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Abstract  
The Norwegian Maritime Museum (NMM) holds a substantial collection of complete and 

incomplete wooden boats, which were found and excavated from the areas known as Barcode 

and Bjørvika in Oslo. These boats date from the late Middle Ages onwards. Studies of their 

physical remains have contributed to expanding knowledge of Norwegian maritime history.   

Waterlogged oak boards and fragments from these boats are stored in large steel containers 

filled with water while awaiting conservation treatment.  As of today, conservators at the NMM 

have treated the wood with polyethylene glycol before freeze-drying when the wood is fully 

impregnated. For wood that has been impregnated, freeze-drying is both time-consuming and 

costly. This Master’s project therefore has aimed to evaluate alternatives. This dissertation 

presents an analytical study of alternative drying methods to freeze-drying for drying 

waterlogged archaeological oak from one of the NMM excavations after polyethylene glycol 

impregnation. Investigations concentrated on the effects of four drying methods: controlled air-

drying; uncontrolled air-drying; vacuum-drying; and vacuum freeze-drying, with respect to 

structural changes. Scanning electron microscopy was a tool for evaluating morphological 

changes related to the four drying methods. The results from this research suggest further testing 

of air-drying as an appropriate alternative to freeze-drying. This information aims to help the 

conservators at NMM to identify drying methods that, in future, might save time and 

unnecessary expense, while also avoiding damage after drying to their polyethylene glycol 

impregnated boats.  
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1 Background  
Archaeological wood found in waterlogged environments often appears well-preserved upon 

immediate recovery from the soil. At this point, it often still has a physical appearance where 

the colour of the wood and tool marks are easy to identify. However, the issue with this type of 

material is related to when the water starts to evaporate, and the surface of the wood and its 

dimensions start to change drastically if it is highly degraded. Bacterial degradation will remove 

wood mass which in wet environments is replaced by water (Björdal 2012: 118). Thus, 

waterlogged archaeological wood is a material type that looks similar to fresh wood, but that 

behaves entirely different than fresh wood (Björdal 2012: 118-119). Highly degraded 

waterlogged archaeological wood will most definitely collapse due to the fragility of the wood 

cells if allowed to dry uncontrollably. By replacing the water in the wood with polymers, it is 

possible to dry the wood without substantial structural damage to the wood. Many conservation 

laboratories use the water-soluble polymer polyethylene glycol (PEG) to replace the water 

inside the structure of the waterlogged wood (Walsh et al. 2017: 173-174).  

 

In 2005, archaeologists from the Norwegian Maritime Museum began excavating areas in the 

centre of Oslo, Norway, known as “Barcode”. Over the course of years, the excavation lead to 

discoveries that have contributed to the greater knowledge about the Norwegian maritime 

history from the late Middle Ages into the 1600s. The excavated boat pieces, mostly made from 

oak wood, are stored in steel containers filled with water until they are ready for a strengthening 

treatment using PEG. After the PEG-impregnation, the boat pieces are usually dried by freeze-

drying as part of the finishing phases of the treatment. Although freeze-drying generally gives 

good results, it is a time-consuming and costly method (Monica Hovdan, personal 

communication, April-May 2019).  

1.1 Research question 
Conservators at the Norwegian Maritime Museum asked the author to pursue a study of 

alternatives to the freeze-drying method for PEG-treated waterlogged archaeological oak. The 

main research question for this dissertation is therefore to investigate whether freeze-drying is 

the most appropriate option for drying waterlogged archaeological wood treated with PEG.  
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1.1.1 The aim of the research  
The aim of this study is to provide conservators at the Norwegian Maritime Museum with an 

analytical study of alternative drying methods to freeze-drying that might be useful in the future 

conservation projects undertaken by the museum. In addition to providing analytical results that 

will give insight into how the different drying methods affect the structure and characteristics 

of the wood, the study will hopefully contribute to finding less time-consuming ways of drying 

boat pieces treated with PEG, especially when faced with a longer line of awaiting drying 

projects. The excavation and preservation of shipwrecks contributes to the Norwegian maritime 

history, and it is crucial that such objects will survive for future researchers as it contributes 

with momentous historical information about material science, culture and industrial aspects of 

the eras the shipwrecks and shipwreck objects belong to (Jones 2010: 3).  

1.2 Previous research   

1.2.1 Polyethylene glycol as a treatment method  
In many cases, waterlogged wood that has been excavated from its marine burial environments 

requires conservation treatments to avoid dimensional changes that result from cell collapse 

and cell wall shrinkage during the drying process (Florian 1990: 20). To avoid this collapse, the 

conservator can replace the water in the wood with polyethylene glycol (Hunt 2012: 14). 

Polyethylene glycol, often shortened to PEG, is a material that is structured with 𝐶"𝐻$	groups 

scattered with oxygen, with one hydroxyl group at the end of each polymer chain (Grattan & 

Clarke 1987: 169):  

 

𝐻	 − 𝑂	 −	𝐶𝐻" 	−	𝐶𝐻" − 𝑂(𝐶𝐻" 	−	𝐶𝐻" 	− 𝑂)*𝐶𝐻" 	−	𝐶𝐻" 	− 𝑂	 − 𝐻 

 

PEG is a synthetic material that exists in different physical phases, depending on the molecular 

weight (MW). PEGs with MW (<1500) are liquid at room temperature, while PEGs with high 

MW (>1500) are solid at room temperature; PEG 1500 is a soft, waxy solid (Gregory et al. 

2012: 141). Whichever PEG type one uses, its concentration in the impregnation bath must be 

increased gradually to avoid osmotic shock. Usually initial concentrations start at 10% by 

weight and are increased in 10-20% steps until it has reached the final concentration, which in 

turn is generally dependent on the drying method (Gregory et al. 2012: 141). If freeze-drying, 

the concentration will generally not be above 40%, however for air-drying, PEG-concentrations 
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may be much higher, in some cases over 90% (Susan Braovac, personal communication, 

January 2020).   

 

One of the first archaeological wooden objects to be freeze-dried was a 3-metre-long oak canoe 

dating back 8000 years from the Netherlands, which was started and completed in the mid-

1950s (Ambrose 1990: 237-238). This project, as well as others around the same time, were 

carried out using a simple freeze-drying process without any pre-treatment of the wood before 

freeze-drying, which allows for the removal of water through sublimation under vacuum 

pressure. Only a few years later, in the middle of the 1960s, researchers started combining 

freeze-drying with PEG pre-treatments.  

 

Researchers working on waterlogged archaeological wood from the Mary Rose published 

research in 2009 a research on key issues evaluating results of PEG-impregnated and freeze-

dried archaeological wood (Jones et al.: 2177-2183). This particular research is very relevant 

for this dissertation not only because it investigates some similar aspects, but also because it 

introduced methods for characterising the wood before and after treatment. 

1.2.2 Air-drying after treatment  
Polyethylene glycol has, as mentioned, been used as a preservation material for waterlogged 

archaeological wood for decades, and many authors in the conservation literature refer to the 

PEG-treatment of the 17th century warship Vasa from Sweden as one of the first to use this 

treatment for shipwrecks. The PEG-treatment for the Vasa warship was began in April 1962 

and finished in 1979, after a slow process of air-drying (Håfors 2001: 5). In 1988 the ship was 

brought into the new Vasa Museum, where the researchers keep it at a museum climate between 

57-60% RH and 17-20°C (Hocker et al. 2012: 175-178). The previously mentioned 16th century 

warship Mary Rose was also dried in a controlled matter. The shipwreck was buried in clay 

sediments in the sea outside Portsmouth, on the Southern coast of England, before it was raised 

in 1982, and then sent off to an almost four-decade long conservation treatment (Preston et al. 

2014: 1). In 1994 they stopped spraying the ship with water, and the PEG-impregnation began 

by spraying an aqueous solution of PEG200 straight onto the wood. This was continued until 

2006, when the researchers began using PEG2000 at 28°C to provide structural support to the 

outer cell layers of the wood. The spraying of the PEG2000 was completed and ended in April 

2013. The shipwreck was then left to air-dry in controlled environments (Preston et al. 2014: 

1-2). 
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1.2.3 Vacuum-drying without freezing after treatment  
Vacuum-drying is not considered a new drying method for wood and has been documented 

since at least 1904 (Espinoza & Bond 2016: 223). A research study carried out by scientists 

from Finland found that the sapwood from some wood species suffered from discolouration 

after drying at temperatures above 70°C (Tarvainen et al. 2001: 294-299). In this research, a 

group of wood samples were vacuum-dried at 70°C (2001: 295).  As oak is a wood genus that 

is known for not being suitable for drying at high temperatures, it might be a good option to 

apply vacuum drying to avoid collapse and discolouration (Torres et al. 2011: 5006). Vacuum 

drying of sound wood is a drying method that offers shorter drying times and good results 

compared to other drying methods.  

1.2.4 Statistics in archaeological research  
Statistical analysis for data handling has been a significant part of quantifying archaeological 

objects since the 1960s (Baxter 2003: 5), and it has since then been used to be able to arrange 

big series of results and observations into a more organised and understandable manner 

(Fletcher & Lock 2005: 32). Firstly, it is important that a series of observations can be 

represented as the average, which functions as a descriptive statistic number, and a mean from 

a number population can be obtained by using the following equation: ^
,
= 	 	

,
= 	∑ 𝑥0/𝑛*

034   

(Chambers 1964: 7; Baxter 2003: 40-41). Fortunately, the average can also be obtained by 

following the easier procedure of dividing the total of a series of observation by the number of 

observations in the easier, shortened equation 	
,
= 	∑ 𝑥 divided with n, where å i the sum of x, 

the individual values, and n is the total number of observations (Chambers 1964: 1-7; Fletcher 

& Lock 2005: 36). In addition to using the average, standard deviation was used to take 

variability into consideration when organising the different results.  

1.3 Structure  
This dissertation used a scientific approach to answer the presented research question, and it is 

divided into six different chapters.  Firstly, Chapter 1 presents the background for the study 

together with the research question. This chapter a lso presents relevant previous research in 

the field. Chapter 2 presents the research material provided for the research by firstly 

introducing wood as a material before and after being considered archaeological. Chapter 3 on 

materials and methodology, firstly presents the research material provided by Norwegian 
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Maritime Museum together with ethical considerations, before it describes the methodical 

aspects used to both collect the data needed to answer the research question, as well as the 

factors considered to evaluate the condition material. The methodology also presents the 

method for evaluating the condition of the research material. Chapter 4 presents all the data 

collected as result of the methodology. The collected data is presented as graphs, tables and 

pictures. The way the collected data is presented functions as an introduction to the fifth chapter. 

Chapter 5 is the chapter where the degree of degradation is further discussed to advance the 

discussion on the effect of the different drying methods. The chapter also includes an 

interpretation of the collected scanning electron micrographs and a comparison all drying 

methods. Lastly, in Chapter 6, the dissertation is concluded with concluding remarks as result 

of the discussion chapter. This chapter also includes suggestions for further research.  
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2 Wood – material properties  
Wood is a material that behaves completely different, depending on whether it is fresh or 

archaeological. To create an introductory chapter to the research material used in this study, 

both behaviours will be introduced. In this chapter, the properties of wood on a macroscopic, 

microscopic and molecular level will firstly be described to create an image of how wood 

behaves when it is still fresh. When wood becomes waterlogged and archaeological, its 

properties changes drastically. Therefore, these properties will too be described.  

2.1 Introduction to wood as a material  
In this section, the material properties of fresh wood will be introduced. Fresh wood is wood 

that is still alive or recently cut. Wood is known as the secondary permanent tissue of trees and 

is built up of interconnected cells that differ in appearances, size, numbers, types and lastly 

arrangements (Unger et al. 2010: 9).  

2.1.1 Wood at a macroscopic level  
 

 

Figure 1. Macroscopic structure of wood (Holmberg & Sandberg 1997: 8) 
 

The macroscopic properties of wood can be investigated with the naked eye or at low 

magnifications. This includes features such as growth rings and grain (Holmberg and Sandberg 
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1997: 8). Tree growth occurs both outwards in a diameter formation as well as upwards to 

produce the height of the tree (Desch & Dinwoodie 1996: 9). The tangential and radial 

directions which both are longitudinal directions are labelled in Figure 1 together with the cross 

section, also called the transverse direction. In Figure 1, growth rings are illustrated as the 

circles in the cross section. Growth rings are a series of concentric tissue layers that are grown 

at different rates during seasonal conditions, and they can easily be described as different layers 

of wood (Desch & Dinwoodie 1996: 9-10). By looking at a cross-section retrieved from a tree 

trunk two zones are easy to spot (see Figure 2). The sapwood differs from the heartwood with 

a lighter colour and less durability due to a higher moisture content (Desch & Dinwoodie 1996: 

10-11).  

 

Figure 2. Cross section of a tree (Desch & Dinwoodie 1996: 11) 
 
 

In this particular study, oak is being investigated. This genus is classified as a hardwood, and it 

is therefore important to briefly explain how this type of wood differs from those classified as 

softwoods. Hardwoods differ from softwoods in several ways, one of which is their anatomy. 

Hardwoods contain a characteristic pore, a vessel element, that is easily seen under microscope 

(Wiedenhoeft and Miller 2005: 11). Hardwoods have a larger range of density than softwoods, 

which can be reasoned with the fibres being shorter, at about 1 to 3 millimetres of length (Hunt 

2010: 10). These characteristics contribute to the preservation of oak. 
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2.1.2 Wood at a microscopic level  
 

 

Figure 3. Microscopic structure of wood (Nilsson & Rowell 2012: 6) 
 

Wood is made of cells that essentially are thin walls of wood substance that surrounds cavities 

that are primarily seen in the longitudinal direction. The structure of hardwoods is more 

complex than softwoods due to presence of more cell types than the softwoods. The greatest 

difference is that hardwoods consist of large vertical ducts named vessels elements, which have 

diameters up to 0.25mm and lengths ranging from 0.2 to 0.5 mm. These large vessels, amongst 

other things, function as a mechanical support and take up almost a one-half of the volume of 

a hardwood piece (Holmberg and Sandberg 1997: 9; Desch & Dinwoodie 1996: 27). Ring-

porous hardwoods such as oak, have vessels arranged in patterns that follow the annual rings, 

while diffuse porous hardwoods have their vessels distributed across the entire transverse 

section (Desch & Dinwoodie 1996: 30-31).   

2.1.3 Wood at a molecular level  
Wood cell walls consist of three primary polymers: cellulose, hemicellulose and lignin (Broda 

and Popescu 2019: 280), and cellulose is considered the most important chemical constituent 

as it gives wood its high tensile strength (Holmberg and Sandberg 1997: 10). Wood contains 

around 50% cellulose, an unbranched polymer of glucose, which chains in a β from where the 

chains are bridged by an oxygen atom (Brown et al. 2018: 1109):  
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Figure 4. Chemical structure of cellulose (Brown et al. 2018: 1108) 
 

Another carbohydrate, hemicellulose, is present in between 25 and 40% of the dry wood mass. 

It differs from cellulose in the type of sugar units making up the polymer. In addition to glucose 

it also contains mannose, galactose and xylose. They are not as crystalline as cellulose due to 

the small number of sugar units per molecule. Hemicelluloses in hardwoods are greater in 

composition than in softwoods, and they have a branches structure (Desch & Dinwoodie 1996: 

40). The hydrophobic lignin polymer makes up roughly 20% of the chemical structure of 

hardwoods. Unlike cellulose and hemicellulose, lignin is not a carbohydrate; it is made up of 

phenyl-propane units (Desch & Dinwoodie 1996: 40). These three polymers are arranged in the 

wood in a highly specific manner (See Figure 5). Cellulose polymer chains are arranged in long 

microfibrils which are laid down parallel to the length of the cell, but at slightly different angles 

in each cell wall layer. This arrangement is what gives the wood its tensile strength. Between 

cellulose fibrils are lignin and hemicellulose. Lignin joins the cellulose and hemicellulose, 

creating a network that can dissipate compressive strength (Henriksson 2009: 121).  

 

Figure 5. Microfibrils (Desch & Dinwoodie 1996: 41) 
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2.2 Waterlogged archaeological wood  
The term waterlogged wood often refers to wood that has been excavated by archaeologists that 

has been more or less fully filled with water in the pores known as the capillaries and the 

microcapillaries (Grattan 1987: 55; Hoffmann & Jones 1990: 35). Excavated archaeological 

wood often originates from marine and other wet burial sites (Florian 1990: 4). Most shipwrecks 

from before the 18th century found in waterlogged environments mainly consist of wood, which 

was often the chosen building material for the hulls, decks, masts and other parts of the ship. 

Such archaeological wood can often survive, although it has been underwater for hundreds of 

years (Grattan 1987: 55). Waterlogged wood excavated from marine environments, like the 

research material in this study, come from environments that can be either anaerobic or aerobic, 

depending on the actual burial site (Florian 1990: 15). Waterlogged archaeological wood goes 

through a process of decay due to chemical decay, hydrolysis of cellulose and micro-organisms’ 

consumption of cellulose (Caple 2000: 106). One issue related to waterlogged wood can be 

found if it is left to dry in an uncontrolled way without any pre-treatment (Grattan 1987: 55). If 

waterlogged wood is left to dry without treatment, it can consequently suffer from dimensional 

changes as well as serious structural collapsing (Florian 1990: 11). It is important to point out 

that different woods degrade to different extents in similar burial environments, depending on 

their properties. The wood genus will therefore be related to the wood’s ability to survive the 

burial environments, as well as how they respond to treatments.  

 

 

Picture 1. Flaking as result of rapid 
drying  

 

Picture 2. Cracking as result of 
rapid drying 

 

 

Picture 3. Distortion and flaking as 
result of rapid drying  
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3 Materials and methods   
This chapter is divided into five parts: ethical considerations before sampling, a description of 

the wood pieces used in this study and an evaluation of their condition, sample preparations, 

the different drying methods and lastly an overview of the statistical method used to obtain 

quantitative results from a range of samples.  

3.1 Ethical considerations before sampling   
In this study, the sampling of the research material that will be further introduced in Chapter 

3.3 can be considered as destructive. Ethical considerations were therefore considered (Mays 

et al. 2013: 4). Destructive sampling raises issues between the imperative to create new 

knowledge regarding the material group and the imperative to conserve the objects in an intact 

matter (Mays et al. 2013: 4). This study will answer questions regarding the preservation of 

Norwegian Maritime Museum’s excavated boat pieces, as well as potentially creating new 

knowledge regarding the material and their future preservation actions. Furthermore, by 

destructing these said boat pieces, the history related to them will not disappear due to several 

similar boat pieces, as well as more complete boats, are still being stored and conserved at 

Norwegian Maritime Museum.  

A question raised by Chris Caple in correlation with ethics is: “What will realistically happen 

to the object if no conservation work is carried out?” (2000: 66). This question functions as a 

good basis for justifying destruction of the boat pieces provided by Norwegian Maritime 

Museum. This study will hopefully be able to answer if there are other satisfactory ways to dry 

PEG-treated waterlogged boat pieces, and if there is, these might be less time-consuming and 

expensive than the freeze-drying. The boat pieces provided for this study were carefully chosen 

as they were thoroughly documented by the owners, as well as not containing any information 

that their other similar pieces do not contain. 

3.2 Wood samples   
To carry out the different drying methods in this study, three pieces from Barcode boat B10 

were used. The boat was dated to the end of 16th century or 17th century by archaeologists at 

the Norwegian Maritime Museum, and it was found in a wet clay layer. It was recovered in 

approximately 22 different pieces, as it was excavated in September 2008, and subsequently 

impregnated with PEG (see Section 2.3.1 for more on the treatment).  
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The wood was previously identified as oak (Quercus, spp.). The ship was constructed from the 

heartwood. Three PEG-treated pieces from the BC10 (named Pieces 1,2,3) were used as the 

research material to test the different drying methods in this study. Their dimensions are shown 

in Table 1. The widest faces in Pieces 1 and 2 were radial, while that in Piece 3 was tangential. 

 

Picture 4. BC10 before the uptake  
(Photographed by Norwegian Maritime Museum) 

 

In addition to the research material used for the drying study, a piece from another excavation 

near the same site, the 2015 Bjørvika excavation, provided untreated reference material. The 

reference was also of waterlogged oak, and it was therefore suitable as an untreated reference 

material due to its similarities in material type and burial environment.  

3.2.1 PEG treatment of BC10   
Pieces from boat BC10 were in 2014 left in a massive impregnation bath of 10% PEG2000, and 

the concentration was slowly increased until it in 2016 reached 40%. The pieces were then left 

covered in the soaking bath at 40% until they were used for this particular study. When the 

pieces were collected for this study, there was reason to believe that the concentration 

percentage had changed since the 2016 calculations. The actual concentration was measured by 

using refractive index.  
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2.3.1.1 Calculation of PEG concentration  

To be able to verify if the concentration percentage of the PEG had changed since first measured 

in 2016, the refractive index of the PEG-solution the research material was left in was measured. 

The speed of light differs in different types of materials, and it is this principle that is being 

used to measure the refractive index (Andersen 1993: 183-185). A portable refractometer from 

VWRÔ which measured in Brix percentage was used to determine the actual concentration of 

the PEG-solution. A standard curve (see Graph 1) was created by measuring the refractive 

index of known PEG2000 concentrations at 10%, 20%, 30%, 40%, 50% and 60% at 20°C, and 

then compared to that of the impregnation bath of BC10. The PEG2000 concentrations were 

measured by considering the volume and weight of PEG, leaving all concentrations w/v 

percentages.  

 

Graph 1. Standard curve - Refractive index 
 

The standard curve helped determine that the concentration in the impregnation bath of BC10 

had gone down from 40% to 35%. The decrease of 5% is most likely related to the researchers 

at Norwegian Maritime Museum not being able to take the volume of PEG into consideration 

when measuring PEG concentration due to the size of the impregnation baths.  
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3.3 Sampling boat pieces  
Pieces 1, 2 and 3 were sampled for this study. The pieces are pictured and presented with their 

dimensions in Table 1 below.  

Table 1. Boat pieces 
 

 

PIECE 1 

BC10 

 

PIECE 2 

BC10 

 

PIECE 3 

BC10  

 

 
Length: 49cm 

Width: 8cm 

 

 
Length: 50cm 

Width: 8cm 

 

 

 

 

Length: 26cm 

Width: 20cm 

 

 

All three pieces were originally extracted longitudinally from the tree and they were shortened 

from longer planks, exposing the core on the transverse sections. Interestingly, Piece 3 was 

notably drier in the core than the other two. The samples for this study were cut from the planks 

in cubic shapes (Pieces 1 and 2) and triangular samples (Piece 3). The hardness of the three 

pieces was easily checked by pricking their surfaces with a pin, as described by Hoffmann and 

Jones (1990: 38). This method determined that the longitudinal surfaces (radial and tangential) 

were soft, and measured ca. 0.5cm in depth, and that the core was very hard.  

 

 



15 
 

3.3.1 Sample preparation  
To create a quantitative study, a larger number of samples are required to account for the natural 

variability of wood. Generally, in archaeological studies, larger samples are better 

representations than smaller samples (VanPool & Leonard 2011: 313). However, due to 

limitations in research material, it was decided that it was preferable to have a large number of 

replicates of smaller sized samples. Therefore, ten samples were prepared for each drying 

method, where five were cube shaped and five were triangular shaped. 

Due to the similar shapes of Pieces 1 and 2, cubic samples (circa 6x6x6 cm3) were cut from 

these using a hand saw. Piece 3 was of much shorter length, so that triangular-shaped samples 

were retrieved from it (circa 10Wx1Lx6 thick cm3). The samples retrieved from Piece 3 (sample 

groups 2, 4, 6 and 8) had a triangular shape as this plank had a bevelled cross-section. Piece 3 

was first cut lengthwise along the middle in the grain direction, producing two elements. One 

cm thick pieces were then cut from these (circa 10Wx1L cm3). All had a slightly triangular 

cross-section. Samples were named randomly ranging from A-E in each sample group.  

The samples were covered in dirt, possibly tar or clay sediments from burial, as well as a slime 

residue. The slime found on the surface might be from the growth of microbial decay during 

storage. These surface deposits were removed using a soft brush before the drying. The samples 

are shown in Pictures 5-10, sorted according to drying method:  

Controlled air-drying 

 

Picture 5. Sample preparation - Cubed samples 
retrieved from Piece 2 

 

Picture 6. Sample preparation – Triangular samples 
retrieved from Piece 3 
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Uncontrolled air-drying 

 

Picture 7. Sample preparation - Cubed samples 
retrieved from Piece 1 

 

Picture 8. Sample preparation – Triangular samples 
retrieved from Piece 3 

 
Vacuum-drying  

 

Picture 9. Sample preparation - Cubed samples 
retrieved from Piece 1 

 

 

Picture 10. Sample preparation – Triangular samples (A 
and B are retrieved from Piece 2, and C-E are retrieved 

from Piece 3) 
 

Samples were documented by photography before and after drying, with the exception of 

sample sets 7 and 8, due to the risk of them drying out. 

After documentation, three pins were inserted on the transverse face, 1.00cm apart, placed 

parallel and at right angles to the growth rings to measure tangential and radial shrinkage, 

respectively. Two pins also 1.00 cm apart were inserted in each of the longitudinal faces parallel 

to the grain to measure longitudinal shrinkage. Pin distance was measured using a digital 

calliper before and after drying. The pins were pushed into the wood, ensuring they were well 

into the core to avoid issues related to the outer layers shrinking more than the inner layers (De 

Jong 1977: 299).  

Sample weight was measured before, during and after drying to ensure constant weight was 

achieved. An exception was for the vacuum drying, where weight was only measured before 

and after.  
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3.4 Evaluation of the condition of the material  
Evaluating the condition of the wooden samples is of strong importance because it guarantees 

that there is a certain overview of the research material’s composition and level of deterioration, 

and it also can minimise the chance of coming across issues related to unexpected discoveries 

from the finished drying methods (Caple 2000: 70), especially when comparing the dried results 

to the original condition. As the three pieces used in this study were all waterlogged and treated 

PEG2000, the maximum water content was measured in an untreated waterlogged oak piece 

from a similar site in Bjørvika, which means it functioned as reference material.  

3.4.1 Maximum water content  
Maximum water content (MWC) was calculated to obtain an indication of the level of sample 

degradation. Because the three BC10 pieces were already treated with PEG by the time they 

arrived the laboratory, the untreated reference oak from Bjørvika was used to obtain an 

approximate idea of the MWC in the BC10 pieces before PEG-impregnation.  

To fully assure that the voids were filled with water, the sample retrieved from the Bjørvika 

piece was placed under vacuum to remove any excess air before carrying out the MWC 

measurements. The sample was then weighed, then dried in an oven at 105°C until the weight 

was constant over the course of three different weightings. The sample was then cooled in an 

airtight container and weighed again, and the MWC was determined by using the following 

formula: 𝑀𝑊𝐶	% =	89	:	8;
8;

	× 	100, where 𝑀? is the waterlogged weight and 𝑀@ is the oven 

dried weight (Macchioni et al. 2013: 57).  

3.4.2 Light microscopy   
Thin sections from wood can indicate different levels of wood decay in the cell walls when 

studied under the light microscope. Transverse thin sections of sound oak, PEG-treated 

waterlogged oak (BC10) and untreated waterlogged oak (Bjørvika) were prepared and 

examined at 100X magnification.  

Samples of waterlogged wood should be of firm and fairly hard condition to be able to obtain 

a good thin section. The heartwood of oak is often too hard for sectioning (Hather 2000: 16), 

which is why all samples had to be fully waterlogged. Firstly, the surfaces of the samples were 

cleaned with a soft brush and a scalpel to remove any disturbing surface deposits. The 

waterlogged samples, both the treated and the untreated, could then be sectioned. The fresh oak 
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sample was boiled in water for approximately two hours until it sank to the bottom of the beaker 

to ensure it was waterlogged and soft enough to be sectioned. The surfaces of all three samples 

were thereafter trimmed using a sharp razorblade to obtain a surface that was considered clean 

from disturbing features. The sections were then hand-cut with a clean razorblade with a 10-

20° angle horizontally. The sections had to be of a thickness between 15-20µm (Celant & 

Coccolini 2015: 489-490; Jansen et al. 1998: 43).  

The thin sections were rinsed in distilled water before being added into a 1 w/v% of Safranin O 

in 50/50 water and ethanol. This stain was used to enhance the contrast amongst the different 

cell features in the samples (Tardif & Conciatori 2015: 398-401). After being left in the Safranin 

O mixture for a few minutes, the sections were rinsed in distilled water until the colour from 

the Safranin O mixture did not taint the water any longer. The sections were then put into 

increasingly concentrated ethanol solutions (50%, 70% and 96%) until the sections no longer 

released dye into the solutions. The thin sections were finally left in a clearing solvent for 45 

minutes (Tardif & Conciatori: 404-406). As an alternative to xylene, which is commonly used 

as a clearing solvent, olive oil was used to minimise health hazards related to xylene exposure 

(Rasmussen et al. 1992; Swamy 2005: 16-18). After being cleared by the selected clearing 

agent, olive oil, the sections were transferred to labelled and cleaned microscope slides and 

mounted by using a drop of Eukitt and cover slips in a fume hood. If any excess clearing solvent 

was present on the microscope slides, it was carefully removed by using absorbent paper before 

adding the Eukitt. The thin sections were then left to dry for 48 hours before being investigated 

under a Leica DM LM light microscope.  

3.5 Shrinkage calculations  
Both linear (radial, tangential and longitudinal) and volumetric shrinkages were calculated, 

based on the measured distances between pins before and after drying. The following equations 

were used: 

% linear shrinkage = (AB	C	AD)
AB

	× 	100. Where 𝐷F is distance between pins before drying, and 

𝐷G is distance between pins after drying.  

and  
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% volumetric shrinkage = (HBC	HD)
HB

	× 	100. Where 𝑉F represents the volume before drying, and 

𝑉F represents the volume after drying. The volumes used in this case were not the true sample 

volumes, but rather the volume calculated from the three measured distances; radial, tangential 

and longitudinal, which here represent length, width and height. This means that the volume 

after drying equaled these three dimensions multiplied together.  

3.6 Drying methods 
Based on the aspects described in Chapter 1.2 on previous research, as well as the condition of 

the provided pieces, it was decided that three methods, in addition to freeze-drying, were 

appropriate for this study. In addition to the previous research in the field, these methods were 

also chosen based on the opportunities the author had at hand in the laboratory all methods were 

carried out in. The following section introduces the different approaches for the four cleaning 

methods this study focuses on.  

3.6.1 Controlled air-drying  
As mentioned earlier in the dissertation, the Swedish Vasa and the British Mary Rose were both 

air-dried after their completed PEG-treatments and under controlled environments, as they were 

unable to take the ships apart to pursue another drying method. As this methodical experiment 

was carried out inside a laboratory with fluctuations regarding both temperature and relative 

humidity, a micro-climate was created to assure that the wood samples were dried in an 

environment with a temperature and relative humidity that did not fluctuate to the degree that 

it caused problems for the drying process.  

To create an enclosed environment, a desiccator was used. The chosen desiccator for this project 

had a volume of 8.9L, which was calculated by using the formula 𝐻𝑒𝑖𝑔ℎ𝑡	 ×	𝑟" ×	π (Cook 

2019). It was particularly important to choose the desiccator due to its ability to have a low 

leakage rate. Having a low leakage rate is considered the most effective way of minimising the 

effect of external climates as well as reducing the amount of needing sorbent (Tétreault & Bégin 

2018). The leakage rate was controlled by applying a high vacuum silicone grease to the rim of 

the desiccator before carefully sliding the glass lid on top. Silica gel is a porous substance that 

is often used as a relative humidity buffer, as well as a substance to be used for absorption and 

desorption of moisture (Camuffo 1998: 155). In this study a self-indicating dry gel silica gel 

that goes from orange to colourless when fully saturated was used. The silica gel was in this 
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part of the study used to absorb the moisture from the wood samples, this to dry the samples in 

a careful, yet effective matter. To determine how much dry silica gel was needed, the volume 

of the desiccator, 8.9L, was rounded up to 9L to assure that enough dry silica gel was used. 

After finding the volume of the container, here the desiccator, a graph from Canadian 

Conservation Institute (CCI) was used to find the needed weight of silica gel:   

 

Graph 2. Weight of the needed Silica Gel (Cook 2019) 
 

By finding the volume of the desiccator on the x-axis, it was determined on the y axis that 450g 

of dry silica gel was needed to be enough for the chosen desiccator. The sizes of the wood 

samples were also taken into consideration, and 50g of dry silica gel was added to the total 

amount of needed dry silica gel, such that 500g of dry silica gel were used in total. 500g of dry 

silica gel was then placed in the bottom of the desiccator as shown in Figure 6 below:  
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A Tinytag Ultra 2 datalogger was placed inside the desiccator to function as a monitoring 

instrument for the temperature and RH levels. The dry silica gel was exchanged for a new 500g 

batch on the 4th of November, as the drying process was close to finished and the colour of the 

silica gel indicated that it was almost fully saturated. When the drying process was close to 

finished, the silica gel’s colour had little to no colour change over the course of two weeks, 

which showed that the moisture present inside the desiccator was not present any longer.   

3.6.2 Uncontrolled air-drying  
As a contrast to the controlled air-drying, ten samples were placed in the laboratory, which does 

not have climate control. Room climate (RH and T) was monitored by a TinyTag Ultra 2 

datalogger. This method was chosen to expectantly show the effects of temperature and RH 

fluctuations on the drying of the wet wood. Air-drying is a process that is used to stimulate 

evaporation (Tímár-Balázsy & Eastop 1998: 285). Uncontrolled drying of untreated 

waterlogged wood is known for resulting in serious damage related to a collapse of the wood, 

shrinkage, distortion, or a complete disintegration, dependant on the initial condition (Grattan 

1987: 55). When the dimensional changes in degraded archaeological wood occur as a result of 

drying, it is often related to the cell lumens not being able to withstand the surface tension of 

water when it evaporates during drying, which again is the cause of collapse (Grattan 1987: 59-

60). Cell wall shrinkage occurs below the fibre saturation point (Grattan 1987: 62). As these 

 

Figure 6. The setup for the desiccator 
 



22 
 

theoretical aspects of dimensional change as result of uncontrolled drying is related to the 

movement and evaporation of the water inside the waterlogged wood, it was interesting to carry 

out an uncontrolled air-drying of the research material in this study due to the water inside the 

cell walls already being replaced by polyethylene glycol (Grattan & Clarke 1987: 165). The 

samples were left in the open in the laboratory for 48 days, until continuous weight 

measurements showed a constant weight three times with 24 hours apart.  

3.6.3 Vacuum-drying  
As mentioned in Chapter 1.2.3, vacuum-drying of wood, more correctly the drying of wood at 

a fresh state, offers shorter drying times and good results. A model created by scientists based 

in France and Canada has suggested drying fresh oak wood at 60-100bar and 250-300mbar at 

70°C for around 28 hours (Torres et al. 2011: 5006-5016). Due to this study focusing on 

waterlogged archaeological wood, this method had to be altered to be suitable for the 

waterlogged properties of the research material. A study published in 2003 (Sanya et al.: 1243-

1249) showed that drying slightly degraded waterlogged samples of archaeological wood at 

vacuum at temperatures between 30 and 40°C and 12mbar gave good results. By using this 

method, the samples in their study were completely dried after 33 hours. Due to the samples in 

this study being of a good, but varying, condition, this method was followed, though at 35°C to 

assure that the temperature was in the middle point between the recommended range of 30 and 

40°C. The samples were left in the vacuum chamber under 12mbar for exactly 33 hours before 

they were taken out and cooled down at room temperature in the laboratory.  

3.6.4 Vacuum freeze-drying  
Although this study focused on introducing and considering some alternatives to freeze-drying 

of polyethylene glycol treated waterlogged oak, it was important to also carry out a freeze-

drying process to be able to compare the results from the freeze-drying to the other drying 

methods. Before starting the freeze-drying process, the samples had to be frozen, which 

prevented capillary pressure during drying. Slow pre-freezing of the polyethylene glycol 

mixture inside the wood creates a structure consisting of pure ice crystals and a mix of 

approximately 50% PEG combined with water (Andersen 1993: 186). Lastly, the slow pre-

freezing was an important action to avoid a rapid change in volume, as volume change is 

expected to lead to pressure on the structure (Andersen 1993: 187).  
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Picture 11. Freeze-drying 
 
Consequently, these theoretical aspects considered, the samples were left in the freeze-dryer at 

the pre-freeze mode over a course of three days to assure that the samples were completely 

frozen both on the inside and the outside. As shown in Picture 11, the triangular samples were 

left on the top shelf, while the cubed samples were left on the bottom shelf, and both shelves 

were set to a temperature of -25°C. After the pre-freeze mode was completed, the freeze-dryer 

was ready to be set to freeze-drying with a vacuum.  
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Graph 3. Phase diagram for freeze-drying 
 

The phase diagram in Graph 3 above shows the process the wooden samples underwent as a 

result of the freeze-drying. Firstly, before freezing the samples could be placed at the beginning 

of the arrow, which means the moisture inside all samples was still considered liquid. Next, the 

moisture inside the samples changed from liquid to solid state as result of freezing. The then 

solid thereby underwent sublimation, leaving the wood structure, now supported by the solid 

PEG. To ensure that the samples were dry, they were continuously weighed every 24 hours for 

a longer period until their weight was constant over the course of three measurements. The 

triangular samples on the top shelf were completely dry three days before the cubed samples.      

3.7 Statistical method  
Due to time constraints on using instruments at the Saving Oseberg laboratory, only one sample 

from each drying group could be investigated. A representative cubed sample closest to the 

average of shrinkage data from each drying method was therefore chosen for morphological 

investigations.  

For replicates for each drying method, averages and standard deviations for shrinkage and 

weight loss measurements were calculated in a spreadsheet (Excel). The raw data for weight 

change and shrinkage are presented in Appendix 2 and 3.   
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3.8 Scanning electron microscopy  
Morphological changes in samples after drying were investigated by using scanning electron 

microscopy (SEM). The image was created by using a beam of electrons instead of traditional 

visible light as in the more common microscopy, yet it still functions as complementarity to 

optical microscopes (Stuart 2007: 91-92; Olsen 1988: 3). Due to SEM being able to magnify 

samples up to 100 000 times, it can create very well-detailed images of the micromorphology 

in the wood the sample has been acquired from (Stuart 2007: 91-94). It is therefore possible to 

identify a certain degree of degradation due to the great and detailed magnification.  

Samples taken from marine environments are not suitable for sample preparation for the SEM 

analysis until they are dried completely (Claugher 1988: 9). The vacuum pressure in SEM 

would cause the water in the samples to evaporate and therefore interfere with the electron 

beam, and this would result in blurry images. After drying, the most representative sample from 

each drying method, as well as the reference sample, was taken to be analysed. The statistical 

method showed that the sample closest to the volumetric shrinkage from each drying method 

would function as the most representative sample for SEM investigations. The samples, in 

addition to the Bjørvika sample, chosen for SEM investigation were as following: 1A 

(controlled air-drying), 3B (uncontrolled air-drying), 5C (vacuum-drying) and 7C (freeze-

drying). Two specimens from each sample were prepared for SEM; one cut in the transverse 

and the second cut in the longitudinal direction. The specimens were fastened to stubs with both 

carbon tape and carbon glue. The samples were investigated using a Fei Quanta 450 using 

secondary electrons at low-vacuum mode1. The chamber pressure was set to 100Pa and the spot 

ranged from 4.5 to 7, depending on the state of the sample and focus points. Said numbers are 

presented in a banner underneath each micrograph.  

 

                                                
1 Note: The SEM micrographs listed later in the dissertation are labelled with “vacMode ESEM”, this is due to a 
setting with the SEM itself. The correct vacuum mode is as mentioned here (low vacuum). 
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4 Results  
The observations and measurements after completing the drying methods are listed in tables, 

pictures and as text in this next chapter. The presented results will be further discussed in the 

discussion chapter.   

4.1 The condition of the samples  
To be able to obtain information regarding the condition of the BC10 samples, the maximum 

water content (MWC) was measured. The MWC indicates the degradation level of waterlogged 

archaeological wood. Macchioni (et al. 2013: 55), amongst others, suggests that degradation 

levels can be sorted into three general classes, based on their MWC (see Table 2). An untreated 

sample of oak from Bjørvika with similar burial and age properties was measured to get an 

indication of the MWC of the BC10 pieces before PEG-impregnation. Before drying, the 

Bjørvika sample weighed 90.78g, and after oven drying it weighed 39.39g, which indicated an 

MWC of 131%. This placed the sample in Class III of degradation, where only the surface of 

the wood is degraded.  

Table 2. Classes of degradation based on maximum water content (MWC) 
 

 

Class I:  

MWC% > 400% 

 

Class II:  

MWC% 185-400% 

 

Class III:  

MWC <185% 

 

Very degraded 

 

Degraded 

 

Only surface degraded 

 

In addition to measuring the MWC, a condition evaluation was completed (see Appendix 1). 

Piece 1 and 2 were considered to be of good condition, while Piece 3 was of very good 

condition. All pieces had traces of nails, but they were all fully deteriorated and no corrosion 

products were visible. The pieces were therefore of an overall good condition before being cut 

into smaller samples and before undergoing drying processes. Their initial condition is therefore 

of great importance regarding their reaction to the different drying methods.  
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4.1.1 Fresh oak versus archaeological oak 
Thin sections were retrieved from three different areas of the transverse section of three 

samples: fresh oak (Pictures 12-14), the untreated sample from Bjørvika (Pictures 15-17) and 

one PEG-treated sample from Barcode, Piece 2 (Pictures 18-20). Each sample is presented 

below together with the magnification used while investigating the thin sections. 

 

Fresh oak from a Norwegian forest 

 

Picture 12. Transverse section of 
fresh oak (100X) 

 

Picture 13. Transverse section of 
fresh oak (100X) 

 

Picture 14. Transverse section of 
fresh oak (100X) 

   

Untreated waterlogged archaeological oak from Bjørvika 

 

Picture 15. Transverse section of 
untreated waterlogged oak (100X) 

 

Picture 16. Transverse section of 
untreated waterlogged oak (100X) 

 

Picture 17. Transverse section of 
untreated waterlogged oak (100X) 
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PEG-treated waterlogged archaeological oak from Barcode 

 

Picture 18. Transverse section of 
PEG-treated waterlogged oak 

(100X) 

 

Picture 19. Transverse section of 
PEG-treated waterlogged oak (100X) 

 

Picture 20. Transverse section of 
PEG-treated waterlogged oak 

(100X) 
   

Both archaeological samples differ from the fresh oak if their densities are considered. The 

fresh oak wood is denser as result of being of sound state as it still has not suffered any 

degradation. The sample from Bjørvika is, though less dense than the fresh oak, still showing 

signs of being of good condition as its structure looks intact and not heavily degraded. The 

sample from Barcode was difficult to thoroughly investigate as the PEG present in its structure 

interfered with the light from the microscope.   

4.2 Controlled air-drying 
The controlled air-drying process was monitored using a datalogger placed inside the 

desiccator. Graphs 4 and 5 shows the temperature and relative humidity, respectively, 

(representing every 12 hours throughout the period) inside the desiccator used for this 

experiment, where sample sets 1 and 2 dried. The drying took 49 days, from the 7th of October 

to the 25th of November 2019.  
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Graph 4. Temperature - Controlled air-drying 
 
As seen in Graph 4, the temperatures ranged from 16.5°C (30th of October) to 23.6°C (25th of 

October). The average temperature was 20.8°C during this period. In spite of the desiccator 

being made of a thick layer of glass, the datalogger confirmed that the temperature inside the 

desiccator was affected by that in the laboratory. This will be seen again under Section 4.3 on 

the uncontrolled air-drying, where both temperature graphs will be placed next to one another.  

 

Graph 5. Relative humidity - Controlled air-drying. The arrow points to a drop in RH when the silica gel was 
replaced 
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The relative humidity was affected by the moisture in the samples in this drying process. The 

level of relative humidity ranged from 27.2% (25th of November) to 76% (15th of October). The 

highest level of RH was measured eight days after placing the samples inside the desiccator. 

The large decrease in RH around the 4th of November is related to the first batch of silica gel 

being replaced with a new one. The average RH for the entire period was 58%.   

4.2.1 Shrinkage  
The shrinkage in each sample was measured both linearly and volumetric by using the formulas 

presented in Chapter 3.5. Raw data is presented in Appendix 3, and they are in this section 

presented as graphs.  

 

Graph 6. Controlled air-drying – Radial, tangential and longitudinal shrinkage. Longitudinal shrinkage is very small, 
and is not possible to see on the scale used 

 
Graph 6 shows the % shrinkage in all three directions: radial, tangential and longitudinal. The 

graph shows the largest shrinkage in Samples 1D, 1E and 2B, which were in the order of 9-

17% in both tangential and radial directions. Longitudinal shrinkage was minimal, below 0.2%. 

The average linear shrinkage for all ten samples was 6.80% in the radial direction, 5.80% in the 

tangential direction and 0.06% in the longitudinal direction. 
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Graph 7. Controlled air-drying - Volumetric shrinkage 
 

Graph 7 shows the volumetric shrinkage in the cubed samples. Samples 1D and 1E showed 

the largest volumetric shrinkage (18-20%). The average volumetric shrinkage was 12.17% for 

all samples, where the standard deviation was 5.75.  

4.2.2 Weight changes  
The final weight after drying was determined when the samples reached constant weight.  
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Table 3. Controlled air-drying - Weight changes 

 

Table 3 shows sample weights before and after drying, total moisture loss in grams and 

expressed as a percentage of the initial weight. The average loss of moisture for the ten samples 

was 36%, with a standard deviation of 1.79%.  

4.2.3 Colour changes  
Sample 1A-E 

 

Picture 21. Samples before drying - Controlled air-
drying 

 

 

Picture 22. Samples before after – Controlled air-drying 
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Sample 2A-E  

 

Picture 23. Samples before drying - Controlled air-
drying 

 

 

Picture 24. Samples after drying - Controlled air-drying 
 

The samples for controlled air-drying were affected by some colour change. The colour of most 

samples became lighter than at waterlogged state, and particularly sample 2A, 2B, 2C and 2E 

showed a colour very similar to that of fresh oak after drying. Samples 1A-E also changed a 

little in colour, but generally they were relatively similar to the colour seen in the waterlogged 

state. The most interesting aspect of the colour changes was that the lightening of colour showed 

that cellular features, such as pores, growth rings and directions of the wood were easier to see 

at a macroscopic level after drying.  

4.2.4 Scanning electron microscopy 
By using SEM, images at different magnifications were collected from both transverse and 

longitudinal directions. SEM micrographs of Sample 1A from both the transverse and tangential 

sections are presented in Pictures 25-30. Some images show interesting features that will be 

further discussed in Chapter 5.4.  

 

Picture 25. SEM micrograph - 
Transverse section of sample 1A 

(196X) 

 

Picture 26. SEM micrograph - 
Transverse section of sample 1A 

(542X) 

 

Picture 27. SEM micrograph - 
Transverse section of sample 1A 

(1086X) 
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Pictures 25-26 show the same area of a transverse section retrieved from Sample 1A at different 

magnifications. Anatomical features, such as vessels (marked as V) and fibres (marked as F), 

are visible at all magnifications. Unfortunately, due to the extreme hardness of the sample, it 

was difficult to make clean surface cuts during preparation. The micrographs show an uneven 

surface, making it difficult to investigate anatomical features that are not vessels and fibres. 

 

Picture 28. SEM micrograph - 
Tangential section of sample 1A 

(204X) 

 

Picture 29. SEM micrograph - 
Tangential section of sample 1A 

(530X) 

 

Picture 30. SEM micrograph - 
Tangential section of sample 1A 

(1156X) 
 

Pictures 28-30 shows the same area of a tangential section retrieved from Sample 1A, here also 

at different magnifications. Anatomical features are indicated with white arrows where vessels 

(V), rays (R), tyloses (T), pits (P), and B for what might be biological deterioration (fungi) are 

indicated (more on this in Chapter 5.4.2). It is important to mention that to mention that the pit 

illustrated here might also be a cell lumen.  

4.3  Uncontrolled air-drying 
The uncontrolled air-drying process was monitored by a datalogger. The datalogger was placed 

close enough to the samples for it to be representative for the surrounding environments of the 

samples, yet far enough away such that it was not affected by the wet wood. Graphs 8 and 9 

shows the temperature and relative humidity, respectively, (representing every 12 hours 

throughout the period) in the laboratory during the uncontrolled drying process. It took 48 days, 

from the 8th of October to the 25th of November 2019 to reach constant weight. It is important 

to clarify that even though the climate was monitored, the drying process was uncontrolled as 

no further inventions or controlling actions took place.  
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Graph 8. Temperature - Uncontrolled air-drying 
 

The temperature ranged from 15.6°C (30th of October) to 24°C (25th of October), whereas the 

average temperature for the entire period was 20.5°C.  

 

Graph 9. Relative humidity - Uncontrolled air-drying 
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As seen in Graph 9, the level of relative humidity fluctuated throughout this drying process. 

The RH level varied from 14.5% (5th of November) to 49.3% (19th of October). The average 

RH for the entire period was 30.5% 

4.3.1 Shrinkage 
The shrinkage in each sample was measured both linearly and volumetric by using the formulas 

presented in Chapter 3.5. Raw data is presented in Appendix 3, and they are in this section 

presented as graphs.   

 

Graph 10. Uncontrolled air-drying - Linear shrinkage 
 

Graph 10 shows the linear shrinkage percentage relative to the start in all three directions: 

radial, tangential and longitudinal. The graph shows that the largest shrinkages were found in 

Samples 3C, 3E and 4E, ranging from 10-13% in the radial directions. Sample 3C had the 

highest tangential shrinkage (10%). The average linear shrinkage for all ten samples was 5.85% 

in the radial direction, 2.90% in the tangential direction and 0% in the longitudinal direction. 
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Graph 11. Uncontrolled air-drying - Volumetric shrinkage 
 
Graph 11 shows the volumetric shrinkage in the cubed samples. Samples 3D and 3E showed 

the largest volumetric shrinkage (11-19%). The average volumetric shrinkage was 12.93% for 

all samples, where the standard deviation was 4.84.  

4.3.2 Weight changes  
The final weight after drying was taken when the samples had reached constant weight.  
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Table 4. Uncontrolled air-drying - Weight changes 

 

Table 4 shows the weight before and after drying, as well as a total loss of moisture and % 

moisture loss relative to initial weight. The average loss of moisture was 35.2%, with a standard 

deviation of 2.6%.   

4.3.3 Colour changes  
Sample 3A-E 

 

Picture 31. Samples before drying - Uncontrolled air-
drying 

 

 

Picture 32. Samples after drying - Uncontrolled air-
drying 
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Sample 4A-E 

 

Picture 33. Samples before drying - Uncontrolled air-
drying 

 

 

Picture 34. Samples after drying - Uncontrolled 
air-drying 

 

As with controlled air-drying, the samples from the uncontrolled air-drying also showed a 

lighter colour after drying. Samples 3A-E differed slightly from samples 4A-E due to a lighter 

green colour. Samples 4A-E also had a lighter colour after drying, with having colour similar 

to that of fresh oak. Samples 4B and 4C had traces of PEG on their surfaces.  

4.3.4 Scanning electron microscopy  
By using SEM, images at different magnifications were collected. SEM images of Sample 3B 

are presented in Pictures 35-38, from both the transverse and radial sections. Some show 

interesting features that will be further discussed in Chapter 5.4.  



40 
 

 

Picture 35. SEM micrograph - Transverse section of 
Sample 3B (212X) 

 

 

Picture 36. SEM micrograph - Transverse section of 
Sample 3B (505X) 

 
 

 

Picture 37. SEM micrograph - Transverse section of 
Sample 3B (505X) 

 

Picture 38. SEM micrograph - Transverse section of 
Sample 3B (1097X) 

 

Pictures 35-38 show micrographs from the transverse section of Sample 3B. Pictures 35 and 

36 show the same spot at two different magnifications, and Pictures 37 and 38 show another 

spot at two magnifications. These four micrographs show two different anatomical features, 

vessels (V) and fibres (F). The fibres from this sample appear to be filled with PEG (Picture 

37).  
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Picture 39. SEM micrograph - Radial section of sample 
3B (214X) 

 

 

Picture 40. SEM micrograph - Radial section of sample 
3B (513X) 

 

Picture 41. SEM micrograph - Radial section of sample 
3B (1120X) 

 

Picture 42. SEM micrograph - Radial section of sample 
3B (2053X) 

 

Pictures 39-42 show micrographs retrieved from the radial section of Sample 3B of the same 

area at different magnifications. Two anatomical features are illustrated, vessel pores (V.P) and 

tyloses (T).  
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4.4 Vacuum-drying  
The vacuum-drying process was undeniably the quickest out of all drying methods in this study, 

and only took 33 hours from start to finish. The vacuum-dried samples differed greatly from all 

the other samples when retrieved from the vacuum chamber. The samples were very tacky and 

were difficult to remove from the tray they were left on waiting for inspection. Removal of 

samples caused some splinters to stick to the tray. Vacuum-drying was the only drying method 

which produced tacky samples.  

4.4.1 Shrinkage  
The shrinkage in each sample was measured both linearly and volumetric by using the formulas 

presented in Chapter 3.5. Raw data is presented in Appendix 3, and they are in this section 

presented as graphs. 

 

Graph 12. Vacuum-drying - Linear shrinkage 
 
Graph 12 shows the linear shrinkage percentage relative to the wet state in all three directions: 

radial, tangential and longitudinal. The graph shows that the largest shrinkage was found in 

Samples 5C, 5D, 6C and 6E (9-13%). Of these samples, tangential shrinkage was greater than 

radial, with the exception of 6E, which showed the opposite effect. The average linear shrinkage 

for all ten samples was 5.4% in the radial direction, 7.1% in the tangential direction and 0% in 

the longitudinal direction. 
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Graph 13. Vacuum-drying - Volumetric shrinkage 

 
Graph 13 shows the volumetric shrinkage in the cubed samples. Sample 5D showed the largest 

volumetric shrinkage (22%). The average volumetric shrinkage was 11.6% for all samples, 

where the standard deviation was 4.3.  

4.4.2 Weight changes  
Final weight after drying, presented in Table 5, is based on the weight of the samples 

immediately after cooling down to room temperature after being retrieved from the vacuum-

chamber.  
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Table 5. Vacuum-drying - Weight changes 

 

Table 5 shows the weight of samples before and after drying, as well as total loss of moisture 

in grams and as % moisture loss. The average loss of moisture relative to the start weight for 

the ten samples was 34.1%, with a standard deviation of 2.3.   

4.4.3 Colour changes  
Sample 5A-E 

 

Picture 43. Samples before drying – Vacuum-drying 

 

Picture 44. Samples before drying – Vacuum-drying 
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Sample 6A-E  

 

Picture 45. Samples before drying – Vacuum-drying 

 

Picture 46. Samples after drying – Vacuum-drying 
 

The colour was not very different from samples which were dried by controlled and 

uncontrolled drying methods. However, tacky surfaces were an issue. As seen in Picture 44, 

samples 5B-5D show a tacky residue that was present on at least one side of each sample. The 

waxy-like residue gave a shine to the surface of the samples. The triangular samples, 6A-E, 

looked similar to those in the two previously mentioned drying methods. 

4.4.4 Scanning electron microscopy  
By using SEM, different images at different magnification were collected. SEM micrographs 

at different magnification from both the transverse and tangential section of Sample 5C are 

presented in Pictures 47-53.  
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Picture 47. SEM micrograph – Transverse section of 
Sample 5C (202X) 

 

 

Picture 48. SEM micrograph – Transverse section of 
Sample 5C (523X) 

 

Picture 49. SEM micrograph – Transverse section of 
Sample 5C (1047X) 

 

 

Picture 50. SEM micrograph – Transverse section of 
Sample 5C (2090X) 

In Pictures 47-50, the transverse section of Sample 5C it is possible to see that cells are slightly 

deformed compared to images from the other drying methods. This is visible in vessels (V), 

fibres (F), and the middle lamella (M.L), in the images.  Picture 50 shows an undeformed cell.  
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Picture 51. SEM micrograph - 
Tangential section of Sample 5C 

(204X) 

 

Picture 52. SEM micrograph - 
Tangential section of Sample 5C 

(529X) 

 

Picture 53. SEM micrograph - 
Tangential section of Sample 5C 

(1154X) 
 

Pictures 51-53 shows micrographs of the same area of the tangential section of Sample 5C at 

increasing magnifications. They show anatomical features such as tyloses (T), rays (R) and 

vessel pores (V.P).  

4.5 Vacuum freeze-drying  
The drying of the freeze-dried samples differed from the samples of the three other methods, as 

some samples dried much more rapidly than others. By weighing samples one to two times a 

day for around two weeks, it was confirmed that the cubic samples took longer to dry than the 

triangular samples. In addition to this, the frequent weighing also confirmed that samples within 

the same sample group, either cubic or triangular, also dried at a different rate. This could be 

due to two different reasons. The first reason could be that the triangular samples with greater 

cross-sectional area, would dry quicker because the water would be removed through the grain 

direction, which is much faster than across the grain. The second reason could be the way the 

samples were lying on the small, nonporous plastic trays inside the freeze-drier. These trays 

could have affected both the drying rate and how they deformed.    

4.5.1 Shrinkage  
The shrinkage in each sample was measured both linearly and volumetric by using the formulas 

presented in Chapter 3.5. Raw data is presented in Appendix 3, and they are in this section 

presented as graphs.  
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Graph 14. Freeze-drying - Linear shrinkage 
 

Graph 14 shows the linear shrinkage percentage relative to the start in all three directions: 

radial, tangential and longitudinal. The graph shows that the largest shrinkages were found in 

Samples 7B, 7C, 7D, 7E, 8C, 8D and 8E (6-11%). The average linear shrinkage for all samples 

was 6.3% in the radial direction, 5.7% in the tangential direction and 0.04% in the longitudinal 

direction. 
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Graph 15. Freeze-drying - Volumetric shrinkage 
 

Graph 15 shows the volumetric shrinkage in the cubed samples. Samples 7D and 7E showed 

the biggest volumetric shrinkage. The average volumetric shrinkage was 11.63% for all 

samples, where the standard deviation was 4.35.  

4.5.2 Weight changes  
The weight after drying presented in Table 6, is based on the weight of the samples after 

reaching room temperature after being retrieved from the freeze-drier.  
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Table 6. Freeze-drying - Weight changes 

 

The average loss of moisture relative to the start weight for all samples was 36.3%, with a 

standard deviation of 2.1%.  

4.5.3 Colour changes  
Due to the temperature of 22°C in the laboratory on the day the samples for freeze-drying were 

prepared and documented, the photography documentation had to be omitted, as the samples 

here started rapidly drying during their preparation (weighing, insertion of pins). The samples 

from the three other drying methods probably started drying a little during documentation as 

well, but it was much more prominent here as colour changes appeared rapidly. Therefore, only 

pictures of the samples after drying are presented below.  
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Sample 7A-E 

 

Picture 54. Samples after drying - Freeze-drying 
 

Sample 8A-E  

 

Picture 55. Samples after drying - Freeze-drying 
 

As seen in Pictures 54 and 55, the PEG was visible as a white layer or powder on all the 

samples, especially on the cross-sectional areas. The triangular samples, 8A-8E, were almost 

completely white from the PEG residue, as they have a very large cross-sectional area, while 

the samples 7A-7E were mainly discoloured on the cross sections. A scalpel was used carefully 

on two samples to see if it was possible to remove the PEG residue without leaving the surface 

underneath damaged. It was possible to remove some of the white layer on the cubic sample 

tested, but the triangular sample’s surface was more damaged by this removal.  
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4.5.4 Scanning electron microscopy  
By using SEM, different images at different magnification were collected. Pictures 56-61 show 

SEM micrographs of Sample 7C at different magnifications of the same area from both the 

transverse and tangential sections.  

 
Picture 56. SEM micrograph - 

Transverse section of Sample 7C 
(200X) 

 

 
Picture 57. SEM micrograph - 

Transverse section of Sample 7C 
(567X) 

 
Picture 58. SEM micrograph - 

Transverse section of Sample 7C 
(1170X) 

 
Picture 59. SEM micrograph - 

Transverse section of Sample 7C 
(1517X) 

 
Picture 60. SEM micrograph - 

Transverse section of Sample 7C 
(2086X) 

 
Picture 61. SEM micrograph - 

Transverse section of Sample 7C 
(7044X) 

 
These micrographs are very detailed and show many anatomical features of the sample: tyloses 

(T), fibres (F), vessels (V) and middle lamellas (M.L). The middle lamellas mostly look sound 

in every micrograph, but like in Picture 59, the marked middle lamella look like it has been 

slightly cracked. Cells appear slightly deformed. It is likely that the substance filling the lumens 

of some vessel elements and fibres is PEG.  
 



53 
 

 
Picture 62. SEM micrograph - Tangential section of 

Sample 7C (298X) 
 

 
Picture 63. SEM micrograph - Tangential section of 

Sample 7C (547X) 

 
Picture 64. SEM micrograph - Tangential section of 

Sample 7C (955X) 

 
Picture 65. SEM micrograph - Tangential section of 

Sample 7C (2085X)  
 

Pictures 62-65 show micrographs from the same area of the tangential section of Sample 7C at 

different magnifications. They show anatomical features like vessels (V), vessel pores (V.P), 

fibres (F) and rays (R). There are rough areas in some of the images, which may indicate the 

presence of PEG.   
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5 Discussion  
In this chapter results are compared to create a better understanding of the effect of the different 

drying methods. Firstly, the actual degree of degradation of wood samples is discussed, 

followed by a discussion on the effect of the different drying methods. Finally, all methods will 

be compared to one another.  

5.1 Degree of degradation  
The overall condition of all the cubic and triangular samples used for each drying method was 

good, however the triangular samples (Piece 3) were in significantly better condition based on 

observations presented in the condition evaluation in Appendix 1, where visual observations 

and pin tests were used to be able to fill it out. The cross-sectional area was greatest on these 

samples and appeared to be almost completely dry in the core. This was experienced when 

sawing it into the samples. Thus, in theory, little moisture or PEG was present inside the cores 

of these samples, and it is likely that these parts were therefore not affected by the drying. 

Another consideration is that the condition of archaeological wood often varies throughout its 

structure, so some of the cut samples might have been in better condition than others. However, 

generally, most samples were of similar condition, and consequently comparable. It is worth 

mentioning that their rather small sizes also might have affected the results.  

By MWC, the overall condition could be evaluated. Due to the samples already being treated 

with PEG, MWC before PEG-treatment had to be inferred from an untreated reference sample 

from Bjørvika, which had been buried in a similar environment. Its MWC measured 131%, 

which hypothetically characterises the sample as well-preserved, with only surface degradation 

(Jones 2010: 28). This was confirmed by doing a simple pin test, where pins were inserted into 

the wood to determine the hardness throughout the structure. The pins reached a hard core at a 

depth of approximately 0.5 cm.   

The extent of penetration of PEG is a factor which affects the final results of treatment, even if 

the wood is in relatively good condition and may have survived without any PEG-impregnation 

at all. Slime was present on the surface of all three boat pieces before sawing them into smaller 

samples. The presence of slime on the surface of wet wood indicates microbial decay. Other 

than health hazards related to these slime growths, such microbial slime can hinder PEG-

penetration (Mouzouras 1994: 23). Much of this slime was removed when collected from 
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Norwegian Maritime Museum, but some also had to be removed during the study. It is unsure 

whether some of this was leftover slime from the storage at Norwegian Maritime Museum or if 

it was new growth. Some factors related to the penetration of PEG are further discussed under 

the interpretation of the SEM images.  

5.2 The effect of each drying method  
The effect of the different drying methods is mainly discussed individually for each drying 

method, followed by comparisons of colours and morphological changes. Lastly, all methods 

will be summarised and compared to each other by comparing all findings to one another.  

5.2.1 Controlled air-drying  
The silica gel used in this study, turned into a more translucent orange colour upon saturation, 

which indicated when it should be changed. Silica gel was replenished once, 27 days into the 

drying process. Graph 16 shows how the RH was affected inside the desiccator as result of 

using dry silica gel:    

 

 
Graph 16. Rapid change in relative humidity - Controlled air-drying 

 
The arrow indicates the start of a rapid change in relative humidity after exchanging the old 

batch of silica gel with new, dry silica gel. The RH varied between approximately 62% and 

77%, with a drop down to 55% on the 30th of October, 22 days after the samples were placed 

in the desiccator (Graph 16). The waterlogged wood in this study had been both buried and 

stored in waterlogged conditions, which means that a very low RH could possibly lead to a 
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damage with rapid initial drying (Thomson 1986: 125). Therefore, a slow decrease in RH at the 

very beginning is necessary for the material. The biggest problem did not occur until the batch 

of silica gel was changed (indicated by the arrow in Graph 16), causing a significant decrease 

in RH, which could lead to damage. Thus, it was important to consider if this rapid drying could 

have been damaging to the wood after the change of silica gel. Indeed, the shrinkage 

measurements showed that the average volumetric shrinkage of the samples in this drying 

method was the second largest, 12.17%. Shrinkage can be linked to increased density in the 

microstructure of wood (Schulgasser & Witztum 2015: 389-401). This was observed while 

preparing Sample 1A for SEM analyses, as the sample was very hard to cut. This made it more 

difficult to obtain a nicely cut sample compared with samples from the other drying methods.  

5.2.2 Uncontrolled air-drying  
One of the reasons for carrying out an uncontrolled air-drying was to investigate whether the 

expected fluctuations in the laboratory would be severely damaging or not. However, this 

drying method gave the smallest averaged volumetric shrinkage, which was calculated to be 

9.53%.  

 
Figure 7. Temperatures. a: Controlled air-drying. b: Uncontrolled air-drying 

 
 
As seen in Figure 7, the temperature levels and fluctuations of both controlled and uncontrolled 

air-drying are shown next to each other to indicate how similar they were throughout the drying 

period. The average temperature for the controlled drying method was 20.9°C, and the average 

temperature for the uncontrolled drying method was 20.6°C, which shows that the temperature 

fluctuations did not differ much from controlled to uncontrolled air-drying.  
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Figure 8. Relative humidity. a: Controlled air-drying. b: Uncontrolled air-drying 

 

Figure 8 shows the graphs for relative humidity from both the controlled air-drying, and the 

uncontrolled one. Whereas the graph of controlled drying showed a steady decrease in RH, the 

uncontrolled drying endured relatively large fluctuations between the maximum of 52% and 

the minimum of 14%. Around the 30th of October, 22 days into the drying process, the RH went 

down to around 14%, before it went back up and stayed between 20-30% for the remaining 26 

days until the uncontrolled drying was completed. In theory, slow drying allows for the moisture 

inside the waterlogged wood to be redistributed evenly, which in turn reduces drying stresses 

(Grattan & Clarke 1987: 167). This means that higher RH levels achieved in controlled drying 

were possibly better until the drop in relative humidity after changing the silica gel. One can 

therefore believe that the more stable relative humidity between 20 and 30% was more 

favourable for this drying method towards the end.  

5.2.3 Vacuum-drying  
The vacuum-drying method differed from the other three drying methods because it was carried 

out at a temperature above room temperature (35°C). This method was the most rapid drying 

process, lasting for only 33 hours before an assumed dry state was reached, due to both higher 

temperatures and low pressure. However, it being more time effective than the other methods 

is not necessarily a positive factor. This method stood out as the least successful method out of 

the four drying methods. The vacuum-dried samples were the only ones where small distortions 

of the samples were visible with the naked eye, especially in the cubed samples. Additionally, 

these samples were left with a sticky surface.  
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Picture 66. Waxy surface on some samples - Uncontrolled air-drying 

 
Picture 66 shows these dark, sticky surfaces, which were shiny. Although such surfaces may 

offer more resistance to wear and tear during handling (Hocker et al. 2012: 177), they are sticky 

and can collect dust and other deposits. The dark surface also affects the visual impression of 

the dried samples, which are discussed in Chapter 5.3.  

5.2.4 Vacuum freeze-drying  
For this study, it was necessary to carry out freeze-drying as a reference for the other three 

methods. One interesting discovery from this drying method is related to sample sizes. The 

triangular samples were completely dried three days before the cubed samples, which could be 

related to the cross-sectional area of the triangular samples being the greatest area of said 

samples. The difference in drying times were not apparent in the other methods. The weighing 

of the freeze-dried samples therefore required that the vacuum pressure inside the dryer was 

released twice a day for almost two weeks to be able to collect samples for weighing, as well 

as being able to determine the weight changes from day to day. It remains uncertain if such 

frequent weightings affected the samples, but it is possible that it had a negative effect as the 

temperature inside the freeze-dryer (around -25°C) was almost 40°C lower than in the 

laboratory. This could possibly have led to the warmer air from the room causing condensation 

on the sample surfaces. In retrospect, weighing should have been limited to once a day, to avoid 

potential melting of the PEG-water mixture during weighing or condensation of warmer air on 

the surfaces.    
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Picture 67. Freeze-dried samples. a: Two cubed samples after drying. The sample to the right shows a brittle surface, 
as well as PEG residue. b: The white PEG residue on the triangular samples 

 

As seen in Picture 67, the PEG-treatment left all samples with a white residue on the surface, 

where the triangular samples were more badly affected than the cubed samples. This could be 

related to the greater transverse section of the triangular samples, which would allow PEG to 

migrate more freely than across the grain. Some of the residue was possible to remove by using 

a brush or scalpel, but this added a lot of unnecessary time to the finishing process of this drying 

method, which was not required for any of the other methods. In this way, the freeze-drying 

was more problematic than the other three methods as it left the samples in a state that was 

disturbing to the eye. In addition to the PEG residue, the surfaces of the samples in this method 

seemed significantly more brittle and drier than with the three other methods. It is therefore 

important to mention that this could be related to the method itself, where samples are easily 

“overdried” (Susan Braovac, personal communication, January 2020), like seen in the dry 

surface facing up of the sample to the right in Picture 67a.    

5.3 Comparison of colour changes  
The colour changes could easily be measured by using colorimetry, but due to lack of time, 

such measurements were not undertaken. Consequently, comparisons were made visually, 

using photographs of the samples before and after drying. Although photographs of the freeze-

dried samples were not taken before drying, their PEG-treated state appeared very similar to 

the other samples. Therefore, such colour changes in freeze-dried samples were evaluated by 

comparing them with the images of the other samples in their wet states. In Figure 9, 

photographs of the samples before and after drying are presented. Samples 5A-E in the wet 

state represent “before drying” for all samples.  
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Figure 9. Colour changes 

 

When visually evaluating acceptable colour change after drying, one must decide whether the 

colour in the wet state or that of fresh wood should be the reference point.  In conservation, it 

is often mentioned that a conservator should choose methods and actions that do not interfere 

with the original structure and appearance of an object (Wirilander 2012: 38). In one way, this 

could be interpreted to use the wet state as a reference point. However, this may also be 

understood to be how the material itself appeared originally when it was in use.  Originally, the 

boat pieces would have looked browner with a red tone in it, as seen in some parts of samples 

2A-E. The samples from the controlled air-drying have a final colour that is a mix of both wet 

and fresh oak. Thus, in this study, these samples are probably those with the most appropriate 

colour change as result of drying. Samples from the uncontrolled air-drying are close to those 

of the controlled air-drying, but with a greener tone present in the cubed samples. The vacuum-
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dried samples showed darkening as a result of the waxy surface layer. This could be considered 

a colour change, but it is not a result of the wood actually changing colour, but rather due to a 

deposit formed by PEG during drying. The common practice of PEG removal from the surfaces 

of freeze-dried objects using heat or ethanol generally give surfaces that are darker than the 

core (Susan Braovac, personal communication, January 2020).   

5.4 Interpretation of SEM images  
To observe how the different drying methods affected the anatomical features in the samples, 

scanning electron microscopy was used. In the previous chapter the different images of the 

dried samples were listed under each drying method, here the drying methods are compared. 

To better understand the differences among drying methods, they are again shown in Figures 

12 to 15. This time, SEM images of the untreated Bjørvika sample after uncontrolled oven 

drying as result of MWC measurements are also shown (in Figures 10 and 11).  

5.4.1 Control sample: Untreated, waterlogged oak after uncontrolled drying  

 

Figure 10. SEM micrographs - Transverse section of reference sample (Bjørvika) 
 
Anatomical features as result of such a harsh drying method were evident in the SEM 

micrographs of the Bjørvika sample. In Figure 10, the SEM micrographs show how collapse 

and deformation of cells have led to change in the microstructure of the investigated sample. 

Consequently, this shows the importance of not leaving waterlogged archaeological wood to 

dry without treatment, even when it is of relatively good condition.  
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Figure 11. Tangential section of reference sample from Bjørvika after uncontrolled drying 
 
In Figure 11, the brittleness of the untreated sample is visible at 467X magnification, where it 

is possible to see splintering of the wood caused by sample preparation. On the macroscopic 

level, this is also visible as the surface on the tangential section has a flaky dryness to it.  

5.4.2 Biological deterioration 
In wood, several forms of biodegradation can be detected using SEM, such as fungal decay 

(Hamed et al. 2012: 1079). Sample 1A from the controlled air-drying showed what very likely 

are traces of fungal degradation. This was determined by comparing the hyphae observed in the 

SEM images to those in images by Geoffrey Daniel (2016: 322). Even though this was only 

observed in this sample, fungi are likely present in the others. Wood-degrading fungi require 

an oxygen-rich environment and a water content in wood of more than 18% in order to develop 

(Jones 2010: 27). If fungi are present, it can lead to a loss of cell wall material which will 

eventually lead to loss of strength and gradual disintegration (Jones 2010: 27). Biological 

deterioration is not really relevant to this study as it moves away from the research question 

which is related to drying methods, but it is arguable that this information is relevant to the 

study as it contributes to understanding the overall condition of the wood, as it might have been 

more degraded than it appeared due to possible deterioration from fungi attack.  

 



63 
 

 

Figure 12. Tangential section of sample 1A - Possible fungi attack 
 

The presence of fungi can be seen by hyphae, appearing as branch-looking lines (Schwarze 

2007: 9).  In Figure 12, some features that might be hyphae are indicated with arrows.  

5.4.3 Tyloses 
Tyloses in oak, visible under magnification, can prevent preservatives such as PEG, from fully 

penetrating the wood (Meylan & Butterfield 1972: 61). The occurrence of tyloses is present in 

the hardwoods (Grattan 1987: 58). In SEM images, tyloses are shaped like soap bubbles 

(Grattan 1987: 58).  
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Figure 13. SEM micrographs from the transverse section of four samples. a: Sample 1A (196X). b: Sample 3B (212X). 
c: Sample 5C (200X). d: Sample 7C (200X). 

 

In Figure 13, arrows indicate flowy substances inside of vessels of samples from each drying 

method, which are likely tyloses. Sample 1A positively shows tyloses as indicated, but the 

tyloses pointed out in Sample 3B, 5C and 7C are more uncertain. Thus, the presence of tyloses 

likely has an impact on treatment of waterlogged oak.  

5.4.4 Structural change  
Most samples showed evidence of structural change and damage where vessels and fibres look 

distorted due to shrinkage. All samples showed more structures that were similar to the 

untreated archaeological wood from Bjørvika (as seen in Figure 10), which means that the 

original condition of both the reference material and the samples used in the study were similar. 

In theory, this could mean that the archaeological wood was of a good condition before PEG-

treatment, and that it possibly could have been dried without any treatment.  
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Figure 14. Structural change visible in the transverse section of SEM micrographs from all four drying methods. a:  
 
Figure 14 indicates that all samples suffered some structural change. In the controlled air-

drying sample, 1A, a distorted vessel is indicated by an arrow, which means that the sample has 

suffered from some structural change. The uncontrolled air-drying sample, 3B, shows some 

collapse around a vessel, as indicated by the arrow.  The vacuum-dried sample, 5C, has an 

arrow indicating structural changes like distortion and shrinkage seen in the fibres. Overall, this 

sample showed the greatest structural change and damage of all drying methods, which can 

possibly be related to a high drying rate and that the PEG was not frozen like in the freeze-

drying.  
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Figure 15. Structural change visible in the tangential section of SEM micrographs. a: Sample 1A. b: Sample 5C. c: 
Sample 7C. 

 
In Figure 15, examples of structural damage in the tangential section of three samples are 

shown. Sample 1A shows a sound structure in addition to the possible fungal decay. Sample 

5C shows more structural damage than sample 1A and 7C, due to deformations in its structure. 

By looking at Samples 1A and 7C, their tangential structures look less broken up than the one 

of Sample 5C. Consequently, controlled air-drying and freeze-drying produced similar results 

on the anatomical structure of the wood.  

5.5 Comparison of all drying methods  
Lastly, it is important to compare the different discoveries of each drying method to each other. 

Table 7 shows results from all drying methods listed next to one another.  

Table 7. Comparison of all drying methods 
 

 

 
Controlled 
air-drying 

  

Uncontrolled air-
drying 

  

Vacuum-drying 
 
  

Freeze-drying  
 
  

Drying time  49 days 48 days 33 hours 
34 days (cubes) and 37 

days (triangular) 
Average loss of 

moisture  36.14% 35.15% 34.15% 36.31% 
Average volumetric 

shrinkage  12.17 % 9.53 % 12.93 % 11.63 % 

Colour after drying  Dark brown 
Dark brown, with 

greens Very dark brown 
Light brown with heavy 

whiteness 

Morphology  

Structural 
change where 
a vessel looks 

distorted.  

Structural change. 
PEG present in 
cells. Collapse 
around vessel. 

Very obvious 
structural change 

with change of cell 
shapes and 

distortion of fibres.  

Structural change where 
the middle lamellas appear 

distorted or broken.  
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Drying times of all methods are compared to be able to determine which one is the most 

appropriate if only time is considered. As seen in Table 7, vacuum-drying was definitely the 

quickest drying method. The second shortest method, freeze-drying, lasted 34 days. This means 

that freeze-drying, if not considering all the other factors in the table, is the most appropriate 

drying method if one only considers the drying time.  

Comparisons of volumetric shrinkage show that they are very similar: controlled air-drying 

(12.17%); vacuum-drying (12.93%) and freeze-drying (11.63%). However, the uncontrolled 

air-drying had the least shrinkage (9.5%). Note that volumetric shrinkage is based on data from 

five samples only. Percent moisture loss was similar for all samples, regardless of drying 

method, which ranged from 31% to 40%. Averaged values ranged from 34% to 36%.  

Sample placement may have affected degree of deformation. For controlled air-drying and 

vacuum-drying, water could evaporate from all sides of the sample, as they dried on perforated 

trays. For uncontrolled air-drying and freeze-drying samples were dried on unperforated trays, 

which blocked the moisture movement from the surface in contact with the tray. Here samples 

lay on one transverse side, such that water was removed more rapidly from the free transverse 

side, and more slowly from the longitudinal sides. Regarding colour of dried samples, the 

controlled and uncontrolled air-drying were of very similar colour after drying. The vacuum- 

and freeze-dried samples had results that differed from the air-drying methods, respectively a 

shiny dark-brown and a white colour. It is important to clarify that the white colour due to PEG 

residue is removable, but that it adds to the total time of treatment and that freeze-drying 

requires more conservation treatment after drying.  

Lastly, it is important to compare the observations from the SEM analyses. All four investigated 

samples (Samples 1A, 3B, 5C and 7C), showed structural damage (shortened to SC in Table 7) 

like distortion of vessels, fibres and middle lamellas. Sample 5C had suffered more structural 

damage than the other drying methods. It showed an overall distortion as result of drying, and 

it could be recognised as irregularities in the structure, especially in the transverse section. SEM 

images all showed similarities in structural change, as identified as uneven vessels and fibres, 

and distortion or breakage of middle lamellas. It is important to mention that differences in 

morphology may have more easily distinguished had the best and worst samples from each 

drying method been compared, rather than the averaged ones.  

Based on the work in this study, some concluding remarks will be drawn in the next chapter. 

Though is it important to clarify that it is not possible to give a fully statistical result due to too 
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few samples. 40 samples are, in one way, a lot of samples if one considers that they have been 

sampled from objects from archaeological context. On the other hand, though, 40 samples 

cannot be considered as sufficient enough to answer the research question in this study. The 

structure of wood varies to an enormous extent, and it can be of different condition through the 

wood. It could therefore be preferable to have a larger number of samples to obtain better 

statistical results. The small number of samples in this study made it difficult to find trends in 

both shrinkage and weight measurements.  

Some flaws in methodology also made it difficult to draw final conclusions. As mentioned 

earlier in the dissertation, a slow decrease in RH can be favourable for air-drying PEG-treated 

waterlogged wood. Neither of the two air-drying methods were showing a slow decrease in RH 

throughout the drying processes. The controlled air-drying started out with a slow decrease in 

RH, but this was disrupted by changing the dry silica gel halfway into the drying process. The 

dry silica gel should have been conditioned before being put into the desiccator. In this way it 

could have been able to create an overall decreasing RH inside the desiccator, which would 

have resulted in a slow, controlled air-drying. The uncontrolled air-drying started out at a much 

lower RH than the controlled air-drying, respectively circa 27% and 73%. To be fully able to 

consider if an air-drying method could be more appropriate than freeze-drying for drying PEG-

treated waterlogged wood, the air-drying should have been carried out under slowly decreasing 

RH levels. Consequently, this would probably result in longer drying times.  

Lastly, it is important to consider the condition of samples from BC10 and the reference sample 

from Bjørvika. The reference sample and the samples from each drying method were of 

relatively good condition, and this means that they could possibly have been dried without any 

PEG-treatment. Therefore, it could have been interesting to also dry untreated samples in each 

drying method to see any trends related to this matter.  
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6 Concluding remarks 
In this study, the aim was to answer the research question by introducing new insights on 

alternative drying methods to freeze-drying, this to help determine if freeze-drying is the most 

appropriate method for drying PEG-treated archaeological oak. By using a methodical approach 

where, in addition to freeze-drying, three drying methods have been both carried out and 

evaluated, the conclusion includes some insights on this matter. After answering the research 

question to the possible extent, the author introduces suggestions for further research that 

possibly can help give a more thorough answer to the research question in the future.   

6.1 Conclusion  
Firstly, it is important to state that the study does not provide results that can be considered 

statistical. This is due to a total of 40 samples not being enough to represent the boat pieces 

from Norwegian Maritime Museum. The structure of wood has enormous variation in state of 

preservation, and it is therefore impossible to fully represent the boat pieces by using 40 

samples. To create statistical results that could be considered as representative for said boat 

pieces, it would be necessary to have hundreds of samples. Conservators rarely have sample 

quantities like this and must therefore work within these limitations and understand that firm 

conclusions cannot always be made.  

Based on the results presented in this study, some concluding remarks can be drawn. When 

considering if a method is appropriate for drying archaeological waterlogged oak after PEG-

treatment, it is important to consider three different factors; the effect each method has on the 

wood, the length of the drying processes and finally the costs of the entire process. The two 

first factors are hereby commented on, while the analysis of the costs of each method are beyond 

the scope of this study.  

The study showed that the four different drying methods had different effects on the samples, 

however the vacuum-drying came out worse than the others. The vacuum-dried samples 

showed that the quick drying process led to more structural damage than with the three other 

methods, and it can thereby be concluded that vacuum-drying with temperatures above room 

temperature is not more appropriate for drying PEG-treated oak than freeze-drying. 

Surprisingly, the samples from the uncontrolled air-drying showed the best results after 

shrinkage, weight and colour characterisations. The uncontrolled air-drying samples appeared 

more well-preserved than the controlled air-drying samples, especially when considering their 
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average volumetric shrinkages (respectively 9.53% and 12.17%). Even though the freeze-

drying process was 11-14 days shorter in time than the uncontrolled air-drying, there were more 

positive results related to the uncontrolled air-drying, which favours the time frame being a 

little longer.  Though is it worth mentioning that the air-drying methods would probably show 

different results if the RH levels had been decreased slowly, and that this could have led to 

results that were interesting to consider as an alternative to freeze-drying.  

It is also worth mentioning that the PEG-treatment is a time-consuming affair, and it is therefore 

important to bear this is mind when time is of the essence in a treatment.  

6.2 Further research  
Lastly, future research is needed to study the final factor for considering if freeze-drying is the 

most appropriate method. Investigating the actual costs of the different drying methods were 

beyond the scope of this study, and it is advised that this should be considered in the future to 

better answer the research question. In addition to the three considered factors for appropriate 

drying, future studies could include new methods to better observe colour changes, shrinkage, 

mechanical strength and distortion of the wood after treatment and drying. Lastly, it is worth 

mentioning that it could be of interest to perceive the effects of the different drying methods on 

both larger samples of waterlogged wood and a larger quantity of samples for better statistical 

results.  

Another important aspect that has to be clarified in this section, is that even though this study 

only focuses on three alternatives to freeze-drying, there probably are other alternatives to 

drying PEG-treated archaeological wood, and that these could possibly be part of a similar 

study. A suggestion is to continue testing air-drying methods, preferably one where the RH 

levels can be decreased slowly. One must therefore not limit the future considerations to only 

the methods mentioned in this dissertation.  
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Appendix  
Appendix 1 – Condition evaluation of the research material before sampling  
 

 

 

 

 

 

 

 

Piece 1 

 
 

 

Piece 2 

 
 

Piece 3 

 

 

 

 

 

Physical 

damage 

 

Some tool marks 

Irregular surface 

due to degradation 

 

Some tool marks 

One small chip  

Irregular surface due 

to degradation 

 

Some tool marks  

One small chip  

Surface not as irregular as 

the other two samples, but 

still some irregularities 

present 

 

Colour   

 

Dark brown/black 

 

Dark brown/black 

 

Dark brown/black, but core 

has a red-brown colour 

 

Hardness of 

the material  

 

Softer towards the 

surface, with a 

somewhat hard 

core 

 

Softer towards the 

surface, with a 

somewhat hard core 

 

Soft surface, though much 

harder than the two other 

samples throughout the 

wood. Core was almost dry 
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External 

biological 

damage   

 

Possibly early 

stages microbial 

decay  

(slime on the 

surface) 

 

Possibly early stages 

microbial decay  

(slime on the surface) 

 

Possibly early stages 

microbial decay (slime on 

the surface) 

 

Traces of 

disintegrate

d nails  

Illustrated as 

white dots on 

the drawings  

 

 

 

 

 

 

 

 

Deposits on 

the surface 

of the wood   

 

Burial deposits 

Wood tar 

Slimy residue 

 

Burial deposits 

Wood tar 

Slimy residue 

 

Burial deposits  

Wood tar  

Slimy residue 

 

Overall 

condition 

 

Good 

 

Good 

 

Very good  
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Appendix 2 – Weight changes in all samples  

Sample number  
Weight before drying at 18ºC 

 (in grams) 
Weight after drying at 18ºC 

(in grams)  
Loss of moisture  

(in grams)  

Loss of moisture  
relative to start weight  

(in %) 

1A 66,84 43,64 23,2 34,71 

1B 51,62 31,23 20,39 39,5 
1C 57,66 36,19 21,47 37,24 

1D 58,04 37,32 20,72 35,7 

1E 49,87 31,68 18,19 36,47 
2A 39,3 25,28 14,02 35,67 

2B 19,37 12,59 6,78 35 

2C 32,22 21,09 11,13 34,54 
2D 33,34 20,3 13,04 39,11 

2E 34,95 23,27 11,68 33,42 

Average 44,32 28,26 16,06 36,14 
Stand deviation 13,35 8,51 4,94 1,79 

3A 54,44  33,84  20,60  37,83 

3B 56,97  35,25  21,72  38,13 
3C 55,33  35,38  19,95  36,06 

3D 43,51  26,86  16,65  38,27 

3E 55,03  34,84  20,19  36,69 
4A 40,57  26,30  14,27  35,17 

4B 35,64  24,40  11,24  31,54 

4C 22,92  15,11  7,81  34,08 
4D 25,59  17,64  7,95  31,07 

4E 23,53  15,85  7,68  32,64 
Average 41,35  26,55  14,81  35,15  
Standard 
deviation 13,20 7,78 5,48 2,57 

5A 62,25 41,51 20,74 33,32 

5B 56,91 38,55 18,36 32,26 

5C 48,45 31,17 17,28 35,67 
5D 47,32 31,3 16,02 33,85 

5E 64,58 44,17 20,41 31,6 

6A 37,73 25,88 11,85 31,41 
6B 28,09 19,02 9,07 32,29 

6C 16,7 10,85 5,85 35,03 

6D 16,89 10,51 6,38 37,77 
6E 14,88 9,18 5,7 38,31 

Average 39,38 26,214 13,166 34,151 
Standard 
deviation 18,33 12,58 5,79 2,35 

7A 66,11 41,48 24,63 37,26 

7B 59,33 37,58 21,75 36,66 
7C 56,01 33,74 22,27 39,76 

7D 64,39 40,9 23,49 36,48 

7E 59,73 35,82 23,91 40,03 
8A 34,05 22,18 11,87 34,86 

8B 37,2 24,23 12,97 34,87 

8C 42,28 27,62 14,66 34,67 
8D 46,36 30,51 15,85 34,19 

8E 30,05 19,74 10,31 34,31 

Average 49,55 31,38 18,17 36,31 
Standard 
deviation 12,54 7,37 5,28 2,05 
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Appendix 3 – Linear and volumetric shrinkage in all samples 
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Longitudinal
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al
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drying 
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drying

Volumetric 
shrinkage 
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Average 
1,00
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1,00
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Standard deviation 
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