Protective effect of linseed oil varnish on archaeological wood treated with alum
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Abstract
The Viking Age wooden artefacts recovered in the early 1900s from the Oseberg mound (Norway)
and treated with alum, are today highly degraded. This is due to the effects of the alum-treatment
and the reactivity of alum and alum-derived salts [1]. Some of the artefacts from the Oseberg
collection that were treated with alum were also coated with a drying oil: boiled linseed oil. These
artefacts appear to be better preserved with respect to those not treated with linseed oil.
In order to assess the effect of linseed oil on wood preservation, an alum-treated archaeological
wood fragment from the Oseberg collection treated with linseed oil was investigated by three
analytical techniques: gas chromatography coupled with mass spectrometry (GC/MS), pyrolysisgas chromatography/mass spectrometry (Py-GC/MS) and high-performance liquid chromatography
coupled to electrospray ionisation and quadrupole time-of-flight mass spectrometry (HPLC-ESI-QToF). These techniques provided important information on the molecular composition and state of
preservation of both archaeological wood and aged linseed oil.
Py(HMDS)-GC/MS was applied to assess the state of preservation of the main wood components,
lignin and polysaccharides, in the presence of linseed oil and alum treatments. GC/MS and HPLCESI-Q-ToF were used to perform lipid characterization and to investigate the lipid degradation and
oxidation processes. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and

elemental analysis by scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM-EDS) were performed to give information on the corresponding inorganic
components, particularly the composition and distribution of the alum.
Samples taken at different depths from the surface of the archaeological wood fragment were
analysed and compared. The results showed that, although the wood was highly depleted of
carbohydrates, it was better preserved than previously analysed Oseberg artefacts not treated with
linseed oil. Results from GC/MS and HPLC-ESI-Q-ToF suggested that the linseed oil played a
mitigating role in terms of wood degradation. The behaviour of the lipid material, which was more
oxidized on the wood surface than in the core, was the opposite to that usually encountered in
archaeological wood, suggesting a selective oxidation of the oil.
This unusual pattern of wood degradation was not mirrored by the inorganic components: alum
was found to be more abundant at the surface of the fragment than at depth, as would be
expected, but no decomposition products were found. However, the alum appeared to mainly
consist of ammonium salt, rather than the potassium alum documented as the treatment material
for the Oseberg artefacts.
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1. Introduction
The Oseberg Viking burial mound was discovered in 1903 near Tønsberg, Norway, and was dated
to 834 AD [1]. The many archaeological objects recovered from the site included a Viking ship,
numerous wooden and metal artefacts, textiles and remains of sacrificed animals, used as
offerings to the two buried women. A selection of the find is exhibited at the Viking Ship Museum in
Oslo, where visitors can have a glimpse of life in the Viking Age, and as well as the wood-working
technology and wood-carving achievements [2].
The waterlogged wooden objects underwent different conservation processes depending on their
condition upon excavation. The best preserved artefacts, made of oak (Quercus L.) (used, for
example, for the hull of the Oseberg ship), ash (Fraxinus L.), pine (Pinus L.) and yew (Taxus L.)
woods were mainly air-dried, while the highly deteriorated objects, mainly made of diffuse porous
hardwoods such as maple (Acer L.) and birch (Betula L.), were treated with alum
(KAl(SO4)2·12H2O) [3]. This method consisted of immersing the waterlogged wooden fragments for
up to 36 hours in a concentrated solution of alum, which was heated to 90°C to increase the salt’s
solubility . Alum penetrated into the surface of the wood, replacing the existing water and, on
cooling, re-crystallized to give a physical support to the wood structure and reduce shrinkage
during drying [4]. The concentrated alum solution at 90°C achieve pH 2 after approximately three
hours. This means that the wood was exposed to pH 2 for approximately 33 hours for treatment

times of 36 hours [5]. In accordance with Lange N. A. the solubility of potassium alum in 100 g of
water at 90°C is 109g [6].
Today many of the wooden objects treated with alum are in a poor state of conservation, mainly
due to the fact that the alum treatment releases sulphuric acid when heated, according to the
reaction:
3KAl(SO4)2 + 6H2O  KAl3(SO4)2(OH)6  + K2SO4 (aq) + 3H2SO4 (aq) [7]
This reaction has contributed to the objects’ high acidity (pH ≤ 2). Several studies have
demonstrated that the presence of sulphur compounds in consolidated archaeological wood is
related to degradation phenomena, that are far to be solved at the present state of the art [8, 9].
Previous studies performed by Py-GC/MS have shown that the chemical composition of the
Oseberg alum-treated wood is very different from sound wood as well as from examples of
archaeological wood not treated with alum [10-12]. The Oseberg alum treated wood has
undergone a dramatic reduction in polysaccharides (cellulose and hemicelluloses), relative to
lignin, as shown by the ratio of holocellulose over lignin content (H/L index). In different types of
sound wood, the H/L index varies from 1.7 to 3.7. In the Oseberg wood that was not treated with
alum, the H/L index varies between 0.2 and 0.5, due to the preferential decomposition of
polysaccharides during burial and natural ageing [10].
In the Oseberg wood treated with alum, the H/L index has values even below 0.1, highlighting the
almost complete loss of the polysaccharide components [10]. In addition, in the alum-treated wood,
the lignin biopolymer has undergone oxidation to an extent never observed in other examples of
archaeological wood [10, 11]. Studies of the correlation between H/L ratios and inorganic content
have suggested a direct relationship between wood degradation and the concentration of alumrelated elements (Al, K, S) [10, 11]. However, many questions remain regarding the degradation
processes occurring in treated archaeological wooden objects, as they are linked to complex
interactions between organic and inorganic materials.
Many of the Oseberg wooden objects had also been treated with both alum and boiled linseed oil.
Figure 1 shows a typical example of the distribution of both the alum salt and the linseed oil at the
cellular level, in a sample taken from the surface of an Oseberg object. The drying oil, applied after
the fragment had been air-dried to constant weight, improved its resilience, as the alum method
resulted in wood that was as ‘brittle as glass’ [13]. The first applications of linseed oil were thinned
with turpentine, with subsequent applications having an increasingly greater oil concentration. For
smaller objects, linseed oil was applied by brush or by immersion until it was saturated. For larger
objects, holes were drilled to improve the penetration [14]. In many cases, however, the oil did not
completely penetrate the fragment. Linseed oil treated artefacts appear to be better preserved than
those not treated with linseed oil. The consolidating effect of linseed oil probably also ensured the
survival of the finely carved surfaces, a feature of many of the Oseberg wooden objects.
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Figure 1 X-ray tomographic image showing the typical distribution of alum and linseed oil in a surface
sample of one of the Oseberg objects. Alum salts are white/light grey. The linseed oil, which is
indistinguishable from the wood fabric, coats fibres and encapsulates alum crystals in most regions. The red
circle highlights an area where the linseed oil fills several wood cells. The bar shows 50 microns. Image
taken at the TOMCAT beamline, Paul Scherrer Institute, Switzerland.

Linseed oil is a siccative oil characterised by the presence of highly polyunsaturated
triacylglycerols (TAGs), Figure 2. Linolenic acid (octatrienoic) and linoleic acid (octadienoic),
account for more than 65% of the total composition of fatty acids [15, 16]. Free fatty acids (FFAs)
are generally present in a portion of 0.5-2% of the total weight, with an average composition
related to the constituents of the TAGs. The amount of free fatty acids can increase as a result of
the hydrolysis of the ester bonds of triacylglycerols.
Upon curing and ageing, the chemical composition of drying oils significantly changes. Autooxidation radical reactions lead to cross-linking processes involving the fatty acid (FA) portion of
TAGs, resulting in the formation of a high molecular weight polymer network. Recombination of the
radical species leads to the termination of the radical reaction process [15, 16].
One of the initial effects of the ageing process of a drying oil is the decrease in the degree of
unsaturation and in the number of extractable triglycerides [17, 18]. The amount of free fatty acids
can increase with the increasing degree of hydrolysis during ageing. During hydrolysis, the
concentration of diglycerides and monoglycerides reaches a maximum, which is then followed by a
slow decrease, since the compounds undergo further hydrolysis, and produce glycerol and free
fatty acids. Some reactions taking place during the curing lead to bond scission, with the
consequent formation of low molecular weight degradation products, ,ω-dicarboxylic acids, with
azelaic (nonanedioic) as the most abundant.
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Figure 2 Trilinolenin, a triglyceride molecule with three linolenyl acyl substituents, which is characteristic of
linseed oil.

The carboxylic groups released from the network as a consequence of the hydrolysis of
triglycerides and of the oxidative cleavage of unsaturated fatty acids can react with cations to form
metal soaps. This phenomenon has been described in paintings, where cations are present as
pigments; for example, the formation of lead soaps by reaction with certain lead pigments in
paintings is well known [19].
This work investigates Oseberg alum treated wood coated with linseed oil in order to assess the
effect of its presence on wood preservation. A series of samples taken at different depths from the
surface of one fragment (Figure 3) were analysed by various analytical techniques. This provided
information on the molecular composition and state of preservation of both the archaeological
wood and the aged linseed oil.
Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was applied to assess the state of
preservation of the main wood components in the presence of linseed oil and the alum treatment.
Gas chromatography coupled with mass spectrometry (GC/MS) and high-performance liquid
chromatography coupled with electrospray ionisation and quadrupole time-of-flight mass
spectrometry (HPLC-ESI-Q-ToF) [20] were used to perform the lipid characterization and to
investigate lipid degradation and oxidation processes. Inorganic components of analysed material
were also investigated by X-ray diffraction (XRD), scanning electron microscopy with energydispersive X-ray spectroscopy (SEM-EDS), and Fourier transform infrared spectroscopy (FTIR).
We hope that this knowledge will contribute to the ongoing development of retreatment strategies
for the long-term preservation of the artefacts.

2. Materials and methods
2.1. Samples

The investigation was performed on an archaeological wood fragment, C55000/207 (weight about
30 g), from the Oseberg find. The fragment had been treated with alum and linseed oil (Figure 3).
Preliminary microscopic examination at a lower magnification indicated that the artefact is made of
a diffuse porous hardwood. Detailed information on the origin of the wood fragments (sapwood or
heartwood) was not available. The degree of degradation prevented a more specific identification
of the wood genus. For this reason a typical diffuse porous wood, alder (alnus spp.), was used as a
reference for Py(HMDS)-GC/MS, GC-MS, and HPLC-ESI-Q-ToF analyses.
The archaeological wood fragment C55000/207 was divided into four sections, in order to evaluate
the chemical composition at different depths from the surface (Figure 3c).
These four sections were analyzed by:
•

analytical pyrolysis coupled with gas chromatography and mass spectrometry (Py(HMDS)GC/MS) to evaluate the state of preservation of the main wood components;

•

gas chromatography coupled with mass spectrometry (GC/MS) to investigate the profile of
fatty acids and degradation products of the oil after saponification;

•

high-performance liquid chromatography coupled with electrospray ionisation and
quadrupole time-of-flight mass spectrometry (HPLC-ESI-Q-ToF) to investigate the profile of
triglycerides and oxidized glycerides.

Additional samples from the outer surface (207-outer) and inner core (207-inner) were taken for
analyses by SEM-EDS and XRD spectroscopy to gain information on the nature and distribution of
inorganic components.
The samples are described in Table 1.

207A
207B
207C
207D

a

b

c

Figure 3 The alum and linseed oil treated fragment, whole (a) and cut into three pieces (b), which also
highlights that the linseed oil (dark part) did not penetrate the wood fully (light part). The middle piece in (b)
was sampled for our analyses. Photo c) shows the depths from the surface from which samples were taken
for the wood and linseed oil analyses. Samples for inorganic analyses were taken from the surface and from
the core only.

Table 1 Description of samples of Oseberg wood treated with alum and linseed oil
Sample

Weight
0.4 g

207A
0.5 g
207B
0.7 g
207C
207D

0.7 g

Depth from the surface
Sample taken from the surface
of fragment C55000/207 (0-1
mm)
Sample taken from 1-2 mm
below the surface of fragment
C55000/207
Sample taken from 2-4 mm
below the surface of fragment
C55000/207
Sample taken from the core of
fragment C55000/207

207-inner

Sample taken from core of
fragment C55000/207

207-outer

Sample taken from surface of
fragment C55000/207

Reference sound wood
sample

Alder (alnus, spp.)

Analysis
Wood and lipids

Wood and lipids

Wood and lipids
Wood and lipids
Inorganic
compounds and
elements
Inorganic
compounds and
elements
Wood and lipids

2.2. Py(HMDS)-GC/MS
Analytical pyrolysis was performed using 1,1,1,3,3,3-hexamethyldisilazane (HMDS, chemical purity
99.9%, Sigma Aldrich Inc., USA) as a silylation agent for the in situ thermally-assisted
derivatisation of pyrolysis products. The instrumentation consisted of a micro-furnace Multi-Shot
Pyrolyzer EGA/Py-3030D (Frontier Lab) coupled to a gas chromatograph 6890 Agilent
Technologies (USA) equipped with an HP-5MS fused silica capillary column (stationary phase 5%
diphenyl – 95 % dimethyl-polysiloxane, 30 m x 0.25 mm i.d., Hewlett Packard, USA) and with a
deactivated silica pre-column (2 m x 0.32 mm i.d., Agilent J&W, USA). The GC was coupled with
an Agilent 5973 Mass Selective Detector operating in electron impact mode (EI) at 70 eV. The
pyrolysis temperature was 550 °C and interface temperature was 250 °C. Approximately 100 μg of
sample and 5 µL HMDS were inserted into the platinum cup. Before analysis, all the samples were
oven-dried for 24 h at 40-50 °C to remove residual water (alum salts were not removed). Samples
were analysed in triplicate.
The identification and integration of peaks derived from lignin and holocellulose products was
performed using AMDIS software, which helps to deconvolute and integrate chromatographic
peaks on the basis of their mass spectra even when there are overlapping signals. Deconvolution
software is particularly useful in this case because pyrolysis chromatograms from this sample
contain peaks deriving from both wood and linseed oil. Details regarding the pyrolysis products
identified are presented in [10]. The relative content of wood components was obtained by
integrating selected chromatographic peak areas. The areas of the peaks were then normalised

and expressed as percentages of the sum of all the identified pyrolysis products (a total of 117
compounds) [10, 11]. The technique achieves a relative standard deviation of 7.3% [21].
2.3. GC-MS for the identification of the fatty acid profile
For the GC/MS analysis of samples, ~2-3 mg of the sample were subjected to microwave assisted
saponification (power 200 W) with 300 μL of 10% KOH in EtOH (by weight) at 80 °C for 60 min. In
order to maximize the extraction yield, two solvents were used: the neutral compounds were
extracted with n-hexane (400 μL, three times); the residual solution was acidified with hydrochloric
acid (6 M) and then carboxylic acids were extracted with diethyl ether (400 μL, three times). The
two extracts (neutral + acidic fraction) were combined, evaporated to dryness under nitrogen
stream, and subjected to derivatization with 20 μL of N,O-bistrimethylsilyltrifluoroacetamide
(BSTFA), 150 μL of iso-octane and 5 μL of tridecanoic acid solution (IS2) at 60 °C for 30 min. 5 μL
of hexadecane solution (IS1) were added just before injection.
GC/MS instrumentation consisted of an Agilent Technologies 6890N Gas Chromatograph coupled
with a 5975 Mass Selective Detector single-quadrupole mass spectrometer. Samples were injected
in splitless mode at 280 °C. GC separation was performed on a fused silica capillary column HP5MS (J&W Scientific, Agilent Technologies, stationary phase 5% diphenyl-95% dimethylpolysiloxane, 30 m length, 0.25 mm i.d., 0.25 μm film thickness). Chromatographic conditions
were: initial temperature 80°C, 2 min isothermal, 10°C/min up to 200°C, 4 min isothermal for the
separation of unsaturated C18 fatty acids and their isomers, 6 °C/min up to 280°C, 40 minutes
isothermal. The helium (purity 99.9995%) gas was set in constant flow mode at 1.2 mL/min. MS
parameters: electron impact ionization (EI, 70 eV) in positive mode; ion source temperature 230°C;
scan range 50-700 m/z; interface temperature 280°C. The injection volume was 2 μL.
The GC/MS quantitative analysis was performed using calibration curves calculated on the basis of
selected ion monitoring (SIM) chromatograms: the selected ions for the SIM acquisition were:
lauric acid m/z 117, 257; suberic acid m/z 169, 303; azelaic acid m/z 149, 317; myristic acid m/z
117, 285; sebacic acid m/z 149, 331; palmitic acid m/z 117, 313; oleic acid m/z 117, 339; stearic
acid m/z 117, 341.
The quantitative determination of aliphatic mono- and dicarboxylic acids was performed using
standard solutions, building calibration curves, and evaluating daily recoveries. Running blanks of
the procedure highlighted a low level of contamination. The detection limit (LOD) and the
quantitation limit (LOQ) of fatty and dicarboxylic acids were calculated. At a statistical significance
level of 0.05, the LODs and LOQs obtained of the proteinaceous, glycerolipids and saccharide
materials were as follows: LOD: 0.3 μg; LOQ: 0.7 μg.

2.4 High-performance liquid chromatography coupled to electrospray ionisation and
quadrupole time-of-flight mass spectrometry for the identification of the triglyceride profile
of lipids
For the HPLC–ESI-Q-ToF analyses, ~2-3 mg of each sample was subjected to microwave assisted
extraction assisted by microwaves in a microwave oven Ethos One (Milestone, U.S.A.) (power 600
W), with 300 μL of a chloroform-hexane (3:2) mixture at 80°C for 25 min. The extracts were dried
under a nitrogen stream, diluted with 600 μL of elution mixture, and filtered on a 0.45 μm PTFE
filter (Grace Davison Discovery Sciences, U.S.A.) just before injection [22, 23].
HPLC–ESI-Q-ToF analyses were carried out using a 1200 Infinity HPLC, coupled with a
Quadrupole-Time of Flight tandem mass spectrometer 6530 Infinity Q-ToF detector by a Jet
Stream ESI interface(Agilent Technologies, U.S.A.).
The HPLC conditions were: Poroshell 120 EC-C18 column (3.0 mm × 50 mm, 2.7 µm particle size)
with a Zorbax eclipse plus C-18 guard column (4.6 mm × 12.5 mm, 5 µm particle size); a flow rate
of 0.3 mL/min, an injection volume of 1 µL and a column temperature of 45°C. Separation was
achieved using a gradient of methanol (eluent A) and iso-propanol (eluent B). The elution gradient
was programmed as follows: 90% A for 5 min, followed by a linear gradient to 90% B in 25 min,
then held for 5 min. Re-equilibration time for each analysis was 10 min. The ESI operating
conditions were: drying gas (N2, purity>98%): 350°C and 10 L/ min; capillary voltage 4.5 kV;
nebulizer gas 35 psig; sheath gas (N2, purity >98%): 375°C and 11 L/min. High resolution MS and
MS/MS spectra were acquired in positive mode in the range 100–1700 m/z. The fragmentor was
kept at 200 V, nozzle voltage 1000 V, skimmer 65 V, octapole RF 750 V, and the collision energy
for the MS/MS experiments was set at 50 V. The collision gas was nitrogen (purity 99.999%). The
data were collected by auto MS/MS acquisition with an MS scan rate of 1.03 spectra/s and an
MS/MS scan rate of 1.05 spectra/s; only one precursor was acquired per cycle (relative threshold
0.010%) [24-26].
HPLC-EIS-Q-ToF quantitation, relative abundances were calculated on the basis of extract ion
chromatograms, considering the isotopic distribution of the molecular species, and normalized to
100%.
2.5. XRD
X-ray diffraction analysis was carried out using a PANalytical diffractometer Empyrean Series 2
with radiation CuKα1 =1.54 Å, operating at 45 kV, 40 mA, 2θ range 5–80° step size 0.03°, time per
step 1000 s or 5000 s, rotation time 2.0 s, equipped with a PIXcel1D-Medipix3 RTMS detector, and
High Score data acquisition and interpretation software. A zero background sample holder was
used. Crystalline phases were identified using the ICDD database. Samples were finely ground,
and enough powder to cover the 1.5 cm diameter area of the sample holder was used.

2.6. SEM-EDS
SEM-EDS analyses were performed using a FEI Quanta 450 Scanning Electron Microscope
coupled with an Oxford X-MaxN 50mm2 detector, using low vacuum mode to avoid charging and a
voltage of 20 kV. The other parameters (spot size, pressure, and working distance) were modified
depending on the sample. For the SEM-EDS measurements, small amounts of powdered sample
approximately 0.5 mm2 in area were scanned.
2.7. FT-IR spectroscopy
Spectra in attenuated total reflection (ATR) mode were recorded on a Thermo Fischer FTIR
spectrometer (Nicolet iS50). 32 scans and 4 cm-1 resolution were adopted. The range was 4000400 cm-1. Enough finely ground sample to cover the 3 mm diameter area of the ATR crystal was
used.

3. Results
3.1 Analyses of organic components
3.1.1. Linseed oil characterisation
Chemical analyses were performed to characterise aged lipids derived from the linseed oil used on
the alum treated wood at different depths from the surface.
The characterization of lipids from linseed oil was carried out by two complementary approaches:
the quantitative profile of fatty acids (FAs) was determined by GC/MS after saponification,
extraction and derivatization, while the triglycerides (TAGs) were profiled using HPLC-ESI-Q-ToF
analysis.
Generally, the FA profiles of aged drying oils are characterized by the ratio of the saturated acids,
palmitic acid (hexadecanoic, C16:0) over stearic acid (octadecanoic, C18:0) which are the most
abundant. On the other hand, unsaturated acids, such as linolenic acid (cis,cis,cis-9,12,15octadecatrienoic acid, C18:3), which are abundant in fresh linseed oil, are not detected after
ageing since they tend to undergo oxidation and cross-linking processes which result in the
formation of a polymeric fraction and oxidized species [15, 16].
In the GC/MS chromatogram obtained from the analysis of surface sample 207A (Figure 4),
palmitic and stearic acids were the most abundant peaks, as expected.
In addition, a small amount of oleic acid, a monounsaturated fatty acid, was still present and the
,ω-dicarboxylic acids formed as products of oxidation, such as suberic (,ω-octanedioic acid),
azelaic (,ω-nonanedioic acid) and sebacic (,ω-decanedioic acid) acids, were also observed.
Dicarboxylic acids are not originally present in linseed oil, but they are formed during curing and

ageing as a result of preferential oxidation and bond cleavage at the double bonds in the acylic
chain [15, 16].
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Figure 4 Selected ion monitoring (SIM) chromatographic profile of the fatty acid fraction of sample 207A
taken 0-1 mm from the surface, after saponification and silylation of carboxylic moieties.

Qualitative comparison of the chromatographic profiles and quantitative analyses highlighted
differences in the fatty acid profiles of linseed oil at different depths from the surface. Table 2
reports the relative amounts of fatty acids in the analysed samples, while Figure 5 shows the
distribution of FAs in samples taken at different depths from the surface.
The organic extractable fraction of wood also contains glycerides and fatty acids, thus reference
wood was also analysed to evaluate the contribution of wood to the fatty acid profile.
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Table 2 Relative content of fatty acids in the analysed samples taken at different depths from the surface of
fragment 207 and from untreated reference wood. P/S: ratio of the amounts of palmitic and stearic acids.
Dic.%: sum of the percentage amounts of dicarboxylic acids (suberic, azelaic and sebacic).

µg in
sample

ug/g

P/S

Dic.%

% in sample

The relative contents of fatty acids determined in the untreated reference wood and in
archaeological samples were significantly different: the palmitic/stearic ratios (P/S) were between 1

and 1.2 for the samples from fragment 207, as expected for linseed oil, and 0.8 in reference sound
wood.
The total amount of fatty acids calculated in micrograms in the sample was much lower in
reference sound wood (2.5 µg) than in the wood samples taken from the surface that had been
treated with drying oil (49.5 µg). Also, the determined amount of fatty acids decreased from sample
207A (surface) to sample 207D (core), highlighting that the penetration of linseed oil was limited to
the first 4 mm from the surface.
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Figure 5 Distribution of fatty acids in samples taken at different depths of fragment 207 and reference sound
wood.

The GC/MS analysis of samples taken between 2-4 mm from the surface (samples 207C and
207D) were characterised by a relatively higher amount of residual oleic acid than in the surface
sample (207A), revealing that the oxidation of the unsaturated fatty acids was more prominent in
the surface, as expected. The degree of oxidation at different depths was also highlighted by the
different amounts of dicarboxylic acids (suberic, azelaic and sebacic acids): on the surface the sum
of the relative amount of dicarboxylic acids (Dic.%) was around 20%, while in the core 207D, it
was less than 8% (Table 2). Thus, these oxidation products were more abundant in the first 2 mm
(samples A and B).
Lipid analysis by GC/MS was complemented with the direct analysis of triacylglycerides (TAGs),
without saponification, by means of high-performance liquid chromatography coupled with
electrospray ionization and quadrupole time-of-flight mass spectrometry (HPLC-ESI-Q-ToF). Only
free TAGs and their oxidation products can be extracted and analysed by HPLC, while the crosslinked fraction is not soluble and not characterised with common analytical techniques.
The TAG profile of fresh linseed oil was characterised by the presence of a high amount of
triglycerides containing the triple unsaturated linolenic acid (C18:3), as well as high amounts of

linoleic (C18:2) and oleic (C18:1) acids [24]. As previously mentioned, with ageing, unsaturated
acyl chains undergo oxidation processes that modify the TAG profile. The TAG profiles of the
samples collected from the surface (207A) and from the core (207D) of the fragment of

OOP

archaeological wood treated with linseed oil are shown in Figure 6 and Figure 7, respectively .
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Figure 6 HPLC-ESI-Q-ToF extract ion chromatograms of sample 207A taken within 0-1 mm of the surface.
L-(18:2 ) linoleic, O- (18:1) oleic ; P- (16:0) palmitic, S-(18:0) stearic, OxTAGs- oxidized triacylglycerides.

The HPLC TAG profiles of sample 207A taken from the surface were characterised by the
presence of OOP, OLS and LOP as main triglycerides, which are characteristic of linseed oil. The
TAG profile showed the presence of a substantial amount of oxidized triglycerides (OxTAGs)
derived from an oxidation process involving the linolenyl acyl substituents in fresh linseed oil. The
oxidised TAGs detected in the sample were characterised by double bonds in the acyl substituent
no greater than one, producing the ions: m/z 945.7 (C18,OHC18,OHS, [M+Na]+), 917.7
(C18:1,OHC18:1,OHP, [M+Na]+), and 897.7 (C18:1,OHOP, [M+Na]+). These results suggest that the oil in
the surface of the sample was in an advanced oxidized state [27].
Comparing the triglyceride profile obtained in surface sample 207A with that obtained for core
sample 207D (Figure 7), we found several surviving polyunsaturated TAGs, typical of fresh linseed
oil. In particular, TAGs containing linoleic acid (9,12-octadecadienoic acid) were present, while
TAGs containing linolenic acid (9,12,15-octadecatrienoic acid) were not detected in any of the four
samples. The oxidation products detected in the core sample were characterised by a high number
of residual double bonds (up to 2), in particular m/z 937.7 (C18:2,OHC18:2,OHS, [M+Na]+), 909.7
(C18:2,OHC18:2,OHP, [M+Na]+) were the most abundant oxidized species detected.
Table 3 reports the triglycerides detected in the samples.
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Figure 7 HPLC-ESI-Q-ToF extract ion chromatograms of sample 207D taken from the core of fragment 207.
L-(18:2 ) linoleic, O- (18:1) oleic; P- (16:0) palmitic, S-(18:0) stearic, OxTAGs- oxidized triglycerides.
Table 3 Surviving TAGs and the main oxidized TAGs identified in surface (207A) and core (207D) samples
from fragment 207

207A

207D

C18,OHC18,OHS*
C18:1,OHC18:1,OHP
C18:1,OHOP
-

C18:2,OHC18:2,OHS
C18:2,OHC18:2,OHP

LLP**
LLO
LOP
OOP
OLS
-

PLP
OOL
LLP
LOP
POP
OOP
OLS
OSP
OOS

Abbreviations: *X:Y,OH: XX-carbon atom numbers, Y double bonds, hydroxyl group; **L-(18:2) linoleic, O- (18:1) oleic
(unsaturated); P- (16:0) palmitic, S-(18:0) stearic (saturated);

The overall interpretation of the TAG profiles and the GC/MS reveals that the lipid material in the
core was less oxidised and less polymerised than that found on the surface. This behaviour is
consistent with that expected for an adsorbed coating, and is related to the presence of oxygen
and light, which are the main oxidation factors of drying oil. We also found that below the surface,
the oxidation rate of the unsaturated acyl chains decreased.

3.1.2 Analysis of the wood components by Py(HMDS)-GC/MS
The effect of linseed oil on the preservation of the wood components at different depths from the
sample surface was assessed by comparing results from Py-GC/MS analyses, using in situ
thermally assisted derivatization with HMDS. The chromatographic profiles obtained for the
reference alder wood and for the Oseberg samples are shown in Figure 8.
Notable differences are evident between the reference sound wood and the archaeological wood
treated with alum and linseed oil, as well as between the samples taken at different depths.
Although the pyrograms for archaeological wood samples appear qualitatively very similar, they
differ in their proportion of lignin pyrolysis products, as discussed below. The most abundant
pyrolysis products in the archaeological wood samples originated from the linseed oil (the most
abundant peaks are labelled with an asterisk) (Figure 8). Of the pyrolysis products derived from the
lignocellulosic polymers, the most abundant originated from the lignin, while the products from the
polysaccharide (holocellulose) component were in very low abundances.
The most abundant lignin pyrolysis products were the monomers, synapyl and coniferyl alcohols
together with syringaldehyde. Acidic lignin pyrolysis products such as p-hydroxybenzoic and
syringic acids were also appreciably abundant. Corresponding guaiacyl compounds such as
vanillin and vanillic acid were less abundant.
The ratio of relative contents of holocellulose (H) over lignin (L) is a parameter used for the
assessment of the state of preservation of archaeological wood [28, 29]. The relative amounts of
main wood components and the values of H/L ratios are presented in Figure 9.
A relatively low amount (8 - 20%) of holocellulose pyrolysis products was observed in the
archaeological alum-treated wood with respect to the sound wood sample where holocellulose
accounted for about 66% of all selected chromatographic peak areas. This demonstrates an
extensive loss of holocellulose in the archaeological wood.
When comparing results obtained for samples collected at different depths from the surface, the
wood composition changed. In the surface (sample 207A), the H/L ratio was higher (0.20) than in
the core (0.10). From the surface to the core, we observed a gradual decrease in H/L index (Figure
9), indicating that the wood at the surface was better preserved than the wood in the core of the
analysed fragment. This was rather unexpected given that, generally, the surface of an
archaeological wood artifact, which is in contact with the environment, undergoes more evident
degradation processes than the core.
The categorization of pyrolysis products enables the relative amounts of primary and secondary
pyrolysis products to be evaluated, thus simplifying the understanding of alteration phenomena of
polysaccharides [30]. Pyrolysis products derived from cellulose and hemicelluloses can be divided
into five categories: furans, cyclopentenones, pyranones, hydroxybenzenes and anhydrosugars
[30, 31]. The most abundant category in sound wood is generally made up of cyclopentenones, in

particular due to the formation of 3-hydroxy-2-hydroxymethyl-2-cyclopentenone (2TMS), and E-2,3dihydroxy-cyclopent-2-enone (2TMS). The second most abundant group is composed of
anhydrosugars which are mainly represented by levoglucosan (1,6-anydro-beta-D-glucopyranose
(3TMS)). For degraded wood, the polysaccharides formed during pyrolysis are mainly
anhydrosugars. These compounds may be present in different trimethylsilyl (TMS) derivative
forms: tri-TMS, di-TMS and mono-TMS. The efficacy of the derivatisation reaction between
hydroxyl groups and HMDS can be affected by steric hindrance, which thus prevents HMDS from
being combined with functionalities [32, 33]. More degraded polymer networks, which present a
more open and incoherent structure, are more reactive towards silylation agents. Thus the relative
amount of persilylated (tri-TMS) anhydrosugars is higher for samples in which carbohydrates are
more degraded, indicating depolymerisation. The relative amounts of monosilylated, disilylated and
persilylated anhydrosugars were calculated, and are shown in Figure 10.
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Figure 8 Pyrolysis profiles obtained for samples taken at different depths from the surface of fragment 207
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products, “*”- pyrolysis products derived from linseed oil.
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Figure 10 Distribution of anhydrosugars with different degrees of silylation in reference alder and in the
archaeological wood samples.

In reference alder wood, the percentage of persilylated (3TMS) anhydrosugars was about 40%.
This percentage was higher for all the archaeological samples than for the reference wood. An
increase in persilylated anhydrosugars from the surface (about 70%) to the core (more than 90%)
of the same fragment was observed, indicating a higher degree of holocellulose depolymerisation
in the core than in the surface. This confirmed the phenomenon suggested by the H/L ratios: the
degradation of polysaccharides in the investigated wood fragment was more extensive in the core
than at the surface, which is an opposite trend to that normally observed in archaeological wood
artefacts.
In order to obtain information on the alteration of the lignin, we evaluated the various pyrolysis
reaction pathways undergone by this biopolymer [30]. Products of primary pyrolytic reaction lead to

the formation of pyrolysis products corresponding to intact lignin monomers: the two alcohols
coniferyl and sinapyl. Modified side chains and/or aromatic rings are formed either during
secondary pyrolytic reactions or during wood degradation, producing guaiacyl and syringyl units
with altered 3-carbon side chains and shorter side chains (1- or 2-carbon), and demethylated or
demethoxylated lignin units [10, 34]. These products were sorted into the second lignin category
named ‘modified side chains’. The third category collects pyrolysis products of oxidized lignin units,
such as ketones, aldehydes and acids [10, 11].
According to this categorization, the relative sums of the lignin groups were calculated and
expressed as percentage abundances with respect to total lignin content. The results are shown in
Figure 11.
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Figure 11 Distribution of the different categories of lignin pyrolysis products, expressed as abundances
relative to total lignin content.

The most abundant lignin pyrolysis products in sound wood are the monomers (50% of monomeric
structures, coniferyl and sinapyl alcohols), as observed with the alder wood sample. The most
notable difference between the archaeological and reference samples was the reduction in
monomers in all the archaeological wood samples. Although the monomers in all the
archaeological samples collected from fragment 207 were quite abundant, indicating a relatively
good

preservation

of

propanoid

side

chains,

the

polymer

had

undergone

a

partial

depolymerisation. This phenomenon is evident from the high content of oxidised lignin pyrolysis
products in all the Oseberg samples (29-40%) with respect to the sound wood (16%). Similar high
degrees of oxidation have already been observed in two other case studies of alum-treated

Oseberg wood (without linseed oil) and was far more extreme than that found in other examples of
archaeological wood (not treated with alum). Thus, the lignin oxidation observed in Oseberg alumtreated woods is related to the alum treatment [10, 11].
Comparing the lignin pyrolysis profiles of samples taken at different depths, a lower amount of
monomers was observed in the core (207D) than on the surface (207A). This is indicative of the
fact that the lignin network is more depolymerised in the core than on the surface. Lignin oxidation
was also more evident in the core than on the surface. Again, this is in contrast with the commonly
observed pattern of archaeological wood degradation, in which oxidation and depolymerisation
phenomena are more evident on the surface than in the core of due to the direct exposure to
environmental degradation factors. Thus alum and linseed oil treated wood represent an unusual
case study in terms of wood degradation.
3.2. Analyses of inorganic components
3.2.1. XRD
The XRD patterns of both the sample from the inner core (207-inner) and the outer surface (207outer) showed intense peaks that matched well with reference patterns for NH4Al(SO4)2.12H2O
(tschermigite), also called ammonium alum (Figure 12). The presence of ammonium alum is
somewhat surprising, as the information available indicates that objects were treated with
potassium alum [35]. We are currently conducting further investigations into this phenomenon.
In 207-outer several small peaks were present in addition to the alum peaks, but their relative
intensity was very low and they could not be unambiguously identified. Otherwise the XRD patterns
for the inner and outer samples are very similar. Therefore the unusual pattern of wood
degradation discussed above cannot be attributed to differences in the crystalline compound
composition.

Figure 12. XRD patterns of 207-inner and 207-outer with Tschermigite reference.

3.2.2. SEM-EDS
SEM-EDS of 207-inner and 207-outer indicated that S, Al and K were the major inorganic elements
present (Figure 13). Although non-homogeneous, uneven samples such as these are not
appropriate for accurate quantitative analysis by SEM-EDS, the spectra indicated that the order of
abundance of these elements was S>Al>K, in line with the presence of more ammonium alum than
potassium alum. Again, the relative abundances were quite similar between the two samples.

Figure 13 SEM-EDS spectra of 207-outer and 207-inner samples showing S, Al and K as major inorganic
elements.

3.2.3. FTIR-spectroscopy
ATR-FTIR of 207-inner and 207-outer confirmed that ammonium alum was a major component of
both samples. The presence of an infrared band around 1440 cm-1, due to an ammonium NH
deformation, differentiated ammonium alum from potassium alum. In 207-outer the ammonium
alum absorptions almost completely dominated the spectrum (Figure 14). In 207-inner,
lignocellulosic absorptions can also be clearly seen, indicating a significantly lower alum:wood
ratio, which was not clear from the XRD analysis. Thus, the core of the fragment can be
considered as alum-poor relative to the surface region.

Figure 14 ATR-FTIR spectra of 207-inner and 207-outer with ammonium alum reference.

4. Conclusions
A combination of analytical techniques were used to investigate both the organic and inorganic
components of archaeological wood treated with alum and linseed oil.
Our multi-analytical approach, based on chromatography and mass spectrometry, enabled the
characterization of the different organic materials in treated archaeological wood artifacts, together
with the evaluation of the state of oxidation of the wood and of the linseed oil used as a
conservation material.
The combination of GC/MS and HPLC-ESI-Q-ToF analysis for the characterization of the lipid
profile of linseed oil with Py-GC/MS for the analysis of lignocellulosic polymers enabled us to
highlight differences in the degree of oxidation of linseed oil and in the state of decay of
lignocellulosic polymers at different depths from the surface of the object.
Both GC/MS and HPLC-ESI-Q-ToF techniques highlighted that, as expected, the linseed oil
coating was more oxidized in the surface than in the core of the analysed wood fragment. In fact,

the sample from the surface showed a higher amount of dicarboxylic acids and oxidized
triglycerides than the other samples.
Py-GC/MS showed an opposite trend for the degradation of lignocellulosic polymers, which
appeared better conserved at the surface than at the core of the fragment with respect to the other
objects from the same collection, which had not been treated with linseed oil. In these latter
samples the level of degradation of lignocellulosic polymers was higher at the alum-rich surface
than in the alum-poor core. Consequently, the trend of lignin oxidation in the analysed wooden
fragment observed by Py-GC/MS, in which the oxidation was more pronounced at the core than at
the surface, not only differs from the usual pattern of archaeological wood degradation, but also
goes against previously observed correlations between alum and lignin oxidation [6, 7].
The unusual trend does not seem to be correlated to differences in inorganic composition: XRD,
SEM-EDS and ATR-FTIR showed that the largest inorganic component of both the surface and
core regions was ammonium alum, which was more abundant in the surface than in the core, as
would be expected. A possible explanation for the observed wood degradation trend is thus a
protective action of linseed oil, which acted as a sacrificial layer undergoing preferential oxidation,
efficiently reducing the degradation of lignin and polysaccharides at the surface.
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Figure caption:
Figure 1 X-ray tomographic image showing the typical distribution of alum and linseed oil in a
surface sample of one of the Oseberg objects. Alum salts are white/light grey. The linseed oil,
which is indistinguishable from the wood fabric, coats fibres and encapsulates alum crystals in
most regions. The red circle highlights an area where the linseed oil fills several wood cells. The
bar shows 50 microns. Image taken at the TOMCAT beamline, Paul Scherrer Institute,
Switzerland.
Figure 2 Trilinolenin, a triglyceride molecule with three linolenyl acyl substituents which is
characteristic of linseed oil.
Figure 3 The alum and linseed oil treated fragment, whole (a) and cut into three pieces (b), which
also shows that the linseed oil (dark part) did not penetrate the wood fully (light part). The middle
piece in (b) was sampled for our analyses. Photo c) shows the depths from the surface for which
samples for wood and linseed oil analyses were taken. Samples for inorganic analyses were taken
from the surface and from the core only.
Figure 4 Selected ion monitoring (SIM) chromatographic profile of the fatty acid fraction of sample
207A taken 0-1 mm from the surface, after saponification and silylation of carboxylic moieties.
Figure 5 Distribution of fatty acids in samples taken at different depths of fragment 207 and
reference sound wood.
Figure 6 HPLC-ESI-Q-ToF extract ion chromatograms of sample 207A taken within 0-1 mm of the
surface. L-(18:2 ) linoleic, O- (18:1) oleic ; P- (16:0) palmitic, S-(18:0) stearic, OxTAGs- oxidized
triacylglycerides.
Figure 7 HPLC-ESI-Q-ToF extract ion chromatograms of sample 207D taken from the core of
fragment 207. L-(18:2 ) linoleic, O- (18:1) oleic; P- (16:0) palmitic, S-(18:0) stearic, OxTAGsoxidized triglycerides.
Figure 8 Pyrolysis profiles obtained for samples taken at different depths from the surface of
fragment 207 and reference sound alder. Non-italicized: polysaccharide pyrolysis products. In
Italics: lignin pyrolysis products, “*”- pyrolysis products derived from linseed oil.
Figure 9 Percentage relative abundances of lignin (L) and holocellulose (H) pyrolysis products.
Figure 10 Distribution of anhydrosugars with different degrees of silylation in reference alder and
in the archaeological wood samples.
Figure 11 Distribution of the different categories of lignin pyrolysis products, expressed as
abundances relative to total lignin content.
Figure 12. XRD patterns of 207-inner and 207-outer with Tschermigite reference.
Figure 13 SEM-EDS spectra of 207-outer and 207-inner samples showing S, Al and K as major
inorganic elements.
Figure 14 ATR-FTIR spectra of 207-inner and 207-outer with ammonium alum reference.

