 ± 0.00026, with 0.71741 in 
heartwood and 0.71714 in sapwood. The difference between the 87Sr/86Sr ratios 
of the non-carbonized sapwood and non-carbonized heartwood was 0.00032 ± 
0.00029 (average calculated from heartwood/sapwood differences per tree,  
n = 4). For trees D and O measured at all temperatures, the 87Sr/86Sr ratios of 
carbonized and non-carbonized wood ranged from 0.71288 to 0.71377 for tree D 
(calcareous site) and 0.71709–0.71779 for tree O (acidic site). According to the 
linear model including temperature, wood compartment, and trees (Table 5), 
both wood compartment (F-value = 12.79, p-value = 0.003) and temperature 
(F-value = 7.17, p-value = 0.018) had significant impacts on the Sr isotope ratio. 
Heartwood had higher 87Sr/86Sr ratios than sapwood, and 87Sr/86Sr ratios 
tended to slightly decrease with temperature, with a visible step between 
200 and 400°C. Nevertheless, it was the variation induced by trees, including 

Table 4 Results of ANOVA for a model based on ICP-MS concentrations nor-
malized to Rb concentrations (trees A, B, D and O, n = 20)

Element/Rb Temperature Wood compartment Tree

P 131.29*** *
Al 11.65*** 45.81***
Mn 32.34*** ***
Nd 31.47***
Mg 29.84***
Cu 14.86*** 14.79*** ***
Ca 12.11*** ***
Sr ***
Ni 4.86*
Fe
Zn
K ***
S 36.41***

*** p < 0.001, ** p = 0.001–0.01, * p = 0.01–0.05, otherwise blank. F-values presented 
for p < 0.05. Elements are sorted by decreasing values of F-value for wood compart-
ment effect.
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Figure 6 Average 87Sr/86Sr ratios over wood specimens from the trees A, B and D  
(n = 3, 95% CI) from the calcareous site (blue labels) and from the tree O from the 
acidic site (red labels) carbonized at different temperatures. Dark shades indicate 
heartwood, light shades sapwood.

differences in their geographical origin that was responsible for 96% of the Sr 
isotope variation over the whole dataset, and both wood compartment and 
temperature effects were thus regarded as very weak.

3.5 Nd Isotope Signatures
εNd of non-carbonized wood from trees at the calcareous site varied between 
−9.3 (tree A sapwood) and −11.6 (tree B heartwood), with a global mean ± SD 
value of −10.4 ± 1.0 (n = 6), and −11.3 ± 0.5 (n = 3) for heartwood and −9.6 ± 0.4 
(n = 3) for sapwood (Fig. 7). The εNd dataset did not comply with the require-
ment of a minimal number of measurements to perform the model previously 
used for elemental and Sr isotope data (Section 2.5), such that only partial 
ANOVA tests were performed. The ANOVA test (p-value < 0.05, not shown here) 
indicated the absence of any significant difference between trees at the same 
site (calculated for non-carbonized wood from trees A, B, and D from the cal-
careous site, n = 6). The relationship between εNd values in heartwood and 
sapwood was unclear: for non-carbonized wood, the εNd values of heartwood 
and sapwood of tree D overlapped with uncertainty, although heartwood 
was characterized by a somewhat lower εNd value, whereas at 800°C, sap-
wood displayed lower εNd values than heartwood (Fig. 7). The values of εNd 
for non-carbonized sapwood of trees A, B, and D from the calcareous site lay 
within the same range as those of tree O from the acidic site, such that the two 
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sites were not distinguishable in terms of their wood Nd isotopic signatures. 
However, the similarity in εNd values for the tree O sapwood (acidic site) and 
for the tree D heartwood (calcareous site) between 0 and 800°C supported the 
negligible role of carbonization.

4 Discussion

4.1 Effect	of	Carbonization	on	Geochemical	Markers	 
of Carbonized Wood

Elements defined as refractory in Section 3.3 complied with the first require-
ment of charred wood provenancing, which was a constant signature through-
out carbonization. Nevertheless, we were unable to test the second requirement 
of site separation in this study because of the small number of sampling sites 
and individuals. Therefore, the effect of carbonization was tested on the 
Ca/Mn, Ca/Al, Mg/Mn, and Ca/Al ratios, which have been reported as sen-
sitive to soil pH changes in previous studies (Kuang et al. 2008; Chen et al. 
2010; Kwak et al. 2011). Throughout our experiments, these elemental ratios 
did not change depending on temperature, but on wood compartment except 
for Mg/Mn (Table 5). In contrast, Mg/Mn had the highest sensitivity to tree 

Figure 7 Average εNd over wood specimens from the trees A, B and D (n = 3, 95% CI) from 
the calcareous site (blue labels) and from the tree O from the acidic site (red 
labels) carbonized at different temperatures. Dark shades indicate heartwood, 
light shades sapwood.
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effect. As depicted in Fig. 8, the Ca/Mn and Mg/Mn ratios revealed similar off-
set between the calcareous and acidic sites (factor 100). The Ca/Al and Mn/Al 
ratios were ca. 10 times higher for the calcareous site than for the acidic site, 
but the sapwood ratios from one site overlapped with the heartwood ratios 
from the other site.

In addition to these markers, which were previously reported to be charac-
teristic of the wood site of origin, we explored the potential of other elemental 
ratios capable of discriminating wood provenance based on the results of the 
linear discriminant analysis performed on the ICP-MS data (Table 6). Among 
the contributors with an absolute value of loading > 0.5, the selection was 
restricted to the refractory elements Ca, Nd, Mn, Fe, and Sr. With the help of 
PCA (Fig. 4), Ca was identified as a characteristic of the calcareous site, while 
other elements were associated with the acidic site. In particular, the concen-
trations of Ca normalized to Sr and Nd were approximately 10 times higher for 
the calcareous site than for the acidic site. Amongst the thermostable elemen-
tal ratios, the Ca/Mn and Mg/Mn ratios showed the highest discrimination 
potential for carbonized wood, given the high inter-site and low wood com-
partment differences in our dataset.

Temperature has a significant effect on the Sr isotope ratio. The reason for 
such variation in Sr isotope ratios with carbonization temperature is unclear, 
given the fact that such “radiogenic” isotope ratios are in theory insensitive 
to isotope fractionation but might include intra-specimen variability (see 
Section 4.2) or a minute amount of contamination during some of the experi-
ments, for example, by ambient dust. In any case, this temperature effect was 
weak relative to the offset between the calcareous and acidic sites, indicating 

Table 5 Results of ANOVA over selected geochemical markers as a function of tempera-
ture, wood compartment and tree

Element Temperature Wood compartment Tree

Mn/Al 18.72*** *
Ca/Al 13.88*** *
Ca/Mn 6.19* *
Mg/Mn ***
87Sr/86Sr 7.17* 12.79*** ***

*** p < 0.001, ** p = 0.001–0.01, * p = 0.01–0.05, otherwise blank. F-values presented for p < 0.05. 
Elements are sorted by decreasing values of F-value for wood compartment effect.
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Figure 8 Ratios of elemental concentrations of trees from the Cagouillères site (calcareous site, 
blue labels) and the Bogny-sur-Meuse site (acidic site, red labels) carbonized at different 
temperatures. Dark shades for heartwood, light shades for sapwood. x-axis with log-scale

Table 6 Contribution (loadings) of individual elements to the linear discriminant function of  
site factor

Element Ca S Mg Cu Zn P K Ni Rb Nd Mn Al Fe Sr

Contribution 0.5 0.47 0.34 0.08 0.04 0 −0.02 −0.22 −0.23 −0.44 −0.49 −0.51 −0.53 −0.56

Ranking in order of the decreasing contribution. Elements are sorted by decreasing values of loadings.
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that the variation in Sr isotopes with temperature did not interfere with the 
variability in site signatures (Fig. 6).

The effect of wood compartment on Sr isotope ratio was comparably strong 
as on the elemental ratios. Nd isotopes were not able to discriminate the prov-
enance between the two sites. Although the use of Nd isotopes in provenanc-
ing in the specific context of this study had to be dismissed, their robustness 
with carbonization opens possibilities in provenance studies of charred wood, 
in turn calling for an optimization of measurement conditions that might 
improve their ability to distinguish between sites of wood origin (Section 4.3). 
The chemical and isotopic differentiation of heartwood and sapwood is fur-
ther discussed in Section 4.2 along with the limits for wood provenancing.

4.2	 Difference	between	Sapwood	and	Heartwood
Compared with heartwood, sapwood is generally enriched in mineral nutri-
ents. As presented in Section 3.1, the distribution of elements was controlled 
more by their position relative to the boundary between physiologically active 
and non-active wood compartments (i.e., heartwood and sapwood) than by 
their distance from the pith. Nutrient accumulation within the active com-
partment of wood is known to be part of the tree nutrition strategy, as some of 
the nutrients available in the parenchyma cells of heartwood are transported 
towards sapwood and later remobilized in metabolic and physiological pro-
cesses (Meerts 2002). Our observations are consistent with those of other stud-
ies on deciduous Quercus that reported enrichment in sapwood, particularly in 
N, Mg, P, K, Ca, and Mn (Penninckx et al. 2001; Durand et al. 2020; Figs A2 and 
A3 in the Appendix). In addition to the aforementioned elements, our data for 
sapwood indicated enrichment in S and, to a lesser extent, in Rb compared 
to heartwood. Supply pathways of S rely principally on soil uptake and leaf 
absorption of atmospheric SO2 (Marschner 1995). Sulphur accumulation in 
sapwood has been reported for Quercus robur (de Visser 1992) and Abies alba 
(Fairchild et al. 2009), and Ishida et al. (2015) observed S-enriched sapwood 
in stumps of Cryptomeria japonica but not in living trees and deduced that 
the S distribution was due to translocation during heartwood formation. The S 
cycle in plants is complex and still poorly understood; therefore, the S pattern 
observed in our samples might be due to both environmental and physiologi-
cal characteristics. Unlike for S, the difference in Rb concentrations between 
heartwood and sapwood was small. Rubidium has no known biochemical 
function, and its abundance in plant tissues reflects the composition of the 
bioavailable pool (Drobner & Tyler 1998; Taiz et al. 2014). Thus, it is likely that 
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sapwood enrichment in Rb is a side effect of K resorption, for which Rb substi-
tutes minerals and physiological pathways.

Significant measurement uncertainty precluded any firm conclusions 
regarding the potential differences in Nd isotope ratios between wood com-
partments. The effect of wood compartment on Sr isotope ratio was compa-
rably strong as on the elemental ratios. However, 87Sr/86Sr ratios were slightly 
but significantly and systematically higher in heartwood than in sapwood, 
which is in agreement with Rich et al. (2012) and Uhlig et al. (2020). This offset 
is consistent with the observed decrease in the Sr isotope ratio in tree rings 
from pith to sapwood in Swedish and German oaks (Åberg 1995; Maurer et al. 
2012). These authors related the 87Sr/86Sr decrease to nutrient depletion in 
soils over time, leading to a higher relative contribution of lower Sr isotope 
ratios from atmospheric deposition to the soil. Åberg (1995) reported such a 
temporal decrease in mussel shells associated with an exogenous anthropo-
genic source. However, neither liming (Thomsen & Andreasen 2019) nor acid-
ification (Drouet et al. 2005) led to a marked decrease in 87Sr/86Sr ratios at 
calcareous sites. Consequently, a scenario of soil nutrient depletion with time 
can explain the observed heartwood/sapwood difference at the acidic site of 
Bogny-sur-Meuse but not at the calcareous site of Cagouillères.

Instead, a possible cause for the difference in 87Sr/86Sr ratios between heart-
wood and sapwood could be a temporal change in rooting depth across the 
individual lifetime, specific to the Quercus tree’s development (Hajj 2017). 
Heartwood includes rings built when trees are young, with roots accessing only 
shallow soil horizons, whereas sapwood is constituted at a time when roots 
have access to deeper soil horizons. The Sr isotope signature of the deepest soil 
horizons depends mostly on the bedrock, whereas the Sr isotope signature of 
the upper soil horizons is affected by atmospheric deposition. In bedrock with 
high 87Sr/86Sr ratios, the Sr isotopic signature of soil typically increases with 
depth, as reported by Dambrine et al. (1997) and Poszwa et al. (2003, 2004) for 
acidic soils developed on granitic bedrock. In contrast, a pattern of higher Sr 
isotope ratios in the uppermost horizons is characteristic of bedrock with low 
87Sr/86Sr (Miller et al. 1993). Consequently, the observed difference between 
sapwood and heartwood for both the Cagouillères and Bogny-sur-Meuse sites 
could be interpreted as higher 87Sr/86Sr ratios in superficial horizons than in 
deep horizons. However, this explanation is unlikely given the local geologi-
cal context, as the Bogny-sur-Meuse site is underlain by acidic schist rocks, for 
which high 87Sr/86Sr ratios are expected. However, in the absence of Sr isotope 
analyses of soil and rocks at the two sites, this scenario cannot be fully ruled 
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out. The variation in 87Sr/86Sr ratios between wood compartments was smaller 
than the inter-tree variation and did not hamper the identification of the site. 
In future studies using Sr isotopes in wood provenancing, we strongly recom-
mend analyzing wood compartments separately instead of bulk wood.

4.3	 Difference	between	the	Calcareous	and	Acidic	Sites
The elemental ratios in Fig. 8 reveal that Ca and Mg were more abundant than 
Mn, Sr, and Nd in wood from the calcareous site than in wood from the acidic 
site. Wood Ca/Mn and Mg/Mn patterns have been explained in the past by 
the higher bioavailability of Mn at low pH (Taiz et al. 2014; M. Durand et al. 
2020), which is consistent with findings from other wood provenance stud-
ies (Kuang et al. 2008). It is generally accepted that Sr closely follows Ca in 
plants (Bowen & Dymond 1956), but selective bias may affect absorption by 
roots. Roca et al. (1995) observed a preferential uptake of Sr from soil solutions 
with high Ca concentrations, whereas at low Ca concentrations, the absorp-
tion rates were nearly the same. Poszwa et al. (2000) noted that spruces in 
acidified soil indicated a preferential uptake of Ca over Sr. In our study, wood 
Ca/Sr was more elevated at the calcareous site than at the acidic site, which 
is unexpected considering only the aforementioned physiological processes. 
To our knowledge, the Ca/Sr ratio in wood has not yet been explored for its 
potential in distinguishing sites of tree growth, although the proxy is familiar 
to archeologists working on paleodiets to infer meat vs. vegetal composition 
(Runia 1987; Sponheimer et al. 2005).

As expected, wood from the Cagouillères site, situated on limestone, had 
lower 87Sr/86Sr ratios (0.7138 ± 0.0010) than wood from the Bogny-sur-Meuse 
site (0.7174), which was developed on more radiogenic schists. The values mea-
sured in this study were compared with the Sr isotope ratios of plant samples 
indicated in the IRHUM database for metropolitan France (Willmes et al. 2014; 
2018), available online at http://80.69.77.150/. A tree from a sampling point 
in the IRHUM database situated 18 km from the Bogny-sur-Meuse site had 
87Sr/86Sr = 0.7123, while grass from sampling points situated respectively 11.5 
and 23 km from the Cagouillères site had 87Sr/86Sr equal to 0.7108 and 0.7118. 
Therefore, values from the IRHUM database matched with our values acquired 
at the calcareous site (0.71381 ± 0.00103 for heartwood at Cagouillères; for this 
comparison, we considered only heartwood as the tree rooting depth during 
heartwood formation is more comparable with that of grass). However, there 
was a considerable discrepancy between the values obtained for the acidic 
site (0.71736  ± 0.00026 at Bogny-sur-Meuse) and the IRHUM database. This 
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discrepancy might be due to small-scale variability in the underlying rocks or 
to differences in rooting depth between trees from the two sites (Section 4.2), 
but these scenarios cannot be tested at this stage in the absence of further 
constraints on the rocks, soils, and trees from these sites.

Neodymium isotopes could not be used to distinguish between the two study 
sites. The first reason for this impossibility may be the similar lithological con-
text of Nd sources. Indeed, εNd values within the range of −9 to −12 obtained in 
this study are typical of average detrital continental material (White 2020). In 
addition, minute differences that might still exist between the two sites were 
not detected because of the relatively poor precision obtained for Nd isotope 
analysis, in turn owing to the limited Nd amount available for isotope analy-
sis. However, for future analyses, a protocol can be designed to obtain higher 
amounts of Nd for isotope analyses. Given the typical wood Nd concentration 
of tens of ppb, the minimal mass of wood prior to digestion should be 2 g to 
obtain an analyte sample solution containing at least 20 ng of Nd.

4.4	 Effect	of	Carbonization	on	Density	Decrease	and	Mass	Loss
The mass loss observed with increasing temperature (Fig. 3) is typical for 
isothermal charring and analytical pyrolysis (Drysdale 2011). Between non-
carbonized wood and wood carbonized at 200°C, the negligible mass loss is 
mainly attributed to the evaporation of chemically bound water (Shafizadeh 
1984). The strong mass loss observed between 200 and 400°C is associated 
with the thermal degradation of cellulose and hemicellulose taking place from 
ca. 340°C to ca. 480°C (Czimczik et al. 2002; Yang et al. 2007; Nagel et al. 2019).

A close correlation between density and radiographic density (R2  = 0.96) 
established that radiographic density as measured by the Itrax Multiscanner 
was as reliable as the former radiographic density methods. Both the density 
and radiographic density of trees A and D upturned at 600°C, but not their mass, 
specimen longitudinal thickness, or specimen surface in the transverse plane, 
which continued to decline (Fig. 3). While thickness and surface decreased 
constantly at a 25% rate at maximum, mass loss slowed down between 600 
and 800°C, so that the mass/volume ratio became relatively higher.

Byrne et al. (1997) demonstrated a close linear relationship between char 
density and wood density (with a slope coefficient = 0.82) that is valid for vari-
ous tree species, including the deciduous oak (Quercus rubra). In our study, 
the slope coefficient between the densities before and after carbonization of 
the trees A, B, D, and O varied between 0.47 and 0.63, with an average value 
of 0.55 (n = 6). Thus, the wood of Quercus petraea in this study underwent a 
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more extensive density decrease than that of Byrne et al. (1997). This difference 
might come from different experimental designs (900 vs. 800°C) and carbon-
ization methods (no oxygen vs. minimal oxygen access).

4.5	 Effect	of	Carbonization	on	Wood	Elemental	Composition
Despite the positive correlation between mineral nutrient concentrations 
and carbonization temperatures, the actual mass of elements in the wood 
decreased during our experiments (Fig. 5). Corresponding elemental mass loss 
was highest for S, Al, Fe, Ni, and most noticeably for Zn, which volatilized con-
siderably between 600 and 800°C. Previous studies reported almost complete 
volatilization of S, Cl, and Zn and partial release of K and P at temperatures 
< 1000°C but diverged with respect to the behavior of other elements (Etiégni 
et Campbell 1991; Fagerström et al. 2016). The enrichment of mineral content 
in hardwood biochar has been documented for Mg, Mn, Al, Fe, and Na (Nagel 
et al. 2019). According to Thy et al. (2017), elements either volatilize during 
decomposition at low temperatures (250–475°C for Sc, V, Ti, Cr, Mg, and Sr) 
or at high temperatures (900–1300°C: for REE s, alkali metals K, Rb, Cs, and 
Cd, Sb, Sn). Thy et al. (2017) considered the differential loss between elements 
and did not report the initial elemental concentrations in wood, which might 
explain why Mg and Sr were classified as elements decomposing at low tem-
peratures in this study. Among the elements considered weakly volatile below 
800°C in Nagel et al. (2019) and Thy et al. (2017), Mg, Mn, K, and Rb were also 
defined as refractory elements in our study  (Section 3.3). Studies dealing with 
pyrolysis are scarce, especially in archaeological contexts (Fermé et al. 2015), 
and it should be borne in mind that the aforementioned examples were devel-
oped for purposes of fuel pellet manufacturing from biomass and mostly in 
laboratory conditions different from ours (pyrolysis in a furnace with tempera-
ture control versus uncontrolled pyrolysis in muffle furnace).

5 Conclusion

Carbonization radically changes the structure and composition of the wood. 
The aim of this study was to verify whether and how carbonization might 
modify the signatures of selected geochemical markers in view of their 
application to charred wood provenance studies. The selected geochemical 
markers—elemental ratios and isotope ratios of Sr and Nd—were analysed 
in oak wood specimens pyrolyzed between 200 and 800°C and in a control 
non-carbonized specimen.
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The first major finding of our study was of technical relevance: the com-
parison of concentration data from µ-XRF spectroscopy allowed for appraising 
spatial variability, and bulk ICP-MS measurements demonstrated that the for-
mer technique was capable of quantifying Mn, Ca, K, and P content in carbon-
ized wood with satisfactory precision.

Second, our study highlighted that carbonization implied a major mass 
loss occurring between 200 and 400°C and continued, albeit at a lower rate, 
up to 800°C. Because of the mass loss related to the degradation of organic 
compounds, the remaining wood material became enriched in mineral 
components. The magnitude of the concentration increase depended pri-
marily on the element considered and partially on the wood compartment 
(heartwood/sapwood).

Third, we were able to classify chemical elements based on their volatility: 
highly volatile elements (S and Zn), elements with intermediate thermostabil-
ity (Fe, Ni, Al, and Cu), and refractory or thermostable elements (Rb, Mg, K, 
Nd, Sr, Mn, and Ca). This led us to propose the Ca/Mn and Mg/Mn ratios as the 
most appropriate elemental ratios to determine the provenance of carbonized 
wood because of their constancy within the entire carbonization temperature 
range. Other elemental markers such as Mn/Al, Ca/Sr, Ca/Nd, Ca/Al, and Ca/Fe 
were also rather stable throughout carbonization, but the signatures between 
the two study sites were less distinctive.

Fourth, our study validated the use of the Sr isotope ratio 87Sr/86Sr as a marker 
of charred wood origin, as the effect of carbonization on wood’s 87Sr/86Sr val-
ues was weak compared to the differences between sites. The absence of any 
significant variation in Nd isotope ratios between different levels of carboniza-
tion indicated the reliability of this marker, although further studies should 
rely on higher amounts of Nd to ensure that inter-site differences can emerge 
from the measurement uncertainty.

Fifth, the signatures of the elemental and isotope ratios were slightly but 
significantly different between heartwood and sapwood, thus calling for a 
specific analysis of each wood compartment in wood provenance studies. We 
recommend focusing on heartwood to obtain a sufficient quantity of material 
for isotopic analysis, especially for archaeological wood, which often misses 
sapwood.

Providing the first framework for the variability of elemental and isotope 
ratios of wood within trees and through carbonization, this preliminary study 
suggests that the combination of these geochemical markers is a promising 
tool for determining the provenance of carbonized wood, which is of particu-
lar interest for samples of charred archaeological wood.
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 Appendix

A1 Material and Methods
A1.1 Sample Preparation for Isotope Composition Measurement
Sr concentration in procedural blanks ranged from 0.03 µg/l to 0.08 µg/l with mean  
±SD of 0.05 ± 0.01 µg/l (n = 26), corresponding to a contribution of the order of a per-
cent (0.6–1.6%) of total Sr from samples. Nd concentration in procedural blanks ranged 
from 0.4 ng/l to 1.3 ng/l, with a mean ±SD of 0.6 ± 0.2 ng/l (n = 26), corresponding to 
a contribution of the order of a percent (0.24–1.6%) of total Nd from samples. The Sr 
and Nd concentrations in procedural blanks that were digested were ten times higher 
than in non-digested blanks, which contained 0.0043 µg/l of Sr and 0.03 ng/l of Nd  
(n  = 3 for both). Milli-Q water used to rinse digestion tubes contained 0.06 µg/l of 
Sr and 0.4 ng/l Nd (n = 3 for both), which was considerably higher than 2% acidified 
Milli-Q water (HNO3; 0.001 µg/l for Sr and 0.03 ng/l for Nd). Therefore, we considered 
contamination to originate from both residuals in the digestion tubes that were not 
washed out and the digestion process itself.

The accuracy and reproducibility of isotope ratio measurements were assessed by 
standard reference materials NIST-987 for Sr (99.9 ± 0.00215%, n = 5, 2 SD = 1.53 × 10−5) 
and NIST-3135a for Nd (99.9 ± 0.00694%, n = 3, 2 SD = 5.84 × 10−5). The mass of Nd 
available per sample for isotope analysis was 6.7 ± 3.4 ng. Although this amount is suf-
ficient for reliable isotope analysis, for some samples, low separation yields result in 
very small signals during mass spectrometry measurements.

A1.2 Comparison between ICP-MS and µ-XRF Spectroscopy
The elemental compositions were expected to correlate between the two analytical 
techniques. However, µ-XRF spectroscopy measurements were not calibrated because 
of the lack of an equivalent reference material (charred wood), and comparison with 
ICP-MS was instructive regarding the matrix effect. Contrary to ICP-MS, µ-XRF spec-
troscopy is a semi-quantitative technique, and some discrepancies in concentration 
measurements by the two methods were perceived here (e.g., significance of tree effect 
in Tables 2 and 4). In this study, the highest intensity of µ-XRF signal was recorded 
for K in 800°C-carbonized wood (106 arbitrary units a.u.), and the lowest for Ti in 
non-carbonized wood (10−1 a.u.). The correlation tests between arbitrary units from 
µ-XRF spectroscopy and absolute concentrations from ICP-MS indicated a generally 
significant (p-value < 0.05 for all elements except Ni) and a positive correlation, par-
ticularly strong for elements Mn, K, Ca, and P (Table A2). Measurement accuracy for 
these four elements does not seem to be impacted by carbonization.
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A linear model between relative and absolute concentrations was constructed for 
each element from 20 common samples (Table 1). The effect of the absolute concen-
tration was significant for elements with a high correlation coefficient (Table A3). 
The temperature effect was significant for Mn, K, P, Al, and S and it was indeed the 
only variables explaining the relative concentrations of S and Al (together with heart-
wood/sapwood for Al). The heartwood/sapwood effect was the most striking for Mn, 
which agreed with the Mn distribution described above. Interactions between vari-
ables were noticeable only for elements with a significant effect on the absolute con-
centration. As a result, the quality of concentration prediction based on arbitrary 
µ-XRF units was primarily determined by the element under consideration. Elements 
in this study might have been classified as (a) accurately measured elements such as 
Mn, Ca, K, and P; (b) elements with poor quality of measurement (Ni, Fe, Al); and (c) S, 
whose quality of measurement depended strongly on the carbonization state of wood. 
Therefore, the results obtained from relative concentrations should be considered reli-
able for Mn, Ca, K, and P, and with precaution for the other elements.

Figure A1 Concentration of mineral nutrients in heartwood of the tree O 
from the acidic site Bogny-sur-Meuse, with log-scale for the y-axis. 
Brown bars indicate non-carbonized wood, and gray bars indicate 
wood carbonized at 800°C. Elements are sorted along the x-axis by 
decreasing values of concentration in non-carbonized wood.
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Figure A2 Bulk concentrations (n = 4, including trees from both calcareous and acidic substrates) 
from ICP-MS in heartwood (dark brown) and sapwood (light brown) of wood specimens 
carbonized at different temperatures. Box plots show the median, first, and second quartiles.
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Figure A3 Intensity of µ-XRF signal in arbitrary units measured per point along the radial section of the 
wood specimens, with results for non-carbonized wood in brown and wood carbonized at 
800°C in grey. “0” on the X-axis corresponds to the heartwood/sapwood boundary; values are 
negative in the sapwood section and positive in the heartwood section.
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Table A1 Accuracy in % (n = 10, RSD) estimated for standard reference 
material INCT-OBTL-5 and contamination rate for blanks  
(n = 20, RSD)

Element Accuracy ± RSD (%) Contamination rate (%)

Rb 97.3 ± 3.2 1.22 ± 0.23
Sr 102.4 ± 4.0 1.32 ± 0.25
Nd 95.8 ± 4.0 1.19 ± 0.33
Mg 105.5 ± 7.91 1.11 ± 1.59
Al 84.8 ± 5.9 12.43 ± 1.93
P 117.8 ± 9.0 1.86 ± 1.62
S 117.6 ± 10.5 0.52 ± 0.77
K 101.74 ± 6.29 0.23 ± 0.23
Ca 123.88 ± 8.44 1.48 ± 0.52
Mn 105.6 ± 5.5 0.04 ± 0.04
Ni 116.6 ± 11.2 1.20 ± 1.33
Cu 113.0 ± 6.3 0.60 ± 0.35
Zn 111.2 ± 4.5 4.76 ± 4.08

Table A2 Correlation (n = 20) between relative concentration in a.u. from µ-XRF spectros-
copy and absolute concentration in ppm from ICP-MS

Element Pearson’s correlation Spearman’s 
correlation

Pearson’s correlation of 
log of concentration 

Mn 0.99*** 0.98*** 0.93***
K 0.93*** 0.94*** 0.96***
Ca 0.88*** 0.87*** 0.91***
P 0.83*** 0.79*** 0.77***
Fe 0.63** 0.63**
Al 0.63*** 0.60***
S 0.5* 0.61** 0.58**
Ni

*** p < 0.001, ** p = 0.001–0.01, * p = 0.01–0.05, otherwise blank. Correlation coefficient r of 
Spearman’s and Pearson’s correlation (for concentrations and for log of concentrations) pre-
sented for p < 0.05. Elements are sorted by decreasing values of Pearson’s r.
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Table A3 ANOVA statistics of model of µ-XRF spectroscopy measurements

Element Conc. Comp. Temp. Conc.*  
Comp.

Conc. *  
Temp.

Comp. * 
Temp.

Conc. * 
Comp. * 
Temp.

R2

Mn 55630.51*** 434.05*** 56.99*** 1095.78*** 240.25*** 1
K 23.51*** 6.57* 14.99*** 15.83*** 24.74*** 15.43*** 0.99
Ca 125.51*** 5.32* 3.18 18.66*** 0.95 0.96
P 41.48*** 14.76*** 5.09* 7.04*** 0.98
Fe 0.75
Al 6.17* 56.91*** 0.91
S 4.95* 36.99*** 0.9
Ni 0.67

*** p < 0.001, ** p = 0.001–0.01, * p = 0.01–0.05, otherwise blank. F-values presented for p < 0.05. Elements 
sorted in decreasing order of correlation coefficient (not presented here). Conc., absolute ICP-MS concentra-
tion; Comp., wood compartment; Temp., temperature.

Table A4 AIC scores of models of µ-XRF relative concentrations as a function of ICP-MS 
absolute concentration, with Model 3 selected as the most appropriate

Element Model 1 Model 2 Model 3 Model 4 Model 5

Al 202.13 178.83 172.63 179.73 162.79
S 224.69 204.39 198.71 209.95 177.45
P 232.74 204.16 189.50 200.16 192.01
Fe 261.45 265.25 257.56 268.45 213.57
Mn 317.41 316.60 230.48 253.03 227.60
Ni 295.61 296.61 288.44 294.92 262.88
Ca 382.54 380.10 361.48 340.93 299.38
K 395.84 384.53 363.86 384.68 341.68

XRF, µ-XRF relative concentration; ICP, ICP-MS absolute concentration; Temp., temperature. 
Model 1: XRF ~ ICP; Model 2: XRF ~ ICP * Temp.; Model 3: XRF ~ ICP * Temp. * Wood compart-
ment; Model 4: XRF ~ ICP * Temp. * Site; Model 5: XRF ~ ICP * Temp. * Wood compartment * Site.
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