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a b s t r a c t

This work presents the precise identification of triacylglycerols (TAGs) extracted from archaeological
samples using a methodology based on nanoelectrospray and Fourier transform mass spectrometry.
The archaeological TAG identification needs adapted sample preparation protocols to trace samples
in advanced degradation state. More precisely, the proposed preparation procedure includes extrac-
tion of the lipid components from finely grinded ceramic using dichloromethane/methanol mixture
with additional ultrasonication treatment, and TAG purification by solid phase extraction on a diol
cartridge. Focusing on the analytical approach, the implementation of “in-house” species-dependent
TAG database was investigated using MS and InfraRed Multiphoton Dissociation (IRMPD) MS/MS spec-
tra; several vegetal oils, dairy products and animal fats were studied. The high mass accuracy of the
nfraRed multiphoton dissociation
rchaeological oil lamp

Fourier transform analyzer (�m below 2.5 ppm) provides easier data interpretation, and allows distinc-
tion between products of different origins. In details, the IRMPD spectra of the lithiated TAGs reveal
fragmentation reactions including loss of free neutral fatty acid and loss of fatty acid as �,�-unsaturated
moieties. Based on the developed preparation procedure and on the constituted database, TAG extracts
from 5th century BC to 4th century AD Olbia lamps were analyzed. The structural information obtained
succeeds in identifying that bovine/ovine fats were used as fuel used in these archaeological Olbia
lamps.
. Introduction

The organic material contained in archaeological ceramics rep-
esents an essential evidence of human activities through years.
oarse wares, and particularly oil lamps, are typologically well-
nown materials, however, most of the chemical studies are
evoted to lamp ceramic composition [1] and since the pioneering
ork of Passi et al. [2], few studies have investigated the iden-
ification of lamp fuels [3–6]. Identifying the ancient fuel origins
aises the question of methodologies and chemical arguments for
he identification of natural fats. Taking example of beeswax iden-
ification, analysis are focusing on association of odd-numbered
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/n/-alkanes and /n/-alkenes, even-numbered cerides derived from
palmitic acid and 15-hydroxypalmitic acid, and hydrolyzed fatty
acids and long chain /n/-alcohols [7]. However, the other fatty
materials (vegetal oils, animal fats) present a simpler and very
similar chemical constitution dominated by triacylglycerols, which
entangles the possibility of direct identification based on fatty
acids preserved in the potsherds. So fatty material identification
is actually based either on Gas Chromatography Mass Spectrome-
try (GC–MS) with �13C isotope ratio analysis [4] or on oxygenated
degradation products analysis using GC–MS [8].

Considering more particularly the archaeological context, it
can be underlined that triacylglycerols, i.e., main component of
vegetal oils and mammal fats [9], are sensitive to hydrolysis of
the ester functions or oxidation of the double bonds [10]. And,

despite the application of chromatography-based methods for TAG
analysis [11–24], their lability makes their detection very diffi-
cult in archaeological material. To the best of our knowledge,
only two references expose identification of animal fats mixed
with olive oil [5] and beeswax [25] in archaeological samples

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:Caroline.Tokarski@univ-lille1.fr
dx.doi.org/10.1016/j.ijms.2009.03.003
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sing HPLC-APCI-MS. To obtain more information on native TAGs
rom archaeological samples, a mass spectrometry-based method
sing nanoelectrospray source was proposed [7,26–29] allowing
ertinent determination of biological sources. We describe here
he application of the developed methodology implemented with
he high mass accuracy and high resolution of Fourier Transform
on Cyclotron Resonance analyzer (FT-ICR-MS) to analyze invisi-
le residues preserved as impregnations in the inner porous side
f ancient oil lamps from Olbia (Ukraine). Identification of archaeo-
ogical TAGs requires extraction, purification and analysis protocols
pecifically adapted to trace samples in advanced degradation
tate. Consequently, the proposed work includes a procedure based
n preliminary extraction step of the lipidic components using
ichloromethane/methanol mixture as extraction solvent with
ltrasonication treatment; this procedure was applied to ceramic
nely crushed with an electrical mill. Additionally, a purification
tep was added using a diol cartridge. The analytical approach

s based on the implementation of “in-house” species-dependant
AG database using MS and InfraRed Multiphoton Dissociation
IRMPD) MS/MS spectra, particularly; it reveals fragmentation reac-
ions allowing the precise determination of each fatty acid moiety.
he developed protocol and the species-dependant TAG database

Table 1
Studied modern reference material details and origins.

Biological source Taxono

Animal fats
Ox, subcutaneous adipose tissue Bos tau
Ox, yellow solid fat arrounding kidneys Bos tau
Veal, subcutaneous adipose tissue Bos tau
Veal, white solid fat arrounding kidneys Bos tau
Lamb, subcutaneous adipose tissue Ovis ari
Lamb, white solid fat arrounding kidneys Ovis ari
Pig, subcutaneous adipose tissue Sus scro
Pig, white solid fat arrounding kidneys Sus scro
Sheep, lanoline Ovis ari
Duck, subcutaneous adipose tissue Anas pl

Vegetal oils
Almond sweet oil, cold-pressed Prunis a
Argan oil, cold-pressed, traditional handicraft Argania
Castor oil, cold-pressed Ricinus
Chamomile oil, cold-pressed Chamae
Grape seed oil, cold-pressed Vitis vin
Hazelnut oil, cold-pressed Corylus
Laurel oil, cold-pressed Laurus
Lettuce oil, cold-pressed Lactuca
Linseed filtered clarified oil, cold-pressed Linum u
Mint oil, cold-pressed Mentha
Mustard, cold-pressed Brassica
Nigella oil, cold-pressed Nigella
Nut oil, cold-pressed Juglans
Olive, mesocarp of fruits Olea eu
Olive oil, cold-pressed Olea eu
Olive oil, cold-pressed Olea eu
Palm oil, cold-pressed Elaeis g
Pine kernel oil, cold-pressed Pinus p
Pistachio oil, cold-pressed Pistacia
Poppy seed oil, cold-pressed Papaver
Rapeseed oil, cold-pressed Brassica
Rocket/Arugula oil, cold-pressed Eruca sa
Safflower oil, cold-pressed Cartham
Sesame oil, cold-pressed Sesamu
Sesame seed Sesamu
Wheat germ oil, cold-pressed Triticum

Dairy products
Cow, milk Bos tau
Cow, raw milk cheese (Saint-Félicien) Bos tau
Ewe, raw milk cheese (Ossau-Iraty) Ovis ari
Goat, raw milk cheese Capra h
Camel, milk Camelu
ass Spectrometry 284 (2009) 47–56

were finally used to analyze and identify precisely the ancient lamps
TAGs.

2. Materials and methods

2.1. Solvents and reagents

All organic analytical grade solvents were purchased from VWR
(VWR-France, Fontenay-sous-Bois, France), and lithium chloride
(>98%) from Sigma (St-Quentin Fallavier, France). The silica-based
diol phase Sep-Pak SPE cartridges were purchased from Waters
(Guyancourt, France).

2.2. Authentic modern samples

The modern products constituting the database were chosen
according to the vegetal species cultivated and imported, and the

animals bred in North-Mediterranean regions (Table 1). The adi-
pose fats were sampled from freshly slaughtered ox, veal, lamb
and pork, from subcutaneous tissues and from solid fatty tissues
enveloping kidneys. Lanolin, a product made regionally from lamb
wool, was bought in an herbalist in the suk al-Gouri in Cairo (Egypt).

my Origin

rus Auvergne, France
rus Auvergne, France
rus Auvergne, France
rus Auvergne, France
es Auvergne, France
es Auvergne, France
fa Auvergne, France
fa Auvergne, France
es Local market, Cairo, Egypt
atyrhynchos Auvergne, France

mygdalus Damascus, Syria
spinosa Local market, Marocco

communis Artisan Moulinier, Beaulieu, France
melum nobile Damascus, Syria
ifera Artisan Moulinier, Beaulieu, France
avellana Artisan Moulinier, Beaulieu, France

nobilis Damascus, Syria
sativa Damascus, Syria
sitatissimum Kremer, Germany
sp. Damascus, Syria
nigra Artisan Moulinier, Beaulieu, France

sativa Damascus, Syria
regia Local made (F)
ropaea Nyons, France
ropaea Commercial oil, Toscana, Italy
ropaea Nyons, France
uinensis Red non-refined oil, Senegal
inea Artisan Moulinier, Beaulieu, France
vera papaver Artisan Moulinier, Beaulieu, France
somniferum Local market, Vic le Comte, France
napus Artisan Moulinier, Beaulieu, France
tiva Damascus, Syria
us tinctorius Artisan Moulinier, Beaulieu, France

m indicum Artisan Moulinier, Beaulieu, France
m indicum Local market, India

vulgare Damascus, Syria

rus Auvergne, France
rus Local market, Vic le Comte, France
es Local market, Vic le Comte, France
ircus Local market, Vic le Comte, France
s dromedarius Petra, Jordan
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ig. 1. Olbia lamp fragment, noted X4, analyzed using the mass spectrometry-based
rocedure described in this work.

he details and origins of vegetable oils, including olive, argan or
esame, and dairy products including cow, goat or ewe milk cheese
re detailed in Table 1.

.3. Archaeological samples

Nine lamps were selected amongst the material excavated from
he settlement of Olbia (Ukraine) by J. Munk Høtje (Aarhus Uni-
ersity, Danish National Research Foundation’s Centre for Black
ea Studies, Denmark). The old city is located strategically on a
idely extended shelf by the estuary of the Bug River, along the

hore of the Black Sea. The studied sector consists on the living
uarter of the Lower City, occupied from the 5th century BC to
he 4th century AD. The lamps did not present any visible organic
esidues on their inner side as can be observed in Fig. 1 show-
ng the lamp noted X4; the external diameter was approximately
.5 cm. The samples were firstly analyzed using pyrolysis-high reso-

ution gas chromatography coupled to mass spectrometry (Electron
mpact source) (THM-HRGC-EIMS, data not shown) in the presence
f tetramethylammonium hydroxide (TMAH) to detect the pres-
nce of organic matter, and especially fatty acids. Because of the
igh degree of preservation of their lipidic compounds, six samples
ere chosen for analysis.

.4. TAG extraction and purification from modern adipose tissues,
egetable oils and dairy products

.4.1. TAG extraction and purification from modern adipose
issues and dairy products

The extraction protocol was adapted from a methodology
escribed by Folch et al. [30]. The tissue or the dairy product (∼1 g)
as homogenized in a mixture of dichloromethane/methanol 1:1,

/v (20 mL) and placed in ultrasonic bath for 20 min. The mix-
ure was filtered on 0.22 �m filter and potassium chloride solution
0.12 M, 5 mL) was added to the filtrate. After extraction and sep-
ration of the two phases by centrifugation, the organic layer
as dried over MgSO4, evaporated to dryness under a nitrogen

tream at 40 ◦C. A 2 mg aliquot of the residue was dissolved in

ichloromethane (1 mL). The TAGs were purified by fractionation on
Sep-Pak diol cartridge beforehand rinsed with cyclohexane (4 mL)

31,32]. The lipid extract (100 �L) was deposed and the TAGs eluted
times by 2 mL of a mixture of cyclohexane/dichloromethane/Et2O

89:10:1, v/v/v). Other polar lipids were eluted two times by 2 mL of
ass Spectrometry 284 (2009) 47–56 49

dichloromethane/methanol (2:1, v/v) and fatty acids by methanol
(5 mL). The first fraction was evaporated to dryness, the residue
dissolved in 1 mL dichloromethane/methanol (1:1, v/v).

2.4.2. TAG extraction and purification from vegetable oils
The liquid vegetal oils were diluted twice with dichloromethane

in order to obtain solutions at 2 mg/mL. The TAGs were purified by
fractionation on a Sep-Pak diol cartridge as detailed for modern
adipose tissues and dairy products (see Section 2.4.1).

2.5. TAG extraction and purification from archaeological lamps

A fragment of approximately 1.0 g of each ceramic was crushed
using an electrical mill (IKA A-11 basic) during 10 s. The powder
was extracted twice with 5 mL dichloromethane/methanol (2:1,
v/v), the organic phases was separated each time by centrifugation
(10 min at 2500 rpm, then 20 min at 4100 rpm). The clear solution
was evaporated to dryness under a nitrogen stream at 40 ◦C, then
the TAGs were purified according the procedure described previ-
ously for adipose tissues using SPE on a diol-cartridge (see Section
2.4.1).

2.6. NanoESI-Qh-FT-ICR MS and MS/MS analysis

The purified TAG fractions, diluted with methanol (1/50, 5 �l),
were cationized using lithium chloride solution (2% in methanol).
The solution containing TAGs and lithium chloride was then diluted
to 1/100 with methanol [29,32]. The samples were analyzed with
an Apex Qe 9.4 T Fourier Transform Ion Cyclotron Resonance Mass
Spectrometer (Bruker Daltonics, Bremen, Germany). The FT-ICR
mass spectrometer is equipped with a nano-electrospray source.
Detection was carried out in positive mode. A potential of 1.3 kV
was applied on the needle (PicoTip Emitter, New Objective, Woburn,
MA, USA). The detection The detection parameters were broad-
band detection, 512 K acquisition size, start mass at m/z 200 leading
to 0.5243 s transient duration allowing theoretical resolution of
190,000 at m/z 400. Ions were accumulated in the hexapole dur-
ing 1 s, and in the collision cell 0.01 s and 2 s, respectively, for
MS and MS/MS. InfraRed Multiphoton Dissociation fragmentation
mode was employed for MS/MS experiments using 20% of the laser
power (CO2 laser with 10.6 �m wavelength, high power 25 W laser)
and 0.3 s IR pulse length. The spectra calibration was done using
an external calibrant using single-point calibration and the spectra
analysis was done manually.

3. Results and discussion

3.1. MS profiles of the lithiated TAG from modern materials

The MS and MS/MS profiles of purified TAGs from animal, dairy
and vegetal fats diluted in a lithiated methanolic solution were
investigated to create the species-dependant TAG database. The MS
experiment allows distinguishing components according to their
Equivalent Carbon Number (ECN), their unsaturation degree and
the MS/MS profiles, completing the elucidation of the molecular
structure of each compound. It has to be highlighted that the Fourier
transform analyzer allows high mass accuracy providing easier data
interpretation [33] and allowing identification of TAG modifications
as for example relative to oxidative changes [34].

Considering more precisely the vegetal oils (Fig. 2), it can be
noticed that most of modern references present a similar narrow

distribution of TAGs from ECN 50 to ECN 54 with two or three
patterns, each one separated by 26–28 amu. This is a direct con-
sequence of the distribution of the constitutive fatty acids in oils,
and the predominance of one acid in most of them, the oleic
acid [9]. However, each vegetal oil species presents a singular
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Fig. 2. (Continued ).

Table 2
Nomenclature and mass of the fatty acid moieties lost during fragmentation of the
TAGs.

Substituant name Formula Abbreviation n:i Mass

Capric acid C10H20O2 10 10:0 172.1457
Lauric acid C12H24O2 12 12:0 200.1770
Myristic acid C14H28O2 M 14:0 228.2083
Pentadecanoic acid C15H30O2 15 15:0 242.2240
Palmitoleic acid C16H30O2 Po 16:1 254.2240
Palmitic acid C16H32O2 P 16:0 256.2396
Heptadecenoic acid C17H32O2 17′ 17:1 268.2396
Margaric acid C17H34O2 Ma 17:0 270.2553
Linoleic acid C18H32O2 Ln 18:2 280.2396
Oleic acid C18H34O2 O 18:1 282.2553
Stearic acid C18H36O2 S 18:0 284.2709
Nonadecenoic acid C19H36O2 19′ 19:1 296.2709
Nonadecanoic acid C19H38O2 19 19:0 298.2866
ig. 2. MS profiles of the TAG fractions from several modern vegetal oils including
A) olive oil, (B) hazelnut oil, (C) poppy seed oil, (D) nut oil, (E) linseed oil, (F) argan
il, (G) sesame oil, (H) palm oil, (I) laurel oil and (J) castor oil.

attern which affords to discriminate and authenticate them. For
xample, the olive oil spectrum (Fig. 2(A)) is mainly dominated
y ECN 52 and ECN 54. In details the major peaks are 54:3 and
2:2 which can be identified as TAG triolein OOO (see Table 2
or nomenclature and abbreviation details) and the TAG OOP. As
ther example, the presence of highly abundant acids such as
auric acid (abbreviation 12), palmitic acid (abbreviation P), or rici-
oleic acid (abbreviation Ri) respectively in laurel (Fig. 2(I)), palm
Fig. 2(H)), and castor oils (Fig. 2(J)), gives very distinct patterns
anged from lower mass for the two first oils, e.g., ECN 40–54 (lau-
el) and ECN 48–52 (palm), to the higher mass for castor oil, e.g.,
CN 54.

Considering the dairy products (Fig. 3), it can be observed that
hey are rich in palmitic, oleic (abbreviation P), stearic (abbreviation
), capric acids (abbreviation 10) and other saturated short-chain
atty acids in fewer amounts. This diversity induces a large distri-
ution of TAGs from ECN 24 to ECN 54. The TAG 36:0 is the major one
or cow (Fig. 3(A)), goat (Fig. 3(B)) and ewe milks (Fig. 3(C)) and the

orresponding raw-milk cheeses. Their mass profiles are too simi-
ar to allow a direct distinction between bovine, ovine, and caprine
airy products, and a dedicated methodology has to be employed to
iscriminate the species origin [27]. All dairy products are charac-

Ricinoleic acid C18H34O2 Ri 298.2502
Arachidic acid C20H40O2 Ad 20:0 312.3022
Eicosatrienoic acid C20H34O2 20′′′ 20:3 306.2553
Eicosenoic acid C20H38O2 20′ 20:1 310.2866
Heneicosanoic acid C21H42O2 21 21:0 326.3179
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Fig. 3. MS profiles of the TAG fractions from several modern dairy product

erized by the presence of smaller intercalated peaks corresponding
o TAG containing one odd-number fatty acid. The analysis of the
otal fatty acids indicates isomers of penta-, hepta- and nonade-
anoic acids for the main ones, including the linear isomer and their
ranched homologous compounds [35]. The relative proportion of
uch odd TAGs is particularly important for example for camel milk
Fig. 3(D)).

The mass profile of animal fats (Fig. 4) covers a broad mass range
orresponding to TAGs with ECN from 46 to 54. The main marker is
he TAG 52:2 for bovine (Fig. 4(A and B)), ovine (Fig. 4(C)), porcine

Fig. 4(D)), and duck species (Fig. 4(F)). Lanoline (Fig. 4(E)) con-
ists of higher unsaturated TAGs, with the predominating TAGs
4:6 and 54:5. Bovine and ovine profiles present the alterna-
ion of abundant even-number TAG and of minor odd-number
AGs.
uding (A) cow cheese, (B) goat cheese, (C) ewe cheese and (D) camel milk.

As observed for dairy products, odd-number fatty acids are
markers of ruminant species (i.e., ox, cow, veal, lamb), mainly syn-
thesized by bacteria present in the rumen (i.e., larger part of the
reticulorumen and serves as the primary site for microbial fer-
mentation of ingested feed) [35]. Porcine or duck fats are exempt
of such compounds and consequently presents a narrower distri-
bution. Except the discrimination of poultry and porcine against
bovine and ovine fats, no further authentication can be suggested
by the only MS analysis and more complete MS/MS study has to be
investigated to obtain pertinent data.
Globally, it can be pointed out that compared to the methods
using other ionization sources, the analysis of TAGs by nanoelectro-
spray mass spectrometry conduces to simpler spectra, and allows
the detection of the unsaturated and saturated TAGs without in-
source fragmentation.
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involving an outer substituent and its adjacent sn-2 moiety.
ig. 4. MS profiles of the TAG fractions from several modern fats enveloping kidneys
rom (A) ox, (B) veal, (C) lamb, and (D) pig, from (E) lanoline and (F) subcutaneous
dipose tissues from duck.

.2. Structural elucidation of ox tallow triacylglycerols

.2.1. Ox-tallow homogeneous triacylglycerols
The extensive fragmentation study of ox tallow TAGs was inves-

igated to elucidate the TAG structures. When performing the
RMPD fragmentation of the homogeneous TAG tristearin (SSS) at

/z 897.8466 (�m = 0.33 ppm, Fig. 5), only the ion issued from the

oss of the free fatty acid RCH2CO2H from the parent ion [M + Li]+

iving the ions [M + Li-RCH2CO2H]+ at m/z 613.5750 (�m = 0.32) is
bserved. The identity of the fatty acid substituents in TAG species
an also be deduced by monitoring the [RCH2CO2H + Li]+ fragment
Fig. 5. IRMPD MS/MS profiles of the ion [M + Li]+ at m/z 897.8466 from ox tallow TAGs
extract corresponding to tristearin (54:0) and highlighting the loss of free fatty acid
from the precursor ion and the fatty acid ion in the low mass range. The abbreviation
details are specified in Table 2.

ions at m/z 291.2875 (�m = 0.12 ppm) in the low mass range of the
MS/MS spectrum.

3.2.2. Ox-tallow heterogeneous triacylglycerols
TAGs containing two different fatty acid substituents present a

slightly more complicated MS/MS spectrum. Each acylating fatty
acid moiety generates three groups of ions (i) the first group is rep-
resented by [M + Li-RnCH2CO2H]+ ions and results from the loss of
one fatty acid group; (ii) the second group traduces the successive
loss of two carboxylic acid moieties, and (iii) the last group reflects
the nature of each fatty acid moiety as [RCH2CO2H + Li]+ ion is
represented (see supplementary data). Focusing on the main TAG
referred to ECN 50 (see Fig. 4(A)), i.e., the monounsaturated TAGs
50:1 (named 1,2-dipalmitoyl-3-oleoylglycerol, noted PPO) and its
regioisomer (named 1,3-dipalmitoyl-2-oleoylglycerol, noted POP),
it can be pointed out that the fragmentation spectrum (Fig. 6(A))
presents a molecular lithiated ion at m/z 839.6738 (�m = 0.47 ppm)
giving peaks at m/z 583.5276 (�m = −0.35 ppm) and at m/z 557.5119
(�m = −0.49 ppm) by loss of free palmitic or oleic acid respectively
(Fig. 6(B)). The former ion [M + Li-C15H31CO2H]+ at m/z 583.5276
can lose an �,�-unsaturated oleic or palmitic acid moiety, respec-
tively giving the ion [M + Li-C15H31CO2H–C15H29CH CH–CO2H]+

at m/z 303.2877 (�m = 0.41 ppm), and the ion [M + Li-
C15H31CO2H–C13H27CH CH–CO2H]+ at m/z 329.3030 (�m =
0.05 ppm) (Fig. 6(C)). Both palmitic and oleic substituent’s are
also directly identified as lithiated ion [RCH2CO2H + Li]+ at m/z
263.2562 (�m = −0.08 ppm) and 289.2719 (�m = 0.07 ppm),
respectively. The ions detected at m/z 261.2405 (�m = −0.37 ppm)
and 319.2824 (�m = −0.04 ppm) are respectively attributed to the
ions [M + Li-R3CH2CO2H-R1CH2COO–CH2–CH CH2]+ and [M + Li-
R2/1CH2CO2H-R1/2CH C O]+ for the triacylglycerol PPO. The ion at
m/z 345.2982 (�m = 0.31 ppm) corresponds to [M + Li-R2CH2CO2H-
R3CH C O]+ and [M + Li-R3CH2CO2H-R1CH C O]+ (Fig. 6(C)). The
ion [M + Li-R3CH2CO2H-R1CH2COO–CH2–CH CH2]+ reveals that
lithiated TAGs can lose their two outer fatty acid substituent’s (sn-1
and sn-3). This pathway is minor comparing to the fragmentation
A similar analysis can be applied to the isobar TAGs 52:1
at m/z 867.7052 (�m = −0.34 ppm) from ox-tallow that contains
three different fatty acid substituents. The main fragment ions
at m/z 583.5274 (�m = −0.70 ppm), 585.5440 (�m = −0.85 ppm)
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Fig. 6. (A) IRMPD MS/MS profiles of the ion [M + Li]+ at m/z 839.6738 from ox tallow TAGs extract corresponding mainly to PPO and POP TAGs (50:1), (B) zoom on the
diacylglycerol fragments, (C) zoom on the low molecular weight mass range.
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he abbreviation details are specified in Table 2. The fragment ions written in italic
oss of neutral oleic acid and palmitic acid in ketene form, reflect the presence of th
cid and oleate allyl ester, affords to distinguish the regioisomer OPP. The ions noted
pecific to the isomer MOS.

nd 611.5582 (�m = −1.47 ppm) (Fig. 7), correspond to [M + Li-
CH2CO2H]+ (with RCH2CO2H representing P, O or S), and are
ommon to both triacylglycerols PSO and POS. Additionally,
almitic, stearic and oleic substituent’s are also identified as

ithiated ion [RCH2CO2H + Li]+ at m/z 263.2562, 291.2875 and
89.2719 respectively (�m = 0.08/0.01/0.07 ppm). The presence
f the ions at m/z 329.3033 (�m = 0.25 ppm) and 345.2982
�m = 0.42 ppm) reveals the presence of the isomer PSO (Fig. 7 and
upplementary data). The first one is formed either by the loss
f a neutral palmitic acid C15H31CO2H thus an �,�-unsaturated
tearic acid C15H31–CH CH2–CO2H, or by the loss of a neutral
tearic acid C17H35CO2H followed by �,�-unsaturated palmitic
cid C13H27–CH = CH2–CO2H; the latter at m/z 345.2982 is gen-

rated by the successive loss of a stearic acid and palmitic
n its ketene form C14H29–CH C O. In opposition, the corre-
ponding ions at m/z 331.3193 (�m = 1.25 ppm) and 347.3144
�m = 1.72 ppm), generated by the three same fragmentation
ays from the regioisomer POS, are minor or absent, concluding
r to the successive loss of two fatty acids. The ions noted e and f, generated by the
regioisomers OPP and POP. The ion noted a, formed by the loss of neutral palmitic
d are common to the three isomers MOS, MSO and OSM; the ions noted h and j are

that the main regioisomer is PSO, although POS is presence as
traces.

Globally, the main TAG markers identified in ox tallow and their
fragmentations (see supplementary data) constitutes our database
for archaeological MS and MS/MS spectra interpretations providing
specific information on the species analyzed.

3.3. Application of lipidomics to archaeological lamps

The nine sherds of lamps studied were chosen among the mate-
rial excavated from 1991 to 2006. As any ceramics presented visible
organic deposit on its inner side, the only chemical information
could be obtained from the organic matter trapped and present as

an impregnation of the porous clay matrix of the ceramic.

In a first step, the total lipid extracts of the nine sherds were
analyzed by HRGC-EIMS in order to verify the presence of pre-
served organic matter, and to identify low- and medium-molecular
weighted compounds (data not shown). Six samples presenting a
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ig. 7. (A) IRMPD MS/MS profiles of the ion [M + Li]+ at m/z 867.7052 from ox tallow
ragments, (C) zoom on the low molecular weight mass range. The ions noted c and d
nd �,�-unsaturated oleic acid. The ions b and e are specific to PSO. The ions a and

igh concentration in free fatty acids, in mono- or diacylglycerols,
nd/or in sterols were selected. Their lipidic extracts were purified
n SPE procedure on diol-cartridge in order to separate and con-
entrate the native triacylglycerols. The purified TAG fractions were
nalyzed according to the same conditions than those used for mod-
rn fats. Fig. 8 shows the MS profile of the native TAGs from the lamp
4. The other six profiles observed were very similar and reveals the
ame markers. The profile is characterized by a large distribution
f TAGs corresponding to triacylglycerols with ECN from 46 to 57.
onsidering the organic material trace content and the advanced
egradation state of this sample, very good signal to noise ratio of
he MS spectrum can be observed. Globally, the higher peak inten-
ities are even-C-numbered TAGs, from TAG 46:0 to TAG 56:0 with
he TAG 52:0 as main marker. Among these even-C-numbered TAGs,
dd-C-numbered TAGs are detected from TAG 47:0 to TAG 57:0.
f the environmental conditions have guaranteed the preservation

f some native TAGs against hydrolytic degradation, the spectrum
eveals a strong dominance of saturated TAGs, a weak proportion of
onounsaturated TAGs, e.g., TAG 50:1, 52:1 or 54:1 and the global

isappearing of polyunsaturated TAGs. These saturated TAGs were
lready highlighted in organic residues stuck preserved on the inner
extract corresponding to PSO and POS TAGs (52:1), (B) zoom on the diacylglycerol
enerated by the loss of oleic acid and �,�-unsaturated stearic acid, or of stearic acid
l the presence of the isomer POS.

surface of the canopic jar D with the monogram of Ramses II [36]
and in a ceramic potsherd from Sagalassos [5]. In fact, these pro-
files characterized by high proportion of saturated TAGs can be
explained with the high sensitivity of unsaturated fatty acids to
oxidation processes, especially in the presence of oxidoreductive
catalyst such transition metal ions commonly present in the clay
[10,37]. Consequently, these compounds are more polar and are eas-
ily lixiviated by running water. These results, directly transposable
to fatty acid substituents in TAGs, can explain the modification of
the initial pattern and the preferential loss of polyunsaturated TAGs
in the oxidative context of Olbia.

The chemical structure of the main markers is investigated using
IRMPD. For example, the Fig. 9 presents the MS/MS spectrum of the
lithiated adduct [M + Li]+ at m/z 869.7208 (�m = −0.34 ppm). The
ion at 613.5741 (�m = −0.11 ppm) results from the neutral palmitic
acid loss. The ions at m/z 303.2870 (�m = −1.64 ppm) and at m/z

331.3193 (�m = 1.51 ppm) were obtained by octadec-2-enoic acid
or hexadec-2-enoic acid loss respectively. The precursor ion loses
also a stearic acid giving the ion at m/z 585.5439 (�m = 0.85 ppm);
this last ion losing the neutral fragment C13H27CH CH2–CO2H to
form the ion at m/z 303.2870 identifying the TAGs SSP and SPS.
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Fig. 8. MS profiles of the TAG

Globally, the mass profiles of the archaeological extracts show an
lternation between major series of even carbon-numbered TAGs,
nd minor series of odd carbon numbered TAGs. The MS/MS pro-
les of odd TAGs reveal the presence of odd-numbered fatty acids
oieties for the minor compounds, e.g., pentadecanoic or heptade-

anoic acid moieties, characteristic of the rumen bacteria [31]. The
omparison of MS and MS/MS profiles of reference fats extracted
rom the adipose tissues shows that only bovine or ovine species
resent such odd carbon-numbered series, e.g., TAGs containing
ne odd carbon-numbered fatty acid moiety. The identification of

dd carbon-numbered series in the archaeological extracts allows
oncluding to the presence of bovine or ovine fats in the Olbia lamps
howing that the population preferred elaborating fuel from local
ovine or ovine species than to import olive oil from the South
rovinces.

ig. 9. IRMPD MS/MS profiles of the ion [M + Li]+ at m/z 869.7208 from the Olbia
amp X4 TAGs extract corresponding to SSP and SPS TAGs (52:0).
ions from the Olbia lamp X4.

4. Conclusion

Although gas chromatographic analysis, using flame ionization
detection or coupled with mass spectrometry, is the most com-
mon analytical tool for the study of organic archaeological remains
preserved in ceramics, the use of MS and MS/MS-based tech-
nique with a nanoelectrospray source has significant potential for
extending our knowledge about the structure of the soluble high-
molecular-weighted constituents. The implemented cationization
of the lipidic extract by lithium ion induces a powerful enhance-
ment of the sensitivity and selectivity of the analysis, inducing the
possibility to implement the method to precious trace archaeo-
logical samples. The IRMPD spectra of the lithiated TAGs reveal
fragmentation reactions including loss of free neutral fatty acid
and loss of fatty acid as �,�-unsaturated moieties. The access to
the native structure brings more valuable information allowing
distinction between oils, fats and dairy products from different
origins (plants, mammals, etc.). Using adapted sample prepara-
tion conditions to trace samples in advanced degradation state,
including lipidic extraction with dichloromethane/methanol mix-
ture and additional ultrasonication treatment, purification using
diol cartridge and nanoESI analysis protocols well-adapted, the
present analysis succeeds identifying the nature of fats used as
fuel used in Olbia lamps. From an historical point of view, these
results provide interesting new data, completing the hypothe-
sis formulated by archaeologists about the use of local fatty
materials.
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