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Abstract: Impressive wooden objects from past cultures can last for centuries or millennia in water-
logged soil. The aim of conservation is to bring the more or less degraded waterlogged archaeological
wooden (WAW) finds to a stable state without altering the wood structure through shrinkage, col-
lapse, and deformation. In this study, the most used methods in the conservation practice, such as the
alcohol-ether resin method, conservation with the melamine formaldehyde resin Kauramin 800, a mix-
ture of lactitol and trehalose, saccharose, silicone oil, and three different conservation methods with
polyethylene glycol followed by freeze-drying were tested. The effects of the conservation agents on
the structure of archaeological pine were investigated using optical light microscopy (reflected light
microscopy, RLM), scanning electron microscopy (SEM), and X-ray computed tomography (XCT).
Through the examinations, most conservation agents could be identified in the structure and their
impact on conservation could be analyzed. In particular, it was possible to trace the incorporation
of the conservation agents in the lumen, which was influenced by factors, such as wood anatomy,
degree of degradation, and drying process. Differences in the mode of action of the conservation
processes could also be identified in the composition of the cell wall tracheids.

Keywords: conservation; waterlogged wood; archaeology; optical microscopy; computed tomography;
scanning electron microscopy

1. Introduction

Wooden relicts crafted by cultures of the past survived in environments where micro-
bial activity is decelerated or inhibited. Such extreme conditions with low temperatures
and limited oxygen availability prevail, e.g., in aquatic ecosystems where waterlogged
archaeological wood (WAW) can be preserved [1–6]. Besides physical and chemical degra-
dation, biological degradation by wood degraders, such as insects, marine borers, fungi,
and bacteria, plays a major role [7–9].

Softwood (coniferous wood) is phylogenetically older than hardwood (dicotyledonous
wood) and therefore characterized by a simpler and more regular structure [10]. The main
part of the cells (90–95%) are the longitudinal tracheids [11]. The cell wall of a tracheid is
composed of a middle lamella, the primary wall, and the secondary wall. The individual
layers have different thicknesses and chemical compositions (proportions of cellulose,
hemicellulose, and lignin). The primary cell wall is attached to the middle lamella and
consists of cellulose microfibrils in crossing layers embedded in pectin, followed by the
secondary cell wall. The secondary cell wall consists of three different layers (S1, S2, S3).
The compound middle lamella (middle lamella and primary wall) and the cell corners
have, in general, a higher lignin concentration and the cellulose and hemicellulose are
mainly concentrated in the secondary cell wall. Because of its thickness, the secondary
cell wall is very important for the stability of the wood [12,13]. Compared to modern
wood, WAW exhibits a different chemical composition and morphology [4,9]. Due to
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degradation mechanisms, a wide range of preservation conditions of the individual tracheid
are also exhibited. In a mixed condition, both sound tracheids and degraded tracheids
are present [9].

As a result of the surface tension of water and the capillary forces occurring during
drying, WAW is damaged [14]. Low degraded cell walls are shrinking when water evap-
orates to a high degree due to the loss of water in the cell walls [15–17]. In the advanced
state of deterioration, where the compound middle lamella is not degraded and an amor-
phous residual material remains [10], the structure is highly susceptible to collapsing when
air-drying [18]. The loss of volume of the cell is reflected in shrinkage and warping in the
whole structure of the sample [19].

The goal of conservation is to transform the wet, fragile object into a dry, stable state
so that it is available for exhibition/research. The objects should be affected as little as
possible by conservation, e.g., by changes in volume or dimensions, cracks, or cell collapse.
They should meet aesthetic requirements and achieve sufficient mechanical stabilization.
By penetrating the wood structure and cell walls, the conservation agent should strengthen
the structure and prevent it from shrinking [20]. Conservation of WAW is usually done by
cell wall bulking and/or lumen filling in order to stabilize the degraded structure [17]. It is
obvious that the decomposed wood structure should be uniformly stabilized to counteract
material fatigue and fractures. Here, porous, network-like structures are advantageous,
which distribute acting forces evenly [21]. The disadvantage of a completely saturated
structure is that it is difficult to be re-conserved, when necessary [22].

The measures usually consist of two main steps, firstly introducing conservation agents
into the wood and then drying the object. In the case of solvent-based conservation meth-
ods, the water is being exchanged as a first step [17]. A variety of materials [17,23,24], such
as melamine formaldehyde resins (MF) [25,26], sugars [27–33], silicone oil [34–36], polyethy-
lene glycols (PEG) [24,37,38], or specific mixtures of oils and resins [23,39] are applied to con-
serve waterlogged wood, which is air-dried or freeze-dried [18,40,41] after impregnation.

Between 2008 and 2011, a sample collection was built up at Leibniz-Zentrum für
Archäologie (LEIZA, former Römisch-Germanisches Zentralmuseum, RGZM) to compare
common conservation practices [42]. Currently, the volume stabilization of these commonly
used conservation methods is analyzed by 3D-scanning and X-ray computed tomography
(XCT) [16]. This study showed varying conservation outcomes where the conservation
methods with polyethylene glycol and freeze-drying, melamine formaldehyde (Kauramin
800, BASF), and alcohol-ether-resin performed overall very well in terms of stabilization
and preventing collapse, shrinkage, and crack formation. Other methods, such as silicone
oil or sugar, tended to produce poorer results in terms of volume stability. Microscopic
studies on these samples are necessary to understand these results. Since the prevention of
cell collapse and shrinkage cannot be achieved by filling the lumen alone, the study of the
conservation processes at the microscopic level is crucial [43]. Therefore, the understanding
of the interaction between the degraded wood structure and conservation agents is the key
question in understanding the conservation procedure in depth.

This study aims to assess how the more or less degraded structure of WAW is stabi-
lized in the current conservation practice. In order to avoid misinterpretation, different
microscopic methods were used here, which allowed the observations to be compared [44].
First of all, the samples are to be examined with optical light microscopy, being the most
frequently used technique to study wooden objects and wooden structures [45]. The ad-
vantages of scanning electron microscopy (SEM) include the high resolution (up to few
nanometers) and three-dimensional (3D) information of the conserved wood structure
generated [1,34,44–46]. CT has already been used to analyze the wood anatomy [47] and
to visualize conservation agents in the structure of archaeological wood [48–50]. Cross-
sectional images can be extracted from the digital CT datasets and were used here to
supplement the microscopic procedures, allowing verification of the observations. The
great advantage here is that misinterpretations due to manipulations during preparation
are avoided.
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2. Materials and Methods
2.1. Samples

Between 2008 and 2011, a reference collection for conserved WAW samples was built
up in a research project, coordinated by the LEIZA and funded by the Federal Cultural
Foundation and the Cultural Foundation of German States with national and international
participants [16,51] (see Appendix A Table A1). From this collection, a softwood test series
was chosen. The samples derived from an undated water pipe from Stralsund, Germany.
The wood species is defined as coniferous wood (Pinus sp.). The water pipe shows a little
degraded heartwood and heavily degraded areas in the outer regions (cf. Figure 1). This
kind of degradation is defined by de Jong as grade 2 [52]. This morphological gradient
change towards the core is characteristic for decay caused by erosion bacteria: a soft outer
layer in which the secondary cell wall is strongly eroded [9]. Both the maximum water
content (MWC) and the basic density (BD) were calculated to assess the overall condition
of the sample [20,44,53,54].
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Figure 1. Air-dried reference sample. A top view of the cross section. Two different zones of the
sample are visible indicating heavily degraded outer areas (hd) and low degraded inner areas (ld).
Core samples were taken from both parts of the sample.

Inclusions of inorganic crystals are spread over the whole sample (cf. Figure 2a,b).
This could be a ferrous phosphate hydrate, such as vivianite Fe2

+3(PO4)2·8H2O. These pale
blue compounds are formed when organic phosphate-containing materials decompose
in the soil and can become embedded in archaeological porous materials, as shown in
Figure 2a,b. When stored in air, the bivalent or trivalent iron oxidizes to trivalent iron and
the iron phosphate loses its blue color [55].

In 2009, additional analyses of the composition of the wood sample were performed
at the Hamburg University, Institute of Wood Science. After a two-stage acid hydrolysis in
which the polysaccharides are split into their monomers, the hydrolysate is analyzed quali-
tatively and quantitatively for the sugars typically found in wood using HPLC (in this case
borate ion exchange chromatography). The filtered hydrolysis residue was weighed and
can be used as a measure of the lignin contained in the sample [42]. Using the percentages
of the wood ingredients holocellulose and lignin, their ratio (H/L) can be calculated. The
H/L ratio is a valuable measurement to analyze the state of preservation [3,56,57]. This
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ratio was calculated from the available data. The low value indicates an advanced degree
of degradation (Table 1).
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Figure 2. Microscopic wood structure of the untreated, air-dried sample (Pi1-Air) (a) RLM image from
the high degraded area (b) RLM image from the low degraded area; where the inorganic inclusions
are visible; (c) CT image of the cross section of the heavily degraded sample; (d) CT image of the
cross section of the low degraded sample; (e) SEM image of the latewood tracheids; (f) SEM image of
the earlywood tracheids in the heavily degraded area.

Table 1. Physical and chemical properties of the object.

Contemporary Pine Sample Archaeological Pine Sample

Basic density (BD) (kg/m3) 420 251
Cellulose (%) 49 27

Lignin (%) 28 53
Hemicellulose (%) 23 20

Maximum water content
MWC (%) 26–180 1 332

Residual basic density (%) - 60
Holocellulose, lignin ratio

(H/L) 2.6 0.7

1 Data taken from [58].
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Then, the object was divided into several parts and five samples each were conserved
using the procedures in designated specialized laboratories (see Appendix A Table A1).

1. Reference
2. Alkohol-ether resin
3. Melamine formaldehyde (Kauramin 800®, BASF, Ludwigshafen, Germany)
4. Lactitol-trehalose
5. Polyethylene glycol (PEG 2000) one-step and freeze-drying
6. Polyethylene glycol (PEG 400 and 4000) two-step and freeze-drying
7. Polyethylene glycol (PEG 400, 1500 and 4000) three-step and freeze-drying
8. Saccharose
9. Silicone oil

For each conservation method, one sample was selected. In order to compare the
different states of degradation and the nature of their correspondence to conservation
methods, two core samples with a diameter of 5 mm were taken using an increment borer,
one from the heavily degraded area (hd) and one from the low degraded area (ld) (cf.
Figure 1).

2.2. Methods

Methodologically, the samples were first examined under the optical microscope,
analyzing the influence of the conservation measures on both states, the heavily degraded
and the low degraded areas. Both states of degradation were also analyzed with X-ray
computed tomography (XCT) where no further preparation of the core samples is necessary.
The state of preservation of the core samples varies in particular in the number of degraded
tracheids or collapsed cells. Therefore, for the higher magnification SEM examination, only
the sample from the heavily degraded area was further examined in detail (see Appendix A
Table A2).

2.2.1. Optical Microscope

Subsequently, the core samples were examined with reflected light microscopy (RLM).
The examinations with RLM were carried out on the core samples. Approximately 5-mm-
wide slices were taken and polished with MICRO-MESHTM (Micro-Surface Finishing
Products Inc., Wilton, IA, USA, grade 1500 to 12,000). Analyses were performed with
the Axioscop A1 microscope (Carl Zeiss GmbH, Jena, Germany) and documented at a
magnification of 200×. Adobe Photoshop software (Version 23.5.2 (2022), San Jose, CA,
USA) was used for image processing where necessary.

2.2.2. Computed Tomography

In order to visualize the conserved wooden structure on a microscopic level using
XCT, a high resolution is necessary. Since the resolution depends on the object size, it is
necessary to take small core samples from the wood samples [47]. At the Lucerne University
of Applied Sciences and Arts, the core samples were examined using an in-house XCT
system (Diondo d2, Hattingen, Germany). Measurements were performed by setting the
X-ray source (XWT-225 TCHE+ from X-RAY WorX, Garbsen, Germany) in the microfocus
mode and selecting an acceleration voltage of 80 kV and a tube current of 125 µA with
a 1 mm aluminum filter. Radiographic projections were acquired homogeneous over a
360◦ rotation with a 4343 CT X-ray detector (Varex, Salt Lake City, UT, USA) with a pixel
size of 150 µm. There was a distance of 8 mm between the sample and the focal spot
and 600 mm between the focal spot and the detector center. These distances resulted
in a magnification of 30 and a nominal voxel size of 5 µm. Based on the filtered back-
projection algorithm of Feldkamp [59] as implemented in CERA from Siemens Healthineer,
a 3D data set consisting of approximately 3000 × 3000 × 3000 voxels was reconstructed
from the individual projections. The 3D datasets were visualized using VGSTUDIO MAX
(Version 3.4, Volume Graphics, Heidelberg, Germany).
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2.2.3. Scanning Electron Microscope

For scanning electron microscope (SEM) analyses, slices of the core samples were taken
with the scalpel. These were fixed on a sample plate and then sputtered with gold (sputter
coater SCD 040, Balzers, Liechtenstein). The thickness of the gold achieved approximately
10 nm. The examination was then carried out in a SEM (Evo 60, Carl Zeiss GmbH, Jena,
Germany) at TraCEr (Laboratory for Traceology and Controlled Experiments at LEIZA) in
high vacuum mode (1.18 × 10−04 Pa) and an accelerating voltage of 10 kV.

3. Results
3.1. Air-Dried Reference Sample

Figure 2 shows the images of the microscopic analyses and CT of the untreated and
air-dried sample. This sample served as a reference for the interpretation of the conserved
samples discussed below.

The sample shows a high proportion of inorganic inclusions, which was described in
the Section 2.1 samples. The condition of the individual tracheids is very inhomogeneous:
Besides very well-preserved cells, tracheids that have severely degraded cell walls can also
be seen here (cf. Figure 2b). This hints to anaerobic decay: Under near anoxic environments,
e.g., erosion bacteria decompose the holocellulose (cellulose and hemicellulose) in the cell
wall very effectively, whereas the lignin structure is hardly changed. Thus, next to healthy
tracheids with intact holocellulose, degraded tracheids occur. These degraded tracheids
show an eroded secondary cell wall and intact compound middle lamella and cell corners
composed predominantly of lignin [4,7,9,60–65].

The structure of the sample showed clear differences in the strength of the cell walls be-
tween the severely degraded outer areas and the low degraded inner areas (cf. Figure 2a,b).
They differ in the number of collapsed and degraded tracheids. The remaining cell walls
of the low degraded areas are darker and thicker. These cell walls were able to sustain
air-drying without damage. This resistance is especially visible in the latewood, where the
cell walls are naturally thicker. The heavily degraded cell walls were seriously shrunken
and compressed. In some cases, cracks and deformation are also evident here. The pro-
portion of heavily degraded tracheids is higher in the severely degraded outer area than
in the low degraded inner area. The overall picture shows a high degree of degradation
clearly visible on the very thin cell walls of the latewood tracheids. Empty tracheids and
distortions in the structure are apparent (cf. Figure 2a,c,d). Under the optical microscope,
the grounded surface can be seen. In most cases, the lumen is filled with grinding dust.
The heavily degraded cell walls have been collapsed and shrunken due to air-drying (cf.
Figure 2a–f). Obviously, air drying results in the highest shrinkage, lower porosity, and
lower number of free hydroxyl groups in the wood cell wall, indicating the formation of
strong intra- and intermolecular interactions in the collapsed state [15].

3.2. Alcohol-Ether-Resin

Figure 3 shows the images of the wood structure, which is overall not highly affected by
the conservation agent (cf. Figure 3c–f). The most obvious difference between degradation
levels was observed in this sample. The cell walls of the tracheids in the latewood of the
inner, well-preserved areas seem to be well stabilized (cf. Figure 3b). In contrast to good
stabilization, in the outer, heavily degraded area, the wood structure is only very barely
visible (cf. Figure 3a). In the latewood, the degraded S2 layers of the fibrous tracheids
are partially visible. The heavily degraded secondary cell walls are nevertheless kept in
shape, although they are shrunken and have detached from the compound middle lamella.
Small gaps between compound middle lamella and secondary cell wall are apparent (cf.
Figure 3a,e), indicating the shrinkage of the secondary cell wall. Compared to the untreated
reference, deposits can be seen on the cell walls of the earlywood. In the latewood, isolated
lumen could also be filled. These deposits could be addressed as conservation agents, but a
clear identification was not possible (cf. Figure 3b–d). However, it does not appear here
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that the gaps between compound middle lamella and secondary cell walls were filled with
the conservation agent (cf. Figure 3e).
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Figure 3. Microscopic wood structure of sample conserved with alcohol-ether-resin (Pi1-AlEt)
(a) RLM image from the high degraded area; (b) RLM image from the low degraded area; (c) CT
image of the cross section of the heavily degraded sample (d) CT image of the cross section of the low
degraded sample (e) SEM image of the latewood tracheids; (f) SEM image of the earlywood tracheids
in the heavily degraded area.

3.3. Melamine Formaldehyde (Kauramin 800)

The microstructure of the sample conserved with the melamine formaldehyde Kau-
ramin 800 can be seen in Figure 4. A significant difference between the state of degra-
dation and the effect of the melamine formaldehyde Kauramin 800 was not evident (cf.
Figure 4a,b). The melamine formaldehyde Kauramin 800 seems to stabilize both states,
sound and degraded tracheids which maintained their shape. Possibly the well-preserved
areas are less stabilized as the cell walls appear lighter and thinner. In addition, little defor-
mation can be seen in the sample taken from the well-preserved area (cf. Figure 4d). Further
analyses are necessary here. The cell walls have a very clear and compact appearance (cf.
Figure 4a,b). Especially the latewood cells are very compact. Since the wood rays and the
latewood cells are particularly conspicuous in the degraded area, the conservation agent
may have accumulated there to a considerable extent (cf. Figure 4a–c).
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Figure 4. Microscopic wood structure of the sample conserved with the melamine formaldehyde
Kauramin 800 (Pi1-K800) (a) RLM image from the high degraded area; (b) RLM image from the low
degraded area; (c) CT image of the cross section of the heavily degraded sample; (d) CT image of the
cross section of the low degraded sample; (e) SEM image of the latewood tracheids; (f) SEM image of
the earlywood tracheids in the heavily degraded area.

3.4. Lactitol/Trehalose

Figure 5 shows the images of the microscopic analyses and CT of the sample treated
with lactitol/trehalose. The mixture of lactitol and trehalose could be well localized in
sample, since, in contrast to the non-conserved sample, the lumen especially of the latewood
was filled (cf. Figure 5a-e). It is striking that the lumen of the earlywood tracheids are largely
empty (cf. Figure 5a–d,f). However, stabilized tracheids and non-stabilized tracheids could
be observed (cf. Figure 5a,c). In the heavily degraded sample, the cell walls of the earlywood
are well defined and are remarkably thick (cf. Figure 5a,b) compared to the core sample
taken from the well-preserved area (cf. Figure 5b,d). The conservation agents appear also to
deposit on the cell wall and seem to significantly strengthen it (cf. Figure 5a,e,f). However,
many cracks are apparent, some of which also run through the cell wall, indicating the
brittleness of the conservation agent (cf. Figure 5e,f). SEM examination also showed the
attachment of a shaft-like, spiky substance to the cell wall. It was deposited on the existing
cell walls of the tracheids (cf. Figure 5e,f). In the heavily degraded areas, deformation is
visible (cf. Figure 5c).
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Figure 5. Microscopic wood structure of sample conserved with lactitol/trehalose (Pi1-LaTr) (a) RLM
image from the heavily degraded area; (b) RLM image from the low degraded area; (c) CT image
of the cross section of the heavily degraded sample; (d) CT image of the cross section of the low
degraded sample; (e) SEM image of the latewood tracheids; (f) SEM image of the earlywood tracheids
in the heavily degraded area.

3.5. PEG 2000 and Freeze-Drying

Figure 6 shows the structure of the wood sample which was conserved with an
aqueous solution of PEG 2000 and freeze-dried. In the heavily degraded area (cf. Figure 6a),
more PEG has become incorporated into the lumen than in the less degraded areas (cf.
Figure 6b). The cell walls of the latewood tracheids in the low degraded area (cf. Figure 6b)
are partially compact, but the degraded secondary cell wall can also be seen, which in
turn has shrunken and is detached from the compound middle lamella. The cell walls
of the earlywood in the heavily degraded area (cf. Figure 6a) are exceptionally thin and
are imaged only very lightly. The cell walls of the latewood are very compact, but there
are several areas where the secondary cell wall has degraded and detached from the well-
preserved compound middle lamella (cf. Figure 6a,b,e,f). However, it looks like some
voids are filled with the PEG. The random distribution of PEG in the lumen of the wood
tissue is visible (cf. Figure 6a–d). The porous structure of the freeze-dried porous PEG
could be observed in the lumen of some tracheids. More PEG seems to be deposited in the
heavily degraded sample. It seems that the residual cell wall was stabilized with PEG (cf.
Figure 6e,f).
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Figure 6. Microscopic wood structure of sample conserved with PEG 2000 and freeze-drying (Pi1-
PEG1) (a) RLM image from the heavily degraded area; (b) RLM image from the low degraded area;
(c) CT image of the cross section of the heavily degraded sample; (d) CT image of the cross section of
the low degraded sample; (e) SEM image of the latewood tracheids; (f) SEM image of the earlywood
tracheids in the heavily degraded area.

3.6. PEG 400, PEG 4000 and Freeze-Drying

The structure of sample treated with an aqueous solution of PEG 400 and PEG 4000
is shown in Figure 7. Remarkably many large inorganic crystals are incorporated in the
sample (cf. Figure 7a–c). The high degree of degradation is clearly seen (cf. Figure 7a),
where in some cases only the scaffold of the compound middle lamella is visible and the
secondary cell wall is degraded. This degraded structure appears to be stabilized. In CT
(cf. Figure 7c,d), the random distribution of the freeze-dried high molecular weight PEG
is visible as described in the previous sample. Especially in the high degraded area, the
conservation agent has settled in the lumen of both early and latewood as well as in the
cell wall of the tracheids (cf. Figure 7e,f). It seems that the compact secondary cell wall is
filled with PEG (cf. Figure 7e). However, voids between the compound middle lamella
and secondary cell wall are also seen here (cf. Figure 7e,f), which may have resulted from
shrinkage of the secondary cell wall.
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Figure 7. Microscopic wood structure of sample conserved with PEG 400 and PEG 4000 and freeze-
drying (Pi1-PEG2) (a) RLM image from the heavily degraded area; (b) RLM image from the low
degraded area; (c) CT image of the cross section of the heavily degraded sample; (d) CT image of the
cross section of the low degraded sample; (e) SEM image of the latewood tracheids; (f) SEM image of
the earlywood tracheids in the heavily degraded area.

3.7. PEG 400, PEG 1500, PEG 4000 and Freeze-Drying

Figure 8 shows the wood sample that was conserved with an aqueous PEG solution
(PEG 400, 1500 and 4000) and then freeze-dried. As with the other two PEG conserved
samples (Pi-PEG1 and Pi-PEG2), the structure is very well stabilized (cf. Figure 8a,b). The
degree of degradation can be well differentiated especially in the latewood cells, but also
in the earlywood where the cell structure is only very weakly displayed (cf. Figure 8a).
However, cells that seemed not to be stabilized at all can also be seen in the severely
degraded areas. The low degraded tracheids are well preserved. The PEG mixture seems
to be deposited in the lumen (cf. Figure 8c,d) and in the degraded cell wall (cf. Figure 8e,f).
However, the cavities are not entirely filled with the conservation agent, leaving gaps
between the compound middle lamella and the secondary wall. The secondary cell wall
may have shrunk.
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Figure 8. Microscopic wood structure of sample conserved with PEG 400, PEG 1500 and PEG 4000
and freeze-drying (Pi1-PEG3) (a) RLM image from the heavily degraded area; (b) RLM image from
the low degraded area; (c) CT image of the cross section of the heavily degraded sample; (d) CT
image of the cross section of the low degraded sample; (e) SEM image of the latewood tracheids;
(f) SEM image of the earlywood tracheids in the heavily degraded area.

3.8. Saccharose

The sample conserved with saccharose is shown in Figure 9. Saccharose is absorbed
differently by the structure. It was stored predominantly in the latewood tracheids, but
partially in the earlywood (cf. Figure 9a–f). Considerably more saccharose is deposited
in the low degraded area, where the lumen of the earlywood tracheids is filled as well
(cf. Figure 9b,d). The individual layers in the cell walls are also visible (cf. Figure 9b,e–f).
Some of the secondary cell walls appear to have shrunk, leaving gaps visible between the
secondary cell wall and the compound middle lamella (cf. Figure 9b,e–f). Because the
sample was very hard and brittle, there are also many splinters visible that were created
during preparation (cf. Figure 9d–f). The sharp-edged matrix is of saccharose is also visible
in the SEM (cf. Figure 9d–f). Deformations can be seen in the structure (cf. Figure 9a,c).
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Figure 9. Microscopic wood structure of sample conserved with saccharose (Pi1-Sac) (a) RLM image
from the heavily degraded area; (b) RLM image from the low degraded area; (c) CT image of the
cross section of the heavily degraded sample; (d) CT image of the cross section of the low degraded
sample; (e) SEM image of the latewood tracheids; (f) SEM image of the earlywood tracheids in the
heavily degraded area.

3.9. Silicone Oil

Figure 10 shows the structure of the wood impregnated with silicone. The structure is
well preserved. Apparently, more silicone is concentrated in the high degraded sample (cf.
Figure 10c) than in the sample taken from the low degraded area (cf. Figure 10d). Silicone is
predominantly deposited in the lumen of the latewood and only a few earlywood tracheids
are filled (cf. Figure 10c,d). While no structures are visible in the latewood of the sample
conserved with silicone, the cell walls in the earlywood are completely saturated with
silicone. Structural details of the latewood are no longer visible (cf. Figure 10c–e). The high
contrast in the cell walls gives evidence that the cell walls are saturated with silicone (cf.
Figure 10d,f).
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Figure 10. Microscopic wood structure of sample conserved with silicone oil (Pi1-Sil) (a) RLM image
from the high degraded area; (b) RLM image from the low degraded area; (c) CT image of the cross
section of the high degraded sample; (d) CT image of the cross section of the low degraded sample;
(e) SEM image of the latewood tracheids; (f) SEM image of the earlywood tracheids in the heavily
degraded area.

4. Discussion
4.1. Distribution of the Conservation Agent

The microscopic examinations on the cell wall level of WAW that were conserved with
the methods used to date showed significant differences.

The alcohol–ether–resin mixture was not clearly visible in the samples analyzed in
the study. This might be due to the rather low concentration of the conservation agent of
approximately 26% (cf. Appendix A Table A1). Further investigations are necessary here.
In addition, shrinkage of the secondary cell wall was observed in the heavily degraded
area. This was also reported previously [23,66].

Hardly any differences could be observed in the treatment with the melamine formalde-
hyde (Kauramin 800). The conservation method performed well in consolidating highly
degraded tracheids. The compact appearance of the cell walls suggests that melamine
formaldehyde (Kauramin 800) is strengthening the residual cell wall of WAW. This was
also reported from previous used products in wood conservation: Arigal C, Ciba Geigy and
Lyofix DML, Pfersee Augsburg [23,66,67]. The melamine formaldehyde Kauramin 800 is
irreversibly fixed in the cell walls keeping the cell wall in a permanently swollen state. This
effect is called “cell wall bulking”. As the resin fills the voids between the wood polymers
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and interacts with them [43]. Therefore, a rather low concentration of 25% resin is used (cf.
Appendix A Table A1). By solid state NMR, it was possible to show that more melamine
formaldehyde was present in the highly degraded outer regions and that, in addition to a
network of hydrogen bonds, interactions between the triazine rings of the melamine resin
and the aromatic rings of the lignin also formed, stabilizing the wood structure [68]. By
interacting with the cell wall, the absorption of liquid water and water vapor into the cell
wall is reduced. This also limits the dimensional changes of the wood [43].

The stabilization of lactitol/trehalose was higher in the heavily degraded areas. Lac-
titol/trehalose showed good stabilization of the well and poorly preserved areas, respec-
tively. However, some inhomogeneity was evident in the heavily degraded areas. Here,
lactitol/trehalose was shown to accumulate in the lumen where a high proportion of con-
servation agents were seen in the small-lumen latewood tracheids. This might be due to the
relatively high concentration of the impregnating solution of 70% (cf. Appendix A Table A1).
Crystal-like structures were observed to provide stability to the cell walls. In particular, the
earlywood cells in the heavily degraded area, the cell walls are clearly reinforced. After
impregnation, trehalose crystallizes in the wood structure. Then, the stabilized wood is
allowed to be air-dried. When drying an aqueous lactitol solution, three different crystal
types can be formed: lactitol mono-, di-, and trihydrate. The formation of the lactitol
MC trihydrate, which precipitates on the surface as a white foam, is accompanied by an
increase in volume, so that cracks may appear in the object [33]. The crystal structure is also
observed here. Trehalose is used to prevent the formation of trihydrates. In addition, the
solubility of lactitol MC is increased when trehalose is added [30,33]. The conserved wood
shows the filled lumen of the fibers and parenchyma, but the vessels remain empty [69].
Crystallization and cracks could be documented here on a microscopic level, as well as
cracks that also run through the fragile structure of degraded wood.

Freeze-dried polyethylene glycols were also found in the lumen, but they were ran-
domly distributed in the wood structure although the concentration of the solution was
between 27% and 40% (cf. Appendix A Table A1). The cell walls of the samples conserved
with PEG (Pi-PEG1, Pi-PEG2, Pi-PEG3) are shrunken and in some cases have no connection
to the compound middle lamella. When the lower molecular weight PEGs, e.g., PEG 400
and PEG 1500 (Sample Pi-PEG2 and Pi-PEG3), are added, distinct structural changes can be
seen, and the porous cell walls are filled. The cell walls of the samples conserved with low
molecular weight PEG here are darker and thicker than in the Pi-PEG1 sample, which was
only conserved with high molecular weight PEG. The concentration of the solution was
also higher with the high molecular weight PEG (40% for PEG 1, cf. Appendix A Table A1)
compared to the impregnation solutions with low molecular weight PEG (35% for PEG 2
and 27% for PEG 3, cf. Appendix A Table A1). The low molecular weight PEG appears
to further stabilize the well-preserved cell walls in the samples (Pi-PEG2 and Pi-PEG3).
The low molecular weight PEG with shorter chain molecules could diffuse better into the
cell wall. Higher molecular weight PEG precipitates as a thin coating on the cell walls. At
high concentrations, the lumen are also filled [70–72]. This mode of action was confirmed
here. Water occupies the space in the wood that was degraded in the soil during aging.
During impregnation, PEG penetrates the mesopores of the wood cell wall and replaces the
water. Even sound cell walls are penetrated up to a molecular weight of 3000 g/mol [73].
It was also confirmed by NMR studies that these places are occupied by PEG. According
to the chemical structure, PEG is not involved in covalent bonds. Only a certain amount
of PEG in wood has a close molecular interaction with the WAW, especially with lignin,
resulting in mechanical stability [61,74]. The distribution of high molecular weight PEG in
the sample (Pi-PEG1) is random, with significantly more PEG found in the highly degraded
area than in the well-preserved sample. The low molecular weight PEG indicates that the
better-preserved cell walls are stabilized. This was already reported [70–72,75].

The morphology of the conservation agents is decisively determined by the drying
method [21,76]. This was shown ex-situ on potential conservation agents. Thereupon, it is
hypothesized that the conservation agents are more likely to be deposited on the cell wall by
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air drying. This might be due to the development of capillary forces during air-drying and
a film is created. In contrast, freeze-drying builds up a kind of scaffold, which has a positive
effect on the mechanical stabilization of the wood [21]. In freeze-drying, the aqueous
conservation solution is frozen, and the conservation agent is randomly distributed. In the
subsequent primary drying, the frozen water is removed by sublimation and the porous
conservation agent framework remains [21,77]. The fact that this also happens in the wood
structure can be seen particularly clearly in the sample that was conserved with PEG 2000
and freeze-drying [18]. An aqueous solution of high molecular weight PEG (2000 or 4000)
is, unlike aqueous solutions of low molecular weight PEG 400, solid at temperatures where
freeze-drying equipment in conservation labs usually run [18,40,78,79].

In this study, the accumulation of saccharose in the structure of pine could be visual-
ized. Here, it could be shown that saccharose precipitates more in the better-preserved inner
areas of the sample. The fact that conservation with saccharose is better for well-preserved
wood is also mentioned by Hoffmann [1,80]. It is assumed that the reason for this is also
the high concentration of the saccharose solution of 60% (cf. Appendix A Table A1). The
ability to fill the wood structure by bulking the vessels, lumina, and cell walls is men-
tioned [19]. It was observed that an amorphous matrix rather than a crystalline saccharose
covers the cell walls [81]. Saccharose fills most of the tracheids [44] but an uneven uptake
of saccharose was suspected [80]. The uptake of saccharose depends on the anatomical
direction, which may be due to the different cells. In particular, the uptake is higher in
the tangential direction due to the degradation of the pits and the higher permeability of
the solution [82]. Here, we could see that saccharose accumulates in the lumen where a
high proportion of conservation agents were seen in the small-lumen latewood tracheids.
A lower uptake of saccharose was observed in the tylose-containing earlywood vessels
was already observed [83]. Schmitt and Noldt assume the cause for this in the structure of
the tylose cell wall, which contains an inner layer of suberin, a chemically very resistant
hydrophobic material. In contrast, the accumulation of saccharose was seen in the small
latewood vessels and in the parenchyma cells. It is assumed that the hydroxyl groups of
cellulose interact with those of saccharose and hydroxyl bonds are formed [1,19].

The silicone oil mixture which was investigated here is composed of two kinds of
silicone oil (SFD1 and SFD5), a crosslinker (methyltrimethoxysilane, MTMS) and a catalyst
(dibutyltin diacetate/dibutyltin diacetate, DBDTA) [42]. The condensation product accumu-
lates in the lumen, especially in the small-lumen tracheids of latewood, where high levels
of conservation agent were found. This is due to the high concentration of approximately
100% of the conservation solution (cf. Appendix A Table A1). Currently, a lot of research
on the treatment of silanes and siloxanes has been undertaken [34,84–86]. However, it
could be shown that the stabilizing effectiveness and their deposition in the wood struc-
ture of particular organosilicons is dependent on their chemical composition [34]. SEM
images of the treated wood show that alkoxysilanes coat the cell walls while the siloxane
covers the cell walls but also fills the lumen. In the case of methyltrimethoxysilane, for
example, the surface area and total pore volume decrease in proportion to the amount of
methyltrimethoxysilane incorporated. In addition, depending on the degree of degradation
and the type of wood, methyltrimethoxysilane shows a softening effect as well as the
reduction of moisture content in the wood [84]. The deposition of the chemical into the cell
wall and amorphous aggregates in the lumen areas was observed [86]. Due to its chemical
structure, methyltrimethoxysilane bonds with wood polymers via hydrogen or ionic bonds
involving amino groups. Alkoxysilanes can also react not only with the hydroxyl groups
of the wood, but also condense with their own molecules. As a result, a potential spatial
network is created that stabilizes the structure of the wood [85].

4.2. Relationship between Microscopic and Macroscopic Level

Stabilization at the microscopic level will be studied here in the context of the preser-
vation result of the whole sample. In former work [16,51], the volume of the investigated
sample before and after conservation was measured with an structured-light 3D scanning.
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The shrinkage was calculated in percentage terms on the basis of the volume data. The
anti-shrink efficiency (ASE) is normalized on the volume data before conservation [87].
Table 2 shows the shrinkage of the entire samples before and after conservation as well as
the anti-shrink efficiency. The data were taken from [16].

Table 2. Volume stability expressed by the volume shrinkage and anti-shrink efficiency cf. [16,42].

Sample No. Sample No. Volume Shrinkage (%) Anti-Shrink Efficiency (%)

Pi1-Air V03-01 23.07 0
Pi1-AlEt V03-17 5.65 76
Pi1-K800 V03-41 3.06 87
Pi1-LaTr V03-28 2.63 89
Pi1-PEG1 V03-35 2.03 91
Pi1-PEG2 V03-32 3.05 87
Pi1-PEG3 V03-20 3.37 85

Pi1-Sac V03-45 2.38 90
Pi1-Sil V03-42 5.67 75

The highest shrinkage and anti-shrink efficiency with a value of zero are shown by the
air-dried reference. This result is also reflected on a microscopic level. Besides warping,
shrinkage of the cell walls can be seen.

The sample conserved with alcohol-ether resin showed a high shrinkage and a low
anti-shrink efficiency (76%). These results could be related to the shrinkage of the secondary
cell walls. In addition, the poor consolidation of the degraded areas in this sample due
to strong differences in the conservation results could be observed between the highly
degraded wood with very little stabilization and the good stabilization of the low degraded
sample. However, with the alcohol-ether-resin method, very good conservation results
are achieved, especially of heavily degraded objects. But consolidation of the surface
was necessary [39].

The samples that were conserved with melamine formaldehyde (Kauramin 800)
showed a high anti-shrink efficiency of 87%. Cell wall bulking is probably the reason
for this. In addition, hardly any difference in the consolidation of the outer area and the
inner better-preserved areas could be observed. However, it is also reported that oak sam-
ples may split between well-preserved and poorly preserved areas [16]. These phenomena
could not be observed here, indicating that further investigations on other wood species
are necessary.

The conservation with lactitol/trehalose, however, showed a good conservation out-
come with an anti-shrink efficiency of 89%. High dimensional stabilization is achieved
with lactitol/trehalose as reported in literature [88,89]. The ability to stabilize the cell
walls so well could be the explanation for this. The microscopic structure also shows good
stabilization of the degraded areas, although the distribution is rather uneven.

The samples conserved with PEG and freeze-drying also showed good volume stabi-
lization from 85% up to 91% anti-shrink efficiency, where the highest stability was achieved
by PEG 2000. This cannot be explained on the basis of observations at the microscopic
level because the low molecular weight PEG embeds itself well in the residual cell wall.
The ability to maintain the cell wall in a swollen state would argue for higher volume
stability of the low molecular weight PEG. Perhaps the reason for higher stabilization of
PEG 2000 is due to freeze-drying, since no liquid phases occur during impregnation with
high molecular weight PEG and the structure remains in its swollen extension [77]. The
good ability of volume stabilization of PEG in general is known [44,75,90]. This result
corresponds to the microscopic examinations here, where the degraded wood structure is
stabilized relatively uniformly. However, freeze-drying can cause cracks [16,77].

The saccharose treated sample, showed a good conservation outcome with an anti-
shrink efficiency of 90% [16]. Here, the cell walls were well stabilized by saccharose.
Especially the latewood and the well-preserved samples are particularly well soaked by sac-
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charose. However, collapse and deformation in the wood structure could also be detected
here on a microscopic level, which contradicts the high values for the anti-shrink efficiency.

Silicone seemed also to stabilize both degradation states, although it achieved less
good volume stabilization of the whole sample (anti-shrink efficiency 75%). In addition,
relatively high voids were detected inside the sample [16]. This result cannot be explained
by microscopic examination, since it appears that the silicone is found in the lumen and in
the cell walls.

5. Conclusions

Wood-degrading organisms prefer the cellulose-rich components of the cell for their
metabolism. Lignin-rich areas, such as the middle lamella and the primary cell wall, are
left behind. What remains is a skeleton of woody tissue, along with degradation products
and bacterial slime. The integrity of the WAW now depends on this very fragile network of
composite middle lamella, which, unlike healthy wood, is not supported by a solid and
strong secondary cell wall [7].

The aim of conservation is to transform the wet fragile object into a dry, stable state,
whereby the object is changed as little as possible by the measures. Aesthetic considerations
play a major role here, but above all the objects should be sufficiently stabilized. In addition
to the previous studies on these samples on color or dimensional stabilization [16,42], the
stabilization on a microscopic level was investigated here. The microscopic examinations
have shown how the most diverse formulations used to date as standard conservation meth-
ods for archaeological wet wood are effective. As a limitation, it must also be mentioned
that in the analysis of the microscopic structure, only a section of the entire heterogeneous
structure at a certain depth of the sample is considered. Misinterpretations due to the prepa-
ration procedures could be avoided by using nondestructive examination by CT. Through
the investigations, the following differences in the mode of action could be revealed:

In the sample conserved with the alcohol-ether method, the conservation agent was
not clearly recognizable. The structure does not seem to be strongly stabilized. The ASE
also showed the second lowest values here (76%). Some conservation methods, such as the
melamine formaldehyde Kauramin 800, mainly stabilize the cell walls. The incorporation
and stabilization of the cell wall are advantageous, as the structure and thus also the
stabilization of the wood as a whole are also closest to that of recent wood. Moreover, the
ASE value was relatively high (87%), which was achieved by cell wall bulking.

Other conservation agents, e.g., silicone oil, saccharose, and lactitol/trehalose, also fill
the lumen, which may also be due to the amount of conservation agents used. With a full
impregnation, the lumen and cell walls are completely filled with the conservation agent so
that the degraded wood is supported and cannot collapse during air-drying. The samples
treated with lactitol/trehalose (89%) and saccharose (90%) showed high ASE values. The
wood sample conserved with silicone oil, on the other hand, showed the highest shrinkage
(ASE 75%). This shows that filling the entire structure does not guarantee high volume
stability. In addition, it could be shown that visibly more conservation agent was stored
in the lumen of the latewood, whereas rather less conservation agent was stored in the
earlywood. This effect was particularly visible in the samples treated with silicone oil,
saccharose and lactitol/trehalose. In air drying, the distribution of the conservation agent
changes due to the occurrence of capillary forces during drying. The uneven distribution is
rather disadvantageous, as it could lead to mechanical stresses. Complete impregnation
also brings disadvantages, e.g., high material consumption, heavy objects, and often strong
color changes. Moreover, post-treatment is rarely possible.

The PEG treated and subsequently freeze-dried samples showed very high ASE values
(87–91%). In the freeze-dried samples, the conservation agent PEG was distributed over the
entire wood structure (over earlywood and latewood). From this, it can be hypothesized
the freeze-drying process can help prevent a predominant part of the conservation agent
from precipitating in the late wood. The freeze-dried PEG remains randomly distributed as
a kind of scaffold in the wood tissue. Since the degraded wood is more evenly stabilized,
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this structure could prove to be advantageous. Further studies on the mechanical properties
would be interesting here.

Besides the viscosity, the surface charge and molecular weight affect the diffusion of
molecules [21,91]. In addition, the affinity (polarity) of the conservation agent to cellulose
components and to lignin seems to be crucial. However, the residual material present in
the degraded cell wall consists primarily of modified lignin. Further studies will follow to
investigate the mode of action of the conservation methods in the degraded structure of
archaeological wet wood. Detailed studies, e.g., with hardwoods, are desirable to show
differences, if any, in how the conservation methods work according to a different anatomy.
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Appendix A

Table A1. Conservation methods and details [33].

Conservation Method Institutions and Short Descriptions of the Methods

Air dried reference

Institution: Leibniz-Zentrum für Archäologie, Mainz, Germany

Treatment: none, air-drying

Impregnation solution: none

Alcohol-ether-resin

Institution: Schweizerisches Nationalmuseum, Zürich, Switzerland.

Treatment:

Exchange of water with ethanol. Exchange of ethanol with
diethyl ether. Soaking of wood with diethyl ether in

resin-diethyl solution. Drying by evaporation of the diethyl
ether in the vacuum vessel.

Application of surface protection 3% Paraloid B72 solution
in acetone.

Impregnation solution:
70.7% diethyl ether, 16.1% dammar resin, 6.4% rosin, 3.2%

dienol D102,
3.2% rhizinus oil, 0.4% PEG 400

www.rgzm.de/kur
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Table A1. Cont.

Conservation Method Institutions and Short Descriptions of the Methods

Kauramin 800

Institution: Leibniz-Zentrum für Archäologie, Mainz, Germany

Treatment:

Soaking in demineralized water. Bath impregnation at room
temperature. Replacement of the solution when early

polymerisation occurs. Curing of the impregnated wood in
the heating cabinet at 60 ◦C. Afterwards slow, controlled

air-drying. Dip in linseed oil varnish.

Impregnation solution: 25% Kauramin 800 solution (72 L resin + 210 L deionised
water, 3.6 L urea, 7.2 L triethylene glycol)

Lactitol-trehalose

Institution: Brandenburgisches Landesamt für Denkmalpflege,
Zossen, Germany

Treatment:

Starting with 30% concentration. Increasing monthly in 10%
steps up to 70%. Bath temperature 55 ◦C. After removal
from the bath, the surfaces 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.

Impregnation solution: lactitol-trehalose solution (9:1) 30%–70%.
Addition of biocide if necessary (0,1% Bioban 404)

Polyethylene glycol (PEG 2000)
one-step and freeze-drying

Institution: Nationalmuseet, Copenhagen, Denmark

Treatment:

Starting with 10% PEG 2000 solution. Increasing the
concentration up to 40% at room temperature.

Freeze-drying in cooled chamber (approx. −30 ◦C).
Removal of excess PEG from the surface with a soft brush

and ethanol. Subsequent surface stabilisation with 25% PEG
2000 solution in ethanol.

Impregnation solution: PEG 2000, 10–40% solution with tap water

Polyethylene glycol (PEG 400 and
4000) two-step and freeze-drying

Institution: Brandenburgisches Landesamt für Denkmalpflege,
Zossen, Germany

Treatment:

Soaking in demineralised water. Starting with 5% PEG
400 solution. Raising the concentration in 5% steps every
4 weeks. At its calculated final concentration, it was kept

constant. Then the increase of PEG 4000 solution was
continued in 5% steps up to its final concentration where it
was kept for 10 weeks. Precooling of the wood to 5 ◦C then

deep-freezing to −25 to −35 ◦C, freeze-drying in cooled
chamber (approx. −30 ◦C).

Impregnation solution:

PEG-solution in demineralised water (PEG 400 and PEG
4000) was adapted according to the condition of the wood
(PEGcon): 35% PEG solution (of which 10% PEG 400 and
25% PEG 4000) in demineralized water, impregnation at

room temperature

Polyethylene glycol (PEG 400,
1500 and 4000) three-step and

freeze-drying

Institution: Archäologische Staatssammlung, Munich, Germany

Treatment:

Soaking in demineralised water. Starting with 11% increasing
to 15% PEG 400 solution at room temperature. 16% increasing
to 20.5% PEG 1500 solution at 40 ◦C. 20.5% increasing to 27.5%

PEG 4000 solution at 40 ◦C. Washing of the wood and
wrapping in cellulose tissues. Intermediate storage in freezer

(−25 to −35 ◦C) until freeze-drying. Subsequent freeze-drying
in a cooled chamber (approx. −30 ◦C). Excess of PEG was

removed with a brush and ethanol.

Impregnation solution: PEG-solution in demineralised water: 15% PEG 400, 20.5%
PEG 1500, 27.5% PEG 4000
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Table A1. Cont.

Conservation Method Institutions and Short Descriptions of the Methods

Saccharose

Institution: Sächsisches Landesamt für Archäologie, Dresden, Germany

Treatment:

Concentrated the solution in 10% steps, from 10% up to 60%
sugar solution at room temperature. Slow, controlled

air-drying in microperforated bags. Removal of crystallised
sugar residues from the surface with damp sponge.

Impregnation solution:
Aqueous saccharose solution 10%–60%. If necessary biocide
addition composed of 0.6%, sodium benzoate (E211), 0.5%
Parmetol K40, 0.5% Quartasept Plus and 0.02% Tallofin OT

Silicone oil

Institution: Texas University, Texas, USA

Treatment:

Exchange of water with ethanol. Exchange of ethanol with
acetone. Placing the still dripping wet acetone-impregnated

samples in impregnation solution under normal
atmospheric conditions. Triggering the polymerisation of

the impregnation solution by gaseous catalyst:
DBTDA (dibutyl diacetate).

Impregnation solution:

80% silicone oil (SFD1 (66%) + SFD5 (34%)—silanol
functional polydimethylsiloxanes “PDMS”) and 20%

crosslinker
MTMS (methyltrimethoxysilane)

Table A2. Overview over the samples and methods of investigation. For each analysis (marked
with x), one sample was prepared from a core sample. In all, five samples were analyzed for each
conservation method.

Sample Database [33] Conservation Condition Analysis

CT SEM LM

Pi-Air-ld
V03-01 None, air-drying Low degraded x x

Pi-Air-hd heavily degraded x x x

Pi-AlEt-ld
V03-17 Alcohol-ether-resin

Low degraded x

Pi-AlEt-hd heavily degraded x x x

Pi-K800-ld
V03-41

Melamine
formaldehyde

Low degraded x x

Pi-K800-hd heavily degraded x x x

Pi-LaTr-ld
V03-28 Lactitol-trehalose

Low degraded x x

Pi-LaTr-hd heavily degraded x x x

Pi-PEG1-ld
V03-35 PEG 2000

Low degraded x x

Pi-PEG1-hd heavily degraded x x x

Pi-PEG2-ld
V03-32 PEG 400 and 4000

Low degraded x x

Pi-PEG2-hd heavily degraded x x x

Pi-PEG3-ld
V03-20 PEG 400, 1500

and 4000
Low degraded x x

Pi-PEG3-hd heavily degraded x x x

Pi-Sac-ld
V03-45 Saccharose

Low degraded x x
Pi-Sac-hd heavily degraded x x x

Pi-Sil-ld
V03-42 Silicone oil

Low degraded x x
Pi-Sil-hd heavily degraded x x x
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