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A multi‑technique and multiscale 
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for the stabilisation of waterlogged 
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Archaeological wood can be preserved in waterlogged conditions. Due to their degradation in 
the ground, these archaeological remains are endangered after their discovery, since they decay 
irretrievably during drying. Conservation measures are used to preserve waterlogged archaeological 
objects, maintaining their shape and character as much as possible. However, different methods 
have been developed leading to varying results. This study compares their effectiveness in order to 
clarify their mode of action. The methods including alcohol‑ether resin, lactitol/trehalose, melamine 
formaldehyde, polyethylene glycol impregnation prior to freeze–drying, saccharose and silicone oil 
were assessed by analysing mass changes and volume stability using structured‑light 3D scanning. 
The state of the conserved wood samples including the spatial distribution of the conservation agent 
was examined using synchrotron micro‑computed tomography. Raman spectroscopy was used to 
observe the agent´s spatial distribution within the cells. The findings demonstrated that melamine 
formaldehyde stabilises the degraded cell walls. The lumens are void, as in the case with alcohol‑
ether resin, while polyethylene glycol, silicone oil, saccharose and lactitol/trehalose also occupy the 
lumens. It is assumed that the drying method has an effect on the distribution of the solidifying agent. 
The knowledge gained affords insights into the mechanism of conservation methods, which in turn 
accounts for the varied outcomes. It also allows conclusions to be drawn about the condition and 
stability of conserved museum objects and serves as a starting point for the further development of 
conservation methods.
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Organic material such as wood, can be preserved in temperate climate zones in water-saturated soils. Wooden 
artefacts, for example, can be preserved for centuries or even millennia, providing valuable clues to past cul-
tural practices and way of life. The study of these artefacts enables the reconstruction of past cultures, offering 
an intriguing glimpse into the past. These wooden artefacts are kept in museums and  collections1. Waterlogged 
archaeological wood, once recovered, is highly fragile and can be completely destroyed in a matter of hours. 
This fragility is due to the gradual degradation of archaeological wood during ground deposition, starting from 
the outer  regions2–6. Such degradation has greatly altered the structure and composition of the objects. The 
degradation of the secondary cell wall’s cellulosic components by microorganisms, such as fungi and bacteria, 
is noteworthy. Moreover, lignin can be broken down through oxidation and hydrolysis. In this manner, one 
tracheid is degraded while its neighbouring cell remains undamaged. This scenario is widespread, leading to the 
ultimate stage of deterioration where only the middle lamella´s skeletal frame upholds the structure together. 
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The secondary cell wall, which is primarily responsible for maintaining stability in undamaged wood, contains 
degraded lignin and bacterial slime  throughout7.

When wood dries, capillary forces occur due to the high surface tension of the water as it evaporates. The 
resulting effect is the shrinkage of the cell walls and collapse of the cells. Depending on the degree of degradation, 
only a fraction of the wood volume is  preserved8–10.

The preservation of the unique wooden sources for archaeological research have been of concern since the 
nineteenth  century11, leading to the development of methods to avoid damaging  drying12. Precautions and 
conservation measures aim to preserve the cultural heritage while respecting its significance, including acces-
sibility for present and future  generations13. Therefore, conservation agents must effectively permeate, adsorb 
and stabilize the cell wall and or the lumen, ensuring that shrinkage is prevented.

The mode of action of agents for wood conservation is based on two distinct  principles14,15. Firstly, impregna-
tion involves filling the degraded wood (lumina, cell wall and microcapillaries) with a conservation agent, which 
then solidifies (e.g. through cooling, chemical precipitation, polymerisation or condensation polymerisation) to 
provide structural reinforcement and mechanical stability. This process protects the wood from reactions during 
drying. The second principle is when solely the micropores and pores of the cell wall are filled and strengthened 
using a bulking agent. This makes the cell wall more robust and less prone to drying stress. Moreover, shrinkage 
is minimised, and adsorption and desorption with air are reduced. Consequently, bulking agents are required 
to have a diameter < 10 nm in diameter. Nonetheless, if the secondary cell wall is significantly degraded, there 
may be nothing to fill but only to stabilise.

It is crucial to avoid wood collapse while drying. One way to reduce capillary tension is by using solvents 
with surface tensions lower than that of water (e.g. acetone, ethanol, ether)12. Freeze–drying (sublimating water 
as gas directly from the solid state) is also  employed16. Eliminating the liquid phase will eliminate the forces of 
capillary tension. Conservation agents are added to prevent shrinkage and act as a cryoprotectant to prevent 
volume expansion during  freezing16.

Conservation methods with significant relevance comprise alcohol-ether resin, Kauramin 800® (melamine 
formaldehyde), lactitol/trehalose, freeze-drying of polyethylene glycol (PEG)-impregnated wood, saccharose 
and organosilicon  compounds12,17,18. The Anti-Shrink Efficiency (ASE) measurements demonstrate a substan-
tial variation in the ability of these methods to stabilise  finds18–20. This study analyses the factors contributing 
to the varied efficiencies of conservation agents and addresses three critical questions: (1) Is the quantity of 
conservation agents integrated into the structure a paramount factor for achieving volume stabilization? (2) 
Does the mode of action (bulking/impregnation) significantly influence volume stability? (3) Is the consolidant 
compatible with the cell wall?

Wood conservation poses challenges due to the wood´s inherent heterogeneity of the wood in morphology 
and chemical composition. This heterogeneity is influenced by factors such as the wood species, burial environ-
ment and type of decay. To maintain consistency in our findings, we refined our research to a single object. To 
address the initial query (1), we recorded simultaneous mass and dimensional changes by performing weight 
measurements and implementing a structured-light 3D scanner before and after conservation. To investigate 
the link between the results and the mode of action of the conservation agent (2), high-resolution structural 
examinations were carried out using synchrotron micro-computed tomography (synchrotron µCT). For the 
third query (3), confocal Raman imaging was utilised to trace the conservation agent within the cellular wall.

Material and methods
Samples
Samples from the reference collection of the Leibniz-Zentrum für Archäologie, LEIZA (formerly the Römisch-
Germanisches Zentralmuseum, RGZM) were utilised for this  investigation18. The selected samples were obtained 
from an undated U-shaped water pipe located in Stralsund, Germany (number V03). The pipe was dissected 
into six longitudinal strips and resized to approximately of 12 cm × 7 cm × 9–12 cm (length × width × height). 
The type of wood used was identified as Pinus sp. The water pipe exhibits mixed degrees of degradation. The 
degradation is observed from the exterior to the interior, elucidating the strong decay of the outer area and the 
well-preserved inner region. The gradient shift in morphology towards the core is similarly highlighted by the 
Maximum Water Content (MWC) and the Basic Density (BD)20–24. These specific properties were ascertained 
through the measurement of the underwater weight  (wsub) and the wet weight  (wwet) and calculated (1)25.  Wsub 
denotes the recorded weight of an object in water, which is less than its actual weight in air due to the force of 
buoyancy. Wet weight  (wwet) pertains to the weight of a sample that has been saturated with water measured in 
the air. The bulk density (BD) was calculated as 251 kg/m3 (2)26, after obtaining a MWC of 332%.

To measure the changes in weight and dimensions before and after conservation, five samples were conserved 
using each of the nine methods specified in Table 1 at various collaborators. These measures include the alcohol-
ether-resin  method27,28, Kauramin 800® (melamine formaldehyde)29, lactitol/trehalose30–32, freeze-drying after 
impregnation with an aqueous solution of PEG at different molecular weights. PEG 2000 (PEG1)33, PEG 400 and 
4000 (PEG2)25, PEG 400, 1500 and 4000 (PEG3)18,  saccharose34,35 and silicone  oil36,37 were used in the experi-
ment. Furthermore, one of the reference samples was only air-dried.

(1)MWC =
Wwet − (3×Wsub)

3×Wsub
× 100[%]

(2)BD =
100

66.7+MWC
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For purposes of structural analyses, one sample of each conservation method was chosen. In order to investi-
gate how the conservation agent was incorporated, a core sample with a diameter of 5 mm was obtained from the 
highly degraded edge region using an increment borer. Two samples, each with a length of approximately 5 mm, 
were extracted from the total drill sample for synchrotron µCT analysis and Raman imaging. For synchrotron 
µCT analysis, the sample diameter was decreased to 2 mm.

Before conducting Raman analyses, the sample preparation was thoroughly evaluated. The primary objective 
was to avoid altering the conservation agent, while obtaining a smooth surface for precise measurements. Grind-
ing the surface was initially tried, but it was evident that this method did not yield a surface that was smooth 
enough, and there was a potential risk of altering the conservation agent. As an alternative the preparation of 
thin sections was assessed. However, this was not possible for some samples due to their delicacy or hardness. 
As a result, it was decided to embed the samples before sectioning on a microtome to ensure a suitable surface 
for Raman analysis. The process involved embedding around 5 mm wide segments of the drill core in Technovit 
7100 (Kulzer, Germany). The samples were initially positioned in a negative mould and then resin was allowed 
to infiltrate them. In the following step, the negative mould was filled. After curing, the samples were mounted 
on a support (Histobloc, Kulzer Germany) using Technovit 3040 (Kulzer, Germany). Thin sections of roughly 5 
µm thickness were cut from these blocks employing a microtome acquired from the Swiss Federal Institute for 
Forest, Snow and Landscape Research (WSL) located in Birmensdorf, Switzerland. This method gave the best 
results ensuring that the samples presented a smooth surface suitable for precise Raman analyses.

Calculation from mass and volume changes
The difference between the weight of the conserved sample  (wcons) and the oven-dried wood  (wwood) indicates 
the amount of the conservation agent absorbed. The weight of the conserved sample is readily measurable by 
weighing.  Wwood is estimated non-destructively using the ‘Archimedes’ principle (3)25 whereby the weight of the 
wet sample prior to conservation is used. Assuming the sample to be fully saturated with water, the wood sample 
displaces water according to its volume and a density of 1 g

cm3 . The wood is lighter due to the displacement of 

Table 1.  Detailed protocol of the conservation treatments.

Alcohol ether resin (Swiss National Museum, Zürich, Switzerland) (AlEt)

 First, the water in the waterlogged samples was exchanged with ethanol and then the ethanol with diethyl ether. This was performed in 
multiple steps. Then the samples were soaked in a solution of 70.7% diethyl ether, 16.1% dammar resin, 6.4% rosin, 3.2% dienol D102, 3.2% 
rhizinus oil, 0.4% PEG 400. Drying was performed by evaporation of the diethyl ether in a vacuum vessel. The surface was then consolidated 
with 3% Paraloid B72 solution in acetone

Melamine formaldehyde (Leibniz-Zentrum für ArchäologieMainz, Germany) (K800)

 After soaking the specimens in distilled water, the specimens were impregnated at room temperature in a solution of 25% Kauramin 800®, 
BASF (72 L resin + 210 L deionised water, 3.6 L urea, 7.2 L triethylene glycol). The samples were taken from the solution before polyconden-
sation occurs. Curing of the impregnated wood was performed in a heating cabinet at 60 °C. Afterwards the samples were slowly air-dried. 
The surface was treated with linseed oil varnish

Lactitol/trehalose (Brandenburgisches Landesamt für Denkmalpflege, Zossen, Germany) (LaTr)

 Impregnation started with a 30% aqueous solution of lactitol/trehalose (9:1), which was concentrated monthly in 10% steps until 70%. When 
necessary, a biocide (0.1% Bioban 404) was added to the solution. The bath temperature was 55 °C. After the removing the samples from the 
bath, they were dusted with crystalline lactitol monohydrate and dried in a heating oven over a period of one week. After drying, the surface 
was cleaned by dabbing with damp cloths

Freeze–drying after PEG 2000 impregnation (Nationalmuseet, Copenhagen, Denmark) (PEG1)

 Conservation by a solution of PEG followed by freeze–drying (PEG1). The treatment started with a 10% PEG 2000 solution. The concentra-
tion was concentrated to 40% in 10% steps at room temperature. Freeze–drying was performed in a cooled chamber (pprox.. − 30 °C). Excess 
of PEG on the surface was removed with a soft brush and ethanol. Further surface stabilization was achieved with a solution of 25% PEG 
2000 in ethanol

Freeze–drying after PEG 400 and 4000 impregnation (Brandenburgisches Landesamt für Denkmalpflege, Zossen, Germany) (PEG2)

 The samples were washed in demineralized water. The PEG-solution was prepared in demineralized water (PEG 400 and PEG 4000) and the 
final concentration was adapted according to the condition of the wood at 10% PEG 400 and 25% PEG 4000 (PEGcon)25. Subsequently, the 
concentration was increased in 5% steps until the final concentration was reached and kept constant. In a second step, PEG 4000 was added. 
The concentration was increased in 5% steps until the final concentration was reached. Then the samples were precooled at 5 °C and frozen 
at − 25 °C to − 35 °C and freeze-dried at approx: − 30 °C in cooled chamber of a freeze–drying plant

Freeze–drying after PEG 400, 1500 and 4000 impregnation (Archäologische Staatssammlung, Munich, Germany) (PEG3)

 The samples were first soaked in demineralized water. Then, at room temperature, an 11% solution was started and concentrated to 15% 
PEG 400. Then the solution was heated to 40 °C and concentrated from 16% to 20.5% with PEG 1500. From 20.5% to 27.5% the solution was 
concentrated with PEG 4000 at 40 °C. After impregnation, samples were washed and wrapped in cellulose and frozen (− 25 to − 35 °C) until 
freeze–drying in a cooled chamber (approx: − 30 °C). Excess PEG was removed with a brush and ethanol

Saccharose (Sächsisches Landesamt für Archäologie, Dresden, Germany) (Sac)

 The solution was concentrated in 10% steps from 10 to 60% at room temperature. Then slow, controlled air-drying was carried out in 
microperforated bags. The crystalline sugar on the surface was removed with damp sponge. If necessary biocide addition composed of 0.6%, 
sodium benzoate (E211), 0.5% Parmetol K40 (mixture of Isothiazols, Schülke & Mayr GmbH, Norderstedt, Germany), 0.5% Quartasept Plus 
(a combination of quaternary ammonium compounds and amine derivatives, Schülke & Mayr GmbH, Norderstedt, Germany) and 0.02% 
Tallofin OT (bio-dispersant, Solenis LLC Wilmington, DE, USA)

Silicone oil (University of Texas, Texas, USA) (Sil)

 The samples were conserved with silicone oil (siloxane oil, CAS number 70131–67-8)37. The water was first replaced by ethanol and then 
by acetone. With a solution of 80% silicone oil (SFD1 (66%) + SFD5 (34%)—silanol functional polydimethylsiloxanes “PDMS”) and 20% 
crosslinker MTMS (methyltrimethoxysilane), the samples were impregnated under normal atmospheric conditions. The polymerization of 
the impregnation solution was triggered by a gaseous catalyst: DBTDA (dibutyl diacetate)
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the water in relation to its volume. The actual weight of the sample can be calculated based in the known density 
of wood of 1.5 g

cm3 . The Percentage Weight Gain (WPG) (4)38–40 resulting from conservation can be calculated 
by assuming an equilibrium moisture content of 6% in the conserved wood at the atmosphere (equivalent to a 
relative humidity of approximately 30%), which has been subtracted from  wcons.41

The ASE, which is a metric used to determine the effectiveness of a wood conservation method in preventing 
 shrinkage15,42 was determined by measuring the volume of wet samples before treatment and dry samples after 
treatment using a structured-light 3D  scanner20,43. Therefore, the wet samples were captured before conserva-
tion and in dry condition after conservation with an ATOS III Rev. 01 scanner from GOM (a ZEISS company), 
with a field of view of 500 mm × 500 mm × 500 mm and a point distance of 0.25 mm. The 3D mesh with a closed 
surface was obtained by processing the scans in ATOS Version v6.2 software through Python scripts with similar 
parameters. To determine the sample’s shrinkage, by employing to control the workflow and obtain a reduced 
3D mesh with a closed surface. On the basis of the volume data before  (Vwet) and after conservation  (Vdry), the 
shrinkage of the sample was calculated (5). Subsequently, the ASE was determined by calculating the shrinkage 
of a non-conserved control sample  (S0) and the shrinkage of the conserved sample  (Scon) (6).

Synchrotron µCT
Propagation-based phase contrast synchrotron µCT scans were performed at the imaging cluster of the Karlsruhe 
Institute for Technology (KIT) light source using a parallel polychromatic X-ray beam produced by a 1.5 T 
bending magnet which was spectrally filtered by 0.7 mm aluminum. A rapid and indirect detector system was 
used which comprised a 12 µm thick LSO:Tb  scintillator44 and a diffraction limited optical microscope (Optique 
Peter, Lentilly, France) coupled to a 12 bit pco.dimax S4 high speed camera with 2016 × 2016 pixels using an 
optical magnification of 10x, resulting in an effective pixel size of 1.22 µm and a field of view of approximately 
2.4 mm × 2.4 mm. Scans were performed by taking 3000 projections over 180° sample rotation at 70 frames per 
second at a propagation distance of ~ 7 cm. The control system  concert45 was used for automated data acquisition 
and online reconstruction of tomographic slices for data quality assurance. The UFO/tofu  frameworks46,47 were 
employed for both online and final data processing including phase retrieval based on the transport of intensity 
equation (TIE)48 and tomographic reconstruction. Analyses of the data were conducted using VGStudio MAX 
3.4© software (Volume Graphics, Heidelberg, Germany).

Confocal Raman Microscopy
Confocal Raman Microscopy (CRM) was performed using an alpha 300 R Raman microscope (WITec, Ulm, 
Germany). The system was equipped with a WITec UHTS 300 spectrometer and an Andor iDus Deep Depletion 
charge-coupled device (CCD) camera, which was cooled to a temperature of − 60 °C. For excitation, a single-
mode laser with a wavelength of 532 nm was utilized. To achieve an average spectral resolution of 3.8  cm−1/pixel, 
a reflection grating with 600 lines/mm was employed. Raman images were acquired using a Zeiss EC Epiplan-
Neofluar HD 20 × /0.5 or Zeiss EC Epiplan-Neofluar Dic 50 × /0.8 microscope objective, according to sample 
roughness. The laser power was adjusted between 2 and 5 mW depending on the susceptibility of the samples to 
laser radiation. The measured areas ranged from 50 × 50 µm to 90 × 90 µm, with a spatial resolution of 0.5–1.0 
µm. The Raman images were acquired with an integration time of 0.2–1.0 s per spectrum. Furthermore, light 
microscopy bright-field images of the samples were captured using a Zeiss EC Epiplan-Neofluar Dic 100 × /0.9 
microscope objective. The images covered an area of 108 × 68 µm2.

The Raman images were compiled using the True Component Analysis module of the WITec FIVE software 
(version 5.3.18.110, WITec, Ulm, Germany). After cosmic ray removal, baseline subtractions of all spectra were 
performed to remove fluorescence. This was done by subtracting the background using rounded shapes that 
approach the spectrum pixel by pixel from below. To compile the Raman images, the entire measured hyper 
spectral data set is described by a linear combination of already known spectra (base spectra), which are obtained 
by an averaging procedure from the same hyper spectral data set. Each component points in a different direc-
tion of the high-dimensional vector space. These spectra or a linear combination of them form a basis that only 
describes a subspace of the entire vector space. With this basis, all measured spectra can be described as linear 
combinations. The Raman spectra were plotted using the software Origin Pro 2021. A Savitzky-golay filter (2nd 
order, 7 points) was applied to smooth the spectra and subsequently normalized.

The Raman images were compiled using the True Component Analysis module of the WITec FIVE software 
(version 5.3.18.110, WITec, Ulm, Germany). After cosmic ray removal, baseline subtractions of all spectra were 
performed to remove fluorescence. This was done by subtracting the background using rounded shapes that 
approach the spectrum pixel by pixel from below. To compile the Raman images, the entire measured hyper 

(3)wwood = 3× wsub

[ g

cm3

]

(4)WPG =
wcons − wwood

wwood
× 100[% ]

(5)S =
Vwet − Vdry
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spectral data set is described by a linear combination of already known spectra (base spectra), which are obtained 
by an averaging procedure from the same hyper spectral data set. Each component points in a different direc-
tion of the high-dimensional vector space. These spectra or a linear combination of them form a basis that only 
describes a subspace of the entire vector space. With this basis, all measured spectra can be described as linear 
combinations. The Raman spectra were plotted using the software Origin Pro 2021. A Savitzky-golay filter (2nd 
order, 7 points) was applied to smooth the spectra and subsequently normalized.

Results
Changes in weight
The lactitol/trehalose treatment achieved the highest WPG (73.5 ± 1.4%, cf. Fig. 1a) when impregnated with a 70% 
solution, with saccharose (67.7 ± 0.9%) using a 60% solution and PEG1 (63.0 ± 2.9%) treated with a 40% solution 
following closely behind. Additionally, silicone oil displayed a noteworthy WPG of 58.8 ± 9.5%. Impregnation 
with PEG2 at a 35% solution illustrated a WPG of 57.9 ± 4.3%. Kauramin 800® yielded a value of 55.2 ± 4.0% 
using a 25% solution, whereas PEG3 reached a WPG of 53.3 ± 2.3% with a 28% solution. The alcohol-ether resin 
method achieved a WPG of 41.5 ± 13.1% with a 29% solution. However, the WPG that expresses the consolidant 
uptake is also prone to variations. Notably, the samples conserved with alcohol-ether resin or silicone oil exhibit 
high standard deviations (cf. Table 2). Certain variations, particularly in the samples treated with alcohol-ether 
resin and Kauramin 800®, may be ascribed to the use of a surface coating (cf. Table 1).

Changes in volume
The samples treated with alcohol-ether resin displayed an average ASE of 77.0 ± 5.2% (cf. Fig. 1b), whereas 
the Kauramin 800® treated samples achieved an ASE of 86.0 ± 5.5%, and the lactitol/trehalose treated samples 
reached a mean value of 89.4 ± 2.1%. Similarly, the samples treated with PEG1 showed an average ASE of 90. 
9 ± 4.3%, the PEG2 samples had an ASE of 87.1 ± 7.5% and the PEG3 samples displayed an ASE of 83.2 ± 3.4%. 
The samples treated with saccharose achieved an average ASE of 89.9 ± 1.6%, while the silicone oil conserva-
tion method yielded a mean value of 73.2 ± 11.7% for the ASE. It is important to note that the observed trends 
appear to differ from the shrinkage measurements obtained in previous experiments (cf. Table 2)20. The earlier 
measurements encompassed a broader range of samples (with n values ranging from 7 to 10) and included 
additional factors, such as the type of wood. The alcohol-ether resin technique demonstrated significantly bet-
ter ASE values, attaining 90.7 ± 6.6%. Similarly, Kauramin 800® recorded an ASE of 95.5 ± 5.0%. Contrastingly, 
lactitol/trehalose accomplished a lower value of 81.2 ± 10.7%. PEG1 yielded superior results, achieving an average 
ASE of 96.3 ± 7% in comparison to PEG2 with 93.9 ± 8.4% and PEG3 with 93 ± 6.6%. However, saccharose only 

Figure 1.  Each data item reflects five samples (n = 5) for each conservation treatment, including alcohol-ether 
resin (AlEt), Kauramin 800® (K800), lactitol/trehalose (LaTr), PEG 2000 (PEG1), PEG 400 and PEG 4000 
(PEG2), as well as PEG 400, PEG 1500, and PEG 4000 (PEG3) prior to freeze–drying, saccharose (Sac), and 
silicone oil (Sil). (a) Weight per cent gain (WPG, %), (b) Anti-Shrink Efficiency (ASE, %), and (c) bulk density 
(BD, g/cm3) are drawn against their treatment. (d) Correlation between mean value of 5 samples WPG (%) and 
ASE (%).
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reached 78.7 ± 10.0% ASE. Additionally, silicone oil produced better results with 81.1 ± 7.4% ASE. These results 
indicate that the effectiveness of the treatment could be related to the wood genus. The pine samples showed 
considerable stabilising effects due to the sugar-based treatments, including saccharose and lactitol/trehalose, 
with a low standard deviation. Nevertheless, the values in the other series were lower, and the standard devia-
tion was significantly higher, indicating lower reliability. All other conservation methods delivered significantly 
unfavourable outcomes in the pine test series.

Dry bulk density
The BD was ascertained by computing the mass per unit volume of the samples, and noteworthy variances were 
observed among the diverse techniques employed (cf. Fig. 1c). The samples treated with alcohol-ether resin 
manifested a density of 0.491 ± 0.118 g/cm3, whereas those conserved with Kauramin 800® registered a density 
of 0.597 ± 0.05 g/cm3. Notably, the samples conserved with lactitol/trehalose recorded a BD of 0.933 ± 0.019 
g/cm3. PEG1 resulted in a BD of 0.712 ± 0.071 g/cm3 and similarly, PEG2 led to a BD of 0.625 ± 0.059 g/cm3. 
However, PEG3 resulted in a lower BD of 0.565 ± 0.033 g/cm3. Samples impregnated with saccharose exhibited a 
comparatively higher BD of 0.814 ± 0.046 g/cm3. In comparison, silicone oil produced a lower BD of 0.680 ± 0.168 
g/cm3. By contrast, the untreated and air-dried reference sample had the lowest BD of 0.268 g/cm3. The samples 
conserved using lactitol/trehalose exhibited the highest density, followed by those conserved using saccharose, 
silicone oil, PEG1, PEG2, PEG 3, Kauramin 800® and alcohol-ether resin. These findings concur with those 
derived from the WPG analysis. The samples treated with silicone oil exhibit the most significant data scatter, 
followed by those treated with alcohol-ether resin, PEG-based conservation methods, and saccharose. In contrast, 
lactitol/trehalose and Kauramin 800® treatments yield consistent and reliable results (cf. Table 2).

Synchrotron µCT
The synchrotron µCT analyses confirmed the changes in mass and volume mentioned earlier. Notably, Fig. 2a 
demonstrates that the untreated and air-dried sample has a significantly distorted and crumpled form, with the 
cell walls contracting, compressing, and partially deforming. In contrast, all conservation methods resulted in 
cells with a more regular shape and thicker cell walls. It is worth pointing out that the secondary cell wall of 
the sample conserved with alcohol-ether resin showed particularly pronounced shrinkage, as shown in Fig. 2b. 
Similarly, Fig. 2g illustrates a comparable shrinkage pattern in the sample conserved with PEG3.

The comparison of synchrotron µCT images of the conserved samples reveals distinct patterns of consolidant 
deposition within the wood. Notably, both Kauramin 800® and the resin mixture employed in the alcohol-ether 
resin method seem to mainly penetrate or stabilize the cell walls, whilst the rest of the consolidants more or less 
fill the cell lumina. The distribution of consolidants and the degree of uniform structure stabilization significantly 
differ across the different conservation treatments. For example, the wooden structure of the silicone treated 
sample is entirely filled with silicone oil (cf. Fig. 2i). Conversely, lactitol/trehalose (cf. Fig. 2d) and saccharose (cf. 
Fig. 2h) irregularly fill the late wood tracheids, with some accumulation on the cell walls. The freeze-dried and 
PEG treated samples exhibit a more haphazard distribution within the tracheids. This pattern is notably appar-
ent in the PEG1 sample (cf. Fig. 2e), where the consolidant selectively fills a region within a trachea. Whether 
earlywood or latewood is present, the cell lumens become filled, leading to uniform stabilization throughout the 
section by way of numerous points. The PEG2 treated sample demonstrates more substantial filling of the cell 
wall, although the cell lumens are less occupied (cf. Figs. 2f, 3).

Raman analysis
In Raman imaging (cf. Fig. 3), the embedding agent appears in yellow. The distinctive lignin fluorescence often 
obscures the cellulose/hemicellulose regions. However, the red areas reveal a combination spectrum of the 

Table 2.  The concentration of the impregnation solution (c), the weight percent gain (WPG), the dry bulk 
density (BD), and the shrinkage (S) is displayed for the conserved pine samples. The Anti-Shrink Efficiency 
(ASE) is shown for both, the samples of this study and reference samples from  literature20. These samples 
underwent various treatments, including alcohol-ether resin (AlEt), Kauramin 800® (K800), lactitol/trehalose 
(LaTr), PEG 2000 (PEG1), PEG 400 and PEG 4000 (PEG2), as well as PEG 400, PEG 1500, and PEG 4000 
(PEG3) prior to freeze–drying, saccharose (Sac), and silicone oil (Sil).

Method Pine (n = 5) Several  species20 (n = 7–10)

c (%) WPG (%) BD (g  cm-1) S (%) ASE (%) ASE (%)

AlEt 29 41.5 ± 13.1 0.491 ± 0.118 5.3 ± 1.2 77.0 ± 5.2 90.7 ± 6.6

K800 25 55.2 ± 4.0 0.597 ± 0.050 3.2 ± 1.3 86.0 ± 5.5 95.5 ± 5.0

LaTr 70 73.5 ± 1.4 0.933 ± 0.019 2.5 ± 0.5 89.4 ± 2.1 81.2 ± 10.7

PEG1 40 63.0 ± 2.9 0.712 ± 0.071 2.1 ± 1.0 90.9 ± 4.3 96.3 ± 7.0

PEG2 35 57.9 ± 4.3 0.625 ± 0.059 3.0 ± 1.7 87.1 ± 7.5 93.9 ± 8.4

PEG3 28 53.3 ± 2.3 0.565 ± 0.033 3.9 ± 0.8 83.2 ± 3.4 93.1 ± 6.6

Sac 60 67.7 ± 0.9 0.814 ± 0.046 2.4 ± 0.4 89.9 ± 1.6 78.7 ± 10.0

Sil 100 58.8 ± 9.5 0.680 ± 0.168 6.2 ± 2.7 73.2 ± 11.7 81.1 ± 7.4
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intrinsic and distinctive lignin and cellulose. The reference sample highlights that the embedding agent has 
effectively penetrated the cells (cf. Fig. 3i). It should be noted that the different nature of the samples posed vari-
ous preparation challenges, resulting in surfaces of differing levels of flatness that required precise laser focusing.

However, the impact of the consolidants, as observed using synchrotron µCT, was supported by Raman 
microscopy, where all consolidants appeared in blue. It is worth noting that the consolidants used in the alcohol-
ether-resin method could not be identified using synchrotron µCT or Raman imaging (cf. Figs. 2b, 3a). The sam-
ple was highly fragile, and there might be barely any consolidant within the investigated region. The significant 
deviation in the WPG measurements supports this observation. In the Kauramin 800® treated sample, some 
affinity of the melamine formaldehyde to the residual cell wall could be verified (cf. Fig. 3b). The deposition of 
consolidants in the cell lumen was observable in all other samples. Furthermore, the Raman analysis indicated 

Figure 2.  Synchrotron µCT imaging of the wood structure of (a) an untreated reference sample, a sample 
conserved using (b) alcohol-ether resin, (c) Kauramin® 800, (d) lactitol/trehalose, (e) PEG1, (f) PEG2, (g) PEG3, 
(h) saccharose, and (i) silicone oil. Note, that deformations in the sample conserved with silicone oil may be the 
result of preparation, since the sample was very soft.
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that the sample conserved with lactitol/trehalose sustained reliable stabilization of both the lumen and cell wall 
(cf. Fig. 3c). PEG was present throughout the entire cell lumen and was noted in the residual cell wall structure 
in the PEG1 treated sample (cf. Fig. 3d). On the other hand, the PEG2-treated sample confirmed the coverage 
of the residual cell wall and filling of the cell lumen with porous freeze-dried PEG (cf. Fig. 3e). However, only 
a small amount of PEG was detected in the residual cell wall of the sample treated with PEG3 (cf. Fig. 3f). Sac-
charose was detected in the cell lumen (cf. Fig. 3g), while silicone oil was observed in both the residual cell wall 
and the cell lumen (cf. Fig. 3h).

Figure 3.  Raman imaging showing the distribution of the different conservation agents within the structure 
of archaeological pine wood samples using the methods (a) alcohol-ether resin, (b) Kauramin800®, (c) lactitol/
trehalose, (d) PEG1, (e) PEG2, (f) PEG3, (g) saccharose and (h) silicone oil. In comparison, an untreated 
reference (i) is shown.
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Discussion
The conservation methods exhibited differing degrees of effectiveness, suggesting that the mechanism of wood 
stabilization is contingent upon the method, including factors such as the concentration of the impregnation 
solution, molecular weight, and chemical composition. Additionally, the choice of drying method also played a 
significant role in the observed variations:

Quantity of the conservation agents
The first question to be answered was, if the quantity of conservation agents integrated into the structure is a 
paramount factor for achieving volume stabilization. When examining the results for WPG and ASE presented 
in Fig. 1, it is evident that a connection exists between the quantity of stored consolidant, the WPG and the 
volume stabilization indicated by ASE, with the exception of the samples treated with silicone oil. While this 
samples displayed an increase in WPG of 58.8 ± 9. 5%, they only achieved an ASE of 73.2 ± 11.7%, deviating from 
the expected trend. Based on the data, there appears to be a saturation point reached beyond a WPG of 60%, 
whereby further volume stabilization was not effectively possible.  Grattan15 recommends to adapt the PEG con-
tent proportionally with the fibre saturation point. Moderately preserved wood can be effectively stabilized with 
a smaller amount of conservation agent. In contrast, degraded wood requires a larger amount of conservation 
agent for stabilization, as the microporosity of the cell wall is increased due to degradation. This leads to a higher 
fiber saturation point in these materials. Further evidence supporting the correlation between stabilization and 
the amount of conservation agent can be found in related  research49. In addition to the quantity of conserva-
tion agent used, the chemical affinity to the wood structure plays a role. A study has shown that organosilicons 
exhibited a link between the molecular weight of the particles and their absorption capabilities in wood. Smaller 
particles, with functional groups which enable an interaction with the wood polymers, demonstrated a higher 
tendency to penetrate and thus to stabilise the cell  wall40.

Mode of action of the conservation agent
The second question that guided our research was whether the mode of action (bulking/impregnation) signifi-
cantly affects volume stability? This question is related to the third inquiry of whether the conservation agent is 
compatible with the cell wall. To answer this question, the consolidant must first be identified in the structure. 
To achieve the desired volume and dimensional stability, it is necessary to incorporate the resin into the micro-
structure of the cell  wall50. Simply filling the cell volume is not enough.

Samples treated with alcohol-ether-resin showed shrinkage in the secondary cell walls (cf. Fig. 2b)51. In 
contrast, melamine formaldehyde forms a protective coating on the cell walls, providing substantial volume 
stability in the Kauramin 800® treated samples. It generates a three-dimensional framework by cross-linking 
throughout the structure. Moreover, melamine formaldehyde adheres to the wood through hydrogen bonding 
and the interactions between the lignin ring and  melamine52. This elucidates the strong binding observed in 
the Raman examination between melamine formaldehyde and the cell wall. Formaldehyde is also reported to 
promote cross-linking in  wood38.

The use of lactitol/trehalose treatment is recognised for providing noteworthy dimensional stability, especially 
in softwood  species30, in line with the results of this investigation. Hoffmann’s previous  study26 produced less 
reliable outcomes, possibly owing to the inconsistent distribution of sugar alcohols.

The penetration of low molecular weight PEG into cellular walls is supported by numerous  studies53–55, 
whereas high molecular weight PEG, including PEG 4000, demonstrates this capacity to a lesser  extent50. These 
findings corroborate the current trend, but it is worth noting that PEG1 samples conserved with PEG 2000 
exhibit superior volume stability. Discernible gaps can be seen between the middle lamellae and secondary cell 
walls of the late wood tracheids, indicating shrinkage in samples treated with PEG3 (PEG 400, 1500, and 4000) 
(cf. Fig. 3g). The comparison of PEG2 (10%) and PEG3 (approx. 15%) methods reveals that the concentration 
of low-molecular PEG 400 was not the decisive factor here. Instead, the total bath concentration played a more 
significant role, with PEG2 having a concentration of 35% and PEG3 having a concentration of 28%. Synchrotron 
µCT examinations of this particular sample revealed bright areas, indicating the presence of inorganic compo-
nents from the soil  environment56,57.

Besides bulked vessels it is reported that saccharose is penetrating the cell wall and bonds to e.g. to the 
remaining cellulose with considerable hydrogen  bonding49. A considerable variability of the conserved vessels 
were documented here. The influence of the degradation state and nature of the remaining cell wall has also 
been observed in other  studies53,57.

Nonetheless, successful silicone oil penetration did not mitigate shrinkage of the secondary cell  wall36. This is 
apparent due to the presence of gaps in the cell wall. Despite previous reports of severe shrinkage and collapse, 
certain modifications to the treatment show promise for  improvement58. Methyltrimethoxysilane (MTMS), as a 
small molecule, can permeate the cell wall, while longer-chain silanes encounter hindrances in doing so. These 
silanes are capable of crosslinking with each other through condensation and with alkoxy bonds present within 
the wood  polymers40. In a study by  Broda59, the mode of action of various organosilicons in the wood structure 
was examined and aligned with a model proposed by  Norimoto60. This model indicates that organosilicons have 
the capability to fill both the cell wall and lumina.

Drying method used for conservation
The effects of different drying methods on wood structure are apparent, with air-drying (cf. Fig. 2a) causing 
considerable harm. Conversely, solvent drying, as employed in the alcohol-ether resin process, aids in reducing 
drying-induced stress (cf. Fig. 2b)61. In situations where the wood is impregnated and the consolidant has settled, 
it can establish a robust internal framework within the delicate structure of middle lamellae and cell wall debris. 
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This solid conservation agent can efficiently fill and stabilise degraded wood, protecting it from collapsing while 
air-drying (cf. Fig. 2c,d,i)62. Nonetheless, it should be noted that the accumulation of consolidants indicates 
uneven distribution and concentration in specific regions. Furthermore, the migration of the conservation agent 
during air-drying is observable, especially in samples treated with lactitol/trehalose and saccharose (cf. Fig. 2d,i).

As the solution evaporates, capillary forces lead to the transportation of the conservation agent. This results 
in the accumulation of conservation agents within the latewood tracheids with smaller  volumes57. This accu-
mulation is also apparent in the notably high bulk density of the samples treated with lactitol/trehalose and 
saccharose (cf. Fig. 1c).

The effects of freeze-drying are especially evident in the PEG1 and PEG2 samples (cf. Fig. 2b,c)16,63,64. In 
the initial stage of freeze-drying, the solution freezes, impacting mainly the water due to its hypoeutectic con-
centration, which occurs at approximately 0 °C. In this process, the consolidant is randomly distributed within 
the wood structure at the eutectic concentration when it freezes at the eutectic temperature. At this stage, the 
mixture solidifies and is no longer mobile. During the primary drying phase, water is eliminated through sub-
limation by decreasing the vapor pressure. In a freeze-drying facility, water vapour is drawn out of equilibrium 
and accumulates at the coldest point—the cold trap. This causes continuous sublimation of water from the 
structure until it is completely dried. The end product is a porous, solid high molecular weight PEG that retains 
its integrity even at room temperature. It is worth noting that imprints of ice crystals, which freeze earlier than 
the eutectic mixture, are visible within the freeze-dried PEG structure (cf. Fig. 2e–g). On other hand, PEG with 
low molecular weight remains in a liquid state and stays mobile at temperatures prevailed during the freeze-
drying  process16,65 (cf. Table 1).

Conclusion
Conservation methods play an important role in the preservation of cultural heritage made of wood found in 
waterlogged environments. This study analyses the factors that contribute to differences in the efficacy of conser-
vation agents that are observed in previous  studies20. The first question was whether the amount of conservation 
agent introduced into the structure is an important factor in achieving volume stabilisation. The presence of 
the conservation agent in the wood could be indicated of all analysed conservation methods by both WPG and 
structural analysis. The volume stability measurements depend on the amount of conservation agent introduced 
into the wood with the exception of the silicone oil treated samples. Furthermore, this research has also provided 
insight into the reliability of these methods. Significant variability in the uptake of alcohol-ether resins and 
silicone oil was observed within this test series. This finding suggests that conserved artefacts in archaeological 
collections may not achieve uniform stabilization throughout their complete structure.

The second question was, whether the mode of action (bulking/impregnation) significantly influence vol-
ume stability. Tho answer this, the distribution of the conservation agent was evaluated. The three-dimensional 
synchrotron µCT analyses highlighted the conserved wood structure over a significant area, showing a rather 
uneven distribution of the conservation agents lactitol/trehalose, PEG and saccharose. Kauramin 800® result 
in bulking, while the sample treated with silicone oil showed full impregnation. The treatment with saccharose 
and lactitol/trehalose resulted in accumulation of these substances within the late wood. In contrast, the PEG 
and freeze-dried samples showed that only some tracheids were completely filled, while individual tracheids 
were generally only partially filled. Not all methods can be clearly assigned to one of the two modes of action 
described, except for Kauramin 800® and silicone oil. Instead, several mixed forms can be recognised here, namely 
impregnation and bulking, as well as a high degree of local variability in their characteristics. The investigation 
shows that the drying technique has an impact on the distribution of conservation agents in non-chemical reac-
tion cure-based conservation methods. Air drying solutions result in the accumulation of conservation agents 
within latewood cells, whereas freeze-drying techniques produce a more even distribution. Therefore, it was not 
possible to establish a clear relationship between the mode of action of the conservation agents and their ability 
to stabilize the volume of the wood.

Finally, the study investigated the affinity of the conservation agents towards the degraded wood structure 
and its components. The Raman analyses revealed, that the conservation agents namely Kauramin 800®, lactitol/
trehalose, PEG and silicone oil were deposited in the cell wall. However, further investigations are required to 
determine the chemical compatibility of the conservation agents with the cell wall.

These findings enhance our understanding of the structure of conserved wood. Stabilising waterlogged wood 
is a complex process that involves intricate chemical interactions between the wood and conservation agents. 
The degree of degradation and the morphological features of wood anatomy significantly impact the process. 
This research suggests the inclusion of other wood genus. However, this study’s findings are crucial in improv-
ing our comprehension of properties, particularly in relation to the mechanical stability of conserved museum 
artefacts. The weight of these objects affects their handling, transport, exhibition, and stabilization due to their 
composite nature, comprising archaeological wood mixed with consolidants.

Data availability
3D meshes of wood samples are available here: https:// doi. org/ 10. 5281/ zenodo. 79505 82.
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