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ORIGINAL RESEARCH OR TREATMENT PAPER

Climatically Induced Degradation Processes in Conserved Archaeological Wood
Studied by Time-lapse Photography
Martin Nordvig Mortensen 1, Gilles Chaumat2, Francesca Gambineri 3, Hartmut Kutzke4,
Jeannette Jacqueline Łucejko5, Caitlin M. A. McQueen4, Francesca Modugno5, Diego Tamburini 5*
and Michelle Taube 1

1Conservation and Natural Sciences, The National Museum of Denmark, Lyngby, Denmark; 2ARC-Nucléart, Grenoble France; 3Laboratori
ARCHA S.r.l, Pisa, Italy; 4Department of Collection Management, Museum of Cultural History, University of Oslo, Oslo, Norway; 5Department
of Chemistry and Industrial Chemistry, University of Pisa, Pisa, Italy

ABSTRACT
Samples of conserved archaeological wood of different ages, origins, and conservation histories
were aged in a climate chamber for seven months, while the humidity alternated between 30%
RH for 12 hours and 80% RH for 12 hours at a constant temperature of 30°C. Photographs were
taken once every hour, which enabled the creation of a time-lapse movie. Some samples
degraded visibly, whereas others were unaffected. Most of the samples were robust and
would be able to survive well even in a very poor museum climate. Among the sensitive
samples, three types of degradation were identified, namely disintegration, pyrite oxidation,
and efflorescence of white crystals. Disintegration was ascribed to dimensional changes
caused by the RH alternations in very fragile wood. The white efflorescence was interpreted
as the recrystallization of an alum-associated substance, possibly mercallite (KHSO4). The
pyrite oxidation was observed as the efflorescence of a thick yellow, grey, and green powder.
Characterization of selected samples was performed using X-ray fluorescence spectrometry,
X-ray diffraction spectrometry, scanning electron microscopy with energy dispersive X-ray
spectroscopy, inductively coupled plasma – optical emission spectroscopy, Fourier transform
infrared spectroscopy, ionic conductivity – liquid chromatography, and pyrolysis-gas
chromatography-mass spectrometry with in situ silylation using hexamethyldisilazane.
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Introduction

A number of impressive shipwrecks have been recov-
ered, conserved, and put on display in museums
around the world. The most famous examples include
the Batavia in Fremantle (Australia), the Skuldelev
Viking ships in Roskilde (Denmark), the Bremen cog in
Bremerhaven (Germany), the Warship Vasa in Stock-
holm (Sweden), the Oseberg find in Oslo (Norway),
and the Mary Rose in Portsmouth (U.K.). Others are cur-
rently undergoing conservation, for example, some of
the ancient ships of Pisa (Italy) and the 36 Yenikapi
wrecks in Istanbul (Turkey). Thus, stability and degra-
dation of conserved archaeological wood in a
museum climate are of great importance to a
number of unique artifacts.

Signs of degradation have been reported on some
of the above mentioned ships. For example, salt efflor-
escence was observed in the summer of 2000 on the
Vasa during a period with unstable climate in the
museum (Hocker 2006). The Skuldelev Viking Ships

had similar problems, although on a smaller scale,
when the climate control was turned off in 1973; the
problem disappeared when the climate system was
turned back on (Pedersen 2016). The efflorescing
materials were often identified as salts containing
iron and sulfur. Similar substances have been identified
on the Batavia (MacLeod and Kenna 1991) and on the
Mary Rose (Wetherall et al. 2008).

Some objects from the Oseberg find were conserved
using alum impregnation during the original treat-
ment. Some of these have displayed very low mechan-
ical strength, which has been ascribed to degradation
of the wood after conservation (Braovac 2015;
Braovac et al. 2016; McQueen et al. 2017). Such
phenomena have traditionally been attributed to
degradation caused by the alum responding to fluctu-
ations in relative air humidity. However, this expla-
nation has been disputed recently by showing that
alum does not respond to RH changes by gaining or
losing mass in a range of different temperatures and
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RH values in climate chamber experiments (Häggström
et al. 2013). Dynamic Vapor Sorption (DVS) recordings
recently confirmed this at 30°C between 30% and
95% RH. Nevertheless, an alum-treated sample from
the Oseberg find did respond to the RH change, indicat-
ing that a climate dependency may exist that does not
involve the alum directly (Mortensen and Taube 2016).

As mentioned above, climate-related degradation
has been observed for some shipwrecks in museums
over the years. However, not all conserved archaeologi-
cal wooden objects have problems with degradation.
So, if different objects of conserved archaeological
wood were subjected to rough climatic conditions in
a climate chamber, would they degrade? Would some
degrade, while others remained unaffected, and
which ones would it be? These are some of the ques-
tions behind the present study.

Samples of archaeological wood conserved in
different ways, from different burial environments and
in different states of preservation were subjected to
severe climate alternations in a climate chamber over
the course of seven months. Photographs taken every
hour documented the visible changes that were
inflicted by the climate on some of the samples. A
time-lapse movie was created on the basis of these
photographs. Chemical investigation was carried out
on selected samples using X-ray fluorescence spec-
trometry (XRF), X-ray diffraction (XRD), scanning electron
microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX), inductively coupled plasma – optical emis-
sion spectroscopy (ICP-OES), Fourier transform infrared
spectroscopy (FTIR), ionic conductivity – liquid chrom-
atography (IC-LC) and pyrolysis-gas chromatography-
mass spectrometry with in situ silylation using hexam-
ethyldisilazane (Py(HMDS)GC-MS).

Experimental

Samples

Nineteen samples of conserved archaeological wood
were selected for the experiment in such a way that
different ships, different archaeological sources, ages,
and conservation treatments were represented (see
Table 1). Three samples from the Danish Nydam bog
find were included. One was a piece from an ash
spear shaft conserved by freeze-drying only (referred
to as NY3) and two were conserved by polyethylene
glycol (PEG) 2000 impregnation (NY1 and NY2). Three
samples of oak in very good condition from the
Danish Skuldelev Viking ships were also included (SK1,
SK2, and SK3). These samples were all conserved by
full PEG 4000 impregnation followed by air drying.
Four samples from the Oseberg find, which were all
extremely fragile (FRAG 5, FRAG 1B, FRAG 1C, and
FRAG 1D), were included. The Oseberg samples were
conserved with alum (without glycerol) approximately

100 years ago. Samples from the French St. Malo
wreck (DK-SM-A0 to DK-SM-A5) and from one of the
Lyon wrecks (DK-LY-A0 to DK-LY-A2) were included as
well. These were generally made of oak with a minera-
lized appearance and had been conserved with PEG
4000 followed by freeze-drying. Some of the French
samples (DK-SM-A1, DK-SM-A3, DK-SM-A5, and DK-LY-
A1) had been re-treated with a solution of 20% PEG
4000 and 10% disodium sebacate (NaOOC(CH2)8-
COONa) as an experimental treatment attempting to
prevent pyrite-related degradation of wood (Chaumat
2016). All the samples were placed in the climate
chamber together with petri dishes containing techni-
cal quality alum (KAl(SO4)2·12H2O) and disodium seba-
cate as reference materials.

Instrumentation

A Pentax K-50 camera with an 18–55 mm zoom lens was
mounted in the top of the climate chamber facing the
samples. The camera was set on automatic shutter
speedmeasurement with the indoor light setting. Autofo-
cus was disabled in favor of a fixed focal length. The lens
was adjusted so that the aperture was fully open and the
zoom was set to a fixed value. An external power supply
and a 64 GBmemory cardwere installed on the camera. A
permanent USB cable allowed the photos to be backed
up during the experiment. The light inside the climate
chamber was permanent, supplied by three light emitting
diode spots from IKEA (75 lumen, 2.0 W, 3000 K). The
window in the climate chamber was covered during
the experiment so that the amount and color of light
were constant both day and night.

Ageing was carried out in a climate chamber from
WEISS GmbH. It was externally controlled through a
computer with the ‘simpati’ software version 3
extended. The software was programmed to repeat a
pattern with 30% RH for 12 hours and 80% RH for 12
hours at a constant 30°C. This pattern was repeated
over the seven-month period with the exception of a
five-day period when the chamber failed leading to
an uncontrolled humidity between 35% and 45% RH
but still a constant 30°C.

XRF was carried out using a Bruker Tracer III-V+
instrument. A thin (3 or 4 µm) Prolene® film was
placed between the sample material and the instru-
ment. The measurements were performed using set-
tings for best detection of light elements: 15 or 20 kV
potential and vacuum between the sample and the
detector. Spectra were collected for 30 s.

SEM-EDX was carried out on several samples. A vari-
able pressure Hitachi S-3400N SEM equipped with two
Bruker X-Flash 6130 EDX detectors was used at a
chamber pressure of 40 Pa and an electron beam exci-
tation potential of 15 kV.

X-ray powder diffraction (XRD) was performed using
a Bruker D8 Advance diffractometer on efflorescence
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collected from the archaeological wood samples in the
climate chamber. The very small white needle-shaped
crystals collected from Oseberg samples were analyzed
on a PANalytical diffractometer Empyrean Series 2 with
radiation CuKα1 = 1.54 Å, operating at 45 kV, 40 mA, 2θ
range 8–70°, step size 0.03°, time per step 5000 s,
rotation time 16 s, equipped with a PIXcel1D-
Medipix3 RTMS detector, and High Score data acqui-
sition and interpretation software. A zero background
sample holder was used. Crystalline phases were ident-
ified using the ICDD database.

FTIR analysis was performed at the IRIS beamline at
the BESSY II synchrotron facility, Helmholtz-Zentrum
Berlin, Germany using a Nicolet Nexus 870 spec-
trometer. Micro-samples were compressed in a
diamond cell and micro-FTIR performed using a
Nicolet Continuum FTIR microscope. One hundred
and twenty-eight scans were recorded for each spec-
trum with a spectral resolution of 4 cm−1.

ICP-OES was performed after microwave assisted
mineralization of the samples using 4:1 = HNO3 65%:
H2O2 10%. The concentration of Ag, Al, As, Sb, Ba, Be,
B, Cd, Ca, Cr, Co, Cu, Fe, Li, Pb, Mg, Mn, Mo, Ni, Se, Si,
Sn, V, Zn, K, Na, Ti, S, and Hg were measured. The instru-
ment was an Optima 5300 DV, Perkin-Elmer.

IC-LC was performed to determine the concen-
trations of the anions, fluorides, formates, acetates,

chlorides, bromides, nitrates, phosphates, and sulfates
after a ultrasonic assisted water extraction (60°C for
30 min) and filtration of the samples. The instrument
was a Dionex ICS-1000 (Thermo Scientific).

Py(HMDS)GC-MS was performed using a EGA/PY-
3030D Multi-Shot micro-furnace pyrolyzer (Frontier
Lab, Japan) and adopting the conditions described in
the literature (Braovac et al. 2016).

Results and discussion

Samples of conserved archaeological wood (described
in Table 1) were aged in a climate chamber where the
RH alternated between 30% and 80% in 12-hour inter-
vals at a constant temperature of 30°C for seven
months, while a camera photographed the samples
every hour. A time-lapse movie was created from the
photographs taken approximately at the ends of the
12-hour dry cycles (30% RH). Seven months of ageing
are shown in 17 s [A (see Supplemental data)]. Three
pictures from the time-lapse movie, corresponding to
day 0, day 6, and day 216, are shown in Figure 1. It is
clear that some samples degraded visibly due to the
rough climate, whereas others were unaffected.
Among the robust samples are material from the Skul-
delev ships together with material from the Nydam find
and some of the samples from the St. Malo and Lyon

Table 1. Description of samples and observations of degradation during ageing in the climate chamber.
Sample Description Degradation

SK 1 Skuldelev Viking ship, app. 1000 years old, oak wood, good condition, full PEG
4000 impregnation, air dried

None
SK 2 None
SK 3 None
NY 1 From the Danish Nydam bog find, possibly 1700 years old; however, this

particular object has not been dated, PEG 2000 impregnation
None

NY 2 None
NY 3 Ash wood spear shaft from the Danish Nydam bog find, possibly 1700 years old;

however this particular object has not been dated, freeze-dried without
impregnation

None

DK-SM-A0 The St. Malo wreck, France, eighteenth century, oak, mineralized appearance,
PEG 4000 impregnation, no re-treatment

None

DK-SM-A1 The St. Malo wreck, France, eighteenth century, oak, mineralized appearance,
PEG 4000 impregnation, re-treated with 20% PEG 4000 and 10% Na2seb
solution followed by freeze-drying

Slight color change throughout the experiment

DK-SM-A2 The St. Malo wreck, France, eighteenth century oak, mineralized appearance
with low wood content, PEG 4000 impregnation, no re-treatment

Grey/green/yellow efflorescence after cycle 18

DK-SM-A3 The St. Malo wreck, France, eighteenth century, oak, mineralized appearance,
PEG 4000 impregnation, re-treated with 20% PEG 4000 and 10% Na2seb
solution followed by freeze-drying

Grey/green/yellow efflorescence after cycle 14

DK-SM-A4 The St. Malo wreck, France, eighteenth century, oak, mineralized appearance,
PEG 4000 impregnation, no re-treatment

None

DK-SM-A5 The St. Malo wreck, France, eighteenth century, oak, mineralized appearance,
PEG 4000 impregnation, re-treated with 20% PEG 4000 and 10% Na2seb
solution followed by freeze-drying

Slight color change throughout the experiment

DK-LY-A0 The Lyon wreck, France, second century, oak, mineralized appearance, PEG 4000
impregnation, no re-treatment

Slight color change throughout the experiment

DK-LY-A1 The Lyon wreck, France, second century, oak, mineralized appearance, PEG 4000
impregnation, re-treated with 20% PEG 4000 and 10% Na2seb solution
followed by freeze-drying

None

DK-LY-A2 The Lyon wreck, France, second century, mineralized appearance with low
wood content, PEG 4000 treated, no re-treatment

Grey/green/yellow efflorescence after cycle 93

FRAG 1B The Norwegian Oseberg find, app. 1200 years old, extremely fragile, alum
impregnated in the beginning of twentieth century

White efflorescence after cycle 3
FRAG 1C A little bit of white efflorescence throughout the experiment
FRAG 1D Disintegration, onset after ca. 100 cycles and a little bit of

white efflorescence throughout the whole experiment
FRAG 5 A little bit of white efflorescence throughout the whole

experiment
Na2Seb Pure solid, technical purity (NaOOC(CH2)8COONa) None
Alum Pure solid, technical purity (KAl(SO4)2·12H2O None

CLIMATICALLY INDUCED DEGRADATION PROCESSES 3
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Figure 1. Photographs taken in the climate chamber on day 0, day 6, and day 216. Visible change is observed for FRAG 1B (day 6),
FRAG 1D, DK-LY-A2, DK-SM-A2, and DK-SM-A3 (day 216) (circled). This is seen in the time-lapse movie as well [A (see Supplemental
data)].
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wrecks. Sensitive samples included alum-treated
Oseberg material and other samples from the St. Malo
and Lyon wrecks.

The degradation pathways observed can be
grouped into three categories, namely disintegration,
recrystallization, and what could be pyrite oxidation.
Table 1 gives an overview of all the samples and the
type of degradation observed, including the number
of RH cycles before the degradation became apparent.
It took about three cycles, corresponding to three days
in the climate chamber, before the first sample began
to change its appearance. This was FRAG 1B, which
had white needle crystal clusters efflorescing on the
surface. Thus, FRAG 1B was the first sample to be
affected by the climate in the experiment and it is
therefore considered the most labile sample in the
experiment. Shortly after, two of the St. Malo samples,
DK-SM-A2 (after 18 days) and DK-SM-A3 (14 days),
began to show signs of efflorescence, which can be
seen in Figure 2(B). During the course of the exper-
iment, the layer of efflorescence grew thicker. After
93 days, the same type of efflorescence began to
appear on a sample from the Lyon wreck, namely DK-
LY-A2. Other samples of this type, DK-SM-A1, DK-SM-
A5, and DK-LY-A0, went through subtle color changes
on the surface at a steady rate throughout the whole
experiment while some were completely unaffected
(DK-SM-A0, DK-SM-A4, DK-LY-A1). Some of these
wood fragments had received an experimental diso-
dium sebacate (Na2seb) treatment designed to
prevent pyrite-related degradation while others were
untreated. Efflorescence appeared without a clear
pattern both in treated (DK-SM-A1, DK-SM-A3, DK-SM-
A5, and DK-LY-A1) and untreated fragments (DK-SM-
A0, DK-SM-A2, DK-SM-A4, DK-LY-A0, DK-LY-A2). For
instance, sample DK-SM-A3 had been treated but as
seen on Figure 2, the treatment was clearly not success-
ful. The last degradation phenomenon to manifest
itself was the swelling and subsequent disintegration
of FRAG 1D, which became discernable after about
100 cycles. It is possible that swelling took place in
some of the other Oseberg samples as well [A (see
Supplemental data)] without causing them to disintegrate.

The efflorescence observed on the surfaces of some
St. Malo and Lyon samples (DK-LY-A2, DK-SM-A2, and
DK-SM-A3) was powdery and without visible crystals.

It did not appear homogenous since green, yellow,
and grey areas were observed in the efflorescence
from a single sample. The surfaces of the samples
themselves were fragile and broke off along with the
efflorescence. Development of this efflorescence can
be clearly seen in the time-lapse movie [A (see
Supplemental data)], in the photographs shown in
Figure 1, and in Figure 2 where a close-up shows DK-
SM-A3 before ageing (A) and after 216 days (B) in the
climate chamber.

Powders from the efflorescence were analyzed by
XRF and the only signals observed were due to iron
and sulfur (oxygen cannot be detected by XRF if the
sample is not under vacuum). The same elements
were observed in the wood pieces themselves.

Figure 3 shows a SEM-EDX spectrum acquired for
the efflorescence from sample DK-SM-A2. It is clear
that iron, sulfur, and oxygen are present in the
powder, confirming the results obtained by XRF.
Figure 4 shows elemental maps and a backscattered
electron image of the wood sample DK-SM-A2 itself.
Large numbers of grains are visible in the SEM image
at the openings of the wood pores. The elemental
maps show that iron, sulfur, and oxygen are simul-
taneously present in these areas.

This can in theory be ascribed to the presence of
both pure substances and mixtures containing iron
sulfides, iron sulfates, iron oxides, iron hydroxides,
elemental sulfur, and sulfuric acid. A crystal of elemen-
tal sulfur was indeed detected by SEM-EDX in a sample
from St. Malo (data not shown). The many oxidation
states, levels of hydration, and minerals (jarosite, bili-
nite, butlerite, etc.) that fit these basic compositions
have been described in the literature (MacLeod and
Kenna 1991; Remazeilles et al. 2013) in connection
with pyrite oxidation in conserved archaeological
wood, which is summarized in Equation (1):

2FeS2 + 2H2O+ 7O2 � 2FeSO4 + 2H2SO4. (1)

The idea that this reaction (Equation (1)) takes place
in the wood was supported by ICP-OES and IC-LC
results given in Table 2. These analyses were performed
for samples DK-LY-A2, DK-SM-A2, and DK-SM-A3 before
and after ageing, as well as for the corresponding
efflorescences. The results in Table 2 show that, out

Figure 2. DK-SM-A3 before (A) and after seven months (B) in
the climate chamber.

Figure 3. SEM-EDX spectrum acquired for the efflorescence
from DK-SM-A2 showing signals from iron, sulfur, and oxygen.
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of the analyzed elements, iron and sulfur were the most
abundant ones, in agreement with the SEM-EDX and
XRF measurements. Calcium was also detected with
significant concentration in the samples. The molar
ratios between sulfur and iron (S/Fe ratio) were calcu-
lated. Before ageing, these values were slightly lower
than 2 for the three samples, as expected if only
pyrite (FeS2) was present (left side of Equation (1)).
After ageing, the S/Fe ratios remarkably decreased,
indicating that the mineral composition changed, and
that pyrite was now present in minor quantities only
(right side of Equation (1)). IC-LC results also high-
lighted that, out of the analyzed soluble anions, sulfates
were the most abundant. Before ageing, sulfates con-
stituted just a small fraction of the total sulfur (left
side of Equation (1)), whereas after ageing the concen-
tration of soluble sulfates had largely increased (right
side of Equation (1)). The efflorescences formed

during ageing were also characterized by high pro-
portions of soluble sulfates. The decrease in the total
sulfur concentration in the wood samples observed
during ageing could be due to the fact that sulfur
rich salts are formed on the sample surfaces from
sulfur which has to come from the wood itself. For-
mation of gaseous sulfur compounds (SO2 and SO3),
which would not show in the ICP-OES analyses, is
another theoretically possible explanation. In either
case the increase in sulfates observed during ageing
suggests that pyrite has undergone oxidation.

This is also supported by the fact that efflorescence
was observed exclusively on samples containing very
high levels of iron and sulfur, it occurred under
humid conditions, and led to crumbling of the surfaces
most likely due to expansion which is characteristic of
pyrite oxidation (Fellows and Hagan 2003).

According to Equation (1), sulfuric acid is produced,
which should lower the pH. However, the pH was esti-
mated to be in the pH 4–6 range before and after the
climate chamber for all samples (except for the
Oseberg samples that were all in the pH 1–2 range).
An explanation for this relatively high pH could be
that pyrite oxidation had in fact taken place by a
different reaction than the one shown in Equation (1)
or it could be that the measurement of pH by adding
sample dust to a moist pH strip, as was done here, is
simply quite imprecise.

Small white needle-shaped crystals were observed
on most of the Oseberg samples. However, on FRAG
1B quite a few were observed around day 6, as seen
in Figure 5(A). In Figure 5(B), a cluster of these crystals,
approximately 1 mm wide, is seen in a photograph
taken with a stereo microscope. The crystal clusters
were so light that the movement of air inside the

Figure 4. SEM-EDX elemental mapping of sample DK-SM-A2, showing that the wood pores are filled with a grainy substance and
that this material contains sulfur, iron, and oxygen.

Table 2. ICP-OES and IC-LC results for samples DK-LY-A2, DK-
SM-A2, and DK-SM-A3 before and after ageing and the
corresponding efflorescence. Concentrations expressed as
mmol/100 g sample.

Ca Fe S S/Fe SO4
2−

DK-LY-A2 (b.a.)a 28.2 420 655 1.6 14.5
DK-LY-A2 (a.a.)b 79.7 829 196 0.2 43.9
DK-LY-A2 (eff.)c 2.3 726 573 0.8 140
DK-SM-A2 (b.a.) 264 376 697 1.9 30.0
DK-SM-A2 (a.a.) 8.3 831 386 0.5 226
DK-SM-A2 (grey eff.) 10.0 1105 512 0.5 272
DK-SM-A2 (green eff.) 8.9 679 545 0.8 212
DK-SM-A3 (b.a.) 85.5 481 737 1.5 47.3
DK-SM-A3 (a.a.) 23.7 722 295 0.4 138
DK-SM-A3 (grey eff.) 35.8 726 421 0.6 117
DK-SM-A3 (green eff.) 13.1 1 022 357 0.3 137
aBefore ageing (b.a.).
bAfter ageing (a.a.).
cEfflorescence (eff.).
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climate chamber caused them to fall off of the wood
surface.

The fact that the efflorescence is crystalline indicates
that it is made up of one pure compound. Another rel-
evant fact is that this type of efflorescence appeared on
alum-conserved samples exclusively, thus the process
must be related to alum. Potassium and sulfur were
detected in both the efflorescence and the Oseberg
samples themselves using XRF spectroscopy (data not
shown). However, this measurement did not yield
useful information on aluminum since it was unable
to distinguish alum (KAl(SO4)2·12H2O) from potassium
sulfate (K2SO4). SEM-EDX indicated that sulfur and
oxygen were present and that aluminum was mostly
absent in the small area of the sample that was ana-
lyzed in the microscope. However, ICP-OES analysis
on a larger sample indicated that aluminum was in
fact present in the wood. In any case, the stoichiometric
ratios between Al, K, and S did not correspond to the
alum formula, thus indicating that the impregnation
material was not pure alum. XRD analysis on Frag 1B
post climate chamber showed KHSO4 as a minor com-
ponent (data not shown). The amount of efflorescence
was too low to allow ICP-OES analysis but SEM-EDX did
show the presence of potassium, sulfur, and oxygen.
Both XRD and FTIR measurements (data not shown)
allow for the assignment of the efflorescence as
KHSO4, but because the sample size and thereby the

signal were so small the measurements remain incon-
clusive. Neither the efflorescence nor the remaining
impregnation material can be pure alum. Even
though this is a subject of further investigation, it
seems likely that the efflorescence formed through
recrystallization, due to cycling of the RH, of a salt
that was already in the sample, such as KHSO4.
Recently, KHSO4 in the form of mercallite was also
identified in a number of other samples from the
Oseberg collection (McQueen et al. 2017). Thus the
white efflorescence observed in the present exper-
iment may also be mercallite (KHSO4).

The last type of degradation observed was seen on
FRAG 1D which simply swelled and fell apart. This dis-
integration is most clearly seen on the time-lapse
movie [A (see Supplemental data)] or by comparing
the pictures from day 0 and day 216 in Figure 1. The
swelling and subsequent disintegration observed for
FRAG 1D looks like a purely mechanical process when
the time-lapse movie is examined [A (see
Supplemental data)]. It has been recently shown by
DVS at RH values between 30% and 95% at 30°C that
FRAG 1D gains weight in the moist part of this RH
range. It has also been shown that pure alum is com-
pletely unresponsive to moisture between 30% and
95% RH at 30°C (Mortensen and Taube 2016). Thus,
the disintegration observed for FRAG 1D in the
climate chamber was not caused by alum responding
to RH alternations, but most likely by the wood
responding mechanically. This movement of the
wood against dimensionally stable alum crystals may
have caused the wood to rupture as discussed by
Braovac (2015). Another possibility could be that the
impregnation material inside the Oseberg samples,
which was not only alum as discussed above,
responded hygroscopically to RH changes together
with the wood. In any case, it appears safe to conclude
that the disintegration of FRAG 1D was caused by a
mechanical process that depends on RH alternations
in combination with extremely low wood strength. It
should be noted here that the Oseberg samples were
extremely fragile, by far the most fragile samples in
the whole experiment.

Py(HMDS) GC-MS was applied in the characteriz-
ation of the wood samples before and after ageing,
in order to measure the pyrolytic H/L (holocellulose/
lignin) ratio (Tamburini et al. 2015; Braovac et al.
2016; Mattonai et al. 2016). The analysis was carried
out on all samples in the present experiment, but no
results on wood polymers were obtained for samples
DK-LY-A2, DK-SM-A2, and DK-SM-A3. These were
highly mineralized, the ones producing efflorescence
during ageing. Therefore, the extremely high inorganic
content prevented information on the organic material
to be obtained by pyrolysis.

As seen in Table 3, the H/L ratios before ageing are
all lower than the H/L ratio for modern oak, which is H/

Table 3. Pyrolytic H/L ratios obtained by Py(HMDS) GC-MS
analysis. The relative standard deviation (RSD%) associated
with the calculation is ca. 10%.
Sample H/L before ageing H/L after ageing

SK 1 1.4 2.8
SK 2 3.0 4.7
SK 3 2.4 2.7
NY 1 0.2 0.2
NY 2 0.2 0.4
NY 3 0.1 0.3
DK-SM-A0 2.8 4.7
DK-SM-A1 0.6 0.6
DK-SM-A4 0.9 0.5
DK-LY-A0 0.5 0.3
DK-LY-A1 0.1 0.1
FRAG 1B 0.0 0.0
FRAG 1C 0.1 0.1
FRAG 1D 0.1 0.1
FRAG 5 0.1 0.1

Figure 5. FRAG 1B after six days in the climate chamber, with
white efflorescence on the surface (A); a cluster of these crys-
tals, approximately 1 mm across, was photographed using a
stereo microscope (B).
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L = 3.7. This is ascribed to the preferential degradation
by microbes of holocellulose over lignin during burial
of the archaeological objects.

During ageing in the climate chamber no significant
changes were observed in the H/L ratios except for
three samples where an H/L increase was observed:
SK-1, SK-2, and DK-SM-A0. Strictly speaking an increase
suggests that either the holocellulose content has risen
or the lignin content has fallen. Lignin degradation is a
possibility in theory, but de novo synthesis of cellulose
is not possible in a dead piece of wood. However, it has
been demonstrated that depolymerization of cellulose
can lead to an elevated (false) H/L ratio measurement
(Łucejko et al. 2009; Tamburini et al. 2017). The H/L
changes observed during ageing could be explained
by both processes but it should be kept in mind that
conserved archaeological wood is a heterogeneous
material and since only one measurement was per-
formed per sample, some variability is expected.

Thus, it cannot be ruled out, based on Py(HMDS) GC-
MS, that wood polymers may have changed as a result
of the rough climate in three samples, but this cannot
be proven either. Nevertheless, it appears that for the
majority of the samples degradation involved only
the inorganic materials or physical processes, in agree-
ment with the other observations in the present
experiment.

Conclusions

Some samples of conserved archaeological wood were
unaffected by seven months of rough climate where
the humidity alternated between 30% RH for 12
hours and 80% RH for 12 hours at a constant 30°C.

Three different types of degradation were ident-
ified among the climate-sensitive samples, namely dis-
integration, white efflorescence, and pyrite oxidation.
Disintegration was the most severe of the three, and
it was observed for alum-treated samples with a
very fragile wood structure. This degradation was
probably a result of the wood changing dimensions
in response to RH changes, maybe in combination
with the presence of an internal alum structure with
constant dimension. Thus an object at risk of
suffering this type of degradation is an object with
an extremely fragile wood structure possibly con-
served with alum. One way of mitigating would be
to maintain a constant RH.

The second type of degradation was the efflores-
cence of white needle-shaped crystals. This process
did not do much damage to the wood. The efflores-
cence probably consisted of some form of KHSO4

derived from alum. It appeared to form by recrystalliza-
tion caused by the changing humidity. It only appeared
on alum-treated samples so objects at risk of such
degradation would be alum-treated objects. A constant
RH would mitigate the problem.

The third type of degradation, pyrite oxidation, was
quite damaging to the wood. It took place on pyrite
rich wood, which is what would characterize a ship at
risk of suffering this type of degradation. Since water
is a reactant in the pyrite oxidation reaction, a strategy
for mitigating might be to maintain a very low RH for
such objects.

A large group of robust archaeological wood
samples were unaffected by the rough climate. This
suggests that many museum objects might actually
be able to withstand a poor climate.

One question that remains after the present exper-
iments, that needs further attention, concerns the iden-
tity of the white needle-shaped crystals that formed on
some alum-treated samples. Chemical characterization
of similar types of efflorescence is ongoing. Further
work using climate chamber and time-lapse photogra-
phy is ongoing as well, looking at conserved archaeolo-
gical wood with different moisture sorption
characteristics. We believe that time-lapse photogra-
phy can become a useful tool in conservation science.
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