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Abstract
Nanhai I shipwreck was a large wooden merchant ship (22.15 m in length and 9.85 m in width) built in the Southern Song Dynasty (1127–1279 A.D.) of China, which was heavily loaded with a large number of porcelain and iron artifacts. In the South China Sea, it was found in 1987 and lifted as a whole in 2007. Its excavation provides a precious opportunity to reveal the preservation status of Nanhai I shipwreck. Iron compounds give rise to challenges in conservation procedures and the long-term stability of Nanhai I shipwreck. In this paper, the degradation of the wood and the iron deposits in the wood structure are investigated from the aspects of microscopic morphology, composition, and distribution to evaluate the preservation state of the waterlogged wood. Physical parameters, chemical composition, and the results of elemental analysis, and FTIR analysis suggest that the cellulose of wood is degraded, and the relative concentration of lignin increases. The ash content varies greatly among different samples, and the element of the highest content in ash is iron. The study on transverse and longitudinal sections from samples indicate that the deposits are unevenly concentrated in the cell lumen, middle lamella, rays, and pits of the cell wall. The cell lumen is filled with deposits in areas close to the surface of the samples. The XRD analysis demonstrates that the deposits in wood are mainly iron deposits, containing compounds pyrite (FeS2), siderite (FeCO3), iron oxyhydroxides (FeOOH), and magnetite (Fe3O4). The micro-X-ray Fluorescence mapping analysis suggests that the content of iron is relatively richer while containing less sulfur on the exterior of the sample. The presence of iron deposits accelerates wood degradation and increases the safety hazards of shipwrecks in the preservation process. We hope that our findings can make a modest contribution to iron removal from waterlogged archeological wood and shipwreck conservation.
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Abbreviations
	MWC
	Maximum water content

	BD
	Basic density

	RBD
	Residual basic density

	H/L
	The ratios of holocellulose and lignin

	O/C
	The ratio of oxygen to carbon

	ICP-MS
	Inductively coupled plasma mass spectrometry

	SEM–EDS
	Scanning electron microscope–X-ray energy dispersive spectroscopy

	FTIR
	Fourier transforms infrared spectroscopy

	XRD
	X-ray diffraction

	micro-XRF
	Micro-X-ray fluorescence




Introduction
Nanhai I, an ancient Chinese merchant ship of the Southern Song Dynasty (1127–1279 AD), sank about 19 km southwest to Xiachuan Island and about 23 km off the coast of Guangdong Province. The shipwreck was discovered in the 1980s, then salvaged integrally in 2007. Now Nanhai I shipwreck is being preserved in Guangdong Maritime Silk Road Museum. Excavation of Nanhai I began in 2013 and is still ongoing. The protection of Nanhai I shipwreck is still ongoing. A total of 180,000 pieces of artifacts including porcelain, metalware, gold jewelry, silver, copper, lead, tin, lacquerware, glassware, etc. have been extracted [1]. Iron artifacts from Nanhai I shipwreck mainly included trade products, such as iron pots and iron nail raw materials. Iron pots and iron nail raw materials were regularly placed in 9 cabins of Nanhai I shipwreck (Fig. 1). Due to the erosion in seawater for more than 800 years, a large number of densely placed iron artifacts have been corroded, and formed concretions by the iron corrosion products interacting with material adjacent to the iron [1, 2]. More than 130 tons of iron artifacts and concretions have been extracted. Iron compounds formed on the surface of the cabin and inside the wood structure. The hull is unevenly polluted by iron corrosion, and partially mineralized, which seriously affects the later protection of the shipwreck.[image: ]
Fig. 1Orthophoto of Nanhai I shipwreck (Red area is the location of iron pots and nail raw materials in the cabin)


Iron deposits are widely found in marine archaeological wood (Table 1). The analysis of deposits in the wood of the Swedish Vasa shipwreck showed that iron (1–10 mg/g) below the surface of the wood was mainly in the form of Fe (II) and Fe (III) compounds [3]. Study on sulfur and iron morphology in a wood sample of Mary Rose in the United Kingdom demonstrated that iron and sulfur could be found co-existing only in iron sulfide grains. Iron corrosion products mainly existed in the cell walls, whereas organic sulfur compounds in the middle lamella [4, 5]. The analysis of the wood of the Italian Roman ships Pisa L reported that the mineral elements in the wood were sulfur, calcium, and iron. Iron existed in the form of FeSO4·H2O, which might be related to the oxidation of iron nails in the ship structure [6]. Compounds such as FeOOH, FeS2, FeSO4, and FeCO3 were detected on the surface of the wreck of La Natière and Gallo-Roman in France [7].Table 1Type of deposits in the waterlogged archaeological woods


	Shipwrecks
	Salvaged time
	Deposits
	Diagnostic techniques
	References

	Iron deposits
	Others

	Vasa
	1961
	FeSO4·7H2O, KFe3(SO4)2(OH)6, NaFe3(SO4)2(OH)6
	CaSO4
	SEM–EDS, XAFS
	[3]

	Mary Rose
	1982
	FeS2, Fe8S9, Fe2O3, FeSO4·4H2O, FeSO4·7H2O, NaFe3(SO4)2(OH)6, KFe3(SO4)2(OH)6
	CaSO4·2H2O
CaCO3
	SEM, XANES, XRD, EXAFS
	[4, 5]

	Pisa-L
	2003
	FeSO4·H2O
	CaSO4·2H2O
CaSO4·0.5H2O
	XRD, SEM–EDX
	[6]

	La Natière
Gallo-roman
	2006
	FeS2, FeOOH, FeSO4·4H2O, FeCO3, NaFe3(SO4)2(OH)6
	–
	ESEM-EDS, μ-RS
	[7]

	Batavia
	1971
	FeS, FeS2, FeOOH, Fe(OH)2, FeSO4·4H2O, FeSO4·5H2O, KFe3(SO4)2(OH)6, NaFe3(SO4)2(OH)6
	–
	XRD
	[8]

	Lyon Saint-Georges 4
	2003
	FeS2, Fe3S4
	–
	ESEM-EDX, μ-RS, XRD
	[9]

	Quanzhou Ship
	1974
	FeS2, Fe2(CO3)3, KFe3(SO4)2(OH)6, NaFe3(SO4)2(OH)6
	CaCO3
	XRD, SEM–EDS
	[10]

	Nanhai I
	2007
	FeS2, FeOOH, KFe3(SO4)2(OH)6
	–
	XRD, SEM–EDS
	 
	Huaguangjiao I
	2008
	Fe2O3, FeS2, Fe3S4, FeOOH, FeSO4·4H2O, FeSO4·7H2O, KFe3(SO4)2(OH)6,
	CaSO4·2H2O, CaCO3, (Ca,Mg)(CO3)2CaHPO4·2H2O,CaF2,MnCO3,S
	XRD, SEM–EDS, XPS
	[11]

	Xiaobaijiao I
	2014
	FeS, FeS2
	–
	SEM–EDS, XRD
	[12, 13]

	Nan’ao I
	2010
	FeS2
	Ca3Al2O6
	SEM–EDS
	 



In China, plenty of deposits were found in marine archaeological shipwrecks. Deposits in most of the wood structure of Quanzhou Ship of the Song Dynasty were iron compounds. Most of the iron compounds were in the oxidized state, such as KFe3(SO4)2(OH)6, NaFe3(SO4)2(OH)6, and Fe2(CO3)3. Our team analyzed the characteristics of deposits in the wood structure of Nanhai I shipwreck in 2011 and 2014. The analysis of the wood of Nanhai I shipwreck showed that the iron deposits are composed of FeOOH, KFe3(SO4)2(OH)6, and FeS2 [10]. The analysis of the wood of Huaguangjiao I and its surface attachments showed that the iron deposits are composed of FeOOH, KFe3(SO4)2(OH)6, and a small number amount of Fe2O3, FeS2, FeSO4·4H2O, FeSO4·7H2O [11]. FeS2 was found both in the deposits of the shipwreck of Nan'ao I and Xiaobaijiao I shipwreck [12, 13].
During the burial of the shipwreck, iron from seawater and artifacts as well as sulfates in seawater had generated a large number of iron sulfide compounds, such as FeS, FeS2, and Fe3S4, under the action of microorganisms, and had easily deposited into marine archaeological wood. After recovery and excavation, the iron sulfide compounds exposed to the oxygen are gradually oxidized into iron (hydrogen) oxide compounds such as FeOOH, Fe2O3, and Fe3O4 and form sulfuric acid, resulting in the degradation of cellulose [14, 15]. When the increase or decrease of humidity of the preservation and exhibition of the environment, the dissolution/crystallization of different deposits occurs and causes stress cracks in wood structure [16].
PEG has become an important material for the stability of the dimensions of waterlogged wood. However, degradation of PEG has been observed in the wood of the Swedish warship Vasa and is highly correlated to the presence of iron compounds [17].
Although deionized water spraying measures have been taken to delay the acidification after the excavation and salvaging of Nanhai I shipwreck, the stability and protection work of the shipwreck have been seriously affected due to the presence of iron deposits.
Nanhai I is a salvaged shipwreck as a whole, and accordingly, its future conservation work is mainly focused on the overall protection of the shipwreck. The presence of iron deposits in shipwreck wood has seriously affected the later protection work. The analysis of loose wood, in this work, can provide a reference for the degradation degree and the characteristics of deposits in the structure of hull wood and waterlogged wood artifacts. The goal of this study is, using multiple means, characterization of degradation and deposits of the wood of Nanhai I shipwreck, to understand comprehensively. In this study, the wood degradation of Nanhai I shipwreck was evaluated by physical parameters, chemical analysis, and Fourier transforms infrared spectroscopy (FTIR). Inductively coupled plasma mass spectrometry (ICP-MS) was applied to analyze inorganic elements in wood ash. In addition, the morphology of deposits in wood structures was observed through optical microscopy. SEM–EDS and XRD were introduced to analyze the composition of deposits. Micro-X-ray fluorescence (XRF) mapping was used to analyze iron and sulfur distribution and relative content in wood. The study would provide helpful information to select the appropriate preservation method, such as removing the iron deposits, consolidantion, and dehydration of Nanhai I shipwreck.
Materials and methods
Materials
All samples are from the loose wood of Nanhai I shipwreck. The function of the loose wood was to fix between shipments of porcelains or iron artifacts to prevent collision during shipment transportation of Nanhai I shipwreck. A large number of loose wood samples were unearthed during the excavation of Nanhai I shipwreck. The loose wood was contaminated by iron deposits in different degrees. After excavation, according to the contamination degree of iron corrosion products, the loose wood was immersed in deionized water to remove soluble salt, or in EDTA-2Na solution to remove insoluble iron compounds. The samples were chosen from different contamination degrees of loose wood as the research object. Samples K2NH-1 and K2NH-2 were taken from the silt layer at the bottom of the shipwreck and analyzed after being cleaned by ultrapure water rinsing to remove the surface silt. Samples K2NH-8, K2NH-10, and K2NH-13 were soaked in deionized water before sampling. Before analysis, sample K2NH-11 was soaked in 10 mmol/L EDTA-2Na solution for 20 months. EDTA-2Na solution was replaced every 6 months. Based on the degree of deposits attached, samples can be divided into three categories: without obvious deposits attachment on the surface (sample K2NH-13), with significant deposits attachment (samples K2NH-2, K2NH-8, and K2NH-11), and mineralized seriously (sample K2NH-1 and K2NH-10) (Fig. 2).[image: ]
Fig. 2Wood samples of Nanhai I shipwreck


Methods
In order to explain the degradation degree of wood and characteristic of deposits in wood structures from different perspectives, several analytical methods were applied in this study.
According to Chinese national standards of wood [18], the physical properties (saturated water quality, saturated water volume, maximum water content (MWC), and basic density (BD)) were determined. Residual basic density (RBD) was calculated as a percentage of BD between the samples and sound wood [19].
The excavation of the Nanhai I shipwreck has been lasted for 9 years and is still ongoing. Since the excavation of Nanhai I shipwreck, 5% PEG400 solution has been sprayed as a temporary method to keep wood wet and prevent wood shrinkage, resulting in a large amount of PEG residue inside the wood structure. Since the existence of PEG may lead to some errors in the measurement results, pre-treating procedures were taken to remove it: an appropriate amount of wood was taken from the sample, ground into powder, and removal of PEG in powder by filtration multiple times using deionized water. The powder is freeze-dried under a vacuum and used for chemical components and element analysis of wood. Chinese national standards [20] of the method of fibrous raw material are recognized as also being applicable and were individually analyzed of chemical components of wood (ash, α-cellulose, acid-insoluble lignin, phenyl alcohol extract, hot water extract, etc.) of waterlogged wood. GB/T 2677 3-93 referred to the standard TAPPI T211 om-85 and was used to determine the ash content. GB/T 744-1989 referred to the standard ISO 699:1982 and was used to measure cellulose content. GB/T 2677.10-1995 was used to measure holocellulose content. GB/T 2677 4-93 referred to the standard TAPPI T207 om-88 was used to determine the content of hot water extract. GB/T 2677 8-94 referred to the standard TAPPI T222 om-88 was used to determine the acid insoluble lignin. GB/T 2677 6-99 referred to the standard TAPPI T204 om-88 was used to determine phenyl alcohol. The ratios of holocellulose and lignin (H/L) are also presented, which are good indicators reflecting the degree of wood degradation and avoiding the effects of the ash content [21]. The holocellulose content of samples was calculated according to the method of holocellulose in wood raw materials containing ash in GB/T 2677.10-1995 [20].
The composition of inorganic elements (iron, calcium, aluminum, magnesium, potassium, manganese) and sulfur in the ash were determined by inductively coupled plasma mass spectrometry (ICP-MS, PlasmaQuant MS, Analytikjena). The ashed sample is in a powder state. The sample processing for ICP-MS analysis is as follows: (1) 40 mg sample is accurately weighed and placed in Teflon sample dissolving bomb; (2) 0.5 ml high-purity HNO3 and 1 ml high-purity HF are added successively and slowly; (3) Put Teflon sample dissolving bullet into digestion bomb, put it in the 190 ℃ oven after tightening for more than 48 h; (4) Cool the sample dissolving bullet, and then add 5 ml 30% HNO3, put Teflon sample dissolving bullet into steel sleeve again, tighten it and put it in 150 ℃ oven overnight; (5) Transfer the solution into polyethylene plastic bottle, add Rh internal standard, and dilute it to 100 g with 2% HNO3 for ICP-MS test. Rh internal standard was added to effectively correct instrument drift. The weight of solution was used to ensure the dilution multiple and avoid the error of volume calculation.
The elements C, H, N, S, and O of wood samples were analyzed by means of the Vario MACRO cube elemental analyzer from Elementar. Reaction conditions: the Analyzer’s O2 gas output pressure was set at 0.20–0.22 Mpa; He gas output pressure at 0.12–0.13 Mpa; combustion tube temperature at 1150 °C, reduction tube temperature at 850 °C.
Fourier transform infrared(FTIR) spectroscopy was collected on a Nicolet 670 infrared spectrometer. 2 mg of wood sample was taken, mixed with potassium bromide in the ratio of 1:100, and pressed into tablets.
Leica DM4000M optical microscope was adopted to observe the distribution and microscopic morphology of deposits of cross section and tangential section of wood sample. The slides of wood samples were handmade by cryosection and observed by a transmission light microscope. The slicing method was as follows: The samples of water saturated wood were placed on the freezing table at − 20 °C temperature. In order to embed the sample into the ice, small amount of ultrapure water was added to the surface of the sample. The sample block was sliced after it was completely frozen. Slices were made and immediately placed in a glass slide containing ultrapure water drops. Coverslip was added to avoid dehydration of slices. The slices were observed under a transmission light microscope.
Rigaku's smart lab X-ray diffraction (XRD) analyzer was applied to analyze the phases of inorganic compounds of deposits in the wood; kβ filter ID for Cu; the range is 5°–80°; the step is 0.01. The morphology and composition of deposits in wood were analyzed by a Czech Tescan Vega3 SEM and a Bruker XFLASH 5000 spectrometer.
The Bruker M6 JETSTREAM micro-X-ray Fluorescence (micro-XRF) was used to analyze the distribution and relative content of the deposits in the transverse surface of the sample and the cross-section 2 cm from the surface. The excitation source was Rh target, the test condition voltage 40 kV, the current 380 μA, the spot size 100 μm, the step length is 80 μm, and the single point acquisition time 150 ms.
Results and discussion
Degradation of waterlogged archaeological wood
The six samples used for analysis are all pine (Pinaceae Pinus sp.). The main features are distinct growth rings, gradual transition from earlywood to latewood, and bordered pits in radial and tangential walls of tracheids being usually uniseriate. Uniseriate and fusiform rays are present with ray tracheids. Axial, radial resin canals and cross-field pits window-like are present (Fig. 3).[image: ]
Fig. 3Sample slice micrograph of K2NH-2


The determination of physical and chemical properties of the archeological wood can be used to assess wood degradation degree in buried environment [21, 22]. The analysis results of the physical properties (MWC, BD, and RBD) of the samples are shown in Table 2. The MWC is about between 104.2 and 641.1%, and the BD is about between 0.1303 and 0.6307 g/cm3. The MWC of four samples is higher than 400%, MWC of one sample is close to 300%. Sample K2NH-10 showed a very low MWC (104.2%), high BD (0.6307 g/cm3), and high RBD (157.7%). Based on MWC values of pine according to McConnachie Glenn et al. [23], the wood degradation of Nanhai I is degraded (MMC > 250%), except for K2NH-10. As the waterlogged wood decay develops, the mass of wood substance forming the cell wall decreases. This process results in a decrease in BD and an increase in MWC [24]. The density of iron deposits in wood is higher than the wood substance density [25]. Therefore, the result of BD and MWC of sample K2NH-10 is related to the effects of iron deposits. With visual inspection, it could be seen sample K2NH-10 was mineralized seriously. The MWC and RBD results indicate that the wood of Nanhai I shipwreck degraded greatly.Table 2Results of physical and chemical characterization


	Sample
	Maximum water content (100%)
	Basic density (g/cm3)
	Residual basic density (%)
	pH
	H/L

	K2NH-1
	582.1
	0.1525
	38.1
	7.2
	0.4

	K2NH-2
	434.2
	0.1978
	49.5
	7.4
	0.6

	K2NH-8
	641.1
	0.1303
	32.6
	3.8
	0.5

	K2NH-10
	104.2
	0.6307
	157.7
	3.9
	1.3

	K2NH-11
	298.1
	0.2893
	72.3
	4.4
	0.6

	K2NH-13
	523.6
	0.1718
	42.9
	6.2
	0.6

	Sound pine wood
	–
	0.4445
	–
	4.3
	3.0




Compared to sound pine wood, the content of hot water extractive (1.2–5.3%) and benzene-alcohol extractive (1.5–7.4%) of the wood samples is relatively low, indicating that most of the low-molecular-weight extractives are lost. Considering the content of ash in waterlogged archaeological wood affects the content of α-cellulose, holocellulose, and insoluble lignin [26], the content of α-cellulose, holocellulose, and insoluble lignin in the samples were corrected according to Chinese national standards [20, 21, 23]. The results are shown in Fig. 4. The α-cellulose content (14.6–4.3%) is lower than that of sound pine wood (42.3%) [27, 28]. The insoluble lignin content (76.1–32.1%) is higher than that of sound pine wood (21.3%) [28]. A decrease in the H/L ratios confirmed a loss of carbohydrates [21] in all samples.[image: ]
Fig. 4Chemical composition (a) and element in ash (b) of Nanhai I samples


Moreover, the ash content of samples (1.6–37.9%) is abnormally high and varies greatly between different samples. The sample K2NH-11 from EDTA-2Na solution immersion tank exhibit a very high ash content (37.9%) and is higher than that of other samples. The sample K2NH-13 from deionized water is a lower ash content (1.6%) than that of other samples. This is relevant to whether the burial environment is close to iron artifacts and concretions. According to the ICP-MS results, the element with the highest content in ash is iron, the second one is sulfur (Table 3). The results of ash content and ICP-MS indicate iron deposits had been diffused in the wood structure during the burial of Nanhai I shipwreck.Table 3Element in ash of Nanhai I samples by ICP-MS(μg/g)


	Sample
	Fe
	S
	Ca
	Al
	Mg
	K
	Mn
	Mo

	K2NH-1
	30,878
	62,768
	145,000
	6600
	4880
	1640
	2120
	4

	K2NH-2
	11,110
	55,806
	78,600
	11,500
	10,800
	11,500
	915
	37

	K2NH-8
	377,005
	70,529
	70,300
	7830
	17,400
	1480
	2730
	22

	K2NH-10
	619,440
	5145
	2970
	5380
	1230
	1550
	126
	13

	K2NH-11
	669,512
	5323
	2610
	2140
	1690
	123
	155
	4

	K2NH-13
	675,869
	5413
	58,800
	5560
	119,000
	2240
	125
	54




The results of the analysis of elements C, H, O, N, and S are shown in Table 4. According to the literature, the percentages of elements C, H, O, N, and S in dry sound pine wood are respectively 49.9%, 6.3%, 42.9%, 1.0% [27], and 0.2% [28]. Compared with sound wood, the content of H and N in all samples is lower. The content of S in all samples was between 3.1 and 8.0%, which is higher than that of sound pine wood. Except for samples K2NH-2 and K2NH-13, the content of C is lower. The decrease in the ratio of oxygen to carbon (O/C) and content of H is characteristic of the degradation of carbohydrates and preservation of lignin [26, 29, 30]. The analysis results showed that the ratio of O/C gradually decreased with the increased content of holocellulose.Table 4Elemental composition of wood samples (Weight/%)


	Sample
	C
	H
	O
	N
	S
	O/C

	K2NH-1
	49.5
	5.0
	38.3
	0.5
	6.7
	0.774

	K2NH-2
	52.5
	5.6
	37.6
	0.4
	3.9
	0.716

	K2NH-8
	45.8
	5.1
	40.7
	0.7
	7.7
	0.889

	K2NH-10
	43.6
	5.4
	47.5
	0.4
	3.1
	1.089

	K2NH-11
	42.9
	4.5
	44.1
	0.4
	7.9
	1.028

	K2NH-13
	55.8
	4.7
	34.5
	0.5
	4.6
	0.618

	Sound pine wood
	49.9
	6.3
	42.9
	1.0
	0.2
	0.860




The pH values of samples K2NH-8 and K2NH-10 are lower than sound pine wood, and the pH values of other samples are higher than sound pine wood (pH 4.3). Samples K2NH-1 and K2NH-2 were recently excavated from the sea mud and exposed to oxygen for the shortest time compared to other samples. Their pH values are 7.2 and 7.4 respectively, higher than other samples of a long time soaking in deionized water or EDTA-2Na solution. Compared with other samples, the ratios of O/C of samples K2NH-1 and K2NH-2 are relatively lower. The pH value may be related to the oxidation degree of the iron compounds in wood. Samples K2NH-1 and K2NH-2 were exposed to oxygen for the shortest time. It is speculated that iron deposits in the wood structure of samples K2NH-1 and K2NH-2 may be oxidized to the lowest degree, resulting in the pH of wood being closer to neutral pH.
Wood is mainly composed of three natural organic polymer substances: cellulose, hemicellulose, and lignin. Cellulose, hemicellulose, and lignin show characteristic infrared absorption bands in the "fingerprint" wavenumber region of 1800–800 cm−1 [31, 32]. Therefore, the degree of degradation of wood could be evaluated according to the fingerprint data (Fig. 5).[image: ]
Fig. 5Comparison of FTIR spectra of sound pine wood and degraded wood sample


Compared with sound pine wood, the C–H absorption band in cellulose at 896 cm−1 did not appear. Bands at 1373 cm−1, of imputable C–H deformation in cellulose, the C–O–C, and C=O stretch at 1158 cm−1and 1059 cm−1 did not appear, indicating that the cellulose and hemicellulose in the wood had been degraded [33, 34]. Aromatic skeletal vibrations at 1591 cm−1,1510 cm−1 and 1425 cm−1, C–O–C vibrations in guaiacyl units at 1267 cm−1, and C-H deformation at 1458 cm−1 signaled that those samples enriched with lignin in a relative sense [35]. It implies that the hemicellulose in Nanhai I waterlogged wood has been degraded, and the cellulose has been partially degraded [36, 37].
Deposits in wood microstructure
When the wood slices were observed under microscope, it could be seen a large amount of deposits in ray tracheids and axial tracheids. For example, in the cross-section and tangential sections of samples K2NH-10 (Fig. 6), red and black deposits are unevenly deposited in the wood cell lumen, middle lamella, and rays are full of a large amount of deposits. Fungal hyphae could be visible in tracheids (Fig. 6c).[image: ]
Fig. 6Microscopic observation of sample K2NH-10 a cross-section, ×500; b tangential section, ×200; c tangential section, ×100


The abundance and biodiversity of aerobic and anaerobic microorganisms were detected in the wood samples [38, 39] and desalination buffer [40] (deionized water with 10 mmol/L EDTA-2Na solution and 0.5% isothiazolinone K100) of Nanhai I shipwreck, among which advantage bacterium are Hydrogenophaga, Lacibacter cauensis, Acidovorax delafieldii, Devosia, Sediminibacterium, Brevundimonas diminuta, Pseudomonas, Thiobacillus, and Flavobacterium, etc. Among these bacteria, there are two types of marine bacteria in the wood associated with iron deposits formation in anaerobic condition: Cytophagaceae of erosion bacteria which participate in the degradation of wood [41], Pseudomonas of sulfate-reducing bacteria (SRB) which implicate in iron metabolism and enrichment of deposits [42, 43]. The enrichment of deposits in wood structures is related to the action of microorganisms [42, 44]. In anoxic and sulfate-rich environments, the microbial corrosion mechanism of iron (from iron artifacts) is mainly that SRB attacks iron via the withdrawal of electrons. Corrosion of iron by SRB is typically associated with the formation of iron sulfides (FeS). The stability of FeS is extremely poor, and under different oxygen and relative humidity conditions. It is converted into different iron compounds enrichment in wood structures.
Powder of wood samples was analyzed through XRD. According to the XRD results, there are deposits containing iron in wood samples of Nanhai I, such as pyrite (FeS2), siderite (FeCO3), goethite (FeOOH), and magnetite (Fe3O4). A typical XRD spectrum of sample K2NH-11 is shown in Fig. 7, and the specific analysis results are shown in Table 5 and Additional file 1.[image: ]
Fig. 7XRD spectra of sample K2NH-11

Table 5The result of iron deposits in wood samples


	Sample
	Types of iron deposits

	K2NH-1
	goethite, siderite, pyrite, quartz

	K2NH-2
	quartz

	K2NH-8
	pyrite, goethite

	K2NH-10
	magnetite, goethite

	K2NH-11
	pyrite, goethite, siderite, Fe2(SO4)3

	K2NH-13
	–




Iron artifacts were corroded mainly by SRB during the burial of Nanhai I shipwreck. The special product of SRB corrosion iron is mackinawite FeS, which is poor stability and can induce its transformation into greigite (Fe3S4) under exposure to sulfides. Fe3S4 can be converted to pyrite FeS2. With the increase of exposure time of Nanhai I shipwreck in the oxygen, FeS2 was oxidized to different iron compounds. FeS2 can be transformed to FeSO4, Fe2(SO4)3, and FeOOH under aerobic and humid conditions. FeCO3 is produced under anoxic environment [42, 44, 45]. The reduced iron sulfides are prone to oxidation in the presence of water, and sulfuric acids are generated. Sulfuric acid promotes further degradation of wood [17, 46]. Changes in temperature and humidity in the preservation environment make different iron compounds crystallize in wood structures [14]. This process can cause wood expansion and mechanical damage, and even block the microstructure of wood, seriously affect the penetration of protective materials [47].
Iron deposits in wood structures were also observed through SEM. From the images of SEM, different shapes of particles could be seen and enriched in the tangential section of the sample K2NH-10 (Figs. 8a, 9b) and cross-section of the sample of K2NH-11 (Fig. 8b, c). The results of EDS analysis are shown in Table 6. The results of the particles composition analysis of iron deposits in Figs. 8a, b and 9a show that Fe and S are the main elemental composition of iron deposit particles. The content of Fe is much higher than that of S of iron deposit particles. The EDS results showed that the molar ratio of Fe to S is between 2.9:1 to 19:1. The high iron content of deposits is supposed to be compounds of iron oxides (Figs. 8a, b, 9b, Table 6). In Fig. 8c, the molar ratio of Fe to S in particles is more than 2:1. Framboidal pyrite (FeS2) was observed in wood samples collected of the Nanhai I shipwreck in 2011 and 2014. Elemental analysis showed that the ratio of Fe to S in pyrite particles was about 1:2 in 2011. Elemental analysis showed that the ratio of Fe to S in pyrite particles was about 2:1, or more than 2:1 and the oxygen content increased in 2014 [10]. With the extension of exposure time of Nanhai I shipwreck in the existence of oxygen, although pyrite was maintained as microscopic spheroidal, the surface of particles had been oxidized.[image: ]
Fig. 8SEM images of iron deposit in wood structure of Nanhai I shipwreck a SEM image of K2NH-10 sample; b SEM image of K2NH-11 sample; c SEM image of K2NH-11sample

[image: ]
Fig. 9K2NH-10 cross profile element mapping

Table 6SEM–EDS results of iron deposit (at.%) in Figs. 8 and 9


	Sample
	Analyzed point
	C
	O
	Fe
	Na
	Mg
	Al
	Si
	S
	K
	Ca

	K2NH-10
	Figure 8a-1
	36.71
	20.67
	20.67
	1.38
	0.90
	0.60
	0.77
	2.10
	0.00
	0.39

	K2NH-11
	Figure 8b-1
	73.90
	6.76
	14.48
	0.19
	0.38
	0.22
	0.49
	3.44
	0.03
	0.11

	K2NH-11
	Figure 8c-1
	54.08
	6.19
	28.42
	0.00
	0.23
	0.16
	0.71
	9.96
	0.00
	0.25

	K2NH-10
	Figure 9b-1
	30.83
	10.72
	49.19
	1.67
	1.40
	1.02
	2.25
	2.59
	0.14
	0.19




There were differences in morphology of deposits of iron compounds in wood structure. Microcrystal geometries of framboidal pyrite is closely related to the S/Fe ratio in sedimentary environment. Microcrystal geometries of framboidal pyrite usually have cube, octahedron, and spherulite [48, 49]. The oxidation products of pyrite are usually ferric oxyhydroxides and iron-sulphate containing compounds. The oxidation products of pyrite are similar to pyrite in microcrystal geometries and particle size distribution [50]. Iron oxides and oxyhydroxides are also important iron-bearing minerals in marine deposits and conclude goethite, hematite, and magnetite. Microcrystal geometries of goethite are needle-shaped, cube, hexagonal flake-like, etc. Microcrystal geometries of hematite are hexagonal flake-like, rhombohedron, and spherical [51].
Elemental mapping of sample K2NH-10 reveals the coexistence of S and Fe in deposit particles (Fig. 9), and the iron content of deposit particles in the wood structure is higher than S (Fig. 9b).
According to the analysis results of XRD and SEM–EDS of sample K2NH-11, iron compounds still exist in wood structure after 20 months of iron deposits removal. Compared with sample K2NH-10, the content of O in iron deposit particles of sample K2NH-11 was relatively lower, and the content of S was relatively higher. It was speculated that after soaking in EDTA-2Na solution, some oxidized iron compounds on the particle surface in wood structure of sample K2NH-11 were partially dissolved.
Micro-XRF mapping exhibited meaningful enrichment assessment of the distribution and relative content of iron and sulfur of the exterior and interior of sample K2NH-10. The sample block was cut from sample K2NH-10, 2 cm from the transverse surface, and vacuum freeze-dried. After drying, the color of sample exterior is unevenly red (Fig. 10a). Iron deposits had diffused and deposited into the wood structure, resulting in brownish-black color of interior of wood (Fig. 10b). The ordinate of micro-XRF mapping represented respectively the relative signal intensity of Fe and S on the exterior and interior of sample K2NH-10. The more red color in the mapping was shown the stronger the signal of Fe or S at this position in the wood structure. That means the higher relative content of Fe or S at this position in the wood structure. The sample exterior and interior contain a large number of unevenly and inconsistent distributed Fe and S. There was an obvious difference in content between Fe and S on the sample exterior and interior. Compared to the interior of sample, the iron content is higher and the sulfur content is relatively low of exterior of the sample. No matter exterior and interior of wood sample, Fe was inclined to be enriched on the edge of wood, while S was inclined to be enriched inside of wood. In the marine burial environment, the corrosion products of iron artifacts had penetrated from the exterior to the interior of wood structure. The distribution characteristics of iron content in wood are relatively higher in the exterior and relatively lower in the interior. After the wood enriched with iron deposits was salvaged and exposed to oxygen, the Fe(II) sulfides near the exterior in the wood structure were oxidized to FeOOH, Fe2(SO4)3, and sulfuric acid. During the immersion in deionized water, the soluble SO42− in the exterior of wood structure was removed, so that the sulfur content of sample exterior was relatively lower.[image: ]
Fig. 10The distribution and relative content of iron and sulfur a exterior of sample; b interior of sample


Conclusions
Nanhai I shipwreck was originally loaded with a large number of iron artifacts, which had almost occurred corrosion while underwater, and their corrosion products had diffused into the wood structure. The presence of iron compounds can accelerate degradation and increase safety hazards of shipwreck and waterlogged wood in the preservation process.
Samples of loose wood from Nanhai I shipwreck are used to evaluate the degradation state to select the appropriate protection method. Through chemical components, element analysis, and FTIR spectroscopy, the cellulose has also undergone partial degradation. These results indicate a high degree of wood degradation of the Nanhai I shipwreck. The ash content of Nanhai I shipwreck is relatively higher than sound wood due to the enrichment of deposits in the wood structure. The main inorganic metallic element of ash is Fe.
The waterlogged wood from Nanhai I shipwreck was enriched with iron deposits to varying degrees. Analysis of iron deposit particles in the wood structure and relatively content of exterior and interior of wood suggests that iron deposits content of Fe is higher than S. Large amounts of iron deposits are present in the wood of Nanhai I shipwreck in the form of mainly iron oxides and hydroxides. The degree of enrichment of iron deposits varies between samples and is related to the degree of contamination of iron artifacts rustiness during the burial of Nanhai I shipwreck. The distribution of iron deposits in wood structures is unevenly deposited in the wood cell lumen, middle lamella, and rays. The iron content is higher and the sulfur content is relatively low on exterior of the sample.
Considering the characteristic of iron deposits, the presence of iron deposits in wood has seriously led to acidification, degradation, and mechanical damage of marine archaeological wood. The analysis characterization of degradation and iron deposits of the wood of Nanhai I shipwreck provides a foundation for the selection of materials for removing iron deposits in the conservation process of Nanhai I shipwreck, which is also the first stage of work of our team. Our research idea is to use complexing agents, oxidizing and reducing agents, and combinations of these chemicals to remove iron deposits from the wood of Nanhai I shipwreck. The efficiency of removing Fe element from wood is currently being systematically evaluated. The study report on the removal of iron deposits from wood of Nanhai I shipwreck will be published in succession.
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