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The Formation of Chemical Degraders during the
Conservation of a Wooden Tudor Shipwreck
Esther Rani Aluri,[a] Corentin Reynaud,[b] Helen Bardas,[c] Eleonora Piva,[d]
Giannantonio Cibin,[e] J. Frederick W. Mosselmans,[e] Alan V. Chadwick,[f] and
Eleanor J. Schofield*[g]
Determining the nature, evolution, and impact of acid-generating sulfur deposits in the Mary Rose wooden hull is crucial for
protecting Henry VIII’s famous warship for generations to come.
Here, a comprehensive X-ray absorption near-edge spectroscopy (XANES) and X-ray fluorescence (XRF) study sheds vital
light on the evolution of complex sulfur-based compounds
lodged in Mary Rose timbers as a function of drying time.
Combining insights from infrared spectroscopy correlates the

presence of oxidized sulfur species with increased wood
degradation via the loss of major wood components (holocellulose). Intriguingly, zinc is found to co-exist with iron and sulfur
in the most degraded wood regions, indicating its potential
contributing role to wood degradation. This study provides
crucial information on the degradation processes and resulting
products within the wood, which can be used to develop
remediation strategies to save the Mary Rose.

Introduction

low molecular weight PEG (PEG 200) was applied to the
timbers to replace the water in degraded wood cell walls.
This was followed by a spray treatment of a higher molecular
weight polymer (PEG 2000), which penetrated the wood
structure and sealed the timber surface (Figure 1a).[5] In April
2013, over three decades after she was raised from the
seabed, the spray treatments were completed and the hull
began to dry, to remove any residual water. The drying took
place in a controlled environment, selected to ensure the
least shrinkage and warping (Figure 1b).[6,7] More details of
the drying process are provided in the Supporting Information.
The excavation and movement of the Mary Rose from an
anoxic sea atmosphere to an oxygen-containing environment
has posed significant challenges for her conservation. One of

After four centuries on the Solent seabed, the Mary Rose was
salvaged in 1982 providing valuable insights into Tudor
history and society.[1,2] The Mary Rose was first sprayed with
cold water to prevent drying and to limit bacterial activity,
after which a polyethylene glycol (PEG) spray treatment was
applied to reduce wood shrinkage and collapse.[3,4] Initially, a
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Figure 1. Mary Rose wooden hull (a) Mary Rose during PEG spraying and
drying process © The Mary Rose Trust. (b) Isometric projections of the Mary
Rose hull are shown indicating sampling locations © The Mary Rose Trust.
The image of Core1, as taken during the drying process, is shown in the
inset.
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the critical current issues is the degradation of wood from
acidic sulfur-based compounds which can form within the
wood structure.[8–10] The presence of these sulfur-based acids
were first detected in the Swedish warship the Vasa.[8] The
basis for these harmful entities was attributed to reactions
occurring with seawater elements, anaerobic-active bacteria,
and contributions from corroded fixtures and artefacts from
the wreck.[8–10] Through these activities, hydrogen sulfide may
be produced which can diffuse into the wood to form
organosulfur compounds (for example, thiols and sulfides)
which may subsequently react with iron ions from corroded
fixtures to form iron sulfides.[11,12] Recent studies have found
that the accumulation of iron and sulfur can be found not
only where there is microbial degradation, typically near the
surface, but also deeper into the wood. This suggests that
both biochemical and chemical processes are at play.[13]
Atmospheric oxygen-rich conditions lead to the formation of
a complex array of sulfur-containing moieties. For example,
iron sulfides can be oxidised to produce sulfates, while
oxidation of organosulfur compounds can generate sulfoxides, sulfonates, and finally sulfates.[8–11,14–17] Each of these
oxidation routes can ultimately form potentially harmful
sulfur-based acids. Furthermore, previous reports have shown
that iron ions can play the role of catalyst in the breakdown
of wood polymers via a series of Fenton oxidative process
and also promote the disintegration of PEG polymers to
organic acidic deposits (oxalic, acetic, and formic acids)
within the wood.[18–20]
These iron and sulfur acid sources lodged inside the
wood pose significant degradation threats to the structural
integrity of the wood. Previous studies have estimated that
the Mary Rose hull could potentially develop at least 2 tons of
acidic sulfur with exposure to an oxic environment.[9,21] To
date, no study on marine archaeological wood has monitored
the evolution of these sulfur based compounds in real-time
during the drying process, nor specifically correlated the
presence of these compounds to wood degradation.
Here, we report the use of synchrotron-based techniques
to probe the evolution of sulfur compounds in Mary Rose
timbers from the completion of the PEG treatment and
throughout the drying phase. Wood core samples were taken
from six different locations around the hull (Figure 1). In
heritage science, it is usually impossible to elucidate absolute
values due to the inability to analyse entire objects, the
limitation on how many samples can be taken destructively,
and the heterogeneity of the material. In this study, a balance
was struck between sample locations and quantities to give a
representative view without excessively damaging the
unique cultural heritage. Characterisation tools were specifically chosen which provide the most complete picture of the
speciation of the problematic compounds and the wood
degradation. X-ray absorption near-edge spectroscopy
(XANES) provides information on the exact chemical nature
of sulfur species within the wood (i. e., oxidation state, local
coordination, bonding environment).[22–24] X-ray fluorescence
(XRF) images determine the location of the oxidized and
reduced sulfur species distributed on the core sample
ChemPlusChem 2020, 85, 1632 – 1638
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surface. By taking samples throughout the drying process, we
are able to correlate the change in speciation to the impact
of drying.[25] The deterioration of wood has been studied
using FTIR analysis, which isolates the lignin from the (hemi)
cellulose, the latter being preferentially degraded.[26,27] Furthermore, XRF line scans have been employed to correlate
the presence of specific elements with areas of wood
degradation, which are identified both visually and through
FTIR.

Results and Discussion
Sulfur analysis of wood samples during and after spray
treatment
The salvaged hull of the Mary Rose during spray treatment
and as the drying stage commenced is shown in Figure 1(a),
with locations of wood core samples retrieved from the hull
depicted in Figure 1(b). One sample at each location was
collected during the PEG spray treatment and an additional
sample at each site was removed five months into the drying
phase. Sulfur K-edge XANES were performed on each core
sample removed from the hull (Figure 2). The sulfur K-edge
corresponds to a dipole allowed transition of a 1 s electron
into unoccupied 3p states.[28,29] The absorption edge energy is
thus sensitive to the chemical oxidation state of the sulfur
atoms, which may change depending on their local surrounding environment.[30] For example, for a set of sulfur standard
compounds, a significant absorption edge energy shift of
approximately 13 eV is observed when the sulfur oxidation
state changes from 2 to + 6.[31] The intensity and profile of
the spectra vary due to differences in the nearest-neighbor
coordination environment (i. e. local coordination and bonding environment).[14,30,32]
Examining the XANES spectra of the wood surface during
PEG spray treatment and after a 5-month drying period
(Figure 2a) highlights significant changes observed for the
sulfur environment. A linear combination fit (LCF) has been
applied to determine the sulfur coordination environments
which evolve within the wood during drying. After five
months of drying, the surface spectrum from the core wood
sample (Figure 2b) has two major features, one at 2473 eV
and another at 2483 eV corresponding to reduced and
oxidized sulfur species, respectively.[14,30,31] Deconvolutions of
these absorption features allow identification of sulfur
speciation in core wood samples by fitting the observed
spectrum with the spectra of known sulfur standards.
Previous XANES examinations of wood core samples from the
Mary Rose revealed a complex combination of possible
species.[10,13] Therefore, a comprehensive set of standard
sulfur compounds with varying sulfur local coordination
environments and oxidation states were chosen here for LCF
analysis, shown in Figure S1(a) in the Supporting Information.
For each standard there is discernible variation in absorption
edge energy or profile resulting from changes in the
surrounding sulfur environment. Therefore, the analysis
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Figure 2. (a) Sulfur K-edge XANES spectra of the wood surface during PEG
spray treatment and after 5 months of drying are shown. The spectral linear
combination fitting (LCF) calculations are shown for the surface of the core1
sample in (b). XANES data and LCF analysis along the length of core1 during
(c) PEG treatment and (d) post 5 months drying. A lower energy region
feature, representative of reduced sulfur, is highlighted in blue and a higher
energy region feature, corresponding to oxidized sulfur, is highlighted in
yellow.

provides a quantitative insight into each compound present.
Normalized sulfur K-edge spectra from the core and a linear
combination fit using normalized spectra of known sulfur
standard compounds can be seen in Figure 2b and Figure S1b.
The spectra and LCF analyses at 3 mm intervals down the
length of core1 are shown for when the PEG sprays were on
(Figure 2c) and for the same sample after a drying period of
5 months had elapsed (Figure 2d). It is important to note that
these spectra of model compounds, whose combination
gives an excellent fit to our data, represent only the nature of
the sulfur species and are not necessarily those present in
the samples themselves.[10,28] The spectral fitting of the core
samples show that the 2473 eV peak is typically composed of
overlapping contributions from the reduced sulfur species,
i. e. iron sulfides such as the pyrrhotites (FeS, where the S
oxidation state is approximately 2) and pyrites (FeS2, where
the S oxidation state is
1), organosulfides such as
ChemPlusChem 2020, 85, 1632 – 1638
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methionine (R S R) and cystine (R S S R), thiols such as
cysteine (R SH), and elemental sulfur (S8, with a zero
oxidation state for S). A minor peak at 2476 eV corresponds a
sulfoxide contribution, modelled here using methionine
sulfoxide (S2 +), while a peak at 2483 eV arises due to oxidized
sulfur compounds such as sulfonates (S5 +) and iron sulfates
(S6 +).
The relative atomic% (at.%) concentration of the range of
standard sulfur species calculated from LCF analysis are
plotted in Figure 2 (c,d). A substantial amount of reduced
sulfur species, particularly organosulfides (R S R, S2 and
R S S R, S ) and elemental sulfur, are observed at the
surface and along the core length during PEG spray treatment. Less than 3 at.% of oxidised sulfur species SO42 (S6 +) is
observed anywhere in the core during the spraying period. In
contrast, after five months of drying, the oxidised sulfur
species SO42 (S6 +) content has significantly increased. From
the LCF calculations, the relative amount of oxidized species
observed on the surface is more than 62 at.%, with contributions from species such as SO (with S4 +; 5.7 � 0.7 at.%),
SO3 (with S5 +; 16.8 � 0.3 at.%), and SO42 (with S6 +; 39.8 �
0.4 at.%). In addition, oxidized sulfur species have developed
up to 12 mm into the wood, presumably from atmospheric
oxygen diffusion into the wood as the timbers are exposed
to air during drying. This trend is observed in cores removed
from various locations around the hull (Figure S2, Figure S3).
Following 5 months of drying, all cores show a high intense
oxidized sulfur feature in the surface region, and a presence
down to ~ 9–12 mm in depth. The deeper regions of these
cores have shown higher contributions of organosulfides
(R S R and R S S R, S2 ) to the total reduced sulfur amount.
Note that the five locations where cores were collected have
shown a minimal amount of iron sulfide contribution to the
total reduced sulfur, in contrast to some previous reports on
Vasa and Mary Rose core samples.[9,21] This emphasizes the
complexity of archaeological samples and the influence of
variables such as sampling location, different degrees of
degradation, conservation treatment and drying time. However, we can conclude from all locations studied here that
the presence of oxidized sulfur species ( SO , SO3 , and
SO42 ) increases after 5 months of drying both on the surface
and into the wood.
To further examine the distribution of these oxidized
species on the wood surface, XRF imaging was employed to
investigate wood samples during PEG spray treatment and
subsequent drying (Figure 3 and Figure S4). Together with μXANES, this technique can provide a highly sensitive probe
for detecting the contributions of reduced and oxidized
sulfur species on the microscale in complex sample
systems.[33] Previous combined XANES and X-ray spectromicroscopy (SXM) studies have identified regions of oxidized
and reduced sulfur on the surface of freshly salvaged samples
of Mary Rose timbers.[21,25] What has not been available up to
now is a quantitative picture of the distributions of these
sulfur species and how their distribution changes as a result
of drying. We applied the chemically specific XRF imaging
technique to measure a series of sulfur fluorescence images
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The degradation of wood via sulfur-based compounds

Figure 3. XRF images collected from core1 wood surface (a) during PEG
treatment and (b) after 5 months of drying, where green and blue represent
reduced and oxidized sulfur, respectively. The μ-XANES measurements are
also plotted and the LCF fittings shown as bar charts.

at selected energies to probe the individual contributions
from oxidized and reduced sulfur. Fluorescence counts at
2473 eV correspond to reduced sulfur contributions only. To
isolate the signals coming solely from the sulfate, we
subtracted any contributions from reduced and intermediate
species, which are both present at 2477 eV, from the data
collected at 2482 eV which coincides with the highest
oxidized sulfur contribution. These data were normalized to
the total sulfur fluorescence counts at 2520 eV to provide a
map of the relative contributions of reduced and oxidized
sulfur on the wood surface.
In the microprobe XRF images, the fluorescence counts
from oxidized sulfur and reduced sulfur are represented in
blue and green respectively, during PEG spraying and during
drying for core1 (Figure 3 (a,b) and Figure S4). After 5 months
of drying, core1 contains large blue regions (Figure 3b and
Figure S4) compared to the core1 surface during spray
treatment (Figure 3a). This suggests that oxidized sulfur
species are widely distributed on the core surface when the
timbers were left to dry, in excellent agreement with the bulk
sulfur K-edge XANES results above. It is clear from visual
inspection of the XRF images in Figure 3 (and Figure S4) that
the sample taken during spray treatment contains a mixture
of oxidized and reduced regions on the surface, while the
sample taken after a period of drying has a predominantly
oxidized surface. We can quantitatively examine these
distributions though LCF fitting of sulfur K-edge μ-XANES
collected from various locations of the blue and green
colored regions of the XRF maps. For the sample taken
during spraying (Figure 3a), we observe that for spots 3 and 4
in the blue region, there is 16 at.% contribution of oxidized
sulfur compared with a total reduced sulfur contribution of
84 at.%, which can be quantitatively broken down into
contributions from different sulfur species (Figure 3a, bar
chart). During drying (Figure 3b), bar chart, there is a higher
contribution of oxidized sulfur species, e. g. in spot number 4
there is 25 at.% oxidized sulfur. Elevated oxidised sulfur
content was also observed at other locations e. g. 31 at.%
(Figure S4).
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Having built a picture of the nature of sulfur species in these
core wood samples, and their evolution in response to
drying, we then attempted to correlate these findings with
the state of the Mary Rose timbers to establish their
connection to wood degradation. The Mary Rose warship was
built with oak wood, a 3D bio-polymer composed of
cellulose, hemicellulose, and lignin. These components
display characteristic infrared vibrational bands in the region
between 1800 cm 1 and 800 cm 1.[34,35] Fourier transform
Infrared (FTIR) spectroscopy has been previously used to
study the degradation of (hemi)cellulose structures in
archaeological wooden artefacts.[36,37] However, to date there
have been no reports on establishing whether the presence
or evolution of these sulfur-based compounds cause wood
degradation. FTIR spectra were collected along the length of
the core1 sample and are shown in Figure S3, along with
standard samples such as fresh oak and PEG 2000 for
comparison. The main vibrational bands of interest are the
CH2 O CH2 stretch from PEG at 841 cm 1, the C O C
asymmetric stretches from cellulose and hemicellulose at
1161 cm 1, the C=C aromatic ring stretch from lignin at
1506 cm 1, and the C=O stretch from hemicellulose at
1733 cm 1.[26,38,39] These (hemi)cellulose and lignin vibrational
bands were chosen so as to avoid any overlap with PEG 2000
bands. We can identify the presence of PEG 2000 in the core1
sample up to a penetration depth of between 6 and 9 mm
from the surface for samples taken during spraying and
drying. The intensity of each vibrational band depends on a
number of factors, including wood slice thickness, absorbance coefficient, and concentration of the absorber. We can
avoid this slice thickness dependency and potentially assess
the extent of wood degradation by analysing the vibrational
band intensity ratios.[40,41] The band intensity for lignin
observed at 1506 cm 1 was found to be constant along the
core sample depth, irrespective of spray treatment or drying.
Therefore, it may be assumed that this lignin component was
less susceptible to degradation. This is in good agreement
with previous observations of the Vasa hull which revealed
that the lignin in waterlogged wood are less prone to
degradation than (hemi)cellulose components.[40,41] We can
therefore use this lignin band as a baseline for (hemi)
cellulose degradation by calculating the band intensity ratios
(1733 cm 1 for hemicellulose and 1161 cm 1 for both hemicellulose and cellulose). The band intensity ratios of
1506 cm 1/1161 cm 1 and 1506 cm 1/1733 cm 1 from core1
during the spray treatment and after drying are shown in
Figures 4a and b. Higher intensity ratios reveal a reduction in
the contributions to the intensities from C O C bonds in
(hemi)cellulose (1161 cm 1) and C=O bonds from hemicellulose (1733 cm 1) which indicates a higher degree of degradation for these components, and therefore the wood as a
whole.
We observe higher band intensity ratios for 1506 cm 1/
1161 cm 1 and 1506 cm 1/1733 cm 1 up to a penetration
depth of 3 mm in core1 during the spray treatment and after
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Figure 4. FTIR vibrational band absorbance ratios during spray on versus
5 months drying are shown for the (a) 1506 cm 1:1161 cm 1 and (b)
1506 cm 1 : 1733 cm 1 ratios. (c) XRF line scan of S, Fe, and Zn in cores during
spray on and after 5 months drying.

5 months drying. This reveals that the degradation of the
(hemi)cellulose components is observed at the surface region
regardless of spraying or drying. Interestingly, at both 3 mm
and 6 mm depth, the degree of degradation is greater in the
sample taken during drying compared to that taken during
spraying, for both band intensity ratios. Furthermore, the
degradation of C O C bonds in (hemi)cellulose components
(corresponding to the 1506 cm 1/1161 cm 1 band ratio) is
observed up to a penetration depth of 12 mm in the sample
taken during drying. This conclusively shows that the
oxidation of these sulfur species contributes to the degradation of wood components. These band intensity ratios are
compared with iron and sulfur XRF line scans along the core
length during the spray treatment and after the drying phase
in Figure 4c. Also plotted is the XRF line scan of zinc, which
was found in significant proportions. Alongside iron, sulfur
and zinc, the only element showing significant concentration
was calcium. The calcium, commonly found in marine
archaeological artefacts, did not correlate with the other
elements and instead exhibited a consistent concentration
throughout the sample, and therefore was not studied
further here. Little has been noted about the presence of zinc
in marine archaeological wood previously, with one study
ChemPlusChem 2020, 85, 1632 – 1638
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attributing its presence to contamination from treatment
tanks, but with no association to the degradation
processes.[44] As no tank was built around the Mary Rose, this
is not a possible source of Zn. It could potentially be from
corroded artefacts, or from the seawater, as it is known to
form biogenically in the marine environment.[45] By assessing
the coincidence of these elements with greater levels of
(hemi)cellulose degradation, we can identify these species as
those most likely responsibly for the wood deterioration. The
high content of iron observed could be due to the migration
of soluble iron ions to the surface by the PEG, an ionic
conductor, during the spray treatment and solidifying as iron
salts during drying.[16] It is also possible that compounds
could congregate at the surface due to this being their point
of ingress, but also potentially due to greater availability of
space created via wood degradation.
Iron and zinc deposits are observed to a depth of ~ 9 mm
during the spray treatment and ~ 12 mm during the drying
process. XRF line scans have shown the presence of sulfur
content along the length of samples taken during spraying
and drying. Higher vibrational band intensity ratios of (hemi)
cellulose to lignin are observed in iron and zinc rich areas,
which indicates a greater level of degradation of wood
components in these regions irrespective of spraying or
drying. A similar observation was found in core6 sample
collected after 5 months of drying (Figure S6), which reveals
higher band intensity ratios in iron and sulfur rich surface
regions. To understand the degradation in iron-rich areas, we
compare this observation of iron up to 12 mm in Figure 4
with bulk sulfur K-edge XANES (Figure 2c). From the bulk
XANES, we observed a significant presence of oxidized sulfur
species up to a penetration depth of 12 mm in the dried
wood. The degradation of C O C bonds in (hemi)cellulose
therefore coincides with the presence of oxidized sulfur in
combination with iron deposits in the wood.
To visualize this wood deterioration, XRF line scans and
FTIR band ratios are shown in Figure 5 to a depth of 140 mm
for the core1 sample after 5 months of drying (Figure 5). Dark
brownish areas of wood are observed at the surface up to a
depth of 6 mm and the center of the core1 sample (~ 68 mm
depth). XRF line scans confirm these dark brownish areas
contain significant deposits of iron, sulfur and zinc (Figure 5b). Furthermore, these areas also coincide with high
intensity vibrational band ratios indicative of degradation
(Figure 5c). These results confirm that the colocation of iron
and sulfur along the wood is a major cause of degradation of
the core wood sample. They also corroborate the findings of
previous studies where elements such as sulfur and iron are
found to accumulate not only on the surface, but deeper into
the wood.[13] Interestingly, these observations also suggest
that zinc deposits found in the wood may also contribute to
its deterioration.
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Figure 5. (a) core1 wood sample collected after 5 months of drying and cut
into subsamples with 3 mm variation from surface to the interior (b) XRF line
scan of S, Fe, and Zn along the core after 5 months of drying. (c) FTIR band
intensity ratios along this core are also shown.

Conclusion
In summary, we have shown for the first time the correlation
between metal deposits, sulfur speciation and degradation of
Mary Rose wood samples as a function of drying and depth
into the wood. A combination of synchrotron-based (XANES
and XRF imaging) and analytical techniques (FTIR and XRF
elemental line scans) have allowed the quantitative study of
these complex systems, which provides a uniquely detailed
picture of wood deterioration. A high oxidized sulfur content
is found to persist up to 12 mm into the wooden core of
dried Mary Rose timbers. The coexistence of oxidized sulfur,
iron and zinc deposits occurs at regions of greatest degradation in the wood, revealing their potential roles in causing
(hemi)cellulose breakdown. This study unveils a crucial
understanding of the nature of those species contributing to
the degradation of waterlogged wood and the persistent
effect these species have upon an artefacts integrity. These
results will inform the development of suitable conservation
strategies to protect these unique pieces of our cultural
heritage.
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