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Can Sulfur Spectroscopy Save the 17" Century
Warship Vasa?

Magnus Sandstrom*, Farideh Jalilehvand, Ingmar Persson, Ulrik Gelius and Patrick Frank

The famous 17™-century Swedish warship
Vasa has been on display in the Vasa
Museum since 1990 (Figure 1). The Vasa
sank on its maiden voyage in 1628, and
was recovered in 1961 after 333 years in
the cold brackish water of Stockholm
harbor. After extensive conservation
treatment, the oaken Vasa appeared in
good condition (1).

However, high acidity and a rapid spread
of sulfate salts and elemental sulfur were
recently observed on many wooden sur-
faces. A research team led by Prof.
Magnus Sandstrom, University of
Stockholm, has approached the problem
by using X-ray absorption near edge
spectroscopy (XANES) at the sulfur K-
edge. The data were recorded on SSRL's
Beam Line 6-2 (2) - for the first time on
wooden core samples - to speciate the

Figure 1. The Vasa on display in the Vasa Museum,

Stockholm, Sweden. Dimensions: length 61 m (69 m
sulfur compounds (3,4). The XANES including bowsprit), maximum width 11.7 m, stern
spectra, measured on samples extracted castle 19.3 m high, displacement 1210 tons. (photo by

at various depth of the cores, unexpect- Hans Hammarskiéld at the Vasa Museum). Reproduced

edly revealed large amounts of embedded  PY Permission, (http://www.nature.com/).

elemental sulfur (0.2-4 mass%) in the

wood, also sulfate and, in minor amounts, several sulfur compounds of intermediate
oxidation states (Figure 2). X-ray photoelectron spectroscopy (XPS; 5) was in addition used
to quantify all elements at the same depths (cf. Figure 2,3). The study shows that in humid
museum atmospheres a stepwise sulfur oxidation produces sulfuric acid:

S(s) + 1,0, + H,0 — 2H*(aq) + SO,* (1)

This oxidation is catalyzed by iron species in the wood (Figure 3) released from the
completely corroded original iron bolts, as well as from those inserted after salvage. The
overall quantity of elemental sulfur remaining in the Vasa is enough to produce more than
5000 kg of sulfuric acid when fully oxidized. Acidic wood hydrolysis is a severe threat to the
continued preservation of the Vasa, and pH-raising treatments must be applied to arrest
wood deterioration. There are similar problems for other wooden marine-archaeological
artifacts (6). The team has also analyzed fresh cores from the submerged wreck of the
Swedish warship Kronan (126 guns, sunk in battle in 1676 outside Oland in the Baltic),
which contain a high amount of elemental sulfur and less sulfate. Cores from the Dutch
Batavia, wrecked outside Western Australia in 1629, were found to contain mostly elemental
sulfur and sulfate but also iron sulfides in wood with high iron content. Thus, the sulfur
problem seems to be general and serious for waterlogged marine-archaeological wood
recovered from anoxic conditions.
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Figure 2. (left) Sulfur K-edge XANES spectra (normalized absorbance) from a core sample of the Vasa at
increasing depth showing a major peak from sulfate, SO,%, at 2483 eV, which shows broadening due to acid-
produced bisulfate ion, and a smaller peak at 2473 eV from elemental sulfur with some intermediate oxidation
states; Note that for elemental sulfur (Sg) and sulfate in the same concentration the relative intensity of the sulfate
peak is almost a factor three larger than that for sulfur in the same spectrum. The intensity factors between the
normalized spectra at different depths are estimated from elemental analyses); (right) XPS spectra from a
neighboring core showing binding energies in the energy range 150-210 eV of element-specific photoelectrons. The
sulfur 2p photoelectrons give rise to two peaks corresponding to reduced (at 164 eV) and oxidized (at 169 eV)
sulfur. Boron from H3BO; used as fungicide is abundant at all depths, while silicon and chlorine occur at the
surfaces (apparently the core cuts through a crack at 20 mm depth). Reproduced by permission,
(http://www.nature.com/).

Occasionally, the natural degradation processes have been arrested in marine burial that
deposits wood in near anaerobic environment inhospitable to decay fungi and wood-borers,
but with high content of hydrogen sulfide produced by sulfate-reducing bacteria
metabolizing organic material. The analyses in this study indicate that when hydrogen
sulfide in aqueous solution penetrates submerged waterlogged wood, it transforms and
accumulates in the wood mainly as elemental sulfur. Whether this transformation is
effectuated by sulfide-oxidizing bacteria (7) or is chemically controlled, is not yet clear.
However, crystalline o-sulfur containing Sg crowns was found on and close below the
wooden surfaces through identification by X-ray powder diffraction (XRD).




The amount of sulfate found in the Vasa indicates that a substantial amount of the infused
sulfur already has been oxidized to acid. This is consistent with the observation that during
conservation, several tons of borax had to be added to neutralize the acid released from the
wood into the recirculating polyethene glycol solutions (used for spray treatment to prevent
wood shrinkage when drying), to keep the pH neutral, around 7 (1). In order to slow down

the present oxidation
process, information on
the mechanism, rate-
limiting factors, stability
of the intermediates,
dependence on catalysts,
and microbial activity, will
be essential.

Conservation procedures
must be developed to
remove the elemental
sulfur from waterlogged
wood, monitored by sulfur
spectroscopy using syn-
chrotron radiation. Other-
wise, Nature's sulfidic
preservation agent will
give a very acidic after-
taste, and become a
severe threat to continued
preservation of precious

3
!
L.
I+

0 10 20 30 40 an &0 Ta =1

depth f mm

Figure 3. Depth profile in a core 80 mm into an oak beam of the Vasa:
elemental analyses of total sulfur (&) and ({}), XPS analysis of iron (e); In

artifacts in the museum this core XRD showed crystalline elemental a-sulfur Sg in the wood a few

mm below the surface and also traces of pyrite FeS,.

atmOSphere' Reproduced by permission (http://www.nature.com/).
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