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Understanding exposure of pottery vessels to fire is an important question in the agenda of researchers studying
how prehistoric pottery was used to prepare food and the reasons leading to its widespread adoption across the
world. In the case lipid residues from cooking, making sense of the range of biochemical compounds synthesised
by the application of significant amounts of heat (i.e > 100 °C) to lipid residues can reveal different use patterns
in the repertoires of the earliest pottery productions. While knowledge about the thermal degradation of fats in
archaeological pottery has been available since the mid-nineties, this paper presents and describes two previ-
ously unreported biomarkers detected during ongoing research on the earliest Mediterranean farming societies:
the ketonic decarboxylation of saturated fatty acids and dicarboxylic acids resulting in very long chain oxo fatty
acids, and, the cyclisation of monounsaturated fatty acids yielding w-(2-alkylcyclopentyl)alkanoic acids.
Therefore, combining experimentation with the analysis of several sets of Neolithic pottery, this paper aims at
updating the available data on the range of known biomarkers for lipid thermal alteration by characterising said

unreported compounds and facilitating their detection in further studies.

1. Introduction

Over the past 30 years, the analysis of ancient fats trapped inside
ceramic vessels has demonstrated great potential to understand the role
pottery played amongst prehistoric societies, even those which used it
for the first time (Craig et al., 2013; Drieu et al., 2021; Dunne et al.,
2016; Heron et al., 2015; Lantos et al., 2018; Reber and Evershed, 2004;
Tiikerkul-Biyik and Ozbal, 2008). Its exposure to an element as trans-
formative as fire in activities of cooking and heating food has been
repeatedly considered by researchers trying to understand how and why
pottery was used for the first time in distinct parts of the world (de Groot
et al., 2017; Giindiizalp, 2021; Le Miere and Picon, 1999; Miyake, 2017;
Ozbal, 2023). Interestingly, evidence for the prolonged heating of
ancient fats is widespread amongst hunter-gatherer Jomon pottery from
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the 13th millennium BCE and nearby regions (Craig et al., 2013; Junno
etal., 2020; Lucquin et al., 2016) but is lacking among the residues from
early Holocene African hunter-gatherer vessels dating to the 8th and 7th
millennia BCE (Dunne et al., 2012, 2013, 2016). The protracted heating
of lipids has also been detected in 7th and 6th millennia BCE vessels
from Anatolian and Northern Mesopotamian early farming sites (Breu
et al., 2021a; Evershed et al., 2008b; Ozbal et al., 2013). However, due
to differences in the extraction methods employed and the use of specific
SIM methods, it is difficult to ascertain the relevance of cooking amongst
the first uses of pottery in these regions. Improving our understanding of
the set of biomarkers indicating the application of significant amounts of
heat (i.e > 100 °C) to lipids during vessel use can thus help reveal the
existence of different cooking techniques, aid in the study of the multiple
vessel shapes appearing in the repertoires of the earliest pottery
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productions or better explain the role of pottery in ritual contexts.

While knowledge about the thermally degraded fats in archaeolog-
ical pottery has been available since the mid-nineties (ex: Evershed
et al., 1995) and has been included in most reviews on the practice of
organic residue analysis (Budja, 2014; Evershed, 2008; Evershed et al.,
1999, 2002; Roffet-Salque et al., 2016), this paper presents experiments
validating and archaeological case studies demonstrating two previously
unreported types of thermally altered lipids as pottery residues and
discuss their implications, limitations, and the analytical procedures
necessary for their identification.

1.1. Heating fatty acids, a brief state of the art

An extensive literature describing the thermal degradation of lipids
(ex: Nawar, 1989; Simoneit, 2002) has shown how it may yield com-
pounds such as lactones, hydrocarbons, short chain fatty acids or
methylated fatty acids amongst others. However, these may be indis-
tinguishable from the results of oxidation and hydrolysis, which
commonly affect archaeological residues, or from derivatives created
during sample preparation. Thus, the range of compounds qualifying as
biomarkers is significantly reduced to specific structures which have
been shown to appear only after protracted heating.

The first of them are the results of the ketonic decarboxylation of
saturated fatty acids in the ceramic matrix, which can result in a specific
range and distribution of ketones placed in the middle of long carbon
chains. These, commonly named mid-chain ketones (31K Hen-
triacontanone, 33K Tritriacontanone, 35K Pentatriacontanone), have

Table 1
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been reported across multiple studies (Copley et al., 2005; Cramp et al.,
2014; Drieu et al., 2021; Evershed et al., 2008b; Matlova et al., 2017;
Nieuwenhuyse et al., 2015; Regert, 2011; Salque et al., 2013). First
published by Evershed et al. (1995), and Raven et al. (1997) as evidence
for the protractive heating of the palmitic and stearic acids, they are
thought to form after repeated episodes of heating clearly above 100 °C
(Raven et al., 1997). Baeten et al. (2013) showed the theoretical
reconstitution of the ketone’s original fatty acyl distribution, further
reinforcing the correspondence between the ketone’s relative abun-
dances and those of their precursors. Cramp et al. (2012) argued that
ketones found only around the rims of cooking pots would be consistent
with boiling as water evaporation would keep the lower parts of vessels
cooler. Correa-Ascensio and Evershed (2014) validated their recovery
by the acidified methanol extraction technique and, recently, Drieu et al.
(2020) have highlighted their potential formation during pottery
post-firing treatments before the vessel would be effectively used. While
experiments indicated that the detected range of ketones resulted from
the thermal decarboxylation of all the available fatty acids, archaeo-
logical studies have majorly only reported the presence of the 31K, 33K
and 35K moieties, as expected by the fact that the palmitic and stearic
acids are usually the main recovered compounds in pottery residues, but
potentially missing other informative by-products of ketonic decarbox-
ylation. We argue here that elevated temperatures could also affect
degraded lipid residues already present in the pottery matrix from pre-
vious vessel uses.

Furthermore, -(o-alkylphenyl)alkanoic acids (APAAs) are also
frequently described as biomarkers of lipid protracted heating in

List of experiments performed to validate and demonstrate the formation of several known and previously unreported heating biomarkers.

Original product Approximate product weight (mg)

Heating time

Heating temperature (°C) Detected heating biomarkers

Azelaic/Palmitic/Stearic acids 50/25/40 1h 200 No heating markers
Azelaic/Palmitic/Stearic acids 50/40/40 1h 250 No heating markers
Azelaic/Palmitic/Stearic acids 50/30/25 1h 300 ®180x0-C26:0, m160x0-C24:0, 31K, 33K, 35K
Azelaic/Palmitic/Stearic acids 50/25/50 1h 350 No organic matter
Palmitic/Stearic 50/50 1h 300 31K, 33K, 35K
Azelaic/Stearic 50/75 1h 300 ®180x0-C26:0, 35K
Azelaic acid/Olive oil 40/80 1h 250 ACPAA, APAA
Azelaic acid/Olive oil 25/50 1h 300 ACPAA, APAA
Olive oil 100 1h 300 ACPAA, APAA
Olive oil 100 3h 300 ACPAA, APAA
Oliva europea leaves 50 20 min 350 ACPAA, APAA
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Fig. 1. Map showing the location of the sites mentioned in the text.
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Table 2
Number of vessels analysed or revised for each site and number of vessels containing previously unreported heating biomarkers.
Site Period Sample N Samples with 0xoVLCFAs Samples with ACPAAs References
La Esparragosa Late Neolithic 4th millennium 5 1 1 Breu et al., 2023
Carrer Reina Amalia Epicardial first half of the 5th millennium 53 2 7 Breu et al., 2021
Asag1 Pinar Karanovo I to IV: 6th and early 5th millennia 26 0 6 This paper
Bahgelievler Early neolithic 7th millennium 24 1 1 This paper
Kegicayiri Early neolithic 7th millennium 5 0 3 This paper
Total 7th to 4th millennia 113 4 18
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Fig. 2. GC-MS chromatograms and mass spectra of the experimental samples demonstrating the formation of 9-oxo tetracosanoic and 9-oxo hexacosanoic acids

through thermal decarboxylation.

archaeological vessels. First reported by Hansel et al. (2004), APAAs
were described as potential proxies for very long chain polyunsaturated
fatty acids. Experimental research has revealed that they could be pro-
duced via alkali isomerization (Evershed et al., 2008a; Hansel et al.,

2004) or possibly via allylic radical intermediates (Bondetti et al., 2020;
Matikainen et al., 2003), indicating that the presence of a pottery matrix
greatly assists their formation. The range of APAA precursors, poten-
tially tri- di- and mono-unsaturated fatty acids, has been shown to
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Fig. 3. Proposed formation process of very long chain oxo fatty acids.

correspond with the range and abundance of APAA isomers synthesised
after heating. Recent experiments have also shown that the ratio be-
tween the E and H isomers is an effective proxy to distinguish
cereals/fruits/non-leafy vegetables from animal fats and leafy plants.
However, a high thermal impact could also produce the values typically
found in leafy vegetables (Bondetti et al., 2020). APAAs are thought to
be formed after episodes of heating pottery to temperatures clearly
exceeding 100 °C (Bondetti et al., 2020; Evershed et al., 2008a), as well
as when heating/boiling liquid contents (Bondetti et al., 2020). None-
theless, in modern experiments, heating cooking oils used in the
fast-food industry (Sébédio et al., 1991) have shown that, in addition to
APAAs, other cyclic compounds such as cyclopentyl and cyclohexyl fatty
acids can be generated (Sebedio et al., 1987a, 1987b, 1989). We argue
here that these are easily formed under the same conditions creating
APAAs in pottery vessels and that their presence might be widespread in
ancient pottery as their precursors, monounsaturated fatty acids, are
usually present in higher abundances than polyunsaturated fatty acids in
certain everyday foods.

Beyond fatty acids, heating in pottery residues has also been detected
through the presence of smoke condensates (Reber et al., 2018) such as
polyaromatic hydrocarbons and benzenepolycarboxylic acids (BPCAs)
(Admiraal et al., 2020; Wiedemeier et al., 2015) or through diterpenoid

Table 3
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and triterpenoid by-products formed during the preparation of tars
(Marchand-Geneste and Carpy, 2003; Rageot et al., 2019).

2. Materials and methods

Experimental samples to reproduce the thermal decarboxylation of
degraded lipids and the formation of cyclopentyl and cyclohexyl fatty
acids were prepared by mixing pure standards (Azelaic acid, Palmitic
acid, Stearic acid) or commercially available natural products (Olive oil
and Oliva europaea leaves) in 1g of ancient pottery powder inherently
composed of clay and metal oxides/salts and muffled at 450 °C for 8h. A
blank consisting of 1g of the same pottery powder was extracted along
the experimental samples and validated the absence of lipids in the clay
matrix. After homogenization, eleven samples were placed in open glass
vials and heated in an oven for specific times and temperatures
(Table 1). To compare with the archaeological lipids in this study, all
experimental samples were extracted using an acidified methanol
extraction and analysed following simmilar instruments and
parameters.

Samples from five Neolithic sites at opposite ends of the Mediterra-
nean were studied to validate the presence of novel heating biomarkers
in prehistoric pottery. These included 5 vessels from the Neolithic layers
in Kegicayir1 (Eskisehir, Turkey; Sari and Akyol, 2019), 24 vessels from
the site of Bahgelievler (Bilecik, Turkey; Fidan, 2020; Fidan et al., 2022)
and 26 vessels from layers 2 to 7 in Asagi Pinar (Kirklareli, Turkey;
Ozdogan, 2011b; Ozdogan, 2011a), which are being studied within the
scope of the project AN_SUT (Anatolian Neolithic Studies of Unique
Technologies for food preparation; see supplementary materials 1 for a
detailed list of relevant samples). Additionally, 5 vessels from La
Esparragosa (Chiclana de la Frontera, Cadiz, Spain) (Breu, 2019a; Breu
et al., 2023) and 53 lipid extracts from pottery vessels in Carrer Reina
Amalia 31-33 (Barcelona, Spain; Breu et al., 2021b), both published
elsewhere, were reviewed to assess the full range of heating biomarkers
present at the sites (Fig. 1 and Table 2). The recovery and analysis of
lipids followed commonly applied procedures (Correa-Ascencio and
Evershed, 2014; Craig et al., 2013). Briefly, after removal of the first 2
mm of the vessel’s interior surface in the sampling area, 1g of pottery
powder was collected and prepared using the acidified methanol pro-
cedure and analysed through Gas Chromatography-Flame Ionisation
Detector and Gas Chromatography-Mass Spectrometry to identify po-
tential biomarkers for thermal alteration either in full scan or SIM mode

Range of potential fatty acid and dicarboxylic acid combinations, its expected resulting compounds, and diagnostic ions. All compounds have been detected in multiple

archaeological samples.

Combination Resulting compound Characteristic ions (m/z)

Fatty acid Dicarboxylic acid IUPAC name Shorthand notation A-CHj3 A B-CH3 B M-31 M+
I C16:0 C8:0 8-oxo0 tricosanoic acid C23:0 w16-oxo 171 186 239 254 351 385
I C16:0 C9:0 9-oxo tetracosanoic acid C24:0 w16-0x0 185 200 239 254 365 396
11 C16:0 C10:0 10-oxo pentaconsanoic acid C25:0 w16-oxo0 171 186 267 282 379 410
v C18:0 C8:0 8-0x0 pentacosanoic acid C25:0 w18-oxo 199 214 239 254 379 410
v C16:0 C11:0 11-oxo hexacosanoic acid C26:0 w16-0x0 185 200 267 282 393 424
VI C18:0 C9:0 9-oxo hexacosanoic acid C26:0 w18-oxo 213 228 239 254 393 424
viI C18:0 C10:0 10-oxo heptacosanoic acid C27:0 w18-oxo 199 214 267 282 407 438
VIII C18:0 C11:0 11-oxo octacosanoic acid C28:0 w18-ox0 213 228 267 282 421 452
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Fig. 4. GC-MS chromatograms and mass spectra of six of the eight detected 0oxoVLCFAs in sample LE3 from La Esparragosa. Diagnostic A and B fragments are related
to their corresponding m/z ions. Dx: Dicarboxylic acids of x carbon chain length. Cx:0: Fatty acids of x carbon chain length. xK: mid chain ketones.

(see supplementary 2 for full analytical details). All chromatograms
shown in the figures of this paper were obtained from GC-MS analyses.

3. Results and discussion: expanding the biomolecular toolset

3.1. Ketonic decarboxylation of dicarboxylic acids and saturated fatty
acids

Experiments studying the formation of ketones from thermal decar-
boxylation and studies of ancient pottery vessels have reported that,
while Hentriacontan-16-one (31K), Tritriacontan-16-one (33K) and
Pentatriacontan-18-one (35K) are the most abundant resulting com-
pounds when palmitic and stearic acid are involved, the range of syn-
thesised ketones usually result from the combination of all the available
carboxylic acids in their respective abundances (Baeten et al., 2013;
Raven et al., 1997).

The experiments presented here successfully reproduced the forma-
tion of the 31K, 33K and 35K ketones only when temperatures were
around 300 °C and failed to yield any organic matter at 350 °C. When

only stearic acid was present in a mix with azelaic acid, the 31K and 33K
ketones were not produced and a peak at retention time 27.9 min pre-
sented the mass spectra of 9-oxo hexacosanoic acid (II). In the sample
where palmitic acid, stearic acid and azelaic acid were present, the
characteristic 31K, 33K and 35K ketones were accompanied by II and a
new peak at retention time 29.8 min identified as 9-oxo tetracosanoic
acid (VI) (Fig. 2).

These results validate that, when present in sufficient abundances,
dicarboxylic and saturated fatty acids can undergo thermal decarbox-
ylation yielding very long chain oxo fatty acids (oxoVLCFAs) whose
chain lengths and position of the keto group result from their precursors
(Fig. 3). Given that pottery lipid extracts tend to present multiple
dicarboxylic acids resulting from the oxidation of unsaturated fatty acids
with varied double-bond positions, the range of oxoVLCFAs expected
after protracted heating may include from 8-oxo tricosanoic acid to 11-
oxo octacosanoic acid and beyond. If at least three different dicarboxylic
acids were present before the heating event, this could result in the
formation of VLCFAs with different oxo positions but the same chain
length (Table 3, III-VI and V-VI). These isomers may elute at the same
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Fig. 5. GC-MS chromatograms showing the presence of 0xoVLCFAs in samples from Carrer Reina Amalia. Retention times in BE03 differ due to the use of different

instrumentation (see SI2).

time when analysed using the most frequent GC-MS parameters reported
in the literature for archaeological organic residue analysis, thus adding
difficulty in its identification, but may be distinguished by their char-
acteristic ions (Table 3).

To consider oxoVLCFAs a secure biomarker for thermal alteration,
other potential competing causes explaining their presence in archaeo-
logical samples should be considered. Hitherto only 9-oxo hexacosanoic
acid has been described as a by-product of natamycin (an antifungal
medication; Cope et al., 1966) and in the roots of plants resisting fungal
attack (Rozlianah et al., 2015). Other oxoVLCFAs neither seem to be
abundant in nature nor commonly available in animal or plant fats.
Furthermore, ketones in the chain of shorter free fatty acids could
originate from the extensive oxidation of unsaturated fatty acids
(Evershed et al., 1992; Passi et al., 1993; Regert, 2011). Was that the
case, archaeological samples should present traces of precursor very
long chain unsaturated fatty acids and other oxidation compounds such
as but not necessarily hydroxy acids, hemialdehydes and dicarboxylic
acids. In consequence, 0xoVLCFAs should only be considered a reliable
biomarker of thermal alteration when their chain lengths and oxo po-
sitions are coherent with the thermal decarboxylation of fatty acids and
dicarboxylic acids, in presence of their respective saturated fatty acid
precursors, and, in absence of very long chain unsaturated fatty acids.

To validate their occurrence in neolithic pottery, we present new
analytical results from the site of Bahcelievler (Bilecik, Turkey) and
reviewed GCMS spectra of a set of recently published vessels from the
site of Carrer Reina Amalia (Barcelona, Spain) and La Esparragosa
(Chiclana de la Frontera, Spain; Breu et al., 2021b; 2023). In the latter,
sample LE3 contained, in descending order of abundance, 31K, 33K and

35K ketones, indicative of the exposure of fats to protracted heating.
Additionally, eight very long chain fatty acids with an oxo group in the
®16 and ©18 positions were also identified (Figs. 4 and 5, Table 2,
[-VIII). Furthermore, samples 6405 and 6695 at Carrer Reina Amalia
also contained sets of 0xoVLCFAs, from 8-oxo tricosanoic acid to 11-oxo
octacosanoic acid (Figs. 5 and 6).

The absence of tricosenoic acid, tetracosenoic acid, pentacosenoic
acid, hexacosenoic acid and heptacosenoic acid and its related hydroxy
acids in these lipid extracts suggests that the detected compounds are
best explained as the result of the ketonic decarboxylation of palmitic or
stearic acid and short chain dicarboxylic acids; either octanedioic acid,
nonanedioic acid, decanedioic acid or undecanedioic acid, which are
present in the samples. Furthermore, the relative contributions of the
dicarboxylic acids detected in the sample are coherent with those of the
very long chain oxo acids (Fig. 6).

The formation of oxoVLCFAs directly from unsaturated and satu-
rated fatty acids in a single heating event seems unlikely as they were
neither reported by Copley et al. (2005b) in their experiments burning
plant oils in replica lamps nor where detected here when heating olive
oil (containing both palmitic and oleic acid) at 300 °C for 1 and 3h.
Instead, we posit that unsaturated fatty acids must be subject to exten-
sive oxidation or heating yielding dicarboxylic acids (Hammann et al.,
2018) before 0xoVLCFASs can be formed. Furthermore, the concentration
of dicarboxylic acids in the sample must be sufficiently high to produce
0oxoVLCFAs in enough quantities to allow its detection after burial and
degradation. This suggests that, in archaeological contexts without ev-
idence of post-depositional fires such as La Esparragosa, Carrer Reina
Amalia and Bahgelievler, this could be indicative of the existence of two
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episodes of residue formation. The first, incorporating unsaturated fatty
acids into the clay matrix and forming dicarboxylic acids, and not long
after, the second, performing the ketonic decarboxylation of fatty acids
and dicarboxylic acids.

The detection of 0xoVLCFAs in 4 out of 84 samples from three
different archaeological sites suggests that these compounds were less
frequently formed than the 31K, 33K and 35K ketones (found in 7 out of
84 samples). Thus, although scarce, oxoVLCFAs may be the result of
specific use cases were pottery had long use-lives or was thermally
altered after a period of inactivity because of a re-use or a cleaning
strategy. Dicarboxylic acids could also originate from a degraded post-
firing treatment (Drieu et al., 2020), indicating that additional experi-
mentation is needed to clarify which events may be conducive to the
formation of oxoVLCFAs. The fact that LE3 is a grave good and that
samples 6405 and 6695 in layer 59 from CRA are contemporary with
two burials placed in the same hut seems coherent with this hypothesis.
However, exploring whether vessels presenting oxoVLCFAs might have
been differently used should consider additional information such as the
vessel’s context of deposition or its shape.

3.2. The cyclysation of monounsaturated fatty acids to cyclopentyl
alkanoic acids

Experimental and methodological research on archaeological
organic residues has previously taken into account that o-(o-alkyl-
phenyl)alkanoic acids (APAAs) are not the only cyclic acids formed
though protracted heating (Evershed et al., 2008a; Hansel et al., 2004;
Rojo and Perkins, 1987; Sébédio and Juaneda, 2007). The new experi-
ments reported here were successful in reproducing the formation of
APAAs 18 carbons long (APAA-C18) and showing that other cyclic
alkanoic acids were indeed created alongside them.

This is the case of several experiments heating Oliva europaea leaves
and olive oil and at a range of temperatures (250-300 °C) and times
(1-3h), which yielded mainly methyl trans 4-(2-nonylcyclopentyl)-
butanoic acid. At 300 °C for 3h (Fig. 7 and Table 4), the first detected
®-(2-alkylcyclopentyl)alkanoic acid (ACPAA) (I) is the most abundant
and corresponds again with methyl trans 4-(2-nonylcyclopentyl)-buta-
noic acid. Peak II, showing strong m/z 148 and 220 ions could corre-
spond with methyl 5-(2-octylcyclopentyl)pentanoic acid (Vatela et al.,
1988), however a strong m/z 164 ion suggests it could be co-eluting with
an unidentified peak detected by Romero et al. (2000). According to its
characteristic m/z 130, 143 and 189 ions, methyl trans 9-(2-butylcy-
locpentyl)-nonanoic acid (III) appears in co-elusion with the beginning
of the oleic acid trans isomer peak and methyl cis 4-(2-non-
yleyclopentyl)-butanoic acid (IV) elutes just after the oleic acid cis iso-
mer. Finally, in agreement with results obtained by Romero et al.
(2000), an unidentified peak containing an intense ion at m/z 223 (V)
and a peak with the characteristic ions of methyl 9-(2-propylcyclohexyl)
nonanoic acid (VI) (Rojo and Perkins, 1987) were also detected in our
experimental sample. These results are, thus, in agreement with previ-
ous findings and validate the formation of w-(2-alkylcyclopentyl)alka-
noic acids in events analogous to cooking with prehistoric pottery.

There doesn’t seem to be any competing causes potentially
explaining the presence of ACPAAs in prehistoric pottery. While some
tropical plant seeds have been shown to contain traces of ®-cyclopentyl
fatty acids 16 and 18 carbons long (Christie et al., 1989), none of the
compounds detected here presented the cyclopentyl ring at the end of
the carbon chain. Alternatively, experimental research (Sebedio et al.,
1989; Sebedio and Grandgirard, 1989) has demonstrated that ACPAAs
are a by-product of frying oil, resulting from chemical reactions similar
to those of w-(o-alkylphenyl)alkanoic acids. To explain their formation,
Dobson et al. (1996a, 1996b) proposed that ACPAAs could be formed via
radical intermediates and 1.5 or 1.6 hydrogen shifts (Fig. 8). For
cyclopentyls, this hypothesised mechanism would yield cis and trans
isomers with rings in the 5-9 and 10-14 positions, which is coherent
with compounds I, III, IV and VI. Furthermore, experiments focusing on



A. Breu et al. Journal of Archaeological Science 159 (2023) 105854

Heating Experiment (100 mg olive oil, 3h 300°C) & | 5 2
ol 5 o
v |
n v
N [
, ! o| R
| 3 . .
z / R &
c < 7 © T
5 ! = p-3
£ /' }{\ a Q [
£ / ‘ % $ P
2 v\J / } (
YA AV S /
) R B A U PN AN~ A~ _Te
e e R e
I and IV: 4-(2-nonylcyclopentyl)butanoic acid II: 5-(2-octylcyclopentyl)pentanoic acid lll: 9-(2-butylcyclopentyl)nonanoic acid
100 s 100 55 10| 55
7 993
G 1
[D-32-18] "
[D-32-18]
55
124
0 0 [M-76] 50
97 iis 220 9
6 g 164 143
e R (V=%
130 e
109119 [m-32_18] 253 164 ™ [M+]
1 |rs|?3 i ‘ 223239 il
™ 264 |
[ 169160 278 ) __L_,JL;,L,.JES“ 1 342 415 506 " -
V: Unknown VI: 9-(2-propylcyclohexyl)nonanoic acid I and IV: 4-(2-nonylcyclopentyl)butanoic acid
100 78 100 L o
7
a7 o
s [D]
- 11l: 9-(2-butylcyclopentyl)nonanoic acid it
83 = [C]
0
"
s o | |u [D-32-18]
[D] C
- i - [D-32] (C]
125 . o \ VI: 9-(2-propylcyclohexyl)nonanoic acid
\ - B
1 14 21 e
1 206 72 g = o
145 184 185 467 213 U1 g ‘ o ] @ 214 2]!“5 2ot are %
%% 70 %0 110 10 180 17 180 B0 20 280 20 2% 310 % 70 % 110 130 180 170 196 2H0 230 260 270 200 300 [D] [C]

Fig. 7. GC-MS chromatograms and mass spectra of the six detected cyclopentyl and cyclohexyl structures in a heating experiment with olive oil in a pottery matrix at
300 °C for 3h. M-76 is attributed to a rearrangement ion with successive loss of CH30H and CH2=CHOH by Sebedio et al. (1989). In spectrum III, the relative
abundances of ions M+ and M-32 are not reliable due to co-elusion with C18:1.
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Table 4
Characteristic ions and references to the published mass spectra of the 6 detected
compounds. All were identified as their methyl esters.

IUPAC name Characteristic References
ions

I trans 4-(2-nonylcyclopentyl)- 134, 220, 246 Sebedio et al., 1989
butanoic acid

I 5-(2-octylcyclopentyl)pentanoic 148, 220, 246 Vatela et al. (1988)
acid

Il trans 9-(2-butylcylocpentyl)- 130, 189, 296 Sebedio et al., 1989
nonanoic acid

IV cis 4-(2-nonylcyclopentyl)- 134, 220, 246 Sebedio et al., 1989
butanoic acid

A Unidentified 223 Romero et al.

(2000)

VI 9-(2-propylcyclohexyl)nonanoic 125, 203, 221, Rojo and Perkins

acid 256 (1987)

oils with high monounsaturated acids (Romero et al., 2000, 2003, 2006)
demonstrated that cyclopentyl structures appeared in larger amounts
than their cyclohexyl counterparts. Given that APAAs are commonly
identified as pottery lipid residues, this suggests that, when present,
cyclopentyl structures should be detectable too.

After study of ACPAA’s characteristic ions, sample AP167B from
Asag1 Pinar and sample 272-1 from Kegiayir1 (Fig. 9) were shown to
contain several cyclopentyl fatty acids dominated by methyl trans 4-(2-
nonylcyclopentyl)butanoic acid (I) with minor amounts of other cyclic
fatty acids (II, III, VI)(Fig. 7). However, these were not visible in the total
ion chromatograms when operating the GC-MS in the standard param-
eters for organic residue analysis as their retention times are similar to
more abundant compounds such as phytanic acid, octadecenoic and
octadecanoic acids. To mitigate potential difficulties to detect ACPAAs
in additional samples, SIM analyses were used to target the most
abundant ACPAA (I) with ions 134, 220 and 246. In a total of 31 vessels

o
. &:(‘ CHy
HO
1,6 shift
o /) . CHy
HO
4 :
HO CH?
[
\ 4
HO CH?

Ill: 9-(2-butylcyclopentyl)nonanoic acid
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from the two aforementioned sites, 6 out of 26 (23%) and 3 out of 5
(60%) samples respectively were found to contain ACPAAs. This is
coherent with previous research on Neolithic pottery in the strait of
Gibraltar (Breu et al., 2023) and in the northeast of the Iberian Peninsula
(Breu, 2019b), also reporting their presence.

Notably distinct from other biomarkers for thermal alteration, the
formation of ACPAAs through radical intermediates has not been shown
to be catalysed by the presence of inorganic salts or a clay matrix
(Dobson et al., 1996b), a point which may merit further research.
Therefore, they could have been formed before their absorption into the
vessel matrix and thus be the result of the protracted heating of fats
elsewhere. In the absence of other biomarkers for elevated tempera-
tures, their detection should, thus, be interpreted with caution as they do
provide unequivocal evidence of the practice of food preparation with
heat, but this one might have not involved pottery.

Although most of the vessels hitherto reported present both ACPAAs
and APAAs, cyclopentyl structures have also been detected in absence of
other heating biomarkers in sample AP112 from Asagi Pinar and sam-
ples 9734 and 5531 from Carrer Reina Amalia. These could be best
explained as the result of heating products where monounsaturated fatty
acids dominate over their polyunsaturated counterparts, such as animal
fats and some plant oils. Their higher yield of cyclopentyl structures over
other ring types could explain the sole identification of ACPAAs and
suggests that evaluating their presence is indispensable to fully assess
the number of vessels containing heat-altered fats in any archaeological
pottery assemblage.

Finally, ACPAAs and oxoVLCFAs are not without limitations
(Table 5). A clear understanding of the archaeological context sur-
rounding the analysed pottery is necessary to consider potential post-
depositional fires which could have formed these heating biomarkers
after the vessel had been discarded. Furthermore, the temperatures
achieved by pottery in reproduction experiments may not correspond
with the actual temperatures achieved by the contents. The w-(o-

HO.

HO
CHy

HO
CHy

VI: 9-(2-propylcyclohexyl)nonanoic acid

Fig. 8. Mechanism proposed in the literature for the formation of cyclopentyl and cyclohexyl rings from cis and trans monounsaturated fatty acids (only the trans
isomer is depicted in the figure). Adapted from Dobson et al., 1996a, Dobson et al., 1996b and Destaillats and Angers (2005).
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Fig. 9. Total ion chromatograms (TIC) and extracted ion chromatograms (EIC) from GC-MS analyses showing the presence of APAAs (m/z 105, 290), cyclopentyl (I:
134, 220; II: 148; III: 130, 189) and cyclohexyl (VI: 125, 172, 203, 221, 253) structures. EIC are not to scale.

alkylphenyl)alkanoic acids have been shown to appear from boiling
(Bondetti et al., 2020) and therefore this should also be expected for
®-(2-alkylcyclopentyl)alkanoic acids. Compounds formed at higher
temperatures also seem to be less frequent. In Asag: Pinar, only one case
of ketones contrasts with 6 cases of ACPAAs and in Kecicayir1 none of the
former were detected while 60% of the samples contained cyclic fatty

10

acids. In Carrer Reina Amalia, 7 samples presented ACPAAs while only 2
had ketones. Given that the 31K, 33K and 35K ketones and oxoVLCFAs
are only formed at around 300 °C, which falls outside of the most
common cooking temperature ranges, their formation could be limited
to specific cases, including infrequent food preparation practices,
cooking accidents or the reuse of vessels for other activities where high
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Potential considerations References

Table 5
Summary of compounds arising from the protracted heating of lipid residues in pottery.
Compounds Conditions of Precursors
experimental
reproduction

Hentiacontan-16-one >350 °C for 10-20s and

(31K) 300 °C for 1h palmitic and stearic acid)
Tritriacontan-16-one
(33K)
Pentatriacontan-18-one
(35K)
Very long chain oxo fatty 300 °C for 1h Palmitic acid, stearic acid and C8
acids to C11 dicarboxylic acids
®-(o-alkylphenyl) 270°Cfor 1hand 200°C ~ Mono and polyunsaturated fatty
alkanoic acids for 5h acids
-(2-alkylcyclopentyl) 250°Cfor1hand 300°C ~ Monounsaturated fatty acids
alkanoic acids for 1-3h

Saturated fatty acids (mainly

Observed in the interior surfaces of modern
vessels with organic post-firing treatments

Evershed et al., (1995); Raven et al.,
(1997); Drieu et al., (2020); This
paper

Might indicate two episodes of use or
exceptionally long pottery live

E/H isomer ratios are indicative of their
origin and their thermal impact

Thermal alteration need not occur inside
the pottery vessel

This paper

Hansel et al., (2004); Evershed et al.,
2008a; Bondetti et al., (2020)
Vatela et al., (1988); This paper

temperatures are involved, amongst others.
4. Conclusion

The detection of lipids formed after protracted heating is a powerful
tool for archaeologists to assess differences in pottery use beyond the
taxonomic classification of the vessel’s surviving fatty residues. In this
paper, the ketonic decarboxylation of saturated fatty acids is suggested
to also involve dicarboxylic acids when vessels had exceptionally long
lives or were reused after a period of inactivity. This coincides with their
first detection amongst vessels placed in ritual contexts such as La
Esparragosa, although more analyses will be needed before this can be
considered a strong association.

Supported by experimentation, the cyclisation products of mono-
unsaturated fatty acids, favouring the formation of cyclopentyl over
cyclohexyl or phenyl structures, may be better differentiated from the
thermal alteration of products rich in polyunsaturated fats such as ma-
rine products and some plant oils. This opens new opportunities to better
detect the thermal alteration of animal fats and highly monounsaturated
plant oils, products which have been shown to be highly intertwined
with pottery use by the first farmers of Europe and Southwestern Asia.
Further determining the processes forming these compounds and links
to their original food groups will require more experimentation and
improved chromatographic techniques.

In conclusion, understanding the consequences of the prolonged
heating of pottery organic residues along with its caveats and limitations
will only help clarify how pottery was used and how its contents were
transformed and preserved, potentially shedding new light into the
unique cooking technologies available to societies adopting pottery for
the first time and beyond.
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