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The conservation of marine archaeological wooden shipwrecks remains a global challenge. The
Penglai Il shipwreck provides a good case study to examine the state and condition of a wooden
shipwreck after nearly 20 years of conservation treatments, especially to assess the effects of PEG
hardening treatments and mineral in the wood. Analytical techniques, including ultra-deep far-field 3D
microscopy, environmental scanning electron microscopy (ESEM-EDS), micro-Raman spectrometry
(Raman), and Fourier transform infrared spectroscopy (FT-IR), were employed. Results indicated that
PEG initially aided in drying and strengthening the wood, but prolonged air exposure caused
darkening, affecting its visual appearance. This triggered the assessment of the drying and
strengthening treatment of wooden shipwrecks and the selection of materials. Wood was rich in iron
deposits and calcium deposits, which may lead to acidification and further degradation over time.
Environmental control is recommended as a priority for future conservation efforts. This study
provides valuable insights into the conservation and restoration of marine wooden shipwrecks.

Penglai Water City(GZE3€7K3), also known as Dengzhou(E M) Port, has
served as a crucial nexus for foreign trade in northern China since antiquity
(Fig. 1), playing a pivotal role in connecting the Oriental Maritime Silk Road.
In both 1984 and 2005, archaeological expeditions conducted extensive
dredging operations in the central maritime zone of Penglai Water City,
resulting in the discovery of four shipwrecks. Among them, the Penglai III
shipwreck was excavated in 2005. Subsequent investigations identified it as a
relic from the Korean Goryeo(#lli) period, dating back to the transition
between the late Yuan(7T{%) and early Ming Dynasty (B31X1368 ~ 1444
AD). Notably, the overall preservation of the hull is remarkably intact,
bearing significant implications for the study of Dengzhou’s role and status
along China’s ancient Maritime Silk Road".

Marine wooden shipwrecks are very fragile organic cultural relics that
are highly susceptible to degradation and decay due to environmental
changes. Penglai III shipwreck was unearthed in July 2005 the summer
sun’s exposure inevitably caused the water saturation of the ship’s wood to
rapid dehydration, resulting in the ship’s wood cracking, warping, layer, and
other phenomena. To avoid the hull wood being affected by environmental
factors, archaeologists built a sunshade over the excavation site, effectively
preventing the sun’s exposure to the hull. The awning of the semi-closed

enclosure’s south, west, and north sides relieves water evaporation, creating
a relatively suitable environment for excavation and protection. Penglai ITI
shipwreck was covered with silt and sprayed with water to keep them moist
due to the severe corrosion and Nereis Succinea erosion of their hulls and the
depth of the buried layer. Specific practice is to cover the hull’s surface with a
layer of silt, which is covered with straw, towards the straw on the water
spray to create a moisturizing effect’.

At the excavation site, when the surface of the ship’s hull had been
exposed (Fig. 2), the lower part was still buried in the silt. The conservators
took the measure of spraying medical alcohol on the surface of the ship’s
timber to inhibit the growth of bacteria on the surface of the ship’s wood.
Then, they started to spray 5% ~ 10% PEG2000 to strengthen the hull. After
that, they sprayed a mixture of 12.5% PEG4000 and 0.4% borax to dehydrate
the wreck and reinforced wood. This prevented rapid evaporation of water
from the wood and prevented microbial growth on the hull surface. The
wreck was dismantled before the winter of 2005, and the timbers were
moved indoors (museum) to continue conservation work’.

At that time, after the timbers were transferred indoors, it was racked
and placed off the ground to facilitate the spillage of water molecules in the
waterlogged wood and the penetration of protective materials such as
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Fig. 1 | Geographical location map of Penglai Water City (The red dots indicate the
location of Penglai).

Fig. 2 | A photo of the Penglai III shipwreck after it has been archaeologically
excavated and cleaned up.

polyethylene glycol, which also effectively avoided the phenomenon of
rotting of the ship’s timbers. They cleaned the pollutants such as mud and
sand attached to the hull’s surface of the hull, so that all the wood color of the
ship’s timber was revealed, and also facilitated the penetration of the spray
chemical protection material. In the indoor protection phase, the chemical
sprayed was a mixture of PEG with a molecular weight of 4000 at a con-
centration of 12.5%, borax at 0.4%, and Peregal (natural fatty alcohol
adducts with ethylene oxide) at 0.3%, sprayed once a day in the morning and
once a day in the evening. Through the spraying of chemical protection
reagents and many tests, the conservator found that the PEG-based che-
mical protection reagent for many low-temperature spraying is prone to
white film phenomenon, resulting in poor penetration of the PEG. There-
fore, the constructor physically removes the white film from the surface of
the wood (using tools such as scalpels, bamboo sticks, etc.) at regular
intervals during the construction process to ensure that the chemical pro-
tection reagents penetrate as fully as possible. Since the summer of 2008, the
application number of times the chemical protection reagent spraying has
increased, taking advantage of the high summer temperatures and the easier
penetration of the chemical protection reagent sprayed on the ship materials
of the ancient ships to change the frequency of spraying to three times in the
morning, midday and evening to spray the chemical protection reagent. To
speed up the speed of chemical protection reagent penetration of the
shipping material, to promote shipwreck protection. The desalination of
shipwrecks is mainly to utilize the water in the daily spraying of chemical
protection reagents to continuously remove the salt of the ancient ship
materials, to achieve the purpose of gradual desalination. In the process of

Fig. 3 | A photo about the Penglai III shipwreck on display in the museum.

dewatering and drying, wetted paper pulp has also been applied to the
surface of the hull to remove the sedimentary salt precipitated on the surface
of the ship’s wood™’.

Meanwhile, after the shipwreck was moved indoors, the temperature
and humidity in the museum were bullied by seasonal changes. Therefore,
building a shed indoors and temperature control equipment to maintain the
environmental temperature where the shipwreck is located at 15 ~ 20 °C,
with humidity at 65 ~ 70% RH. After 2010, the old ship entered into the late-
stage protection project; in December 2010, it stopped spraying the original
chemical protection materials and replaced them with new protection
materials for the late-stage protection of the old ship. The new material is 1%
lignin, 2% calcium xanthate (sprayed for 3 months), and 4% calcium xan-
thate solution sprayed once a day to increase the lignin in the ancient ship’s
timber to increase the strength of the ship’s timber.

In March 2012, the ship materials of the Penglai IIT shipwreck were
transported into the newly completed Penglai Ancient Ship Museum and
restored and assembled at the original site of the discovery of the ancient
ships (Fig. 3). According to the order of building up keel piers and side piers,
placing the keel on the piers, connecting the left and right bottom boards and
outer boards, and then adding bulkhead boards and ribs, the restoration
project was finally completed.

Generally speaking, during the period from the excavation in 2005 to
2012, protective measures such as dehydration and drying, reinforcement,
bacterial and mold inhibition, and environmental control were taken for the
ancient shipwreck, which had achieved certain effects at that time and
undoubtedly played a certain positive role in the preservation of the ancient
shipwreck so far. However, the excavation of the ancient ship has been going
on for 20 years, and now there are new challenges and problems. Now, the
overall surface of the shipwreck has turned black, and the local precipitation
of yellowish-brown and reddish-brown deposits may be harmful to pre-
serving the shipwreck. To understand the reasons for the discoloration of the
shipwreck, the composition of the deposits precipitated from the wood, and
to analyze their possible impact on the preservation of the shipwreck in the
future, this paper has carried out analytical and testing work in several
aspects, such as the drying and consolidation of the wood, the degree of
degradation of the wood, and the composition and distribution of deposits in
the wood, and have studied the various properties of the wood of the ship’s
hull. This research is not only a further assessment of the previous shipwreck
protection materials and methods but also simultaneously triggered reflec-
tion and thinking on the protection work, which laid the foundation for the
subsequent protection and restoration of Penglai III shipwreck and also
provided inspiration for the protection of marine wooden cultural relics.

Methods

Samples collection

The remains of this ancient vessel measure approximately 17.10 meters in
length and 6.20 meters in width, with a cabin depth of 1.28 meters. The
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Fig. 4 | Plan view line drawing of the Penglai IIT Shipwreck (red oval circles indicate
the primary sampling areas).
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Fig. 5 | Digital photograph of wood samples (PL3-M1~M5) of Penglai I1I shipwreck.

wreck of Penglai ITI was in a dry state, and three samples of wood ((PL3-M1,
PL3-M2, and PL3-M3) were collected from the surface of the hull (Fig. 4).
The thickness of PL3-M1 was about 7 cm, and the thickness of PL3-M2 and
PL3-M3 was about 3 cm. The surfaces of the samples were all blackened and
darkened, but the interior retained the wood’s original color. In addition,
white substances and reddish-brown and yellowish-brown rust stains were
unevenly distributed on the surface of the samples. Two pieces of wood
(PL3-M4 and PL3-M5) were also collected that had not undergone any
conservation treatment since the excavation to compare the effect of pre-
vious conservation treatments. These two samples were around 3 cm thick
and had multiple surface cracks in different directions (Fig. 5). These five
samples were all pine (Pinus spp.), based on the tree species identification of
the Penglai I1I shipwreck in 2005 and the labels of different parts of the ship’s
hull recorded by the museum'. The hull of the Penglai III shipwreck was
made almost entirely of pine. This is mainly because this ship was used as a
commercial cargo ship in ancient times, and was designed to increase its
buoyancy by reducing its weight, thereby increasing its cargo-carrying
capacity. Pine’s low density, low specific gravity, and high buoyancy made it
a suitable choice.

Itis important to note that the Penglai III shipwreck is a unique cultural
resource for the museum, and destructive sampling was limited. Despite the
limited number of wood samples that could be collected, preserving the
various parts of the ship’s hull was relatively similar. Therefore, the samples
collected represent not only these particular pieces of wood but, to a certain
extent, also give us an idea of the overall condition of the wreck.

Fourier transform infrared spectroscopy (FT-IR)

The different properties of wood samples from the Penglai III shipwreck
were analyzed and tested. To assess the aging degradation of wood, samples
collected were analyzed using a Fourier Transform (Micro) Infrared (FTIR)
spectrometer (Thermo Fisher Scientific). Considering that the residual PEG
in the samples may affect the test results, a certain amount of uncontami-
nated wood flour is scraped from the surface of PL3-M1, M2, M3, M4, and
M5. The wood flour is shaken and soaked in deionized water at 50°C for

8 hours, changing the deionized water every 2 hours. The samples were then
soaked in anhydrous ethanol for two weeks, changing the ethanol solution
every two to three days. Thus, after removing as much PEG as possible from
the sample, the sample was dried and analyzed by infrared spectroscopy.
The operation was repeated and measured three times for each sample. The
instrument is equipped with a micro-infrared mainframe (Nicolet iN10), an
attenuated total reflection (ATR) accessory, and a transmission accessory
(Nicolet iS10/iZ10 auxiliary optics platform). Measures the surface of
treated wood samples at ambient temperature. Thirty-two scans in the 400-
4000 cm ™' range were performed, and the average spectra were collected
with a spectral resolution of 4cm™. The spectra were analyzed using
OMNIC™ software.

Environmental water content (EMC) analysis

The current drying of the wood was assessed by calculating the equilibrium
moisture content of different samples. The average temperature inside the
Penglai Ancient Boat Museum at the time of sample collection was
approximately 20 °C, and the humidity was 65% RH. The samples were kept
in plastic bags when retrieved from the museum, and immediately after the
retrieval, some of them were cut into small pieces of wood of
lIcmx 1 cm x 1 cm and weighed as Mry. Small fragments of sound pine
wood were placed in an environmental chamber with a constant tem-
perature and humidity (20 °C, 65% RH) for 5 days and weighed its mass.
These samples were then oven-dried to constant weight, and their dried
mass was weighed and recorded as M. These samples’ equilibrium moisture
content was calculated using Eq. (1).

EMC = (Mgy — M,) /M, % 100% 1)

pH analysis

According to “GB/T 6043-2009”, the acidification of wood is determined®.
Four different parts of each wood sample were taken, two parts that were
seriously contaminated by rust and two cleaner parts, and the pH values of
these four parts were determined, respectively. The testing equipment was a
Seven Compact pH meter with an operating ambient temperature of 22 °C.

Ultra-deep far-field 3D microscopy

In addition, the Leica 3D Video Microscope DVM6P was used to observe
the surface microscopic morphology of the loose wood samples, especially to
observe the enrichment of deposits on the surface of the samples. The
standard magnification of the microscope is 50X-1000X, and the camera isa
2/3-inch CCD chip with 1394 card acquisition, 5 million physical pixels, and
12-bit bit depth.

Environmental scanning electron microscopy (ESEM-EDS)
Microscopic morphology of the sample surface and interior was observed
using an environmental scanning electron microscope (Thermo Scientific,
Quattro S) with a Bruker QUANTAX EDS X-ray energy spectrometer. For
example, the filling and consolidation of wood can be determined from the
internal tubular cell structure and the shape of the cell wall voids. The crystal
morphology of sediments can be visualized under the SEM to detect the
elemental and content of the sediments to determine their composition.
ESEM standard detectors include ETD, low vacuum LVD, gaseous SED
(GSED) for ESEM mode, and IR camera. Low vacuum and ESEM cap-
abilities allow charge-free imaging and analysis of non-conducting and
hydrated samples. The Bruker spectrometer is paired with an X-Flash
Silicon Drift Detector (SDD) with Hybrid Pulse Processing.

Micro-Raman spectrometry (Raman)

To further determine the physical composition of the deposits in the wood
samples, the samples were analyzed by micro-Raman spectroscopy. Micro-
Raman experiments were conducted with a RENISHAW inVia Laser micro
confocal Raman spectrometer equipped with a research-grade Leica
microscope with a spatial resolution of <0.5 pm. The spot diameter under
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Fig. 6 | FT-IR spectra for different wood samples.

the 50x objective was set at 3um. The instrument uses a neon lamp as the
signal source, 1800-line high-resolution grating, and UV and NIR simul-
taneously enhanced CCD detector—spectral range: 100 ~ 1600 nm. Exci-
tation wavelength is 785 nm, laser power 280 mW, laser power density 0.5%,
scanning time 10 s, scanning times 10 times. The spectrograms were ana-
lyzed using LabSpec5 software (Horiba, Kyoto, J). The spectra obtained were
compared with a reference spectrum (RRUFF™ library).

Results and discussion

Assessment of the extent of wood degradation

Fourier Transform Infrared Spectrometer (FT-IR) is a commonly used
instrumental analytical method for identifying archaeological wood’s
degradation degree. Wood mainly comprises three natural organic poly-
mers: cellulose, hemicellulose, and lignin. The infrared-sensitive group of
cellulose is hydroxyl, hemicellulose contains acetyl and hydroxyl groups,
and lignin molecules contain methoxy, hydroxyl, carbonyl, carbon-carbon
double bond, and benzene ring groups. Analyzing the presence or absence,
position, shape, and intensity changes of these groups mentioned above
through FT-IR mabkes it possible to evaluate the degree of degradation of
different components by fingerprint data®. As wood degradation becomes
more severe, the amount of hemicellulose in the wood gradually decreases,
and the amount of lignin gradually increases. Therefore, the intensity ratio
(I1505/11370) between the lignin absorption band (1505 cm ") and the hessian
cellulose (1370 cm ™) can be calculated to characterize the final degradation
of wood in a semi-quantitative manner.

Three acquisitions were made for each sample using the infrared
spectroscopy ATR mode and the peak area values of the samples at both
1505 cm ! and 1370 cm ™" were obtained using the OMNIC™ software, and
then the peak area values were used to calculate I, 595/1; 370. Cellulose has C-H
bending vibrations at 896 cm™! of the infrared spectrum, cellulose and
hemicellulose have C-H bending vibrations at 1367 cm™" wavelength, and
lignin has C-O stretching at 1267 cm ™' wavelength®. The results of infrared
spectroscopy (Fig. 6) showed that the C-H absorption bands at 898 cm™ of
cellulose in the wood samples PL3-M1, PL3-M2, and PL3-M3 were sig-
nificantly weakened compared with those of sound pine wood, suggesting
that cellulose in the wood of the ancient ship had been degraded to a certain
extent. Meanwhile, the absorption bands at 898 cm ! for two samples, PL3-
M4 and PL3-M5, hardly appeared, suggesting that cellulose in the untreated
samples may be significantly degraded. The C-O stretching peak intensity at
1267 cm™" was significantly lower for untreated PL3-M4 and PL3-M5
samples, suggesting some lignin degradation in the unprotected treated
wood. In addition, the C-H bending vibration peaks of cellulose and
hemicellulose at 1367 cm ™" almost disappeared in the untreated samples

Table 1 | FTIR spectrometer detection results

Semele Detection number l1s05/11370 Average value
sound pine wood 1 1 63 1 70
2 1.42
3 2.05
PL3-M1 1 6.87 6.43
2 5.94
3 6.47
PL3-M2 1 717 7.96
2 8.27
3 8.45
PL3-M3 1 9.77 9.04
2 9.27
3 8.07
PL3-M4 1 12.93 13.87
2 1613
3 13.57
PL3-M5 1 15.85 14.92
2 13.67
3 15.24

(PL3-M4 and PL3-M5), suggesting that cellulose and hemicellulose were
highly degraded in unprotected treated wood compared to protected trea-
ted wood.

The results of I; 505/1; 37 ratio calculations (Table 1) show that the I; 595/
I1370 ratio of the Penglai IIT shipwreck samples is higher than that of the
sound pine samples (the average I;s0s/I137 ratio value is 1.70). The mean
L1505/11370 values for samples PL3-M1, PL3-M2, and PL3-M3 ranged
between 6.43 and 9.04, while the mean I;50s/1; 370 values for samples PL3-M4
and PL3-M5 were higher, at 13.87 and 14.92. The results indicate that the
treated samples, although degraded to a certain extent, in contrast to the
unprotected shipwreck wood, the degradation was more severe. This sug-
gests that the previous protective treatments had a protective effect on
the wood.

Drying and consolidation status of wood
Figure 7 illustrates the results of equilibrium moisture content tests on
samples of sound pine wood and wood from the wreck of Penglai III. For
each sample, five different areas were selected for testing. As can be seen in
Fig. 7-a, the moisture content of each sample stabilized at roughly day 5. The
results (Fig. 7-b) show that the equilibrium moisture content of the sound
pine wood is higher, ranging from 7.10 to 9.54%. Cells and wood tissues in
sound wood are typically filled with water, both free water (e.g., in cell
cavities) and water of crystallization. This water contributes to the high
moisture content of sound wood. Different ancient samples had different
values of moisture content, with a minimum value of 2.91% and a maximum
value of 6.66% for treated samples. They are mainly distributed between
3.5% and 4.5%. The equilibrium water content of PL3-M4 and PL3-M5 is
higher than that of the other ancient ship samples, mainly distributed
between 4.5% and 6.0%. The moisture content of the wood samples has a
certain impact on the long-term preservation of wood, and test results
showed that the moisture content of the wood samples of the ancient ships
tested is significantly low. This means that the ancient shipwreck of Penglai
III has now been dehydrated and reached a more desirable dry state after
PEG treatment. Removing the effect of specificity, the moisture content of
the treated samples was lower than that of the untreated samples, probably
due to the filling of PEG into the cellular structure of the samples.

The scanning electron microscope image (Fig. 8-b) of the cross-
section of PL3-M2, a sample from the Penglai III shipwreck, showed that
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Fig. 8 | SEM image of the cross profile of samples. a Sample PL3-M4; b sample
PL3-M2.

Fig. 9 | Microscopic observation of sample PL3-M1. a Black substance on the
surface of sample PL3-M1(50x); b White particles on the surface of sample
PL3-M1(30x).

the wood structure and cell lumen of the sample after drying and
strengthening had a slight deformation and maintained the shape of the
original waterlogged state. The image in Fig. 8-a shows that the wood cell
structure of sample PL3-M4 was extruded and deformed severely,
indicating that the PEG-treated sample underwent obvious deformation
during the drying process. The appearance of the samples (Fig. 5) also
shows that cracking and deformation occurred on the surface of both
PL3-M4 and PL3-M5 wood. This comparison indicates that PEG
materials play an important role in maintaining the structural stability of
wood during the drying process.

As can be seen from Fig. 9, the surface of the sample was black as if
covered with a black conjunctiva (Fig. 9a), with white crystalline particles
distributed locally Fig. 9-b). The FTIR spectrometer analyzed the black
substance and white particles on the surface of the wood, and the results are
shown in Fig. 10. The infrared spectra of the black substance and the white

—— PEG2000
—— PEG4000
Black substance on the surface of PL3-M1

—— White particles on the surface of PL3-M1 1100

Absorbance

T T
3500 2500 2000

Wavenumber(cm™)

Fig. 10 | FT-IR spectra of PEG2000, PEG4000, black material and white crystal on
the surface of sample PL3-M1.

particles showed a high degree of similarity, and the positions of their
absorption bands were the same. It is well-established that the infrared
absorption functional groups of PEG are mainly concentrated in the
following”: H-C-H symmetric stretching vibration attributed to the
absorption bands at 2882cm™ and 2861cm™; H-C-H bending
vibration attributed to the splitting bimodal bands at 1466 cm™' and
1455cm™'; absorption bands at 1360 cm 1341 cm 1279 cm ™', and
1241 cm™". The absorption bands at 1360 cm™',1341 cm ™', 1279 cm ™', and
1241 cm ™' areattributed to H-C-H out-of-plane oscillations; the absorption
bands at 1146 cm,1100 cm ™, and 1060 cm ™ are attributed to C-O tele-
scoping vibrations of the PEG molecule; and the absorption bands at
960 cm™',947 cm ™', and 841 cm ™" are attributed to the in-plane oscillations
of the H-C-H of the PEG molecule. The absorption bands of black sub-
stances and white crystals are mainly concentrated in the vicinity of
2882 cm 2861 cm 11466 cm ,1360cm ™!,  134l1cm™!, 1280 cm
1240 cm ™', 1145 cm™', 1100 cm ™', 1060 cm™, 960 cm™, 841 cm ™', which
coincided with the positions of the peaks of PEG absorption. Therefore, the
black conjunctiva and white particles on the surface of PL3-M1 should be
PEG(HO-(C,H,0),-H). The current darkening of the wood and localized
precipitation of white crystals may have been caused by the spraying of PEG
during the early conservation work on the ship.
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PEG has been widely used as a common filler material for drying and
strengthening ancient wooden shipwrecks*". First of all, it can be affirmed
that PEG has many advantages in drying and reinforcing wood". PEG can
dehydrate and reinforce water-saturated wooden artifacts by penetrating the
wood and replacing the water in water-saturated archaeological wood with
water-soluble compounds that replace the water’s supportive role'’. For
example, PEG4000 is more uniformly distributed at the cellular level of
wood, and after reinforcement, wood porosity is reduced, cell longitudinal
modulus of elasticity and hardness are increased, and dimensional stability
is increased. Moreover, PEG materials are inexpensive and easily available.
Therefore, PEG materials with different concentrations and molecular
weights have been used for the dewatering and strengthening of water-
saturated wood artifacts all over the world. For example, low molecular
weight PEGs are highly hygroscopic and tend to cause swelling or even
cracking of wood due to moisture absorption'”"* Under high temperatures
and high humidity, PEG is easily lost and thus loses its reinforcing effect on
the wood'”"®. In addition, PEG is prone to redox reactions with metal ions
and sulfates remaining in the wood, producing acidic substances, leading to
further degradation of the wood and damaging its properties”’.

In addition to these effects, PEG can cause changes in the appearance
and color of waterlogged wood”, and Penglai IIT shipwreck is a good
example of this problem. Different aspects of the causes of discoloration of
PEG-treated wood have been studied and researched. Factors such as the
structural characteristics of the wood, the degree of decay21, the iron content
of the wood™, the chemical structure of the cell wall components and their
content”, and whether or not to pass through the buffer solution
treatment™, etc., may have an impact on the color change of the PEG treated
wood. Since the spraying process was used instead of the soaking method for
the Penglai III shipwreck during the early treatment, some of the PEG
materials stayed on the surface of the samples for a long time, resulting in
changes in the surface morphology and color of the wood. This effect on the
appearance of wood will affect the exhibition effect to a certain extent and is
not conducive to the long-term protection of wood. Therefore, in the
conservation of marine wooden artifacts, it is very important to remove as
many iron deposits as possible from the wood before the reinforcement
treatment, as well as to reinforce the wood according to the state of pre-
servation of different samples. At the same time, materials such as silicone
compounds™?, sugar alcohols” ™, vinyl materials™ cellulose, and its
derivatives”™" and other materials can be considered to be selected for the
reinforcing treatments, and the unfavorable impacts of the reinforcing
materijals on the wood can be avoided as much as possible. In addition,
freeze-drying™ and supercritical fluid drying™ methods can be applied with
some consideration depending on the situation. These two methods have
been applied with good results in actual cases of shipwreck conservation.
Choosing ways to desalinate and moisturize wood is also worthy of dis-
cussion and attention. From our experience, complete immersion of the
boat timber in a soaking tank may give better results than the spraying
method. Whether it is the removal of salt deposits in the wood or pene-
trating protective materials, the immersion method may be better. It is
therefore considered that, where conditions are met, desalination and
penetration of reinforcement should be carried out by immersion as far as
possible, thus avoiding the undesirable effects of large quantities of
impermeable chemical materials remaining on the surface of the wood.

Deposited salts in the microstructure of wood

The pH values were examined for different parts of the wood sample surface
of the Penglai III shipwreck (Fig. 11), and the results are shown in Table 2.
The results showed that the pH of the rust-contaminated wood was all
acidic, with the lowest pH value of 3.87, the highest of 4.65, the mean value of
4.26, and the median value of 4.21. The better-preserved parts of the wood
had a neutral or alkaline pH, ranging from 6.74 to 8.55, and the mean value
was 7.85. Pine pH generally ranged from 4 to 6 and was often related to the
degree of decay. The pH of healthy pine wood has been tested at 6.24. The
pH of individual rust-contaminated wood of the Penglai III shipwreck was
lower than 4, and there was acidification. Iron deposits in the marine

environment react with oxygen in the water to form iron oxides. These iron
oxides can release hydrogen ions (H'), making the surrounding environ-
ment acidic. When these iron deposits adhere to the surface of wooden
artifacts, they gradually release hydrogen ions, leading to the acidification of
the surface environment of the artifacts. At the same time, the rest of the
well-preserved parts did not show any obvious acidification phenomenon.
The wood was previously sprayed with a chemical such as borax, a 0.4%
borax solution would typically have a pH between 9 and 10, which could be
the cause of the localized alkalinity of the wood.

Acidification of wood out of the sea is often related to deposits™.
Optical microscopy observations showed that many deposits were found on
the surface of the samples. Traces of reddish-brown rust contamination
were found on PL3-M1(Fig. 12-a), PL3-M2(Fig. 12-c), and PL3-M3(Fig. 12-
e), unevenly covering the sample surfaces. In addition, yellow, light yellow,
and white deposits were found attached to the surface of all three wood
samples (Fig. 12-b, Fig. 12-d, and Fig. 12-f). Red and yellow deposits were
also found on the surface of both untreated PL3-M4 and PL3-M5 samples
(Fig. 12-g and Fig. 12-h).

The SEM image of the cross profile of sample PL3-M2 (Fig. 13) showed
that some of the wood cell cavities are filled with many deposits. The dis-
tribution of Fe elements and the morphology and distribution of deposits in
the cell cavities of the wood are almost identical and more concentrated
through the energy spectrum analysis. The elemental sulfur distribution
overlaps the wood’s cell walls and in some cell cavities. In addition, ele-
mental calcium is also enriched and distributed to some extent, which is
more in line with the range of distribution of the cellular structure. The
above results show that Fe, S, and Ca are important elements in the deposits
in the wood of Penglai III shipwreck, and there are some differences in the
distribution of different elements.

ESEM-EDS also observed deposits of crystals of different morphologies
in the cross-section of the samples. For example, tetragonal prismatic
crystals were observed in Sample PL3-M1 (Fig. 14-a), and the spectral region
showed that the atomic percentages of Fe and S are approximately 1:1 (Table
3), indicating that it is likely to be mackinawite (FeS). In addition, smooth
rectangular lamellar crystals were observed in sample PL3-M1 (Fig. 14-b),
with Ca and S as the main constituent elements, possibly CaSO,. In sample
PL3-M2 (Fig. 14-c), a large number of strawberry-shaped spherical particles
were observed filling the cellular cavities of the wood. The detection of the
energy spectral region showed that the atomic ratio of Fe and S was about 1:2
(Table 3), probably pyrite framboids (FeS,). Needle-like crystal particles
were observed in sample PL3-M3 (Fig. 14-d), and the sedimentary salt
crystals were detected by the energy spectrum region to be high in iron and
oxygen content (Table 3), which should be highly oxidized iron compounds.
The presence of iron deposits was also found in sample PL3-M4 (Fig. 14-e,{),
and energy spectroscopy results showed that the oxygen content of iron
deposits was somewhat higher in PL3-M4 relative to treated wood (60.4%
and 45.9%), suggesting that the degree of oxidation of iron deposits may
have been higher in the untreated wood. The SEM results of sample PL3-
M5(Fig. 14-g) showed that the deposits in the wood contained a certain
amount of calcium and sulfur, in addition to small amounts of silicon and
magnesium. In addition, Fig. 14-h shows that there are a large number of
spherical microorganisms distributed in the wood cell structure, closely
attached to the wood cell wall, or filled in the wood tubular cell structure in
an aggregated form. It indicates that the sample is seriously contaminated by
microorganisms.

Microscopic Raman spectroscopy was utilized to determine further the
physical composition of deposits in the wood samples from the Penglai IIT
shipwreck. In PL3-M1, light yellow particles (Fig. 15) were detected as sulfur
(S); reddish-brown deposits were goethite (FeOOH) (Fig. 16); and white
particles were anhydrite (CaSO,) (Fig. 17). In addition, pyrite (FeS,) was
detected in the PL3-M2 sample (Fig. 18). Hematite (Fe,Os) and aragonite
(CaCO;) were also detected in the PL3-M3 sample (Figs. 19 and 20). The
results of these tests indicated that the deposits in the wood samples con-
sisted mainly of iron and calcium deposits, with the iron deposits including
sulfur-iron compounds and oxidized state iron deposits.
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Fig. 11 | pH value testing area for samples PL3-M1,

PL3-M2, and PL3-M3.

PL3-M1-C4

PL3-M2-C2

Table 2 | Results of wood pH testing

Sample Number Condition of the sampling site pH

Sound pine wood Uncontaminated 6.24
PL3-M1-C1 Contaminated with rust, reddish brown 4.65
PL3-M1-C2 Contaminated with rust, yellow-brown 4.56
PL3-M1-C3 Uncontaminated by rust 8.55
PL3-M1-C4 Uncontaminated by rust 8.37
PL3-M2-C1 Contaminated with rust, yellow-brown 4.10
PL3-M2-C2 Contaminated with rust, yellow-brown 3.87
PL3-M2-C3 Uncontaminated by rust 7.87
PL3-M2-C4 Uncontaminated by rust 7.36
PL3-M3-C1 Contaminated with rust, reddish brown 4.33
PL3-M3-C2 Contaminated with rust, yellow-brown 4.07
PL3-M3-C3 Uncontaminated by rust 6.74
PL3-M3-C4 Uncontaminated by rust 8.21

This result has similarities with the deposits on other marine ship-
wrecks. For example, the VASA began to show high acidity and rapid
diffusion of sulfate on many of its plank surfaces starting in 2000”". These
deposits were analyzed to be mainly KFe; (SO4),(OH)s, FeSO,-7H,0, Ss,
CaSO,, and FeS,™ The wood of the Mary Rose also contained sediments
such as mercaptans (R-SH), disulfides (R-SS-R") and Sg, FeS,”. China’s
Nanhai I shipwreck was slightly later than the Penglai III shipwreck salvage
(2007). Analyses in 2022 indicated that most of the iron deposits in the wood
of this shipwreck were highly oxidized (e.g., FeCO;, FeOOH, and Fe;O,)
and that much of the wood had become acidified and underwent significant
degradation®” For wooden shipwrecks out of the sea, iron sulfide com-
pounds and other deposits will cause harm and influence wood. FeS, and
other iron sulfide compounds easily oxidize and generate sulfuric acid in the
presence of water and oxygen, causing further degradation of cellulose in the
wood, which has already been damaged*'. The redox reaction between Fe’*/
Fe** will play a catalytic role in oxidizing the iron sulfide compounds and
degrading the organic matter'’. Moreover, with the gradual oxidation of
Fe**/Fe’™, the unit molecular volume expands, and once water is lost and
precipitated, it will cause stress damage to wood fibers*. Although many of
the iron deposits in the Penglai III shipwreck are in a reduced state, the
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Fig. 12 | Micro-morphological images of surface deposits on wood samples.
aReddish brown deposits on the surface of PL3-M1; b Yellow deposits on the surface
of PL3-M1; ¢ Reddish brown deposits on the surface of PL3-M2; d Light yellow
deposits on the surface of PL3-M2; e Reddish brown deposits on the surface of PL3-
M3; fLight yellow and white deposits on the surface of PL3-M3; g Yellow deposits on
the surface of PL3-M4; h Red deposits on the surface of PL3-M5.

Fig. 13 | Photomicrographs of wood section and element distribution of sample
PL3-M2. a SEM photographs; b-d surface scanning distribution photographs of
different elements.

Fig. 14 | SEM image of samples. a Mackinawite crystals in sample PL3-M1; b Pyrite
framboids crystals in sample PL3-M1; ¢ Calcium sulfate crystals in sample PL3-M2;
d Deposit crystals in sample PL3-M3; e Deposit crystals in sample PL3-M4; f Deposit
crystals in sample PL3-M4; g Deposit crystals in sample PL3-M5; h Microorganisms
in sample PL3-M5.

results show that some of them have been oxidized, which may pose
potential hazards to the safety of the shipwreck.

In the early years of the shipwreck excavation, the shipwreck was large,
and at that time, it did not have the conditions to build a large-scale
immersion pool to remove the deposits. People could only use the spray or
paste to continuously remove the deposits on the surface of the ship’s wood,
the effect was weak. At present, the ship’s timbers are still heavily filled with
deposits, and the timbers have been acidified locally, which is not conducive
to the long-term preservation of the shipwreck. Therefore, subsequent
consideration may be given to cleaning the surface of the ship’s wood where
deposit precipitation is more serious. However, the shipwreck has been
dried to a dry state, and it is impossible to completely remove all the sedi-
ments in the shipwreck. Whether it is pyrite and other sulfur and iron
compounds in the wood or iron sediments that have been oxidized,
moisture is an important condition for their change and oxidation. So, the
temperature and humidity control of the shipwreck’s environment is par-
ticularly important. For example, the sulfate eruptions on the Batavia® and
Vasa® wrecks were associated with environmental changes, especially
changes in humidity. When the ambient humidity jumps above 70% RH,
precipitation of sedimentary salts is likely to occur. At the same time, the
ambient temperature where the two shipwrecks are located is generally
maintained at about 20 °C. Wooden cultural relics’ preservation of humidity
requirements is more stringent; environmental humidity is too low, easily
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Table 3 | SEM-EDS results of deposits (at.%) in Fig. 14

Analyzed point c o Na si Mg s Ca Fe N
FlgS 1 43-1 16.9 6.5 0.4 - - 37.2 19 371 -
FIgS14b-1 18.0 34.4 - — — 23.8 249 _ _
FIgS14b-2 6.8 26.2 - - - 31.6 30.9 - -
Figs.14c-1 498 106 03 - - 255 = 13.8 -
Figs.14c-2 £28 65 = - - 27.2 = 135 —
Figs.14d-1 318 438 - - - - = 244 -
Figs.14e-1 252 60.4 = = - 065 = 138 _
Figs.14f-1 27.8 459 - - - = = 263 _
Figs.14g-1 X 553 50 1.9 16.2 08 _
Figs.14g-2 & 724 87 12 09 1041 = —
Figs.14h-1 Lifd 2822 - - = 04 - 136
”—*“indicates that the elemental content is below the detection limit.
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Fig. 15 | Raman spectra of light yellow particles on the surface of PL3-M1.
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Fig. 17 | Raman spectra of white particles on the surface of PL3-M1.
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Fig. 18 | Raman spectra of black particles on the surface of PL3-M2.
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Fig. 16 | Raman spectra of reddish brown particles on the surface of PL3-M1.
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Fig. 19 | Raman spectra of black particles on the surface of PL3-M3.
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Fig. 20 | Raman spectra of white particles on the surface of PL3-M3.

leads to wood cracking; humidity is too high and easily leads to sediment
precipitation and microbial growth. Penglai Water City is located in the
northern hemisphere in the mid-latitude region, is a warm temperate
monsoon zone continental climate, with an average annual temperature of
125 °C, an average yearly maximum daily temperature of 28.8 °C, the
average annual minimum daily temperature —2.3 °C, the extreme max-
imum temperature of 38.8 °C, the extreme minimum temperature —14.9 °C,
the average yearly precipitation of 664 millimeters, the average annual
relative humidity of 65%. Since the museum is near the sea, controlling
relative humidity inside the museum is a difficult problem. During the
summer rainy season, the relative humidity inside the museum is often
higher than 70% RH, and the temperature and humidity difference between
morning and evening is large. This situation is not conducive to the control
of sedimentary salts. In the future, we should pay attention to the preventive
conservation of shipwrecks and take corresponding measures to regulate the
temperature, humidity, and light in the museum, preferably controlling the
temperature at about 20 °C and the relative humidity at about 65%. Priority
should be given to light sources in the gallery that do not produce ultraviolet
rays or that can effectively reduce ultraviolet rays. A UV intensity meter can
be installed to regularly check the level of UV light in the exhibition hall.

In conclusion, while the wooden artifacts from the Penglai III ship-
wreck have experienced some degradation, the I;505/1; 370 ratio of the treated
wood is lower than that of untreated wood, indicating that the conservation
treatment applied approximately 20 years ago has helped delay further
deterioration. During the initial conservation phase, the hull was treated
with polymer PEG, which successfully mitigated cracking and deformation,
providing some reinforcement. The EMC of the treated samples ranged
from 2.91% to 6.66%, which has reached a more desirable dry state. How-
ever, PEG accumulation on the surface caused the darkening of the wood,
negatively impacting the wreck’s appearance. This highlights the potential
drawbacks of PEG in wood preservation.

Additionally, deposits of iron (e.g., sulfur-iron compounds) and cal-
cium deposits have accumulated both on the surface and within the wood’s
cellular structure. Over time, these deposits can cause acidification and
accelerate decay, complicating long-term preservation efforts. As desalina-
tion of dry wood is challenging, future conservation efforts should focus on
stricter control of temperature and humidity to better preserve the wood.
Only by continuously assessing the conservation status of cultural relics
from the perspective of sustainable development and actively solving
emerging problems can the long-term protection of these precious relics be
truly strengthened.
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