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characterisation and identification
of mastic (Pistacia sp.) resin in archaeological
samples by GC-QToF-MS†

Diego Tamburini, *a Kate Fulcher,‡a Lisa Briggs,§a Nelly von Aderkas,a Cemal Pulakb

and Rebecca Staceya

The optimisation and application of an analytical method based on gas chromatography coupled to

quadrupole time-of-flight mass spectrometry (GC-QToF-MS) is proposed for the first time for the

characterisation and identification of mastic (Pistacia sp.) resin in archaeological samples. The GC-QToF-

MS method demonstrated higher sensitivity compared to single quadrupole GC-MS and enabled

enhanced structural elucidation power to be exploited, particularly due to the high mass resolution and

accuracy, the possibility to use standard and low ionisation energies as well as its tandem MS capabilities.

The heat-induced degradation of the resin was also studied in open air conditions, showing that 28-

norolean-17-en-3-one forms upon heating, but then progressively degrades. This makes it a reliable

marker for heating of Pistacia resin; however, the lack of detection does not imply that the resin was not

heated. These observations were used to interpret the results of a large number of archaeological

samples containing Pistacia resin in different formulations, from various archaeological contexts and

exposed to different environmental conditions. Lumps of relatively pure resin found in marine

waterlogged conditions (Uluburun shipwreck, Turkey), residues on ceramics from Sai Island (Nubia,

Sudan) as well as varnish and coating layers on Egyptian coffins from the collections of the British

Museum (London, UK) and Fitzwilliam Museum (Cambridge, UK) were analysed to understand what the

molecular profiles reveal about the use of the resin. The results showed that the resin was often mixed

with a drying or semi-drying oil in ancient varnish formulations, thus suggesting that oil was used as

a medium to dissolve the resin, which would have been impossible to apply as a layer using simple heat.

These new observations significantly add to our understanding of ancient Egyptian technology and

provide museum scientists and conservators with key information to accurately identify Pistacia resin and

preserve objects containing it.
Introduction

Mastic resin has been obtained for millennia from trees of the
Pistacia genus (Anacardiaceae family) by collecting the exudate
produced when the bark is cut or damaged. Four main Pistacia
species are present in the Mediterranean area: P. atlantica, P.
khinjuk, P. lentiscus and P. terebinthus. Today, only the cultivated
P. lentiscus is commercially used to produce large quantities of
resin. However, historically, the major source of mastic was the
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sub-species P. lentiscus L. var. chia from the Greek island of
Chios.1

Mastic has been used as a varnish since ancient times,2–5 as
well as many other applications, such as incenses,6,7 balsams,8

embalming materials,9,10 adhesives11,12 and coatings.13 Today,
mastic is used mainly as chewing gum, but also for medicine,
cosmetics, additives to food and as a sealant or ller in
construction.3

The chemical composition of the resin has been studied and
found to contain a polymeric fraction (cis-1,4-poly-b-myrcene),14

a small fraction of mono- and sesquiterpenes, such as a- and b-
pinene,15,16 and a main fraction composed of
triterpenoids.4,5,17–23 The triterpenoids present in mastic resin
have mostly tetra- and pentacyclic skeletons classied as ole-
ananes, tirucallenes, dammaranes and lupanes (Fig. 1).17,24

Some bicyclic and tricyclic triterpenoids are also reported as
minor components.5,21

The characterisation of triterpenoids is intrinsically
complex. The compounds oen share similar skeletons,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular skeletons of the main triterpenoid classes found in
Pistacia resin.
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sometimes differing only in the position of a double bond, and
there are many isomers. Natural ageing pathways lead to
formation of many derivative products that have not been fully
characterised. However, mass spectrometry has demonstrated
potential to differentiate between these molecules, as sum-
marised by Assimopoulou and Papageorgiou.17 Several mass
spectrometric techniques have been applied to the study of
mastic, such as direct mass spectrometry (DTMS, DEMS and
DIMS),2,11,22,25,26 matrix-assisted laser desorption/ionisation
time-of-ight (MALDI-ToF),23 and laser desorption ionisation
mass spectrometry (LDI-MS).27 However, the chromatographic
separation of the triterpenoids is highly advantageous for
molecular characterisation, as shown in numerous GC-MS
studies.4,5,7,12,20,21,28,29 Analytical pyrolysis coupled to GC-MS (Py-
GC-MS) has also been used30–32 and a few applications of high
pressure liquid chromatography mass spectrometry (HPLC-MS)
are reported.19,30 These studies have provided a good under-
standing of the molecular composition of mastic, but some
discrepancies appear. In addition, further complications occur
when degradation is considered. Although ageing products of
mastic have been studied,2,4–7,22,23,25–29,33 the identication of
mastic in historical and archaeological samples is usually based
on the detection of a few markers, such as moronic, oleanonic,
masticadienonic and isomasticadienonic acids, or the 28-
norolean-17-en-3-one degradation product.6,8–13,34,35 The forma-
tion of the 28-norolean-17-en-3-one has been linked to exposure
of the resin to heat6 and light,4 although it is not always
detected, even in samples where resin degradation is evident
and exposure to heat is highly suspected.13

Determination and interpretation of the composition of
ancient mastic therefore remains a challenge not only due to
the intrinsic complexity of triterpenoid constituents, but also to
other materials commonly added to ancient formulations. High
resolution and high accuracy mass spectrometry techniques are
promising approaches to address these challenges, as the
detailed information obtainable and the various operating
modalities of these instruments enable further insights into
molecular structures, enhanced isomer discrimination and
© 2024 The Author(s). Published by the Royal Society of Chemistry
additional tools for distinguishing molecules even when chro-
matographic separation is difficult.30,36

This study was undertaken with the aim to present a more
complete characterisation of archaeological Pistacia resin by
using gas chromatography coupled to quadrupole time-of-ight
mass spectrometry (GC-QToF-MS). This represents the rst
application of the technique to the study of this material.
Following a chromatographic optimisation, reference samples
were investigated in different mass acquisition modalities,
including low energy ionisation and tandemmass spectrometry
to clarify the mass spectral features of the triterpenoid
components. An additional goal was to test whether experi-
ments could help us understand chemical changes induced by
anthropogenic heating with particular attention to the forma-
tion of 28-norolean-17-en-3-one and whether this can always be
considered a molecular marker for the heating of mastic.6 The
experimental results were applied to interpret results obtained
from archaeological samples containing mastic in different
formulations, such as lumps of relatively pure resin, residues on
ceramics, and varnish/coating layers. This part of the investi-
gation focussed on exploring how chemical proles of Pistacia
resin present themselves in real archaeological samples from
different degrees of preservation and use contexts, what the
molecular proles reveal about the resin properties from a use
perspective, and whether such proles correlate with the colour
range of the material. The study also sought to address the
question of how Pistacia resin was applied as varnish or coating.
Being a solid at ambient temperature, the material must be
transformed to a liquid or pseudo-liquid state to be applied as
a thin layer. For example, when mastic varnish is applied to
paintings, it is either in an “oil varnish” formulation obtained
by boiling the natural resin in drying oils, such as linseed or
walnut oil, or in a “spirit varnish” formulation (introduced in
the 16th century) obtained by dissolving the natural resin in
a volatile solvent, such as turpentine, which then mostly evap-
orates.4 Similar technologies might have been available in
ancient Egypt, but no evidence of distillation – necessary to
extract essential oils and fragrances – from Ancient Egypt has
been reported so far.37 However, evidence for distillation exists
in other regions, e.g. Mesopotamia, Slovakia, Sardinia, and
Cyprus, from the end of the 5th millennium BCE to the 2nd
millennium BCE.38

This study therefore represents a rst step to address these
complex questions starting from high-quality chemical data
acquired by GC-QToF-MS.

Experimental
Samples

A reference sample of mastic resin from P. lentiscus L. var. chia
was used for optimisation of the analytical procedure and the
heating experiment. The sample was taken from material
(provenance unknown) in the British Museum (London, UK)
reference collection (REFC66498).

Archaeological samples from various objects were investi-
gated. The samples are representative of different use and
preservation contexts for the resin with potential exposure to
RSC Adv., 2024, 14, 836–854 | 837
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Table 1 Description of the archaeological samples under investigation

Object registration number Date Sample name Description
Analytical
method

Uluburun, Canaanite jar KW
39

ca. 1320 BCE KW 39 Yellow lump of resin found
inside Canaanite jar number
KW 39 from the Uluburun
shipwreck, Turkey

C

Uluburun, Canaanite jar KW
49

ca. 1320 BCE KW 49 Orange lump of resin found
inside Canaanite jar number
KW 49 from the Uluburun
shipwreck, Turkey

C

Uluburun, Canaanite jar KW
144

ca. 1320 BCE KW 144 Dark orange lump of resin
found inside Canaanite jar
number KW 144 from the
Uluburun shipwreck, Turkey

C

Uluburun, Canaanite jar KW
215

ca. 1320 BCE KW 215 Yellow lump of resin found
inside Canaanite jar number
KW 215 from the Uluburun
shipwreck, Turkey

C

Uluburun, Canaanite jar KW
605

ca. 1320 BCE KW 605 Orange lump of resin found
inside Canaanite jar number
KW 605 from the Uluburun
shipwreck, Turkey

C

EA6666 22nd Dynasty (943-716 BCE) C2_R1 Yellow varnish from below
right hand on lid of ancient
Egyptian coffin of
Horaawesheb

B

EA29578 22nd Dynasty (943-716 BCE) C3_R1 Yellow varnish from the
collar of ancient Egyptian
coffin of Padihorpakhered

B

C3_R2 Yellow varnish from right
side of head of ancient
Egyptian coffin of
Padihorpakhered

B and C

EA29577 22nd Dynasty (943-716 BCE) C4_R2 Yellow varnish from le
shoulder of ancient Egyptian
mummy case of
Djedameniuefankh

B

EA6685 22nd Dynasty (943-716 BCE) C11_R1 Yellow varnish from below
le side of hair of ancient
Egyptian mummy case of
Penpy

B and C

C11_R2 Yellow varnish from le side
of face of ancient Egyptian
mummy case of Penpy

B

C11_R3 Yellow varnish from right
shoulder of ancient Egyptian
mummy case of Penpy

B and C

EA6660 22nd Dynasty (943-716 BCE) C13_R7 Yellow varnish from under
right hand lappet of ancient
Egyptian coffin of
Denytenamun

B and C

EA9864 22nd Dynasty (943-716 BCE) B8_R1 Black varnish from right side
of foot of ancient Egyptian
Osiris statue

B

B8_R2 Black varnish from back of
ancient Egyptian Osiris
statue

B

E.64.1896 22nd Dynasty (943-716 BCE) F01A Varnish on surface of
Nakhtefmut cartonnage

A

838 | RSC Adv., 2024, 14, 836–854 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Object registration number Date Sample name Description
Analytical
method

E.1.1822 21st Dynasty (1077-943 BCE) F09A Yellow resin from various
areas of Nespawershefyt
coffin (lid and base from
both outer and inner coffin)
and mummy board

A
F09B
F09C
F09D
F09E
F09F
F09G
F09H
F09K

E.GA.507.1947 21st Dynasty (1077-943 BCE) F15A Yellow varnish from coffin
(face)

A

E.GA.528.1947 New Kingdom (1548-1069
BCE)

F16A Yellow varnish from the
surface of a coffin fragment

A

E.GA.504.1947 New Kingdom (1548-1069
BCE)

F17A Black resin from coffin (face) A

E.GA.2672.1943 Late 20th Dynasty (1189-
1077 BCE)

F18A Yellow varnish from a coffin
fragment

A

E.558.1939 Unknown F20A Yellow varnish from wooden
ear (fragment)

A

E.GA.6548.1943 22nd Dynasty (943-716 BCE) F21A Yellow varnish from
cartonnage fragment

A

E.GA.2888.1943 22nd Dynasty (943-716 BCE) F23A Yellow varnish from
cartonnage fragment (below
wing)

A

E.GA.5851.1943 21st Dynasty (1077-943 BCE) F26A Black resin from a wooden
lotus (coffin fragment)

A

E.GA.2891.1943 22nd Dynasty (943-716 BCE) F27A Golden resin from front of
cartonnage fragment

A

E.GA.1174.1947 Late 20th Dynasty (1189-
1077 BCE)

F28A Golden resin from
cartonnage fragment (chin)

A

E.GA.2870.1943 19th–20th Dynasty (1292-
1077 BCE)

F30A Yellow varnish from hand
with Djed pillar

A

EGA.503.1947 Possibly New Kingdom
(1548-1069 BCE)

F37A Black resin from coffin face A

E.200.1939 Late New Kingdom – Third
Intermediate period

F43A Black resin from coffin face
(wig)

A

E.114.1903 18th Dynasty (1548-1302
BCE)

F45A Detached fragment of
amber-coloured resin from
Abydos

A

E.133.1891 Ptolemaic or Roman period
(332 BCE-641 CE)

F46A Black resin from cartonnage
fragment

A

E.W.94 26th Dynasty (664–525 BCE) F52B Reddish resin from ‘loop’ of
resin on back leg of jackal
gure

A

SAV1W 012/2017 18th Dynasty (1548-1302
BCE)

Sai 012 Black resin from a fragment
of incense burner from Sai
Island

B

SAV1W 0245/2015 18th Dynasty (1548-1302
BCE)

Sai 0245 Brown resin from a fragment
of incense burner from Sai
Island

B
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different environmental conditions (marine waterlogged, heat,
dry environment, etc.) resulting in different preservation states.
They are varied in appearance, exhibiting colours in a range
from yellow to orange to black.

Samples from the Uluburun shipwreck (Turkey, 1320 ± 15
BCE39) were collected as lumps of resin found inside ceramic
transport containers known as Canaanite jars (Fig. S1 – ESI†). It
© 2024 The Author(s). Published by the Royal Society of Chemistry
is estimated that the ship carried over half a tonne of resin.40,41

GC-MS analysis conrmed the identity of this resinous material
as Pistacia resin,42 but there has been some debate as to whether
these jars contained resin only, or a mixture of resin and
another product such as wine.43 However, no molecular
evidence for wine biomarkers has been obtained so far.44
RSC Adv., 2024, 14, 836–854 | 839
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Samples of amorphous deposits were collected from
ceramics from the 18th Dynasty (1548-1302 BCE) Pharaonic
town on Sai Island in Upper Nubia (Sudan). The containers are
blackened in appearance, suggesting their likely use as incense
burners (Fig. S2, ESI†). Previous investigations reported the
identication of Pistacia resin in these samples.45

Samples of varnishes and coatings on Egyptian coffins and
cartonnage (plaster and linen) mummy cases from the collec-
tions of the British Museum (22nd Dynasty – 943-716 BCE) and
Fitzwilliam Museum (range of dates from 18th Dynasty to
Ptolemaic or Roman period, including some of unknown date)
were also included. These were originally collected and studied
in the framework of two different projects.13,46 The samples
from the British Museum collection are all from surface coat-
ings and include yellow and black varnish layers. The prove-
nance of the objects is uncertain, and all were purchased in the
19th century, possibly in Thebes (Fig. S3 and S4, ESI†). The
samples from the FitzwilliamMuseum collection were collected
from yellow or black varnishes or coatings on coffins or car-
tonnage (or fragments thereof), in addition to some golden
resin lumps (Fig. S5–S10, ESI†).

All the samples investigated are summarised in Table 1. As
the analyses of these samples were performed over several years
of research, it was not possible to re-analyse all of them with the
optimised GC-QToF-MS method. This was due to a lack of
residual sample and to the fact that most objects could not be
re-sampled. Nevertheless, all analyses are included in the
article, as they remain instrumental to discuss the use of Pis-
tacia resin in different contexts.

Heating experiment

A few mg of resin from the reference sample were placed on
aluminium foil and then heated on a hot plate. Mild and
intense heating conditions were applied, and different heating
times were considered. Thus, the conditions adopted were:

� 100 °C for 4 hours
� 100 °C for 8 hours
� 250 °C for 30 minutes
� 250 °C for 2.5 hours.
Another experiment was conducted using an oven, in which

the reference sample was heated up to 400 °C. The temperature
was maintained for 10 min and then the oven was allowed to
cool down. The entire process took approximately 3 hours. The
analyses of these samples were performed in triplicate.

Sample preparation and GC-MS conditions

The samples (approximately 0.1 mg) were powdered and solu-
bilised using 500 mL of dichloromethane (DCM), which was
then evaporated under nitrogen. The residue was derivatised
using 100 mL of N,O-bis(trimethylsilyl)triuoroacetamide
(BSTFA) with 1% trimethylchlorosilane (TMCS) by heating the
solution for 30min at 70 °C. Three GC-MS systems andmethods
were used. Table 1 includes the analytical method(s) used to
analyse each sample.

(A) A 6890 Agilent Technologies gas chromatograph coupled
to a 5973 Agilent Technologies Mass Selective Detector single
840 | RSC Adv., 2024, 14, 836–854
quadrupole mass spectrometer. The system was equipped with
a split/splitless injector operated in spitless mode and kept at
250 °C. Column: HP-5MS column (30 m × 250 mm × 0.25 mm;
Agilent Technologies, Cheadle, Cheshire, UK). Temperature
programme: 35 °C, held for 1 min raised by 10 °C min−1 up to
325 °C, and held for 15 min. Carrier gas: helium (1 mL min−1).
The MS transfer line temperature was kept at 280 °C. The MS
ion source temperature was kept at 230 °C and the MS quad-
rupole temperature at 150 °C. The ionisation energy of the mass
spectrometer was 70 eV (EI) and spectra were obtained in
scanning mode between m/z 50 and 700.

(B) A 7890B Agilent Technologies gas chromatograph
coupled to a 5977B Agilent Technologies single quadrupole
mass spectrometer. A split/splitless injector (used in splitless
mode) was maintained at 300 °C and a HP-5MS column (30 m×

250 mmx 0.25 mm; Agilent Technologies, Cheadle, Cheshire, UK)
was used. Helium was used as carrier gas (1 mL min−1). The
oven temperature was set at 40 °C, raised by 10 °C min−1 up to
200 °C, then raised by 3 °C min−1 until 325 °C, and held for
5 min. The MS transfer line temperature was kept at 280 °C. The
MS ion source temperature was kept at 230 °C and the MS
quadrupole temperature at 150 °C. The ionisation energy of the
mass spectrometer was 70 eV and spectra were obtained in
scanning mode between m/z 50 and 800.

(C) A 7250 Agilent Technologies GC-QToF system. A split/
splitless injector (used in splitless mode) was maintained at
300 °C and a HP-5MS column (30 m × 250 mm × 0.25 mm;
Agilent Technologies, Cheadle, Cheshire, UK) was used. Helium
was used as carrier gas (1 mL min−1). The oven temperature
programme was optimised (see Results section). The nal
conditions adopted were: initial temperature 40 °C, then raised
by 10 °C min−1 up to 250 °C, then raised 2 °C min−1 up to 320 °
C, and held for 5 min. The MS transfer line temperature was
kept at 300 °C. The MS ion source temperature was kept at 200 °
C and the MS quadrupole temperature at 150 °C. The spectral
range was between 50 and 700 m/z with an acquisition rate of 5
spectra per s. Standard energy ionisation (EI) and low energy
ionisation (low EI) experiments were performed. In standard EI,
the electron energy was 70 eV and the emission current was 4.0
mA. In low EI, the electron energy was 15 eV and the emission
current was 0.5 mA. Targeted MS/MS experiments were also
performed in low EI mode with acquisition time 200 ms per
spectrum and using He as collision gas with collision energy
35 eV.

Results and discussion
Optimisation of analytical conditions for GC-QToF-MS
(method C)

The optimisation of the chromatographic conditions was per-
formed on the reference sample (REFC66498) and started with
parameters previously optimised onmethod B. Chromatograms
obtained using these conditions already showed a good quality
of peak separation. However, coelution of some peaks was
evident in the part of the chromatogram containing the tri-
terpenoid fraction (Fig. 2a). Method B was initially translated
onto the 7250 Agilent Technologies GC-QToF-MS system, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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then the temperature programme was progressively modied
with the intention to accelerate the rst part of the run (up to
250 °C) and to slow down the second part of the run (up to 320 °
C), which corresponded to the elution of most triterpenoids.
The best result was obtained with the conditions reported in the
Experimental section, producing the chromatogram shown in
Fig. 2b. Although complete separation of certain peaks was not
fully achieved, a signicant improvement was obtained, and the
triterpenoid fraction eluted over a wider time range. Further
deceleration of the run from 2 °C min−1 to 1 °C min−1 between
250 °C and 320 °C was tested but did not produce any signi-
cant improvement and resulted in a time of analysis that was
considered unacceptably long (from 61 to 96 min). It must be
considered that the chemical structures of some of these tri-
terpenoids are very similar, thus their complete chromato-
graphic separation is virtually impossible in
Fig. 2 Chromatographic profiles obtained from the analysis of the re
(optimised conditions – Experimental section), (c) expanded view of the c
refer to Table 2. © The Trustees of the British Museum. Shared und
International (CC BY-NC-SA 4.0) licence.

© 2024 The Author(s). Published by the Royal Society of Chemistry
amonodimensional system and in an acceptable analytical time
suitable for routine analysis.

The inlet parameters were tested as well. 1 : 5 and 1 : 10 split
ratios resulted in a signicant decrease in sensitivity and
increase in the signal-to-noise ratio (Fig. S11, ESI†). Considering
that the method was optimised with the aim of applying it to
small archaeological samples, splitless conditions appeared as
the most suitable to obtain the highest sensitivity.

One of the difficulties in the identication of triterpenoids by
GC-MS is that the molecular ions, from which the mass of the
molecules can be inferred, are oen not obvious in the mass
spectra. This is particularly frequent for derivatised molecules,
and even more so for trimethylsilylated derivatives, as the mass
of the non-derivatised molecule is signicantly increased by the
relatively large trimethylsilyl groups. Moreover, in the EI frag-
mentation of trimethylsilylated molecules with multiple deri-
vatisation sites, [M-15]+ and [M-31]+ ions tend to be more
ference sample by (a) GC-MS single quadrupole, (b) GC-QToF-MS
hromatographic region indicated in (b) between 36 and 58 min. Labels
er a Creative Commons Attribution-NonCommercial-ShareAlike 4.0

RSC Adv., 2024, 14, 836–854 | 841
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abundant than the molecular ions, which are sometimes not
detectable at all.47 For the purpose of structural elucidation, so
ionisation experiments, e.g. chemical ionisation, are useful in
these cases, in order to maximise the yield of the molecular
ions.2,26 The GC-QToF-MS system used in this study enables low
energy ionisation (low EI) mode to be used (see Experimental
section). Hence, the potential of low EI was tested to clarify the
mass of some derivatised triterpenoids. Fig. 3 shows a compar-
ison between mass spectra of the same molecules (oleanolic
acid and ‘unknown 628’) obtained with standard EI and low EI.
The enhancement of the relative abundance of the molecular
ions and other high-mass ions is evident in low EI conditions.
However, this is counterbalanced by the absence or relative
decrease of the lower-mass fragment ions, as a result of reduced
fragmentation. As the low EI conditions also include a reduced
emission current compared to standard EI (see Experimental
section), the overall sensitivity of the low EI analytical mode is
lower than standard EI, as shown in Fig. S12 (ESI).† As a result,
low EI mode proved fundamental to clarify the mass of certain
Fig. 3 Comparison between the accurate mass spectra of oleanolic acid
obtained with standard EI (c) and low EI (d). © The Trustees of the Britis
mercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.

842 | RSC Adv., 2024, 14, 836–854
molecules and should be used as a rening analytical tool.
However, attention must be paid to the fact that compounds
present at low concentration might not ionise enough to be
detected in low EI mode.

The clarications obtained on the molecular ions and the
accurate mass values provided by the QToF analyser enabled
raw chemical formulas to be assigned to most components
(Table 2) with a difference between the experimental and
calculatedm/z values (dppm) below 2 ppm in all cases. The next
step was the assignment of molecular structures. The available
literature on this topic was taken as a starting point, as frag-
mentation pathways have been studied and some standard
molecules analysed.4,17,19–21,26,28,29 However, the available data on
trimethylsilylated triterpenoids are limited.4,7,10,13,29 Hence, the
high-resolution mass spectra were interpreted exploiting the
high mass accuracy of the various molecular fragments. Addi-
tionally, MS/MS experiments were performed to further under-
stand the potential of GC-QToF-MS analysis in this type of
application. As the mechanisms of electron impact (EI)
(2TMS) obtained with standard EI (a) and low EI (b), and ‘unknown 628’
h Museum. Shared under a Creative Commons Attribution-NonCom-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fragmentation and collision-induced dissociation (CID) can be
different, some molecular ions were fragmented in MS/MS
mode by using different collision energies between 20 and
40 V. The results showed that, despite some differences in the
relative abundances of the fragment ions, the main fragmen-
tation pathways remain the same in the two modalities (Fig. 4).
Nevertheless, MS/MS mode permits isolation of any fragment
ion present in the EI mass spectra followed by selected frag-
mentation. This enables further structural elucidation power to
be exploited.

By taking advantage of the various analytical modalities and
data processing described so far, the composition of the refer-
ence sample of Pistacia resin was characterised and the results
are summarised in Table 2. In addition to the triterpenoid
fraction, few peaks attributable to monoterpenes were present
in the rst part of the chromatogram (Fig. 2b), together with
a lipidic fraction represented by small peaks attributed to pal-
mitic acid, stearic acid, monopalmitin and monostearin. The
most common identied compounds were in agreement with
the literature.2,10,17,19,20,26,29 However, the EI mass fragmentation
rules described in the literature for these molecules do not take
into account trimethylsilyl derivatives,17 which have some
specic EI fragmentation rules.47–49 As a result, some mass
spectral interpretations remained challenging in terms of
assigning an unequivocal molecular structure to some detected
compounds, although the assignment of raw formulas and
characteristic fragment ions suggested the presence of specic
skeletons and functionalities. Despite the incomplete
Fig. 4 Accurate mass spectra of moronic acid (TMS) obtained with stand
CID 40 V (c). © The Trustees of the British Museum. Shared under a Creati
(CC BY-NC-SA 4.0) licence.

846 | RSC Adv., 2024, 14, 836–854
disclosure of all molecular structures, this dataset represents
the rst database containing accurate mass details of trime-
thylsilyl derivatives of triterpenoids present in Pistacia resin and
reports a higher number of hydroxylated compounds compared
to the literature, likely due to the enhanced possibility of
detecting high mass molecular ions by GC-QToF-MS.

Heat-induced modications

The samples showed visual differences during and at the end of
the heating process. The resin began tomelt slightly below 100 °
C. A colour change started to occur aer 4 hours of exposure at
100 °C (Fig. S13a, ESI†) and some orange areas in a yellow
matrix were observed aer 8 hours (Fig. S13b, ESI†). Upon
exposure to 250 °C the resin immediately turned a deep orange/
caramel colour, which kept darkening with time (Fig. S13c,
ESI†). Exposure to 400 °C led to a black residue that was difficult
to separate from the aluminium foil (Fig. S13d ESI†).

The ve samples were analysed by GC-QToF-MS and the
chromatographic proles are reported in Fig. 5. An expanded
view of the normalised chromatograms is shown in Fig. S14
(ESI).† Aer exposure to 100 °C for 4 and 8 hours the main
qualitative change was related to a slight progressive relative
reduction in the abundance of masticadienonic acid and iso-
masticadienonic acids. By contrast, aer 30 min of heating at
250 °C, the compositional changes were more evident. The
smaller triterpenoids eluting around 40 min underwent
a drastic reduction, and the relative abundance between
moronic and oleanonic acid also changed. Oleanonic acid
ard EI (a), and with MS/MS of the molecular ion with CID 25 V (b), and
ve Commons Attribution-NonCommercial-ShareAlike 4.0 International
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Fig. 5 Chromatographic profiles obtained by GC-QToF analysis of the Pistacia reference sample (a), and the samples from the heating
experiment at 100 °C for 4 hours (b), 100 °C for 8 hours (c), 250 °C for 0.5 hours (d), 250 °C for 2.5 hours (e), 400 °C for 10 min (f). © The Trustees
of the British Museum. Shared under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.
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proved to be far more stable to heat than moronic acid.
Furthermore, 28-norolean-17-en-3-one, not detected in the
other chromatograms discussed so far, was formed in these
conditions, and appeared with signicant abundance. Extend-
ing the heating time at 250 °C for 2 additional hours led to
a further general reduction of all compounds, with oleanonic
acid remaining among the few compounds with signicant
relative abundance. Interestingly, 28-norolean-17-en-3-one also
showed a reduction in its relative abundance. The heating
experiment at 400 °C completely charred the resin and no
residual markers were detected. The small peaks observed in
the chromatogram (Fig. 5f) are not related to triterpenoids.

As this experiment was designed to study the possible
formation of 28-norolean-17-en-3-one as a marker of heating in
an open environment, we observed that this compound forms
in the applied conditions when the resin is exposed to relatively
high temperatures (above 100 °C). A relative increase in abun-
dance appears to occur by increasing the temperature and
extending the time of the heating. However, the compound is
not stable to prolonged heating nor very high temperatures.
This makes 28-norolean-17-en-3-one a reliable marker for
heating of Pistacia resin when it is detected. However, its lack of
detection in an archaeological sample does not imply that the
resin was not heated, as 28-norolean-17-en-3-one might have
further degraded in the case of high or prolonged heat.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Nevertheless, the different stability to heat of moronic and
oleanonic acids appears as another useful parameter. Samples
showing a signicantly higher relative abundance of oleanonic
acid compared to moronic acid might be indicative of the resin
having undergone heat treatment regardless of the presence of
28-norolean-17-en-3-one. These results add to previous obser-
vations on this subject.4,6
Archaeological samples

Uluburun – resin lumps. The ve samples from the Ulu-
burun shipwreck generally showed an extremely good level of
preservation. In particular, the prole obtained for sample KW
39 showed all the compounds described for the reference
sample of Pistacia resin, in addition to several other triterpe-
noids and a high number of smaller molecules, mostly mono-
terpenes (Fig. 6a). The main compounds that were not present
in the reference sample – and in Table 2 – are marked with
letters and are listed in Table S1.†

Sample KW 49 showed a similar prole to sample KW 39
apart from a lower relative abundance of volatile molecules
(Fig. 6b), probably due to a slightly less favourable preservation
state. The chromatographic proles obtained for samples KW
215 and KW 605 were extremely similar to that of sample KW 49.
By contrast, sample KW 144 showed some differences compared
to other samples. In addition to a general lower relative
RSC Adv., 2024, 14, 836–854 | 847
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Fig. 6 Chromatographic profiles obtained by GC-QToF analysis of samples KW39 (a), KW49 (b), and KW144 (c). Numbers refer to Table 2. Letters
refer to Table S1.† © The Trustees of the British Museum. Shared under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0
International (CC BY-NC-SA 4.0) licence.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 5
/1

2/
20

24
 1

:5
8:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
abundance of both triterpenoids and small molecules, aliphatic
mono-, di-, and hydroxy/oxo carboxylic acids were also detected,
which suggest the presence of a lipid fraction in this sample
(Fig. 6c). In addition to being less well preserved, sample KW
144 appears to have been mixed with a lipid material that had
undergone oxidation, as inferred by the relatively high abun-
dance of dicarboxylic and hydroxy/oxo acids.50 The exact source
of the lipid material is unclear, but it could have been the result
of deliberate mixing of a plant oil with the resin to obtain a sort
of “oil varnish” formulation that would help to get the resin into
a liquid state necessary to ll the Canaanite jars (see discussion
of varnishes below). However, an unintentional post-
depositional mixing cannot be excluded. Stirrup jars thought
to have contained olive oil were also found on the Uluburun
shipwreck,51 and it remains a strong possibility that contents
from a variety of jars spilled into the hull of the ship during the
sinking event causing unintentional mixing on the seaoor. As
evidence of oil markers was not obtained for the other Uluburun
848 | RSC Adv., 2024, 14, 836–854
samples, the liquid or pseudo-liquid state might have been
reached with a different method, which could involve heating.
However, no heating markers were detected, but most impor-
tantly some of the jars contained clumps of detritus at their
bases, which included Pistacia fruit and leaves, insects, snails,
dirt, bark fragments, etc.Had the resin been heated and poured
into the jars as a liquid, it seems likely that the detritus would
have remained in the heating vessel or perhaps been ltered out
with sieves during the lling. It appears more likely that the
resin was lled as solid pellets or small chunks and droplets in
the state they were collected from the trees, and then the jars
were tightly sealed. Heating and melting phenomena could still
have occurred, as the jars would have been heated under the
sun, potentially melting the resin within, and the solid bits in
the resin lumps would sink to the bottom of the vessel. The
temperatures reached inside the jars sitting under the sun all
day could be sufficiently high to melt the resin, as our heating
experiments show that melting occurs at relatively low
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Chromatographic profiles obtained for sample C11_R1 by GC-QToF-MS (a), and by simple GC-MS (b). Numbers refer to Table 2. © The
Trustees of the British Museum. Shared under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA
4.0) licence.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 5
/1

2/
20

24
 1

:5
8:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
temperatures, but not high enough to signicantly alter the
composition of the resin, again in agreement with our
observations.

The monoterpenoid fraction in these samples might, at least
partially, be part of the resin composition. These ve samples
have also undergone DNA analysis and preliminary results
indicate that the resin might be Pistacia terebinthus and not
Pistacia lentiscus, due to the genetic similarity shown in their
proles to reference genomes of this species.{ Although
consensus exists that distinguishing between different species
of Pistacia is not possible based on monoterpenoids or the tri-
terpenoid fraction,44 comparisons with reference samples of
Pistacia terebinthus (not available for this study) would be
interesting. The identication of monoterpenes is also
extremely difficult (Table S1†), due to the high number of
possible isomers,16,52–55 and is beyond the scope of this investi-
gation. Nonetheless, their abundant presence is further proof of
the nearly perfect preservation of the internal part of the resin
lump samples KW 39, KW 49, KW 215 and KW 605. The anoxic
waterlogged environment, as well as the containers and the
bulk form of these samples must have played a fundamental
role in such unusual preservation, which may be considered
even better compared to the reference sample under investiga-
tion. This is an important point to underline, as reference
samples are oen commercial ones that have been, at least
{ A publication on this topic is being prepared by Lisa Briggs et al.

© 2024 The Author(s). Published by the Royal Society of Chemistry
partially, treated,3 possibly resulting in the loss of some
molecular components.

As an additional interesting observation, sample KW 39,
which appears as the best preserved one, is yellow in colour,
whereas KW 49, KW 215 and KW 605 have a more orange tone.
By contrast, KW 144 is dark orange in colour, suggesting
a possible correlation between the light colour of the resin and
its good preservation state,3 although the presence of the oxi-
dised oil cannot be ruled out as contributor of the darker colour
of KW 144.56

The resin lumps in the Fitzwilliam Museum collection
(F45A) provide an instructive comparator for this material.
Although of uncertain context, their excavation origin at Abydos
indicates a dry preservation environment in contrast to water-
logged condition of the Uluburun containers. Signicantly, the
Abydos lumps also display excellent molecular preservation
with a range of triterpenoid biomarkers and abundant mono-
terpenes. The lumps also contain fatty acids and dicarboxylic
acids consistent with a plant oil component. This reinforces the
role of lumpmorphology in resin preservation but also provides
a further example of mixed material in a bulk context. The
Fitzwilliam Museum catalogue describes the lumps as resin
but, in the absence of contextual information, other purposes
such as raw material for decorative applications can be
proposed. In either case, the advanced preparation of the oil/
resin mixture is evidenced, providing an insight into the prac-
tice of material preparation.
RSC Adv., 2024, 14, 836–854 | 849
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Fig. 8 Stacked chromatograms of the nine samples from F9 high-
lighting the peaks corresponding to (a) moronic acid and (b) azelaic
acid (DA9) and showing variability of the oil/resin ratio observed over
a single object. The values in the table represent ratios of peak areas of
moronic and azelaic acids with the relation to the thickness of the
layers. © The Trustees of the British Museum. Shared under a Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 International
(CC BY-NC-SA 4.0) licence.

k Detailed discussion of the wider Fitzwilliam Museum data corpus is beyond the
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Coffins – varnish and coating. Varnish and coating formu-
lations generally represent a more challenging analytical
scenario compared to resin lumps. These formulations can
include mixtures of organic and inorganic materials, such as
pigments, which interact with each other. Moreover, such
mixtures were applied as thin layers, which have large surface
areas, hence greater opportunity for loss of volatiles, light-
induced degradation, and exposure to oxygen. Finally, as
varnishes and coatings are oen associated with decorative
areas, sampling constraints can be more challenging, oen
drastically reducing the sample sizes. These factors can make
the composing materials difficult to extract and identify.
However, the GC-QToF-MS analytical conditions adopted
showed clear advantages compared to the GC-MS conditions
used prior to the optimisation. Fig. 7 shows a comparison
between the chromatographic proles obtained for sample C11-
R1 by using GC-QToF-MS and simple GC-MS.

In addition to showcasing the higher sensitivity of the GC-
QToF-MS method, the results showed that the Pistacia resin
identication in this sample was based on a few molecular
markers, with 22,23,24,25,26,27-hexakisnor-dammaran-3,20-
dione (1), 22,23,24,25,26,27-hexakisnor-dammaran-3-hydroxy-
20-one (2), 20,24-epoxy-25-hydroxy-dammaran-3-one (16),
moronic acid (17), and oleanonic acid (18) present as the most
abundant ones. Although the absence of 28-norolean-17-en-3-
one alone should not be taken as an indication that the resin
had not undergone heating, in this case the relative abundance
of moronic acid is higher compared to oleanonic acid. An
opposite trend was observed during the heating experiment,
with oleanonic acid proving to be more stable to heat than
moronic acid. Therefore, it is reasonable to speculate that
signicant heating was not applied to the resin in this sample.
Monopalmitin and monostearin were detected as well as some
amides. These compounds were also present in the reference
sample of Pistacia resin and in the Uluburun samples. A lipid
material was also identied by detection of several even-
numbered aliphatic carboxylic acids (from C8 to C18). The
additional presence of dicarboxylic acids, such as sebacic, aze-
laic and suberic acids, suggest that a vegetable oil with drying or
semi-drying properties was likely to be added to the varnish/
coating formulation. Another example of the higher sensitivity
and detecting capabilities of GC-QToF-MS over simple GC-MS is
reported in Fig. S15 (ESI),† showing the results obtained for
sample C13-R7. In this case, Pistacia resin markers were only
detectable by GC-QToF-MS.

As set out in the introduction, an ambition of this investi-
gation was to better understand the application method of
Pistacia resin as varnish or coating. As the material is a solid, it
must be turned into a liquid or pseudo-liquid state to be applied
as a thin layer, either by dissolving in somemedium or by use of
heat to melt it. Experiments in reproduction of coffin varnishes
have demonstrated that melted resin hardens very rapidly,57

making it impossible to apply as a layer in a reasonable amount
of time. The detection of an oil mixed with the resin suggests
that a method similar to the “oil varnish” formulation previ-
ously discussed for painting practice4 provided the required
850 | RSC Adv., 2024, 14, 836–854
working properties. Methods to obtain the so-called “mastic
oil”, which is a simple mixture of olive oil in which some mastic
tears are dissolved can also be found from cooking recipes.
Other oleo–resin mixtures are relatively common, for example
linseed oil and colophony.58 Such mixtures have been success-
fully used to reproduce Egyptian varnishes experimentally.57

Therefore, it is signicant that the detection of mastic resin
markers accompanied by drying/semi-drying oil markers was
a common result for a large number of varnishes taken from
22nd Dynasty coffins from the British Museum's collection. In
addition to C11-R1 and C13-R7 already mentioned, these
samples include C3-R2, C2_R1, C4_R2, C3_R1, C11_R2, B8_R1
and B8_R2 (Table 1). The extensive application of this varnish
formulation in ancient Egyptian coffin manufacture is further
supported by results previously acquired from varnishes, coat-
ings and residues on Egyptian coffins in the collection of the
Fitzwilliam Museum. The original study examined some 100
samples from more than 50 objects of dates ranging from the
New Kingdom (c.1550 BC–c.1069 BC) until the Roman period
(30 BC – 641 AD).46,59 Around 30% of the samples contained
terpenoid markers of Pistacia resin,k and the most relevant
scope of this article and will be the subject of a separate publication.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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examples are listed in Table 1. Signicantly, around 80% of
these Pistacia-containing samples also contained mono- and
dicarboxylic fatty acids, indicating the presence of partially
oxidised oil. A summary of the results obtained for these
samples is reported in Table S2 (ESI).† Notably, only one Pis-
tacia-containing sample described as a ‘varnish’ contained no
oil (F30A), and most of the yellow/golden coatings exhibited
a mixture of Pistacia resin and oil. Among the few other samples
without oil, one contained another type of unidentied fat
(F52B), and one contained beeswax (F46A), indicating alterna-
tive mixtures with the resin, although the context of some of
these substances is more ambiguous and many are black.
Beeswax (F43A) and conifer resin (F28A) were also seen included
in mixtures with Pistacia and oil. Notwithstanding these varia-
tions, the results overall show a consistent mixing technology
for yellow-coloured varnishes and support the hypothesis that
a lipid material, in most cases an oil, was used as medium to
dissolve and apply the resin as a liquid. This mixture would
enable targeted and precise application to specic areas of
coffin decoration, as is oen observed on the surface of coffins.
It would also have drying properties that would allow for it to
cure into a layer of variable thickness depending on the resin/oil
ratio. The nine samples taken from different areas of the Nes-
perwershefyt coffin (F9A-K) set provide an instructive example
illustrating the variability of the ratio of resin-derived moronic
acid and oil-derived azelaic acid (by peak area) in varnish layers
of different thicknesses (Fig. 8). The thicker layers tend to
indicate richer resin composition, as might be expected. The
Fig. 9 Chromatographic profiles obtained for samples Sai 012 (a) and
Museum. Shared under a Creative Commons Attribution-NonCommerc

© 2024 The Author(s). Published by the Royal Society of Chemistry
correlation, however, is not consistent and differential preser-
vation factors in thin and thick varnish lms will add
complexity to interpretation of such a simple ratio.

It must also be highlighted that the extraction method used
in all these analyses is a simple solubilisation in DCM. Such
a method is suitable for the solubilisation of free and poorly
bound molecules, including resin components and lipid
components that had undergone hydrolysis during ageing and
are not bound in a polymeric network. DCM does not have any
saponication power, which would be needed to have a more
realistic idea of the relative amounts of the materials present in
the mixture. Moreover, these analyses were conducted with
method A and could not be repeated using GC-QToF-MS due to
lack of residual samples. As a result, in those few samples in
which markers of oil were not detected, the absence of oil
cannot be assumed.
Residues on ceramics (likely incense burners)

Different chromatographic proles were obtained for samples
Sai 012 and Sai 0245 (Fig. 9), which were taken from residues on
ceramic sherds likely to have been used as incense burners.
Although the results for these samples again reveal the presence
of Pistacia resin and oil, the distribution of the compounds,
especially the resin markers, was different. For Sai 012, ole-
anonic acid (18) was detected, but not moronic acid (17).
Additionally, 28-norolean-17-en-3-one (5) was present with high
relative abundance. These observations agree with the results
Sai 0245 (b). Numbers refer to Table 2. © The Trustees of the British
ial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.
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obtained in our heating experiment, suggesting a substantial
heating treatment of the oleo-resin mixture. For Sai 0245,
moronic and oleanonic acids were detected with comparable
abundances and no 28-norolean-17-en-3-one was present.
20,24-Epoxy-25-hydroxy-dammaran-3-one (16) was present with
particularly high abundance. Evidence for a harsh heat treat-
ment was therefore not obtained for this sample. Additionally,
sample Sai 0245 appears much lighter in colour compared to
sample Sai 012 (Fig. S2, ESI†), which could be linked to the
exposure to heat. Nevertheless, it appears from the results ob-
tained in this investigation that interpretations around colour
change are difficult to draw. Heating, mixing of multiple
materials potentially subject to darkening, and the possible
presence of pigments are only some of the factors that create
a very complex scenario around the signicance of colour in this
context.

Conclusions

This study presents the rst application of an optimised
method based on GC-QToF-MS analysis for the enhanced
characterisation of mastic (Pistacia sp.) resin and its identi-
cation in archaeological samples. The method showcased
various advantages compared to simple GC-MS methods
routinely used for the analysis of resins in the cultural heritage
eld. Enhanced sensitivity and structural elucidation capabil-
ities enabled additional molecular components to be observed
and resin markers to be identied even in complex archaeo-
logical samples.

Additionally, the formation of 28-norolean-17-en-3-one was
proved to occur upon heating not only in anoxic conditions,6

but also in an open air environment, strengthening its possible
use as a heating marker of the resin in historical objects.
Moronic acid appeared to degrade upon heating, whereas ole-
anonic acid appeared to be more stable, making the relative
abundance of these two acids an additional indication of
thermal degradation. However, 28-norolean-17-en-3-one further
degrades above 250 °C and upon longer exposure to heat,
similarly to most triterpenoid molecules. Therefore, its absence
cannot in principle be considered evidence that the resin was
not heated.

The analytical results suggest that, for the extremely well-
preserved resin samples from the Uluburun shipwreck, the
jars might have been lled with solid resin that might have
partially melted naturally under the sun heat. By contrast, the
results from a large number of archaeological samples from
Egyptian coffins in varnish/coating formulations showed that
Pistacia resin was oen mixed with a lipid material, in most
cases a drying/semi-drying oil, which was used as a medium to
dissolve the solid resin over a gentle heat to apply it as a layer of
variable thickness. Additional studies by GC-QToF-MS are
foreseen to enhance the identication of monoterpenoids,
when present, to help clarify the possible use of essential oils in
similar formulations. Furthermore, the study of chemical and
physical interactions between Pistacia resin and drying/semi-
drying oils emerges as a research area of particular interest.
The creation of mock-up samples and attention to possible co-
852 | RSC Adv., 2024, 14, 836–854
polymerisation markers58 might provide additional proof of the
technology behind the use of Pistacia resin in ancient times.
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3 P. Dietemann, M. Kälin, R. White, C. Sudano,
R. Knochenmuss and R. Zenobi, Z. Kunsttechnol. Konserv.,
2005, 19, 119–130.

4 M. P. Colombini, F. Modugno, R. Giannarelli, R. Fuoco and
M. Matteini, Microchem. J., 2000, 67, 385–396.

5 G. A. van der Doelen, K. J. v. d. Berg and J. J. Boon, Stud.
Conserv., 1998, 43, 249–264.

6 B. Stern, C. Heron, L. Corr, M. Serpico and J. Bourriau,
Archaeometry, 2003, 45, 457–469.

7 F. Modugno, E. Ribechini and M. P. Colombini, J.
Chromatogr. A, 2006, 1134, 298–304.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06651g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 5
/1

2/
20

24
 1

:5
8:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
8 G. Steigenberger and C. Herm, Anal. Bioanal. Chem., 2011,
401, 1771.

9 S. A. Buckley, K. A. Clark and R. P. Evershed, Nature, 2004,
431, 294–299.

10 J. J. Lucejko, A. Lluveras-Tenorio, F. Modugno, E. Ribechini
and M. P. Colombini, Microchem. J., 2012, 103, 110–118.

11 M. Regert and C. Rolando, Anal. Chem., 2002, 74, 965–975.
12 U. Baumer, P. Dietemann and J. Koller, Int. J. Mass Spectrom.,

2009, 284, 131–141.
13 K. Fulcher, M. Serpico, J. H. Taylor and R. Stacey, Proc. Natl.

Acad. Sci. U. S. A., 2021, 118, e2100885118.
14 K. J. Van Den Berg, J. Van Der Horst, J. J. Boon and

O. O. Sudmeijer, Tetrahedron Lett., 1998, 39, 2645–2648.
15 K. Spyridopoulou, A. Tiptiri-Kourpeti, E. Lampri, E. Fitsiou,

S. Vasileiadis, M. Vamvakias, H. Bardouki, A. Goussia,
V. Malamou-Mitsi, M. I. Panayiotidis, A. Galanis, A. Pappa
and K. Chlichlia, Sci. Rep., 2017, 7, 3782.

16 G. A. Zachariadis and A. V. Langioli, Anal. Lett., 2012, 45,
993–1003.

17 A. N. Assimopoulou and V. P. Papageorgiou, Biomed.
Chromatogr., 2005, 19, 285–311.

18 M. P. Colombini, F. Modugno and E. Ribechini, Chim. Ind.,
2002, 84, e1.

19 G. A. van der Doelen, K. J. van den Berg, J. J. Boon,
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and M. P. Colombini, J. Nat. Prod., 2016, 79, 845–856.

31 D. Scalarone and O. Chiantore, in Organic Mass Spectrometry
in Art and Archaeology, ed. M. P. Colombini and F. Modugno,
Wiley&Sons Ltd, 2009, pp. 327–361, DOI: 10.1002/
9780470741917.ch11.
© 2024 The Author(s). Published by the Royal Society of Chemistry
32 G. Chiavari, D. Fabbri and S. Prati, Chromatographia, 2002,
55, 611–616.

33 P. Dietemann, C. Higgitt, M. Kälin, M. J. Edelmann,
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