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Abstract: Since the 1940s, when maritime archaeology was established, the systematic excavation of
submerged wrecks began to be refined. Systematic excavations led to the recovery of a vast array
of organic and inorganic artefacts, including human and non-human bones and teeth. In order
to preserve the materials recovered from the sea, the discipline of maritime conservation rapidly
expanded and dealt with unique issues, including, but not limited to, marine salts” encrustation of
archaeological artefacts. Bone and teeth are organic artefacts which provide crucial information about
natural and social environments of the past. When recovered from marine settings, they are often
friable and require conservation processes and consolidation treatments, e.g., to prevent shrinkage
during drying. However, conservation processes and consolidants can interfere with pathological,
traumatic and taphonomical evidence associated with bone and teeth, and can bias sample prepara-
tion and analysis through mechanical action and chemical composition. The aim of this paper, in
which a few examples of interference are listed, is to highlight the need of accurately documenting
any type of conservation process and/or consolidation treatment that has been performed on bone
and teeth stored in archaeological collections. This becomes essential when samples are selected
for study, especially if this includes destructive analysis, and will assist in clarifying any conflicting

Elt;)edc ;',‘tf;’sr results, leading to reliable interpretations.
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and to begin developing a methodology to record and excavate shipwrecks and other
underwater sites of archaeological interest [2]. Maritime archaeology as a discipline has
been defined by its practitioners as both in opposition to terrestrial archaeology, and as a

sub-discipline of archaeology [3]. For the purpose of this paper, maritime archaeology will
be defined as ‘the scientific study of the material remains of [hu]man[s] and [their] activities
on the sea’ [4]. As Hamilton states, the conservation of artefacts means to “document,
analyse, clean, and stabilise them” [5]; therefore, maritime conservation can be defined as
This article is an open access article  the Minimisation of damage to, and preservation of, artefacts recovered from and around
distributed under the terms and  the ocean as a result of maritime archaeological activities.
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subsequent raising of the Tudor warship Mary Rose in England, and the conservation of
the Dutch East Indiaman Batavia in Australia firmly established maritime conservation
as its own field of conservation [7-9]. Maritime conservation shares the same aims as
other fields of conservation, and more specifically archaeological conservation, that is to
safeguard artefacts, and to ensure their interpretability once they have been removed from
their burial environment [10]. Despite these similarities, the problems faced by maritime
conservators are largely unique [11]. In fact, submerged artefacts have become part of
a new environment, with which they have developed physical, chemical and biological
interactions. Maritime conservators often face thick encrustations on the surface of metallic
objects, which are often a mix of marine life and metal corrosion. Once the encrustations are
removed, the artefact underneath requires specialised attention in the removal of salts that
have accumulated within it [12]. Other inorganic materials, such as ceramics and glass, also
require specialised care and attention; one of the most important steps in the conservation
process is desalination, or removal of chlorides from within materials [13]. If allowed to
dry without desalination, crystallised salts will expand and damage the glaze of a ceramic,
and cause damage to glass artefacts [14,15].

Organic artefacts pose their own unique conservation problems. Unlike the majority
of terrestrial archaeological sites, organic objects can be very numerous on shipwreck sites
and in maritime contexts, which are frequently anoxic [16,17]. Organic artefacts recovered
from shipwreck sites can be varied, depending on the contents and cargo of the ship, but
the most common ones include timber—whether that be the ship itself, or smaller wooden
artefacts—rope, bone, and textiles [18]. Organic artefacts recovered from maritime settings
are often friable and delicate [19], and may be encrusted with metals [20] and colonized by
marine organisms [21]. As a consequence, they require not only desalination, as almost all
artefacts from the ocean require, but usually also cleaning, some form of consolidation to
add strength, and other treatments to prevent shrinkage during drying [22,23]. For example,
waterlogged timbers are impregnated with polyethylene glycol (PEG), a synthetic polymer,
to lend strength and to prevent cracking and warping during the drying and exhibition
processes [24,25]. Similarly, textiles and rope may also undergo treatment with PEG, or
other synthetic polymers, to prevent further deterioration once they are removed from
their stable aqueous environment [26,27]. Bone, whether it be human or non-human, and
whether an artefact or remains, is treated with similar techniques, requiring desalination
and, in some instances, consolidation [5].

3. Bone and Teeth in Maritime Conservation

Bones and teeth are the skeletal tissues of many biological taxa, human and non-human
(also defined as faunal), and are frequently recovered in both terrestrial and underwater
archaeological excavation sites [28-31]. Collectively described as specialized types of
connective tissue, bone is composed of cells enclosed within an extracellular matrix of
framework macromolecules (mostly collagen) and hydroxyapatite, a calcium phosphate
mineral, whereas teeth are mostly acellular [32,33]. The physical arrangement of the
biological materials composing bone and teeth, including, but not limited to, collagen
fibrils, hydroxyapatite crystals and bone lamellae, and their slightly different chemistry,
are reflected by denser or looser structures, such as cortical bone, trabecular bone, dentin,
enamel and cementum. Enamel, which covers the crown of teeth, is the hardest and the
densest, cortical bone is chemically similar to dentin and cementum, and trabecular bone is
the most porous, that is, a network of thin columns and cavities [34,35]. Thanks to their
hardness and structure, bone and teeth survive long after the death of an organism and the
decomposition of all the other biological tissues. In favourable environmental conditions,
they can fossilize and be preserved for millions of years [36-38]. Their analysis provides a
wealth of information about natural [39-41] and social [42—-46] environments of the past.

Once safely recovered according to established guidelines and recommended profes-
sional practices both on land and underwater [47,48], archaeological bones and teeth can
become very fragile [19], and may need to be consolidated using conservation processes.
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There has been little change in the treatment of bone and teeth from maritime settings
throughout the years, though the materials used have evolved. In most cases, the typical
conservation steps are desalination, the removal of stains and, if the bone has degraded
and is friable, the application of consolidating treatments [5]. Desalination is crucial with
all maritime archaeological artefacts. Bone is liable to be damaged if not desalinated: phy-
sically, due to expansion of salt crystals upon drying, and chemically, from acid formation
due to the hygroscopic nature of salts [23]. Desalination is achieved by progressive soa-king
in distilled water until soluble salts have been removed [49]. In some cases, such as the
human and non-human bones recovered from the Mary Rose, desalination is the only active
treatment required; thereafter, bones can be slowly air-dried and stored in environmentally
controlled conditions [23,50]. Once desalination has been completed, any stai-ning can
be addressed. If deemed necessary, iron stains may be removed using chelating agents,
including EDTA disodium salt, ammonium citrate, or oxalic acid, although these treatments
will also risk demineralisation and recrystallisation of the bone mineral [5,23]. Sodium
dithionite has also been investigated as a method for removing iron stains from bone, with
reported results ranging from satisfactory (i.e., stains were removed with little damage to
the bone) to unsatisfactory, with reports of bone softening [51,52]. A recent preliminary
study investigated the use of a pulsed coaxial plasma gun in removing iron staining from
bone samples, and reported a reduced visual appearance of iron staining and reduced
acidity of the bones, caused by iron staining [53]. Iron sulphide stains can be removed
using hydrogen peroxide, a method recommended both historically and in the present day,
although prolonged treatment is likely to damage any remaining collagen [11,54].

When consolidating treatments were required, for example, in the case of flaking or
splintering, early archaeologists and conservators used natural resins, such as paraffin
wax or animal glue, to circumvent bone and ivory friability [55,56]. The use of animal
glue as a consolidant was dismissed after the 1950s, and recent investigations into animal
glue have found its potential to bias *C dating and DNA analyses, due to their collagen
base [57]. More recent materials recommended for consolidating bone include Paraloid
B-72, an acrylic resin, and polyvinyl acetate (PVAc), a thermoplastic adhesive [11,58,59].
These are still largely used for bone consolidation in the present day. Paraloid B-72 is a
poly (methylacrylate/ethylmethacrylate) which is regarded as a stable polymer and used
in multiple conservation treatments as a consolidant when dissolved in a solvent such as
acetone [58]. It can be used by itself as a consolidant for bone, or in conjunction with a stable
textile material to lend strength to a fragile artefact or set of remains [60]. It is theoretically
removable, if necessary, by using the solvent into which it was originally dissolved, but it
is unlikely that complete removal is practicable [58]. PVA emulsions are also utilised in
present-day treatments; they are chosen for their penetrative properties, allo-wing them to
diffuse through the bone structure and lend strength [61]. Alternatives in the form of 20%
glycerol immersion combined with slow air-drying have reportedly received satisfactory
results [62]. PEG has also been investigated as an alternative consolidant for waterlogged
bone, as it already has an established use in the conservation of waterlogged wood, but
was found to be unsuitable. At lower molecular weights, it ‘sweats’” out of bone, obscuring
features, and lends little structural support to fragile bone [63]. Ethical concerns may
dictate it inappropriate to apply conservation treatments to remedy decay and consolidate
human bone [64,65]. However, some skulls of the victims of the Batavia mutiny were
pieced together with a polyvinyl acetate emulsion, which was planned to be dissolved and
removed prior to burial, but after the acquisition of the relevant forensic information [66].
In fact, even minimal damage to bone and teeth might disguise, modify or destroy, any
type of relevant evidence, overall attributable to the three broad categories of pathology,
trauma and taphonomy (Figures 1 and 2).
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Figure 1. Examples of evidence associated to bone and teeth recovered in maritime archaeological
excavations. (A) Tooth of an Australian sea lion (Neophoca cinerea) with wear of the dental crown
and a longitudinal fracture involving both the dental crown and root (solid arrow). The general
morphology indicates that the fracture was produced close to either the death of the animal, or the
loss of the tooth (from Batavia, 1629) (B) Scapula of juvenile Australian sea lion (N. cinerea), bleached
and abraded (from Batavia, 1629) (C) Non-human bone fragment with colour changes resembling the
ones produced by fire (from Vergulde Draeck, 1656) (D) Multiple knife marks (solid arrows) on the
inferior margin of a non-human rib (from Rapid, 1811) (E) Non-human bone crushed as fresh (solid
arrow) and heavily stained in the post-mortem period (from Rapid, 1811) (F) Butchering mark (solid
arrow) produced on fresh non-human bone, with resulting curved fracture line (dashed arrow) (from
Rapid, 1811).

Figure 2. Archaeological human skull recovered from an aquatic setting. (A) At the time of recovery,
with both nasal bones (solid arrows) and the remnants of the facial region extensively encrusted by
barnacles (dashed arrow). (B) At the time of delivery to the forensic laboratory, with the loss of both
nasal bones (solid arrows) and a substantial part of the encrusting barnacles (dashed arrow), possibly
caused by handling, rapid drying and cleaning attempts.
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Some examples of pathological alterations potentially modifiable via conservation
processes include pitting (cribra orbitalia) in the superior orbital walls in humans, smooth
margins in bone remodelling, reactive periostitis and dental calculus [67-69]. Trauma
can be represented by tool and weapon marks (e.g., knife) [70], fractures, which can be
elusive when minute and limited to the bone surface like the hairline/stress type [71],
or pathological, such as in Paget’s disease [72], and gunshot wounds [73]. Taphonomic
alterations are the most varied, and include, although are not limited to, abrasions [74],
punctures and grooves produced by predators and scavengers [75], staining [76], fire-related
changes [77], cracking produced by weathering [78], tunnelling by macro- and micro-
bioerosion [79] and the presence of encrustations (e.g., barnacles) [80], inclusions (e.g., fora-
minifera) [81] and concretions [2]. With specific focus on bones and teeth recovered
underwater, the conservation processes and the chemical components of the applied conso-
lidants might affect the analytical results of physical, chemical and biological modifications
of different origin.

4. Discussion

When approaching any archaeological collection of bones and teeth with the purpose
of conducting anthropological (physical or forensic), paleopathological or taphonomi-
cal analyses, especially if microscopic and/or molecular/elemental, it is paramount to
esta-blish which type of conservation process and/or consolidation treatment has been
performed on the specimens. Any physical alteration produced through mechanical or
che-mical cleaning, and/or the application of consolidants, can potentially interfere with
both the preparation of the sample for analysis (e.g., demineralization, as in Privat and
O’Connell [82]), and with the macroscopic, microscopic and elemental chemistry results,
the interpretation of which may then be systematically biased [83]. Moreover, any substance
used to remove the consolidant(s) should be acknowledged and recorded, as well as the
time of any treatment. In fact, while some consolidants are chemically stable over time
(e.g., Paraloid B-72) [84], others decay or become irreversible, with substantial alteration of
their chemical composition (e.g., natural resins) [85,86]. Consolidants are never completely
removed [87], and their composition should be noted within the treatment report, if it is
identifiable. In other cases, consolidants may not need to be removed prior to retreatment,
as the removal process may cause more damage to the object; in these cases, the use of
a consolidant that can be easily distinguished from those used in previous treatments is
recommended [61].

A few examples of the interference of conservation processes and/or consolidation
treatments on bone and teeth with relevant pathological, traumatological or taphonomic
evidence in maritime archaeology include vigorous desalination, brushing, air abrasion
and sandblasting [53], which could displace foraminifera and remnants of other aquatic
organisms potentially detectable using microscopy, such as sponges [88], as well as pro-
ducing abrasions which might confound, cover or erase their traces [89] and any type of
fissure [90]. Moreover, demineralization using acids (e.g., HCI) to investigate bone collagen,
or to achieve histological slides, can dissolve bryozoan skeletons and alter evidence of di-
gestion by predators, such as acid corrosion and rounding of the bone edges [91]. Cleaning
through bleaching could disguise bleaching of taphonomic origin, modify any staining
produced by cooking [92] or destroy potential DNA traces [93]. Coating with acrylic resins,
which seep within bone pores, makes this treatment only theoretically reversible, and may
interfere, through chemical cross-linking, with radiocarbon analysis [87,94,95] and stable
isotope analysis [84,96], used for dating and provenancing, respectively. The treatment with
EDTA and diammonium hydrogen phosphate (DAP) [97] might bias the elemental analysis
of bone bioapatite and teeth enamel, essential for the study of both biogenic (e.g., linked to
metabolism) and diagenetic (e.g., produced in the environment) signals [41]. Finally, de-
structive analyses would not allow any ex-post investigations on any conservation process
or consolidation treatment.
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Many studies concerning bone and teeth (e.g., [28,95,98]), including specimens stored
in maritime archaeological collections, present no mention of any pre-analytic or post-
analytic checks, performed with the aim of fulfilling any quality assurance requirements. In
fact, conservation processes and the application and/or the removal of any consolidant/s
are not described, with the phenomenon appearing to increase with the distance of the
studies in the past. This may be largely due to the scarcity of reliable historical records of
collections, especially in older and pre-digital times, and to the rapidly advancing analytical
technology, able to detect smaller and smaller amounts of chemicals to the atomic level,
that only started being broadly available in the last 30 years. Previous to that time, it is
reasonable to assume that tiny amounts of consolidants in samples were not consi-dered
significant in the general context of any analysis, especially if physical and macroscopic. In
retrospective, this might have biased some study results, and, consequently, their interpre-
tation. This does not apply to studies with no treatments, or with treatments reported. The
expectation for future studies on bone bioapatite and organic components (e.g., collagen),
and on teeth biomaterials, such as enamel, dentin and cementum, is the thorough reporting
of data about any performed (or not performed) conservation process and/or consolidation
treatment, along with any cleaning, processing and removal. If no data are available, a
screening analysis is suggested, in the search of physical alterations and/or consolidants.
This could be either achieved with a CT scan, elemental analyzer (EA) and mass spectrom-
etry, or using the same analytical technique planned to support the study (e.g., isotope
ratio mass spectrometry—IRMS; scanning electron microscopy and energy dispersive x-ray
spectroscopy—SEM-EDS; Fourier-transform infrared spectroscopy—FTIR) [35,99,100], all
minimally destructive, in order to detect, and correctly interpret, any unclear or conflict-
ing results. Overall, full documentation and minimum intervention would constitute an
ideal policy for future studies, and are recognized as guiding principles in all branches
of conservation.

5. Conclusions

Bone and teeth are continually collected in the course of archaeological excavations,
both terrestrial and maritime. Once stored in museum collections, they may require conser-
vation processes and, on occasion, consolidation to maintain integrity, especially in the case
of long-term submersion before the recovery. When selected for study, sample pre-paration
is necessary for most types of analyses, some of which are destructive. In future studies on
archaeological bone and teeth, especially in the maritime context, an accurate investigation
and recording of any previous conservation process and/or consolidant treatment is rec-
ommended and considered essential. The aim is that of clarifying any inconsistent result
possibly originating from interference with either the pre-analytical sample preparation,
and/or with the principles of the selected analytical method/technique.
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