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Physical and chemical degradation
characteristics of waterlogged
archaeological wood from the wenzhou
no.1 shipwreck
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The wood of Wenzhou No.1 shipwreck exhibits significant degradation due to the intertidal burial
environment. The shipwreck wood mainly consists of Chinese fir (Cunninghamia lanceolata) and
Chinese cypress (Cupressus funebris), with different degradation characteristics. Chinese fir (BD:
0.19–0.33 g/cm³; MWC: 184.8–463.5%), used in load-bearing structures, displayed mild to severe
degradation, while cypress (BD: 0.24–0.38 g/cm³; MWC: 171.7–280.6%) applied to joint components
exhibited milder degradation. Both species showed substantial holocellulose loss (28–65% of sound
wood). FTIR and XRD analyses revealed that both wood species had undergone hemicellulose
degradation and cellulose crystallinity reduction, resulting in cell wall delamination and mechanical
strength reduction, while residual lignin maintained structural stability, showing a polysaccharide
degradation-lignin support pattern. EDS and XRD analyses revealed the presence of inorganic fillers
(SiO2, CaCO3, and FeS2) in wood, with iron content ranging from 0.1–13%. These findings provide
valuable scientific references for the conservation of the Wenzhou No.1 shipwreck wood.

Wenzhou Shuomen ancient Port Site (28°01′34″-28°01′36″N, 120°38′06″-
120°39′30″ E) is located along Wangjiang East Road in Lucheng District,
Wenzhou, Zhejiang Province. As the largest and most complete port site
from the Song and Yuan dynasties discovered to date, it is renowned for its
unique “port-city-waterway” integrated spatial layout, which substantiates
Wenzhou’s historical status as a “millennium commercial port ”1.

Archaeological excavations have revealed the remains of a barbican, city
gates, and ancient docks, along with three ancient shipwrecks designated as
No.1, 2, and 3. The Wenzhou No.1 Shipwreck, preserved in two sections
measuring 4.7 and 6.4m in length, features a pointed bowapproximately 2m
wide and a midsection with a maximum residual width of 4.5m. Compo-
nents such as the keel, bottom cabin, bulkheads, deck, andmast are relatively
well-preserved, making the ship’s structure clearly discernible. Identified as a
typical Northern SongDynasty Fuchuan style ship—renowned for its robust
hull and high cargo capacity, this shipwreck offers tangible evidence of the
advanced shipbuilding techniques practiced in the Song dynasties.

The wooden components of the Wenzhou No.1 Shipwreck, as
waterlogged archaeological wood (WAW) in an intertidal burial environ-
ment, have undergone significant deterioration due to long-termmicrobial
degradation and seawater erosion. Research shows that when WAW is

exposed to air, its preservation state shifts from anaerobic to aerobic con-
ditions, accelerating cellulose hydrolysis and microbial erosion, leading to
rapid wood degradation2. Particularly for wood containing iron sulfide
compounds, the oxidationof these compounds can causewoodacidification
and the formation of crystalline growth pressure, exacerbating the disin-
tegration of the wood cell wall structure3. These degradation factors pose a
serious threat to the long-term preservation of wooden shipwrecks.
Therefore, scientifically assessing the preservation status of the wood, and
formulating targeted conservation strategies are critical for safeguarding
wooden shipwrecks.

Currently, maximum water content (MWC) and basic density (BD)
are widely used to assess the physical degradation degree of archaeological
wood4. Studies have shown that the degree of wood degradation is positively
correlatedwith theMWCandnegatively correlatedwith the BD.According
to the MWC, the degradation degree of WAW can be classified into three
levels: MWC< 185% is Level I, indicating mild degradation; 185% ≤
MWC ≤ 400% is Level II, indicating moderate degradation; and MWC>
400% is Level III, indicating severe degradation5. It is important to note that
these classification were primarily developed based on softwood analyses,
and their applicability to hardwood species requires further validation.
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Furthermore, researchers can combine techniques including wet che-
mical analysis, Fourier transform infrared spectroscopy (FTIR), X-ray dif-
fraction (XRD), and scanning electronmicroscopy (SEM) to systematically
characterize the degradation characteristics of archaeological wood at the
molecular and microstructural levels6,7. However, degradation character-
istics vary significantly with burial environment and wood species. For
example,wood from theNanhaiNo.1 shipwreck experiences degradationof
hemicellulose and cellulose, accompanied by the deposition of sulfide
compounds, mainly due to marine environmental erosion8,9. The ebony
from the No.2 shipwreck site on the northwestern slope of the South China
Seaprimarily undergoes hemicellulose degradation, which can be attributed
to its anatomical structure and the high-pressure environment of the
deep sea10. Additionally, wood remains in the chariot pit of the
Mausoleum of Emperor Qin Shi Huang show more significant lignin
degradation, likely caused by the penetration of corrosion products
from copper components11.

The Wenzhou No.1 shipwreck represents the wooden shipwreck dis-
covered within amuddy sedimentary layer of an intertidal zone in China. To
ensure the systematic conservation of the hull, the wood species used in this
shipwerefirst identified. Subsequently, thephysical degradationdegree of the
woodwas evaluated usingMWCandBD.Wet chemicalmethods, combined
with FTIR and XRD, were employed to analyze the chemical degradation
characteristics of cellulose, hemicellulose, and lignin. Scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS), XRD, and induc-
tively coupled plasma emission spectroscopy (ICP-OES) were used to
determine the types and contents of inorganic sediments in thewood, thereby
comprehensively assessing the degradation characteristics of the shipwreck
wood.Theresearchfindingsnotonlyprovidevaluable scientific references for
the conservation of theWenzhou No.1 shipwreck but also offer insights into
the preservation of archaeological wood in intertidal environments.

Methods
Wood sampling and preparation
Based on the cultural relic value, component position, component type, and
sampling feasibility, ten sampling points were selected on the hull and
sequentially numbered from 1 to 10. Among these, point 10 corresponds to
the keel, located at the bottom of the hull and thus not shown in Fig. 1. The
distribution of the remaining sampling points is illustrated in Fig. 1.

Before wood sampling, all silt adhering to the wood surface was
removedusingdeionizedwater. Subsequently,wood sampleswere extracted
from the designated sampling points using a scalpel. The samples were
prepared to approximate dimensions of 20 × 20 × 10mm.

Microstructural observation and species identification
The samplewas processed into 5 × 5 × 5mmwoodblocks, freeze-dried, and
subsequently sectioned into transverse, radial, and tangential slices
(15–20 μm thickness) using a sliding microtome (SM2010R, Leica, Ger-
many). The sections were then stained, dehydrated, and observed under an
optical microscope to analyze the microscopic structural and identify the
wood species.

For further analysis, a separate wood block was planed flat, freeze-
dried, and mounted on the specimen stage with conductive adhesive. The
sample was gold-sputter-coated to enhance conductivity and observed
using a scanning electron microscope (SEM; ZEISS Sigma 360, Germany)
equipped with an energy-dispersive spectrometer (EDS) to characterize
microstructure and morphology.

Physical degradation characteristics (MWC and BD)
To determine the MWC and BD, wood blocks were cut from each sample.
Before testing, the samples were cleansed with distilled water. The calcula-
tion of MWC for each wood block is detailed in Eq. 1.

MWC ¼ m�m0

m0
× 100% ð1Þ

The BD is calculated using Eq. 2.

BD ¼ m0

vb
× 100% ð2Þ

Wherem is themass of thewaterlogged archaeologicalwood,m0 is themass
of the oven-dry wood, and vb is the volume of the waterlogged
archaeological wood.

Determination of holocellulose, lignin, and ash contents
The relative content of holocellulose, lignin, and ash of the wood samples
was determined using wet chemical analysis. Samples were milled to a
particle size of 60–100 mesh. Holocellulose content was determined via
NaClO₂delignification followed by acidhydrolysis,while lignin contentwas
measured using the Klason method. Ash content was measured by com-
bustion at 575 °C to constant weight, with all these methods described by
Wang et al.12.

Chemical and structural degradation characteristics analysis
The chemical composition of the wood samples was analyzed using an FTIR
spectrometer (IS10, Nicolet, USA). Samples were ground to 120mesh, dried
at 60 °C to constant weight, and mixed with KBr (1:100 mass ratio). The
mixture was pressed into transparent films and scanned over 4000–400 cm⁻¹.
Three replicatemeasurements per samplewere averaged for spectral analysis.

The cellulose crystalline structure and inorganic phase composition
were characterized using an XRD diffractometer (D8 Advance, Bruker,
Germany). Samples were milled to 80 mesh, dried at 60 °C to constant
weight, and analyzed under the following conditions: Cu Kα radiation
(λ = 1.5406 Å), 40 kV, 40mA, 1.5°/min scan speed, 0.05° step size, and 2θ
range of 5°–45°.

For cellulose characterization, three replicate scans per sample were
averaged, and the crystallinity index (CrI) was calculated using the Segal
method (Eq. 3)10

CrI ¼ I200 � Iam
I200

× 100% ð3Þ

Where I200 represents the maximum diffraction intensity of cellulose at the
(200) crystal plane, and Iam is the scattering intensity of the background
diffraction from the amorphous region of cellulose near 2θ at 18°.

Concurrently, the XRD spectra were analyzed for inorganic compo-
nents. Diffraction patterns were matched against the PDF database to
identify crystalline minerals based on peak positions (2θ) and relative
intensities.

Determination of sulfur and iron content
Wood samples were ground into 200 mesh, and 10mg of the powder was
accurately weighed into a polytetrafluoroethylene (PTFE) digestion vessel. A
digestion solution consisting of 0.75mLconcentrated nitric acid and 0.25mL

Fig. 1 | Shipwreck Morphology and Sampling Points. Aerial view illustrating the
distribution of sampling points (1–9) on the hull. Sampling points are marked with
yellow dots and numbered sequentially: 1, 4, 5, 6 on the left hull section; 2, 3, 7, 8, 9 on
the right hull section. Point 10 (keel, at the hull bottom) is not shown.
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hydrochloric acidwas added to the vessel. After thoroughmixing, the sample
was subjected tomicrowave-assisteddigestionusinga systemprogrammed to
heat to 260 °C. Following digestion, the solution was cooled to room tem-
perature and quantitatively diluted to a final volume of 20mL with 3% (v/v)
nitric acid solution. The solutionwas thenfiltered through syringefilters, and
the sulfur and iron contents were determined using inductively coupled
plasma optical emission spectrometry (ICP-OES)12. Each sample was ana-
lyzed in duplicate, and the average values were reported as the final results.

Results
Wood Species Identification
To characterize the wood species used in the Wenzhou No.1 shipwreck,
species identification of ten wood samples was conducted through optical
microscopic analysis of wood anatomical features, as shown in Table 1. The
results indicate that the hull was constructed using Chinese fir (Cunning-
hamia lanceolata) and Chinese cypress (Cupressus funebris).

InChinese fir, the earlywood tracheids in the transverse section exhibit
irregular polygonal shapes, while the latewood tracheids are rectangular to
polygonal. The axial parenchyma is diffuse or arranged in tangential bands
(Fig. 2a). In the tangential section, the wood rays are predominantly uni-
seriate, occasionally biseriate (Fig. 2b). In the radial section, theborderedpits
on the axial tracheids are mostly uniseriate, and the cross-field pitting is of
the Chinese fir type (Fig. 2c)13.

In Chinese cypress, the earlywood tracheids in the transverse section
are nearly circular to polygonal, and the axial parenchyma is diffuse or in
clustered aggregates, often containing dark resin contents (Fig. 2d). In the
tangential section, thewoodrays areuniseriate (Fig. 2e). In the radial section,
the bordered pits on the axial tracheids aremostly uniseriate, and the cross-
field pitting is of the cypress type (Fig. 2f)13.

Chinese fir exhibits a unique combination of low density and high
strength, making it suitable for manufacturing load-bearing components,
such as bottom planks, bulkheads, and keels. This optimal strength-to-
weight ratio allows for lightweight construction while meeting structural
stiffness and strength requirements. In contrast, cypress contains abundant
phenolic tyloses within its axial parenchyma, which can block microbial
penetration and disrupt metabolic activity, thereby providing inherent
antimicrobial properties. Combined with its high mechanical strength and
impact resistance, cypress was commonly used for critical structural joints,
including the bow, stern, and seam-reinforcing planks. This species-specific
material selection reflects the ancient Chinese shipbuilding logic of ‘mate-
rial-function compatibility’, as supported by the anatomical characteristics
of the wood and their structural roles in the hull.

Beyond material-function compatibility, ancient shipbuilders also
prioritized resource availability and procurement efficiency. From a bio-
geographical perspective, Chinese fir and cypress are found in mixed forests

in the coastal hilly regions ofZhejiang andFujian (27°–28°N), closely aligning
with the location ofWenzhou Shuomen ancient Port. TheMingDynasty text
TiangongKaiwu: Boats andCarts14 records, “Shipbuildingmaterials in Fujian
and Guangdong are sourced from camphor and fir, while in Jiangsu and
Zhejiang, pine and cypress are used together.” This description matches the
combination of fir and cypress used in the Wenzhou No.1 shipwreck, pro-
viding empirical evidence for the ancient shipbuilding logic of “adapting to
local conditions and sourcing materials nearby”.

Physical degradation characteristics
Since the Wenzhou No.1 shipwreck was constructed using Chinese fir and
Chinese cypress, the degradation state of wood samples from this shipwreck
can be quantitatively assessed through two key degradation indicators:
MWC and BD (Table 1). Chinese fir specimens displayed a wide degra-
dation range, with MWC values spanning 184.8 to 463.5% and BD
values between 0.19 and 0.33 g/cm³, encompassing mild, moderate,
and severe degradation levels. In comparison, Chinese cypress spe-
cimens exhibited better preservation, with MWC limited to
171.7–280.6% and BD maintained at 0.24–0.38 g/cm³, predominantly
within the mild to moderate degradation range. Compared to refer-
ence values for sound wood (Chinese fir: 0.33 g/cm³; Chinese cypress:
0.38 g/cm³), the BD reductions reached 22–57% for Chinese fir and
31–56% for Chinese cypress, confirming significant degradation of
their components.

Themost severe degradationwas observed in theChinesefir sternplate
(sampling point 6), where the BD decreased to 0.19 g/cm³ (42.2% of sound
wood reference value) accompanied by an exceptionally high MWC of
463.5%, suggesting nearly complete cell wall collapse. This condition
represents a typical case of severe degradation in marine archaeological
wood. In contrast, the most degraded Chinese cypress sample (sampling
point 1)maintained significantly better structural integrity, withMWCand
BD values of 280.6% and 0.24 g/cm³, respectively, outperforming many
Chinese fir specimens. This differential degradation behavior can be
attributed to cypress’s inherent material properties, including higher con-
centrations of phenolic extractives that provide natural resistance against
microbial attack, combined with its naturally higher density (0.38 g/cm³ in
sound wood versus 0.33 g/cm³ for Chinese fir), which reduces water per-
meability and enhances structural stability in marine environments.

The study revealed a significant negative correlation between MWC
and BD values. This relationship can be explained by the degradation
mechanismwhere reduced wood density leads to increased porosity, which
in turn enhances water retention capacity. The elevated moisture content
further accelerates structural breakdown through both chemical hydrolysis
and biological activity, creating a self-reinforcing cycle of progressive
deterioration.

Table 1 | Wood species and physical properties (MWC and BD) of WAW

Sampling Point Component Type Sampling Position Wood Species MWC
(%)

BD
(g/cm³)

Degradation Degree

2 Hull Plate Right-side Chinese Fir 301.92 0.22 Moderate

4 Mast - Chinese Fir 213.15 0.23 Moderate

5 Bottom Hull Plate Middle part of the hull Chinese Fir 184.8 0.33 Mild

6 Bottom Hull Plate Stern of the hull Chinese Fir 463.49 0.19 Severe

7 Bulkhead Stern side of the hull Chinese Fir 320.4 0.21 Severe

10 Keel - Chinese Fir 287.61 0.23 Moderate

1 Bottom Hull Seam Plate Stern of the hull Chinese Cypress 280.56 0.24 Moderate

3 Bulkhead - Chinese Cypress 271.39 0.25 Moderate

8 Bottom Hull Seam Plate Bow of the hull Chinese Cypress 265.43 0.32 Moderate

9 Bottom Hull Seam Plate Middle part of the hull Chinese Cypress 171.71 0.38 Mild

Sound Chinese Fir - - - 0.35 - 0.45 - -

Sound Chinese Cypress - - - 0.45 - 0.55 - -
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Morphological analysis
Microscopic morphological observations (Fig. 3) of typical samples of
Chinese fir (Sample 2) and Chinese cypress (Sample 8) revealed distinct
degradation features between early and late wood cells in the two species.

For Chinese fir, the early wood tracheids showed remarkable delami-
nation between cell wall layers and cell lumen deformation (Fig. 3a). Wood
chemistry studies indicate that hemicellulose, which acts as a matrix com-
ponent between microfibrils, undergoes degradation, leading to the loss of
adhesion between the S2 layers of the cell wall13. This suggests that the
delamination observed in the earlywood cell walls of Chinese fir is likely
attributable to hemicellulose degradation. Additionally, the relatively thin
walls of earlywood tracheidsmake the cavities highly susceptible to collapse
and deformation during dehydration.

In contrast, the latewood cells of Chinese fir exhibited better pre-
servation, largely retaining their original shape. Delamination between
layers was rare, although occasional holes caused by microbial degradation
were observed on the cell walls (Fig. 3b). This can be attributed to the thicker
cell walls and higher lignin content of latewood tracheids, which collectively
provide enhanced mechanical stability and biological resistance.

Chinese cypress specimens showed similar but less pronounced
degradation features. While earlywood cell walls displayed cell wall dela-
mination andmicrobial pitting (Fig. 3c), and some latewood cells exhibited
minor delamination (Fig. 3d), both earlywood and latewood cells remark-
ably retained their original cellular morphology. This superior structural
stability suggests that cypress maintains better integrity of its primary cell
wall components during waterlogging, potentially due to the antimicrobial
properties of tyloses and inherent differences in cell wall composition
compared to Chinese fir.

Holocellulose, lignin, and ash contents
The primary chemical components of wood include cellulose, hemi-
cellulose, and lignin. Cellulose, as the main structural component, forms
linear macromolecules through β-1,4-glycosidic bonds, which aggregate
into crystalline microfibrils. These microfibrils exhibit axial orientation
within the cell wall, conferring mechanical strength to wood13. Hemi-
cellulose, a short-chain polysaccharide, fills the spaces between cellulose
microfibrils, enhancing inter-fiber adhesion and stability13. Cellulose and

hemicellulose together are referred to as holocellulose, which constitutes the
skeletal material of wood. Lignin, an amorphous phenolic polymer, forms a
three-dimensional network that crosslinks polysaccharides through cova-
lent bonding, enhancing structural rigidity and decay resistance13. These
components collectively form the hierarchical architecture of the wood cell
wall. Ash, derived from mineral nutrients absorbed by living trees, repre-
sents the inorganic residue remaining after combustion, mainly consisting
of metal oxides, such as potassium, calcium, and magnesium, along with
small amounts of silicon and phosphorus compounds13. In soundwood, the
relative content of holocellulose typically ranges from65 to 75%, lignin from
25 to 29%, and ash from 0.3 to 0.5%4,13,15.

Wet chemical analysis can quantitatively determine the relative con-
tent of major chemical components in wood, such as holocellulose and
lignin, providing critical data for assessing the degradation state of
archaeological wood4,12. Figure 4 illustrates the content of major chemical
components in wood samples from the Wenzhou No.1 shipwreck. The
holocellulose content of Chinese fir samples ranges from 28 to 62%, while
the lignin content ranges from 17 to 41%. Notably, the ash content is
significantly elevated, ranging from 1.4 to 59%. For Chinese cypress sam-
ples, holocellulose spanned 30–65%, lignin varied between 19–33%
(26 ± 6%), and ash content was 4.6–19%, significantly lower than Chi-
nese fir.

Compared to sound wood, both Chinese fir and Chinese cypress
exhibit varying degrees of reduction in holocellulose content, indicating that
holocellulose in both species has undergone degradation. However, the
holocellulose content of cypress samples is higher than that of Chinese fir,
suggesting a lower degree of degradation in cypress, which is consistentwith
the evaluation results of MWC and BD presented earlier. Meanwhile, the
ash content of the shipwreckwood samples is significantly higher compared
to sound wood, likely due to the infiltration of inorganic sediments into the
wood12.

The lignin content in some Chinese fir and Chinese cypress samples is
lower than that of sound wood, while in others, it is higher. This variation
reflects methodological constraints, when organic components such as
holocellulose are lost due to degradation, or when ash content increases due
to mineral infiltration from the burial environment, the relative content of
lignin deviates from the actual degradation state due to changes in the

Fig. 2 | Anatomical characteristics of WAW. Microscopic images showing the
anatomical features of Chinese fir and Chinese cypress : a Chinese fir transverse
section; b Chinese fir radial section; c Chinese fir tangential section; d Cypress

transverse section; e Cypress radial section; f Cypress tangential section. All images
are stained and observed under an optical microscope.
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original composition ratios of the wood12. Specifically, the “relative
content” nature of lignin analysis means that preferential loss of
holocellulose can artificially inflate lignin percentages, even if abso-
lute lignin content decreases. Conversely, mineral accumulation
dilutes organic matter, skewing the lignin-to-holocellulose ratio.

These factors highlight that lignin fluctuations in degraded wood
often reflect compositional rebalancing rather than true lignin sta-
bility or decay.

Therefore, the holocellulose to lignin ratio (H/L) is widely used as a
correction index to evaluate degradation degree, mitigating the interference

Fig. 4 | Holocellulose, Lignin, and Ash Contents of WAW. Distribution of
holocellulose, lignin, and ash contents, with holocellulose-to-lignin ratio (H/L)
indicated for each sample: a Chinese fir samples: red bars represent holocellulose
content, blue bars represent lignin content, orange bars represent ash content, and

"H/L" denotes the holocellulose-to-lignin ratio. b Chinese cypress samples: same
color coding applies (red = holocellulose, blue = lignin, orange = ash), with "H/L"
indicating the holocellulose-to-lignin ratio.

Fig. 3 | Microstructure of WAW. Scanning electron microscopy (SEM) images
showing the microstructural characteristics of WAW: a Earlywood tracheids in
Chinese fir, with red arrow indicating cell wall delamination. b Latewood tracheids
in Chinese fir, where yellow arrows point to cell wall pores and red arrow denotes

cell wall delamination. c Earlywood tracheids in Chinese cypress, with red arrows
showing cell wall delamination and yellow arrow indicating microbial pitting.
d Latewood tracheids in Chinese cypress, with red arrow highlighting cell wall
delamination.
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of ash content. In sound wood, H/L values typically exceed 2 and decrease
progressively with increasing degradation16.

For Chinese fir samples, H/L values ranged from 1.12 to 2.47. Samples
2, 6, and 7 (H/L < 2) exhibited severe degradation, whereas samples 4, 5, and
10 (H/L > 2) showed values close to sound wood, indicating mild degra-
dation. This correlated well with basic density results.

Chinese cypress samples displayed H/L values from 1.36 to 3.35.
Samples 1 and 3 hadH/L < 2, while sample 9 had anH/L value significantly
higher than sound wood, identifying it as the best preserved specimen.

A significant negative correlation was observed between H/L and
MWC, confirming the degradation pattern: the more severe the degrada-
tion, the greater the loss of holocellulose, the higher the porosity, the higher
the maximum moisture content, and the lower the H/L value. This multi-
parametric relationship provides quantitative support for developing tiered
conservation strategies in WAW preservation.

Chemical and structural degradation characteristics
Wet chemical analysis preliminarily indicated varying degrees of holo-
cellulose degradation in the WAW samples. To further characterize this
degradation, FTIR and XRD were used to analyze the structural changes in
cellulose, hemicellulose, and lignin. The infrared spectra of the archae-
ological and sound wood samples are shown in Fig. 5.

The absorption peaks at 1155, 1050–1055, and 1365 cm⁻¹ correspond
to the C-O-C vibration of cellulose and hemicellulose, the C-O stretching of
secondary alcohols, and C-H deformation, respectively11,17. Compared to
sound Chinese fir, all Chinese fir samples except sample 4 exhibited sig-
nificantlyweakenedor absent absorptionpeaks at 1155 and1365 cm⁻¹,while
the peak at 1050–1055 cm⁻¹ shifted from a multiplet to a singlet (Fig. 5a).
This suggests cleavage of glycosidic bonds (C-O-C) in cellulose and hemi-
cellulose and disruption of C-H functional groups, with the secondary
alcohol structure being converted into other oxygen-containing groups due
to polysaccharide chain degradation.

Compared to sound cypress, the absorption peaks at 1155 cm−1 were
absent in samples 1 and 9, the peak at 1365 cm−1 was weakened, and the
peak at 1050–1055 cm−1 merged into a single peak (Fig. 5b). This suggests
severe degradation of the C-O-C bonds in cellulose and hemicellulose,
partial degradation of the C-H groups, and the decomposition of secondary
alcohol C-O bonds into other sediments in samples 1 and 9. In contrast, the
absorptionpeaks at these positions in samples 3 and 8 showedno significant
changes, indicating better preservation of cellulose and hemicellulose in
these samples.

The absorption peak at 1730 cm−1 corresponds to the C=O stretching
vibration of acetyl groups in hemicellulose, which is a characteristic

absorption feature of hemicellulose17,18. Compared to soundwood, this peak
was absent in both Chinese fir and cypress samples (Fig. 5a, b), indicating
complete degradation of the side-chain acetyl groups. As a matrix poly-
saccharide filling the spaces between microfibrils, hemicellulose is most
abundant at the interface between the S1 and S2 layers of the cell wall. Its
degradation leads to a reduction in interlayer bonding strength, causing
delamination of the cell wall17,18. Additionally, hemicellulose is one of the
primary contributors to wood toughness, its degradation significantly
reduces wood toughness, explaining the prevalent brittle failure character-
istics observed in waterlogged archaeological wood19.

The characteristic absorption peaks of lignin at 1510 and 1264 cm−1,
corresponding to aromatic ring vibration and guaiacyl C-O vibration,
respectively10,20. Compared to sound Chinese fir, archaeological Chinese fir
samples exhibited minimal changes in peak intensities at these wave
numbers (Fig. 5a), indicating limited lignindegradation.This is attributed to
lignin’s three-dimensional network structure composed of phenylpropane
units, which confers higher stability against enzymatic attack and ring-
opening reactions compared to cellulose and hemicellulose10. In Chinese
cypress samples, peak intensities remained unchanged in samples 3 and 8
but weakened in samples 1 and 9 (Fig. 5b), suggesting moderate lignin
degradation in the latter. Typically, lignin is enriched in the compound
middle lamella and cell corners, where it acts as an adhesive between
adjacent cells13. Due to its relative stability, the compound middle lamella
and cell corners of archaeological wood cell walls are generally well-pre-
served, maintaining the basic morphological stability of the wood10.

Cellulose is themajor contributor towood strength and rigidity, and its
degradation directly affects the remaining mechanical properties ofWAW.
Cellulose is composed of crystalline and amorphous regions, and a higher
proportion of the crystalline region generally corresponds to greater wood
strength. The crystallinity index is commonly used to reflect the proportion
of the crystalline region in cellulose13.

The crystallinity of cellulose in archaeological wood and soundwood is
shown in Fig. 6. Sound Chinese fir and cypress exhibit the typical cellulose I
diffraction pattern, with three characteristic peaks located at 2θ values of
16.5°, 22.1°, and 34.7°, corresponding to the (101), (002), and (040) crystal
planes, respectively17. Based on the crystallinity calculation formula, the
crystallinity of sound Chinese fir is 49.5%, while that of sound Chinese
cypress is 32.7%.

Compared to sound Chinese fir, the (101) diffraction peak almost
disappeared in samples 4, 5, 6, 7, and 10, and the intensity of the (002)
diffraction peak decreased (Fig. 6a). The crystallinity of these samples
decreased to varying degrees compared to sound wood, indicating partial
degradation of the cellulose crystalline region, although some crystalline

Fig. 5 | FTIR Spectra of WAW. These spectra characterize structural changes in
cellulose, hemicellulose, and lignin between sound and archaeological wood samples:
a Chinese fir: The “control” curve represents the spectrum of sound (undegraded)
Chinese fir, while other curves correspond to spectra of archaeological Chinese fir
samples (labeled as samples 2, 4, 5, 6, 7, 10). b Chinese cypress: The “control” curve

denotes the spectrumof soundChinese cypress, andother curves correspond to spectra
of archaeological Chinese cypress samples (labeled as samples 1, 3, 8, 9). Absorbance
(arbitrary units, a.u.) is plotted against wavenumber (cm⁻¹), with key characteristic
peaks marked to identify functional groups of cellulose, hemicellulose, and lignin.
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regions remained intact. In sample 2, both the (101) and (002) diffraction
peaks were nearly absent (Fig. 6a), suggesting complete degradation of the
cellulose crystalline region, with the remaining cellulose primarily in an
amorphous state. This significantly compromises the wood’s strength and
dimensional stability.

Compared to sound cypress, the intensity of the (101) and (002) dif-
fraction peaks in samples 3 and 8 (Fig. 6b) exhibited less pronounced
reduction, indicating moderate degradation of the cellulose crystalline
region and relatively high residual mechanical strength in the wood. In
samples 1 and 9, the (002) and (101) diffraction peaks almost disappeared

Fig. 7 | Inorganic sediments inWAW. Inorganic sediments observed inWAW, including various morphological types : a Spherical particles in the cell corners, b Irregular
particles on the cell walls, c Flattened particles on the cell walls, d Blocky sediments in the cell lumens.

Fig. 6 | XRD Spectra of WAW. These spectra assess changes in the crystalline
region of cellulose, with the crystallinity index (CrI) indicated for each sample:
a Chinese fir: The “control” curve represents the XRD spectrum of sound (unde-
graded) Chinese fir, while other curves correspond to archaeological Chinese fir
samples (labeled as samples 2, 4, 5, 6, 7, 10). Characteristic cellulose diffraction peaks

[(101), (002), (040) crystal planes] and CrI values are marked. b Chinese cypress:
The “control” curve denotes the XRD spectrum of soundChinese cypress, and other
curves correspond to archaeological Chinese cypress samples (labeled as samples 1,
3, 8, 9). Characteristic cellulose diffraction peaks [(101), (002), (040) crystal planes]
and CrI values are shown. Intensity is plotted in arbitrary units (a.u.) against 2θ (°).
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(Fig. 6b), suggesting almost complete degradation of the cellulose crystalline
region, resulting in poor strength and dimensional stability of the wood.
These findings are consistent with the degradation patterns observed in the
FTIR analysis.

Combined FTIR andXRDanalyses reveal that hemicellulose, due to its
low polymerization degree and susceptibility to enzymatic hydrolysis, is the
primary target of microbial degradation. As a matrix component filling the
gaps between cellulose microfibrils, hemicellulose degradation significantly
reduces interlayer bonding strength in the cell wall, leading to delamination.
Additionally, as a major contributor to wood toughness, hemicellulose loss
impairs the wood’s toughness significantly. The degradation of the cellulose
crystalline region further weakens wood rigidity and load-bearing capacity.
In contrast, lignin, owing to its three-dimensional network structure,
exhibits higher stability. Its enrichment in the compound middle lamella
allows lignin to continue functioning as an adhesive between cells, main-
taining cell contours and the macroscopic morphology of the wood.

This differential degradation pattern between polysaccharides and
lignin suggests a “polysaccharide degradation-lignin support” pattern in the
studied Chinese fir and cypress from intertidal waterlogged environments,
ultimately resulting in the retention of thewood’smacroscopic structure but
a decline in its mechanical properties.

Inorganic sediments and contents
During the microscopic morphological observation of the wood, two types
of foreign sediments were identified within the cell lumens and pores:
particles sediments (Fig. 7a-c) and blocky sediments (Fig. 7d).

Particles sediments were primarily concentrated in the cell corners
(Fig. 7a) and on the cell wall surfaces (Fig. 7b, c). Taking sample 8 as an
example, EDS analysis revealed that themain componentswere Fe, S, Ca, Si,
and Al (Table 2). The spherical particles in the cell corners (Fig. 7a) were
predominantly composedof S (74.33 at%), Fe (8.58 at%), andCa(15.79 at%)
(Table 2), which are inferred to be iron-sulfur compounds formed in the
marine environment9. The irregular particles on the cell wall surfaces (Fig.
7b) weremainly composed of Fe (86–90 at%), and considering the presence
of iron nails and other iron components in the ship’s structure, these par-
ticles are inferred to be iron oxides, i.e., corrosion products of iron. The

flattened particles on the cell wall surfaces (Fig. 7c)were rich inCa, S, andAl
(Table 2), with S primarily originating from seawater, and Ca and Al likely
derived from the soil environment.

Blocky sediments (Fig. 7d) were predominantly distributed in late-
woodcell lumens and rays. EDSanalysis indicated thepresenceof S (40.31 at
%), Ca (42.03 at%), Fe (10.46 at%), and Si (7.20 at%). The morphology,
combined with residual fungal hyphae observed in cell lumens, suggests
these are likely silt deposits derived from marine sediment infiltration.

The phase composition of foreign sediments in the archaeological
wood is presented in Table 3. The detected sediments primarily include
SiO₂, CaCO₃, CaSO₄·2H₂O, FeS₂, and Al₂SiO₅. Based on the wood’s burial
environment, these are inferred to originatemainly from silt infiltration and
enrichment. Al₂SiO₅ may also derive from mineral migration and deposi-
tion in surrounding sediments. The presence of calcium compounds
(CaCO₃ and CaSO₄·2H₂O) aligns with historical records of waterproof
adhesives used in shipbuilding, suggesting they may be residual mineral
components from artificial treatments21.

Additionally, the formation of FeS₂ is primarily associated with the
marine environment and iron components on the ship. In aerobic envir-
onments, ironware and nails on the ship are oxidized to ferric oxides or
hydroxides. When oxygen is depleted, microorganisms metabolically con-
vert ferric iron to water-soluble ferrous iron, facilitating its penetration into
the wood. Seawater is rich in sulfate, which is reduced to sulfide by sulfate-
reducing bacteria (SRB) duringmetabolism. The resulting hydrogen sulfide
gas infiltrates thewood, leading to the accumulation of sulfur, andHS⁻ reacts
with Fe²⁺ to form iron sulfides3,22,23.

The enrichment of these inorganic sediments in the wood is closely
related to persistent microbial corrosion, in addition to the natural porous
structure of wood. SEM observations identified residual fungal hyphae in
some wood cell lumens; such microorganisms secrete cellulases and
hemicellulases, preferentially targeting polysaccharides in cell walls (parti-
cularly hemicellulose), leading to the loss of interlayer adhesion and the
formation of numerous microvoids and channels. Meanwhile, sulfate-
reducing bacteria in seawater, as key functional microorganisms, not only
participate in the aforementioned sulfur metabolism (reducing sulfate to
sulfide) but also produce metabolites such as organic acids, which further
accelerate cellulose hydrolysis and cell wall degradation. This microbially
mediated dual effect, directly degrading wood components to increase
porosity and promoting chemical corrosion via metabolites, significantly
enhances the penetration efficiency and deposition capacity of inorganic
sediments (e.g., Fe²⁺, sulfides, siliceous particles) within the wood24.

Among the sediments, FeS₂ is a critical threat to long-term wood
preservation. This compound readily oxidizes in aerobic conditions, gen-
erating acidic byproducts like sulfuric acid. These acids can acidify thewood
matrix, accelerating cellulose and hemicellulose degradation and causing

Table 2 | Major Elemental Composition of the sediments
in WAW

S(at%) Ca(at%) Fe(at%) Al(at%) Si(at%)

Point 1 74.33 15.79 8.58 - 1.30

Point 2 0.67 12.27 86.81 - 0.25

Point 3 0.88 10.11 89.99 - 1.02

Point 4 24.36 40.04 7.60 28.00 -

Point 5 21.85 43.42 8.05 26.24 0.44

Point 6 40.31 42.03 10.46 - 7.20

Table 3 | Mineral Phases of Sediments in WAW

Sample Number, Main Inorganic Components

1 SiO2、FeS2、Al2SiO5

2 CaCO3、FeS2、SiO2、Ca(SO4)(H2O2)

3 SiO2

4 SiO2

5 SiO2、CaCO3

6 SiO2、Ca(SO4)(H2O2)

7 SiO2、Ca(SO4)(H2O2)

8 SiO2、CaCO3、Ca(SO4)(H2O2)

9 SiO2

10 SiO2、CaCO3

Fig. 8 | Sulfur and iron elements contents in WAW. Bar chart presenting the
contents (wt%) of S (red bars) and Fe (blue bars) across WAW samples (Sam-
ples 1–10).
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sustained damage to the ship’s wooden structure22. Compounding this,
microorganisms further drive wood deterioration through their corrosive
activity; they not only directly break down cell wall components but may
also interact with iron-sulfur compounds to intensify the degradation
process. Thus, in subsequent conservation treatments, prioritizing the
removal of iron-sulfur compounds and the inhibition of microorganisms
and mold is essential.

To formulate a conservation plan for the ship hull, it is necessary to
further determine the content of sulfur and iron elements in the wood, as
shown in Fig. 8. The results indicate that the sulfur content in the wood
samples primarily ranges between 0.2% and 5%, with 90% of the samples
exhibiting sulfur content below 2%, indicating an overall low concentration.
The iron content in the wood samples varies significantly, ranging from
0.1% to 13%. The higher values correspond to the locations where iron nails
were installed in the hull, suggesting that the corrosion of iron components
is theprimary sourceof iron contamination in thewood.During subsequent
removal treatments for iron elements in the ship hull wood, cross-
contamination must be avoided.

Discussion
Through species identification, physical property testing, microstructural
observation, and chemical composition analysis, this study revealed the
physical and chemical degradation characteristics of the wood from the
Wenzhou No.1 shipwreck. The main conclusions are as follows:

Thewood species used in theWenzhouNo.1 shipwreckwere primarily
Chinese fir (Cunninghamia lanceolata) and Chinese cypress (Cupressus
funebris), with Chinese fir used for load-bearing components like bottom
planks, keel, and mast due to its low density and high strength-to-weight
ratio, and Chinese cypress applied to critical joints like bow, stern, joint
planks, for its antimicrobial properties andhighermechanical strength. This
species-specific material selection exemplifies the ancient Chinese ship-
building principle of “material-function compatibility” and reflects the
Song-Yuan dynasties’wisdomof “adapting to local conditions and sourcing
materials nearby,” as corroborated by Tiangong Kaiwu.

Microstructural analysis revealed distinct degradation patterns
between the two species. InChinesefir, earlywood tracheids exhibited severe
cell wall delamination and lumen deformation, attributed to hemicellulose
degradation compromising the S2 layer matrix, while latewood cells, with
thicker walls and higher lignin content, retained structural integrity despite
localized microbial pitting. In contrast, Chinese cypress demonstrated
superior morphological preservation across both earlywood and latewood,
with only minor delamination, owing to its inherent resistance from phe-
nolic extractives, tyloses, and higher native density.

Quantitative measurements confirmed these observations, with Chi-
nese fir displayed a broad degradation range (MWC: 184.8–463.5%; BD:
0.19–0.33 g/cm³), spanningmild to severe levels. Chinese cypress, however,
showed milder degradation (MWC: 171.7–280.6%; BD: 0.24–0.38 g/cm³),
no samples reaching severe degradation. The negative correlation between
MWC and BD underscored a self-reinforcing degradation cycle: porosity
from density loss increased water retention, accelerating hydrolytic and
biological breakdown.

Combined wet chemical analysis and spectroscopic characterization
revealed distinct degradation pathways in Chinese fir and cypress. Both
species exhibited substantial holocellulose loss (fir: 28–62%; cypress:
30–65%) compared to sound wood (65–75%), with hemicellulose—the
most labile component—undergoing preferential degradation. This process
was evidenced by FTIR peak disappearance at 1730 cm−1 (acetyl group
cleavage) and 1155 cm−1 (glycosidic bond rupture), directly correlatingwith
earlywood cell wall delamination observed microscopically.

Cellulose degradation further compromised mechanical properties,
XRD revealed severe crystallinity reduction in fir (to 6.1–28.3% vs. sound
wood’s 49.5%) and cypress (16.8–18.6% vs. 32.7%), explaining the loss of
strength and dimensional stability, particularly in samples where (101)/
(002) diffraction peaks nearly vanished.

Lignin demonstrated relative stability, maintaining cellular morphol-
ogy through its persistent three-dimensional network in compoundmiddle
lamellae. However, methodological constraints highlighted that lignin’s
“apparent” content fluctuations (fir: 17–41%; cypress: 19–33%) primarily
reflected compositional rebalancing from holocellulose loss and mineral
infiltration (ash up to 59% in fir), rather than absolute decay. The
holocellulose-to-lignin ratio (H/L) effectively corrected these biases, with
H/L < 2 confirming severe degradation, consistent with MWC-BD trends.
These findings suggest a “polysaccharide degradation-lignin support” pat-
tern in the studied Chinese fir and cypress from intertidal waterlogged
environments: while hemicellulose and cellulose degradation drive porosity
increases (elevating MWC) and mechanical decline, residual lignin scaf-
folding preserves macroscopic structure. Microstructural and elemental
analyses revealed extensive infiltration of inorganic sediments in theWAW.
Two types of sediments were identified: particle sediments (spherical,
irregular and flattened particles) concentrated in cell corners and on cell
walls, and blocky sediments occupying latewood lumens, with some dis-
tributed in rays. EDS and phase analyses demonstrated these inorganic
sediments primarily consisted of SiO₂, CaCO₃, CaSO₄·2H₂O, FeS₂, and
minor Al₂SiO₅. Among these, SiO2 originated from the infiltration of silt in
the burial environment, CaCO3 from residues of waterproof adhesives used
in shipbuilding, and FeS2 from the corrosion products of iron components
on the ship, with its formation closely associated with the marine envir-
onment. Elemental quantification showed significant iron accumulation
(0.1–13 wt%), strongly correlated with nail locations, while sulfur content
remained comparatively low (0.2–5 wt%).

The findings of this study provide valuable scientific references for the
conservation of WAW from the Wenzhou No.1 shipwreck, with broader
implications for WAW preservation in intertidal environments. Recom-
mended conservation strategies include structural reinforcement using
polymer consolidants, targeted treatment of iron-sulfur compounds with
removal agents and alkaline buffers, and application of antimicrobial agents
to mitigate biological degradation. This integrated approach addresses the
primary degradation mechanisms identified: structural collapse, metal-
induced deterioration, and microbial attack.

Nevertheless, this study has several limitations that should be noted.
Firstly, the selected sampling points may not fully capture the degradation
heterogeneity across the entire shipwreck, particularly in less accessible
internal structures. Additionally, while the proposed conservation strategies
are derived from observed degradation mechanisms, they require further
validation through practical conservation trials. Furthermore, wet chemical
analysis of lignin content may be biased by high ash content, and the
holocellulose-to-lignin ratio (H/L) functions as a relative indicator rather
than a direct measure of absolute lignin stability.

Data availability
All data generated or analyzed during this study are provided within the
manuscript or supplementary material files.
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