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A B S T R A C T

The analysis of the organic residues in archaeological pottery usually involves the use chromatography and mass
spectrometry techniques. The identification of organic compounds processed in archaeological vessels, which
generally degrade over archaeological timescales, provides insights about their origin and uses of the vessels.
This paper provides an advance of archaeometric characterization of the organic residues in seventeen pottery
vessels from the end of the 4th millennium BCE found in the Virués-Martínez cave (Granada, Spain), using gas
chromatography–mass spectrometry (GC–MS), gas chromatography-isotope ratio mass spectrometry (GC-C-
IRMS), and ultra-performance liquid chromatography-high resolution mass spectrometry (UPLC-HRMS). To our
knowledge this is the first study on the use of UPLC-HRMS on archaeological residues. Despite the fact that the
identification of plant remains continues to be elusive, this study demonstrates the potential usefulness of UPLC-
HRMS technique to study the polar fraction of plant residues, thus allowing us to formulate more specific hy-
potheses about the vegetal compounds that have survived in association with the pottery vessels (erucamide,
matricarin, piptamine, piceatannol). Our results indicate that the occupants of the cave used the vessels to
process plant materials and also degraded animal fats (ruminant fat) and it is very likely that the vessels were
used for a variety of purposes, with accumulation of by-products over time, and were not made exclusively for
funerary practices. The δ13C values C16:0 and C18:0 fatty acids obtained open a debate on the consumption of
dairy compounds in the Iberian Peninsula during the end of the Neolithic and beginning of the Copper Age.

1. Introduction

Pottery has a great potential to inform the study of human societies
in the past. Several approaches have been used, but the analysis of
organic residues has been one of the most important cornerstones of
this interdisciplinary research field over the last decades. The main goal
of any Organic Residue Analysis (ORA) is to identify the original or-
ganic contents of the vessel in order to understand the dietary habits,
rituals and burial ceremonies, trade customs, treatment of human dis-
eases and pharmaceutical knowledge of the people who occupied an
archaeological site.

The development of advanced analytical instrumentation and im-
proved analytical procedures has enabled the growth of research linked
to the archaeological study (Roffet-Salque et al., 2015; Roffet-Salque
et al., 2017). Gas chromatography coupled to mass-spectrometry
(GC–MS) (Heron et al., 1991; Evershed, 2008; Craig et al., 2012;

Manzano et al., 2015; Heron et al., 2016; Mayyas et al., 2017; Reber
et al., 2018), gas chromatography-isotope ratio mass spectrometry (GC-
IRMS) (Mottram et al., 1999; Craig et al., 2005; Colombini et al., 2005;
Spangenberg et al., 2006), high-performance liquid chromatography
(HPLC), high-performance liquid chromatography–atmospheric pres-
sure chemical ionization-mass spectrometry (HPLC–APCI-MS) (Saliu-
Modugno et al., 2011), and high performance liquid chromatography-
electrospray ionization- quadrupole time of flight mass spectrometry
(HPLC-ESI-QToF) (Parras et al., 2015) have been recently used for the
analysis of lipids in archaeometry. Ultra-Performance Liquid Chroma-
tography-High Resolution Mass Spectrometry (UPLC-HRMS) has been
widely used to identify organic compounds in different matrices such as
soils, biological fluids, food, water, and others. Despite its advantages
and multiple uses, this technique has not been fully developed for use in
archaeological samples, and there are only a few articles available
(Manzano et al., 2015; Tuñón-López et al., 2017). A recent study on the
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presence of triacylglycerols and sterols in archaeological pottery have
used ultra-high-performance liquid chromatography-atmospheric pres-
sure chemical ionization-high resolution mass spectrometry (UHPLC-
APCI-HRMS) and UPLC/HRMS-based metabolomics to investigate the
biodeterioration of archaeological materials (Tuñón-López et al., 2017).

The number of analytical studies conducted on organic residues
from ceramic vessels found in the Iberian Peninsula is limited.
However, some of the studies available have demonstrated the re-
lationship between pottery vessels from the Neolithic period and dairy
products (Martí et al., 2009) and animal fats (Sánchez et al., 1998)
stored or processed in the vessels. Analyses on pottery beakers from the
Copper Age have identified beer (Guerra, 2006), pear juice, animal fats
and dairy products (Rojo et al., 2008). Analyses on pottery vessels from
the Argaric settlement of Peñalosa (Jaén, Spain), dating from the
Bronze Age, revealed the presence of ruminant (ovine or bovine) and
non-ruminant (porcine and equine) tissues, vegetable oils, waxes,
conifer resins and grape seeds (Manzano et al., 2015). Dairy products,
cereals and animal fat were also identified by GC–MS in vessels from
the late Bronze Age (Guerra et al., 2011–12).

This paper reports the results of the ORA in pottery vessels from the
Virués-Martínez cave (Granada, Spain) that date back to the end of the
4th millennium BCE. Some of the vessels contained charcoal fragments,
seeds, bones or stones and samples from the interior of the vessels were
taken for chemical analysis in order to establish the functionality of the
vessels. The results of the ORA are presented in this paper. A suite of
analytical techniques including GC–MS, GC-C-IRMS and UPLC-HRMS
has been used for the determination of organic residues in early Copper
Age vessels from the Virués-Martínez cave in southern Spain.

2. Historical background

The Virués-Martínez cave is located in the Sierra Elvira Mountains, in
the municipality of Atarfe nearby the city of Granada (Southern Spain)
(Fig. 1). The cave was named after speleologists Gustavo Virués Ortega
and José Antonio Martínez Jiménez, who died in the Atlas Mountains
(Morocco) in the spring of 2015. Members of the Iliberis Caving Club
discovered the cave while conducting an inspection of the area. The
entrance to the cave was blocked by natural processes until its recent

discovery. The Virués-Martínez cave is like a “time capsule” of the early
Copper Age burial practices and the archaeological deposit is currently
preserved in situ.

The geological context of the site is Sierra Elvira mountain system
which comprises the southernmost part of the Middle Sub-Baetic system
in the outer regions of the Baetic mountain range. Sierra Elvira is
composed of calcareous rocks of marine origin deposited during the
Mesozoic era around 200 to 145million years ago. The action of
groundwater flowing along tectonic fractures was responsible for the
formation of the subterranean system of which the Virués-Martínez cave
is part of.

The cave has a length of 140m and a maximum depth of 18.5 m
from the entrance. It cannot be affirmed that the current entrance was
the primary entrance to the cave: in fact, access to the cave requires
caving equipment. The cave has a series of chambers where the ar-
chaeological remains were found in an astonishing degree of pre-
servation and arranged around the cave as the prehistoric communities
had left them. The cave may have been used for burial rituals by the
presence of remains of human bones and related grave goods like
pottery vessels and large flint blades. These burials customs has been
documented in other archaeological contexts inside caves in southern
Iberia (Vera, 2014: 122).

In order to date the occupation of the cave, the morphological
features of these vessels and flint blades were compared with the
morphology of archaeological materials found in related sites in the
south of the Iberian Peninsula.

Some of the bowls found in the cave were carinated shapes, which
may be ascribed to the end of 4th millennium BCE and first quarter of
3th millennium BCE (Martínez, 2013: 100).

Similar vessels with globular forms and the carinated shapes have
also been found in other sites such as Los Millares (Almería, Spain),
Polideportivo de Martos (Jaén, Spain), Papauvas (Huelva, Spain), and
Torre de San Francisco (Badajoz, Spain) dated in the same period. The
flint blades found in the Virués-Martínez cave show morphological fea-
tures related with the production of these artefacts in the Copper age in
the Iberian Peninsula (Morgado and Pelegrin, 2012).

Other archaeological sites (burials in caves, megalithic tombs and
pits) dating from the end of the 4th millennium BCE and 3rd

Fig. 1. Location of the Virués-Martínez cave and archaeological sites nearby with evidences of burial rituals.
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millennium BCE have been found near the Virués-Martínez cave (Fig. 1).

3. Material and methods

3.1. Description of potteries

When the cave was discovered, the pieces were arranged around
different areas of the cave (Fig. 2). Different groups of vessels were
identified according to their shape (small vessels, carinated bowls, pots
and globular-shaped vessels) and potential use. Several pieces had small
handles and the surfaces of the vessels were burnished (García et al.,
2017) (Fig. 3).

3.2. Sampling and sample handling

The analytical balance used to weight all the samples was Balance
XS105DU (Mettler Toledo, Greifensee, Zurich, Switzerland). The ana-
lysis of the pottery found in the Virués-Martínez cave was conducted
according to the principles set in Organic Residue Analysis (ORA),
Guidance for Good Practice (Dunne, 2017). To prevent the introduction
of contaminants the vessels were handled with silk nitrile gloves and
immediately wrapped in aluminium foil. To avoid the loss of soluble
residue components all the vessels remained unwashed. After visual
inspection, 17 samples were selected as representative of the different
groups of vessels based on their shape and specific functions. No visible
residues were adhered to the surface of the vessels but the organic

components that absorbed into the clay matrix were investigated as
they can be preserved over many centuries. Samples were removed
from the inner surfaces of each vessel using an electric drill (Dremel)
with a tungsten carbide bit. Sampling was done by first removing the
outermost layer of ceramic, to prevent contamination. Each sample was
crushed and ground into powder in an agate mortar, and accurately
weighed and collected before the GC–MS, GC–C–IRMS and UPLC-HRMS
analysis.

For GC–MS, the following amounts of fine powder from each of the
17 samples were weighed and analysed: VM001 (1.003 g), VM003
(1.031 g), VM004 (1.012 g), VM005 (1.087 g), VM006 (1.080 g),
VM007 (1.049 g), VM015 (0.710 g), VM016 (1.009 g), VM017
(1.002 g), VM018 (1.015 g), VM019 (1.001 g), VM020 (1.009 g),
VM021 (1.047 g), VM022 (1.013 g), VM025 (1.015 g), VM027 (1.016 g)
and VM028 (0.765 g). GC–C–IRMS was only applied to samples VM019
and VM021 due to the no availability of sample powder. Similarly,
UPLC-HRMS was applied to samples VM019 (0.933 g), VM020
(1.033 g), VM021 (1.035 g) and VM025 (1.002 g).

In order to ensure that no contamination was introduced during the
preparation procedure, two soil samples from the cave (1.100 and
1.090 g) were considered blank samples (VM-S1 and VM-S2) and were
analysed with the samples.

3.3. Sample treatment

A modified GC–MS extraction procedure (Evershed et al., 1990) was

Fig. 2. Virués-Martínez cave plan. Pottery vessels location. A. Map view. B. Cross-section view.
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performed using 15mL dichloromethane: methanol (2:1 v/v) as solvent.
For the extraction of lipids, fatty acids and other compounds, the
ceramic powder was sonicated twice for 15min (5133 JP Selecta,
Barcelona, Spain) and centrifugated at 3500 rpm for 5min. The two
extracted liquids were dried in a nitrogen atmosphere at 50–60 °C. Prior
to injection into the chromatograph a derivatization reaction was per-
formed with 500 μL of hexane and 37.5 μL of 3-trifluoromethylphenyl
trimethylammonium hydroxide dissolved in 5% methanol as derivati-
zation reagent. The reaction was carried out in the ultrasonic bath and
took 30min at ambient temperature. This derivatization is based on a
procedure used for characterization of drying oils in paintings that was
developed by our research team and successfully tested in previous
studies (Manzano et al., 2011). Prior to the GC–MS analysis, a measured
amount of internal standard (C13 n-alkane) was added to each sample.
Finally, 2 μL of the derivatized samples were injected into the chro-
matograph.

The UPLC-HRMS extraction procedure was similar to the GC pro-
cedure but in order to identify polar compounds, a mixture of metha-
nol:water (70,30 v/v) with 0.1% of HCl was used as solvent. Finally,
10 μL of the samples was injected into the liquid chromatograph and
analysed by HRMS.

3.4. Analytical techniques

The organic composition of residues in pottery was obtained by
GC–MS, GC-C-IRMS, and UPLC-HRMS. GC–MS analyses were carried
out on an Agilent 6890 N gas chromatograph system (Agilent
Technologies, Palo Alto, CA, USA) coupled to an Agilent 5973 N mass
spectrometer (Agilent Technologies, Palo Alto, CA, USA). The GC was
fitted with an automatic injector (model 7683) and automatic sample
tray (model 7683). An HP-5MS capillary column
(30m×0.25mm×0.25 μm particle size) was used. Samples (2 μL)
were injected using splitless injector at 250 °C. The oven was initially
held at 70 °C for 2min, ramped at 12 °Cmin−1 to 250 °C, and finally
increased to 290 °C at 20 °Cmin−1 and held for 8min. The mass spec-
trometer was operated with an ionization potential of 70 eV and mass
spectra were collected by scanning over the range m/z 50–520 uma.
Instrumental parameters were optimized as described previously
(Manzano et al., 2015). Peak assignments were performed on the basis
of the analysis of available standard compounds and comparing their
mass spectra with those from the Wiley Mass Spectral Library.

A Thermo Delta V Advantage coupled to a Thermo Trace GC Ultra
Gas Chromatograph was used for IRMS detection (ThermoFisher
Scientific, Waltham, MA). A Conflo IV system was the interface and the
reactor temperature (Cu–Ni–Pt) was set at 1000 °C. The mass

Fig. 3. Typology of the pottery vessels found in the Virués-Martínez cave: small vessels, carinated bowls, pots and globular-shaped vessels.
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spectrometer source pressure was 1.9× 10–06mbar. The GC was fitted
with an HP-1 column (30m×0.25mm ID×0.25 μm). The carrier gas
was helium and the GC oven was programmed at 70 °C for 2min,
ramped at 12 °Cmin−1 to 250 °C, and finally increased to 290 °C at
20 °Cmin−1 and held for 8min. Carbon isotope ratios are reported in
the standard delta notation relative to the Pee Dee Belemnite (PDB)
standard. The results were expressed as δ13C
(%)= [(Rsample− Rstandard) / Rstandard], where R is 13C/12C in per
mil. To obtain accurate and reproducible δ13C values, triplicate injec-
tions were performed for each sample. CO2 gas of a known isotopic
composition was used as working reference standard. Mass balance

corrections were made for the methyl group added during the methy-
lation process: δ13Csample= (29× δ13Cmeasured− δ13Cmeoh)/28, where
δ13Cmeoh. 1σError, based on repeated analysis of an external fatty acid
methyl ester (FAME) standard through the sample runs, was 0.2‰.

UPLC–HRMS analysis was performed on a Waters Acquity UPLC™ H-
Class system (Waters, Manchester, UK), consisting of an ACQUITY
UPLC™ binary solvent manager and an ACQUITY UPLC™ sample man-
ager. An ACQUITY UPLC HSS T3™ column (1.8 μm, 2.1mm×100mm)
(Waters, UK) was used for the separation of compounds. A Synap G2
quadrupole tandem time of flight (QTOF) mass spectrometer (Waters),
equipped with an orthogonal Z-spray™ electrospray ionization (ESI)

Fig. 4. Chromatograms from a) VM019 and b) VM 016.
1 (C9:0); 2 (C10:0); 4 (C12:0); 10 (C14:0); 14 (C15:0); 18 (C16:1(n-9 Z)); 19 (C16:0); 24 (C17:0); 28 (C18:1(n-9 Z)); 30 (octadecanenitrile); 33 (C22H46); 34 (C19:0);
35 (C23H48); 36 (C20:0); 37 (C21:0); 38 (9-octadecenamide); 39 (C20H42); 40 (C22:0); 42 (C23:0); 44 (C24:0); 45 (C28H58); 47 (C29H60); 48 (C26:0).
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source was used for the determination of molecular formulae.
Chromatographic separation was done with a binary gradient mobile
phase consisting of 0.5% (v/v) aqueous acetic acid solution (solvent A)
and acetonitrile (solvent B). The flow rate was 400 μLmin−1, the
column was kept at 40 °C, and the injection volume was 10 μL. Gradient
conditions were as follows: initial mobile phase 95% (A), which was
linearly decreased to 0% (A) within 15.0 min and held for 1.0min in
order to maintain the column using 100% organic mobile phase.
Finally, back to 100% in 0.1 min and held for 1.9 min to equilibrate the
column. Total run time was 18.0min.

The QTOF mass spectrometer was operated with ESI in positive and
negative ion mode. The QTOF parameters were optimized in order to
obtain the maximum accuracy in mass molecular formulae determina-
tion. The main mass spectrometer parameters were: capillary voltage,
2.8 kV; cone voltage, 25.0 V; source temperature, 100 °C; desolvation
temperature, 500 °C; cone gas flow, 40 Lh−1; desolvation gas flow,
800 Lh−1. Nitrogen (99.995%) was used as cone and desolvation gas.
The working mass range was between 50.0 uma and 1200.0 uma in
positive mode.

4. Results

4.1. GC–MS and GC-C-IRMS results

Lipids absorbed onto pottery vessels were extracted according to the
methodology described above. The chromatographic results showed
that lipid preservation was similar in the 17 analysed samples. The
values of Total Lipid Extract (TLE) were between 104 and 240 μg·g−1,
that is> 5 μg·g−1 in all the samples. The analysis revealed no sig-
nificant peaks in the blank samples.

GC–MS revealed the presence of common contaminants in archae-
ological sites such as phthalate plasticisers from plastic bags. In parti-
cular 1,2-benzenedicarboxylic acid, diethyl ester (ethyl phthalate) (m/
z=222), 1,2-benzenedicarboxylic acid, dibutyl ester (butyl phthalate)
(m/z=278) and 1,2-benzenedicarboxylic acid, bis(2-ethylhexyl) ester
(bis(2-ethylhexyl) phthalate) (m/z=390) were present in almost all
samples analysed. Nevertheless the chemical profiles of these com-
pounds are easily identifiable and do not prevent the correct inter-
pretation of analytical data. Thus, in order to simplify the results they
were removed from the chromatograms and tables. No significant
amounts of cholesterol or squalene were identified in the residue or soil
samples analysed. The comparison of lipids absorbed onto the vessels
(once the outermost layer was removed) with blank samples using
GC–MS suggested that the environmental and/or burial contamination
did not affect the interpretation of the residue chromatograms.

The 17 samples analysed yielded good chromatograms after the
extraction and derivatization of the lipid content from the vessels. The
lipid distribution was similar for all the samples: LCFAs (long-chain
fatty acids), n-alkanes, n-alkanols and unsaturated FAs (fatty acids).
Fig. 4 shows two representative chromatograms (VM019 and VM 016).
All the compounds separated and identified from the samples are listed
in Table 1 (compounds #1 to #51); their time of retention (tR) and
mass-to-charge ratio (m/z) are also shown.

In order to facilitate the interpretation of the original content of the
vessels, the identified compounds were grouped by chemical category
(see Table 2). The compounds found at higher concentrations are in
bold. The 17 pottery pieces were classified according to their shape and
potential intended use into the following four groups: vessels (VM016,
VM027 and VM028), carinated bowls (VM005, VM007, VM015, VM020
and VM021), pot-shaped vessels (VM003, VM004, VM006 and VM019),
and globular-shaped vessels (VM001, VM017, VM018, VM022 and
VM025).

Palmitic (C16:0) and stearic (C18:0) methyl esters were the domi-
nant components in all the samples. Table 2 also shows the estimated
C18:0/C16:0 and C18:1/C16:0 ratios, although they do not provide
unequivocal information regarding the origin of the lipid components.

Table 1
Compounds identified in the 17 samples by GC–MS. The compounds identified
in each of the 17 samples are specified at the bottom of the table.

# tR m/z Identified compound

1 7.800 172 Nonanoic acid, methyl ester
2 8.996 186 Decanoic acid, methyl ester
3 11.010 194 1,4-Benzenedicarboxylic acid, dimethyl ester
4 11.192 214 Dodecanoic acid, methyl ester
5 11.207 214 Undecanoic acid, 10-methyl-, methyl ester
6 12.207 228 Tridecanoic acid, methyl ester
7 12.509 226 Dihydro methyl jasmonate
8 12.812 242 Tridecanoic acid, 12-methyl-, methyl ester
9 12.964 268 Pentadecane, 2,6,10,14-tetramethyl
10 13.161 242 Tetradecanoic acid, methyl ester
11 13.812 256 Methyl 13-methyltetradecanoate
12 13.903 282 Hexadecane, 2,6,10,14-tetramethyl
13 13.918 296 9-Octadecenoic acid (Z)-, methyl ester
14 14.069 256 Pentadecanoic acid, methyl ester
15 14.569 210 1-Pentadecene
16 14.615 270 Pentadecanoic acid, 14-methyl-, methyl ester
17 14.751 237 Hexadecanenitrile
18 14.766 268 9-Hexadecenoic acid, methyl ester, (Z)
19 14.933 270 Hexadecanoic acid, methyl ester
20 15.008 292 Methyl-3-(3,5-ditertbutyl-4-hydroxyphenyl) propionate
21 15.160 226 Hexadecane
22 15.523 284 Hexadecanoic acid, 14-methyl-, methyl ester
23 15.569 282 Nonadecane
24 15.750 284 Heptadecanoic acid, methyl ester
25 16.129 280 Cycloeicosane
26 16.144 252 1-Octadecene
27 16.311 294 9,12-Octadecadienoic acid (Z,Z)-, methyl ester
28 16.356 296 9-Octadecenoic acid (Z), methyl ester
29 16.401 296 9-Octadecenoic acid (E), methyl ester
30 16.417 265 Octadecanenitrile
31 16.553 298 Octadecanoic acid, methyl ester
32 16.977 255 Hexadecanamide
33 17.098 310 Docosane
34 17.295 312 Nonadecanoic acid, methyl ester
35 17.780 324 Tricosane
36 17.962 326 Eicosanoic acid, methyl ester
37 18.552 340 Heneicosanoic acid, methyl ester
38 18.598 309 9-Octadecenamide, N,N-dimethyl ester
39 18.931 282 Eicosane
40 19.082 354 Docosanoic acid, methyl ester
41 19.461 366 Hexacosane
42 19.628 368 Tricosanoic acid, methyl ester
43 20.037 380 Heptacosane
44 20.218 382 Tetracosanoic acid, methyl ester
45 20.658 394 Octacosane
46 20.885 396 Pentacosanoic acid, methyl ester
47 21.400 408 Nonacosane
48 21.658 410 Hexacosanoic acid, methyl ester
49 23.688 438 Heptacosanoic acid, 25-methyl-, methyl ester
50 23.703 438 Octacosanoic acid, methyl ester
51 26.302 298 1-Eicosanol

VM001: 1; 4;7; 10;17;19;24;28;30;31;35;36;39.
VM003: 1;4;7;9;10;12;14;16;19;24;26;27;28;31;36;39;40;42;48.
VM004: 1;4;7,10;17;19;23;28;30;31;35;36;39;41;48;50.
VM005: 1;4;7;10;14;19;24;28;30;31;35;38;39.
VM006: 1;2;4;5;7;10;14;17;19;23;25;28;30;31;35;38;39;40.
VM007: 1;2;4;7;10;14;16;18;19;22;25;28;30;31;35;38;39;41.
VM015: 1;2;4;7;10;14;16;18;19;22;24;27;28;30;31;33;35;36;39;40;41;44.
VM016: 1;2;4;7;10;14;15;16;19;28;30;31;35;38;39;45;47.
VM017: 1;2;4;10;14;16;17;19;23;24;28;30;31;38;39.
VM018: 1;2;4;7;10;14;17;19;22;28;30;31;35;36;38;39;40;43;44;48;49;51.
VM019:
1;2;3;4;6;8;10;11;13;14;16;18;19;22;23;24;27;28;31;36;37;39;40;42;44;46;48.
VM020: 1;2;4,7;10;14;16;17;19;31;32;34;36;39.
VM021: 1;4;7;16;19;24;28;30;31;36;40;44;47;48;49.
VM022: 4;10;17,19;21;28;30;31;36;36;39;40;43.
VM025: 1;2;4;7;10;14,17;19,20;23;24;28,30;31;33,36;39,47.
VM027: 1;2;4;10;14,16;18;19;22;28;29;31;36;38;40;48.
VM028: 1;2;4;7;10;14;16;17,19;22;28;30;31;36;38;39;40;41;44;48.
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Table 2
Compounds identified in each sample classified into categories. Highest concentrations are in bold. Cx:y refers to fatty acids with carbon number (x) and number of
unsaturations (y). C15H29N, C16H31N, C17H33N, C18H35N (penta, hexa, hepta, octadecanenitrile); C16H33NO (hexadecanamide); C20H39NO (9-octadecena-
mide); C13H22O3 (dihydromethyljasmonate); C18H28O3 (methyl3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate); HC15br (2,6,10,14-tetramethyl); HC16br
(2,6,10,14-tetramethyl); C11:0br (10-methyl); C13:0br (12-methyl); C14:0br (13-methyl); C15:0br (14-methyl); C16:0br (14-methyl); C27:0br (25-methyl);
C20H420 (1-eicosanol); C18H34O2 (methyl 8-(2-hexylcyclopropyl)octanoate); C10H10O4 (1,4-benzene dicarboxylic acid, dimethyl ester); C14H22O (p-(1,1,3,3-
tetramethylbutyl)phenol); C15H30, C18H36 (1-penta,1-octadecene); C20H40 (1-eicosene); C16H34, C17H36, C18H38, C19H40 (hexa, hepta, octa, nonadecane);
C20H42 (eicosane); C22H46, C23H48, C25H52, C26H54, C27H56, C28H58, C29H60 (doco, tri, penta, hexa, hepta, octa, nonacosane).

VM01 VM017 VM018 VM022 VM025 VM03 VM04 VM06 VM019

Saturated fatty acid Short-chain C9:0
C10:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

C12:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

C9:0
C12:0
C14:0
C16:0
C18:0

C9:0
C12:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

Odd-chain C17:0 C15:0 C15:0 C15:0
C17:0

C15:0
C17:0

C15:0 C15:0
C17:0

Long-chain C20:0 C20:0
C22:0
C24:0
C26:0

C20:0
C22:0

C20:0 C20:0
C22:0
C23:0
C26:0

C20:0
C26:0
C28:0

C23:0 C20:0
C21:0
C22:0
C23:0
C24:0
C25:0
C26:0

Branched-chain fatty acids C15:0br
C16:0br

C15:0br
C16:0br
C27:0br

C15:0br C11:0br C13:0br
C14:0br
C15:0br
C16:0br

Unsaturated fatty acid C18:1(Z) C18:1(Z) C18:1(Z) C18:1(Z) C18:1(Z) C18:1(Z)
C18:1(E)
C18:2(Z,Z)

C18:1(Z) C18:1(Z) C16:1
C18:1(Z)
C18:2(Z,Z)

Saturated hydrocarbons C20H42 C20H42 C23H48 C25H52 C27H56 C16H34
C20H42
C23H48
C27H56

C19H40
C20H42
C22H46
C29H60

C22H46
C23H48
C26H54

C19H40
C23H48
C25H52
C29H60

C19H40
C20H42
C23H48

C20H42

Unsaturated hydrocarbons C20H40 C18H36
C20H40

C20H40

Branched-chain hydrocarbons HC15br
HC16br

Nitriles C16H31N
C18H35N

C15H29N
C18H35N

C15H29N
C17H30N

C15H29N
C18H35N

C16H31N
C18H35N

C15H29N
C18H35N

9-Octadecenamide C20H39NO C20H39NO
Amides C20H39NO
Others C13H22O3 C20H420

C13H22O3
C14H22O C13H22O3 C13H22O3

C18H28O3
C13H22O3 C13H22O3 C18H34O2

C10H10O4
C16:0/C18:0 0.91 1.57 2.26 0.83 1.26 0.46 1.15 0.78 1.19
C18:1/C16:0 0.28 0.19 0.21 0.30 0.33 0.87 0.36 0.36 0.49

VM05 VM07 VM015 VM020 VM021 VM016 VM027 VM028

Saturated fatty acid Short-chain C9:0
C12:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

C9:0
C12:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

C9:0
C10:0
C12:0
C14:0
C16:0
C18:0

Odd-chain C15:0
C17:0

C15:0 C15:0
C17:0

C15:0
C19:0

C15:0 C15:0

Long-chain C20:0
C22:0
C24:0

C20:0 C20:0
C22:0
C24:0
C26:0

C20:0
C22:0

C20:0
C22:0
C24:0
C26:0

Branched-chain fatty acids C15:0br
C16:0br

C15:0br
C16:0br

C15:0br C15:0br
C16:0br

C15:0br
C16:0br

C15:0br
C16:0br

C15:0br
C16:0br

Unsaturated fatty acid C18:1(Z) C16:1
C18:1(Z)

C16:1
C18:1(Z)
C18:2(Z,Z)

C18:1(Z) C16:1
C18:1(Z)
C18:1(E)

C18:1(Z)

Saturated hydrocarbons C20H42
C23H48

C20H42
C26H54

C22H46
C23H48
C25H52

C20H42 C17H36
C23H48
C25H52
C28H58
C29H60

C18H38
C25H52

Unsaturated hydrocarbons C18H36 C20H40 C15H30
Branched-chain hydrocarbons
Nitriles C18H35N C18H35N C18H35N C16H31N C18H35N C18H35N C18H35N

(continued on next page)
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In residues from samples VM001, VM003, VM006, VM015, VM016,
VM020 and VM022, C18:0 was slightly more abundant than C16:0
(C16:0/C18:0≤ 1), while in the remaining ten samples C16:0 was
slightly more abundant, suggesting an animal origin for fats extracted
from the first seven vessels cited (Evershed et al., 1997; Dudd and
Evershed, 1998; Kimpe et al., 2004). A particularly high content of
C16:0 was found in the VM018 residue. The identification of other
compounds will be discussed below. However, other species detected in
the chromatograms could not be specifically identified (assignment
lower than 90%) by comparing with the verified reference spectra from
the NIST Mass Spectral Library. The identification of these compounds
would require further analysis and they have not been included in the
table. For some selected samples, the GC–MS studies were com-
plemented with GC-C-IRMS and UPLC-HRMS analyses.

Table 2 shows the abundance of odd, even and branched-chain sa-
turated fatty acids (C9:0–C26:0) and unsaturated fatty acids (C16:1,
C18:1, C18:2) in 16 of the 17 samples. The presence of methyl-branched
fatty acids (MBFAs) has been typically linked to bacterial sources (Hauff
and Vetter, 2009). Polyunsaturated fatty acid (C18:2) was also detected
in high concentrations in samples VM003 and VM019 from the pot-
shaped group and in sample VM015 from the carinated group. In ad-
dition, small to trace amounts of short-chain fatty acids (C9:0, C10:0,
C12:0 and C14:0) were found in the 17 samples analysed, except in
VM022 vessel. These acids are common components of animal fat
(degraded dairy fats) (Spangenberg et al., 2006). The presence of the
mixture of positional isomers of 9-octadecenoic acid (C18:1 [Z] and
C18:1 [E]) identified in samples VM003 and VM027 suggests a mono-
gastric or non-ruminant origin (Evershed et al., 1997). Long-chain fatty
acids in combination with unsaturated fatty acids in high proportions
suggest the presence of plant and animal-derived fats, the latter prob-
ably coming from ruminants feeding on a plant-based diet (Halmemies-
Beauchet-Filleau et al., 2014). Odd long-chain alkanes present in plant
leaf waxes and beeswax were detected in many samples, often in high
concentrations (Table 2). The source of these compounds cannot be
clearly identified but long-chain fatty acids in combination with un-
saturated fatty acids and hydrocarbons are consistent with their being
used in these vessels. Additionally, the significant content of eicosanol
in sample VM018 and of C24:0 in samples VM015, VM018, VM019,
VM021 and VM028 suggests the some kind of waxy materials in these
vessels. Similar results supporting this suggestion have been reported
previously (Regert et al., 2001; Evershed, 2008; Maia and Nunes, 2013;
Roffet-Salque et al., 2015). Phenolic content (28-ol) in sample VM018
and n-nonacosane in VM016, VM021 and VM025 can be attributed to
plants related to the genus Brassica (Cartea et al., 2011).

Odd-chain fatty acids (C15:0–C17:0) and branched-chain fatty acids
(C13:0br–C16:0br) were present in most of the samples analysed which
can be explained by the fact that decomposition of the organic matter
preserved in pottery is largely accomplished by bacteria during de-
position (Hauff and Vetter, 2009). These acids may have a ruminant
origin or their presence may be due to microbial contamination
(Mottram et al., 1999; Dudd et al., 1999). Consequently, the results
need to be interpreted in conjunction with the compound specific iso-
topic analysis of organic residues in selected samples VM019 and
VM020. The most abundant fatty acids, octadecanoic (C18:0) and
hexadecanoic (C16:0), were then classified according to their carbon
isotopic composition using GC-C-IRMS. Table 3 shows the δ13C values.
Carbon isotopic composition of stearic acid (δ13C18:0) versus palmitic

acid (δ13C16:0) of modern animal and plant fats and oils from Europe
(Dudd and Evershed, 1998; Kimpe et al., 2004; Spangenberg et al.,
2006) were used as reference samples and used for comparison with the
δ13C values of the VM020 sample (δ13C18:0=−33.995‰;
δ13C16:0=−30.484‰). The δ13C values fall within the ruminant
dairy fat cluster in the δ13C16:0 vs δ13C18:0 plot (Fig. 5). The results
can also be plotted as Δ13C vs δ13C16:0 (where
Δ13C= δ13C18:0− δ13C16:0). The value obtained for VM020 residue
(−3.511) plots in the area for ruminant milk fats (Evershed et al., 2008;
Copley et al., 2005) and as such is consistent with animals fed on C3
plant diets, isotopically representative of the archaeological period
(Bender, 1971). The results also suggest the presence of adipose fat for
carbon isotopic signatures where Δ13C is lower than −3.3‰, a value
generally related to milk fats (Craig et al., 2012). The isotope values
plotted for sample VM019 (δ13C18:0=−26.904‰;
δ13C16:0=−28.402‰) (Table 3) were not clear but the residues seem
to contain a mixture of ruminant and non-ruminant fats (Fig. 5).
Nevertheless, the Δ13C value (−1.498) against δ13C16:0 plots in the
cluster for ruminant adipose fat (Evershed et al., 2008). These data
indicate that the animals consumed a mainly C3 plant diet (Bender,
1971). Fig. 5-b supports ruminant dairy fats (VM019 sample) (Saliu-
Modugno et al., 2011).

In addition, Nitrogen-derived compounds (C15H29N, C16H31N,
C17H30N, C18H35N) were identified by GC–MS on the surface layer of
most vessels. The occurrence of alkyl nitriles has been attributed to the
burning of organic matter containing alkyl amides (Simoneit et al.,
2003). The presence of alkyl amides (C16H33NO, C20H39NO) in the
residues could be explained by reactions between fatty acids and am-
monia naturally occurring during biomass burning. Although the origin
of these compounds in the Virués-Martínez cave should be further in-
vestigated, emissions from meat grilling have been reported as source of
alkyl nitriles and alkyl amides (Rogge et al., 1991).

4.2. UPLC-HRMS results

Complementary information from UPLC–HRMS helped in the in-
terpretation of the results. UPLC-HRMS analysis was used to determine
the molecular formula of the compounds adsorbed to samples VM019,

Table 2 (continued)

VM05 VM07 VM015 VM020 VM021 VM016 VM027 VM028

9-Octadecenamide C20H39NO C20H39NO C20H39NO
Amides C16H33NO C20H39NO C20H39NO
Others C13H22O3 C13H22O3 C13H22O3 C13H22O3 C13H22O3 C13H22O3 C13H22O3
C16:0/C18:0 1.20 1.62 0.96 0.71 1.07 0.84 1.34 1.09
C18:1/C16:0 0.42 0.38 0.45 – 0.28 0.34 0.38 –

Table 3
GC-C-IRMS measurements of duplicated VM19 and VM020 samples. Carbon
isotopic composition of carbon (13C/12C isotopic composition of the palmitic/
stearic acids ratio) was expressed as δ13C value in ‰ vs. Vienna Pee Dee
Belemnite limestone standard (VPDB).

Sample δ13C/δ12C

C16:0 C18:0

VM019 −26.87 −28.42
−26.91 −28.42
−26.94 −28.36

Average
SD

−26.90
0.04

Average
SD

−28.40
0.04

VM020 −30.52 −34.08
−30.44 −33.95
−30.49 −33.96

Average
SD

−30.48
0.04

Average
SD

−34.00
0.08
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VM020, VM021 and VM025. Fig. 6 shows the chromatograms of a
blank and sample VM020 obtained by UPLC-HRMS. The mass spectrum
profile was obtained in positive ion mode, using Leu-enkephalin and
Sodium formate as internal and external standard for HRMS calibration.
The molecular formulas are listed in Table 4. In addition, the table
shows the precursor ion and major and minor fragments found for the
proposed structures. One or more major fragments and several minor
fragments were identified for all compounds. Therefore, the identifi-
cation was based not only in the precursor ion but also in the presence
of major and minor fragment ions, which helped in the identification.
Since the chromatograms of blank samples show no peaks, it is assumed
that all the detected peaks are attributed to the samples.

Accurate mass measurements and fragment patterns were used for
structure confirmation. C22H43NO (accurate mass: 338.3411) was de-
tected in all the samples analysed and was identified as erucamide, a
fatty acid amide usually present in plant root exudates and cereal (Lu
et al., 2014). In VM020 and VM021 samples, piptamine and o-demethyl
forbexanthone have been attributed to C23H41N (accurate mass:
332.3317) and C18H14O6 (accurate mass: 327.0869), respectively.
Piptamine, produced by Piptoporus betulinus fungus, grows on birch
trees and has been used for its medicinal properties for millennia. O-
demethyl forbexanthone is found in Rheedia brasiliensis trees (Meighan
et al., 1958). In VM020 sample, piceatannol (3,3′,4′,5-tetrahydroxy-
trans-stilbene) is the proposed compound for the molecular formula
C14H12O4 (accurate mass: 245.0805). Piceatannol is a natural stilbene
polyphenol occurring in a number of plant species, including grapes
(Vitis vinifera), and has been reported to exhibit anticancer and anti-
inflammatory properties (Bavaresco et al., 2002) (Matsui et al., 2010).
In VM021 sample, matricarin is the proposed compound attributed to
C17H20O5 (accurate mass: 277.1804), a sesquiterpene found in the es-
sential oil obtained from Matricaria chamomilla.

5. Discussion

A total of 17 pottery vessels (small vessels, carinated bowls, pots
and globular-shaped pieces) were recovered from the Virués-Martínez
cave. The discrimination of the source of compounds identified re-
presents a challenge mainly due to the lack of specific biomarkers
(Evershed, 2008) and to degradation during cooking processes. Few
chemical fingerprints have been found in the residues that provide
evidence of past human activity in the Virués-Martínez cave. Never-
theless, the molecular and isotopic studies revealed no significant mi-
gration of lipids from the surrounding soil to the buried potsherds. GC
screening revealed few signs of oxidative damage and extremely good
preservation of unsaturated fatty acids, high abundances of short-chain

fatty acids. The absence of dicarboxylic acids that are coming from the
degradation of unsaturated fatty acids reinforce the excellent con-
servation state of the organic residues. Waterlogging and extreme de-
siccation may preserve residues in burial environments. The presence of
alkanoic acids (C16:1, C18:1, C18:2) found in most of the archae-
ological residues analysed could be supported by the absence of oxi-
dative environment in the cave.

The combination of GC–MS and GC-IRMS information allows the
confirmation of the residues broadly resembling mixture of animal fats
and vegetal matter preserved inside the vessels. Based on the alkanoic
distribution pattern it is not possible to understand the origin of the
vegetal and animal fats identified in the residues, but probably the
vessels had multiple uses, with accumulation of by-products over time,
before being deposited as burial goods. In ten of the 17 analysed
samples, C16:0 was more abundant than C18:0 (C16:0/C18:0 > 1),
which is indicative of vegetal oil. Since fatty acids are susceptible to
oxidative degradation, the ratios showed in Table 1 (C16:0/C18:0 and
C18:1/C16:0) have been interpreted with caution.

Additionally, a high abundance of odd, even and branched-chain
saturated fatty acids (C9:0-C26:0) is observed in practically all samples.
Linear odd-chain and branched-chain fatty acids are one of the main
degradation products of the fermentation of dietary carbohydrates in
the rumen (Baeten et al., 2013). Microbial contamination could also be
the source of odd and branched-chain fatty acids owing to the pro-
longed contact of the residues with soil organic matter (Mottram et al.,
1999; Dudd et al., 1998).

On the other hand, no remains of animal processing were detected
from the analysis of surrounding soil and migration or leaching of lipids
from the soil to the buried vessels was shown to be negligible.

The fatty acids of low molecular weight (C9:0–C14:0) occurring in
most of the archaeological samples analysed are common components
of degraded milk fat (Copley et al., 2005). Indeed, ruminant milk fats
were the dominant type of fat found in residues from vessels from all
the phases of the Neolithic (Smyth and Evershed, 2015). However, the
attribution of the fat source based on the detection of short chain fatty
acids is still open to discussion. The isotopic analyses on sample VM020
are consistent with the presence of dairy fat. In VM019 sample, the
source of fatty acids remains unclear as the results plot between the
non-ruminant and ruminant adipose fat clusters.

In addition, lignoceric acid (C24:0) and/or C21, C22, C23, C25, C28
hydrocarbons were found in some of the residues extracted from pot-
tery vessels of different shapes. In addition to lignoceric acid (C24:0),
eicosanol was also identified in VM018 sample, a globular-shaped
vessel. Waxy residues could be suggested in some vessels, particularly
in those where animal fat was also identified. The detection of dairy

Fig. 5. Scatterplots of (a) δ13C values of C16:0 fatty acid against the C18:0 fatty acid extracted from modern reference fats as reference samples (Mileto et al., 2017)
and (b) δ13C values of C16:0 against the Δ13C values (δ13C18:0–δ13C16:0).
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product residues would have explained the presence of waxy materials
as this may have been used to waterproof the inside of vessels for
handling low-lipid content liquids (Rojo et al., 2008). Phenolic content
(28-ol) and n-nonacosane in some residues can be attributed to Brassica
vegetables (Cartea et al., 2011). No characteristic terpenoid biomarkers
in degraded resins were found.

Unsaturated fatty acids (C16:1, C18:1, C18:2) and fatty acid of high
molecular weight (C20:0–C26:0) identified by GC–MS suggest the
handling of vegetable oil. The highest levels of C18:2 and C18:1 isomers
found have been related to the presence of some kind of cereal
(Evershed et al., 1997) and supported by the results from the UPLC-
HRMS analyses. From the molecular formula identified by HRMS, the
identified compounds were components of cereal, an essential oil and a
fungus. The high levels of C18:0 and C18:1 in sample VM003 suggest
the presence of degraded residues of large herbivore meat cooked with
plants and large herbivore bone marrow.

No relationships were found between the presence of specific mar-
kers and vessel shape and therefore between shape and function, as has
been reported in the literature (Rice, 2015).

Information from other archaeological contexts from the Neolithic
and Copper Age from the Iberian Peninsula was used for the inter-
pretation of the chemical results. The presence of beeswax in Copper
Age vessels in the Iberian Peninsula has been documented previously
(Rojo et al., 2008) and the analysis of 6000 potsherds from different
archaeological sites in Europe, North Africa and Near East revealed that
the exploitation of bee products started 9,000 years ago (Roffet-Salque
et al., 2015). In the 130 fragments analysed for this study no remains of
beeswax were found probably due to the poor preservation of this
compound. Despite this, evidence of the exploitation of honey in the
Iberian Peninsula has been documented in the form of rock art (Dams,
1983). Regarding animal fat in vessels, its presence has been docu-
mented in archaeological sites in the Iberian Peninsula (Manzano et al.,
2015), sometimes related to burial contexts, like the megalithic tomb of
Monte de Os Escurros (Pontevedra, Spain) (Prieto et al., 2005). As for
dairy products, some studies have reported the presence of traces in
archaeological sites of the Iberian Peninsula (Manzano et al., 2015) in
Neolithic (Martí et al., 2009) and Copper Age contexts (Rojo et al.,
2008), sometimes also related to burial contexts. A painted carinated-

Fig. 6. Blank (1) and VM20 (2) archaeological samples obtained by UPLC-HRMS.
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vessel with incised decoration dating from the end of the 5th millen-
nium BCE was found next to the head of a body in a burial site in
Segudet (Andorra) (Martí et al., 2009; Guerra et al., 2011–12). A study
on 2000 potsherds from different archaeological sites in the Near East
concluded that the consumption of dairy products was common in the
Neolithic communities of the 7th millennium BCE (Evershed et al.,
2008). In Europe there are studies about the consumption of milk by the
first agricultural communities (Evershed et al., 2008; Salque et al.,
2013). Some studies conclude that the domestication of the animals was
initially focussed on the exploitation of milk rather than meat (Vigne
and Helmer, 2007). The remains in the vessels from the Virués-Martinez
cave are consistent with the results obtained from other archaeological
sites about the consumption of dairy products in the Iberian Peninsula
during the Neolithic and Copper Age.

Signs of fire were also observed on the outermost surface samples
VM005, VM006, VM015, VM019, VM020 and VM021, supporting that
they were used for cooking. Nevertheless, it is very difficult to distin-
guish if the presence of signs of fire is evidence of cooking practices or
the result of pottery production process, or even from both sources.
Markers from food in contact with very high temperatures such as
polycyclic aromatic hydrocarbons (PAHs) have been not identified in
any residue. The pyrolysis of proteinaceous materials promotes the
formation of nitrogen derivatives and the occurrence of alkyl nitriles
has been attributed to burning of organic matter containing alkyl
amides (Simoneit et al., 2003). N-containing compounds identified by
GC–MS in residues (hexa-, octa-decanenitrile) supported by the UPLC-
HRMS results (C8H9N7, C21H37N, C24H43N5, C23H41N) suggest
complex reactions taking place during long periods of heating (cooking)
on an open fire, but this cannot be confirmed. On the other hand,
bacterial proteins in the rumen involved in heat treatments (cooking or
roasting of protein foods) produce N-compounds derivatives (even
humic acid) (Zang et al., 2000). The presence of erucamide (13-doc-
osenamide) and oleamide (9-octadecenamide) in archaeological re-
sidues has been related to chemical contamination but it has also been
reported in some oils and in emissions from meat cooking/grilling
(Rogge et al., 1991). The no significant alkyl amides content in the two
blank soil samples analysed suggests that the presence of these com-
pounds in some of the vessel samples is related to reactions of fatty
acids with ammonium salts from protein decomposition during burning
and other combustion processes carried out inside the vessels (Wang
et al., 2017).

6. Conclusions

GC–MS, GC-C-IRMS and UPLC-HRMS analyses were performed for
identification of the organic residues extracted from the pottery vessels
recovered from the Virués-Martínez cave. To our knowledge, despite the
benefits and multiple uses of UPLC-HRMS, this is the first report on the
use of this technique on archaeological residues. The results show the
potential usefulness of UPLC-HRMS techniques to complement the
study of the polar fraction of the residues, thus allowing a deep pro-
filing of the organic residues that should be integrated with faunal,
archaeobotanical and zooarchaeological evidence. Our results showed
evidence of the presence of vegetal oils in all samples analysed and of
fatty acids compatible with ruminant fat (possibly dairy fat) in some of
the samples. It is very likely that the vessels had a multi-functional use
and were not made exclusively for funerary practices. Consequently,
the accumulation of by-products formed over time may explain the
presence of the different residues identified. In addition, no relations
were observed between the residue content and vessel shapes; there-
fore, vessel typology does not seem to be related to the functions or use
of the pieces.

Knowledge about the functions of the vessels may shed light on the
daily activities of prehistoric communities, agriculture and livestock,
food consumption, as well as burial practices. In the present study, all
these activities are interrelated in the symbolic practices of the pre-
historic communities at the end of the 4th millennium BCE. The ana-
lysis of the vessel contents, traces of exposures to fire, erosion of the rim
show that the vessels were used for cooking and food consumption
before being used as burial goods.

The pottery vessels found were complete and the lack of archae-
ological materials from later periods indicates that the cave may have
been sealed at prehistoric time. This, together with the environmental
conditions of the cave, has allowed the preservation of samples for
different analyses. Finally, the stratigraphy of the cave has not been
altered by anthropic factors. For these reasons, the Virués-Martínez cave
offers a great potential for research and can provide elements for debate
regarding funerary rituals of the prehistoric communities in the late 4th
and early 3rd millennium BCE in the south of the Iberian Peninsula in a
way that can be contrasted with megalithic tombs.
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