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a b s t r a c t

Molecular and isotopic approaches offer the chance to identify combustion residues and substrate
components of archaeological combustion features to infer past fire-related activities. Analysis of fatty
acid methyl esters by gas chromatography-combustion-isotope ratio mass spectrometry have been
successfully used to distinguish among different animal fat groups. However, plant oils from different
tissues have not been widely investigated even though organic residues from leaf, root, and wood tissues
are preserved in sediments from archaeological combustion structures. Our analyses of plant residues
from controlled laboratory heating sequences and experimental hearths involving wood and animal
residues, provide references to discern anatomical parts of fresh and charred plants and to differentiate
contributions of terrestrial plants and animal sources in open air hearths. This information is compared
with charred organic residues from combustion structures from three Middle Palaeolithic sites: El Salt
(Spain), Abric del Pastor (Spain) and Crvena Stijena (Montenegro). The occurrence of n-alkyl nitriles in
our samples corroborates their potential as combustion temperature biomarkers and the d13C16:0 and
d13C18:0 values allow us differentiate between charred and fresh plant anatomical parts and between
fresh plant oils and animal fats.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Combustion features are among the most commonly occurring
anthropogenic features in archaeological sites from all regions and
time periods and are particularly relevant to Middle Palaeolithic
research given their prominence in the archaeological record
(Roebroeks and Villa, 2011). Stratigraphically, they are composed of
a combustion substrate (commonly black layers which represent
charred soil matter beneath the fire e.g., leaves, seeds, roots)
overlain by one or more layers of burnt residues (often white or
grey ashy layers) (Mallol et al., 2017). Common organic burnt
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constituents of archaeological combustion features include animal
(animal fat-derived char, burnt bone) and plant components
(charcoal, char, charred plant tissues) (Mallol et al., 2017).

The application of isotopic organic chemistry towards identifi-
cation of combustion residues and substrate components can pro-
vide a robust dataset to infer past fire-related activities such as
cooking or biomass burning. Cooking is a common use of fire, hy-
pothetically since the Palaeolithic (Clark and Harris, 1985; Karkanas
et al., 2007; Henry, 2017; Wrangham, 2017) and anthropogenic
biomass burning has been recognised in South African Middle
Stone Age sites (i.e. maintenance fires involving burning of plant
bedding for hygiene) (Goldberg et al., 2009; Wadley et al., 2011;
Miller et al., 2013). Other studies have proposed the use of fire for
ecosystem management in East Asia since the earliest human
colonization of the region (Beaufort et al., 2003; Thevenon et al.,
2004) and suggested the lack of this behaviour in Middle and Up-
per Palaeolithic Europe (Daniau et al., 2010).
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The potential of compound-specific d13C16:0 and d13C18:0 stable
isotope analysis to distinguish between different types of animal fat
has been demonstrated in a number of publications targeting
organic residues encrusted on archaeological pottery (Dudd et al.,
1999; Craig et al., 2007, 2011; Lucquin et al., 2016), or present in
burned and cemented sand (Buonasera et al., 2015) or combustion
structures (March, 2013; Choy et al., 2016) by comparing with the
equivalent isotopic ratios in fresh animal-derived fat. However, the
identification of plant oils in archaeological residues is scarce and
mainly focused on pottery (Spangenberg et al., 2006; Steele et al.,
2010). As a result, the reference plant oil database of d13C16:0 and
d13C18:0 values is largely limited to fresh seed oils (Woodbury et al.,
1998; Spangenberg and Ogrinc, 2001; Steele et al., 2010), while only
a few studies incorporate fresh C3-leaf oils (Chikaraishi et al.,
2004a,b).

Steele et al. (2010) reported d13C16:0 and d13C18:0 values of fresh
almond, argan, olive, sesame, walnut and moringa oils lying within
the range of values generally accepted for ruminant and porcine
adipose (Craig et al., 2011). However, not all the d13C16:0 and d13C18:0
values of seed oils lie in the range of animal fats. For example,
depleted carbon isotopes are reported for cork-oak acorn oils from
Spain (Recio et al., 2013) and for acorn and chestnut oils from Japan
(Lucquin et al., 2018). The data gathered by Recio et al. (2013) also
showed that cork-oak acorn oils are isotopically depleted in 13C
(~5‰) compared to fat from pigs feeding naturally onwinter acorns
and grass.While isotopic ratios in fresh seed oils are used to discern
between plant or animal fat in archaeological organic residues on
pottery (Steele et al., 2010), fresh and charred plant components of
archaeological combustion structures, including leaf, wood and
root residues are rarely considered despite being common organic
components of combustion substrates and residues. To discern
between biomass burning and cooking practices involving animal-
derived elements, more compound-specific stable isotope analysis
of d13C16:0 and d13C18:0 on plant oils (including fresh and charred
plant tissues) are necessary.

Interestingly, emissions from meat cooking experiments (Rogge
et al., 1991) and biomass burning (especially from smouldering,
Oros and Simoneit, 2001a; Simoneit et al., 2003) are an important
source for nitrogen-containing organic compounds as n-alkyl ni-
triles which can be applied as useful biomarkers (Simoneit et al.,
2003). Simoneit et al. (2003) proposed that fatty acids react with
ammonia to produce nitriles and amides during combustion.
Despite their potential as biomarkers, they have not been widely
considered in the sedimentary record from archaeological sites.
Recent studies have detected and identified n-alkyl nitriles on
archaeological sediments dating to 5 ka BP (Wang et al., 2017) and
ranging fromz52 to 109 ka BP (Collins et al., 2017) demonstrating
their resistance to degradation.

To investigate further, we conducted laboratory and field ex-
periments with different anatomical parts of Celtis australis L.
C. australis (European nettle tree or Mediterranean hackberry) is a
deciduous tree (Cannabaceae family, Sytsma et al., 2002) native of
the Mediterranean region and found in dry rocky settings (Costa
et al., 1998). In the Mediterranean region, phytoliths (Mallol et al.,
2013; Rodríguez-Cintas and Cabanes, 2015) and seeds (Akazawa,
1987; Messager et al., 2010; Mallol et al., 2013; García Moreno
et al., 2014; Allu�e et al., 2015) of C. australis have been widely
recorded in sediments from Neanderthal sites. Moreover, given the
broad geographic distribution and adaptability to dry conditions of
Celtis sp., charcoal fragments have been identified in South African
Middle Stone Age sites (e.g. Sibudu Cave, Hall et al., 2014). We also
included additional plant parts (needles and branches) from the
Pinaceae family-conifers (Pinus canariensis) to examine plant
species effects on the isotopic composition (Pedentchouk et al.,
2008).

We performed controlled laboratory heating sequences at 60,
150, 250 and 350 �C using leaves, wood (bark and xylem), roots and
seeds and analysed compound-specific stable isotopes of fatty acids
to determine if d13C16:0 and d13C18:0 could be used to discern
anatomical parts of fresh and charred plants and to construct a
small database of present-day standards. We also performed
experimental open fires (experimental hearths) using Celtis wood
as fuel on a substrate of Celtis leaves and on unvegetated sediment
and a combination of Celtis wood with animal parts (rabbit). We
analysed sedimentary d13C16:0 and d13C18:0 from these contexts to
differentiate contributions of terrestrial and animal sources in open
air hearths. Moreover, we selected combustion features from three
Neanderthal sites to evaluate preservation and contribution of
animal fat and plant oils using compound-specific stable isotopes of
n-C16:0 and n-C18:0 fatty acids. The sites are chronologically framed
withinMarine Isotope Stages MIS 5, MIS 4 andMIS 3, and located in
thewestern (El Salt and Abric del Pastor, Spain) and eastern (Crvena
Stijena, Montenegro) Mediterranean region.

Additionally, since average temperatures associated with black
layers of experimental combustion features have been reported to
fall below 400 �C (Mallol et al., 2013) and n-alkyl nitriles have been
found after laboratory thermal treatment at 300e350 �C
(Ishiwatarii et al., 1992; Simoneit et al., 2003), n-alkyl nitriles were
examined to evaluate their preservation potential in experimental
and archaeological hearths to be used as a proxy for combustion
temperature.

The objectives of this study were (a) to discern anatomical parts
of fresh and charred plants using d13C16:0 and d13C18:0 values, (b) to
test whether coupling modern d13C16:0 and d13C18:0 values of plant
oils and animal fats with organic residues from Neanderthal
hearths could help differentiate between animal and plant contri-
butions (c) to evaluate the source and preservation of n-alkyl ni-
triles in modern plant references and in hearths from Neanderthal
sites.
2. Materials and methods

2.1. Modern plant samples

Different anatomical parts of Celtis australis L. tree (leaves,
lateral roots -1cm, branches of 3 cm diameter - xylem and bark and
dried seeds) were collected near the archaeological site of El Salt
(Alcoy, Spain) (38�4101400N, 0�3003200W, 726m above sea level).
Samples were rinsed with distilled water and then oven-dried at
60 �C for 24 h. Further experimental combustion under laboratory
controlled conditions (ramp rate of 26 �C/min, oxygen-limited
supply, 1 h of combustion at 150 �C, 250 �C, 350 �C and 450 �C)
were performed in a muffle furnace using 0.5e1 g (seeds), 4 g
(leaves and roots) and 20 g (bark and xylem) of fresh material.
Leaves were also charred at 250 �C during 3 and 5 h (see Jambrina-
Enríquez et al., 2018 for more details). These samples were taken as
reference for charred ground (leaves, roots, seeds and branches
ebark and xylem) beneath the fire (sedimentary black layers in
combustion structures).

Additional plant tissues (needles and branches of 3 cm diam-
eter) from the Pinaceae family - conifers (Pinus canariensis) were
collected in Cruz de Tea (Tenerife) in an area away from sources of
pollution (28�8026.200N, 16�3602.400W, 980m a.s.l.) with permission
of the Consejería de Medio Ambiente del Cabildo de Tenerife. The
fresh wood and needles were also charred at 350 �C (1 h).
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2.2. Experimental hearths

We performed three experimental open hearths using Celtis
wood as fuel in the immediate surroundings of El Salt. The first
experimental hearth was made in 2010 and samples were collected
three years later (NFT10-1-T3). This hearth was made on a dry,
unvegetated, loose calcareous sediment with 12.5 kg of Celtiswood
and rabbit meat, inners and skin were tossed in the flames. Rabbit
meat was used in this experiment because rabbit bone is prominent
in faunal assemblages from western and eastern Mediterranean
Palaeolithic sites (Hockett and Haws, 2002) and abundant burnt
rabbit bone specimens have been recovered from El Salt (P�erez,
2014, 2015). Pine needles were used as tinder. Thermocouples
were placed at the surface and 2 cm below the surface to monitor
the influence of temperature on the sedimentary substrate. The
hearth was burning for approximately 2 h. Peak surface tempera-
ture reached 740 �C, and 418 �C at 2 cm below the surface. From the
remains of this hearth, we collected a fragment of Celtis charcoal
and four sediment samples from top to base of a 7 cm profile: 1)
white layer - WL (combustion residues: wood ash, 4 cm of thick-
ness), 2) black layer - BL (charred ground beneath the hearth, 1 cm
of thickness), 3) brown layer e CM (combustion substrate, 1 cm of
thickness), 4) natural substrate (sediment without apparent ther-
mal alteration).

Two additional experimental hearths were made in 2017
(NFT17) using Celtiswood as fuel andwithout any animal input. The
first hearth (NFT17-H1) consisted in Celtis wood fuel over a bed of
Celtis leaves and the black (charred leaf samples) and white (a
mixture of leaf and wood ashes) layers were sampled. The second
hearth (NFT17-H2) was made on a dry, unvegetated, and partially
consolidated calcareous sediment. Since wewere only interested in
collecting ash samples, thermocouples were not used on these two
hearths.

All the samples were collected with sterilised metal tools,
wrapped in aluminium foil, and stored in plastic bags in a freezer
(�20 �C) until further treatment. After freeze-drying, the samples
were crushed and homogenised with an agate mortar.

2.3. Archaeological samples

Samples from archaeological combustion structures were
collected using sterilised metal tools, wrapped in aluminium foil,
and stored in plastic bags in a freezer (�20 �C) until further treat-
ment and analysis.

The sites studied are El Salt e Spain (38�4101400N, 0�3003200W,
726m a.s.l.), Abric del Pastor e Spain (38�42047.700N, 0�29040.800W,
820m a.s.l.) and Crvena Stijena e Montenegro (42�46040.400N,
18�28053.900E, 800m a.s.l.). In El Salt we selected four black layers
(BL1, BL2, BL3, and BL4) and one white layer (WL) from combustion
structure H50, located in the stratigraphic unit (S.U.) Xb. Unit X,
which is divided into units Xa and Xb, has been dated to around 50
ka BP (Galv�an et al., 2014). In unit Xb, close to the Paleocene
limestone wall, two clusters of combustion structures can be found,
the inner and the outer cluster (Leierer et al., 2019). H50 belongs to
the outer cluster. It rests on and is surrounded by brown clayey-
silty sediment and is partially overlain by two combustion struc-
tures: H53 and H52 (Leierer et al., 2019). The H50 black layer (BL) is
approximately 90 cm in diameter, bowl-shaped and contains dark
and greasy sediment (Leierer et al., 2019). Biomarker samples
H50eBL1, H50eBL2, and H50eBL3 were taken towards the base of
the BL, while H50eBL4 was taken from the surface of the BL. The
white layer (H50eWL) is represented by cobble-shaped imprints
on the surface of the BL, filled with ashy sediment (Leierer et al.,
2019).

All of the combustion features from Abric del Pastor included in
this study (H9, H13, H15, H16, and H17) were excavated in S.U. IV.
This stratum is composed of clast-supported, limestone cobble beds
(IVa, IVe and IVg) which alternate with laterally discontinuous
matrix-supported, fine-grained, calcareous sandy-gravelly deposits
(IVb, IVd, and IVf) (Machado et al., 2013). Subunit IVc is composed
of large boulders and angular cobbles with very little fine material,
resulting from one or more significant roof collapse events. Current
anthracological and faunal evidence tentatively frame the sequence
between MIS 5 and 4 (Machado et al., 2013). Combustion feature
H15 comes from the surface of subunit IVc, the roof collapse de-
posit, and is characterised by a small concentration of thermally
altered limestone in association with fragments of charcoal and
burnt bone. Combustion features H9, H13, H14, and H16 were
recorded during the excavation of subunit IVd, a poorly sorted
sandy gravelly deposit. H17 comes from subunit IVf which is a
sandy gravelly deposit similar in composition to IVd, but with a
slightly higher proportion of medium and coarse gravel. H17 was
recorded in the field as a thin concentration of ashy sediment
overlying a massive black layer.

In Crvena Stijena we collected four samples: two black layer
samples (CS-BL10 and CS-BL11) from a dense black lens with a
greasy texture and one ash layer sample (CS-WL6) overlying a black
layer (CS-BL8). All of the combustion features belong to S.U. XXIV
(MIS 5e, 90e70 ka BP), a 2.3m-thick layer of fine sandy gravel and
coarse sand with charcoal, ash, burnt and unburnt bone fragments
and stratified combustion features (Morley, 2007).

2.4. Lipid extraction, separation, and analysis

Lipids from 0.3 to 2 g of plant tissues and 2e5 g of sediment
were extracted by three 30min ultrasonications rounds in
10e50mL of dichloromethane/methanol (DCM:MeOH, 9:1 v/v).
The extracts were centrifuged (10min at 4700 rpm), filtered
through a glass wool filter and fractionated on a silica gel column
(1 g silica and 0.1 g sand, previously calcined at 450 �C during 10 h)
into different polarity fractions (Jambrina-Enríquez et al., 2018). A
low/medium polarity fraction (LPF) containing ketones, n-alkyl
nitriles, n-alkyl aldehydes and fatty acid methyl esters (FAMEs)
which eluted with DCM (2 column's dead volume, 3.5mL) and a
high polarity fraction (HPF) containing fatty acids (FAs) which
elutedwith ethyl acetate (EtOAc) (2 column's dead volume, 3.5mL).

After evaporation under a N2 flow, the residue of the LPF fraction
was reconstituted in 50 mL of DCM with a final concentration of
8mg/L of 5a-androstane (purity� 99.9%) as internal standard (IS)
for injection in the GC-MS system. The free fatty acids (HPF) were
derivatised to their respective FAMEs to determine their carbon
isotope ratios. In summary, 1/3 of HPF was dissolved in sulfuric
methanol solution (5mL methanol and 400 mL sulfuric acid) and
heated at 70 �C for 240min. After that, the solutionwas neutralised
with 10mL of saturated bicarbonate solution. To extract the FAMEs,
3mL of hexane were added to the methanol solution and following
vigorous shaking (the FAME extraction was repeated three times).
Methyl nonadecanoate (C19:0, purity� 98%) was used as IS (8mg/L)
and the residue obtained after evaporation under a N2 flow was
reconstituted in 10 mL of EtOAc and 40 mL of hexane (see Jambrina-
Enríquez et al., 2018 for more details).

Samples were analysed and quantified by gas chromatography
with a coupled mass-selective detector (GC-Agilent 7890B, MSD
Agilent 5977A) equipped with an HP-5MS capillary column (30m
length x 0.25mm i.d., 0.25 mm film thickness), at the Archaeological
Micromorphology and Biomarker Research Laboratory (University
of La Laguna, Spain). The GC was programmed to an initial tem-
perature of 70 �C for 2min heated with a heating rate of 12 �C/min
to 140 �C and a to final temperature of 320 �C with a heating rate of
3 �C/min and held for 15min, with Helium as the carrier gas (with a
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flow of 2mL/min). The multimode injector was held at a split ratio
of 5:1 at an initial temperature of 70 �C during 0.85min and heated
to 300 �C at a programmed rate of 720 �C/min. All measurements
were done in duplicate.

LPF compounds were identified based on characteristic ions and
by comparison of their mass spectra with those of reference to the
NIST Mass Spectra Database v.14. For fatty acids, a 37 component
FAME mix C4-C24 standard (concentration in DCM varied from 200
to 600mg/L) and fatty acids C26:0, C28:0 and C30:0 were also used.
Concentration of LPF compounds was calculated by comparison of
peak areas with those of known quantities of 5a-androstane.
Quantification of HPF compounds was based on calibration curves
(r> 0.995) using the area/areaIS ratio versus the concentration of
each reference compound. The concentration of LPF and HPF
compounds is expressed as ng of individual compound per gram of
dry sample (ng/gds).
2.5. Compound-specific isotope analysis of individual fatty acids

Carbon isotope analyses of individual n-fatty acids were done on
a GC-C-IRMS system consisting on a Thermo Scientific Isotope Ratio
Mass Spectrometer Delta V Advantage coupled to a GC Trace1310
through a Conflo IV interface with a temperature converter GC
Isolink II, at the Archaeological Micromorphology and Biomarker
Research Laboratory (University of La Laguna, Spain). Chromatog-
raphy used a Trace Gold 5-MS (Thermo Scientific) capillary column
(30m length, 0.25mm i.d. and 025 mm phase thickness), and He-
lium as carrier gas (1.5mL/min). The temperature programme
comprised a 2min isothermal period at 70 �C, followed by an in-
crease to 140 �C at a rate of 12 �C/min and held for 2min. Finally, the
temperature increased to 320 �C at a rate of 3 �C/min and held for
15min. The combustion reactor temperature was maintained at
1000 �C. Samples were injected in splitless mode using a Pro-
grammed Temperature Vaporising (PTV) injector programmed
with an evaporation step with the temperature increasing from
60 �C to 79 �C (held 30 s, rate 10 �C/min), followed by a transfer
stage increasing to 325 �C (held 3min, rate 10 �C/s) and a cleaning
step with temperature increasing to 350 �C (held 3min, rate 14 �C/
S). The injection volume was 1 microlite.

A FAME standard mixture (C14:0 methyl ester to C20:0 ethyl ester,
Arndt Schimmelmann Biogeochemical Laboratories, Indiana Uni-
versity) of known isotopic value was run prior to each batch of
analyses to ensure that the combustion furnace and instrument
were functioning correctly. The standard deviation of the standard
fatty acid methyl esters mixture was better than or equal to ±0.5‰
for all analyses. Each sample was run in triplicate. Isotopic results
are reported in the common “Delta” notation as ‰ relative to
Vienna Pee Dee Belemnite (VPDB).

A correction was made to all the free fatty acid results for the
isotopic signature of the introduced methyl groups using the mass
balance equation (equation (1)) used by Goodman and Brenna
(1992):

d13CFA ¼ ½ððnþ1Þd13CFAMEÞ� d13Cme�
.
n (1)

where d13CFA is the corrected value for the free fatty acid, n is the
number of carbon atoms in the unmethylated fatty acid, d13CFAME is
the value for the methylated fatty acid and d13Cme is the isotopic
value of the methanol used for the methylation.

To account for the decrease in atmospheric 13CO2 associatedwith
the 13C Suess effect, the modern d13C values are corrected by þ1.9‰
to match archaeological values, assuming a preindustrial atmo-
spheric d13C value of �6.4‰ (McCarroll and Loader, 2004) and the
d13Catm value at the time of sampling (�8.3‰) (Keeling et al., 2010).
2.6. Statistical analyses

Statistical analyses, one-way ANOVA (alpha level of 0.05) and
confidence ellipses of a two-dimensional dataset, were performed
on Microsoft Excel 365 and the Statistica software ver. 13. We used
analysis of variance to compare isotopic signatures and determine
differences between plant tissues, or between plant oils and animal
fats. The one-way ANOVAs for d13C16:0 and d13C18:0 were done on i)
a dataset with Celtis australis tissue samples ii) a dataset with
angiosperm (Celtis) and gymnosperm (pine) tissue samples iii) a
dataset with experimental hearth samples and iv) a dataset with C3
tissues (leaves, wood, seeds …) and animal fat samples (terrestrial
carnivores, herbivores, omnivores and marine carnivores). Datasets
were performed using modern reference samples of C3 leaves (this
study and Chikaraishi et al., 2004a,b), C3 wood (this study), seeds
(this study, Steele et al., 2010; Recio et al., 2013, Lucquin et al., 2016,
2018) and animal fats (Evershed et al., 2002; Craig et al., 2011, 2012,
2013; Recio et al., 2013; Tach�e and Craig, 2015; Lucquin et al., 2016,
2018). The alpha value or significance level was 0.05. We calculated
95% confidence ellipses of d13C16:0 and d13C18:0 for i) anatomical
parts of Celtis australis and for ii) C3 plant oils and animal fats to test
the variability of bivariate group means.

3. Results

3.1. Low/medium polarity fraction

Compounds identified in the experimental (laboratory heating
sequence and open hearths) and archaeological samples (com-
bustion sediments) contained biomarkers such as ketones, n-alkyl
nitriles, n-alkyl aldehydes and fatty acid methyl esters (FAMEs), and
are reported in SM 1. Saturated n-alkyl nitriles were detected from
their mass spectrumwhich has a base peak at m/z 57, key ions at m/
z 97 and 110.

3.1.1. Modern plant samples: laboratory heating sequence
In fresh and charred (150 �C) Celtis leaves we found trimethyl 2-

pentadecanone (6.1 mg/gds), unsaturated short-chain FAMEs (n-
C16:0 and n-C18:0) as well as long-chain FAMEs (n-C24:0 to n-C30:0)
maximising at n-C26 (5.2e6.8 mg/gds). At 250 �C (1, 3 and 5 h) the
length of the chain of FAMEs shorted up to n-C22:0, maximising at n-
C16:0. After 3 and 5 h of charring at 250 �C and at 350 �C (1 h) the
concentration of FAMEs and n-alkyl aldehydes decreased (n-C16:0
FAMEmax¼ 5 ng/gds) whereas a series of unsaturated n-alkyl ni-
triles appear in increasing concentration with increasing combus-
tion time and temperature ranging from n-C16 to n-C24 and Cmax at
n-C16 (8.8 ng/gds at 250 �C e 3 h, 17.6 ng/gds at 250 �C e 5 h and
73.6 ng/gds at 350 �C e 1 h). At 450 �C only n-C16:0 and n-C18:0
FAMEs were found a very low concentration (3.9 and 3.3 ng/gds)
(SM1 and Fig. 1).

Short-chain ketones (trimethyl 2-pentadecanone, heptadecan-
2-one and nonadecan-2-one) and FAMEs ranging from n-C16:0 to n-
C22:0 were found at an increasing concentration up to 150 �C in
Celtis bark samples. At 250 �C, ketone concentrations decreased
whereas n-alkyl aldehydes and FAMEs slightly increased (n-C16:0
FAMEmax¼ 95.2 ng/gds). At 350 �C, FAMEs drastically decreased (n-
C22:0 max¼ 4.9 ng/gds) as well as the aldehyde concentration; n-
alkyl nitriles were detected (n-C22 max¼ 4.4 ng/gds). Lipid bio-
markers were absent at 450 �C (SM1 and Fig. 1).

In xylem samples only FAMEs from n-C16:0 to n-C26:0 were found
with n-C16:0 as dominant. Similarly to leaf and bark samples, a
higher concentration of n-C16:0 FAME was found at 150 �C (39.5 ng/
gds) and decreased with increasing combustion temperature (16.8
ng/gds at 350 �C) (SM1 and Fig. 1).

In fresh Celtis root samples n-C16:0 FAME was detected (14.2 ng/



Fig. 1. Low and medium polarity compounds (ketones, n-alkyl aldehydes, n-alkyl nitriles, and fatty acid methyl esters) identified in the organic matter from laboratory-controlled
heating experiments, open hearth experiments and El Salt, Abric del Pastor and Crvena Stijena hearth residues. Concentrations are expressed as ng of individual compound per gram
of dry sample (ng/gds).
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gds) and at 150 �C n-C20:0 FAME (65.9 ng/gds) and n-C21:0 FAME
(153.2 ng/gds). FAMEs ranging from n-C16:0 to n-C22:0 and Cmax at n-
C16:0 (436.0 ng/gds) and n-alkyl aldehydes were detected at 250 �C.
At 350 �C, FAME concentrations decreased (n-C16:0¼ 21.0 ng/gds),
n-alkyl aldehydes increased and n-alkyl nitriles ranging from n-C16
to n-C23 (n-Cmax at 16¼ 49.4 ng/gds) were detected (SM1 and
Fig. 1).

Short-chain FAMEs (n-C16:0 and n-C18:0) were dominant in fresh
and charred seeds and recorded higher concentrations than other
tissues. n-Alkyl nitriles (n-C16, n-C18 and oleanitrile) were detected
at higher concentrations at 350 �C (SM1 and Fig. 1).

In fresh pine needles, we detected an asymmetric long-chain
ketone (C29-nonacosan-10-one¼ 318.3 ng/gds), and after a char-
ring temperature of 350 �C n-alkyl nitriles ranging from n-C14 to n-
C18 (n-Cmax at 16¼ 232.8 ng/gds). Fresh pine wood samples (bark
and xylem included) shown high concentration of n-C18:0 FAME
(54.1 ng/gds) whereas in charred samples (350 �C) n-C22:0 and n-
C24:0 FAMEs were also detected (n-C16:0 was the dominant
peak¼ 317.3 ng/ds) as well as n-C16 and n-C18 alkyl nitriles (71.8
and 40.2 ng/gds respectively) (SM1 and Fig. 1).
3.1.2. Experimental hearths
In the Celtis wood-rabbit hearth (NFT10-1-T3) we detected

FAMEs ranging from n-C16:0 to n-C26:0 (Charcoal: Cmax at n-C16¼ 5.0
mg/gds). In the ash layer from the Celtis-wood hearth made over
unvegetated sediment (NFT17-H2), n-C16 alkyl nitrile (14.6 ng/gds)
and FAMEs ranging from n-C16:0 to n-C26:0 (Cmax at n-C16:0¼ 273.5
ng/gds) were detected. However, in ash layers from the NTF17-H1
hearth (Celtis wood hearth over a Celtis leaf bedding) nealkyl ni-
triles were not detected and only n-C16 FAME (26.2 ng/gds) and n-
C18 FAME (7.3 ng/gds) were found inwood and leaf ashes but not in
the wood ash sample. n-C16 FAME (54.1 ng/gds) was found in the
charred-leaf sample (black layer) (SM1 and Fig. 1).
3.1.3. Archaeological samples
We did not find ketones, n-alkyl aldehydes, FAMEs and n-alkyl

nitriles in any of the samples from El Salt (H50-BL-1, 2, 3, 4 andWL).
In Abric del Pastor, oleanitrile (n-C18:1; key ions m/z 122, 136),
which is a nitrile derived from an 18-carbon unsaturated fatty acid
was detected in AP-H17 (4.8 ng/gds) but not in H9, H13, H15, and
H16. Two long-chain and symmetrical ketones: hentriacontan-16-
one (95.4 ng/gds) and pentatriacontan-18-one (3943.2 ng/gds)
were detected only in AP-H16. Black layers (CS-BL10 and 11) from
Crvena Stijena recorded a series of long even n-alkyl nitriles from n-
C24 to n-C28 (peaking at n-C28¼ 23.1e50.2 ng/gds). In CS-BL8 and
CS-WL6 these compounds were not detected (SM1 and Fig. 1).
3.2. High polarity fraction

3.2.1. Modern plant samples: laboratory heating sequence
In fresh and charred (150 �C) Celtis leaves we found unsaturated

short-chain fatty acids (n-C16:0 and n-C18:0) as well as mid-chain
fatty acids (n-C20:0 to n-C24:0) maximising at n-C18 (2.4 mg/gds)
and at n-C16:0 (8.6 mg/gds) (SM2). After 3 and 5 h of charring at
250 �C the concentration of FA decreased (long-chain FAs are pre-
sent in higher concentrations), increased at 350 �C (Cmax at n-
C26:0¼ 9.1 mg/gds) and were absent at 450 �C. FAs ranging from n-
C16:0 to n-C30:0 were found at a decreasing concentration up to
250 �C in Celtis bark samples (long-chain FAs were dominant
maximising at n-C26:0). In xylem samples only short-chain FAs (n-
C16:0 and n-C18:0) were found with n-C16:0 as dominant. Higher
concentration of n-C16:0 FA was found in fresh xylem samples (9.5
mg/gds) and decreased with increasing combustion temperature
(4.2 mg/gds at 250 �C) (SM2).

In Celtis root samples short and mid-chain fatty acids ranging
from n-C16:0 to n-C22:0 were detected (Cmax at n-C16:0¼0.3 m/gds). At
150 �C FA concentrations increased (Cmax at n-C16:0¼0.8 m/gds)
(SM2).

Short-chain FAs were dominant in fresh (Cmax at n-C16:0¼10.5 m/
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gds) and charred (Cmax at n-C18:0¼1.6 m/gds) seeds and recorded
higher concentrations than other tissues (SM2).

n-C16:0 and n-C18:0 FAs were dominants in fresh and charred
pine needles and wood (n-Cmax at 16¼ 5.4 and 3.3 mg/gds,
respectively). At 350 �C, the concentration of short chain-FAs
decreased (SM2).

3.2.2. Experimental hearths
In the Celtis wood-rabbit hearth (NFT10-1-T3) we detected FAs

ranging from n-C16:0 to n-C22:0 (Charcoal: Cmax at n-C16¼ 0.2 mg/
gds). Mid-chain FAs were found in the charcoal. In the ash layer
from the Celtis-wood hearth made over unvegetated sediment
(NFT17-H2), FAs ranging from n-C16:0 to n-C22:0 (Cmax at n-
C22:0¼ 0.3 mg/gds) were detected. However, in ash layers from the
NTF17-H1 hearth only short-chain FAs (n-C16¼ 0.4e0.8 mg/gds) and
(n-C18¼ 0.5 mg/gds) were found. Charred-leaf sample (black layer)
reported higher short-chain FAs concentrations (n-C16¼ 28.2 mg/
gds) and (n-C18¼ 24.1 mg/gds) (SM2).

3.2.3. Archaeological samples
Short-chain FAs (n-C16:0 and n-C18:0) were dominants in El Salt,

Abric del Pastor and Crvena Stijena samples. However, in one
sample from Crvena Stijena (CS-BL10), long-chain FAs were domi-
nants (peaking at n-C28¼ 0.3 mg/gds) (SM2).

3.3. Compound-specific stable carbon (d13C) isotopic measurements
of n-C16:0 and n-C18:0 fatty acids of the high polarity fraction

The results for modern (fresh and charred) plant tissues,
experimental hearths and archaeological samples after correction
for the isotopic signature of the introduced methyl groups are
shown in Table 1.

3.3.1. Modern plant samples
The C16:0 and C18:0 fatty acid concentrations in leaves at 450 �C,

bark (350 and 450 �C), roots (250e450 �C) and xylem (350 and
450 �C) were below the needed concentration to obtain reliable
results and their d13C16:0 and d13C18:0 values could not be obtained.
Fresh Celtis leaves had lower d13C16:0 and d13C18:0 values
(d13C16:0¼�35.6‰ and d13C18:0¼�34.9‰) compared with bark
(d13C16:0¼�34.9‰ and d13C18:0¼�33.6‰), root (d13C16:0¼�34.4‰
and d13C18:0¼�33.0‰) and xylem (d13C16:0¼�32.2‰ and
d13C18:0¼�31.8‰) tissues. Celtis seeds had the highest d13C values of
all the tissues (d13C16:0¼�30.3‰ and d13C18:0¼�31.2‰). d13C16:0
and d13C18:0 values in charred leaf and bark samples at 150 �C and
250 �C are similar than unheated tissues. However, xylem and root
samples charred at 150 �C show higher d13C values. At 350 �C, there
is a shift to more enriched d13C values in leaf samples (Table 1).
d13C16:0 and d13C18:0 values in leaf samples after 3 h of charring at
250 �Cwere similar than those reported at 350 �C or also higher after
5 h of charring. In general, the C18:0 fatty acid appears to be more
enriched in 13C than the C16:0 fatty acid. Leaves and bark were
depleted in 13C relative to the signatures of roots and xylem
(Table 2a). The ANOVA (alpha level of 0.05) performed on the
d13C16:0 and d13C18:0 values in the different anatomical parts of Celtis
australis tree showed that non-woody tissues (leaves and bark) and
woody tissues (roots and xylem) were different (d13C16:0: F¼ 14.598,
Fcritical¼ 4.667, p-value¼ 0.002; d13C18:0: F¼ 7.993, Fcritical¼ 4.667,
p-value¼ 0.014).

d13C16:0 and d13C18:0 values of pine fresh needles were lower
(d13C16:0¼�41.5‰ and d13C18:0¼�37.9‰) than after 1 h of char-
ring at 350 �C (d13C16:0¼�33.6‰ and d13C18:0¼�30.2‰). d13C16:0
and d13C18:0 values were lower in fresh wood samples
(d13C16:0¼�35.3‰ and d13C18:0¼�28.3‰) than on charred sam-
ples (d13C16:0¼�34.7‰ and d13C18:0¼�27.3‰) (Table 1). Whenwe
compared the leaves and wood of Celtis (angiosperms) and pine
(gymnosperm), the isotopic values were not significantly different
for any tissues (Table 2b).

3.3.2. Experimental hearths
In the NFT10-1-T3 hearth (Celtis wood-rabbit hearth) the char-

coal and the ash layer are more enriched in 13C than the brown
layer and the substrate (Table 1). The fatty acids are enriched up to
4‰ in the charcoal and in the ash layer and by 2‰ in the brown
layer. Concentrations of n-C16:0 and n-C18:0 fatty acids in the black
layer were below the needed concentration to obtain reliable re-
sults and d13C values were not obtained. Ash layers from the wood
hearths NFT17-H1 recorded similar d13C16:0 and d13C18:0 values
(d13C16:0z�31‰ and d13C18:0z�32‰) but the ash layer-NFT17-
H2 hearth showed higher d13C values (d13C18:0z�26.5‰).
d13C16:0 and d13C18:0 values on black layer (H1) not differ from the
ash layers (H1) (d13C16:0z�32.1‰ and d13C18:0z�31.9‰). When
we compared d13C16:0 between experimental hearths using all the
samples from the Celtis wood-hearth (plant oil contribution) and
ash and charcoal samples from the Celtis wood-rabbit hearth (an-
imal fat contribution), all values were different (ANOVA, F¼ 63.055,
Fcritical¼ 7.709, p-value¼ 0.001). However, the d13C18:0 values for
Celtis wood-hearth samples did not differ from the Celtis wood-
rabbit hearth samples (ANOVA, F¼ 1.547, Fcritical¼ 7.709, p-
value¼ 0.281) (Table 2c).

3.3.3. Archaeological samples
Black layers from El Salt (H50-BL1, 3 and 4) showed d13C16:0

values ranging from �33.6 to �32.1‰ and d13C18:0 values ranging
from �32.5 to �29.2‰ (Table 1). The concentration of n-C16:0 fatty
acid in the black layer 2 (H50-BL2) and in the ash layer (H50-WL)
was below the needed concentration to obtain reliable results and
only d13C18:0 values were obtained in both samples (�31.8‰
and �33.5‰, respectively). Black layers samples from Abric del
Pastor (H13 and H17) recorded d13C16:0 ranging from �33.6
to �30.9‰ and d13C18:0 values from�33.0 to �31.9‰ (Table 1). The
concentration of n-C16:0 fatty acid in H16 was below the needed
concentration to obtain reliable results and only the d13C18:0 value
was obtained (d13C18:0¼�31.5‰). Samples from Crvena Stijena
(CS-BL10, CS-BL11 and CS-BL8) showed higher d13C16:0 and d13C18:0
values than El Salt and Abric del Pastor samples: d13C16:0 values
ranged from �32.4 to �30.9‰ and d13C18:0 from �31.8 to �29.1‰
(Table 1). Fatty acid concentrations of n-C16:0 and n-C18:0 in CS-WL6
were below the needed concentration to obtain reliable results.

4. Discussion

4.1. n-Alkyl nitriles as a proxy for biomass burning and combustion
temperature

A series of n-alkyl nitriles ranging from n-C16 to n-C24 with a
strong even carbon number predominance and Cmax¼ 16 were
detected in C. australis (deciduous tree) leaf, bark, and root samples
and in P. canariensis (conifer tree) leaf and wood samples charred to
350 �C (1 h). Similar findings have been reported by Simoneit et al.,
(2003), who detected nitriles after three days treatment of fatty
acids with aqueous (NH4)HCO3 in confined vessels at an oven
temperature of 300 �C (hydrous pyrolysis). Additionally, we iden-
tified n-alkyl nitriles in Celtis leaf samples charred at lower tem-
peratures (250 �C) with increasing charring time (3 and 5 h). n-
Alkyl nitriles were not detected after experimental heating to
450 �C. n-Alkyl nitriles ranging from n-C16 to n-C28 and Cmax at 16
have been detected in birch tree smoke (a mixture of branches and
leaves) by Oros and Simoneit (2001a). In kerogen pyrolysates after
controlled heating at 310 �C (5e116 h) and 350 �C (5e100 h), the



Table 1
Compound-specific stable isotopes of n-C16:0 and n-C18:0 fatty acids of organic residues from laboratory-controlled heating experiments, open hearth experiments and El Salt,
Abric del Pastor and Crvena Stijena hearths residues, with 1 standard deviation shown for samples with 3 replicates. The modern d13C values are normalised to the VPDB
standard and corrected by þ1.9‰ to match archaeological values. -: no data

nC16 fatty acid (‰) s nC18 fatty acid (‰) s D¼ d13C18:0-d13C16:0

Plant tissues Celtis australis leaves �35.6 ±0.1 �34.9 ±0.4 0.7
Celtis leaves 150 �C �36.6 ±0.1 �35.0 ±0.3 1.6
Celtis leaves 250 �C �35.8 ±0.1 �34.1 ±0.1 1.7
Celtis leaves 250 �C �34.9 ±0.2 �34.7 ±0.4 0.2
Celtis leaves 250 �C-3h �34.6 ±0.3 �34.5 ±0.5 0.1
Celtis leaves 250 �C-5h �32.6 ±0.0 �26.4 ±0.4 6.2
Celtis leaves 350 �C �34.9 ±0.2 �34.7 ±0.4 0.2
Celtis australis bark �34.9 ±0.4 �33.6 ±0.1 1.3
Celtis bark 150 �C �34.5 ±0.5 �34.9 ±0.5 �0.4
Celtis bark 250 �C �34.7 ±0.3 �33.5 ±0.3 1.3
Celtis australis xylem �32.2 ±0.0 �31.8 ±0.5 0.4
Celtis xylem 150 �C �31.8 ±0.4 �28.8 ±0.5 2.9
Celtis xylem 250 �C �33.1 ±0.5 �27.1 ±0.4 6.0
Celtis australis roots �34.4 ±0.3 �33.0 ±0.1 1.4
Celtis roots 150 �C �32.1 ±0.3 �27.0 ±0.3 5.1
Celtis australis seeds �30.3 ±0.2 �31.2 ±0.3 �0.9
Celtis australis 250 �C �34.0 ±0.4 �37.1 ±0.2 �3.1
Pine canariensis leaves �41.5 ±0.4 �37.9 ±0.3 3.5
Pine leaves 350 �C �33.6 ±0.4 �30.2 ±0.2 4.5
Pine canariensis wood �35.3 ±0.0 �28.3 ±0.1 7.0
Pine wood 350 �C �34.7 ±0.0 �27.3 ±0.5 7.4

Celtis-wood þ rabbit hearth NFT10-1-T3-WL �29.4 ±0.2 �28.6 ±0.1 0.8
NFT10-1-T3-CM �30.9 ±0.2 �28.0 ±0.4 2.9
NFT10-1-T3-substrate �33.5 ±0.2 �30.5 ±0.2 3.0
NFT10-1-T3-charcoal �29.2 ±0.3 �27.5 ±0.3 1.7

Celtis-wood hearth NFT17-H1-WL �31.4 ±0.4 �32.1 ±0.3 �0.7
NFT17-H1-WL �31.6 ±0.3 �32.3 ±0.2 �0.8
NFT17-H1-BL �32.1 ±0.0 �31.9 ±0.1 0.1
NFT17-H2-WL �32.3 ±0.1 �26.5 ±0.4 5.8

El Salt H50-WL e e �33.5 ±0.3 e

H50-BL1 �33.5 ±0.3 �31.3 ±0.4 2.2
H50-BL2 e e �31.8 ±0.3 e

H50-BL3 �33.6 ±0.2 �29.2 ±0.2 4.4
H50-BL4 �32.1 ±0.4 �32.5 ±0.4 �0.4

Abric del Pastor AP-H16 e e �31.5 ±0.4 e

AP-H13 �33.6 ±0.2 �33.0 ±0.4 0.6
AP-H17 �30.9 ±0.4 �31.9 ±0.1 �1.0

Crvena Stijena CS-BL10 �32.4 ±0.4 �29.1 ±0.4 3.2
CS-BL11 �31.5 ±0.4 �30.1 ±0.2 1.4
CS-BL8 �30.9 ±0.4 �31.8 ±0.5 �0.8
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most intense n-alkyl nitrile peak was n-C16 (Ishiwatarii et al., 1992).
In smoke from meat cooking experiments (charbroiling and frying
of meat), two nitriles palmitonitrile and stearonitrile were identi-
fied (Rogge et al., 1991).

Whereas the highest n-alkyl nitrile concentrations were found
in seed samples, n-alkyl nitriles were not detected in xylem sam-
ples. The absence of nitriles in Celtis xylem samples could suggest a
low concentration of fatty acids to produce nitriles and absence of
ammonia. Jambrina-Enríquez et al. (2018) reported an increase in
fatty acid concentrations of charred leaf and bark Celtis tissue at
350 �C (93.8 and 24.7 mg/gds respectively) but lower concentrations
in xylem samples (0.8 mg/gds). We calculated the total concentra-
tion of fatty acids in roots charred at 350 �C (1 h) and it was 0.5 mg/
gds, but n-alkyl nitriles were detected in higher concentrations
than in bark samples (SM2). This may be related to root absorption
of nitrogen (NH4

þ and NO3
�) from the soil solution (Bloom et al.,

2012). In deciduous species, N storage occurs in tissues such as
roots and in the bark (Frak et al., 2002; Millard and Grelet, 2010).
Simoneit et al. (2003) proposed that fatty acids react with ammonia
during biomass burning to produce nitriles. The concentration of n-
alkyl nitriles in P. canariensis leaf and wood samples were higher
than in C. australis leaf and wood samples. This may be related to
plant family effects (angiosperms vs. gymnosperms) on the
biomarker composition and abundance. These observations should
be examined for other species to determine if this is a common
pattern.

n-Alkyl nitriles were not detected in samples from thewood and
rabbit hearth, probably due to the higher combustion tempera-
tures, since the temperature increased up to 740 �C on surface
sediments and up to 418 �C at 2 cm below the surface. The piece of
Celtis charcoal which showed good preservation of the bark re-
ported FAMEs ranging from n-C16:0 to n-C26:0 (Cmax¼ 16) and n-C16
and n-C17 ethyl esters. Due to the good preservation of the bark and
based on our laboratory heating experiments, the temperature and
combustion time was insufficient to produce n-alkyl nitriles. In the
wood hearth over unvegetated sediment (NFT-17-H2) experiment,
we detected hexadecanitrile in the ash layer (14.6 ng/gds) and
FAMEs ranging from n-C16:0 to n-C26:0 (Cmax at 16). However, n-C16
or n-C18 nitriles were not detected in the ash layers (wood þ leaves
or mostly leaves) from the wood hearth over vegetated sediment
(NFT17-H1). Absence of nitriles may be attributed to thewhite layer
from H2 containing more charcoal fragments in the ash than the
white layer of H1, which preserved n-alkyl nitriles. These com-
pounds have been detected in smoke particles fromwildfires (Alves
et al., 2011). These findings, as well as those previously reported by
Simoneit et al. (2003), corroborate the potential of nitriles to be
used as combustion biomarkers of smouldering conditions
(<450 �C).



Table 2
Results of the one-way ANOVAs (alpha level of 0.05) for the comparison of the stable isotope values between plant oils and animal fats, using a) different anatomical parts of
Celtis australis tree, b) angiosperm (Celtis australis) and gymnosperm (Pinus canariensis) tissue samples, c) experimental hearth samples and d) C3 plant oils (leaves, wood, seeds
…) and animal fat (terrestrial carnivores, herbivores, omnivores and marine carnivores) samples. Datasets were performed using modern reference samples of C3 leaves (this
study and Chikaraishi et al., 2004a,b), C3 wood (this study), seeds (this study, Steele et al., 2010; Recio et al., 2013; Lucquin et al., 2016, 2018) and animal fats (Evershed et al.,
2002; Craig et al., 2011, 2012, 2013; Recio et al., 2013; Tach�e and Craig, 2015; Lucquin et al., 2016, 2018).

Sum of Squares d.f. Mean squares F p-value F critical value

a) ANOVA of non-woody (leaf and bark, n¼ 10) and woody (xylem and root, n¼ 5) tissues of Celtis australis.
C16:0 Inter-groups 15.987 1 15.987 14.598 0.002 4.667

Intra-groups 14.237 13 1.095
Total 30.224 14

C18:0 Inter-groups 55.76 1 55.76 7.993 0.014 4.667
Intra-groups 90.693 13 6.976
Total 146.453 14

b) ANOVA of leaves (Celtis, n¼ 7 and pine, n¼ 2) and wood (Celtis n¼ 6 and pine, n¼ 2) samples
Leaves Sum of Squares d.f. Mean squares F p-value F critical value

C16:0 Inter-groups 10.115 1 10.115 1.739 0.229 5.591
Intra-groups 40.705 7 5.815
Total 50.82 8

C18:0 Inter-groups 0.521 1 0.521 0.041 0.845 5.591
Intra-groups 88.499 7 12.643
Total 89.020 8
Wood Sum of Squares d.f. Mean squares F p-value F critical value

C16:0 Inter-groups 3.227 1 3.227 2.079 0.199 5.987
Intra-groups 9.313 6 1.552
Total 12.540 7

C18:0 Inter-groups 4.950 1 4.950 4.723 0.073 5.987
Intra-groups 6.288 6 1.048
Total 11.239 7

c) ANOVA of experimental hearth samples (NFT17, n¼ 4 and NFT10, n¼ 2)
Sum of Squares d.f. Mean squares F p-value F critical value

C16:0 Inter-groups 8.670 1 8.670 63.055 0.001 7.709
Intra-groups 0.550 4 0.138
Total 9.220 5

C18:0 Inter-groups 7.680 1 9.363 1.547 0.281 7.709
Intra-groups 23.780 4 6.051
Total 31.460 5

d) ANOVA of C3 plant oils (C3-leaves, n¼ 22; C3-wood, n¼ 10; seeds, n¼ 12) and animal fats (terrestrial carnivores, n¼ 6; herbivores, n¼ 33; omnivores, n¼ 3, andmarine
carnivores, n¼ 28)

Sum of Squares d.f. Mean squares F p-value F critical value
C16:0 Inter-groups 3556.047 6 592.675 119.458 0.000 2.184

Intra-groups 530.865 107 4.961
Total 4086.912 113

C18:0 Inter-groups 3121.858 6 520.310 78.128 0.000 2.184
Intra-groups 712.589 107 6.660
Total 3834.447 113
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4.2. Effects of combustion on nC16:0 and nC18:0 fatty acids and
potential sources in modern references

Celtis leaves (fresh and charred up to 350 �C), bark-branches
(fresh and charred up to 250 �C, and roots (fresh) plot closely
together on the D13C plot (d13C18:0-d13C16:0) (Fig. 2a). Xylem
branches (fresh and charred up to 250 �C) and roots (charred at
150 �C) are plotted in a different area (d13C16:0 values are more
enriched in 13C) (Fig. 2a). The d13C18:0-d13C16:0 plot shows that all
the leaf and bark oils lie in the same group and xylem oils in
another group (all data are plotted with 95% confidence ellipse)
(Fig. 3a) (ANOVA, F¼ 14.598, F critical¼ 4.667, p-value¼ 0.002,
Table 2a). Possibly, leaf and bark tissue plots in a different area than
xylem tissue because cuticular wax composition varies widely by
tissue, organ or across stages of development within an individual
organism (Post-Beittenmiller, 1996). Moreover, n-alkanes from
fresh stems and xylems are enriched in 13C relative to leaves due to
internal biosynthetic fractionation during C transport and fixation
(Hobbie and Werner, 2004; Wiesenberg et al., 2004; Jambrina-
Enríquez et al., 2018).

The d13C value for the uncharred Celtis seed is plotted in the area
generally accepted for ruminant adipose (Dudd et al., 1999)
(Fig. 2a). Similarly, other seed oils (almond, argan, olive, sesame,
walnut and moringa oils, Steele et al., 2010) had higher d13C values,
lying within the range of values generally accepted for animal
(ruminant and pork) fat. On the other hand, acorn (Recio et al.,
2013; Lucquin et al., 2018) and chestnut (Lucquin et al., 2018) oils
have shown to be isotopically depleted in 13C plotting far from the
animal fat area.

Examination of the d13C values of Celtis leaves (Fig. 3a) with
combustion temperature indicates that there is a shift to higher
d13C16:0 values at 350 �C, and in general the longer-chained fatty
acid (n-C18:0) appears in all the tissue types to be more enriched in
13C than the shorter-chained fatty acid (n-C16:0). This relationship
was observed in aerosol samples of cedar trees (eucalyptus, C3
vegetation, angiosperm) collected under smouldering (150 �C) and
flaming (500 �C) conditions; the fatty acids obtained from burned
leaves showed an isotopic enrichment of up to 5‰ relative to the
unburned leaves and C18:0 appears to be more enriched in 13C than
C16:0 fatty acids (Ballentine et al., 1998). As temperature increased,
d13C16:0 values in leaves were depleted in 13C at 150 �C and enriched
in 13C up to 350 �C, whereas in xylem samples d13C18:0 values were
enriched in carbon-13. n-C16:0 and n-C18:0 fatty acids produced in
charred needles at 350 �C are enriched by 8‰ in 13C relative to
those from fresh needles, whereas charred branches are enriched
by in 1‰ 13C (Fig. 3a).

Interestingly, a comparison of d13C values of fatty acids extracted
from the white layer in the experimental Celtiswood-rabbit hearth



Fig. 2. Plots of D13C against d13C16:0 for a) laboratory-controlled heating experiments, b) open hearth experiments, c) El Salt, Abric del Pastor, and Crvena Stijena hearth residues and
comparison of modern plant oil reference samples from Steele et al. (2010), Recio et al. (2013), Lucquin et al. (2016) (1: black dots) and modern animal reference samples from Dudd
et al. (1999) (2).
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(NFT10-1-T3) and the white layers from Celtis wood hearths (H2
and H1) clearly demonstrate a different origin for these lipids
(ANOVA, F¼ 63.055, Fcritical¼ 7.709, p-value¼ 0.001) (Figs. 2b and
3b). The white layer (NFT10-1-T3) and the piece of Celtis charcoal
strongly supports an animal fat contribution, as they plot close to
the reference values of animal fats and are enriched in 13C
(d13C16:0¼�29‰), whilst the fatty acids from the other white
layers are derived from plant oils (Celtis wood and leaves)
(d13C16:0¼�32‰). Stable carbon isotope analysis of the brown
(d13C16:0¼�30.9‰ and d13C18:0¼�28.0‰) and natural substrate
layers in NFT10-1-T3 (d13C16:0¼�33.5‰ and d13C18:0¼�30.5‰)
produced much lighter values than the samples from the white
layer (d13C16:0¼�29.4‰ and d13C18:0¼�28.6‰) suggesting a
decreasing contribution and preservation of animal fats (brown
layer, barely affected by the overlying combustion) and a ‘non-an-
imal’ component (natural substrate beneath the hearth and unaf-
fected by it) (Fig. 2b). Charcoal fragments and white layers with
good preservation and contribution of animal fat are isotopically
enriched in 13C (~4‰) compared to white layers and sediment free
of animal fat. This finding agrees with the study reported by Recio
et al. (2013) showing an enrichment of ca. ~5 in 13C in fat from pigs
feeding on winter acorns and grass compared to acorn oils (cork-
oak acorns).

d13C16:0 and d13C18:0 values from C3 leaves and C3 wood (this
study) and modern reference samples previously published by
Chikaraishi et al. (2004a,b) (C3 leaves) and by Craig et al. (2011,
2012, 2013); Tach�e and Craig (2015); Lucquin et al. (2016, 2018)
(animal fats) were plotted with 95% confidence ellipses and
experimental hearth samples were plotted. We also used variance
analysis (one-way ANOVA) to investigate differences between the
main groups (C3-leaf oils, C3-wood oils, and fats from terrestrial
carnivores, herbivores, omnivores and marine carnivores). The
differences in the isotopic values of these groups were significantly
pronounced for d13C16:0 (ANOVA, F¼ 119.458, Fcritical¼ 2.184, p-
value¼ 0.000) and for d13C18:0 (ANOVA, F¼ 78.128, Fcritical¼ 2.184,
p-value¼ 0.000, Table 2d). Stable isotope signatures showed that
the hearth experimental samples with animal fat contribution
(ashes: NFT10-1-T3-WL and charcoals: char-wood þ rabbit fats)
plot in the area of animal fats, whereas samples without animal fat
contribution (NFT10-1-T3-CM and substrate, NFT17-H1 and H2)
plot close to the C3 wood area (Fig. 4b).

Isotopic variations are detected among thewhite layers from the
two wood-hearths H1 and H2. n-C18:0 fatty acid in the white layer
from the wood hearth (H2, only wood as fuel and on unvegetated
sediment) is enriched by 6‰ in 13C relative to the white layer from
the Celtis wood hearth (leaves and wood) over vegetated sediment
(H1) (Fig. 3b). In all likelihood, the fatty acids inWL- H1 are derived
from a mixture of plant tissues more influenced by leaf oils. Stable
isotope analysis of modern Celtis tissues shows that the d13C values
of n-C16:0 and n-C18:0 fatty acids are lighter in leaf tissues (NFT10-
H1) compared to xylem tissue (NFT10-H2). Comparison with the
plant oil and animal fat areas (95% confidence ellipses, Fig. 4), H2



Fig. 3. d13C16:0 and d13C18:0 values of organic residues from a) laboratory-controlled heating experiments, b) open hearth experiments, c) El Salt, Abric del Pastor, and Crvena Stijena
hearth residues. Modern references were adjusted for the addition of the post-industrial carbon effect and woody (roots and xylem) and non-woody (bark and leaves) Celtis tissues
were plotted with 95% confidence ellipses.
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and H1 plot close to the area of C3 woody tissues (Fig. 4b).
Considering isotopic enrichment increasing combustion tempera-
ture and the different isotopic signature of bark and xylem tissues,
the extension or distribution of the C3 woody area (woody tissues
such as roots are also included) could be affected. More modern
fresh and charred woody reference samples (driftwood, fresh-with
bark, dead-xylem), should be included in future work.
4.3. Archaeological evidence

To compare reference and archaeological data, d13C values of
experimental samples (including references previously published
by Evershed et al., 2002; Chikaraishi et al., 2004a,b; Craig et al.,
2011, 2012, 2013; Recio et al., 2013; Tach�e and Craig, 2015;
Lucquin et al., 2016, 2018) were adjusted for the addition (1.9‰) of
effects from post-industrial carbon (Figs. 2c and 3c). All data in
Fig. 4 are plotted with 95% confidence ellipses.

Black layers from El Salt (H50-BL-1, 3 and 4) lie within the range
of values for xylem samples and not in the area considered to
represent ruminant or pork adipose (Figs. 2c and 3c). H50-BL4 and
NFT17-H1-BL plot closely together on the plot of d13C16:0 and
d13C18:0, and supports a mixture of plant tissue more influenced by
leaf oils, as they plot close to the black layer of our experimental
wood-hearth on vegetated sediment (Fig. 4). In contrast, H50-BL3
and H50-BL1 aremore enriched in 13C (high d13C18:0 values) and are
therefore likely to derive from a woody source, more evident in
H50-BL3 (Fig. 4). Comparison with our laboratory-controlled
heating experiments, H50-BL3 is more enriched in 13C (higher
d13C18:0 values) than H50-BL1 and plot close to xylem samples
charred at 150 �C and 250 �C, respectively (Figs. 2 and 3). We did
not find ketones, n-alkyl aldehydes, and n-alkyl nitriles in any of the
samples from El Salt (H50-BL-1, 2, 3, 4 and WL). Combustion tem-
peratures below 350 �C could explain the absence of n-alkyl nitriles.
Anthracological studies from the corresponding stratigraphic unit
yielded predominant Pinus nigra-sylvestris (71e82%) followed by
Acer sp. (20-7%) (Vidal-Matutano et al., 2018). Biomarker analysis in
sediment samples from H50 (Leierer et al., 2019) reported that the
absence of diterpenoids and their derived, along with presence of
triterpenoids in BLs are evidence of an angiosperms forest (trees
and shrubs) in the surrounding area, whereas conifer wood was
used as fuel (possibly collected off-site). This is in agreement with
the BLs representing the charred vegetated surface under the
hearths, not fuel residues. Nonacosan-10-one (29-carbon ketone), a
specific biomarker from burning conifers, was detected in our pine
samples (350 �C) and in smoke particulate matter from other co-
nifers (wood, bark, needles, and cones) subjected to controlled
burning (Oros and Simoneit 2001b), probably under smouldering
conditions (<300 �C), but no in BLs from H50. On the other hand,
short-chain ketones have been reported in biomass burning
(branches and leaves) of deciduous trees including maple tree
(Cmax at 19) (Oros and Simoneit, 2001a) as well as in conifers trees
(Oros and Simoneit 2001b) but no in BLs from H50. In our labora-
tory heating sequence, short-chain ketones were detected on fresh
and charred (up to 250 �C) Celtis bark samples and in fresh Celtis



Fig. 4. Plots of the d13C16:0 and d13C18:0 values of organic residues from open hearth experiments (b) and El Salt, Abric del Pastor and Crvena Stijena hearth residues (c). These are
compared with modern reference samples from C3 leaves, C3 wood, terrestrial carnivores, herbivores and terrestrial carnivores (Evershed et al., 2002; Chikaraishi et al., 2004a,b;
Craig et al., 2011, 2012, 2013; Tach�e and Craig, 2015; Lucquin et al., 2016) and plotted as 95% confidence ellipses.
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leaves, but not in xylem tissue. Taking into account that ketones
were not detected in our xylem samples and that the d13C values of
n-C16:0 and n-C18:0 fatty acids in our BL-3 are close to the xylem
samples, we can assume a plausible contribution of lipids to the
sediment from mostly bark-free wood.

In Abric del Pastor, H17 lies relatively close to the d13C18:0 vs.
d13C16:0 area usually considered to represent terrestrial animal fats
(Fig. 4c) or in the area of Celtiswood oils (Fig. 3c), whereas H13 plots
close to leaf oil contributions (Fig. 3c). In H17 we found oleanitrile.
Potential sources of alkyl nitriles include biomass burning (Oros
and Simoneit, 2001a; Simoneit et al., 2003), cooking byproducts
(Rogge et al., 1991; Simoneit et al., 2003) or contamination from
plastic (Grosjean and Logan, 2007). In this case, n-C18:1 as well as n-
C18:0 are the most abundant fatty acids, and the presence of ole-
amide (9-octadecenamide) detected in the derivatised (80 �C, 1 h)
fraction eluted with 3mL DCM/EtOAc (1:1, v:v) with the addition of
100 mL of bis-(trimethylsilyl) trifluoroacetamide (BSTFA) and 100 mL
of pyridine, suggests that oleanitrile formed from the dehydration
of the corresponding amide. Oleamide and other short-chain am-
ides (n-C16 and n-C18) are apparently strongly correlated with an-
imal sources (Wang et al., 2017) and have been detected in
archaeological sediments dating to 5 ka BP (Wang et al., 2017).
These findings and the evidence that H17 was the sole hearth with
a dense black layer and presence of microscopic char suggest
plausible animal fat contribution. Although in H13 there are burnt
materials such as bone and charcoal, the d13C16:0 and d13C18:0 values
from the organic matter preserved in its sediment supports a leaf
oil contribution and low preservation of animal fat (Fig. 4). In
relation to burning practices, long-chain ketones as detected in
H16, have been found in smoke particles from biomass burning
(Abas and Simoneit, 1996) as well as in experimental bone-fire
studies (Lejay et al., 2016; Buonasera et al., 2019).

In Crvena Stijena, not all the samples contained sufficient con-
centration of n-C16:0 and n-C18:0 as to provide reliable d13C values.
CS-BL8 (a black layer overlain by a white layer) and CS-BL10, CS-
BL11 (dense black lens with a greasy texture), contained sufficiently
high n-C16:0 and n-C18:0 concentrations. Combined d13C16:0 and
d13C18:0 values showed that these are distributed close to plant
groups (Celtis branches-xylem charred below 350 �C) and the
experimental Celtis wood hearth on a bed of Celtis leaves (Figs. 2c
and 3c). Celtis is a potential source of organic matter in Palae-
olithic sites from Mediterranean area (Hockett and Haws, 2002)
and is currently present at the site and its surroundings. It inter-
esting to note that CS-BL8 lies relatively close to the d13C16:0 and
d13C18:0 area usually considered to terrestrial animal fats (Fig. 4c),
suggesting a plausible animal fat contribution and good animal fat
preservationwhereas CS-BL10 and CS-BL11 fits a plant origin or low
preservation of animal fat (Fig. 4c). Long-chain saturated nitriles (n-
C24en-C28), with a strong even carbon number predominance and
Cmax¼ 28 were identified in CS-BL10 and CS-BL11 with
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concentrations from 14.2 to 50.2 ng/gds and from 8.2 to 23.2 ng/gds
respectively. However, nitriles were not detected in CS-BL8 and in
CS-WL6. A series of long-chain nitriles ranging from n-C25 to n-C34,
with a strong even carbon number predominance and maximising
at 30 was reported in aerosol samples collected during a severe
forest fire in Kuala Lumpur (Abas and Simoneit, 1996). Taking into
account our indoor and outdoor experiments, combustion above
250 �C, as well as animal fat contribution, enriches d13C values.
Given that nitriles are detected at combustion temperatures be-
tween 300 and 350 �C (our data and data from Simoneit et al., 2003)
and their absence in CS-BL8, the fatty acids of this black layer seem
to be enriched in 13C by the contribution of animal fats. On the
other hand, the d13C values of fatty acids and the presence of long-
chained nitriles in CS-BL10 and CS-BL11 could imply combustion of
plant tissues at temperatures around 300e350 �C.

5. Conclusions

Molecular and isotopic approaches offer the chance to identify
organic burnt constituents of archaeological combustion struc-
tures, including animal and plant components to infer past fire-
related activities (cooking practices or biomass burning).

Here we presented results from laboratory heating experiments
on different anatomical parts of the Celtis australis tree (leaves,
roots, seeds and branches-bark and xylem) and Pinus canariensis
tree (needles and branches), as well as from open experimental
hearths using Celtiswood (some of themwithmeat contribution) to
identify its molecular (n-alkyl nitriles) and isotopic (d13C-fatty
acids) fingerprints and thus discern among different plant-tissue
types, distinguish plant vs. animal contributions and approach
combustion temperatures. We analysed sediment samples from
ancient (Palaeolithic) archaeological structures to determine
whether charred organic remains could be identified as plant or a
mixture of plant and animal components comparing their isotope
signatures with modern references.

The results showed that d13C-fatty acid values of leaves (fresh
and charred) are sufficiently different from those reported in wood
and allow the distinction between fuel (wood) and the underlying
soil substrate (mostly leaves) in the black layers of combustion
structures. Also, the isotopic signatures from our hearth experi-
ments showed that organic residues with animal fat contributions
were enriched in 13C (z4‰) compared to plant residues. From our
experiments, it appears that organic residues preserved in
archaeological combustion structures with depleted d13C16:0 values
(d13C16:0 <�31‰) could indicate biomass burning and low contri-
bution and preservation of terrestrial animal fat. However, seeds
can plot on the plant oil areas as well as on the animal (terrestrial)
fat area. More modern wood reference samples (driftwood, fresh-
with bark, dead-xylem and charred), as well as open hearth ex-
periments combining wood and animal fats, should be included in
future work to compile a complete database.

With respect to molecular fingerprints and combustion tem-
peratures, a series of n-alkyl nitriles was detected in the reference
samples at a temperature of 350 �C (1 h of combustion) and 250 �C
(3e5 h of combustion) and identified in the archaeological samples.
Our findings corroborate that n-alkyl nitriles and n-alkyl amides
can be preserved in Pleistocene sediments and hold potential as
combustion temperature biomarkers as well as to determine
sources of organic matter.
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