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Abstract

The last decade has seen a transformative advancement in computational technologies,
enabling the precise creation, evaluation, visualization, and reproduction of high-fidelity
three-dimensional (3D) models of archaeological sites and artefacts. With the advent of
3D printing, both small- and large-scale objects can now be reproduced with remarkable
accuracy and at customizable scales. Artefacts composed of organic materials—such as
wood—are inherently susceptible to biological degradation and thus require extensive,
long-term conservation employing costly methodologies. These procedures often raise envi-
ronmental concerns and lead to irreversible alterations in the wood’s chemical composition,
dimensional properties, and the intangible essence of the original artefact. In the context of
public education and the dissemination of knowledge about historical technologies and
objects, 3D replicas can effectively fulfill the same purpose as original artefacts, without
compromising interpretative value or cultural significance. Furthermore, the digital data
embedded in 3D surface and object models provides a wealth of supplementary informa-
tion that cannot be captured, preserved, or documented through conventional techniques.
Waterlogged wooden objects can now be thoroughly documented in 3D, enabling ongoing,
non-invasive scientific analysis. Given these capabilities, it is imperative to revisit the philo-
sophical and ethical foundations of preserving waterlogged wood and to adopt innovative
strategies for the conservation and presentation of wooden artefacts. These new paradigms
can serve educational, research, and outreach purposes—core functions of contemporary
museums.

Keywords: conservation methodology; microbiology; restoration; preservation; computer
vision; 3D technologies; museum interpretation

1. Introduction

Wood has held deep significance throughout human history. The earliest references to
its care appear in the 4000-year-old Epic of Gilgamesh [1], rooted in Babylonian-Sumerian
tradition, where tar oil is mentioned as a protective agent for wood. Similarly, Sanskrit
hymns from the Rigveda advise on the best season for tree felling to ensure longevity [2].

Early records of archaeology and conservation appear on a cuneiform tablet from
Larsa (Iraq), detailing how Kings Nebuchadnezzar II and Nabonidus searched for traces
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of earlier rulers. Nabonidus reportedly discovered inscriptions from King Hammurabi
during a temple excavation. The Larsa tablet and a terracotta cylinder describe restoration
work on the Temple of Shamash in Larsa between 555 and 539 BCE [3].

Remarkably, Princess Ennigaldi-Nanna, daughter of Nabonidus, collected and pre-
served artefacts—wooden ones included—making the Temple of Shamash the world’s first
museum [4].

In 2002 during archaeological investigations in the riverbed of the Ljubljanica near
Sinja Gorica, a remarkable discovery was made among various remains—a small, hand-
crafted wooden point resembling Paleolithic stone tools. The point, made from yew wood
(Taxus baccata), was subjected to dual radiocarbon dating (Oxford, Beta), which determined
its age to be approximately 40,000 years. Owing to an unusual and fortunate series of
events, the object was preserved in sediment with minimal physical, biological, or chemical
interference that might have otherwise led to its deterioration [5,6].

2. Materials and Methods

This study employed comparative analysis of conservation methods using case studies,
including the Paleolithic wooden point and a Roman barge. Three-dimensional scanning
techniques such as CT and photogrammetry were used for documentation. Conservation
outcomes were assessed through volumetric analysis and visual inspection.

However, reburial as a conservation strategy must be assessed on a case-by-case
basis, since some agents of deterioration—especially certain bacteria and fungi—may
persist or even thrive under specific anaerobic conditions [7]. Therefore, environmental
characterization and risk assessment are essential before implementing reburial.

Therefore, our proposal should be regarded as a viable alternative and considered
alongside existing conservation methods.

It was decided, unfortunately in our opinion, to conserve the Paleolithic wooden point
using a conventional method—melamine resin treatment—based on standards established
40 to 60 years ago. Despite the passage of time, professional conservation practices have
changed little. In contrast, digital documentation has progressed rapidly, now allowing
for complete digital reconstruction and replication [8-12]. Section 5 provides a detailed
analysis of how the melamine-based preservation process was carried out. Several 3D
models of the wooden point were captured using a CT scanner before, during, and after
the melamine conservation process, and were subsequently compared.

It is our professional and scientific responsibility to preserve cultural heritage for
future generations. It is also our ethical and moral obligation to reconsider whether the
continuation of traditional approaches to waterlogged wood conservation—which risk
accelerated degradation or complete destruction—is justifiable, or whether we should
instead embrace the opportunities offered by emerging technologies.

2.1. Properties of Waterlogged Wood Compared to Other Archaeological Materials

Waterlogged wood [13] is an organic, carbon-based composite that has undergone
varying levels of biodegradation. It mainly consists of cellulose, hemicellulose, and
lignin—components that differ in how easily they degrade. Cellulose and hemicellulose
are highly susceptible to fungi and microorganisms, while lignin is more resistant, especially
in waterlogged conditions.

Compared to stone, ceramics, metals, and bone, wood decays more readily—even
underwater (see Figure 1). Once exposed to air, especially fluctuating temperature and
humidity, degradation accelerates. Conserving organic materials like wood, leather, textiles,
and paper is among the greatest challenges in heritage preservation, requiring expensive
and specialized methods. Further complications arise because many museum climate
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systems are designed for inorganic materials such as stone, ceramics, and metal, not
for organic ones. For conservation purposes the parameter Umax is important. Wood’s
maximum dry weight (Umax) refers to the highest moisture content that wood can naturally
hold in its green (freshly cut) state before drying begins. The maximum amount of water
that wood can contain, is usually expressed as a percentage of its oven-dry weight. So, if a
piece of green wood weighs 300 g and its oven-dry weight is 100 g, the moisture content is
200%. Umax is typically measured before conservation begins and varies by species and
cellular structure. Umax helps conservators understand how degraded or waterlogged
the wood is, which directly affects drying methods, risk of shrinkage or cracking, and

suitability of conservation treatments (e.g., PEG, melamine resin).

Figure 1. The cell structure of wood can be seen with transmitted light microscopy of recent Fagus
spp. (beech) wood with less than 200% Umax (left) and the fragile cell structure of the flat-bottomed
Roman barge from Sinja Gorica [14], extremely deteriorated up to 690% Umax (right). The photo
on the right shows thinner cell walls, loss of cellulose, and loss of lignin. Photos taken with a
microscope Nikon Eclipse E800 (digital camera Nikon DS-Fil and software NIS Elements B.r. 3.0)
by Dr. Maks Merela, Chair of Wood Science, Department of Wood Science, Biotechnical Faculty,
University of Ljubljana.

2.2. A Brief History of Waterlogged Wood Conservation

Wood preservation knowledge evolved over millennia. Studies of ancient Chinese
temples have produced a continuous dendrochronological record from the ninth century
CE to today. Traditional techniques included soaking fresh wood in salt water for three
years and air drying for two—effective methods despite lacking synthetic materials [15].

With the rise of archaeology and museums in the 19th century, interest in wood
conservation grew. In 1832, Kyan patented the first wood preservation method using a
sublimate solution, launching modern waterlogged wood conservation. Over time, new
techniques emerged, including creosote fumigation and zinc chloride treatments [16].

In 1860, Denmark’s King Frederik VII founded the Society for Antiquarian and Ar-
chaeological Endeavours, promoting wood conservation practices. A notable early record
from 1850 by Christian Jiirgensen Thomsen mentions using “Potassium alum for wood,
boiling”—suggesting standard conservation routines [16].

Christian F. Herbst, a society member, published a detailed 1861 account of using
potassium alum to treat wood found in 1850 excavations at Viemos, Funen. Clear distinc-
tions between dry and waterlogged wood conservation methods only emerged in the early
20th century (e.g., [4,17,18]).
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2.3. Established Methods for the Conservation of Waterlogged Wood

In the mid-19th century, when systematic excavations began, knowledge of water-
logged wood conservation was virtually nonexistent. It was not until the early 20th century
that serious study of preservation methods began.

Waterlogged wood is extremely fragile. Its cellular structure is often degraded, and
the wood retains shape only because water fills the collapsed cells. As the water evaporates,
structural collapse follows rapidly (see Figure 2). Simply storing such artefacts in tap or
distilled water is insufficient, as microbial growth persists. Anaerobic environments slow
biological decay significantly. Upon oxygen exposure, aerobic microorganisms accelerate
deterioration. Therefore, artefacts must be transferred to an anaerobic aquatic environment

immediately after excavation.

Figure 2. Alfons Miillner (on the left photo with the white table in his hand) was the curator of the
Kranjski deZelni muzej—Rudolfinum (Provincial Museum of Carniola—Rudolfinum) in Ljubljana
and led the excavation of a flat-bottomed Roman ship from Lipe on Ljubljansko barje in November
1890 [19]. After measuring and documenting the ship, Miillner ordered the workers to cover the
ship again with soil, but unfortunately, they failed to do so. After just several months (on the right
photo), the exposed wooden remains of the ship severely deteriorated, and the ship was eventually
destroyed. (Photo: archives of Kranjski deZelni muzej—Rudolfinum.).

Upon exposure to atmospheric oxygen, waterlogged archaeological wood becomes
vulnerable to aerobic microbial activity and oxidation processes, which can lead to
degradation—particularly if relative humidity, temperature, and other environmental
controls are not properly managed. However, archaeological wood may remain stable
for extended periods under controlled environmental conditions, even in the absence of
immediate conservation treatment [20].

Conservation methods aim to preserve the wood’s shape and volume using organic or
inorganic stabilizers [21]. Some techniques replace water in the wood’s cells with substances
that reinforce the structure. Others impregnate the wood with compounds that support the
cell walls, minimizing collapse during drying. Some approaches combine both, or reduce
surface tension to limit cell wall damage. Common treatments include polyethylene glycol
(PEG) or sugars, often used with freeze-drying (lyophilization).
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2.3.1. Potassium Alum-Glycerin-Linseed Oil Method

One of the earliest methods for conserving waterlogged wood was developed by S.
W. Speerschneider in 1850, using wooden artefacts from Flensburg [16,22]. The process
involved rinsing the wood, then boiling it in a potassium alum solution for several hours—
repeating the procedure for larger items. After drying, the wood was treated with linseed
oil and coated with varnish.

This low-cost method was approved by a state commission and adopted (with minor
changes) by the Danish National Museum’s workshop, becoming the standard treatment
until 1958. Around 100,000 artefacts were conserved this way. Linseed oil was later replaced
with shellac. However, after several decades, deterioration and defects emerged, leading to
the method’s eventual abandonment.

2.3.2. Polyethylene Glycol (PEG)

PEG is a water-soluble wax (e.g., [16,20,23-34] among others) and remains the most
extensively studied and widely used method for conserving waterlogged wood.

Low-molecular-weight PEG variants, such as PEG 200 to PEG 800, penetrate deeply
into the wood’s cellular structure. Dimensional stabilization is achieved by replacing both
free and bound water with PEG. The process involves immersing the wood in aqueous or
alcoholic solutions, starting with low concentrations to enhance penetration via osmotic
forces, followed by gradual increases until saturation.

A common variant combines PEG impregnation with freeze-drying [35,36]. The wood
is soaked in a PEG solution—often 40%—Dbefore undergoing lyophilization. This technique
remains standard practice in many museum conservation labs worldwide (see Figure 3).

Figure 3. Swedish royal ship Vasa, one of the world’s most famous ships treated with the PEG
method. (Left) Vasa during the early phase of conservation at the Vasa shipyard in January 1963
(photographer Holger Ellgaard CC BY-SA 3.0). (Right) The lower gun deck of the warship Vasa, on
display at the Vasa Museum in Stockholm, Sweden. The picture was taken in December 2009 by
photographer Peter Isotalo inside the ship looking forward (CC BY-SA 3.0).

2.3.3. Melamine: Arigal-C and Kaurin 800

(e.g., [4,21,37-41]). After thorough washing and desalination—especially for marine
artefacts—waterlogged wood is impregnated with melamine-formaldehyde resin. The
standard method involves soaking the object for up to 48 h in a 25% resin solution (in water
or alcohol), then immersing it for up to 40 h in a 10% catalyst solution (urea) to initiate



Heritage 2025, 8, 273

6 of 25

curing. Before full hardening, the surface is rinsed with hot water, sealed in a polyethylene
bag, and heated at 65 °C for 48 h. Final drying occurs at room temperature with relative
humidity over 50%.

Variants reverse the order: the object is first soaked in a 2-5% catalyst solution, then
treated with 15% resin at 10-15 °C. Drilling may be used to improve resin penetration [42].

Recent adaptations include post-cleaning with pH control, followed by soaking in a
25% resin solution enhanced with urea, triethylene glycol, and optionally triethanolamine
for stability. The artefact is soaked for several months, polymerized at ~50 °C while
wrapped in cellulose and polyethylene, then slowly dried within the wrapping [41].

2.3.4. Alcohol-Ether—Resin Method

This experimental method involves immediately immersing the excavated object in al-
cohol, which is then replaced with ether containing a mixture of dammar varnish, beeswax,
carnauba wax, paraffin, and rosin. High temperatures aid penetration. Like PEG, this
approach stabilizes the wood and reduces surface tension via alcohol or ether, preventing
collapse. Several modified versions of this technique have since been developed [43].

2.3.5. Polybutyl Methacrylate

[44]. Following washing, the wood undergoes treatment in three successive baths:
first with acetone, then butyl methacrylate, and finally a 1% benzoyl peroxide solution as a
polymerization catalyst. The artefact is then oven-cured at 65-95 °C for up to nine hours. A
variant uses polymethyl methacrylate with heating at 45 °C [22].

2.3.6. Acetone-Rosin Method

(e.g., [45,46]). The most commonly used solution is rosin dissolved in acetone. Numer-
ous workshop-specific variations exist. After cleaning in water, artefacts are immersed in
a 3% hydrochloric acid solution for a few days, then rinsed. Acetone is used for drying,
followed by immersion for four weeks in a 67% rosin-acetone solution at 52 °C. The object
is then rinsed with acetone and dried at room temperature. Experts regard this method as
particularly suitable for softwood, charcoal, and small artefacts.

2.3.7. Electrokinetic Method

[47,48]. This is the only method applicable in situ. The object and surrounding soil are
impregnated with an aqueous solution of sodium silicate and calcium chloride. Electrodes
are placed around the artefact to form a closed electrical circuit, triggering hardening.
However, subsequent lab tests failed to confirm its effectiveness.

2.3.8. Garrouste/Bouis Method

After washing, wood is immersed in hydrochloric acid and water, then impregnated
with an aqueous solution of chromium acetate (sometimes with up to 20% sodium bichro-
mate). Before final rinsing, the wood is immersed in sodium chloride solution. Post-drying,
it is coated with wax, linseed oil, or synthetic resins [49].

2.3.9. Radiation-Induced Polymerization

(e.g., [50-52]). Developed in the United States, this method uses gamma radiation
to polymerize monomer-impregnated wood. Initially, methanol replaces all water. Dif-
ferent labs use various monomers (styrene, methyl acrylate, methyl methacrylate, or 2-
hydroxyethyl methacrylate). After impregnation, the object is irradiated with cobalt-60.
Results show excellent dimensional stabilization (shrinkage < 1%, and sometimes even
slight expansion up to 3% without damage), although these results were obtained under
controlled lab conditions.
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2.3.10. Hard Wax Mixture

(e.g., [22,53]). Though now largely replaced, this older method is still used in spe-
cial cases, particularly with softwood. It employs a mixture of dammar varnish, raw
carnauba wax, paraffin, and beeswax dissolved in toluene or xylene and heated to 80 °C.
Impregnation begins as water is gradually replaced by toluene.

2.3.11. Sucrose Method

(e.g., [54-56]). This is one of the most cost-effective methods for waterlogged wood
conservation. Sucrose does not discolor, evaporate, or pose toxicity risks, and is highly
water-soluble [57]. Its reversibility is a major advantage. Comparative studies by the
Vasa Museum tested PEG, salt, and sucrose [58,59], concluding that acceptable shrinkage
must remain under 75% Anti-Shrink Efficiency (ASE). Sucrose yielded significantly lower
shrinkage than other methods, though results in actual conservation settings often fall short
of lab-reported ASE values (e.g., 92% ASE in controlled conditions, [55,60]).

2.4. Conservation Examples

Chinese archaeologists successfully raised an entire wooden shipwreck from the
seabed using a specially designed support structure, enabling detailed investigation on
land (Figure 4). At the 2017 International Symposium on the Discovery and Research of the
Nanhai I Shipwreck, the paper “The Discovery and Research of the Nanhai I Shipwreck”
was presented by Sun Jian, Chief Technology Officer of the Underwater Archaeology Unit
(National Center for Underwater Cultural Heritage), and Cui Yong, Deputy Director of the
Guangdong Provincial Institute of Archaeology.

Figure 4. Shipwreck Nanhai I during excavation in Maritime Silk Road Museum of Guangdong in
Yiangjiang, China. (Details: [61]; photo: Miran Eri¢, 25 November 2017).
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They reported that even under strictly controlled environmental conditions—temperature
maintained at 18 °C and relative humidity (RH) between 70 and 80%, with automated water
misting of the entire workspace seven times daily—significant changes still occurred. A full
3D scan of the entire working space was also performed daily. Despite these comprehen-
sive conservation measures, the wooden structure experienced an average volumetric and
dimensional deformation of up to 25% (Li et al. [61]).

3. Results

The 3D models captured before and after conservation revealed a significant volume
loss (~20%) in the treated artefact. Comparative scans showed deformation, indicating that
traditional melamine treatment may compromise structural integrity. Reburial proposals
demonstrated reduced biological risk under anoxic conditions.

It is especially important to emphasize that the analyzed Paleolithic yew-wood point
exhibited exceptionally well-preserved cellular structure, with water content below 300%
of its maximum water saturation value (VVmax). Yet, despite meticulous handling, the
conservation results were deeply disappointing.

3.1. Controversies Surrounding Current Methods of Waterlogged Wood Conservation

Debates persist around the most widely used methods for conserving waterlogged
wood in museums today. The consequences of current practices are increasingly seen
as unacceptable, prompting a fundamental reassessment of conservation goals, material
understanding, and knowledge preservation.

Despite longstanding use, the chemical and biological interactions between wood,
metals, and consolidants remain poorly understood—an ongoing shortcoming in current
methods (see Figure 4) [62,63]. Major finds like boats often contain various wood species,
which require different treatment methods in the conservation of waterlogged archaeo-
logical wood. This is due to several key factors that vary by species such as anatomical
structure, chemical composition, degree of degradation, and shrinkage behavior [20].

Yet all modern techniques inevitably alter the wood, sometimes gradually—even
under stable microclimates (e.g., [24,64—-69]).

Wood shrinkage during drying remains a major issue (see Figures 3 and 5-7; [70-72]).
In 1990, a 75% Anti-Shrink Efficiency (ASE) was acceptable; today, 90-95% is the standard.
However, ASE is calculated under ideal lab conditions on uniform samples, while real
artefacts vary widely in form and structure [10-12].

Environmental control is another key challenge. Sensitive artefacts require RH around
60% and 15 °C, yet most museum spaces are optimized for inorganic materials, with RH
between 20 and 40%—conditions unsuitable for waterlogged wood. Microclimate stability
is crucial for long-term preservation.

Current conservation methods are also cost-inefficient. The 2011 WreckProtect
project [73] compared in situ shipwreck preservation with large-scale conservation [74].
Raising and conserving the Mary Rose (at 38 m depth) has cost EUR 65 million over 25+
years. In contrast, in situ protection of Burgzand Noord 10 (35 m depth) using geotextiles
and gravel cost just EUR 70,000 ([73], pp. 43—44).

Due to growing recognition of these issues, a specialist working group was formed in
2017 in Bremerhaven. It monitors conserved shipwrecks and compares long-term practices.
Members include researchers from major European maritime museums (Vasa, Mary Rose,
Bremerhaven Cog, Vikingship Museum) and institutions like Lund University, ArcNucleart,
and Slovenia’s Restoration Centre.

The volumetric data and image changes are related to the phases of the artifact’s
conservation process with melamine resin. These are therefore artificial conditions that
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were implemented in the laboratory from the beginning to the end of the conservation and

up to the storage phase in the local museum collection.

[mm]

— 1.00

| 0.00

< -0.50

-1.00

-1.50

Figure 5. Volumetric analyses of Paleolithic wooden point [6]. During 2009-2018, two 3D models
were measured before treatment with melamine (INTRI, Innovative Technologies and Solutions).
Before and after conservation at the Rdmisch-Germanisches Zentralmuseum [13], Archaeological
Research Institute (RGZM), Mainz—three more models were recorded. Subsequently, two more 3D
models were recorded with micro CT by Lidija Korat Bensa at the Institute of Civil Engineering
of Slovenia in Ljubljana. Comparative analyses were carried out by Enej Gu¢ek Puhar through
ClaudCompare software [10-12]. Image: Enej Guc¢ek Puhar.
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Figure 6. Volumetric analyses of a Palaeolithic wooden point at different stages of the conservation
process. Volumetric measurements and five 3D models support the hypothesis that the length, width,
and thickness of the Palaeolithic point changed during the conservation process and that its volume
decreased by approximately 20% when it was handed over to the museum. (The table was created by
Enej Gucek Puhar, author of ClaudCompare. 3D models 2009 and 2013 @INTRI; 2015 and 2017 476
@Romische-Germanische Shiffarts Museum, Mainz; 2018 @Lidija Korat, ZAG).
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2015 2018

- after melamine treatment and - three year after melamine treatment
exposed to the environmental condition exposed to the environmental condition

2

g};‘! _

2015 - 2018
swelling and bending

2015 A4 2018

Figure 7. Volumetric analyses of a Paleolithic yew wooden point. Comparison models from 2015 and
2018 show a dramatic change in the volume and shape of the Paleolithic wooden points. Image: Enej
Gucek Puhar.

3.2. Fundamental Ethical Guidelines for the Protection of Underwater Cultural Heritage

The ethics of conserving archaeological finds from underwater sites are shaped by
the Committee for Conservation, established in 1967 as part of the International Council
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of Museums (ICOM-CC 2017). Over the past decade, several additional guidelines have
been issued, including those by the Center for Maritime Archaeology and Conservation at
Texas A&M University [75], the WreckProtect Guidelines for the protection of underwater
wooden heritage [73], and the SASMAP Guidelines Manual 2 [76].

Ethical standards originally developed for the conservation of artworks can—and
should—also apply to the preservation of underwater cultural heritage. Conservation and
restoration ethics generally describe seven principles that can guide decision-making when
selecting conservation methods and undertaking conservation actions [75]:

1.  Respect for the Integrity of the Object

All professional actions by the conservator must be guided by unwavering respect for
the object. Its value—including aesthetic, historical, archaeological, and physical integrity—
must be carefully preserved, regardless of its condition. After conservation, the object
should retain as many diagnostic features as possible.

2. Competence and Capability

It is the conservator’s responsibility to work only within the boundaries of their pro-
fessional knowledge and technical capacity when researching or treating historical objects.

3.  Uniform Standards

A conservator must apply the highest and most rigorous treatment standards to every
historical object, irrespective of their opinion of the object’s value or quality. While practical
circumstances may limit the scope of conservation, the quality of conservation should never
be compromised.

4. Appropriateness of Methodology

A conservator should not perform or recommend any method unsuitable for pre-
serving waterlogged wood. The necessity and quality of the method must outweigh any
financial or institutional incentives. Methods that pose a risk to the object, or that involve
extensive and time-consuming procedures, should be avoided. Decisions should not be
driven by short-term or long-term goals alone, but by what is best for the object.

5. The Principle of Reversibility

Conservation should always aim to adhere to the principle of reversibility. The use of
materials that might become impermeable or irreversible over time—and whose removal
might endanger the object—should be avoided. Most current methods for conserving
waterlogged wood do not meet the reversibility criterion. Techniques whose results cannot
be reversed or corrected, even if later desired, should be abandoned. Ideally, all procedures
should be reversible, assuming that current methods may later be improved upon.

6. Limitations in Aesthetic Re-integration

When compensating for damage or loss, a conservator may perform minimal or
extensive aesthetic restoration but only based on prior agreement with the object’s owner
or custodian.

7. Continual Self-Education

It is the responsibility of every conservator to stay informed about current develop-
ments in their field and to continuously enhance their knowledge and skills to ensure best
conservation practices.

8. Oversight of Support Staff

A conservator must always protect and preserve the objects under their care by
supervising and guiding the work of all support personnel, interns, and volunteers under
their professional authority.
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3.3. Digital Technologies and Waterlogged Wood

Cultural heritage research now widely employs remote sensing technologies like
airborne laser scanning (ALS), geo-electrical resistivity, ground-penetrating radar (GPR),
magnetometry, electromagnetic conductivity, multi-beam sonar, and sub-bottom profiling.
On-site methods such as terrestrial laser scanning (TLS) and photogrammetry are also
standard. These techniques produce dense 3D point clouds for high-resolution documenta-
tion [77].

These datasets enable compelling visualizations. With photographic textures, interac-
tive 3D models and virtual flythroughs can be created to support archaeological analysis
and engage the public. Calibrated data allows for accurate measurements, which can be
further processed using automated segmentation and modeling techniques [10-12,78].

Advanced 3D data capture is increasingly used underwater. However, most active
3D methods, like laser scanning and structured light, are not viable in aquatic settings.
While sonar works well for larger objects, it lacks precision. Thus, the demand for accurate
underwater 3D measurement is growing—especially in underwater archaeology.

Currently, photogrammetry remains the most effective method for producing de-
tailed underwater documentation (e.g., [9,78-85]). The sustainability of long-term data
preservation should also be addressed.

3.4. Photogrammetry and the Evolution of Underwater 3D Documentation

Although stereophotogrammetry was used in early underwater archaeology during
the 1960s [86,87], it was too complex and expensive due to the difficulty of aligning under-
water photographs and the labor-intensive manual feature registration (e.g., [80,88,89]).

When at least three matching points are identified across three consecutive images, it
becomes possible to compute their relative 3D positions and derive the camera’s optical
parameters, eliminating the need for prior calibration. Since 2010, many commercial and
open-source tools have been developed [90], producing dense 3D point clouds that can be
textured using the original photos.

Images must overlap by about 70% for effective 3D reconstruction. Underwater,
divers can manually capture photos or video, which is faster and more cost-effective than
traditional methods, reducing dive time and increasing safety [9].

Underwater imaging challenges like low light, refraction, and scattering can be man-
aged with extra effort. Visibility limits image distance: even in clear water, it rarely exceeds
30 m, and in murky environments, often less than 1 m. This necessitates close-range
imaging and many high-quality images to ensure sufficient point identification.

Wide-angle lenses are commonly used to capture larger areas from close distances.
Importantly, even low-cost compact cameras or consumer-grade video cameras can perform
as well as high-end DSLRs for underwater photogrammetry [9,80,83].

Three-dimensional documentation should not invalidate the importance of rigorous
human observation of relevant details for the study of elements, although details can easily
be overlooked if the point clouds are only optically observed [91].

4. Discussion

Our findings highlight the benefits of digital documentation and replication over
traditional chemical treatments. In situ conservation, supported by 3D scanning, offers
a viable alternative for long-term preservation. However, the approach is limited by
environmental variability and logistical challenges of reburial. Further research is needed
to standardize reburial methods and develop reliable biodegradable containers.
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4.1. Photogrammetry and Ethical Practice in Underwater Archaeology

Most published studies on underwater photogrammetry focus on documenting ship-
wrecks (e.g., [9,79,80,89,92-94]). Multi-view photogrammetry offers highly precise in situ
3D modeling of underwater artefacts.

Organic materials like waterlogged wood are highly sensitive to handling and envi-
ronmental shifts, often deteriorating rapidly [8,95].

As a result, physically recovering waterlogged artefacts has become ethically con-
tentious. When needed, laser and structured light scanners, as well as microscopic tech-
niques, support post-processing. CT and micro-CT are also used to examine internal
structures.

Once digitized, objects made of wood, metal, stone, resin, or plastic can be replicated
through 3D printing [96,97] or subtractive methods like robotic carving [98] both increas-
ingly common in heritage conservation. Robotic milling using CNC-equipped robotic
arms—fed by high-resolution 3D scans—has become a common and effective method
in heritage conservation. It is used to create highly accurate replicas of stone sculptures
(including Renaissance-era works like those by Michelangelo) from marble, wood, or resin,
enabling widespread display and minimizing damage to the fragile originals [99].

Digital models remain unchanged in virtual form, but proper long-term preservation
and access standards must be observed [100]. Beyond meeting ethical standards, digital
technologies offer powerful tools for presenting and interpreting heritage—whether as
interactive virtual models or physical replicas.

4.2. Appropriate Solutions for the Protection of Waterlogged Wood

Uncertainty remains about what to do with newly discovered waterlogged wooden
artefacts once they have been digitally documented. The most suitable solution is physical
in situ protection, which can take several forms depending on the environmental conditions
and the specific risks involved [73].

Specifically, the financial, environmental, and ethical implications of deploying mas-
sive protective structures should be carefully weighed against the costs and benefits of
alternative conservation strategies—such as excavation, removal, and controlled curation
in museum environments. The construction of concrete installations costing millions of
euros raises serious questions about resource allocation, long-term site accessibility, and the
reversibility of conservation actions. Moreover, the presence of such heavy infrastructure
on the seabed may not only hinder future scientific access to the site but could also pose a
physical risk to the underlying archaeological materials, potentially contributing to their
gradual compression or destruction (Figure 8).

In light of these considerations, a broader discussion is warranted—one that includes
stakeholders from archaeological, environmental, and policy-making communities—to
assess whether such interventions truly represent the most responsible and sustainable
path for underwater cultural heritage management.

In less trafficked waters, protective casings made from fiberglass or metal panels,
mounted on modular frames and anchored at the site, can be employed. These structures
can be reinforced with metal cages and sand/gravel fill. This approach is especially suitable
for sites still under investigation. In cases where shipwreck sites are attractive to looters,
such protection allows for monitorable preservation and even visitor access. According to
heritage authorities in the Republic of Croatia, the best protection for exposed underwater
sites is provided by metal cages secured to the seabed with concrete weights or stakes.
These structures are equipped with double lockable doors, allowing for controlled access
and safe diving inside the cage (see Figure 9; [101,102]).
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In locations where treasure hunting is not a threat, but aggressive bottom trawling is,
large multi-ton concrete pyramids can be deployed. These can be equipped with obstacle

signaling systems to deter fishing activity and protect the site.

Figure 8. Anchor traces in the immediate vicinity of the Stojanov Bark [103] shipwreck as revealed by
bathymetric surveys. Image: Saso Poglajen.

Figure 9. Shipwreck from the third to fourth century AD protected with a cage. Photo: ICUA.
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4.3. Public Presentation and Educational Value of Documented Shipwrecks

Once a shipwreck has been fully documented and researched, it is both reasonable and
beneficial to present the recovered artefacts, structural remains of the vessel, or even the
entire wreck site to the public—due to its educational, promotional, and economic value. In
combination with the recent in situ preservation policies for underwater cultural heritage
sites, there is great potential to develop a new form of cultural tourism in the shape of
underwater parks and museums, incorporating various underwater and surface-level trails.

For individuals unable to physically visit submerged sites, 3D documentation can be
used in virtual reality (VR) environments within more traditional museum settings or as
augmented reality (AR) applications at heritage locations. These digital experiences could
help raise awareness of the rich archaeological heritage hidden beneath the water’s surface.

The added value of such virtual museums lies in the ability to integrate comprehensive
scientific data related to a particular site—not only archaeological information but also
interdisciplinary layers from geology, biology, ichthyology, ecology, and more. Information
centers could be established in nearby ports, cities, communities, and tourist areas, featuring
scaled 3D models of relevant shipwrecks, anthropogenic underwater landscapes, and
surrounding marine environments. These spaces could serve as aesthetic and educational
elements within contemporary urban architecture.

Such models would be accessible and engaging for children, blind and visually im-
paired visitors, and other vulnerable groups. Global best-practice examples include sub-
merged glass walkways that allow on-site viewing of wooden remains, or unique aquarium
installations that exhibit underwater heritage in an immersive setting.

4.4. What Should Be Done?

The conservation and restoration research community working in the field of or-
ganic material preservation—particularly that of waterlogged wood—should reconsider
the continued use of established methods for preserving artefacts made from organic
materials. Despite efforts to maintain appropriate microclimatic conditions (i.e., relative
humidity, temperature, and lighting), exposing wood impregnated with consolidates to
altered environments remains costly, ineffective in the long term, and, given current digital
advancements, increasingly unacceptable.

The conditions in which the artefact was discovered may offer relatively favorable
circumstances for the long-term preservation of waterlogged wood. These natural condi-
tions enabled its survival until today. Therefore, we propose that, following precise 3D
modeling—which captures the object’s form and texture—and internal structural anal-
ysis, artefacts and shipwrecks should be reburied (in situ reburial) for their long-term
conservation.

However, this raises an important point. While the archaeological find remains
submerged, this alone does not guarantee an anaerobic environment. For conditions to be
truly anaerobic, all oxygen must be excluded—something that water alone cannot ensure.
Anaerobic conditions typically occur in fine, compacted sediments like mud or sand,
which are saturated with water and dense enough to block oxygen diffusion. Therefore,
submersion without such sediment does not necessarily create an anaerobic environment.
This distinction is very important!

In recent decades, there has been growing development of methodologies for in situ
reburial as a means of protecting underwater cultural heritage sites. Examples of good
practice include the following:

— The SASMAP project [73,76].
—  The Baiheliang Underwater Heritage Site [104].
— The ancient harbor of Alexandria [105].
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— The Croatian protective cage project [101,102].
— UK guidelines for waterlogged wood [106].
— The Amsterdam Museum approach [107] (Figure 10).

Figure 10. A museum in Amsterdam where the ship is preserved in a controlled aquatic environment.
(Top) Longitudinal section of museum. (Bottom) Overview inside levels.

4.5. Toward a Responsible and Sustainable Approach to the Protection of Waterlogged Wood

TECTONIC’s goal is to promote an interdisciplinary framework for developing solu-
tions and establishing new standards for the sustainable in situ conservation of underwater
cultural and natural heritage by 2030 [108]. It pays particular attention to the implemen-
tation of Sustainable Development Goal 11.4 from the UN General Assembly Resolution
(25 September 2015), titled A /RES/70/1—Transforming our world: the 2030 Agenda for
Sustainable Development. The project is financially supported by the Horizon Europe
2020 research and innovation program and involves partners from six EU countries (Italy,
Greece, Croatia, Czech Republic, Spain, and France) as well as Argentina.

New technologies in 3D modeling and innovative conservation approaches have
already been implemented in three pilot sites.

Greater attention should be directed toward studying diverse environments—such as
wetlands, freshwater, and marine contexts—as well as distinctions between shallow and
deep waters, local geographic conditions, and the stability of different types of organic
materials and tree species.

In cases where in situ storage of sensitive and valuable small artefacts is not feasible—
due to looting risks or adverse environmental conditions—there is a need to establish
“controlled natural depositories.” These could also be in urban environments, within
buildings where continuous monitoring is more easily implemented. Such facilities must
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support the measurement of physical, biological, and chemical parameters, enabled by
the latest in digital and sensing technologies. Simultaneously, systems should be in place
for the automatic tracking and recording of vital changes in the physical appearance,
microbiological activity, and chemical processes affecting the artefacts.

A significant indication of changing attitudes in Europe is the planned exhibition of an
18th-century shipwreck in the new Amsterdam Museum, opening in 2025 [107]. The ship
will be displayed in a large pool with a monitored aquatic environment, surrounded by four
levels of walkways for public viewing (Figure 10), fully embracing the latest knowledge in
the conservation of waterlogged wood.

Multiple levels of underwater protection can be applied depending on the importance
of the find. In expert committees tasked with evaluating an artefact’s significance and
selecting protection methodologies, the decision of the lead conservator must take prece-
dence over local political or institutional ambitions. In exceptional cases, extraction and
display for museum purposes may be appropriate—but only if they do not compromise
the long-term preservation of waterlogged wood.

At present, three viable solutions are available.

4.6. Three Viable Solutions for the Protection and Presentation of Waterlogged Wooden Artefacts

1.  Reburial for Non-Museum-Priority Artefacts

If conservation and museum professionals determine that a find is not of sufficient
significance for museum display but is nonetheless at risk due to environmental or human
factors, a reburial strategy can be employed. In this case, the artefact is relocated to deeper
waters. A sufficiently large and deep trench is excavated. The object is then wrapped in
biodegradable geotextile, placed into the trench, and covered with sediment or sand.

2. Remote Presentation for Cost-Constrained Finds

If the find is of moderate interest and merits at least partial public presentation, but
the costs of conservation or museum integration are too high, alternative methods exist.
The object can be placed within a protective cage equipped with underwater cameras. A
large screen can be installed along a coastal promenade, allowing visitors to observe the
artefact in its natural aquatic environment. To enhance engagement, interactive content can
be programmed, such as educational media, historical context, and a rotating 3D model
and digital reconstruction of the find. This solution provides an attractive public experience
while keeping the artefact safely submerged.

3. Museum Display of Exceptional Finds in a Controlled Aquatic Environment

If the conservation and museum community agree that a find is truly exceptional and
warrants formal educational display, a more advanced solution is available. A specialist
working group should be assembled, composed of:

— A conservator-restorer from a national conservation center.

— An architect to assist in the design of the aquatic display chamber and its integration
into museum spaces.

— A computer scientist to implement automated environmental monitoring using sensors.

— A microbiologist to guide the creation of a closed aquatic system.

— An aquarist to advise on the development of the water chamber.

— A mechanical engineer to support water flow optimization using cavitation-based
methods [85].

— A museum curator from the institution where the artefact would be housed.

This team would collaboratively design a customized conservation and presentation
plan, resulting in an Al-regulated aquarium-like water chamber that is visitor-friendly and
scientifically robust.
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Traditional conservation of waterlogged wood using consolidates is a prolonged and
expensive process, often taking over 20 years and requiring dedicated space, equipment,
expertise, and ongoing financial investment (Table 1). For small artefacts, the conservation
may take several months to 1-2 years, for large structures (e.g., shipwrecks) it can take
5-20 years or more (e.g., the Mary Rose took over 19 years) [25].

Table 1. This table summarizes the procedures and conditions under which waterlogged archaeo-
logical wood can avoid long-term degradation following exposure to atmospheric oxygen, based on

current conservation practices and literature [20].

Procedure/Storage Stabilization Environment Expected Risk of Notes/Examples
Method Required Type Longevity Degradation P
Industry standard
PEG treatment + Dry, RH 50-60%, Long term (e.g., Oseberg, Mary
Controlled Yes temp < 18 °C (decades) Low Rose); prevents
Drying P shrinkage and
microbial decay
Sugar/Alcohol Alternative to PEG;
Impregnation Yes Same as above Long term Low less used but
(e.g., lactitol) promising
Anoxic Storage Imitates burial
(se.aled No/Optional Oxygen-free, Long term Very low condlt}ons; hl'g.h cost;
containers or sealed used in sensitive or
chambers) high-value artefacts
Refrigerated Wet Water-saturated, Medium-long . U.Sdlﬂ as Interim; risk
Storage No 4-10 °C term (up to Low-medium Increases over time
decades) without treatment
Works for some
Controlled RH . RH 50-60%, Medium-long . dry-stored finds; used
Storage Optional Medium . L
temp stable term in Scandinavian
(untreated wood)
reserves
Air-Drying Causes collapse,
Without No Ambient air Short term High cracking, decay; not
Pre-treatment recommended
Reburial in Anaerobic, Long tgrm Dgpends on s-1te .
. . No (potentially Low chemistry; effective in
Anoxic Sediment waterlogged : - )
indefinite) peat, clay, silt

In contrast, constructing a water chamber could be completed in a much shorter
time frame, offering substantial cost savings. More importantly, the public would gain
immediate, visually compelling access to the artefact, while the new methodology would
preserve the wood without volumetric changes or deformation in a museum setting.

For generations, researchers have sought to preserve waterlogged wood for museum
display or storage in air-exposed environments. Although guided by the conservation
standards of their time, many of these efforts have ultimately failed. Even today, we
cannot confidently ensure the long-term survival of waterlogged wooden artefacts beyond
a few centuries.

Polymer-based consolidants like PEG, melamine, and acrylates, while widely used,
remain insufficiently tested for long-term durability and may not guarantee sustained
preservation. In contrast, recent advancements in in situ underwater measurement, 3D
printing, and digital engagement offer promising alternatives for developing new conser-
vation methods.



Heritage 2025, 8, 273 20 of 25

We now have the capability to create precise digital and physical replicas of organic
artefacts for display and education, allowing the originals to remain in the environments
that preserved them for centuries. This copy-based conservation approach is gaining
acceptance in other cultural heritage fields [109].

It is the ethical responsibility of conservators and researchers to protect waterlogged
wooden heritage to the best of our ability. Future generations will likely develop superior
technologies, but we must act now to establish standardized, reliable methods that enhance
the longevity of these fragile objects [48].

By preserving the natural conditions that enabled their survival, we expand the
window for study and appreciation. The necessary technology exists—so why not use it?

5. Conclusions

This study advocates a paradigm shift in waterlogged wood conservation—prioritizing
digital documentation and in situ strategies over traditional consolidation. This not only
preserves artefact integrity but also aligns with ethical and sustainable practices. Controlled
digital preservation ensures future accessibility and scientific study.

Novel contributions of this article are as follows:

— Propose a new reburial strategy using 3D scanning and biodegradable containment.

— Demonstrate ethical and environmental benefits of avoiding invasive chemical
treatments.

—  Apply comparative volumetric analysis to evaluate conservation impact.

— Limitations of the proposal are as follows:

— Case studies are limited to specific artefacts and environments.

— Reburial feasibility varies with site accessibility and legal restrictions.

— Lack of long-term reburial trial data under monitored conditions.
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