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Identification and Analysis of Ancient Ship Wood
Excavated at Nantong Hydraulic Site

Qinghui Gao,** Jiang You,® Xiaomei Liao,” and Zhigao Wang ®*

The Nantong Ancient Ship refers to an ancient Chinese wooden ship of
the late Ming Dynasty excavated in Nantong city in December 2022. This
paper identifies the wood and discusses its related analysis. Wood
samples extracted from the Nantong Ancient Ship were studied from the
viewpoints of anatomy, physics, and chemistry. Microscopic identification
results concluded that willow and Chinese fir were the main wood species
used to make this ship. The content of holocellulose in the ancient wood
was only 37.9 to 38.9%, while the content of lignin was 55.2 to 56.4%. The
cellulose crystallinity of ancient wood was 39 to 42% lower than that of
healthy recent wood. Fourier transform infrared (FTIR) spectra revealed
that the deterioration of ancient wood caused cellulose and hemicellulose
degradation, but no apparent lignin alteration. The results could provide a
basis for drawing up a conservation plan for the Nantong Ancient Ship.
They could also provide a reference for the research and conservation of
other archaeological shipwrecks in China.
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RESEARCH AIMS

With the continuous improvement of archaeological science and technology, an
increasing amount of wooden cultural relics are being discovered and excavated. In China,
for the past 20 years, more than one ancient sunken ship has been excavated in the ocean
or inland rivers, such as Huaguangjiao I (Shen et al. 2018; Liu et al. 2022b; Liu et al.
2023d), Nanhai | (Li et al. 2022), Xiaobaijiao | (Han et al. 2020), Luoyang | (Liu et al.
2023a), Taicang (Liu et al. 2023b), etc. These ancient shipwrecks had been buried in
underground or underwater environments for hundreds of years and attacked by
microorganisms, so they are very fragile (Donato et al. 2010; Jakes et al. 2015; Kilic and
Kilic 2018). To design suitable conservation processes, it is important to know the
conservation status of ancient wood, including such parameters as wood species, density,
chemical composition, etc.

In October 2022, an ancient shipwreck was excavated at an archaeological site in
the Chongchuan district of Nantong city, China. Based on the ancient coins (Wanli period,
1572 to 1620) unearthed at the archaeological site, it was inferred that the ship belonged to
the late Ming Dynasty. The ship is 9.9 m long, 3.1 m wide at the widest point, and 1.1 m
deep. It comprises the following parts: bottom plate, bilge plate, body plate, deck, bulkhead
plate, main keel, etc. Samples of wood extracted from the Nantong Ancient Ship were
studied from the viewpoints of anatomy, physics, and chemistry. This paper
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comprehensively analyzes the results and evaluates the wood samples. They could provide
a basis for the drawing of a conservation plan for the Nantong Ancient Ship. They could
also provide a reference for the research and conservation of other archaeological
shipwrecks in China.

INTRODUCTION

In April 2022, a large number of stones were discovered at a construction site (E
118.80° and N 32.06°) in the Chongchuan district (Fig. 1), Nantong city, Jiangsu province,
which was later identified as a Ming Dynasty hydraulic site after investigation by the
cultural relics department. Excavations were carried out at the archaeological site from
October 13, 2022 to December 18, 2022. Ancient ships were found in the northern part of
the site. Many porcelain pieces, metal parts, tiles, and coins were found and are presumed
to be from the late Ming Dynasty. The site proves that the course of a tributary of the
Yangtze River passed through the place at the time.
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Fig. 1. Location of the Nantong hydraulic site

Generally, the decay of archaeological wood can be characterized by anatomical,
physical, and chemical methods. Some basic parameters, such as basic density, water
content, and residual basic density, are used to describe wood degradation (Gao et al. 2014;
Macchioni et al. 2018; Endo and Sugiyama 2022). In addition, the degree of degeneration
can be specified using different anatomical characteristics. The content of ash, a-cellulose,
and total cellulose are usually used for the determination of wood health wood (Xia et al.
2018). They can also be used for the identification of waterlogged wood. Long-term
degradation not only changes the content of cellulose in wood, but it also changes the
existing state of cellulose (Lucejko et al. 2018; Broda and Popescu 2019). X-Ray
diffraction (XRD) can be used to test the crystallinity of cellulose in ancient wood (Lionetto
et al. 2014; Zhao et al. 2019; Sun et al. 2022). Environmental scanning electron
microscopy (ESEM) is often used to collect the microscopic morphology of ancient wood
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(Cha et al. 2014; Romagnoli et al. 2018; Stagno et al. 2021). Fourier transform infrared
(FTIR) is a speedy way to monitor the chemical composition of wood and can indicate the
chemical composition of ancient wood or naturally aged wood by changes in certain peaks
(Pizzo et al. 2015; Han et al. 2022; Liu et al. 2022a).

In this article, wood decay was evaluated from anatomical, physical, and chemical
perspectives. The microscopic structure of wood was observed by optical microscope and
the species of wood were identified. The maximum water content, basic density, and
residual basic density were determined, and the composition of the samples were analyzed.
The crystallinity of cellulose in ancient wood was measured by XRD. The chemical
composition changes of fresh wood and old wood were compared by FTIR. The
microscopic morphology of ancient wood was observed by SEM.

EXPERIMENTAL

Materials

The samples were extracted from the Nantong Ancient Ship in December 2022.
Table 1 lists the names of the samples and their respective positions on the ship. The
positions are also marked in Fig. 2.
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Fig. 2. Top view and section view of the Nantong Ancient Ship
Table 1. Sample Names and Sampling Positions
No. Samples Names Sampling Position
1 Bulkhead-1 Bulkheads of the 3 and 4™ cabins from the eastern part
2 Bulkhead—-2 Bulkheads of the 4" and 5™ cabins from the eastern part
3 Bulkhead—-3 Bulkheads of the 5" and 6™ cabins from the eastern part
4 Bulkhead—4 Bulkheads of the 6" and 7™ cabins from the eastern part
5 Bilge strake—1 Bilge strake in the northern part
6 Bilge strake—-2 Bilge strake in the southern part
7 Keel-1 Keel in the eastern part
8 Keel-2 Keel in the western part
9 Deck plating—1 Deck board in the northern part
10 Deck plating—2 Hull board in the southern part
11 Hull-1 Hull board in the northern part
12 Hull-2 Hull board in the southern part
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Methods
Microscopic identification

Macro-characteristics are the basic information for wood identification. The cross-
sections of specimens were observed with a 10x magnifying glass. The results showed that
specimens 1 through 4 were diffuse-porous wood and 5 through 12 were coniferous wood.
It was necessary to prepare microscopic slices and identify the species of wood by the
microscopic structure of the specimens.

Because some of the wood samples were identified as soft and could not be sliced,
the wood samples were first impregnated with 600 PEG (polyethylene glycol) for 3 days
and then transferred to PEG 2000 for 3 days. The samples were then sliced by a microtome
in transverse, radial, and tangential directions into slices of approximately 30 microns. All
the slices were then stained with saffron and washed with distilled water, which increased
the contrast of the microscopic images. The thin, stained, and transparent slices were
observed at varying magnifications (40x to 100x) with an optical microscope (Zeiss Axio
Scope Al microscope, Carl Zeiss AG, Oberkochen, Germany) with AxioVision Rel.4.8
(Carl Zeiss AG, Oberkochen, Germany) under the mode of transmitted light. Finally, the
species of wood were determined by comparing with relevant literature.

Determination of chemical composition

After being in the underwater/underground environment for a long time, the wood
deteriorated to varying degrees, resulting in changes in its chemical composition. In this
study, healthy recent wood of the same species was selected as a reference based on the
identification results and changes in the chemical composition of the samples were
compared. According to standard GB/T 2677.6-94 (1994) solvent extraction of wood and
acid-insoluble lignin were determined. The fibrous raw material determination of
holocellulose was determined according to GB/T 2677.10-94 (1994).

X-Ray diffraction

The extracted specimens and the healthy recent wood from the same wood species
were surface-cleaned, dried, ground into 80-mesh powder, and pressed into sample sheets
at room temperature. The samples were in-situ XRD analysed using the X’Pert Pro Multi-
purpose diffractometer (PANalytical, Almelo, Netherlands) and the Rigaku Smart Lab 9
kW XRD system (Shimazu Co., Kyoto, Japan). In addition, the 26 range was 5 to 40° at a
rate of 2°/min. The spectrum provided was the average of three measurements of healthy
recent wood and antique ship wood. Using the Segal method, the crystallinity of cellulose
was calculated as the ratio of the peak area of the crystalline region to the total peak area,
using the following Eq. 1 (Segal et al. 1959; Wang et al. 2023a),

CR, = 22244 x 100% (1)
Ipo2
where CRx (%) denotes the degree of crystallinity of cellulose, loo2 denotes diffraction
intensity of the (002) lattice plane in cellulose, and Iam indicates diffraction intensity of
amorphous region (26 = 18°).

Chemical structure analysis

To illustrate the chemical changes after deterioration, the extracted specimens and
the healthy recent wood were ground into 80-mesh powder and pressed with KBr for FTIR
testing. The device, a Tensor 27, Bruker, Ettlingen, Germany, has a spectral resolution of
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4 cmt in the 4,000 cm™ and 400 cm™ range through 32 scans. After aligning the optical
equipment, the background spectrum was collected before measurement. Furthermore, the
spectrum presented referred to the average of three measurements for each sample of wood.

Morphological characteristics

To investigate possible changes in the physical aspects of wood samples from the
Nantong Ancient Ship, the surface shape of wood samples was observed using an
environmental scanning electron microscope (Quanta 200, FEI Company, Eindhoven,
Netherlands). To increase the conductivity, ring sputtering was conducted by SEM with
target 2" ID x 3" OD x 0.1 mm Anatech (SC502-314; Quorum Technologies Ltd., Watford,
UK). The voltage used for SEM analysis was 20.0 kV.

RESULTS AND DISCUSSION

Microscopic ldentification

Wood identification was completed through observing its macroscopic
characteristics and microscopic structure. Macroscopic observation revealed that samples
1 through 4 were hardwood with diffuse-porous wood, and 5 through 12 were softwood.

Through analysis of the microscopic structure, samples 1 through 4 were the same
wood species, identified as willow (Salix spp.) (Sauter and Wellenkamp 1988; Cufar et al.
2019; Wagenfihr and Wagenfuhr 2021), as shown in Fig. 3. The growth rings of these
samples—presented as thin lines—were slightly obvious. The samples showed diffuse-
porous wood with uniseriate rays, many porous, size varying from small to very small, with
uniform distribution.

d e f

Fig. 3. Micrographs of investigated samples (1 through 4) magnifying 5x and 20x in transversal (a
and d), tangential (b and e), and radial (c and f) sections

Most of the vessels were solitary pores—with a few vessels, usually 2 to 3, multiple
pores—distributed in radial direction. The vessel perforations were single, with
intervascular pitting interrow. The axial parenchyma was marginal parenchyma, very
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small, 1 or 2 cells wide. In the radial section, heterogenous rays consisted of procumbent
and upright cells. The uniseriate rays were 1 to 28 cells high, with most 5 to 20 cells high.
The intercellular tract was not seen.

d e f

Fig. 4. Micrographs of investigated samples (5 through 12) magnifying 5x and 20x in transversal
(a and d), tangential (b and e), and radial (c and f) sections

Microstructure observation of specimens 5 through 12 showed that they were the
same wood species identified as Chinese fir (Cunninghamia lanceolate) (Caseldine et al.
2000; Sun et al. 2020; Tu et al. 2022). The growth rings of these wood specimens were
obvious (Fig. 4). Between the growth rings, the color of late wood band was dark, and from
early wood to late wood the color gradually lightened. The zone of the late wood was very
narrow. Moreover, no resinous channels were observed. The tracheids did not show any
helical thickenings. The bordered pit is usually listed on the radial wall of the tracheid. The
amount of axial parenchyma was small, they appeared star-shaped and were scattered and
distributed over both early wood and late wood. The uniseriate rays were 1 to 21 cells high,
with most 5 to 13 cells high. The inner wall of the ray tracheid was not serrated. The cross-
field pitting— type of pits characteristically from communication between rays and axial
tracheids—was visible on the radial sections.

Willow and Chinese fir are common wood species in Nantong area. The results of
wood identification revealed that people in the late Ming Dynasty were good at choosing
local materials for making boats and ships. Many ancient ships made of Chinese fir wood—
one of the most common woods used for shipmaking — have been excavated in China (Li
et al. 2022; Liu et al. 2023d).

Determination of the Main Component Content

Long-term deterioration of the ancient wood modified its chemical composition,
resulting in changes in its extraction content. Thus, extraction content is an important
standard that reflects the degree of wood deterioration (Colombini et al. 2009; Liu et al.
2023c). According to the wood identification results, specimens 1 through 4 were willow,
and specimens 5 through 12 were Chinese fir. They were divided into ancient willow
(AW), ancient Chinese fir (ACF), healthy recent willow (HRW), and healthy recent
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Chinese fir (HRCF) for comparison. The results in Table 2 show that the contents of
alcohol-benzene and 1% NaOH extracts of the ancient wood—6.16% (AW), 7.08% (ACF),
12.75% (AW), and 14.26% (ACF)—were higher than the respective values of the healthy
recent woods HRW and HRCF. In contrast, only 37.9% to 38.9% of holocellulose was
found in the ancient wood, while healthy recent wood had 76.3% to 78.4% of holocellulose.
This showed that cellulose and hemicellulose were seriously degraded into small molecules
soluble in alcohol-benzene and NaOH and both were increased in extractives content
(Table 2). Similarly, the content of acid-insoluble lignin in the ancient wood was much
higher, reaching a maximum of 55.2% to 56.4% compared to 30.6% to 32.7% in healthy
recent wood. This indicated that the total weight of wood decreased, and the lignin content
increased after the degradation of holocellulose (Saxena and Gupta 2018).

Table 2. Chemical Compositions of Nantong Ancient Ship Wood and Healthy
Recent Wood: Degradation

Wood Alcohol-benzene 1% NaOH Acid Accu_mu_lator Holocellulose (%)
Samples Extract (%) Extract (%) | Insoluble Lignin (%)
AW 6.16(1.23) * 12.75(1.37) * 56.42 (1.29) * 37.86 (1.44) *
HRW 2.08(0.29) * 5.77(1.03) * 30.64 (1.86) * 78.43 (1.78) *
ACF 7.08(1.47) * 14.26(1.14) * 55.25 (2.11) * 38.94 (2.78) *
HRCF 1.97(0.43) * 6.35 (0.98) * 32.66(1.43) * 76.34 (2.16) *

* The data is presented as the average values (standard deviations in brackets)

X-Ray Diffraction

The presence of cellulose in wood is divided into crystalline and non-crystalline
regions. The percentage of crystalline cellulose microfibril as a whole is called the
crystallinity of cellulose, which is used to characterize the strength and deterioration of
wood (Tamburini et al. 2017; Wang et al. 2023b). XRD is a common method used to
determine the crystallinity of wood cellulose, which is usually determined by three peaks
of 26 at 18°, 22.5°, and 35°, respectively, as shown in Table 3. The crystallinity of AW and
ACF were 23.6% and 25.8%, respectively, while that of HRW and HRCF were 40.6% and
41.7%, respectively. The results showed that the crystallinity of cellulose decreased by 39
to 42% in the long-time underwater/underground environment in Nantong. Studies have
shown that bacterial and fungal invasion in underground environments degrades cellulose
and hemicellulose, leading to a decrease in cellulose crystallinity.

Table 3. Chemical Compositions of Nantong Ancient Ship Wood and Healthy
Recent Wood: Crystallinity

26 Peak Value (counts)

Wood Samples AM 002 Crystallinity Degree of Cellulose (%)
AW 4410(324) * 5769(425) * 23.56
HRW 6383(411) * 10743(426) * 40.58
ACF 4355(298) * 5868(365) * 25.78
HRCF 6252(321) * 10718(417) * 41.67

* The data are presented as the average values (standard deviations in brackets).

Chemical Structure Analysis Using FTIR Spectroscopy
Figure 5 shows the FTIR spectra of Nantong Ancient Ship wood and healthy recent
wood. All spectra showed strong bands at 3320 cm™, consistent with the stretching
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vibration of hydroxyl (-OH), C-H asymmetry, and symmetric stretching at 2850 to 2920
cm L. These peaks were slightly reduced in ancient wood, probably due to degradation of
cellulose and hemicellulose (Andriulo et al. 2022; Longo et al. 2022). However, the peaks
at 1371 cm (CH deformation (symmetry)) and 1730 cm™ (xylan C=0O stretching
vibration) in ancient wood carbohydrate only showed small peaks, almost none, belonging
to the stretching vibration of xylan acetyl group (CHsC=0) carbon-oxygen double bond
(Bjurhager et al. 2012; Tamburini et al. 2014; Capano et al. 2015; Liu et al. 2023e). The
concentrations of hemicellulose and cellulose were lower in the ancient wood samples. In
contrast, the C=C stretching peak conforming to the aromatic ring (lignin) increased
slightly at 1595 cm™. The peak value at 1508 cm™ did not change significantly, indicating
that the lignin concentration in ancient wood could be relatively increased, that is, only
slight degradation occurred in the process of lignin degradation, which was consistent with
previous studies (Popescu et al. 2006; Guo et al. 2020). In ancient wood, the deformation
and vibration corresponding to primary alcohol C-O at 1022 cm™ was significantly
weakened, and the characteristics of B-chain corresponding to cellulose at 893 cm™* almost
disappeared. These changes further indicated the serious degradation of cellulose and
hemicellulose (Gelbrich et al. 2012).
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Fig. 5. FTIR spectra of Nantong Ancient Ship wood and healthy recent wood

Morphology

Degradation of cellulose and hemicellulose in wood may lead to changes in wood
micromorphology. Potential changes in the physical structure of ancient wood caused by
deterioration can be evaluated by the SEM images of its three sections, as shown in Fig. 6.
On the cross-section, the duct cell wall was deformed obviously, because the strength of
the degraded wood cell wall was reduced and the tension of water evaporation during the
drying process was greater than the strength of the cell wall. Fragmentary material was
found on the radial and tangential sections, also caused by the degradation of holocellulose.
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Fig. 6. SEM micrographs of old and new wood samples at 1400x magnification

CONCLUSIONS

1. Willow (Salix spp.) and Chinese fir (Cunninghamia lanceolate) were the main wood
species used to make the Nantong Ancient Ship. These were important wood species
for the ships and boats manufacturing at that time in the Nantong area.

2. The long-term underground deterioration led to the loss of cellulose and hemicellulose
in the wood and the decrease of its mass, while the small change in the quality of lignin
led to the increase of its relative content.

3. The degradation of cellulose also resulted in a 39 to 42% decrease in the crystallinity
of cellulose.

4. The Fourier transform infrared (FTIR) spectra and scanning electron microscope (SEM)
microscopic images further demonstrated that the degradation of cellulose and
hemicellulose led to wood deterioration.
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