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Abstract

The chemical characterisation of archaeological finds necessitates a continuous focus on the development of nano/micro-
invasive methodologies. These methodologies yield insights into the historical background, production processes, and
conservation state of the items, often revealing astonishing properties of materials that have been unexpectedly preserved
over the centuries. This work aims to characterise the molecular composition of a putative historical resin recovered dur-
ing an archaeological excavation in Campese Bay off the island of Giglio in the 1980s. The resin was sampled from a trade
amphora used for wine transport; it was likely employed as a coating to ensure better waterproofing of the containers. The
characterisation was performed by detecting specific molecular markers using a GC-MS direct injection approach. In addi-
tion, we investigated the volatile fraction of the same sample through solid-phase microextraction (SPME) coupled with
GC-MS to address the need for a fast, solvent-free, and field-compatible sample preparation method.
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1 Introduction
1.1 State of the art

The need for minimally invasive, non-destructive analysis
and the use of small amounts of sample is an increasingly
important goal in the molecular characterisation of cultural
heritage materials (Morelli et al. 2024). These analyses can
provide information about manufacturing techniques, his-
torical context, the conservation state of the artefacts, as
well as any unexpectedly preserved properties of various
materials over the centuries.

Despite the availability of a wide range of analytical tech-
niques for the protection of cultural heritage artefacts, the
challenges posed by the limited amount of samples available
and the accessibility of monuments, hinder the wider appli-
cation of these analytical tools (Moropoulou et al. 2013).
The use of nano- and micro-invasive techniques that can
be applied to small sample amounts is, therefore, necessary
(Colantonio et al. 2022).

It has been shown that chromatographic techniques
hyphenated with mass spectrometers (such as GC-MS,
pyrolysis gas chromatography mass spectrometry [Py—GC/
MS], and LC/MSMYS) are the most efficient and accurate
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analytical techniques for adequately characterising the
chemical composition of both natural and synthetic poly-
mers (binders) in microsamples (Brunetti et al. 2017). The
ability to unambiguously identify different compounds by
MS detection based on their mass spectra makes GC-MS
particularly suitable for studying unknown matrices and/or
tracking ageing and degradation pathways (Bonaduce et al.
2017).

A suitable nano-invasive technique, less commonly used
in the field of cultural heritage, is solid-phase microextrac-
tion (SPME). This technique was developed to address the
need for a fast, solvent-free, and field-compatible sample
preparation method, allowing for the combination of sample
extraction and pre-concentration in a single step using a very
small amount of extraction solvent compared to the sample
volume (Pawliszyn 2001).

In this work, we show two different approaches for the
characterisation of the organic components of a putative
resin discovered on a Phoenician shipwreck using micro-
invasive analytical techniques. The first protocol involves
an extraction method that requires the minimum amount
of sample (about 500 pg), followed by GC-MS analysis.
The second approach, aimed at characterising the volatile
components, utilises a single-step sample extraction and
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pre-concentration through the SPME technique, followed
by a GC-MS analysis.

1.2 Archaeological context

The analysed putative resin comes from a collection of arte-
facts sampled during an archaeological excavation. In the
1980s, a significant shipwreck was identified and explored
through an underwater excavation in Campese Bay off the
island of Giglio, led by Mensun Bound of Oxford Univer-
sity. Some preliminary reports have been published (Bound
1991), but the wreck and the entirety of the finds are still to
be published. The wreck contained a mixed cargo of East
Greek, Greek, and Etruscan wares, suggesting a dating of the
ship around 580-570 BCE. An international project led by
the University of Naples Federico II with Alessandro Naso
as the Principal Investigator, has been initiated to conduct
a comprehensive study of the finds. This includes labora-
tory analysis of both organic and inorganic artefacts. The
presence of a presumed vegetable resin on the wreck may
be linked to trade amphorae discovered during excavations,
which were reserved for wine transport and usually coated
with pine resin to improve the waterproofing of the contain-
ers, as evidenced by several Corinthian trade amphorae from
the seventh century BC (Davidde Petriaggi 2023).

2 Materials and methods
2.1 Materials

The fibres used for volatile fractions (SPME) analysis were
purchased from Supelco (Bellefonte Park, USA). Sulphu-
ric acid, hexane, chloroform, and methanol were purchased
from Sigma, and ammonium bicarbonate from Carlo Erba.

2.2 Samples

The historical sample consists of putative pine resin (Fig. 1)
discovered in the wreck described in Sect. 1.2. The control
samples for the SPME analysis were collected from a mari-
time pine tree, from which two fractions were analysed: the
resin and the needles.

2.3 Material characterisation (extraction
and derivatization)

An extraction protocol was performed to recover the nonpo-
lar compounds (lipids and diterpenic acids). 1 mL of hexane
(C¢H,,) was added to the historical sample. The extraction
was conducted in an ultrasonic bath at room temperature
for 5 min followed by agitation for 10 min. The sample was

Fig. 1 Image of the material discovered in the shipwreck (a) and a
detail of the resin (b)

then centrifuged at 10.000 RPM for 10 min to recover the
supernatant.

To enhance analyte volatility for GC-MS analysis, trans-
esterification was carried out by combining 150 pL of sulfu-
ric acid and 850 pL of methanol with 1.0 mL of chloroform
at 95 °C for 16 h. Subsequently, the pH was adjusted to
neutrality by adding 2.0 mL of a 100 mg/mL ammonium
bicarbonate solution (Melchiorre et al. 2020). The chloro-
form phase containing the reaction products was recovered,
and any excess salts were removed with water. The resulting
solution was dried under a nitrogen flow, then suspended in
1.0 mL of n-hexane and centrifuged to remove any residual
solid reagents. A 1.0 uL aliquot of the hexane supernatant
was used for GC-MS analysis.

2.4 Analysis of volatile compounds (SPME)

Extraction and desorption of molecules were carried out
by SPME using 2 cm 50/30 pm divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/PDMS) fibre (Supelco).
Adsorption occurred for 30 min at 60 °C, and the fibre was
then exposed to a GC injector at a temperature of 230 °C for
3 min (desorption).

2.5 GC-MS

All gas chromatography analyses were performed using an
Agilent GC 6890 coupled with a 5973 MS detector.

For the non-volatile fractions, the method employed
involved an initial temperature of 70 °C for 2 min, then
reaching 230 °C with an increase of 20 °C/min, 240 °C, and
270 °C. The maximum temperature reached by the instru-
ment was 325 °C (Rizzo et al. 2024).

The mass spectra assignment was based on a direct match
with the spectra of the NIST library. Identifications were
considered reliable if the correlation match index was higher
than 95%.

For the volatile fractions, the GC injector was maintained
at 230 °C, while the analyser was kept at 250 °C. The colli-
sion energy was set to a value of 70 eV, and fragment ions
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generated were analysed in the mass range of 20-450 m/z.
The oven temperature was held at 60 °C for 3 min and then
increased to 150 °C at 10 °C/min, increasing to 230 °C at
14 °C/min, and finally to 280 °C at 15 °C/min, held for 5 min
for a total separation time of 23 min.

The identification of each compound was based on a com-
bination of retention time and mass spectrum matching using
Ms Search-Nist 05 library software.

3 Results
3.1 Historical sample characterisation

The molecular characterisation of the historical sample was
performed through extraction and subsequent GC—MS anal-
ysis. The data obtained are summarised in Table 1.

According to literature studies, abietic acid is the major
resin acid, followed by its hydrogenation products (dehydro-
abietic acids) (Zeiss 1948). In particular, among the diter-
penic resins, dehydroabietic acid and 7-oxo-dehydroabietic
acid are characteristic of ageing resins (Russo and Avino
2012). 10,18-Bisnorabieta-8,11,13-triene is another specific
marker of conifer resin identified in the sample (Barberis
et al. 2019); it is an isomer of norabietadiene and is inter-
preted as successively degraded abietane-type diterpenoids
(Dimitrakoudi et al. 2011). Regarding pimarane-type resin
acids, the most common one is pimaric acid (Alonso-Este-
ban et al. 2022). The identification of these chemical mark-
ers allows us to confirm the resinous nature of the unknown
material. In particular, the identified molecules are compat-
ible with conifer resin.

Moreover, one of the identified substances is androst-
2,16-diene, whose androstenone-like structure is associated
with the pine resin perfume (Schreiner et al. 2018). Nev-
ertheless, sterols are known constituents in the extractable
fraction of wood (Sjostrom 2013). Lastly, another com-
pound identified is retene, which is formed by the thermal

Table 1 GC-MS profile of the historical sample. Each compound is
provided with the retention time at which it was identified

RT (min) Identified compound

18.92 Androst-2,16-diene

19.53 Methyl-dehydroabietate

19.93 10,18-Bisnorabieta-8,11,13-triene
20.98 Methyl-abietate

21.11 Retene

21.35 Pimaric acid

21.81 Methyl-dehydroabietate derivative
22.39 Dehydroabietic acid

23.29 7-Oxo-dehydroabietic acid
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degradation of resin compounds in the wood (Ramdahl
1983).

3.2 Volatile fraction analysis

The pine resinous nature has been further validated through
an SPME analysis using two control samples. This method
was chosen because the sample still preserved the charac-
teristic perfume of pine resins.

However, olfactory perception can vary due to individual
factors, so it was necessary to identify scientific parameters
to be able to confidently assert that these properties had been
preserved for centuries in an extreme environment (such as
the deep sea).

A sample of maritime pine resin and the needles from the
same tree were used as control samples.

The analysis of the volatile fraction of the three samples
was performed through extraction and characterisation by
SPME coupled with GC-MS, as described in “Materials
and methods”.

Prominent volatile compounds found in conifer resins and
needles include a-pinene, camphene, sabinene, B-pinene,
0-3-carene, and limonene (Wilson et al. 2023). In addition,
longifolene (Colombini and Modugno 2009) and myrcene
(Zavarin et al. 1971) are recognised as volatile markers of
pine trees.

As expected, many of these compounds were identified
in the control samples (Table 2). Specifically, maritime
pine resin comprises monoterpenes (a-pinene, B-pinene,
a-terpineol, and limonene), as well as sesquiterpenes
(B-caryophyllene, a-humulene, longifolene, a-cubebene,
and germacrene D) (Alonso-Esteban et al. 2022). While in
pine needles, it is also common to detect bornyl acetate,
camphene, linalool, myrcene, and a-phellandrene (Sahin and
Yalcin 2017). The molecular markers identified by SPME
and GC-MS in the control samples correspond to those
documented in the literature.

Several of the markers detected in the controls could not
be identified in the historical sample due to its antiquity and
state of degradation. However, the presence of a-Pinene,
endo-borneol, and m-Cymen allows us to confirm the conifer
resin origin of the historical sample (Budiman and Arifta
2015; Wilson et al. 2023).

In addition, most of the compounds listed in the table
contribute to the scent, depending on the type of plant.
For pine, the main components responsible for the smell
are a-pinene, B-pinene, and longifolene. Borneol is often
attributed to the smell of rosemary and chrysanthemums.
Both a-pinene and borneol are also identified in historical
resin, confirming its resinous nature and the preservation of
its characteristic odour for centuries underwater (Upadhyay
and Singh 2021).
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Table 2 . GC_M_S profiles RT (min) Identified compound Historical resin Maritime pine Pine needle
of volatile fraction of the resin
three analysed samples. Each
compound is provided with the 6.83 3-Carene X
.retenFion time at which it was 705 a-Pinene « « «
identified
7.33 Camphene X X
8.03 B-Pinene X X
8.18 B-Myrcene X
8.42 a-Phellandrene X
8.92 D-Limonene X X
9.43 y-Terpinene
10.09 Linalool X
10.50 a-Camphenol X
10.63 cis oxide limonene X
10.71 L-Pinocarveol X
10.79 Camphor
10.80 cis-Verbenol X
11.12 Endo-Borneol X
11.61 Myrtenol X
11.98 Verbenol X
12.41 m-Cymen, 5-tert-butyl X
12.89 Bornyl acetate
13.83 a-Longipinene X
14.16 Cyclosativene X
14.36 Sativene X
14.48 Cedrene X
14.49 Longifolene X X
14.73 Caryophyllene X
15.14 Humulene X

4 Conclusion

For the characterisation of cultural heritage materials, it is
essential to utilise micro-invasive techniques that can be
applied to minimal sample amounts and do not require inva-
sive sampling. In this article, we propose two approaches
for the molecular characterisation of an unknown historical
material discovered during an archaeological excavation in
Campese Bay off the island of Giglio in the 1980s. The data
obtained from the GC-MS analysis of the historical mate-
rial enabled the identification of conifer resin. In order to
confirm the pine resinous nature of the historical material
and verify the origin of its characteristic perfume, retained
underwater for hundreds of years, an SPME analysis was
conducted. SPME is a microextraction technique that sim-
plifies the sample preparation step and offers several advan-
tages over traditional methods, including sensitivity and a
limit of determination comparable to techniques based on
liquid extraction (Pawliszyn 2001). Due to its requirement
for a minimal sample amount for analysis, SPME is particu-
larly advantageous for identifying volatile compounds from
cultural heritage samples.

In fact, the limited sample amount available for analysis
presents a significant challenge in the characterisation and
analysis of historical materials.

The results obtained through this analytical strategy
have allowed for the identification of compounds that con-
tribute to the scent of some plants. This not only validated
the results obtained previously but also demonstrated the
efficiency of the proposed micro-invasive protocol.
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