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Abstract
There are still many difficulties in the recovery and long-term preservation of underwater archaeological artifacts, in situ preservation should be the first choice before further procedures are considered. However, the materials, preservation status, and preservation environment of underwater artifacts are diverse, resulting in many fragile artifacts facing difficult situations. In order to prevent serious damage, it is a safe protective strategy to preserve them in a controlled environment for a long time after excavation. Extraction and transfer of fragile cultural relics are vital parts of this strategy. Due to the complexity of the underwater environment and the vulnerability of fragile artifacts, safety in extraction and transfer still faces enormous challenges. Researchers have developed new materials and technologies to tackle this problem. This paper focuses on introducing and developing prospects to different preservation techniques for fragile artifacts from underwater sites.
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Introduction
Ancient peoples explored, adapted, and prospered the ocean, which carries great cultural significance. It paved the way for material and cultural contacts, facilitated intercultural conversation and mutual impact, and fostered the cultural fusion of ancient civilizations [1–3]. Since antiquity, many ancient ships and coastal relics have sailed/sunk into the ocean. Their remains still lie on the seafloor and may be protected safely. Over the past few centuries, land-based archaeological sites have gained a wealth of important information about past civilizations. But there are still many secrets to explore in the vast ocean. They bear witness to human activity at various stages of history, including material exchanges, peaceful exchanges and intercultural dialogues between remote regions, brutal wars and shipwrecks [4, 5].
Underwater cultural heritage is a significant wealth of all countries of the world and all humanity, and the witness of the people to understand, think about and learn from history. They reflect human activity at different times in history and primarily contain the following historical information: (1) Material and cultural exchange [6–8]: various countries globally have realized material exchange and cultural integration in different regions through waterborne trade, thus creating various handicrafts and cultural forms. (2) History of science and technology [9]: production tools and living utensils used by ancient people have been unearthed from land archaeological sites, which were once brought to ships for use or exported to other countries. These remains and production techniques that are valuable historical materials reflect the development of social science and technology in a period and a specific area. (3) History of shipbuilding [10, 11]: the design conception and construction of ships was closely related to the past's socio-economic, political, and social background. The design and construction of vessels varied greatly from different countries and historical periods, detailed records of cargo ships and warships in various periods of history. At the same time, shipwrecks provide a great deal of physical information. Wrecks contain the wisdom of ancient people and have significant historical value. (4) History of the wars [12, 13]: there have been innumerable sea wars, and many ships have sunk due to the cruel wars. A shipwreck can provide us with a wealth of information, weapons, and goods that can decrypt the battle for us and the warship details and verify or supplement relevant historical literature. (5) Prehistoric civilization and natural changes [14, 15]: due to the long history of prehistoric society, the sites will experience changes in the surrounding natural environment in the process of formation, which creates the diversity of cultural layer distribution of the site. As there is a potential causal relationship between environmental changes and cultural layer changes, forming a cultural layer can provide an essential basis for changing the natural environment in specific regions.
Although there are differences in buried environments between underwater and on-land cultural heritages, they have witnessed the historical creation and cultures in the world [16, 17]. At the same time, underwater heritage is also the extension and supplement of the land's cultural heritage. In addition, some land-based sites have become part of the underwater cultural heritage due to historical and natural changes. Many land-based architectural areas have been inundated due to different reasons, such as earthquakes, ground subsidence, and sea-level rise [18–22].
The analysis of in-situ preservation and archaeological excavation
In 2001, UNESCO proposed in situ preservation as the primary principle for “the Protection of the Underwater Cultural Heritage” [23, 24]. Due to many underwater sites, especially shipwrecks, archaeological excavation usually costs a tremendous workforce and financial resources. It isn't easy to implement the recovery of each underwater site. In addition, artifacts have been buried underwater for a long time, and once they are out of water may cause an accelerated corrosion process [25, 26]. The erosion rate of the surrounding environment on the underwater cultural heritage can be slowed down by in-situ conservation methods, such as covering the isolation layer, re-burial, and building underwater museums [27–29]. However, in situ preservation involves a series of disciplines such as material science, chemistry, physics, meteorology, biology, and there are still tricky problems to solve [30]:
(1) In-situ preservation cannot prevent the chemical electrolyte and tiny microorganisms in the ocean from penetrating the surface artifacts. The chemical and biological corrosion of cultural relics in the water will always exist [31–34].
(2) The preservation states of underwater cultural heritage are diverse, and in-situ preservation cannot ensure the security of fragile underwater artifacts for the long term [35].
(3) With the development of current diving technology, the general public can easily access underwater sites. Commercial theft still exists, and human activities will bring potentially irreversible damage to the underwater cultural heritage [36–38].
(4) Fishery and energy development also inevitably threaten the underwater cultural heritage [39, 40], such as fishing nets, harbor construction, offshore oil drilling, etc.
(5) Unstable natural factors, such as geological disasters, climate change, and sea-level rise, may adversely affect cultural heritage. Underwater sites that have been buried for a long time will gradually evolve and form a relatively stable local ecosystem with the surrounding environment. Climate change will break the long-maintained equilibrium state of underwater sites, and the temperature, oxygen, inorganic salt content, and biological community around the areas will change accordingly. The change of these equilibrium factors will speed up the corrosion rate of underwater relics [41–44].
Therefore, a UNESCO statement acknowledges that careful recovery of underwater cultural heritage may be justified ‘for scientific or protective purposes’; Suppose the excavation is for scientific or salvage purposes, the materials and techniques used must be non-destructive and ensure that cultural, historical, and archaeological information is retained during extraction.
Preservation of underwater fragile cultural heritage
Retrieving underwater artifacts is an irreversible and potentially damaging action. Artifacts in a poor state of preservation are challenging to excavate, stabilize, lift, and transport to the conservation site. Therefore, in situ preservation should be the first choice before evaluation, and regular/real-time monitoring of potentially vulnerable sites should be carried out. When its preservation state is at risk, recovery can be considered. Of course, it based the implementation of all these measures on the safety as a prerequisite.
Underwater fragile artifacts
The materials of underwater cultural heritage are diverse, some of which have poor corrosion resistance, such as underwater organic and metal artifacts. Under the long-term biochemical corrosion of the water environment, the artifacts above usually become extremely fragile [45], such as organic artifacts including wooden hulls, lacquered woodwork, plants, seeds, bones, etc. Microbes and bacteria in water can gradually nibble the organic artifacts, causing holes in the interior and the gradual disappearance of lignin, and even the result of hull fracture and the complete disappearance of the structure inside the organic artifacts. Some living utensils, handicrafts, coins, ship-borne weapons, etc., are metallic structures. After long-term chemical and biological corrosion underwater, metallic artifacts will often be seriously corroded and become fragile [46]. In addition, thin-walled porcelains are also considered fragile artifacts because of their delicate nature and inability to withstand the interference of the surrounding environment.
Artifacts with unique stacking and arrangement structures
Some underwater artifacts are not fragile materials themselves, but they exist in particular distribution forms of stacked systems in the underwater sites. These distribution patterns have important archaeological information but can be easily influenced by the surrounding environment, including fractured cultural artifacts composed of multiple parts, multiple artifacts stacked together, the organic part of the artifacts being seriously eroded.
The conservation of fragile underwater artifacts
To prevent irreversible damage, special protection measures are needed to preserve fragile underwater artifacts, excavating and extracting them for protection and further research [27, 47]. It is a conservation strategy complementary to the in situ conservation method to remove underwater artifacts and place them in a safe and controllable environment for long-term preservation [48–50]. The key to this strategy is whether the fragile artifacts can be safely extracted from water. However, because of the fragility, the safety of fragile cultural objects during the recovery process of excavation, extraction, and transfer is still a significant problem [51].
Extraction technology of underwater culture heritage
Conventional extraction of artifacts
The well-preserved artifacts such as stone tools, porcelain, and metal in good condition can be directly carried or collected by divers on the premise that they will not be damaged during conventional raising. It is limited to portable, well-preserved cultural relics on the site's surface. Because of the difficulty of underwater operation, it is not suitable for large-volume, poorly preserved, and easily damaged cultural relics.
Extraction of artifacts in sediment
Underwater artifacts in sediment are usually extracted by employing metal frame loading [52]. The extraction process of this method is shown in Fig. 1. During the process, the metal frame is placed on the coagulation to be extracted, and the whole structure is vertically pressed into the sand, a metal baffle is inserted horizontally and fixed on the lower surface of the metal frame, and finally, the condensate is extracted out of the water with a rope. As a packing material, framework loading is suitable for artifacts in large volumes, and it is difficult to directly use for raising fragile relics because it failed to solidify the objects.[image: ../images/40494_2022_645_Fig1_HTML.png]
Fig. 1The extraction process of framework loading [52]


Extraction of sunken ships
According to the preservation condition of the submerged shipwreck, the excavation process includes two methods: extraction as a whole and separate extraction. After professional evaluation for well-preserved shipwrecks, the former method can be adopted to ensure that the operation can withstand the physical stress in the raising process. Historically, there have been several successful overall extraction processes, such as the ancient British "Mary Rose," the Swedish "Vasa" battleship, and China's "Nanhai I" song dynasty wooden wreck. For example, during the excavation process of the "Nanhai I,” a vast caisson was placed over the wooden impact and pressed into the sediment at the bottom of the wreck. Then steel tubes were inserted into the bottom of the caisson to fix the hull and extract it.
The extraction of sunken ships usually requires sufficient technical and financial support. It is difficult to carry out the projects for all known sunken vessels due to many sunken underwater ships. A sunken boat is of extraction significance only if it is of archaeological importance and ensures that the hull can be safely preserved for a long time. Therefore, the in-situ preservation of underwater shipwrecks may be a safe and effective protection method at present.
Research on extraction technologies of fragile underwater artifacts
The extraction of artifacts on archaeological sites mainly adopts different overall extraction methods according to the preservation status, archaeological environment, and the volume of the artifacts. Compared with underwater sites, the research on the extraction technology of land archaeological sites is relatively mature. The methods commonly used to extract cultural relics on-land sites include (1) the cutting method: extraction depends on the strength of the soil itself. This method is suitable for the surrounding soil condition is good enough, but not for artifacts with large volumes. (2) Gypsum filling method: the whole remains and the soil around will be extracted together after reinforcement by gypsum perfusion. However, because of the high density of gypsum itself, it may not strengthen artifacts with sizable volume. (3) Encasement method: use wooden or metal frame to stabilize the soil around the artifacts. (4) Foaming material reinforcement extraction: polyurethane foaming material is used to strengthen the surrounding soil media of artifacts, which is used to strengthen artifacts with large volumes. The cutting, gypsum, and foaming material reinforcement methods are suitable for the land sites with good soil strength, so they cannot be used for artifacts in underwater sites. The method of encasement extraction is usually used to extract cultural relics from underwater condensates or the hull, as outlined above.
Underwater fragile artifacts, especially perishable organic utensils, hull and cargo, corroded and broken metal vessels, thin-walled ceramic vessels, and cultural relics with particular ordering and stacking structures, should be specially reinforced and packaged before being extracted from seabed. At present, a series of materials are usually used to support and extract underwater fragile artifacts, including containers with protective foam, polyethylene boxes, self-sealing bags, etc.
The National Museum of Denmark has carried out a critical SASMAP Project on developing equipment and methods for investigating, evaluating, stabilizing, monitoring, and protecting underwater sites. The researchers have developed various techniques for extracting fragile organic artifacts underwater, including bandage wrapping and carbon fiber/epoxy wrapping method (Fig. 2). The bandage wrapping method selects a lightweight, strong, and durable bandage used for orthopedic surgery. The bandage contains a wet-cured polyurethane resin that will cure when it encounters water or is exposed to moist air. Bandages are wound around cultural relics, and the wet curing resin in the bandages solidifies quickly after contact with water, thus strengthening it after packing the artifacts. The carbon fiber fabric impregnated with epoxy resin was applied to wrap the underwater artifacts. Before the adsorbed epoxy resin solidifies, the fragile organic artifacts are wrapped by carbon fiber. The epoxy resin is solidified to form a protective layer for the temporary storage of artifacts. The bandage and carbon fiber/epoxy methods achieve the recovery process by wrapping to form a protective shell, but the operation process needs to move the artifacts, which may face difficulties for fragile artifacts with poor preservation conditions.[image: ../images/40494_2022_645_Fig2_HTML.png]
Fig. 2The extraction method for underwater organic artifacts developed in the SASMAP Project [52]


Temporary solidifying and extraction technology of fragile underwater artifacts
Due to the fragility of underwater artifacts and the particularity of the existing environment, coupled with the influence of water, the current underwater archaeological extraction methods are not suitable for fragile underwater artifacts. Formal ways in the process of excavation, which not only lead to the risk of damage to fragile artifacts but also lead to the loss of archaeological information of artifacts due to the failure of undisturbed reinforcement. Therefore, it is urgent and necessary to develop a kind of extraction and reversible recovery technology for fragile artifacts in their original state.
The meaning of "undisturbed underwater extraction"
"Underwater undisturbed extraction" means that under the premise of not changing the existing state of underwater artifacts in the process of extraction and transfer. Moreover, after the fragile artifacts are extracted, the strengthening materials used can be removed safely and controllably on the premise of not affecting the state of the artifacts, restoring the original form of underwater artifacts, and achieving the reversible recovery.
The significance of temporary solidifying, extraction, and reversible restoration
The original state of the cultural relics in archaeological sites contains essential historical and cultural information. Therefore, the extraction of artifacts as a whole is of great significance, and at the same time, it also helps the subsequent restoration and display of recovered objects. The underwater state represents the original appearance of artifacts in the site, which is conducive to the subsequent restoration of cultural relics and extremely important for studying ancient artifacts. Besides, visibility around underwater sites is often poor. It is often difficult to record the sunken remains completely through underwater photography, highlighting the importance of undisturbed extraction of fragile artifacts. Therefore, when the fragile underwater remains are strengthened and extracted, the existing state of the artifacts in the site must be in a brief undisturbed solid form. In addition, the reinforcement materials need to be removed in a reversible and controllable way to ensure that the artifacts can maintain their underwater state during the restoration and preservation. Therefore, it is crucial to carry out temporary undamaged solid extraction and reversible recovery for fragile artifacts underwater in excavation. The developed materials and methods should meet the basic requirements of both "underwater undisturbed extraction " and "reversible recovery after extraction."
Difficulties on temporary solidifying and extraction technology
Due to the particularity of the environment of underwater sites, the technology of undisturbed solid extraction and reversible restoration of fragile underwater artifacts is faced with many difficulties:	(1)
It is necessary to systematically evaluate and explore the existing state and potential influencing factors of fragile underwater remains.

 

	(2)
It is unknown about interfacial behavior between temporary solid materials and underwater artifacts and the influence of water medium on the reinforcement performance of solid materials.

 

	(3)
The existence of external factors such as water pressure and current around requires higher reinforcement strength of temporary reinforcement material.

 

	(4)
To ensure effective solidifying of underwater artifacts, temporary reinforcing materials should also be reversible, safe, and controllable.

 




Temporary undisturbed recovery technology
The complexity of its surroundings makes underwater archaeologists challenging to obtain complete information, so the excavation process should follow the principle of minimum intervention, maximum limit retaining the original form of artifacts to prevent the loss of crucial archaeological information [53, 54]. The extraction and transfer of fragile artifacts by whole extraction methods are the most effective. The whole process requires: (1) ensuring the safety of artifacts: the reinforcement materials should have enough reinforcing strength to cope with the interference of external physical stress. (2) to ensure the entire state of fragile artifacts in site; (3) due to contact with the artifacts directly, the materials shall be no corrosive chemical interaction between the materials and the artifacts; (4) the strengthening materials can be removed in a controllable manner, without affecting the subsequent restoration and long-term preservation process.
Fortunately, the sublimable reinforcing agent can be used as a protective layer to extract fragile artifacts to ensure safe extraction. In contrast, the volatile nature of the material provides the whole reinforcement process is reversible. Cyclododecane [55, 56] and menthol [57] are temporary reinforcement materials for artifacts on-land archaeological sites. According to the principle of melting and re-strengthening of the two materials, on-land artifacts can be strengthened in their original state to ensure the safe transfer. Moreover, the two solidified materials can be safely removed by sublimation without affecting the actual state of the artifacts. At present, the research on the properties of menthol and cyclododecane has become mature. As the extraction materials of on-land archaeological artifacts, it has been used to excavate artifacts worldwide. Since the 1990s, cyclododecane has been used as a temporary solid material for land-based archaeological sites. Hangleiter [58] was the first to use the materials as a temporary reinforce agent for on-land archaeological sites and has gradually been widely used. Brown and Davidson [59] used cyclododecane to strengthen fragile lizard fossils and safely transfer them from Chicago to New York. Xia et al. [60] applied cyclododecane to the temporary reinforcement extraction of damaged stone armor from the Qin Terra-Cotta Warriors. In recent years, Han et al. have developed a kind of spice material—menthol, which has excellent properties such as suitable melting point, reinforcement, and penetration. Han et al. [61, 62] used menthol to reinforce painted temporarily remains in the pit of the Qin Terra-Cotta Warriors and the Tang Dynasty murals. However, due to the hydrophobicity of organic materials such as cyclododecane and menthol, such solid materials are more suitable for dry and fragile artifacts with low moisture content.
According to the research for on-land sites, the use of temporary solid materials can ensure the safe extraction of archaeological relics in their original state without affecting the existing state of artifacts. In recent years, researchers have been focusing on developing new materials and technologies suitable for fragile underwater remains, such as cryogenic extraction. According to the researchers in SASMAP Project [63], liquid nitrogen can create a local ultra-low temperature environment to freeze artifacts, water, and sediment into one whole unit. Moreover, proving that there is no significant change in the microstructure of fragile organic artifacts before and after liquid nitrogen freezing.
Recently, based on the research on cyclododecane and menthol applied in on-land archaeological sites, a food-grade flavor molecule—veratraldehyde is a potential material for temporary reinforcement of fragile artifacts underwater [64, 65]. Our studies show that it has the physical characteristics of low melting point, insoluble in water, high density, and sublimation. Moreover, after melting, it can be kept in a supercooled liquid state for a long time in a closed container without crystallization and precipitation, which ensures phase stability during transferring to the underwater site. Through the extraction experiment in the laboratory, it is found that the material can be used to solidify fragile underwater artifacts in their original state, such as pottery pieces, scattered beadwork, broken porcelain, fragile lacquerware, and bamboo slips [66]. In addition, to further ensure the safety of fragile artifacts during extraction and transfer, a novel soft super-hydrophobic sponge with epoxy resin adsorbed can wrap the layer of the veratraldehyde solidified system, which can form a hard shell that is closely integrated with the inner solidified approach after curing [67–69]. After extraction, each reinforced layer can be removed safely and controllably (Fig. 3).[image: ../images/40494_2022_645_Fig3_HTML.png]
Fig. 3The whole process of temporary solidifying and reinforcement of fragile underwater artifacts in archaeological sites


The above method for fragile underwater artifacts combines multi-step procedures such as temporary solidification, wrapping reinforcement, and block lift. It not only achieves the fixation but also ensures the safety of the extraction, but there is the disadvantage that the underwater operation process is relatively complicated. Besides, although the whole extraction process was successfully simulated in the laboratory, many potential problems and environmental impact factors (water pressure, water temperature, visibility) still need to be solved for practical application.
Existing problems
Both physical and chemical methods have been applied to the recovery of underwater objects. Physical methods involve relatively simple processes and are more suitable for underwater operations by divers. However, physical methods alone are often insufficient to ensure that underwater cultural relics can be extracted in their original form. The preparation of chemical components and the on-site operation processes are more complicated, and the impact of contact with cultural relics needs to be fully considered, but the existing underwater form of cultural relics can be well preserved. In addition, to ensure the recovery process’s safety, the combination of the two is often most effective.
The existing problems:
(1) The development of new materials and technologies to extract underwater fragile artifacts is still in the initial stage. Considering the diversity of artifacts materials and underwater environment, the preservation situation presents complexity, and it is urgent to develop unique materials and technologies suitable for archaeological environments. Moreover, most of the research is more focused on the application, the system of basic research is relatively weak.
(2) Although several kinds of extraction materials for fragile underwater artifacts have been developed, they are still basically in the stage of laboratory research. There are still many practical problems to be solved in the face of a complex submarine environment (visibility, water temperature, water pressure, etc.).
(3) There are many shortcomings in recovering underwater artifacts' protection and long-term preservation technology. A complete system of desalination, permanent reinforcement, biological or chemical corrosion and protective technology, removal of condensates, and long-term preservation technologies of artifacts has not been formed.
Prospects
(1) First of all, in-situ protection should be the primary choice for underwater cultural heritage preservation.
(2) The salvage excavation can be carried out selectively, but the extraction process needs to strictly follow certain principles, namely the "retain authenticity" and "long-term preservation" principle.
(3) Given the diversity of materials and surrounding environment of artifacts in the site, the preservation situation presents complexity; one kind of material and technology can only apply to a specific archaeological environment, so the research of cross-discipline and diversified new technology to particular artifacts will become an inevitable research trend.
(4) Develop a full range of underwater archaeology technologies (survey, recording, photography, excavation). At the same time, to develop in-situ detection instruments and equipment for real-time monitoring the surrounding environment of physical, chemical, and biological data of artifacts in underwater sites.
(5) Synchronously develop preservation technologies for the extracted relics, such as desalination and dehydration, removal of condensates, corrosion prevention, and long-term preservation.
Conclusion
In situ conservation and management of underwater cultural heritage should be a primary principle. However, on the premise of ensuring the safety and long-term preservation of artifacts, recovery and scientific research can be carried out for fragile artifacts in danger. Compared with land-based sites, the technology of extracting and transferring fragile underwater artifacts is relatively poor. The traditional extraction method is not suitable due to the fragile underwater remains. Researchers have made efforts and developed new materials and technologies in recent years. Though the developed technologies demonstrated that potential practical application was achieved, it still faces many challenges to be solved. In future research, it is necessary to solve the problem of undisturbed solidifying and safe extraction of fragile underwater artifacts with the help of multidisciplinary technology and equipment. At the same time, the long-term preservation of extracted cultural relics should also be put on the agenda.
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