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ARTICLE INFO ABSTRACT

Reduced iron and sulfur species accumulated within waterlogged archaeological wood artefacts during their
burial time. Oxygen exposure of the artefacts during recovery leads to acidification and salts precipitation, which
causes irreversible physical and chemical damages. Prior to accurately evaluating novel extraction methods, the
procedures for creating analogous samples were evaluated for efficacy. Waterlogged wood analogues provide
access to a whole set of homogeneous and sacrificial samples that replicate characteristics of waterlogged ar-
chaeological wood in terms of content degradation and the presence of reduced iron and sulfur species. In this
study, we evaluated the preparation of model samples from fresh balsa wood artificially contaminated with
reduced iron and sulfur species. Wood degradation and the formation of reduced iron and sulfur species were
assessed by Fourier Transformed Infrared (FTIR) and Raman spectroscopies and validated through statistic
methods, such as Principal Component Analysis (PCA). Among the three impregnation protocols investigated,
one method appeared to be the most effective in term of iron sulfide formation, especially partially oxidized
mackinawite Fe; ,S. The selected protocol proved reproducible and efficient on both fresh balsa and Neolithic
oak samples. From these observations confirmed by the PCA analyses on spectroscopic dataset, a suitable method
to model waterlogged archaeological wood was established.
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1. Introduction
1.1. Waterlogged wood degradation

Waterlogged archaeological wooden artefacts found in anoxic en-
vironments can suffer from salt efflorescence and acidification issues,
even after consolidation treatments have been undertaken. Due to the
low oxygen concentration, darkness and low water temperatures found
in anaerobic conditions, bacteria are the main degradation agents. For
instance, sulfate-reducing bacteria (SRB) can metabolize organic
matter, such as carbohydrates and polysaccharides, to produce hy-
drogen sulfide (H,S), which diffuses into the wood. The presence of
iron, from either the burial sites or the objects themselves, contributes
to the wood degradation. Soluble iron (II) may interact with H,S to
produce iron sulfides that then accumulate within the wood vessels [1].
Iron sulfides alter the color of the waterlogged wooden artefacts [2,3].

These compounds are detected in most waterlogged archaeological
wood objects, such as the Vasa or the Mary Rose warships but also in
corrosion layers of archaeological iron artefacts [4]. Pyrite (FeS,) is the
most documented phase in literature; however other iron sulfides such
as mackinawite (FeS) or greigite (Fe3S,) are reported as well [5,6].

Throughout the recovery and subsequent modifications of en-
vironmental conditions, archaeological objects suffer from the oxida-
tion of these compounds due to exposure to different oxygen con-
centrations and relative humidity rates. In particular, iron sulfides are
converted into sulfuric acid and/or salts efflorescence, resulting in ir-
reversible chemical and mechanical damages [1]. Acid hydrolysis leads
to cellulosic degradation that weakens the strength of the wood struc-
ture. The conversion of reduced species into ferric oxyhydroxides and/
or iron sulfates from the oxidation process can collapse the object's
cellular structure due to volume expansion [1,7,8].

Moreover, iron ions can catalyze several chemical reactions that are
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harmful to the wood structure [3]. Fe (II) ions can initiate and catalyze
the cellulosic content degradation and oxidation by Fenton-type reac-
tion [3,7,9]. In addition, sulfuric acid may form from the oxidation of
sulfur compounds by Fe (II) ions.

1.2. Conservation treatments

Different consolidation methods are used to preserve waterlogged
wooden objects after their recovery. Among them, polyethylene glycol
(PEG) is widely used. It was initially developed for the Vasa warship in
Sweden [8]. The Swedish warship was consolidated by spraying an
aqueous solution of PEG for 17 years [9]. While this method maintains
the wood shape against distortion and deterioration, studies have de-
monstrated that iron parts still present in the wooden matrix corrode in
contact with PEG. The formation of Fe (II) ions induce the decom-
position of the PEG molecules, thus inhibiting its consolidation role and
preventing the long-term preservation of the waterlogged wood arte-
facts [3].

The investigations carried out on important waterlogged wood
items, such as the Vasa or the Mary Rose, estimate a total sulfur content
of 2 to 3 tons as well as 5 tons of iron for the Vasa [3,9,11]. It is im-
portant to extract iron and sulfur species to minimize their impact on
the preservation of the waterlogged wood. These studies also demon-
strated that these species are concentrated within the two first cen-
timeters of the wood substrate. Post-consolidation extraction methods
were employed for the neutralization of sulfuric acid. Alkaline baths or
ammonia gas present short-term effectiveness, but cause holocellulose
degradation in the long-term [12]. In addition, the use of alkaline na-
noparticles provided efficient long-term neutralization, but proved
potentially toxic and difficult to remove potential sub-products [13].
Strong oxidants and chelating agents were also used for iron extraction,
such as EDMA (ethylenediiminobis (2-hydroxy-4-methyl-phenyl) acetic
acid) [3]. Even though the EDMA-based iron extractions were effective,
the objects developed a red hue and swelling after treatment. Moreover,
the long-term effects remain unknown. Due to the concerns and issues
surrounding PEG treatments, Tahira et al. [14] and Broda et al. [15]
tested polysaccharides and methyltrimethoxysilane, respectively. With
encouraging first results, these new methods represent interesting al-
ternatives to current consolidation agents. The development of extrac-
tion methods applied before any consolidation treatments has also been
proposed recently with either chemicals or microorganism-based
treatments [2, 16].

1.3. Model samples

The purpose of modeling waterlogged wood degradation is to obtain
a representative set of wood samples that replicate the characteristics of
archaeological waterlogged wood, meaning a low carbohydrates con-
tent (wood fraction composed of cellulose and hemicellulose and de-
fined as holocellulose) and the presence of iron sulfides (i.e. greigite,
pyrite and mackinawite). As explained in Section 1.1, these two criteria
are reported on real waterlogged wood samples. The preparation of
similar model samples has been reported in previous studies for the
assessment of extraction methods; however, some of these approaches
require specific equipment (i.e., H,S gas supply) and have complicated
regulations to comply with. Thus, these methods are difficult to im-
plement and ill-suited for some laboratories [8]. Iron exctraction
methods were investigated through modeling of samples artificially
contaminated with iron species [17, 18]. These iron-focused methods
were also performed with fresh oak wood [8, 9].

This article focuses on the preparation of model samples with fresh
balsa wood. The application of chemometrics established clear para-
meters for a valid protocol, which will be employed to contaminate
wood artificially with iron sulfides and model archaeological water-
logged wood. Within this study, three different impregnation protocols
were evaluated for their efficiency in terms of wood degradation and
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iron sulfides formation through colorimetry, shrinkage and spectro-
scopic analyses.

2. Material and methods
2.1. Preparation of model samples

2.1.1. Wood samples

Balsa wood (Ochroma pyramidale) was purchased in a 1-meter listel
(Coop Brico+Loisir®) and cut in 2 x 2 x 2 cm® samples presenting
radial (Rd), transversal (Tv) and tangential (Tg) sections. This wood
specie was selected as it presents a similar porosity to waterlogged
archaeological wood, allowing an easier degradation of the carbohy-
drates content. The chemical composition of balsa showed that balsa
wood is composed of 40-45% of cellulose, 25% of lignin and 23-26% of
hemicellulose, for dry-wood [19]. In particular, glucomannan (acetyl
groups) and xylan are the main component of hemicellulose and their
fraction are of 2-5% and 21%, respectively. Moreover, its light color
can facilitate monitoring the color variation of the samples when arti-
ficially impregnated with iron sulfides. Each impregnation protocol (IP)
was assessed in triplicates. The samples were weighted and distributed
into different sample groups based on mass to have homogeneous re-
presentative experimental sets and significant results. Two samples
were characterized, and another sample was poured in deaerated
deionized water and kept at 4 °C in a fridge as a reference sample.

2.1.2. Impregnation protocols

All chemical reagents used for the different impregnation protocols
were of analytical grade. Three artificial contamination protocols (IP1,
IP2 and IP3) were selected from literature and are summarized in
Table 1. Before impregnation, the cubes were pre-immersed for one
week in deionized water under vacuum (600 mbars). After impregna-
tion, the samples were wrapped in plastic film and stored at 4 °C in
Ziploc bags® filled with deaerated water to prevent from oxidation until
characterization was completed. The archaeological nails employed in
IP2, were excavated from chalky soil in the Champagne region, France,
dating from the late Roman period (3rd century A.D). They present a
corrosion layer composed of a mixture of goethite (a-FeOOH) and le-
pidocrocite (y-FeOOH) identified by Raman spectroscopy.

2.1.3. Round robin test

To validate the preparation of model samples, LATHEMA
(Neuchétel, Switzerland) and Arc'Antique (Nantes, France) laboratories
worked in parallel to evaluate the same IP using the same parameters
(i.e., wood degradation and the formation iron sulfides). The results
obtained were gathered and compared to evaluate the feasibility and
reproducibility of the selected artificial impregnation protocol.

Table 1
Parameters used for the impregnation of fresh balsa wood, modelling archae-
ological waterlogged wood

Impregnation protocol Reference

1P1 ® 4 h immersion in 800 ml of iron(II) chloride tetrahydrate [16]
(FeCly4H,0) 0.5 M under vacuum (600 mbars)

overnight drying

4 h immersion in 800 ml of sodium sulfide nonahydrate
(Na,S‘9H,0) 0.5 M under vacuum (600 mbars)

P2 ® immersion in artificial sea water in presence of [45]
archaeological terrestrial nails
® treatment time of 18 or 60 days
® optional vacuum (600 mbars)
IP3 ® 8 h immersion in 800 ml of Na,;S-9H,0) 0.12 M and 800 ml [48]

of FeCly4H,0 0.09 M
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2.2. Analytical methods

2.2.1. Colorimetry

Colorimetry measurement was investigated to determine the var-
iation of samples appearance. This method is a fast screening approach
to identify potential chemical changes on the sample surfaces through
the quantification of color shifts. This type of assessment provides
complementary information to other forms of characterization. A
Minolta CM-508D spectrophotometer was used for the color measure-
ments, with the following parameters: Specular Component Included
(SCI), Nluminant D65 (daylight containing UV component, color T
6504 K), d/8° geometry, 10° observer, measurement area diameter
10 mm, illumination with Xe flash light source 100% UV containing all
UV components or 0% UV containing no UV components, CIELab 1976
color space (EN ISO 11664-5:2016). On each sample, one measurement
was recorded per cube face through the plastic film.

2.2.2. Raman spectroscopy

The iron minerals formed during the impregnation protocols were
determined by Raman spectroscopy. Raman spectroscopy is widely
used in the field of conservation-restoration as a non-invasive and non-
destructive method, especially for waterlogged wood [20]. Ad-
ditionally, the main iron corrosion products, sulfides or oxides, are well
documented in the literature [20, 22]. A Jobin Yvon Horiba™ spec-
trophotometer was employed for the measurements coupled with an
Olympus BX41 microscope. Spectra were recorded at a wavelength of
632 nm, a hole of 1000 um, a slit of 100 pm, 100-1500 cm ™! range,
50xLWD objective, and acquisition with 10 accumulations of 5 s. A 25%
filter (9.9 mW) was applied to avoid the degradation of thermosensitive
compounds under the laser beam. Four spectra per face were recorded
according to a specific mask (Fig. 1). A total of 24 spectra per sample
was obtained. The spectra were analysed with LabSpec® software (au-
tomatic baseline correction). Reference spectra were used to identify
the compounds formed. Samples were immersed in their stock solution
to allow an increase in laser power and to obtain a good signal-to-noise
ratio.

2.2.3. ATR-FTIR spectroscopy

Fourier Transformed Infrared spectroscopy was used to evaluate
wood degradation. ATR-FTIR spectroscopy is largely used in the field of
waterlogged wood conservation and preservation as a fast, non-in-
vasive, and non-destructive method to evaluate the state of degradation
[17,23,24]. A Nicolet iS5 Thermo Fisher™ was employed with the
following parameters: range 400-4000 cm ™2, a spectral resolution of
4 cm™!, and 16 scans. The measurements were performed in ATR
(Attenuated Total Reflectance) mode using a diamond ATR crystal
without any sample preparation (ID5 ATR accessory). Background was
recorded in air. Four spectra were recorded on the wood surface and on
half-sectioned (samples divide into two pieces along Tv section) sam-
ples using the same mask as for Raman measurements (Fig. 1). A total of
24 spectra per sample was obtained. The spectra were analysed with
Thermo® OMNIC software. Baseline correction and frequency normal-
ization were applied to the spectra. In particular, wood degradation was
evaluated by calculating the ratio H/L = 1(1158)/1(1506) with 1(1158)
and I(1506) being the height of the vibrational bands at 1158 and
1506 cm ™1, assigned to holocellulose and lignin respectively [25-28].
Ratios, before and after impregnation, were compared to ascertain

o

o

Fig. 1. Mask used fort the Raman and ATR-FTIR measurements
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related carbohydrates content degradation.

2.2.4. Physical shrinkage

Before and after impregnation, some samples were placed in oven at
100 °C and dried until a constant weight was obtained. The radial (Rd),
tangential (Tg) and transversal (Tv) wood sections were then measured
to estimate the eventual shrinkage of wood observed during impreg-
nation.

2.2.5. Waterlogged archaeological wood samples

In parallel, Neolithic oak wood, recovered from Biel lake and dated
from -2700 BC, was impregnated with the IP1 protocol. The same
analytical protocol was applied to compare the results of the artificially
impregnated fresh balsa samples with waterlogged archaeological wood
objects contaminated with iron and sulfur species as described in the
literature.

2.3. Data analysis

Modeling was validated using chemometrics. Exploratory data
analysis was performed by principal component analysis (PCA). This
statistical method was used to differentiate and cluster data, so the most
efficient impregnation protocol can be determined. All the statistical
analyses were carried out with open source software Rstudio (https://
www.rstudio.com/). ATR-FTIR ratios and mean values of color and
shrinkage measurements were used for the analysis. Concerning
Raman, a contingency table was used with value 1 if reduced sulfur
species identified and O if not. Then, all spectra from the different im-
pregnation protocols were compiled in Rstudio, and PCA analysis was
carried out. Closer examination of the loadings and of which frequency
contributes more to each principal component (PC) was performed.

3. Results
3.1. Colorimetric measurements

After impregnation, the first observations showed that IP1 and IP3
samples presented a dark hue while IP2 samples displayed a brownish
hue (Fig. 2 A). This observation suggests that different compounds may
have formed according to the IP employed. In particular for IP2, similar
results were obtained regardless of the treatment time (18 or 60 days)
set or the application of vacuum conditions (yes or no) (see Table 1).
IP2 samples immersed for 18 days gained a darker hue only in the areas
where nails are present. When vacuum conditions were also applied,
the wood became darker on the surface but not within the samples’
core. With a longer impregnation time (60 days) the wood turned
darker on the surface and few areas of its core remained unchanged.
Regarding the impregnated Neolithic oak samples, the appearance of
the samples was not altered respect to the recovered wood with
AE = 3.01 ( = 1.19). Only the results for IP2 applied for 60 days will be
discussed further.

The colorimetric coordinates obtained in the CIELab color space
verified that all impregnation protocols altered the appearance of the
samples. In terms of brightness (L*), IP1 and IP3 resulted in the darkest
hue with values of 25.71 ( = 0.8) and 28.85 ( + 1.3), while IP2 samples
became less darkened (41.18 *+ 0.8). For comparison, balsa wood be-
fore impregnation at t, has L* = 70.24 * 0.9 (Fig. 2 B). The brightness
L* of impregnated Neolithic oak slightly decreased after IP1, from
28.30 ( = 0.9) to 25.51 ( = 0.3). IP1 and IP3 have similar a* and b*
colorimetric coordinates, while IP2 and t, sample values are located in a
diametrically opposed zone. The coordinates for a* and b* obtained for
Neolithic oak samples scarcely variated and gathered with the one of
fresh balsa IP1. A minor data dispersion was observed for IP1.


https://www.rstudio.com/
https://www.rstudio.com/
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Fig. 2. A. Visual aspect of the balsa samples before impregnation (t0) and after each impregnation protocol (IP1, IP2 and IP3). B. Colorimetric plots in the CIELab

color space before (t0 O) and after impregnation (IP1 A, IP2 [, IP3 Q)

3.2. Raman spectroscopy

Raman analyses were carried out on the samples’ surface and core to
identify the compounds formed during impregnation and to evaluate
their depth of penetration in wood. As suggested by visual observations,
different minerals were detected according to the impregnation pro-
tocol employed.

For both IP1 and IP3 samples, iron sulfides and sulfur compounds
were identified. Mackinawite was detected on IP1 samples surface as
partially oxidized mackinawite (Fe;_,S) with characteristic vibrational
bands at 214, 247 and 303 cm ™! [29] (Fig. 3 B). In addition, the vi-
brational band around 362 cm ™! was attributed to greigite (Fe3S4) and
those at 150, 220 and 473 cm ™! to mineral sulfur a-Sg [30]. These
compounds were observed on both fresh and Neolithic samples. IP3
samples spectra mainly identified sulfur (a-Sg). Although a few spectra
showed bands in the 350-360 cm ™! range, suggesting the presence of
Fe3S, (Fig. 3 B). For IP2 samples, iron oxides were identified as lepi-
docrocite (y-FeOOH) with its characteristic vibrational bands at 252
and 380 cm ™! [31], (Fig. 3 B). On half-sectioned samples, the same
compounds were identified within the first millimeters (Fig. 3 A).

3.3. ATR-FTIR spectroscopy

The degradation of the carbohydrates content was then evaluated
(Fig. 3 C). Differences can be observed among the ATR-FTIR spectra
before and after water pre-immersion but also after the impregnation
protocols.

The first comparison of balsa samples was done between fresh and
water pre-immersed under vacuum. The spectra of balsa wood with
water pre-immersion showed shoulders at 897 and 1203 cm ™ '. These
bands were assigned to C—H deformation and OH plane deformation in
cellulose and xylan (a component of carbohydrates in hemicellulose)
[17]. These spectra also showed a band at 1650 cm ™! attributed to the
H—O—H deformation of adsorbed water [17]. The band at 1128 cm ™!
was assigned to aromatic skeleton; however C—O asymmetric stretching
in cellulose slightly decreased in intensity after water pre-immersion
[26]. First derivatives analyses carried out on the spectra highlighted
those changes. Shoulders at these wavenumbers were observed by

applying the 1st derivative to the fresh balsa spectrum except for the
pre-immersed samples.

After impregnation, IP1 spectra presented a strong decrease in in-
tensity at 1233 cm ™! attributed to both holocellulose and lignin wood
contents [24,32] and at 1738 cm ™! (unconjugated C=0 asymmetric
stretching of acetyl and carbonyl groups in hemicellulose). The relative
intensity of the bands at 1203 and 1318 cm ™' corresponding to cellu-
lose increased slightly [33,34]. Whereas, the IP2 spectra were similar to
those obtained after water pre-immersion. In this case, the band at
1738 cm ™' lost intensity and the band at 1590 cm ™!, attributed to
aromatic skeletal and C=0 stretching vibrations in lignin was absent
[17]. The IP3 spectra were quite similar to the IP2 spectra, but two
additional weak bands were observed at 1537 and 1550 cm ™ *.

The spectra of Neolithic oak samples displayed a strong vibrational
band at 1650 cm™?, similar to those observed in the water pre-im-
mersed balsa samples. However, the intensities of vibrational bands at
1034 and 1059 cm ™~ ! were less intense on Neolithic oak. These bands
were assigned to the C—O stretching of holocellulose and lignin (Fig. 3).
In both spectra, before and after IP1, the bands at 1462 and 1506 cm !
attributed to CH deformation and C=C stretch in lignin were more
intense than the bands assigned to holocellulose.

To ascertain which wood fraction was degraded during impregna-
tion, a ratio holocellulose/lignin (H/L) was calculated according to
Dobrica et al. [25] and Macchioni et al. [27,28]. Similar values were
obtained at the sample's surface and core (Table 2). In addition, the
calculated H/L ratio confirmed that water immersion affected the
wood's composition as values fresh to water pre-immersed balsa de-
creased from 2.67( = 0.37) to 1.45( = 0.17) between fresh and water
pre-immersed balsa. While the ratios calculated after IP1 and IP3 im-
pregnation decreased, the IP2 samples showed an increase of the H/L
ratio. In the Neolithic wood samples, the H/L ratio before IP1 was
higher than the one of fresh balsa with a value of 6.21 ( = 2). After IP1,
the ratio decreased to a value of 0.74 ( = 0.09).

3.4. Shrinkage

Complementary measurements were performed on the samples to
evaluate wood degradation. Wood shrinkage denotes a loss of size as
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Fig. 3. A. Visual of transversal cut sections after impregnation protocols with spectroscopic measurements area indicated by red arrows. B. Representative Raman
spectra obtained for IP1, IP2 and IP3 balsa samples with reference spectra of mackinawite, sulfur and lepidocrocite. C. Representative ATR-FTIR spectra of fresh (—),
pre-immersed (—) and impregnated balsa samples (IP1 —, IP2 —, IP3 «+++++) with wood characteristic vibrational bands. D. Representative ATR-FTIR spectra of fresh
(—) and IP1 (—) balsa samples as well as recovered (—) and impregnated (—) Neolithic oak samples.

well as a loss of strength of the wood. The length variation of the radial
(Rd), tangential (Tg) and transversal (Tv) wood sections were calcu-
lated, and results are reported in Table 2. First observations showed
that IP2 and IP3 samples did not shrink or very slightly after oven
drying, especially the radial section (Rd). In contrast, IP1 samples
showed length variation for all wood sections. IP1 samples collapsed
during drying. Oven-dried Neolithic samples presented a higher
shrinkage than fresh wood samples with length variation of

Table 2

ATv = 13.42 (= 0.61), ATg = 13.42 ( = 0.42) and ARd = 8.17
( £ 3.13). The shrinkage among the Rd sections for both fresh balsa
( £ 0.96) and Neolithic oak ( + 0.61) was in the same range for IP1
samples.

3.5. Round Robin test

Both laboratories obtained similar results regarding the sample

Evaluation of the wood content degradation by ATR-FTIR spectroscopy and shrinkage measurements on balsa and Neolithic oak wood, with mean value of H/L height
ratio (+/-Std deviation) and length variation of radial (Rd), tangential (Tg) and transversal (Tv) sections indicated.

Height ratio H/L

Length variations

ARd (mm) ATg (mm) ATv (mm)

Fresh balsa 2.67 (+0.37) - - -
Pre-immersed balsa 1.45(+0.17) 0(x0) 0(x0) 0(x0)
IP1balsa 1.41 (£ 0.14) 4.25 (= 0.96) 9.75 ( % 5.50) 7.75 (= 4.43)
IP2 balsa 4.45 (= 0.50) 0.25 ( = 0.50) 0(x0) 0(=%0)

IP3 balsa 1.55 ( £ 0.09) 0.75 ( = 0.50) 0(x0) 0(=x0)
Neolithic oak 6.21 (= 2) - - -

IP1 Neolithic oak 0.74 ( = 0.09) 13.42 (= 0.61) 13.42 (= 0.42) 8.17 (= 3.13)
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appearance, wood degradation and compounds identification. IP1 and
IP3 samples displayed a dark hue while IP2 samples presented a
brownish one. Iron oxides were identified on IP2 samples contrary to
the two other protocols where iron sulfides were detected. In addition,
both laboratories observed a lignin degradation for IP2 and holocellu-
lose decay for IP1 and IP3. The Round Robin test demonstrated the
reproducibility of the selected protocols on wood samples. The pro-
duction of model archaeological wood samples can be implemented by
any laboratory for different conservation-restoration purposes.

3.6. PCA analyses

All data obtained from the different analytical measurements were
then compiled with Rstudio software and analyzed through PCA. First,
the values of a*, b* and shrinkage variation were compiled together
(Fig. 4 A). On this score plot, three clusters can be observed: a cluster
gathering data of IP3, a second cluster gathering data of IP1, and the
last cluster gathering data for IP2, t0 with and without water pre-im-
mersion. Loadings lines (red arrows) indicate which variables have the
largest effect on each principal component (PC). Colorimetric co-
ordinates have a positive loading on PC1 for fresh (t0_dry), pre-im-
mersed (t0-imm) and IP2 balsa samples. Shrinkage values have a ne-
gative loading on PC1 and PC2 especially for IP1 samples.

The data for brightness (L*), H/L ratio and Raman spectra (iron
sulfides detected) were compiled and analyzed (Fig. 4 B). Four clusters
may be distinguished. Two of them only contained data for tO samples,
gathering along the L* loading. Data for IP2 clustered along the H/L
loading while data for IP1 and IP3 clustered along the Raman loading.
Only Raman has a slight positive loading on both PCs as the loading is
not equal to zero, contrary to L* and H/L loadings.

Moreover, PCA analysis was carried out on the ATR-FTIR spectra.
From data obtained at the University of Neuchatel (LATHEMA), two
clusters were observed from the compiled data (Fig. 4 C.). The first one
comprised only fresh balsa samples, while the second one gathered
immersed and impregnated samples. In this second cluster, an

overlapping of confident ellipses of immersed balsa and IP1 samples
was observed. The IP3 confident ellipse overlapped with ellipses of IP1
and IP2. However, IP1 and IP2 samples did not present overlapping.
The Arc'Antique laboratory collected dataset illustrated a clustering of
fresh and immersed samples with their confident ellipses overlapping
(Fig. 4 D). IP1 samples gathered close to fresh and immersed samples,
but no overlapping was observed. IP2 and IP3 samples clustered farther
away, with no overlapping among them or the other clusters.

The loadings plot informed of bands that can be used to differentiate
the PCs. The most influential frequencies were identified in the range
3300-3350 cm ™! and 1030-1040 cm ™! for both datasets. The band at
1034 cm™* is assigned to C—O stretching in holocellulose. PCs is then
mainly influenced by the vibrational bands of holocellulose content of
wood samples and so influenced by the degradation state of the wood.

4. Discussion
4.1. Under vacuum water pre-immersion

Particular attention was paid to the water pre-immersion step. The
pre-treatment was performed to enhance the degradation of the wood
samples and to model the decay grade of waterlogged archaeological
wood artefacts. Indeed, the ATR-FTIR spectra, after a one-week im-
mersion in water under vacuum, showed a shoulder at 897 cm~* that
was better defined. This band suggests that cellulose was affected by
this pretreatment. Moreover, a shoulder at 1203 cm ™ * also indicated an
in-plane deformation of the holocellulose content [17]. These ob-
servations suggest that a water pre-immersion under vacuum step
would enhance wood degradation and especially the carbohydrates
content. Even though literature reported that water immersion did not
affect the mechanical properties of wood, the concomitant application
of vacuum may contribute to altering such properties for fresh wood
[35]. The water-immersion spectrum also presented a broad band at
1650 cm ™! assigned to the deformation of H—O—H adsorbed water.
This indicates that water was adsorbed on the wood surface. The
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decreased H/L ratio is observed when a water pre-immersion step under
vaccum is applied (Table 2). A diminution of the ratio implied a de-
gradation of the holocellulose and the carbohydrates content; thus de-
monstrate the success of water pre-immersion under vacuum to model
the degradation and state of waterlogged archaeological wood. Further
investigation is necessary in order to take into account some factors that
may confirm these results, such as a different moisture content between
samples.

However, comparing the ratios of immersed balsa and Neolithic oak
demonstrated an important difference. The immersed balsa samples
have a H/L ratio of 1.45 ( = 0.31) while for Neolithic oak ratio reaches
6.21 ( £ 2). The two different wood species may contribute to the
differing ratios. Balsa and oak woods do not have same the composi-
tion, so their reactivity towards their environment may differ. A more
important parameter would be degradation over time. The Neolithic
oak was buried in lake sediments for centuries, where the bacterial
decay slowly occurred and could reach deeper parts on the wood. For
our samples, the wood was immersed only one week, which is a rela-
tively short time compared to waterlogged wood objects. Deeper in-
vestigations would be performed to ascertain the balsa wood degrada-
tion.

Waterlogged archaeological wood artefacts may look intact while
they remain wet and/or in their burial environment. Nevertheless,
bacterial degradation in this environment weakened the structure.
Hydrogen sulfide ions HS™ are produced during burial time and two
main reactions occur. The first one involves a nucleophilic reaction of
the activated double bond of lignin compounds. HS ™ reacts with lignin
compounds leading to the decomposition of the lignin molecules and
formation of organosulfur compounds in lignin rich areas. In the second
process, HS™ interacts with the iron ions present inside the wooden
artefact to form iron sulfides. These compounds are produced in the
bacterially degraded layer of the wood, where iron ions previously
penetrated [9]. In this case, FeS, compounds accumulated in cellulosic
layers. Cellulose is the main component of wood. When the cellulosic
layers are mostly decayed, the FeS, compounds then attached to the
amorphous cellulose formed by SRB. In real waterlogged wood arte-
facts, the presence of Fe/S species accumulated within porous wood
timber on the amorphous cellulose content. This degradation is due to
the presence of sulfate and SRB in the environment.

After recovery the modification of the environmental conditions
results in different chemical compounds accumulated within the wa-
terlogged wood artefacts. Oxidation of iron sulfides leads to the for-
mation of iron oxides, iron sulfates and to sulfuric acid. FeS; com-
pounds produced expand in volume when environmental conditions
change (higher oxygen concentration, different relative humidity). The
higher molar volume of the compounds induces the cells to collapse
where FeS, attaches.

Simultaneously, the acid produced throughout this process results in
acid hydrolysis of the cellulose and reduces the artefact's stability. The
pH of a wood substrate can drop until a value of 3.5, and this decrease
of pH allows the reaction of sulfur oxidation to continue [7].

Lignin degradation may also occur through the Fenton reaction. As
radicals form, they enhance the reaction leading to slow continual de-
composition of lignin (lignin is already weakened by nucleophilic re-
action with HS™ during burial time) [36]. Additionally, if ferrous iron is
present in the samples, then iron ions and radicals can create a cycle
allowing the Fenton reaction to continue.

The holocellulose degradation induced during the water pre-im-
mersion treatment was assessed in real waterlogged archaeological
wood samples. No Fe/S species contamination was found; thus, the
results were not due to acidic hydrolysis or the Fenton reaction related
with the presence of such species. The results suggest that the primary
cause enhancing degradation is the vacuum applied during the water
pre-immersion period.
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4.2. IP1

4.2.1. Fresh balsa samples

IP1 samples displayed a dark color on their surface similar to that
described in literature for waterlogged archaeological wood [3]. This
result suggests that the IP1 protocol confirms the criteria of appearance
set in our modeling. In addition, the sample's core was also dark, in-
dicating that the impregnation solution effectively penetrated the wood
vessels. The dark hue of the samples is hypothesized to be due to the
contamination of iron sulfides because balsa wood has a low tannin
content, and iron-tannin complexes are unlikely to be formed [37]. If
the contamination seemed homogeneous visually (low standard de-
viation), Raman spectroscopy suggested that the core was not as con-
taminated. Indeed, Raman analyses identified iron sulfide compounds,
mainly partially oxidized mackinawite (Fe;,S) and greigite (Fe3S4) on
the wood surface as well as within the first millimeters of the wood
substrate only. Balsa being very porous wood, the iron sulfides formed
during the impregnation protocol could accumulate within the wood
structure such as described for waterlogged archaeological wood sam-
ples.

In addition, ATR-FTIR spectroscopy confirmed wood degradation.
The intensity of peaks at 1737, 1374, 1233 and 1128 cm ™ *, attributed
to polysaccharides content, decreased [3,23]. This observation proved
the degradation of carbohydrates content within wood. In past studies,
waterlogged archaeological wood showed that cellulose and hemi-
cellulose were the main wood fractions affected by the bacterial de-
gradation during burial and post-excavation due to acid hydrolysis and
exposure to oxygen upon recovery [9,38]. The visible 1233 cm ™! band
is not described in literature, except as a shift of 1227 cm ™! band [39].
This band could result from overtone between 1217 and 1226 cm ™!
bands assigned to C—O stretching vibration in guaiacyl units (a com-
ponent of lignin) and C—H and C—O wagging mode in cellulose and
xylan (from hemicellulose), respectively [17,23,33]. As both band in-
tensities assigned to lignin (1506 cm ™ 1) and holocellulose (1158 em ™ 1)
decreased after IP1, we supposed that lignin content was also slightly
degraded during impregnation. Lignin degradation can occur through
the Fenton reaction. When radicals form, they enhance the reaction
resulting in slow lignin decomposition [39]. Ferrous iron present in the
samples could allow the Fenton reaction to continue by creating a cycle
where ferric iron ions and radicals are produced. The calculated H/L
ratio showed a diminution after IP1, suggesting that the carbohydrates
content was more affected than lignin content. If a Fenton reaction
occurs, then its impact on the wood substrate is less important than the
alteration of carbohydrates. After oven-dried, the samples collapsed and
shrank in three sections (radial, tangential and transversal). This col-
lapse suggested a loss of mechanical strength of the samples, as ob-
served on real objects [9,35]. A shrinkage of 20 to 50% was observed
and is comparable to values obtained from waterlogged archaeological
wood [27]. From these results, the impact of IP1 on wood could be
compared with wood degradation occurring in burial environments.
Compared with impregnated Neolithic oak, the shrinkage is more sig-
nificant for radial cutting sections. However, the standard deviation
was higher for impregnated balsa than for Neolithic oak samples. The
difference in deviation may be due to the initial wood structure. Indeed,
Neolithic oak was already decayed and its structure more fragile.
Moreover the degradation within the wood is more homogeneous
within Neolithic oak than impregnated fresh balsa, explaining why the
shrinkage was more constant on Neolithic oak.

Some aspects of the results remain unclear and require additional
assessment. The observation of FeS proved the feasibility of forming
iron sulfides with IP1; however the penetration depth could be opti-
mized. The fact that partially oxidized mackinawite was identified
showed that the formed compounds were not stable. Fe; S formation
may have occurred during the impregnation protocol or resulted from
the oxidation of mackinawite afterwards. Indeed, mackinawite is a
stable compound in an anoxic environment, but once exposed to
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oxygen, it oxidizes quickly [4]. Depending on the concentrations of O,
and/or H,S, humidity, pH and temperature, FeS oxidizes first with iron
(II) ions turning into iron (III) ions inside the crystalline structure
leading to the oxidize phase Fe; .S [20]. If further oxidation occurs,
Rickard and Luther [40,41] and Bourdoiseau et al. [21,42] document
the formation of greigite as an intermediate compound. Despite the
careful attention given to avoid oxidation, this is a potential explana-
tion of the results of the IP1 study. Impregnated samples were wrapped
with a plastic film, placed in plastic bags, and stored at 4 °C in deaer-
ated deionized water. The manipulation necessary to achieve the dif-
ferent analyses exposed them to room temperature and different re-
lative humidity that may accelerate the oxidation of mackinawite.

Unintentional oxidation would also explain the observed wood de-
gradation. As described in literature, iron ions can catalyse sulfur
compounds oxidation but also the degradation of cellulose. Though, it
appeared that after a one-week pre-immersion in water under vacuum,
balsa wood was already partially degraded (Section 4.1.). The H/L ratio
values obtained for pre-immersed and IP1 samples were similar (1.45
versus 1.41), aiding in the suggestion that water pre-immersion, not
chemicals used during impregnation, primarily caused the cellulose
degradation in samples. A deeper investigation regarding this water
pre-immersion step should be performed to understand better the de-
gradation mechanisms occurring with water on wooden substrates. On
real waterlogged wood objects, the bacteria degraded the wood from
the cell lumen to the secondary wall where the iron sulfides accumu-
lated. Microscopic observations of thin sections showed that only balsa
wall cells were visible, as balsa is a very porous wood, but the com-
pounds were not observed. Assessment with a scanning electron mi-
croscopy will be carried out to investigate the cell walls and how the
iron and sulfur species interact with the wood matrix.

It should be noted that pyrite (FeS,) was never detected on our
samples, while it is widely documented and observed on waterlogged
archaeological wood. The impregnation solution was an equimolar
solution of Fe(II) and S(-II), which decreases the likelihood for pyrite
forming with its ratio of Fe:S = 1:2. Optimization of the protocol could
be achieved with different Fe and S concentrations allowing FeS, to
form.

4.2.2. Neolithic oak samples

The results obtained from the application of the three impregnation
protocols on fresh balsa samples suggested that IP1 was the most effi-
cient in terms of wood degradation and iron sulfides formation. This
protocol was then applied to Neolithic oak samples.

Color measurements performed after impregnation resulted in a
brightness level of 25.51 ( = 0.1). This value was similar to the one
obtained from fresh balsa impregnated with IP1 (25.71 = 0.8). These
results proved that the IP1 protocol produces a similar appearance,
whatever the wood type. However, the color observed in analogues is
not identical to the coloration of real waterlogged archaeological wood
[43].

Raman spectroscopy applied to Neolithic oak wood before the im-
pregnation protocol showed no reduced sulfur species. Thus, the
Neolithic wood samples were not contaminated with such species. The
application of an impregnation protocol leads to the formation of iron
sulfides as for fresh balsa wood. This demonstrated that the formation
of Fe/S species occurred independently of the wood type (balsa or oak
in our case). In contrast to the balsa samples, fresh oak contains tannin
[43,44] which have the potential to react with iron to form Fe-tannin
complexes [45,46]. However, no Fe-tannin compounds were identified
during the Raman analyses [47,48]. The absence of tannin complexes
can be attributed to the advanced state of degradation of Neolithic oak
wood. After an extended burial time, several wood components, such as
tannin, decay. Thus, the eventual formation of Fe-tannin complexes in
the presence of iron is avoided.

The additional analyses carried out through ATR-FTIR spectroscopy
indicated that the H/L ratios obtained for fresh balsa and Neolithic oak
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decreased after impregnation, suggesting a carbohydrates degradation
occurred in both cases. The decrease was surprisingly more important
for Neolithic oak. This result was not expected. The extended burial
period for Neolithic wood typically results in more extensive holo-
cellulose degradation than observed pre-treatment. The decrease of the
ratio suggests that (1) the archaeological samples did not experience
the amount of carbohydrate degradation anticipated, and (2) the ho-
locellulose was further degraded during IP1 protocols. This observation
is in congruence with the results discussed in Section 4.2. While balsa
and oak have different chemical compositions, densities and structures,
the impregnation protocol leads to wood degradation and the formation
of sulfur species. A study on fresh oak artificially degraded then im-
pregnated with IP1 should be carried out to verify these findings further
and account for innate differences in wood species.

As discussed in Section 4.2, the presence of partially oxidized
mackinawite (Fe;.,S) suggested that IP1 initiates the formation of in-
termediary iron phases that are not as stable as other compounds like
mackinawite or greigite. The oxidation of the compounds formed may
occur due to the storage of samples in deaerated water for a couple of
days before being characterized. An optimized analytical protocol
should help ascertain the different phases formed and better understand
the possible wood degradation process occurring.

4.3. IP2

IP2 treated samples only presented a homogeneous brown hue of
the surface after impregnation for 60 days; however the solution did not
penetrate deeply into the core of the samples. Two centimeters is the
effective degradation depth observed on the Vasa or the Mary Rose
warships [9]. Given documented degradation depths, the results of IP2
protocol would not be representative of degradation occurring on real
waterlogged wood even if applied on larger samples (3 x 3 x 3 cm® for
instance). Moreover, the iron and sulfur species formed during im-
pregnation were iron oxides, lepidocrocite (y-FeOOH), and not iron
sulfides as desired. This corrosion product gave a brownish hue to the
wood quite different from the darker, nearly black, hue usually ob-
served on waterlogged wood artefacts. In this solution, the sulfur source
was sodium sulfate Na,SO,4 and not sulfide salt. Therefore, iron sulfates,
such as melanterite (FeSO4.7H,0), were expected to form. The cor-
roded terrestrial nails used in IP2 protocol were also analyzed by
Raman spectroscopy to characterize the composition of the corrosion
layer. Lepidocrocite was detected in the corrosion layer of the terres-
trial nails. It can be postulated that the nails corrosion layer partly
solubilized and contaminated the wood samples. Even if iron (III)
phases present a very low solubility in water, the slightly acidic (pH 6)
IP2 solution may have allowed partial solubilization throughout the 60
days of impregnation [44]. Compounds observed on IP2 samples are
reported in literature as oxidation compounds once the waterlogged
archaeological wood samples have been exposed to atmospheric con-
ditions. As explained in Section 4.1., oxidation compounds have a
larger volume than iron sulfides, which lead to cracks within the wood
cells.

The ATR-FTIR analyses suggest that the wood content mainly de-
graded in IP2 was lignin. As observed by Franceschi et al. [45], the
artificial seawater and the presence of metal affected the wood's com-
position and induced degradation of its content. Although Franceschi
et al. [45] observed a diminution of the cellulosic content, lignin de-
gradation was predominantly observed in this study. The use of balsa
instead of oak wood may explain in part why lignin was degraded while
carbohydrates content was not degraded during IP2 treatment, given
the differing wood compositions and densities of the two wood species.
In particular the intensity decrease of 1595 cm ™" vibrational band in-
dicated the modification of the aromatic skeleton of lignin [23]. In
addition, the 1737 cm ™! band intensity remained identical before and
after the IP2 application so the polysaccharides content was not af-
fected [46].
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Above, we concluded that carbohydrates content was affected and
degraded mainly during the water pre-immersion step rather than
during IP1. With IP2, an increase of the H/L ratio was observed and
would suggest that the lignin content was affected and mainly degraded
in the treatment process. This result may be caused by the chemical
used during impregnation or by the impregnation duration. Studies
have demonstrated that organic substances are oxidized concurrently
during ferrous-ferric transformation in aqueous media, and delignifi-
cation occurs when wood was exposed to rusting iron [47]. A labile
metal ion-molecular complex is formed and causes the formation of free
radicals that degrade organic matter, such as wood. The well-docu-
mented Fenton reaction comes out from this degradation by free radi-
cals and would explain the lignin degradation and the high H/L ratio
observed after IP2 [10,17]. In addition, the structure of the samples
remained identical after oven-dried which verifies that no physical
properties were affected by this treatment contrary to waterlogged
wood artefacts in burial environments. Cellulose and hemicellulose,
present within the cells, were not decayed enough to lead to a loss of
strength or cause the collapse of the entire sample.

These results showed the failure of IP2 to model waterlogged ar-
chaeological wood through the formation of iron sulfides and the de-
gree of wood degradation. This impregnation protocol should be dis-
regarded from further contention.

4.4. IP3

IP3 samples developed a very similar appearance to the IP1 samples.
Their colorimetric coordinates were close on both CIELab plots (Fig. 2
B) which suggests that similar compounds have formed during the
impregnation. However, spectroscopies analyses showed that IP3 did
not give the same results as for IP1.

For instance, sulfur was the main compound identified with minor
proportions of greigite. A hypothesis could be that the preferential
precipitation of mineral sulfur is due to a higher concentration of sul-
fides with respect to iron ions. However, elemental sulfur was not re-
ported to give black a hue but more yellowish spots [1]. The few iron
sulfides detected would then give the dark color. While the impregna-
tion policy to maintain a neutral solution may have interfered with Fe/S
species formation and prevented the precipitation of iron sulfides. As
for IP1, reduced sulfur species may have accumulated within the porous
wood timbers.

Complementary ATR-FTIR spectra display similar bands before and
after IP3. Alternatively, IP2 spectra seemed to indicate that lignin
content was more affected with a decrease of the relative intensity of
the 1595 cm ™! band, assigned to aromatic skeleton of lignin. The cal-
culated H/L ratio showed a decrease compared to fresh balsa wood,
while the ratio after IP3 was similar to the ones of water pre-immersion
and IP1 balsa wood. The ratio suggests that neither lignin nor the
amount of carbohydrates was degraded after IP3. If carbohydrates
content was predominantly degraded, acidic hydrolysis could be oc-
curring as hydrochloric acid (HCI) was used to maintain a neutral pH. It
is unlikely that HCl will degrade the holocellulose. Ferrous iron was
also added to the sulfide solution to precipitate iron sulfides. The pre-
sence of ferrous iron could induce a Fenton reaction with free radicals.
However, given the ratio obtained, it is doubtful that this reaction oc-
curs as iron compounds were not formed during the impregnation
protocol and remained mostly in solution. All these observations sug-
gested that IP3 did not model the degradation and structure of water-
logged archaeological wood samples.

Notably, contrary to the spectra recorded after IP1 and IP2 im-
pregnation protocols, two weak bands could be observed at 1537 and
1550 cm ~ . These vibrational bands are not reported in literature. The
spectra of fresh or archaeological wood reported in other studies never
display these bands, nor do they correspond to characteristics vibra-
tional bands of sulfur [17,33,39]. They may correspond to the aromatic
skeletal vibration of lignin that has bands at 1506 and 1595 cm ',
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Further investigations should be conducted to determine the impact of
this impregnation protocol with regards to wood degradation and the
unidentifiable bands observed.

4.5. Validation by chemometrics

The statistic applied to our data validated which treatment was the
most accurate of modeling the waterlogged archaeological wood
available.

According to our previous observations, PCA analyses did validated
the effect of water pre-immersion on the wood samples. On the first
score plot, non-water immersed balsa and IP2 samples gathered, which
suggests that water immersion step was not significant. On the second
score plot, water pre-immersed samples did not cluster with the non-
immersed samples nor with the impregnated samples(Figs.4. A and 4.
B). Instead, they formed a distinct cluster along the L* loading. It can be
concluded that water pre-immersion step influenced the appearance of
wood samples. While the IP2 samples that clustered along H/L loading,
the water pre-immersed samples gathered far from them. This split
proved that the ATR-FTIR spectra recorded and ratio calculated on
water pre-immersed samples were different from all other samples.
Thus, this information verified that the water pre-immersion affected
the wood composition. Future experimentation should be done to va-
lidate the use of vacuum by comparing results from water pre-immer-
sion under and without vacuum. If ATR-FTIR data are separated by
PCA, vacuum will then be an important parameter in modelling wa-
terlogged archaeological wood.

Chemometrics also validate that IP1 was the most suitable protocol
based on the parameters of the waterlogged wood available. On both
score plots, IP2 samples clustered far from IP1 and IP3 samples ver-
ifying that this protocol differed from the two others. Chemometrics
then eliminated the IP2 protocol from contention. Furthermore, no
significant difference between IP1 and IP3 samples could be observed
on the score plot with L*, H/L and Raman loadings (Fig. 4 B). [P1 was
determined as the best protocol due to the high degree of wood
shrinkage obtained after impregnation. All samples gathered on the first
score plot suggesting they were similar. On the second score plot (Fig. 4
A), IP1 samples gathered along the shrinkage loadings while the IP3
gathered far from them. As we described in the results Section 3, IP1 led
to a higher and more significant collapse of the wood structure. The IP1
protocol affects the wood internally more than IP3. This observation
also supports the supposition that both water pre-immersion and IP1
enhanced wood degradation, by increasing damages on the internal
structure.

A deeper investigation of the ATR-FTIR spectra was performed. The
firsts observations showed similar results for the Round Robin test.
Nevertheless, differences were displayed when PCA was applied on the
datasets.

For LATHEMA, two main clusters were observed during the PCA
analysis, gathering fresh balsa and water pre-immersed and im-
pregnated samples, respectively. In this second cluster, the loading plot
showed that the bands at 1274, 1366 and 1732 cm ™' were the less
influenced frequency variables. All these bands are assigned to hemi-
cellulose, in particular xylan. However, lignin and holocellulose did
contribute to the PCs with the most influenced variables bands at
1034 cm ™! and at 1059 cm ™!, which are assigned to these wood
components. Both these vibrational bands contribute equally to the
formation and distinction of the cluster between the impregnation
protocols.

One-way ANOVA analysis was performed with the PCs obtained
from PCA. On the plot, fresh and water pre-immersed balsa samples
gathered and were significantly distant from the impregnated samples
(F(1,3) = 601.6, p < 0.001). In addition, one-way ANOVA was per-
formed on the values of ATR-FTIR H/L ratios. Results obtained showed
a significant difference among the two clusters obtained (fresh and IP2
balsa against pre-immersed, IP1 and IP3 balsa) with an F value of 23.5
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and a p-value p < 0.001.

For Arc'Antique, fresh and immersed balsa samples clustered and
overlapped suggesting that no clear distinction can be made between
these two sets of samples. However, no overlapping was observed be-
tween impregnated samples and fresh-immersed samples cluster. The
application of IP1, IP2 and IP3 led to chemical changes as the PCA
analysis showed. The IP1’s cluster was closer to the immersed samples
while IP3’s cluster was the farther. Surprisingly, even though PCA plots
for Arc'Antique and LATHEMA data did not present similar results, the
same variables were used for both of them to synthesize the data. The
wavenumbers in the range 1030-1050 cm ™' are the most important to
differentiate data and to understand the obtained results. One-way
ANOVA performed also showed a significance among the data with
F = 56.3 and p < 0.001.

Differences in the dataset can come from manipulations and the
instrument used for measurements. Further analyses should be carried
out to have a better understanding of the effects of water pre-immersion
under vacuum and artificial impregnation have on the wood structure.

5. Conclusions

This study presented the modeling of waterlogged archaeological
wood from fresh balsa wood. The preparation of model samples from
fresh wood by artificial degradation can be a promising way to test
novel extraction methods for the conservation of waterlogged archae-
ological wood in the future. Optimization of model sample preparation
would allow any laboratory to have a homogeneous set of waterlogged
wood samples with similar characteristics. New extraction or con-
solidation treatments could then be studied on these sacrificial samples.
The structure of the sample and the performances of the treatment
could be deeply investigated. In particular, the key factors allowing to
simulate degraded waterlogged wood were individuated. Due to the
application of statistical methods, IP1 was determined and validated as
the most suitable impregnation protocol for the artificial contamination
and degradation of fresh balsa wood. A water pre-immersion followed
by impregnation in an equimolar solution of Fe(II) and S(-II) under
vacuum appears essential to form iron sulfides such as mackinawite
properly as well as to degrade wood carbohydrates content effectively.
Pyrite (FeS,) was not detected in our study. Further experiments should
be performed to optimize the current protocol with different chemicals
and under different conditions, such as weathering samples in a cli-
matic chamber or using specific wood-degrading fungal strains.
Moreover, even if this study showed the feasibility and efficiency of IP1
to reproduce some of the characteristics of degraded waterlogged wood,
modeling will continue to be improved upon for wood species fre-
quently encountered in waterlogged wood artefacts, such as oak and
pine wood.
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