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Preface 
The research and innovation project Saving Oseberg phase I (SOI) ran from January 1st 2014 to 
December 31st 2016. SOI was organized in so-called focus topics (Norwegian delmål, sometimes 
translated as secondary objectives), the naming and numbering of which varied somewhat between 
documents. Focus topics 1–3 deal with the future preservation of the alum-treated wooden artefacts: 1. 
Chemical and mechanical characterization of the alum-treated wood, 2. Metal ions and acidity, 3. 
Consolidating materials. Focus topic 4, Preventive Conservation, deals with effects of housing 
conditions on the three ships and other large objects on display in the current Viking Ship Museum 
and the planned Viking Age Museum: dust accumulation, vibrations and climate fluctuations. 

Some of the Focus topic 1 studies were performed under the simultaneously running European-funded 
“Joint Programming Initiative on Cultural Heritage” project entitled Ageing Study of Treated 
Composite Archaeological Waterlogged Artifacts (Arco) (http://www.jpi-culturalheritage.eu/wp-
content/uploads/arco.pdf). 

This Report on Scientific Results complements the administrative report Administrativ Sluttrapport 
Saving Oseberg Fase I 2014–2016 (in Norwegian), and presents the major research outcomes, of 
focus topics 1–3, summarizing the project’s scientific publications, the PhD theses (Christensen, 2013; 
Braovac, 2015; Andriulo, 2017) and the detailed technical reports (Łucejko et al., 2017; Łucejko et al., 
in progress). The results of the work on preventive conservation (objective 4) is reported on in the 
Administrativ Sluttrapport, and in more detail in previous reports (Hutchings, 2014; Gruppe for 
konservering ved Seksjon for Samlingsforvaltning, 2016). 

Project team of focus topics 1–3: Hartmut Kutzke, Susan Braovac, Calin C Steindal, Mikkel 
Christensen, Caitlin McQueen, Emily McHale, Fabrizio Andriulo, Jeannette Łucejko and Torunn 
Klokkernes. 

The alum conservation method and its consequence 
The alum conservation method was developed in Denmark in the mid-1800s and remained in use until 
the 1950s-60s, and was mainly used in Scandinavia. As the method gave seemingly good results in 
stabilizing highly degraded archaeological wood, and as it had already been in use for over 40 years, it 
was chosen to conserve the most deteriorated wooden objects from the Oseberg find. Thousands of 
fragments were treated with alum, resulting in approximately 200 objects after reconstruction. 

The alum method entailed immersing the waterlogged wooden fragments in a concentrated solution of 
alum (potassium aluminium sulphate), heated to 90 °C to increase its solubility in water. The salt 
penetrated into the surface of the wood and replaced the existing water; alum’s recrystallization 
process supported the outermost surface of the wood and reduced shrinkage during drying. However, 
alum was not able to penetrate in depth, resulting in a weak innermost region of the wood. 

This provides an extremely complex artefact that is heavy (cannot hold its own weight), is extremely 
fragile, filled with cracks. The metal elements added during reconstruction to hold the fragments 
together are partly corroded, loose and in many areas no longer fulfil their original function. One of 
the main causes of the current decay is however related to the alum method itself: the sulphuric acid 
produced in the treatment bath and absorbed by the wood has contributed to the degradation of the 
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wood cells over the past 100 years and led to the destruction of the wooden cells. In addition there is 
some indication that the presence of metal ions could play a role in the degradation of wood in the 
alum preserved objects.  

Immediately after drying, many alum-treated fragments were coated with linseed oil and mounted 
together using metal pins, screws and adhesives. Some missing pieces were replaced with fresh wood 
and/or filled with putty. As a final surface treatment on reconstructed objects, several layers of varnish 
were applied. The objects currently on display at the Viking ship Museum were coated once again 
with an artificial resin in the 1950s before the opening of the Fourth Wing. 

In the 1980s and 1990s damage to a number of wooden objects from the Oseberg find were observed 
(e.g., ornamented sledges and wagon). The various elements used during conservation had made the 
artefacts too complex and heavy; the wooden structure had become fragile and deteriorated.  

Stabilization and preservation of the objects demands synergetic measures in the form of 
interdisciplinary efforts, which is challenging as new fields must learn to work together towards a 
common goal to preserve the Oseberg finds. The main reasons behind the observed degradation were 
defined in SO’s precursor project, the Alum Research Project (ARP) at the Museum of Cultural 
History. Strategies for slowing down the rate of decay and to preserve the objects were thus possible 
to narrow down to the following topics which were continued and developed in the Saving Oseberg 
project phase I. 

1. Characterization of alum-treated wood 

2. De-acidification and the role of metal ions 

3a. Testing of existing consolidation materials 

3b. Development of new, bio-inspired conservation materials  

Saving Oseberg I is the beginning of a comprehensive process where the overall goal is to provide a 
scientific basis for the choice of future preservation strategies for the Oseberg find. A comprehensive 
task related to various disciplines such as wood science, chemistry, biology, conservation science, 
archaeology and various engineering fields. Research on alum-treated wood at this scale has not 
previously been performed either in Norway or internationally, which meant that the research team 
would have to work on several basic problem areas at the same time to fulfil the purpose of the project. 
The project is interdisciplinary and has in the recent years developed collaboration with recognized 
international institutes and universities. 

Sample overview 
An overview of the wood samples used in the various chemical analyses is presented in the elaborated 
technical report Saving Oseberg January 2013–September 2016 Technical Report Part 1: Analyses 
and characterization of alum-treated wood without other additives (Łucejko et al., 2017:2-9). 
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Focus topic 1: Characterization of alum-treated woods 
Research in ARP showed that the high levels of degradation were due to the extremely acidic 
environment and possibly to the presence of metal ions. However, the chemical makeup of the wood 
and the mechanisms behind degradation were not well defined. As such it was decided that further 
analysis of both the organic and inorganic components of the degraded Oseberg objects was needed 
before a full re-treatment could be developed. This work has included a wide range of different 
techniques and expertise to reach a better understanding of the chemical conditions of the Oseberg 
objects.  

A significant amount of the analysis was undertaken as a part of Susan Braovac’s PhD thesis 
(Braovac, 2015). Braovac’s PhD work revealed information about the chemistry of alum-treated wood, 
where SEM-EDX, Py-GC/MS, ATR-FTIR, and ICP-AES were used to analyse samples. A summary 
of the chemical analyses was published in Braovac et al. (2016). Additional chemical analyses (solid 
state NMR) were undertaken at SINTEF (Oslo) in Prof. Eddy W. Hansen’s laboratory (Braovac et al., 
2011). Imaging data was obtained at the Paul Scherrer Institute, at NEUTRA and TOMCAT beam 
lines together with Dr. Hartmut Kutzke and Dr. Mikkel Christensen. Quantitative elemental analysis 
(ICP-AES) was carried out by the Institute for New Materials, Saarbrücken, Germany. Testing of an 
off-market polymer was performed at the Institute for New Materials, Saarbrücken. 

Part of the chemical analyses (Py-GC/MS) was 
carried out in close co-operation with the 
University of Pisa, which also involved a PhD 
student, Diego Tamburini (Tamburini, 2015) and a 
postdoctoral research fellow, Dr. Jeannette 
Lucejko). Additional chemical analyses were 
undertaken at the University of Milano-Bicocca, in 
Prof. Marco Orlandis’s laboratory (liquid state 
NMR, GPC) (Zoia et al., 2017) and at ARCHA 
laboratory in Pisa (ICP-AES) for the ArCo project 
(an EU-funded joint project initiative) investigating 
unstable salts in different types of archaeological 
wood. 

The work in Braovac’s thesis gave a basis for 
comparison of additional samples analysed using 
the same techniques at the University of Pisa, on behalf of both SO-I and the ArCo project (Łucejko 
and al., 2015; Gambineri, 2015; Tamburini, 2015; McQueen et al., 2016; McQueen et al., 2017a; 
McQueen et al., 2017b; Łucejko et al., 2017). However in the ArCo project, the alum-rich and alum-
poor zones were analysed separately, in order to determine the extent of chemical variation in each 
object. Additional XRD, micro-FTIR, SEM-EDX and Raman analyses of inorganic components in 
alum-treated woods were undertaken by Dr. Caitlin McQueen both in the SO-I and ArCo project. 
Synchrotron-based micro-FTIR, XANES, XRF mapping and micro-XRD were performed at the IRIS 
and mySpot beam lines at the BESSY II synchrotron facility by McQueen, Tamburini, Braovac and 
Kutzke. The latter three analyses, however, turned out to provide little useful information for the 
samples investigated. 

       

Figure 1: Alum-conserved wood is highly 
degraded and very acidic. The acidity is also 
transferred to the tissue paper, which has 
become yellowed and brittle after only 5 years.  
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Chemical analyses of the organic components 
Relative to untreated archaeological woods, all alum-treated woods from Oseberg are much more 
degraded. Most of the samples analysed were in very poor states of preservation (Figure 1). One 
sample, called ‘Oseberg destroyed never alum-treated’, is the closest sample type from the Oseberg 
find we have which can be regarded as a ‘reference’ against which we can compare the effect of the 
alum treatment on the wood after 100 years. This is justified, as it was one of the objects which would 
have been treated with alum (i.e. evenly degraded all the way through) but were not, as the method 
caused the blurring of fine carvings, as shown on the animal head post which had been treated with 
alum. Only five of the most degraded objects – in addition to this damaged one – were not treated 
with alum. These five were kept in water until the 1950s when they were treated with the tertiary 
butanol method, as described by Rosenqvist (1959). They are now on display in the museum and are 
less accessible for sampling. 

In general, extensive degradation of holocellulose and oxidation of lignin were observed by both 
Py(HMDS)-GC/MS (Figure 2) and FTIR techniques. Morphological studies (see below and Braovac, 
2015) revealed extreme deterioration of the cell walls. GPC and HSQC NMR analyses also confirmed 
that extreme depolymerisation of all wood components in alum-treated woods had occurred. 

 

Different levels of degradation among alum-treated woods can be distinguished, as illustrated by the 
185-series, a series of six alum-treated fragments from a loom. (Figure 2).  

The alum treatment is the main source of alum-treated woods’ high acidity (pH ≤ 2). The ICP, SEM-
EDX and IC-LC analyses indicated that there is a large amount of sulphates in all samples not bound 
as alum or KHSO4, reflecting a high level of sulphuric acid released by hydrolysis of alum during 
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Figure 2: Results of Py-GC/MS analyses show that very low relative amounts of holocellulose 
(cellulose and hemicellulose) remain in alum-treated woods from Oseberg. The lignin in these 
samples is also highly degraded, with unusually high contents of oxidized units, when compared 
to other samples. 
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treatment. This would imply that the wood would suffer from extreme hydrolysis. Indeed, the alum-
treated woods are characterized by low holocellulose levels.  

Since most of the samples analysed in Phase I showed almost total degradation of the polysaccharides, 
the studies mainly focused on the state of the lignin.  However, it has been found that the state of 
holocellulose (cellulose and hemicelluloses) can also be evaluated, especially in the samples where 
the polysaccharide content is relatively high. More degraded wood was shown by Py(HMDS)-GC/MS 
to also have higher levels of anhydrosugars, and higher extent of derivatisation of these sugars. 
Anhydrosugars were present in the tri-TMS, di-TMS and mono-TMS forms, and levoglucosan was 
the most abundant compound in this category. This phenomenon can be correlated with the degree of 
degradation: More degraded polymer networks, presenting a more open and incoherent structure, are 
more reactive towards HMDS because steric hindrance is reduced (TMS is a bulky molecule). Thus 
the relative amount of persilylated (tri-TMS) anhydrosugars was higher for those samples that showed 
a higher degradation of carbohydrates, indicating higher depolymerisation. This will be looked into 
further during SO-II. 

However, the visually observable damage in Oseberg samples was mainly related to oxidation of 
lignin, the main remaining wood polymer. Visible deterioration, i.e., darkening and visible loss of the 
wood’s structural integrity, was highly correlated to lignin oxidation observed in both Py(HMDS)-
GC/MS and FTIR analyses. Colour differences in the 185-series relative to fresh birch correlated well 
with acid lignin pyrolysis products and with bands corresponding to lignin oxidation products in FTIR 
spectra, indicating that darkening corresponded to increasing degradation (and an increase in acid 
lignin content). 

 

Distribution and characterization of inorganic compounds 
Alum treatment has resulted in a large inorganic content in the Oseberg artefacts. Characterisation of 
this content was aimed at understanding the extent and nature of alum decomposition/transformation 
and correlations between the inorganic compounds and the degree of wood degradation. This 
information should help determine which inorganic materials should be removed or transformed in the 
various types of objects, planning of how they can be removed and prediction of how they will react 
to certain treatments. 

Alum salts were found to be distributed unevenly throughout wood, at both cellular level (as seen by 
X-ray tomographic microscopy, Figure 5) and at the macroscopic level (as seen by X-radiography, 
Figure 4), resulting in alum-rich and alum-poor zones in larger fragments.  

The ArCo project investigated chemical differences between alum-rich and alum-poor zones in the 
229-samples. Alum-rich surface samples had a higher extent of wood degradation and a higher 
inorganic content than the corresponding alum-poor core samples. Since the alum-rich zone is the 
outer surface of the fragment, it has also been more accessible to external conditions and inorganic 
impurities from soil during burial, which likely also affected the level of degradation. However, the 
extent of wood degradation correlated more strongly with the Al, K and S levels in these samples than 
any other inorganic elements, as did an estimation of the acid content deduced from the excess 
sulphur content. This supports a direct relationship between wood degradation and alum treatment and 
the release of sulphuric acid in the treatment baths. 

The basic equation describing the decomposition of alum was already suggested in the ARP: 

5 
 



SO-I Report on Scientific Results 2013–2016 v.2 
 

3KAl(SO4)2 + 6H2O → KAl3(SO4)2(OH)6↓+ K2SO4(aq)+ 3H2SO4(aq) 

XRD analyses have revealed that, instead of potassium sulphate (K2SO4), mercallite (KHSO4) is 
present in the wood (McQueen et al., 2017a). In almost all analysed samples from the 185-series, as 
well as samples from the four alum-treated fragments included in the ArCo project, alum was 
accompanied by varying amounts of KHSO4. ICP-OES and SEM-EDX also indicated that such K- 
and S- containing ions had migrated more effectively than Al ions into the core of some fragments. 
This was supported by a larger proportion of KHSO4 relative to alum seen by XRD (Figure 3). 
Elemental analyses before and after water extraction of wood samples indicated that, while the major 
elements were mostly present as water-soluble salts, more water-insoluble salts were present in the 
alum-poor regions than the alum-rich regions.  

 

Figure 3: X-ray diffraction pattern obtained for ArCO Fragment 1C alum-rich (AR) and alum-poor (AP) 
and mercallite (KHSO4) reference 

In addition, evidence of ammonium compounds, ammonium alum in particular, was detected in 
several samples by FTIR. The source of this remains uncertain, but likely reflects the presence of 
ammonium-alum in the original treatment material. Further investigations into this, including 
quantification of ammonium and the implications of its presence, are underway and will be continued 
in Phase II. 

The ArCo project also investigated chemical changes in the wood fragments before and after artificial 
aging (extreme RH cycling from 30 to 80% RH in 12-hour intervals at 30°C for 7 months). Artificial 
aging did not result in significant changes in the wood components, but the concentrations and 
distributions of inorganic components changed significantly. Changes in Al, K and S concentrations 
indicated migration of salts and other compounds, and in particular that sulphur-containing 
compounds, had migrated out of the alum-rich areas and into alum-poor regions. Redistribution of 
alum and KHSO4 in alum-poor samples was also observed by XRD, and migration of salts was also 
supported by formation of K and S-containing crystals on the surface of some fragments. This will be 
further looked into in Phase II by means of XRD experiments with variable temperature and RH 
conditions. 

■ mercallite
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Further inorganic analyses were performed on Oseberg artefacts that had been treated and restored 
with other materials in addition to alum, such as linseed oil and iron rods, in order to better understand 
interactions between alum and these components. Figure 4 shows one such object that was sampled in 
several different areas near corroding iron rods, surface coatings and surface efflorescence. 
Application of a range of inorganic chemical analyses (SEM-EDX, XRD, FTIR and Raman 
microscopy) to composite objects led to the following conclusions: 

• Accelerated corrosion of iron rods in 
the acidic wood has resulted in the formation 
of iron(II) sulphates on their surface, causing 
conservation concerns due to the readily 
accessible iron(II) ions. These have migrated 
into the wood to an extent and reacted further 
with alum (or degradation products thereof) to 
form sulphates containing combinations of 
potassium, aluminium, iron(II) and iron(III) 
cations. Corrosion of iron rods has caused 
mechanical damage in the wood due to 
increase in volume of corrosion products. 

• Iron sulphates, however, did not 
appear to have formed to any appreciable 
degree in alum- and linseed oil-treated wood 
surrounding an original iron nail. It remains 
unclear whether this is due to the linseed oil 
coating or to the original nail remnant being 
less prone to corrosion than the more recently 
introduced rods. 

• Alunite was present on the surface of 
some wood pieces, but not in any inner regions. This is consistent with alum hydrolysis 
during treatment of the objects at 90°C, but does not necessarily suggest further alum 
decomposition post-treatment.   

• Various zinc compounds and sulphur in reduced forms (relative to sulphate) were detected in 
efflorescence samples. The former presumably results from storage of the objects in zinc 
tanks post-excavation, while the latter could reflect that sulphate-reducing bacteria were 
present in the Oseberg burial environment. 

These results have revealed a complex array of inorganic compounds present in Oseberg artefacts, 
which are incredibly variable between objects and specific local environments within the same object. 
Further analyses are underway on samples from composite objects in order to relate this inorganic 
content to the degree of wood degradation in these more complex objects, and will be concluded in 
Phase II. 

 

Morphological analyses  
Morphological analyses were carries out in Oslo (SEM-EDX) and Switzerland (x-ray- and neutron 
tomography). Wood anatomy was studied on different types of wood: 
- alum-treated woods 

Figure 4. X-ray image of an object from the Oseberg 
collection showing metal rods used in reconstruction. 
The object has been coated with linseed oil and 
varnish, and salt efflorescence is observed in some 
areas. 
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- alum/linseed oil-treated woods 
- alum/linseed oil/glycerol-treated woods 
- fresh woods  
- untreated archaeological wood 
- recently treated (i.e. using PEG, Plexigum, etc.) archaeological woods.  

Where possible, light microscopy was used to identify the wood genus. However, it was extremely 
difficult to prepare good specimens from alum-treated woods from Oseberg due to the high degree of 
degradation. Thus only a few samples could be identified and were found to be birch. Examination 
under low magnifications revealed that many alum-treated artefacts were of diffuse porous hardwoods. 

3D reconstructions of x-ray and neutron microtomography revealed for the first time the cellular 
structure of alum-treated Oseberg woods on a microscopic level (x-ray tomographic microscopy), and 
alum salt distribution (both neutron and x-ray tomography). See Figure 5.  

 

Figure 5. X-ray tomographic microscopy allowed comparison of the states of preservation of fresh aspen 
(left) and alum-conserved Oseberg wood (right). The destructive consequences of the alum treatment are 
clearly evident on the Oseberg sample, where dark areas are degraded wood cells. Bright areas in the 
image of the Oseberg sample are alum salts.  

The general high level of degradation is observable in the images: compared to fresh woods, alum-
treated woods have thinner cell walls (SEM, not shown) and less attenuation of the x-ray beam (x-ray 
tomographic microscopy, Figure 6) due to lower amounts of wood mass. This is reflected in the 
depleted holocellulose levels found through chemical analyses: in IR spectra and that measured by 
Py-GC/MS. 

Although varying states of preservation could be easily discerned visually at the macroscopic level for 
the samples analysed, differences in wood cellular morphology in micro-morphological investigations 
were more difficult to discern, especially in the SEM. This is likely partly related to difficulties in 
obtaining high quality samples, with embedding techniques used so far proving unsuccessful. More 
information is found in Braovac’s (2015) PhD thesis. 
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Response of alum-conserved wood to changing relative humidity 
Response to relative humidity (RH) was studied at room temperature in Oslo. Previous understanding 
about the alum salt’s hygroscopic properties were contradictory: One finding showed high reactivity 
(Hutchings, 2009), while another finding showed little moisture adsorption (Häggström et al., 2013). 
This is likely due to the confusion related to type of alum treatment used on the wood. Until circa 
1910, the alum treatment used only alum salts in the hot bath. However, after 1915, archaeological 
woods were mainly treated with alum + glycerol, especially in Denmark and Sweden. It was thought 
that the addition of glycerol improved the final results. From the start it was known that the presence 
of glycerol in the wood made it extremely hygroscopic, and (unsuccessful) efforts were made to 
control RH after treatment to prevent excessive water uptake from the air. However, until recently 
conservators and conservation scientists believed that wood treated with alum only, such as the 
Oseberg finds, was as moisture-sensitive as that treated with both alum and glycerol.  

 As water uptake is an important parameter to understand in museum environments, experiments were 
designed to measure water uptake of alum-treated and non-alum-treated woods, both archaeological- 
and fresh woods. Samples of alum/linseed oil woods (from Oseberg) and of alum/glycerol woods (the 
Hjortspring find, donated from the National Museum of Denmark) were also measured. Our results 
show that water uptake in alum-treated wood is dampened by the presence of alum (Figure 7). In 
wood samples treated with alum + linseed oil, water uptake is dampened even more than with alum 
alone. The presence of glycerol resulted in greatest increase in moisture uptake of all samples.  

To summarize, the data showed that water uptake in alum-treated woods from Oseberg was mainly 
related to increased adsorption by the wood itself, as seen in the sample called ‘Fragment 5-Oseberg’ 
in Figure 7. The more alum a wood sample contained, the lower its capacity to adsorb moisture. 
Greater moisture adsorption in degraded woods is likely due to two main factors: the highly polar 
wood polymers in alum-treated wood and their increased porosity (i.e. surface area exposed to water). 
Both factors cause a greater interaction with water relative to both less degraded archaeological 
woods and to fresh woods. 

In objects with both alum-rich and alum-poor zones, new cracks / breaks can expose the moisture-
sensitive, inner alum-poor zone. Uptake and release of moisture in this zone may thus cause the 

Figure 6. Both images were taken at the same Xray beam exposure (TOMCAT). a) Fresh 
birch; b) Fragment 5 from Oseberg, where the alum had been removed by washing, followed 
by freeze drying. The greater attenuation in the fresh birch (the image is brighter) indicates a 
greater wood density, and hence better state of preservation. 

a b 
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weakened wood fibres to shrink and swell, which may lead to their pulverization. Thus it is important 
to maintain good control of RH for these objects, to avoid further damage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aging studies 
Artificial aging experiments at 50˚C and 60% RH were carried out in Oslo on samples of untreated 
birch samples, both fresh and archaeological, on samples treated with alum and samples treated with 
sulphuric acid (pH2). Aging experiments were carried out over a period of one year to follow 
deterioration patterns by monitoring chemical changes (ATR-FTIR) and colour change using a 
spectrophotometer. 

One aim of the aging studies was to investigate whether alum-treated woods (fresh birch and 
archaeological birch) degraded more than untreated (freeze-dried) woods or sulphuric acid-treated 
woods. Results were not very straightforward to interpret, likely because especially archaeological 
samples were highly variable, for ex. in density, and with different concentrations of metal ions. 
Generally, it appeared as though the alum treatment was more aggressive than sulphuric acid 
treatment. Least change was observed in untreated freeze-dried woods. Aging parameters used here 

Figure 7. Moisture uptake of alum-treated and alum-linseed oil –treated wood 
samples, from Oseberg compared with other archaeological woods, treated and 
untreated. The ‘moisture contents’ have been normalized to the weight at 30% RH. 
The ‘Hjortspring branch’ is alum/glycerol-treated, donated from the National 
Museum of Denmark. Alum was washed out from ‘Fragment 5-Oseberg’ followed 
by freeze drying to prevent shrinkage. 
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gave relatively small changes, reflecting slow reactions. It was possible to detect both chemical- and 
colour changes. However, these changes did not even come close to the current state of preservation 
of alum-treated Oseberg woods. 

 

Retreatment trials 
Preliminary retreatment trials were carried out in Oslo on a very limited selection of (small) samples 
of highly degraded alum-treated woods from Oseberg, as well as recently excavated archaeological 

woods to determine how they respond to 
retreatment, using PEG 3000, Nanobinder (a 
silane developed at INM, Saarbrücken) and 
Plexigum. Testing of Nanobinder was 
performed at the Institute for New Materials, 
Saarbrücken. Response of alum-treated and 
alum/linseed oil-treated Oseberg woods to 
different solvents were also investigated. 
Results were variable, but indicated that it is 
likely better to remove alum in a separate 
step than in the same step of impregnation. 
Oseberg samples retreated with PEG gave 
the most promising results (Figure 8). 

Preliminary retreatment trials also included 
solubility tests with a small selection of 
solvents, ranging from non-polar to polar. 
More dissolution of Oseberg wood 
components was observed in polar solvents 
(water, ethanol, acetone, isopropanol) 

relative to non-polar solvents (xylene, toluene). Thus, these experiments revealed that we must also 
consider the type of solvent to be used in retreatment steps.  

In general, the preliminary retreatment trials gave insight into some of the issues which must be 
considered during the ‘real’ retreatment. They are summarized in Braovac’s (2015) PhD thesis. 

 

Characterisation conclusions 
• Alum-treated wood from the Oseberg displays extensive degradation and oxidation of wood 

polymers, extreme deterioration of cell walls and high levels of sulphuric acid that have not 
been observed in non-alum-treated samples from Oseberg.  

• Overall the distribution of the inorganic components in alum-treated wood samples is variable 
and does appear to correlate with the degree of wood degradation.  

• These results strongly support alum-treatment as the major cause of the poor condition of the 
Oseberg artefacts.  

• Alum itself decomposes in hot aqueous solutions, such as those used in treatment, to form 
alunite, mercallite and sulphuric acid, which have been observed in varying amounts in the 
wood samples. So far there is no convincing evidence that these compounds form post-
treatment.  

Fragment 1A Fragment 5 

Figure 8. Before (above) and after (below) treatment 
of Fragments 1A and 5 with 20% PEG 3000 and 
freeze-drying. Note retreated samples were cut from 
larger fragments. 
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• Fluctuating RH conditions causes redistribution and potentially changes in composition of the 
inorganic salts, however alum salts themselves did not show moisture uptake 

• The alum in the wood is not 100% potassium alum, as originally thought, as it also contains 
significant amounts of ammonium alum. Therefore the properties and reactivity of 
ammonium alum needs to be considered in addition to those of potassium alum in any new 
model studies performed. 

• There is evidence that alum and/or its decomposition products react with iron joiners to form 
new salts that migrate into the wood. Although such iron salts caused mechanical damage to 
the wood in some cases, it is still unclear whether they pose serious chemical concerns. 
 

Remaining questions/work: 

• Analysing carbohydrate components, especially of woods recently treated with alum in the 
laboratory will give insight into degradation mechanisms. The short-term effects of the alum 
treatment on the wood’s lignin fraction will also be investigated in these samples. This 
information will also contribute to a better understanding of rate of degradation, which is an 
important issue regarding how we should prioritize objects for retreatment. 

• Further analyses of composite objects with coatings/metal parts to find correlations between 
inorganic and organic components – especially to better understand whether iron salts pose a 
serious concern in our case. 

• Quantification of ammonium alum in Oseberg samples and comparison to other organic and 
inorganic analyses, to assess how it influences the state of the wood. Measure pH during 
heating of ammonium alum solutions, to investigate whether it generates sulphuric acid to the 
same extent as potassium alum. 

• Is the alum stable? Does it slowly react over time, or is degradation mainly related to acidity 
of the alum-treatment? This remains difficult to assess from the results of the analysis, and 
will be further looked into by analysing model samples treated with alum or sulphuric acid, 
and variable temperature and RH XRD experiments. 
 

Focus topic 2a: Metal ions and inorganic compounds 
The aim of this focus topic was to investigate the role of reactive metal ions in the degradation of the 
artefacts. Elemental analyses detected various metal ions in wood from the artifacts, having been 
absorbed from sources such as iron and copper nails in the objects, zinc tanks used in storage and their 
burial environment. Iron and copper compounds in particular are known to promote wood degradation 
via radical Fenton reactions (Emery and Schroeder, 1974; Henry, 2003; Almkvist and Persson, 2008; 
Norbakhsh et al., 2013). Based on literature, experiments on lignin model compounds and the above-
mentioned analyses of Oseberg wood samples, it was concluded that iron ions were the mostly likely 
of these metal ions to contribute to degradation. Comparison between Py-GC/MS and ICP-AES 
results from both the 185-series and ArCo fragments showed correlations between the subtraction of 
Ca from Fe concentrations and acid lignin pyrolysis products, suggesting that iron-promoted 
degradation could be a factor in the condition of the wood and modulated by calcium compounds. 
(Braovac et al., 2016; McQueen et al., 2017b). However, these results were not conclusive about such 
relationships, and in these woods the concentrations of these elements are relatively low.  
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To look further into this issue, model experiments with iron and calcium impregnated fresh birch were 
set up and monitored by oxygen-consumption measurements. The results so far suggest that, while 
impregnation of iron does markedly increase the rate of oxygen consumption, the presence of calcium 
does not have a significant effect on this rate. This does not support a modulating effect of calcium on 
iron-promoted oxidation. Further Py-GC/MS and ICP analyses of samples from the Oseberg 
collection with higher iron concentrations have been commenced in order to elucidate whether the 
degree of wood degradation strongly and consistently correlates with the presence of iron. These will 
be concluded in Phase II.  

Additionally, there is some evidence in the literature that the aluminium anion plays a role in cellulose 
degradation in alum-treated paper (Parks, 1971; Baty and Sinnott, 2004; Chamberlain, 2007; Baty et 
al., 2010). Therefore it was also considered whether this could play a similar role in wood degradation 
when undertaking the extensive chemical characterization of alum-treated wood discussed above. 
However, although correlations between Al content and degree of degradation were observed, and 
more information about alum-decomposition was obtained, it remains difficult to separate the effects 
of aluminium from the overall effects of alum-treatment and the acidity it caused. Therefore further 
experiments comparing wood recently treated with alum and sulphuric acid will be undertaken in 
Phase II. Investigations were also undertaken into interactions between inorganic components of the 
artefacts, such as between alum and iron parts, and the results of these are discussed above as part of 
the characterisation of the objects. General conclusions of this focus topic are therefore included in 
the conclusions of Focus topic 1. 

Focus topic 2b: De-acidification 
High acidity is assumed to be the major reason of the wood decay, and de-acidification is, besides 
consolidation, the most urgent treatment needed. Due to good deacidification experiences on other 
objects, our research focused on the use of nanoparticles of calcium hydroxide, Ca(OH)2. To test and 
evaluate the method, and to develop a procedure with most suitable parameters, waterlogged 
archaeological birch dated to the time around 1000 AD and excavated around 2000, was used (density 
= 0.112 g/ml; maximum moisture content = 746%). These samples were treated by conservators at the 
Museum of Cultural History (KHM) in a solution of 2 parts alum to 1 part water (w/w) heated to 90°C 
for 24 hours, following the historical method. The archaeological samples were also documented by 
X-radiography before and after the alum treatment at KHM.  

In addition, a sample from the Oseberg finds that was originally treated with alum without the 
addition of linseed oil (cat.no. C55000/229-232) was investigated. It was classified as diffuse porous, 
and could not be identified further due to its high degree of deterioration.  

Samples were treated by dispersion of alkaline nanoparticles in order to reduce acidity. The systems 
used for this purpose were dispersions of calcium hydroxide in 2-propanol and ethanol. 

Alum-treated archaeological wood samples having a pH ≤ 2, were treated by injection with alkaline 
nanoparticle dispersions and the effects of the treatment were evaluated by thermal analysis (TG-
DTG), infrared spectroscopy (ATR-FTIR), and scanning electron microscopy (SEM). To investigate 
the penetration of nanoparticles into the wood objects X-ray tomographic microscopy was used. 

The pH measurements were performed according to a standard TAPPI procedure (Technical 
Association of the Pulp and Paper Industries). It was found that de-acidification treatments carried out 
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on samples having pH about 2 gave an increase of pH value up to 5 after about 12 applications by 
injection. After 13 days at 50% RH, de-acidified wooden samples still showed the same value of pH. 
All samples treated with nanoparticles showed an increase of pH value of 2–3 units. 

Thermal analyses 
The pyrolysis temperature (Tp) of cellulose can be used for monitoring the efficacy of de-acidification 
treatment Higher Tp values correspond to samples more resistant to thermal degradation in accordance 
with higher pH values. Unfortunately, the wood samples in this study were highly degraded and the 
signals associated to the pyrolysis of cellulose are negligible.  

The only thermal event that can be clearly seen in the derivative thermogravimetric curves is 
associated with the pyrolysis of lignin (Tl). From the thermal curves, the pyrolysis temperature of 
lignin (Tl), defined as the maximum of the weight loss derivative (%/°C), was obtained and used as an 
indicator of the conservation conditions of the samples. In particular, higher Tl values correspond to 
samples presenting a greater resistance to thermal degradation. The de-acidified samples showed a 
significant increase in Tl between 6 to 12°C when compared to the untreated wooden samples (Figure 
9). The observed increase in Tl can partly be explained by the neutralization of the acidity. It is 
hypothesized that the bivalent calcium cations from the deacidification treatment, could also 
contribute to increase the resistance of treated wood to thermal degradation due to the chelating 
complex formed with hydroxyl and methoxy groups of lignin.  

  
Figure 9. Left: Comparison between thermal curves of sample from Oseberg alum-treated wood before 
(red) and after (black) de-acidification treatment with nanoparticles (NP). Right: Comparison between 
thermal curves of ApSW 0004 samples (softwood archaeological sample retrieved in the 1990s, stored in 
water and treated in a solution of 2 parts alum to 1 part water heated to 90°C for 24 hours in 2013) before 
(dots) and after (line) the deacidification treatment. 

In Figures 9a and 9b, a comparison between derivative thermogravimetric analysis (DTG) curves of 
alum-treated wood and de-acidified alum-treated wood samples is shown. The de-acidified samples, 
show a significant increase in Tl after the treatment which can be explained by neutralization. 
Moreover, it has been hypothesized that the bivalent positive ions, i.e. calcium from the de-
acidification treatment, may interact with groups of remaining lignin. This would result in creating a 
network of interactions through the de-acidified lignin chains, which increases the resistance to 
thermal degradation. 

Infrared Spectroscopy 
The high acidity found the in alum treated artefacts mainly originates from the alum treatment itself. 
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During dissolution of alum salts at room temperature, aluminium ions hydrolyse water, releasing 
protons and giving a pH of 3.5–4.0 (Braovac and Kutzke, 2012). 
At higher temperatures a precipitate forms, causing the generation of more protons, resulting in a 
pH 2.0–2.5. The precipitate formed during heating was identified by XRD as potassium aluminium 
sulphate hydroxide (alunite), KAl3(SO4)2(OH)6 . The possible reaction is: 
 
3KAl(SO4)2 + 6H2O → KAl3(SO4)2(OH)6↓ + K 2SO4(aq) + 3H2SO4(aq) 
 
FTIR spectra suggest that alkaline particles were capable of neutralizing acidity in the alum-treated 
Oseberg sample (Fragment 1) (Figure 10). Spectra from the Oseberg sample treated with 
nanoparticles show the presence of a band at 659 cm-1 that can be attributed to antisymmetric 
bending vibration mode of SO4

2-, which is not present in alum-treated wood, suggesting a possible  
neutralization reaction of sulphuric acid with alkaline nanoparticles to form CaSO4 according to the 
reaction: Ca(OH)2 + H2SO4 + CaSO4 + 2H2O.  The neutralization reaction is fast and complete and this 
accounts for the lack of signals from calcium hydroxide at 3621 cm−1 (not shown). 
 
 

 

Figure 10. Infrared spectra of the fingerprint region (1800–400 cm−1) of Oseberg sample (fragment 1) 
before and after deacidification treatment, Alum, K2SO4, CaSO4∙2H2O and CaSO4. Treated fragment 1 
shows the presence of calcium sulphate anhydrous (anhydrite). 

Calcium hydroxide also reacts spontaneously with CO2 forming CaCO3, where the asymmetric 
stretching of CO3

2− at 1409 cm-1 is shown for treated sample ApSW 0004 (Figure 11). Full 
carbonation, at ambient conditions, has occurred in 2 weeks; a slight excess of particles can be applied 
to provide the artefact with an alkaline buffer against recurring acidity. 
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Figure 11. Infrared spectra of the region 4000-400 cm-1 of alum and ApSW 0004 sample. Infrared spectra 
of wooden sample were acquired before and after treatment with slight excess of nanoparticles. 

In conclusion, the application of calcium hydroxide nanoparticles was found to be a promising 
method for deacidifying small samples of alum-treated wood. All samples treated with nanoparticles 
showed an increase of pH value of 2-3 units. Short-term tests (2 weeks) showed that pH did not 
decrease after application of slight excess of NP. Thermal analyses showed that NP may also increase 
stability of NP-treated wood. 

Further work 
Further work involves: 

• Identifying which types of objects / fragments will undergo NP treatment. So far, we have 
planned that objects which cannot withstand the ‘standard’ aqueous retreatment (using PEG + 
freeze drying) will be treated with NP in isopropanol. (The ‘standard’ retreatment involves 
removal of alum in the first step by repeated washing in water, which reduces the acidity, to 
circa pH 5–6). Isopropanol was shown in preliminary tests to be a solvent which dissolves 
degraded alum-treated woods to a lesser extent than other organic solvents such as ethanol or 
acetone (see Braovac’s thesis, 2015). 

• Testing how long the pH remains at the level attained after treatment. That is, determine 
extent of ‘excess’ NP required to maintain a pH level over a defined time period (say 100 
years?). Treated samples will be included in the long-term monitoring evaluations planned. 

• Identification of target pH (i.e. the level which is ‘safest’ for alum-treated wood). 
• Extent of penetration of nanoparticles into larger fragments from Oseberg, by both immersion 

and by injection. 
• Investigations to incorporate NP with consolidating materials was initiated in SO-I and will 

continue in SO-II. 

Focus topic 3b: New Materials 
The ideal consolidant should be environmentally friendly and safe to work with for conservators, 
while strengthening the objects without ruining the visual impression of the wood or filling it in ways 

16 
 



SO-I Report on Scientific Results 2013–2016 v.2 
 

that prevent re-treatment in the future. Existing non-aqueous consolidation materials have some 
serious drawbacks, such as poor penetration, low stability, and plastification – filling the wood with 
consolidant that prevents re-treatment. Therefore, Saving Oseberg decided to dedicate a part of its 
resources to develop new materials with improved properties. We aim to benefit from the huge 
development that material sciences made throughout the last few decades. 

Our work has focused on biomimetic or bio-inspired materials. Within this scope, a special weight is 
given to the use of natural wood components and their modifications as starting compounds to create 
new materials which may be used as conservation agents. Three compounds were the main subjects of 
our investigations: chitosan, lignin and hybrid silane-calcium hydroxide nanocomposites. 

Chitosan 
Chitosan is similar to chitin, the compound which forms the exoskeletons of insects and crustaceans. 
It is a multifunctional material that not only offers support but also hinders catalytic activity by 
potentially chelating reactive metal ions. First attempts to use chitosan as consolidant were performed 
within the scope of the Alum Research Project (ARP).  

Penetration of chitosan solutions (2% chitosan in 0.1 M acetic acid) was tested on fragments of a 
1150-year-old piece of waterlogged Viking Age wood (Christensen et al., 2015). It was found that 
chitosan solution penetrated at least 1 cm into the wood along the grain over the span of 2 weeks. 
Depolymerizing the chitosan only improved uptake slightly. The chitosan left an open structure in the 
waterlogged archaeological wood. It offered some strength to severely degraded waterlogged wood. 

It has been further tested as a consolidant but several problems made the molecule less suitable to 
conservation than originally indicated. Ions seem to make chitosan molecules curl more tightly. A 
solution with archaeological wood in it quickly started to flow more smoothly than a similar sealed 
solution without wood. Adding a number of iron salts result in a similar loss of viscosity.  

Chitosan seems to penetrate into wood farther than would be expected. The initial run had an average 
Mw of 140kDa and still was able to penetrate. It is unknown at this time if this is due to a broad Mw 
distribution with the smaller molecules preferentially penetrating, due to its positive charge (attracted 
to negatively charged wood) or due to the fact that it curls tightly in ion-rich solutions.  

A large piece of Viking Age wood was impregnated with 2% chitosan and freeze-dried. During the 
freeze-drying procedure, several small cracks appeared throughout the treated wood. This may 
indicate that the chitosan needs significantly higher concentration in order to properly consolidate 
wood. Pieces of Viking Age wood were impregnated using 8% chitosan solutions followed by freeze 
drying. The wood had a tendency to powder and split when cut. SEM images showed that while most 
lumens were still open, the chitosan filled smaller openings in the wood.  

In conclusion, although chitosan showed some potential as a consolidant for degraded wood, initial 
studies suffered from low solubility and poor penetration. Further studies of this material are 
underway as part of a collaboration with the University of Nottingham, and are looking at chemical 
modifications that can reduce the size of the molecules and increase solubility in organic solvents. 

Hybrid materials 
Hybrid silane-calcium hydroxide materials are of interest as they may de-acidify and consolidate the 
archaeological wood at the same time. Andriulo’s PhD thesis (2017) addressed the application of 
alkaline nanoparticles of Ca(OH)2 as well as the preparation of organic-inorganic hybrid composites 
using as precursors, tetraethoxysilane (TEOS) or propylene glycol-modified silane (PGMS) solutions. 
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The application of alkaline nanoparticles dispersed in alcohol showed good deacidification results, 
increasing pH values to 5–5.5. Through the study of different formulations, based on the variation of 
initial reagent ratios, the duration of the sol-gel process can be modified in order to achieve a more 
efficient treatment of the wood. 

The counter ion was shown to affect the process of hydrolysis and condensation, which is important 
for the gelling rate. The acidity is a major factor, as it catalyses these reactions. By varying the 
reaction factors, the viscosity of the composite material can be modified, and the material can be 
adapted to application to different objects. Cracks in amorphous silica gel structure can be avoided by 
means of adding nanofillers or elastic polymers such as PDMS. 

The application of TEOS monomers that polymerise within the wood through sol-gel processes 
provided some in-depth consolidation of the wood, while the addition of alkaline nanoparticles led to 
deacidification.  

More research is needed on the penetration of different sizes of nanoparticles, while the consolidation 
of wood treated with the hybrid material needs to be evaluated with mechanical analysis. Moisture 
uptake tests must also be carried out on PGMS-treated woods as the PG-fraction may increase the 
wood’s sensitivity to moisture uptake. 

Lignin 
Beside cellulose, lignin is the main component of wood. Built up of aromatic alcohols, the polymeric 
lignin network protects the cellulose in the cell wall from chemical attack and is chemically very 
stable. As a result it was proposed that lignin-like materials may have potential as consolidants for 
archaeological wood. However, penetration with large lignin polymers is not possible, therefore 
smaller lignin-like materials were synthesised. 

There are several methods reported in literature to synthesize model lignin oligomers. A PhD project 
in collaboration with an organic chemistry/natural compounds group at UiO was established to 
develop and evaluate methods to polymerize lignin under appropriate conditions (Figure 12). 

 

For the development of a polymerized consolidating material, lignin-like oligomers have been 
synthesized from isoeugenol, using both the enzyme horse radish peroxidase and a synthesized bulky 
copper salen catalyst prepared at the start of the PhD project. Different conditions were investigated 
for their ability to produce different molecular weight species with a total of 45 oligomeric mixtures 

Figure 12. Polymerization conditions with bulky copper salen catalyst, 1, to give a dehydrogenated 
polymer (DHP) with a lignin-like structure. 
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(including 15 repeats) being synthesized. All of the synthesized oligomers have been analysed by 
NMR and FTIR to determine that they are lignin-like in structure. In order to determine the molecular 
weight averages of the oligomers, two research stays were conducted at the National Centre for 
Macromolecular Hydrodynamics at the University of Nottingham. During these research stays the 
oligomers were analysed by sedimentation equilibrium on an analytical ultracentrifuge to determine 
the weight average molecular weight (Mw).  

Lignin-like oligomers with a Mw of 1.6 kDa have been used to impregnate medium degraded 
waterlogged Viking Age alder. They have been shown by FTIR and EGA-MS to penetrate small 
pieces of wood fully (McHale et al., 2016) and are now being tested on larger samples. They offered 
some stabilization of the wood, reducing shrinkage from 85% to 25-40% of the total volume of the 
sample upon treatment. Additionally they enabled the wood to be cut for SEM without powdering. 
However, mechanical testing is needed before conclusions on the consolidation ability are drawn. The 
ability of these oligomers to penetrate archaeological wood is promising for their future development 
as a consolidant.  

In addition, six lignin-like oligomer mixtures were produced by in-situ polymerization inside 
waterlogged Viking Age wood with horse radish peroxidase. In these experiments no consolidation 
was observed, but the lignin-like oligomer was observed inside the wood by FTIR (McHale et al., 
2017). Further investigation showed that polymerization did not proceed beyond the dimer and 
trimmer stage, however. The research on in-situ polymerization of lignin was therefore abandoned in 
favour of concentrating effort on developing the (ex-situ polymerised) lignin polymer that appears 
promising so far. 

Summary and further work 

Characterisation 

Conclusions 
It has been found that alum-treated wood from the Oseberg finds displays extensive degradation and 
oxidation of wood polymers, extreme deterioration of cell walls and high levels of sulphuric acid that 
have not been observed in non-alum-treated samples from Oseberg.  

• Overall the distribution of the inorganic components in alum-treated wood samples is variable 
and does appear to correlate with the degree of wood degradation.  

• These results strongly support alum treatment as the major cause of the poor condition of the 
Oseberg artefacts.  

• Alum itself decomposes in hot aqueous solutions, such as those used in treatment, to form 
alunite, mercallite and sulphuric acid, which have been observed in varying amounts in the 
wood samples. So far there is no convincing evidence that these compounds form post-
treatment.  

• Extreme, fluctuating RH conditions causes redistribution and potentially change in 
composition of the inorganic salts, however alum salts themselves did not show moisture 
uptake 

• The alum in the wood is not 100% potassium alum, as originally thought, as it also contains 
significant amounts of ammonium alum. Therefore the properties and reactivity of 
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ammonium alum needs to be considered in addition to those of potassium alum in any new 
model studies performed. 

• There is evidence that alum and/or its decomposition products react with iron joiners to form 
new salts that migrate into the wood. Although such iron salts caused mechanical damage to 
the wood in some cases, it is still unclear whether they pose serious chemical concerns. 

 
Remaining questions/work 
 

• Analysing carbohydrate components, especially of woods recently treated with alum in the 
laboratory, will give insight into degradation mechanisms. The short-term effects of the alum-
treatment on the wood’s lignin fraction will also be investigated in these samples. This 
information will also contribute to a better understanding of rate of degradation, which is an 
important issue regarding how we should prioritize objects for retreatment. 

• Further analyses of composite objects with coatings and/or metal parts to find correlations 
between inorganic and organic components, especially to better understand whether iron salts 
pose a serious concern. 

• Quantification of ammonium alum in Oseberg samples and comparison to other organic and 
inorganic analyses, to assess how it influences the state of the wood. Measure pH during 
heating of ammonium alum solutions, to investigate whether it generates sulphuric acid to the 
same extent as potassium alum. 

• Is the alum stable? Does it slowly react over time, or is degradation mainly related to acidity 
of the alum treatment? This remains difficult to assess from the results of the analysis, and 
will be further looked into by analysing model samples treated with alum or sulphuric acid, 
and variable temperature and RH XRD experiments. 

 

De-acidification  

Conclusions 
The application of calcium hydroxide nanoparticles was found to be a promising method for 
deacidifying small samples of alum-treated wood. All samples treated with nanoparticles showed an 
increase of pH value of 2–3 units. Short-term tests (2 weeks) showed that pH did not decrease after 
application of slight excess of NP. Thermal analyses showed that NP may also increase stability of 
NP-treated wood. 

Remaining questions/work 

• Identifying which types of objects / fragments will undergo NP treatment; So far, we have 
planned that objects which cannot withstand the ‘standard’ aqueous retreatment (using PEG + 
freeze drying) will be treated with NP in isopropanol (the ‘standard’ retreatment involves 
removal of alum in the first step by repeated washing in water, which reduces the acidity, to 
ca pH 5-6). Isopropanol was shown in preliminary tests to be a solvent which dissolves 
degraded alum-treated woods to a lesser extent than other organic solvents such as ethanol or 
acetone (see Braovac’s thesis, 2015). 

• Testing how long the pH remains at the level attained after treatment. That is, determine 
extent of ‘excess’ NP required to maintain a pH level over a defined time-period (say 100 
years?). Treated samples will be included in the long-term monitoring evaluations planned. 
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• Identification of target pH (i.e. the level which is ‘safest’ for alum-treated wood). 
• Extent of penetration of nanoparticles into larger fragments from Oseberg, by both immersion 

and by injection. 

 

New materials  

Conclusions 

Several new materials were investigated as potential wood consolidants, with the following results: 

• Although chitosan showed some potential as a consolidant for degraded wood, initial studies 
suffered from low solubility and poor penetration. Further studies of this material are 
underway as part of a collaboration with the University of Nottingham, and are looking at 
chemical modifications that can reduce the size of the molecules and increase solubility in 
organic solvents. 

• The application of TEOS monomers that polymerise within the wood through sol-gel 
processes provided some in-depth consolidation of the wood, while the addition of alkaline 
nanoparticles led to deacidification. More research is needed on the penetration of different 
sizes of nanoparticles, while the consolidation of wood treated with the hybrid material needs 
to be evaluated. Moisture uptake tests must also be carried out on PGMS treated woods as the 
PG-fraction may increase the wood’s sensitivity to moisture.  

• Lignin-like materials have shown to be promising for consolidating waterlogged 
archaeological wood. They penetrate well and offer some dimensional stabilisation. Future 
work is needed to further assess the consolidation ability on a larger scale of objects and 
different concentration ranges. Furthermore the mechanical properties of wood treated with 
lignin-like oligomers needs to be assessed using DMA. The suitability of lignin-like 
oligomers for consolidation of Oseberg wood still needs to be determined. 
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ARP Alum Research Project 
ATR-FTIR attenuated total reflection - Fourier transform infrared spectroscopy 
DMA dynamic mechanical analysis 
FTIR Fourier transform infrared spectroscopy 
GC/MS chromatography/mass spectrometry 
GPC gel permeation chromatography  
HMDS hexamethyldisilazane 
HSQC heteronuclear single quantum coherence, or heteronuclear single quantum correlation 

experiment 
IC-LC Ion conductivity-Liquid chromatography (?) 
ICP-OES inductively coupled plasma optical emission spectroscopy 
IR infrared analyses 
KHM Museum of Cultural History 
NMR Nuclear magnetic resonance 
NP Nanoparticle(s) 
PCA principal component analysis 
PEG polyethylene glycol 
PGMS propylene glycol-modified silane 
Py-GC/MS pyrolysis–gas chromatography–mass spectrometry (aka analytical pyrolysis) 
RH relative humidity 
SEM-EDX scanning electron microscopy with energy dispersive X-ray analysis 
TEOS tetraethoxysilane 
TMS trimethylsilyl 
XANES X-ray absorption near edge structure 
XRD X-ray diffraction 
XRF X-ray fluorescence 
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