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Abstract

The aim of this research is to investigate the efficiency of combustion structures, the fuels used, the structure maintenance
and the range of related domestic activities. An experimental programme was carried out in which replicas of archaeological
Iron Age combustion structures were put to work. Based on the available archaeobotanical records, various fuel types (wood,
grasses, palm leaves and animal dung) were used. Variables such as increased heating and times were measured in order to
determine whether variations occurred depending on the fuels used, the type of structure, the location, or the weather condi-
tions. The possibility of their use for cooking was also tested. A combination of methodologies was applied for integrated
analyses: anthracology, phytoliths, calcitic microfossils, Fourier transform infrared spectrometry, micromorphology and
chemical analysis of hearth surfaces. Observations and data recorded during the experimental tasks, together with the results
of the interdisciplinary analyses, contribute to a better understanding of the Iron Age archaeological combustion structures.
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Fig. 1 a Map of the study area with the location of the Ciutadella Ibérica de Calafell archaeological site; b one of the streets of the reconstructed

site, which is also an experimental archaeology centre

Introduction

This paper addresses experimental archaeology related to
the fire structures built and used during the first millen-
nium BC in the north-eastern Iberian Peninsula. The Iron
Age settlement pattern in the study area is characterised
by agglomerated sites. The houses were arranged sharing
party walls built with stone and earth and roofs that con-
sisted of a layer of earth on a bed of branches supported
by wooden beams (Fig. 1b) (Belarte 2008). Combustion
structures are well preserved at many archaeological sites
from this period (Fig. 2) (Belarte et al. 2016), especially
compared to those from previous chronologies. These
structures show a diversity of morphological characteris-
tics built with different materials and techniques (Belarte
2021; Belarte et al. 2022). In the framework of the project
“Transdisciplinary and experimental study of firing struc-
tures in the Western Mediterranean during protohistory
(first millennium BC) (TRANSCOMB)”, we are conduct-
ing interdisciplinary analyses to gain a better understand-
ing of these structures (Belarte et al. 2023).
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In this field of research, certain questions have arisen
and remain open. Do the different traits of the combustion
structures, especially the preparation layers, result in longer
firing times and/or higher temperatures? Therefore, could
their use have been intended for that purpose? Regarding
fuels, were the different types and plant species used for

Fig.2 Example of an Iron Age hearth, Barranc de Gafols (Ginestar,
Tarragona), sixth century BC
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Table 1 Experimental combustion structures

Com- Location ~ Shape Preparation layer Measures Features

bustion

structure

Hearth 1 Indoors  Quadrangular Mudbrick infill 116 X120 cm  Earthen border of 20x 11 cm. Mudbrick infill

Hearth 2 Indoors  Quadrangular Pottery sherds 50%50 cm Excavated in a shallow pit 67 cm in depth.
Earthen border with vegetal temper

Hearth 3 Indoors  Oval Pebbles 63 %57 cm Excavated in a shallow pit 8 cm in depth

Hearth 4 Outdoors  Oval None 80x 60 cm Directly on the ground, an earthen layer of
1.5cm

Hearth 5 Outdoors Rectangular None 7252 cm Excavated in a shallow pit 7 to 15 cm in depth

Hearth 6 Indoors  Quadrangular Pebbles and pottery sherds 63x51 cm Earthen border 6-8 X9 cm

Oven Outdoors  Oval ground plan, vaulted None 150x60 cm  Mudbrick structure, covered with mud mixed

with vegetal temper

different objectives? And how was smoke removed in the
case of indoor fires? Regarding the specific use of hearths
and ovens, is it possible to confirm their domestic or culinary
functions?

To answer these questions, we have implemented an inter-
disciplinary methodology, which also has the objective of
testing the suitability and limits of the different techniques.

An important part of the methodology consists of an
experimental archaeology programme. It has been carried
out at the Iberian Citadel of Calafell (Tarragona, Spain), an
Iron Age site dating from the sixth to the first centuries BC
(Pou et al. 2001) that has been reconstructed and is open
to visitors. It is also an experimental archaeology centre
(Fig. 1).

The experimental programme includes the following
stages: the design of combustion structures of diverse types
(with different building materials and techniques), building
them in different locations (interior/exterior), firing and data
collection, sampling and analyses and comparison with the
archaeological data.

We selected two experimental structures, one indoors
(Hearth 2) and one outdoors (Hearth 4), to present and dis-
cuss the results obtained from the interdisciplinary analyses.
Our aim was to obtain a better understanding of the data
recovered from the archaeological structures.

Materials and methods
Experimental combustions and fuels

This experimentation was carried out in three different peri-
ods between 2021 and 2022 (June 2021, November 2021
and May 2022) to compare the combustion performance in
different weather and temperature conditions, and to evalu-
ate how these affected other variables, particularly fuel
performance.

The experiment involved the construction of six open
combustion structures (hearths)—four in enclosed spaces
and two in open-air—and one oven (Table 1 and Fig. 3).!

The structures were used combining and alternating dif-
ferent fuel sources, including Aleppo pine wood and cones
(Pinus halepensis), oak wood (both evergreen and deciduous
(Quercus sp.)), barley straw and weeds (mainly Hordeum
vulgare), dwarf palm leaves (Chamaerops humilis) and live-
stock dung (sheep and cow). Foddering and grazing regimes
correspond to sheep grazers within pasture grounds, as well
as to cattle grazing in the farm pasture fields and stabled
cows foddered with straw and supplementary purchased
feed.? The choice of fuels was based on archaeobotanical
records acquired through the study of archaeological com-
bustion structures in the study context, the north-eastern
Iberian Peninsula (wood charcoal, Piqué et al. 2011; plant
and faecal microfossils, Belarte et al. 2023).

We performed a total of 35 combustions. Table 2 summa-
rises the fuel type and weight before and after the combus-
tions, the duration of the combustions and the temperatures.

During some of the combustions, we carried out cooking
experiments by boiling water in hand-made replicas of Iron
Age pottery and adding different products (legumes and ani-
mal bones). The residues of these products were expected to
be detected through chemical analyses, as will be addressed
below.

When putting the structures to work, the temperatures
reached and their progression in time were systematically
measured using K-type thermocouple pyrometers® that

! A seventh fireplace (Hearth 7) was later built on the same place as
Hearth 2, removing the preparation layer and building a new earthen
surface. For a more detailed information on fuel weights, see supple-
mentary materials in https://doi.org/10.34810/data581

2 See supplementary materials in https://doi.org/10.34810/data581
3 Two Data Logger Hibok 18 pyrometers and one TM-934S pyrometer.
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Fig.3 Experimental combustion structures, during construction and in use: a Hearth 1; b Hearth 2; ¢ Hearth 3; d Hearth 4; e Hearth 5; f Hearth
6; g Oven

automatically record the temperatures at predetermined reg-
ular intervals. We also used infrared pyrometers* to measure
the flames and embers, as well as other elements, including
the oven walls, ceramic pots, lids and contents, observing
and recording the temperatures reached and their behaviour.

Experimental fire installations were sampled for interdis-
ciplinary studies. Before they were first lit, samples of the
earth layers were taken for different analyses (microfossil
and FTIR), following the protocols explained in the “Anal-
yses applied to experimental structures” section (Fig. 4).
These served as controls for comparative purposes for the
reference standards obtained in the current experimental
study.

After each combustion, the fuel remains (both ashes and
charcoal, in addition to partially burned plant and dung

4 PCE-889B.
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remains), were collected for integrated macrobotanical and
microfossil analyses (Fig. Sa—b) (see the “Anthracology” and
“Phytoliths and calcitic microremains” sections). All the fuel
remains resulting from combustion were weighed. After sev-
eral combustions, blocks for micromorphology study were
taken (Fig. 5d), and a systematic sampling was carried out
for chemical analyses (Fig. 5c).

Analyses applied to experimental structures
Anthracology

All the fuel remains from each hearth were collected
(after five combustions in Hearth 2 and seven in Hearth 4)
(Table 2).

These remains were analysed in order to identify the genus
and, if possible, species of woody plants (see Kabukcu and
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Table2 Summary of experimental combustions. Hearths 2 and 4 are analysed in this paper

Fire structure Comb. no Fuel Fuel weight (g) Combustion dura-  Highest tempera- ~ Weight of Date
tion ture on combus- ash + charcoal
tion surface/in the  remains (ChR) (g)
flames
Hearth 1 Ist Wood, palm leaves, 12.481 8h 598 °C/756 °C 294+ 1.532 16/06/2021
straw, grasses
2nd Oak wood, pine 11.380 More than 7 h 684 °C/785 °C No records 18/06/2021
cones
Hearth 2 Ist Oak wood, 6.923 More than 9 h 523 °C/805 °C 374+ ChR 15/06/2021
branches, palm
leaves, pine cones
2nd Cow dung, pine 10.004 More than 9 h 379 °C/372 °C 305 16/06/2021
branches, straw, 30 min
oak wood
3rd Cow dung, pine 2.550 5h 15 min 330 °C/756 °C 762 10/11/2021
branches, barley
straw
4th Oak wood, pine 8.585 More than 18 h 717 °C/780 °C 317 11/11/2021
and oak branches,
pine cones, straw
5th Cow dung, straw 1.030 6h 477 °C/188 °C 534 12/11/2021
Hearth 3 1st Oak wood, pine 7.806 More than 8 h 450 °C/779 °C 374+ ChR 16/06/2021
branches, pine 30 min
cones, palm
leaves
2nd Sheep dung, pine  3.845 More than 8 h 295 °C/706 °C 1.474 17/06/2021
branches, straw, 30 min
palm leaves
Hearth 4 1st Oak wood, pine 10.505 6h 572 °C/754 °C 360+ ChR 14/06/2021
branches, straw
2nd Oak wood, pine 5.984 1 h 15 min 754 °C/805 °C 140+970 15/06/2021
branches, pine
cones, straw
3rd Sheep dung, pine  2.632 2 h 15 min 522 °C/660 °C 211+ ChR 16/06/2021
branches, straw
4th Oak wood, pine 12.285 More than 12 h 759 °C/817 °C 211 17/06/2021
branches, pine
cones, straw
5th Oak wood No records No records No records No records 17/06/2021
6th Cow dung, pine 1.780 5 h 30 min? 404 °C/656 °C 603 09/11/2021
branches, pine
cones, straw
7th Oak wood, 2.175 More than 6 h 579 °C/745 °C 126 +280 12/11/2021
branches, straw 30 min
8th Sheep dung, barley 2.449 More than 6 h 550 °C/670 °C 278 +467 09/05/2022
straw, small pine
branches, pine
cones, grass
9th Oak wood, palm 2.652 More than 10 h 607 °C/629 °C 147 11/05/22

leaves, barley

straw, wood chips

@ Springer
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Table 2 (continued)
Fire structure Comb. no Fuel Fuel weight (g) Combustion dura-  Highest tempera- ~ Weight of Date
tion ture on combus- ash + charcoal
tion surface/in the  remains (ChR) (g)
flames
Hearth 5 Ist Oak wood, palm 5.908 2 h 15 min 550 °C/686 °C 385+ ChR 14/06/2021
leaves, grass
2nd Oak wood, pine 7.403 2 h 40 min 759 °C/758 °C 575+ ChR 15/06/2021
cones, palm
leaves, grass
3rd Cow dung, pine 2.160 5 h 45 min 458 °C /725 °C 484+ ChR 16/06/2021
wood, pine cones,
grass
4th Oak wood, palm 2.476 More than 12 h 139 °C /507 °C 720 (ash + oak 09/11/2021
leaves, straw fragm.)
5th Sheep dung, wood  2.052 More than 5 h 595 °C/755 °C 282 19/11/2021
chips, straw
6th Oak wood, palm 2.582 More than 8 h 773 °C/651 °C 48 +363 09/05/2022
leaves, barley
straw
7th Sheep dung, 1.649 8 h 30 min 548 °C/670 °C 671 11/05/2022
barley, small pine
branches, pine
cones
Hearth 6 1st Embers, wood 211+2 wood More than 3 h 437 °C/828 °C 455+ ChR 17/06/2021
fragm
Hearth 7 Ist Sheep dung, 2.657 12h 428 °C/716 °C 785 10/05/2022
barley, small pine
branches
Hearth 7 2nd Oak wood, barley  2.590 9h 571 °C/756 °C 120 12/05/2022
and weed, small
pine branches,
wood chips
Oven 1st Oak wood, 7.788 7h 887 °C/856 °C No records 17/06/2021
branches, pine
cones
2nd Oak wood, 16.653 7 h 30 min 490 °C/85 °C No records 18/06/2021
branches, pine
cones
3rd Oak wood, pine 7.765 More than 12 h 761 °C/800 °C 660+ ChR 10/11/2021
cones, pine
branches, straw
4th Sheep dung, 4.479 8h 326 °C/684 °C 664 +2.857 11/11/2021
branches, pine
cones, straw
5th Oak wood, pine 9.359 More than 13 h 807 °C/825 °C 636 10/05/2022
cones, pine small
branches, straw
6th Oak wood, pine 2.732 9h 544 °C/718 °C 252 12/05/2022

cones, pine small
branches, straw,

grass

Chabal 2021). The methodology applied included several
stages. Firstly, after each combustion, the sample was washed
with water, using a> 1-mm sieve. Subsequently, the charcoal
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fragments were sorted and identified, and each was indi-
vidualised and stored with its numbering to facilitate future

consultation.
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Fig.5 a Sampling Hearth 2 after combustion for microfossil and FTIR analyses; b sampling fuel remains from Hearth 4 for macrobotanical
analysis; ¢ sampling of Hearth 2 for spot tests; d taking two blocks of sediment from Hearth 4 for micromorphology

A minimum analysis of 25 charcoal fragments per com-
bustion was established, which is considered sufficient to
presuppose the occurrence of most or all species per strati-
graphic unit (Thompson 1984; Castelleti and Zimmerman

1985; Pearsall 1988; Piqué 1996; Hastorf et al. 2005;
Vila Moreiras 2018). Several specific charcoal fragments
could not be taxonomically determined and were therefore
included in the “indeterminable” category. Alterations to

@ Springer
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charred wood are often the cause of a high deformation of
the anatomy and are vitrified (Courty et al. 2020; McParland
et al. 2010), which prevents taxonomic determination.

It is worth mentioning that several elements not intention-
ally included during the experiments, such as olive pits, were
identified through sorting. To verify whether they came from
dung used as fuel, a sample of unburned dung was washed
with water, also using a> 1-mm sieve, and the result was
positive.

Phytoliths and calcitic microremains

Ten samples from Hearth 2 (combustions 1 and 2, codified
as H2-C1 and H2-C2) and Hearth 4 (combustions 1 and 3,
H4-C1 and H4-C3) were selected for integrated phytolith
and calcitic microfossil analysis. Additionally, two unburned
sediment samples collected from the hearth surfaces before
the combustion experiments were included for comparative
purposes as controls (codified as CO samples).

Phytolith analyses followed the methods of Katz et al.
(2010). A weighed aliquot of around 40 mg of dried sedi-
ment was treated with 50 ul of a volume solution of 6N
HCI. Phytoliths were concentrated with 450 pl 2.4 g/ml of
sodium polytungstate solution [Nays(H,W,0,4,)]. Aliquots
of 50 ul of material were mounted on microscope slides. A
minimum of 200 phytoliths with recognisable morpholo-
gies was examined at X 200 and X400 using a Leica DMEP
optical microscope. Phytoliths displaying pitted surfaces
that were unidentifiable due to weathering and alteration by
dissolution were listed as weathered morphotypes, whereas
“melted” refers to those phytoliths that were deformed and
displayed alterations due to heating. The latter ranged from
slightly bubbled surfaces to completely opaque morpholo-
gies that it was no longer possible to assign to specific mor-
photypes. Both partially weathered and melted phytoliths
that were still recognisable were then attributed to specific
morphotypes (Portillo et al. 2021a). Morphological identi-
fication was based on modern Mediterranean region plant
reference collections (Albert and Weiner 2001; Albert et al.
2008, 2016; Portillo et al. 2014; Tsartsidou et al. 2007) and
standard literature (Brown 1984; Mulholland and Rapp
1992; Piperno 2006; Rosen 1992; Twiss 1992; Twiss et al.
1969). Where appropriate, the terms used to describe phyto-
lith morphologies followed the standards of the International
Code for Phytolith Nomenclature, ICPN 2.0 (Neumann et al.
2019).

The methods used for calcitic microfossil analyses,
including both dung spherulites and wood ash pseudo-
morphs, were similar to those developed by Canti (1999).
Approximately 1 mg of dried sediment was mounted on a
microscope slide with Entellan New from Merck. Slides
were examined at X 200 and X 400 magnifications under
an optical microscope with crossed polarised light (XPL)
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for spherulites, whereas pseudomorphs were examined
in plane polarised light (PPL). Similarly to phytoliths,
both calcitic microfossil numbers were related to the ini-
tial sample weight. Samples were also compared to dung
spherulites and wood ash pseudomorphs from modern ref-
erence collections and ethnoarchaeological datasets from
Mediterranean areas that followed a similar quantitative
approach (Tsartsidou et al. 2008; Portillo et al. 2012, 2014,
2017, 2020, 2021a, b, c; Portillo and Matthews 2020; Por-
tillo and Garcia-Suarez 2021).

FTIR (Fourier transform infrared spectroscopy)

For FTIR analyses, three specific points were selected in
each combustion structure: two in opposite corners and
one in the middle (Figs. 4 and 5a). Samples from these
three locations were collected repeatedly. For Hearth 2,
three samplings were carried out: the first before the com-
bustions (numbered using the acronym EXP) and later
after combustions 2 and 5 (C2 and C5). In the case of
Hearth 4, the same previous sampling (EXP) was carried
out and subsequently after combustions 4 and 9 (C4 and
C9). For both hearths, only samples corresponding to the
central part of the hearth (No. 2) were analysed to ensure
that they had been subjected to combustion processes.

FTIR is a technique based on how electromagnetic radi-
ation from the middle infrared range (number of waves
between 4000 and 400 cm™') interacts with materials.
Berna et al. (2007) used it successfully with archaeologi-
cal materials, revealing the presence or absence of thermal
alterations (see also Saorin 2018).

For each sample, a few milligrams of sediment (less
than 0.5 g) were homogenised, powdered with an agate
mortar, mixed with a few milligrams of KBr and pressed
into a 7 mm pellet using a manual hydraulic press (Spe-
cac). Infrared spectra were collected at 32 scans and a res-
olution of 4 cm™! with an iS5 from Thermo Fisher Scien-
tific. The software used for the interpretation of the spectra
was OMNIC and the mineral database used is available at
the Kimmel Centre for Archaeological Science (Weizmann
Institute of Science). The thermal alteration of the clays
was identified following Berna et al. (2007). When clay is
exposed to high temperatures, it is altered and becomes
more disordered. The infrared spectra of clays exposed to
high temperatures change depending on the type of clay,
the temperature and the duration of exposure. FTIR iden-
tification of clays is only possible if the clay sample being
analysed contains a single clay mineral. Several different
clay minerals are often mixed together, and, when this is
the case, the presence of clay can be identified by FTIR,
although it is very difficult to identify the different types
of clays in the sample (Weiner 2010).



Archaeological and Anthropological Sciences (2023) 15:76

Page9of25 76

Micromorphology

We took undisturbed and oriented samples from each com-
bustion structure after they had cooled down (two from
Hearth 4 and one from Hearth 2) (Fig. 5d).

The soils and sediments were studied in thin sections (on
a micro-scale) in order to provide information on their in situ
composition, formation processes and possible use (Mateu
et al. 2019). The thin sections were prepared in the Institute
of Geology laboratory at the University of Barcelona follow-
ing standard protocols. The samples were consolidated with
polyester resin by total impregnation through capillarity,
then sliced into 30-um-thick sections and placed on slides
(Loaiza and Poch 2015: 19-20; Verrecchia and Trombino
2021). The thin sections were observed at the Archaeometric
Studies Unit of the Catalan Institute of Classical Archaeol-
ogy (UEA—ICAC) under a petrographic optical microscope
(%20 tox 200 magnifications), in Plane Polarised Light
(PPL), between crossed polarisers (XPL) or oblique incident
light (OIL). The descriptions and interpretations were based
on criteria from Bullock et al. (1985), Courty et al. (1989)
and Stoops (2003), and the features used to infer the techno-
logical characteristics were those proposed by Friesem et al.
(2017), Cammas (2018) and Mateu and Daneels (2020).

Spot tests

Twenty samples were recovered from the Hearth 2 surface
and 24 from the Hearth 4 surface for chemical analysis
aimed at identifying the chemical residues by applying spot
tests (see below) (Barba 2007, Pecci 2021).

On site, almost 5 g of sediment was taken after having
mechanically cleaned the surface. Before the experiment,
four samples were recovered on the two hearths. After the
experiment, samples were recovered on a 20X 20 cm grid
on the two hearths analysed (Figs. 4 and 5). Sampling on
Hearth 2 was carried out after five combustion processes.
The fuel used was of plant origin (in every case oak and,
depending on the combustion, palm leaves, grass and pine),
as well as dung. During three of the combustions (nos. 1, 2
and 4), pork bones were boiled for 6 h on the hearth; during
combustion 3, a cooking pot full of water was placed next to
the fire. Although it did not contain any food, it had cracked
and the water could have facilitated the absorption of resi-
dues. Hearth 4 was sampled after five combustion processes.
The combustion material was of plant origin (oak and pine
wood and grass) and in only one of the combustions, dung.
A cooking pot with lentils in water was placed on the hearth
during the first combustion.

In the laboratory, the sediment was homogenised, pow-
dered and subsampled again for the different tests. Analyses
were carried out using spot tests published by Barba et al.
(1991) and more recently by Barba (2007) and Pecci et al.

(2017) in order to identify the presence of phosphates, fatty
acids, protein residues and carbohydrates (Barba 2007). In
particular, the phosphate spot test was developed by soil
scientists to detect phosphorous compounds by making the
sample react with a mild acid solution. The extracted phos-
phates react with molibdates to produce a yellow colour
indicating phosphomolibdates, which are difficult to see. For
a more visible reaction, ascorbic acid is added to produce
blue complex compounds that can easily be seen on white
filter paper. Finally, a solution of sodium citrate is added to
fix the reaction at a given time. The intensity of the blue is
directly related to the amount of phosphates present in the
original sample. In practical terms, the test consists of plac-
ing 0.05 g of powdered sample in the middle of a Whatman
42 ashless filter, placing two drops of Solution A (a 5 g solu-
tion of ammonium molibdate dissolved in 35 ml of hydro-
chloridric acid and 65 ml of distilled water), waiting 30 s,
and adding two drops of Solution B (obtained by dissolving
0.5 g of ascorbic acid in 100 ml of distilled water). Two
minutes after the reaction begins, several drops of Solution
C (one part sodium citrate to two parts distilled water) are
added, covering the whole sample, to fix the reaction. The
scale used is 0-6. The presence of phosphates in the sam-
ples indicates organic material that may be related to food
preparation and consumption, or even ritual activities. To
determine whether protein residues are present, the amino
groups contained within the proteins are decomposed by a
strong alkaline reaction with calcium oxide in a hot water
solution to produce ammonia (NH;). pH indicator paper
changes colour in contact with NH; vapours. The darker
the colour, the more “protein residues” are present in the
sample. In practice, the test consists of placing 0.1 g of pow-
dered sample in a test tube, adding 0.1 g of calcium oxide
and 1 ml of distilled water and placing two wet pH strips on
the rim of the test tube (after cleaning it). The test tube is
heated for 1 min until the pH stripes change colour and the
pH value is identified. The scale used is that of the pH values
observed. Values of 7 and 7.5 indicate no presence of protein
residues. Protein residues are present in materials such as
blood or meat and are usually found in kitchens, butchering
places and ritual areas.

Carbohydrate residues produce coloured compounds by
reacting with phenols in an acidic medium. The carbohy-
drates are hydrolysed to furfural or hydroxymethylfurfural
by the action of concentrated sulphuric acid. Subsequently,
the coloured compounds are generated in a condensation
reaction with resorcinol. The amount of carbohydrates con-
tained in the sample is related to the intensity of the red-
dish colour generated and is assigned a value ranging from
0 to 4. For the test, 0.2 g of the sample is placed in a test
tube and 2 ml of Reagent A is added (0.7 g of resorcinol in
500 ml of distilled water). Two millilitres of concentrated
sulphuric acid is poured into the test tube. After 1 min, the
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reaction stabilises and the colour can be compared to the
colour chart.

Fatty acids indicate the presence of animal or plant origin
oils, fats and resins. They reflect activities such as cooking
and food storage, incense/copal burning and butchering. To
test for fatty acids, lipids are extracted using a non-polar
solvent such as chloroform and heating. The reaction with
ammonium hydroxide produces a solution of ammonium
soaps through the saponification of fatty acids. Bubbles of
oxygen, when in contact with hydrogen peroxide, produce
a dense foam that is directly related to the presence of fatty
acids in the original sample. In practical terms, the test con-
sists of placing 0.1 g of powdered sample in a test tube,
adding 2 ml of chloroform, heating for 1 min and leaving to
stand (the chloroform is reduced to half). The supernatant
is placed on a watch glass, two drops of ammonia solution
are added and, after 1 min, two drops of hydrogen peroxide
(30%) and the formation of the foam is observed. The scale
used is 0-3.

Spot tests are used in our research to identify the pres-
ence of residues. They do not provide information on the
quantity or exact origin of the compounds (i.e. whether they
are fatty acids derived from animal products or plant oil).
However, they have been useful in identifying chemical

enrichment patterns and activity areas and interpreting the
use of spaces (Barba 2007; Barba et al. 1996, 201; Middle-
ton et al. 2010; Pecci 2009, 2013; Pecci et al. 2013, 2017;
Pecci and D’Andria 2014).

The results from analyses of the samples recovered on a
grid were inserted in a GIS database and interpolated using
the IDW method in order to produce distribution maps for
each test. The results are discussed on the basis of the infor-
mation known about the building techniques, fuel and use
of hearths.

Results
Experimental combustions and fuels

Regardless of the building technique and materials used,
the fuel chosen and the location (indoors/outdoors), all the
experimental combustion structures turned out to be func-
tionally efficient, maintaining the necessary heat to boil
water (and any food in it) in a ceramic pot for at least 6 h
(Figs. 6 and 7).

More fuel had to be added in some cases to heat the
water to over 100 °C. Once it was boiling, the temperature

Hearth 2 (indoors). Fuel: oak, pine, pine cones, straw
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9:11:31
9:17:00
92131
92500
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9311

= Combustion surface

Fire fembers Pat

Fig.6 Duration and temperature records of the fourth combustion of Hearth 2 in November 2021, using wood as the main fuel and boiling pork
bones for more than 6 h. Colour code: dark blue, combustion surface; red, fire/embers; green, pot; violet, lid; light blue, water
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Hearth 2. Fuel: dung, straw, pine

Fig.7 Duration and temperature records from the third combustion of Hearth 2 in November 2021, using dung as the main fuel and boiling pork
bones for more than 6 h. Colour code: dark blue, combustion surface; red, fire/embers; green, pot; violet, lid; light blue, water

remained stable for hours, although fuel additions were
needed on occasion. All these additions were systematically
recorded in terms of the time taken and the weight of the
fuel, and we were able to observe that the needs varied in
each combustion (see supplementary materials).

Depending on the hearth, the total amount of fuel required
to boil water varied from 7 to 12 kg using combinations of
different fuel types.

The temperatures of the combustion surfaces were higher
when wood was used as fuel (Belarte et al. 2022). Some
variation in the combustion properties could have been intro-
duced due to the varying percentages of moisture in the fuels
used in our experiments. During the experimental studies in
November 2021, we were able to compare the performance
of the same hearth (an indoor structure) using wood (Fig. 6)
and dung (Fig. 7). Figure 6 shows a complete combustion
in which we boiled pork bones for 6 h using wood as fuel.
Figure 7, which shows the performance of the same hearth
using dung, reflects a very different situation, with a less
stable fire. Most of the time, the fire surface (dark blue line)
was below 300 °C (much lower than the 600 °C or even
700 °C in Fig. 6), and we did not succeed in keeping water
boiling for long enough to cook bones. Although the dung

was apparently dry, it absorbs humidity, and with a high
RH, it was difficult to reach the same temperatures as with
wood. This issue has been noted by other researchers who
have experimented with dung as a fuel in humid climates
(Budka et al. 2019).

Thermo-alteration of the firing surfaces was visible
after the very first combustion, with the earthen surfaces
changing colour from brown to black and darkening tones
in irregular spots. For example, in Hearth 4, we see a com-
bination of colours depending on the position in the com-
bustion surface, after nine combustions: pale brown (10YR
6/3 in the Munsell colour system), dark grey (10YR 4/1) or
grey (10YR 5/1). In addition, the upper opening of the oven
blackened after the first use, probably due to the proximity
of the flames, while the colour of the oven walls was not
transformed in the same way. In the case of Hearth 2, built
indoors by a wall under a small window and surrounded
by a vegetal-tempered earthen border, an ascending black
spot formed on the wall during the second combustion, in
the direction where most of the smoke went out through the
window above, although this was probably due to the close
contact of a burning log. The area of the wall left between
the spot and the window darkened slowly but progressively
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Fig.8 Darkening of the wall next to Hearth 2 during its second com-
bustion

with each subsequent combustion (Fig. 8). Our observations
regarding the colour transformation of the surfaces in con-
tact with fire can help in interpreting archaeological remains

and structures and avoid assuming that heavily blackened
surfaces must be the result of successive combustions or
structures used over a long period of time.

Regarding the fuels used, straw was the first material to
be combusted, rapidly within the first minute, followed by
palm leaves and branches, something in which size would
play an important part. Therefore, it is less efficient to place
these smaller materials at the top of the fuel pile prepared
for burning. Logs are logically the last to burn, on many
occasions being burnt only partially, which allows them to
be reused for the same or other purposes.

Anthracology

Counting both hearths, a total of 263 fragments was ana-
lysed, 100 from Hearth 2 (collected after five combustions)
and 163 from Hearth 4 (collected after seven combustions)
(Fig. 9). The most popular species in the first case was ever-
green Quercus with 41%, followed by deciduous Quercus
(oak) (28%) and Pinus halepensis (22%), the rest account-
ing for less than 7%. Those in Hearth 4 were deciduous
Quercus (48%) and evergreen Quercus (33%), while the rest
accounted for less than 7% of each species.

A difference was observed between the two structures.
In Hearth 4, the number of taxa was much higher (seven),
whereas in Hearth 2, there were only four. This could be
related to the use of dung as a fuel, as some of the species
determined in the anthracological study (e.g. Arbutus unedo
and Rhamnus/Phillyrea) were not used intentionally in our
experiment. One possibility is that these wood species came
from the dung used as fuel. We verified the presence of some
of the unexpected fuels by washing a sample of fresh dung

Indeterminable
7%
Punica granatum -
2%

Pinus halepensis

~ decidous Quercus sp.
28%

Hearth 2

Arbutus

Indeterminable Monocotyledoneae

Pinus type
6% sylvestris/nigra
1%

1%

unedo
6% 1% 4%
Rhamnus/PhiIIyrea\ _\ [ [Pinus halepensis

Fig. 9 Wood species determined in experimental Hearths 2 and 4
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Table 3 Description of samples and main quantitative phytolith, ash pseudomorph and dung spherulite results obtained from the Hearth 2 (H2)

and Hearth 4 (H4) experimental samples

Hearth- N. phytoliths 1 g of Multi-celled  Phytoliths  Phytoliths Ratio grass inflo- M. ash pseudo- N. dung spherulite
combustion-  sediment (million) phytoliths melting weathering  rescence/leaves- morphs 1 g of sedi- 1 g of sediment
sample n (%) (%) (%) stems ment (m) (m)

H2-CO0-1 0.22 1.5 0 7.6 0.31 0.19 0

H2-Cl-1 1.03 5.9 0 0.5 0.19 3.60 0

H2-C1-2 0.32 18 0 6 0.06 7.66 0

H2-Cl1-4 0.24 6.3 0 3.2 0.54 0.02 0

H2-C2-1 0.92 2.6 1.7 0 0.66 8.43 0.14

H2-C2-2 0.30 11.6 0.3 5.1 1.13 4.04 0

H4-C0-1 0.29 0 0 6.6 0.63 2.70 0

H4-Cl1-1 0.19 16.4 0 3.6 0.29 7.46 0

H4-C1-2 0.21 33 1.6 6.6 0.32 7.14 0

H4-Cl1-4 0.17 2.1 0 0 0.73 0.04 0

H4-C3-1 0.26 57.4 1.5 7.4 2.19 0.92 0.02

H4-C3-2 0.34 443 0 1.1 3.93 0.11 0.22

and, as mentioned above, Arbutus unedo and olive pits were
identified.

Phytoliths and calcitic microremains

Phytolith amounts range between 0.17 and 1.03 million per
1 g of sediment (Table 3). The richest samples by far were
noted in Hearth 2 (Samples H2-C1-1 and H2-C2-1, ca. 1 m
phytoliths per 1 g/sediment). The low proportions of weath-
ered phytoliths (below 8%), together with the presence of
multicellular phytoliths (anatomically connected) in most
of the samples (up to 57% in Sample H4-C3-1, belonging to
fuel dominated by ovicaprine dung), point towards generally
good preservation conditions of the phytolith record. In addi-
tion to weathering, phytoliths from combustion assemblages
were partially affected by melting due to heating, although
many of these were recognisable and morphologically iden-
tified (Fig. 11a). Melted phytoliths were completely absent
in the unburned assemblages collected from the hearth sur-
faces prior to the experimental combustion work.

Grasses predominated in most of the samples, with
around 60-94% of all the counted phytoliths and an average
of ca. 80%, whereas wood, bark and dicotyledonous leaf
morphotypes (e.g. spheroids, tracheids and blocky morphol-
ogies) represented an average close to 15% of the assem-
blages (Fig. 10A). The lowest dicotyledonous proportions
were noted in samples belonging to cow dung—dominated
fuels (Samples H2-C2-1 and H2-C2-2, Fig. 10A). Diagnos-
tic spheroid echinate phytoliths produced by the leaves of
the Arecaceae family (dwarf palm, Chamaerops humilis,
Fig. 11b), were only noted in one of the samples, although
to a much lower extent (H2-C1-1, ca. 1% of all the counted
morphotypes, Fig. 10a). Grass short cells were by far the

most dominant in both hearths, regardless of the type of
fuel, with an average of around 44% of all the counted grass
morphotypes (Fig. 10B). Short cell morphologies com-
prised mostly rondels, although bilobates and polylobates
were also noted (Fig. 11c¢). Grass inflorescences were repre-
sented mainly by decorated elongate dentate (echinate) and
dendritics, in addition to elongate bacculates and epidermal
cells including papillates (Fig. 11a). Epidermal append-
ages produced by grass leaves and culms, including acute
bulbosus (trichomes), bulliforms and stomata, were also
common in all the samples in variable amounts (Figs. 10b
and 11c). Lastly, the dung-dominated samples showed the
largest ratios in terms of inflorescences/leaves and stems of
grasses, pointing towards an important input of the floral
part of grasses in the fuel related to livestock diet (Samples
H2-C2-2, H4-C3-1 and H4-C3-2, ratios ranging from 1.1 to
3.9, Table 3).

In addition, calcitic wood ash pseudomorphs, calcite
pseudomorphs after the heating (burning) of calcium oxa-
late crystals to at least 450 °C, primarily originating from
wood and dicotyledonous leaves, were also noted in vari-
able amounts (between 0.04 and 8.4 million per gram of
sediment, Table 3). Most of these calcitic microfossils dis-
played characteristic regular-shaped rhomboid morpholo-
gies directly comparable to Aleppo pine (Pinus halepensis,
Fig. 11d) and oak (Quercus sp., Fig. 11e), according to our
modern reference collection (Portillo et al. 2017, 2021c).
Certain morphologies noted in the fuel assemblages domi-
nated by ovicaprine dung (Samples H4-C3-1 and H4-C3-2)
compared favourably to other taxa, such as the olive tree
(Olea europaea) (see Fig. 8c in Portillo et al. 2017). This is
consistent with the above-reported macrobotanical records
(see the “Anthracology” section). Furthermore, calcitic dung
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Fig. 10 A Relative abundance of phytoliths from grasses, dicotyledonous leaves, dicotyledonous wood/bark, palms, melted and weathered mor-
photypes. B Anatomical origin of the grass phytoliths identified in the samples

spherulites were also noted among these fuel assemblages
dominated by sheep dung, as well as in one of the fuel sam-
ples based on cow dung (H2-C2-1, although in relatively
lower amounts, ranging from between 0.02 and 0.2 m/1 g of
sediment, Table 3, Fig. 11f).

Micromorphology

The raw material used to build the combustion surfaces was
a sandy silt soil known as “terra rossa”. We did not add any
vegetal temper. In Hearth 2, the combustion surface was
built on top of a preparation layer of pottery sherds. In con-
trast, Hearth 4 was built directly on the ground without a
preparation layer (Table 1 and Fig. 3). For this study, we
were interested in seeing what changes were documented in
this material once the combustion surfaces had been built
and used and how they were affected by different combus-
tions and temperatures.

We took two samples from Hearth 4, one from inside the
hearth and the other from outside. The thin section of the
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external sample (Fig. 12b) shows the difference between the
combustion surface layer—with a brown colour—and the
ground. The one from the interior (Fig. 12c¢), in contrast,
no longer showed much difference between the combustion
surface and the floor. The combustion affected the micro-
structure, and its colour changed to reddish and dark brown.
The thin section of the combustion surface from Hearth 2
had a homogeneous dark brown colour (Fig. 12a).

In some cases, on the combustion surfaces, we find what
appear to be layers and fissures. It seems that hearths with
more combustion episodes have more fissures, as in the
example of Hearth 2, which had fewer burns and did not
reach a temperature as high as the inner part of Hearth 4
(Fig. 12a and c).

No ash was documented in these thin sections, either
in the upper part or in the fissures. There were only a few
charcoal fragments on the surface in Hearth 4 (Fig. 13a-b).
We detected a few charred vegetal remains that in a micro-
morphological observation could be mistaken for vegetal
temper (Mateu et al. 2022); however, in this case, they must
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Fig. 11 Photomicrographs of phytoliths and calcitic microfossils
identified in experimental samples (at 200X or 630x). a Partially
melted multicellular dendritic phytoliths (Sample H2-C1-2); b sphe-
roid echinate (H2-C1-2); ¢ multicellular elongate phytoliths with

already have been included in the sediment used to build the
structures (Fig. 13c—d).

FTIR (Fourier transform infrared spectroscopy)

In Hearth 2, the main composition was calcite, clay and
quartz in different proportions (Table 4). The experimental
sample before combustion had a higher proportion of clay
(peaks 3431 and 1030) that decreased with the successive
combustions (Fig. 14 above).

Hearth 4 was mainly composed of calcite, clay and
quartz (Table 4). In the sample taken before combustion,
H4-EXP-2, it can be seen that it did not undergo thermal
alteration. In contrast, in Sample H4-C4-2 (after four com-
bustions), the clay peaks disappeared, both on the left side
of the graph, where Peak 3434 disappears completely, and
on the right side where Peak 1030 had decreased (Fig. 14
below). Sample H2-C9-2 (after nine combustions) showed
thermal alteration, although this was not as evident as in the
sample taken after four combustions. This is probably due
to repairs carried out between combustions.

Spot tests
In both hearths, spot tests carried out on a few samples

taken before their use allowed chemical residues (mainly
phosphates) and carbohydrates to be identified. This is

short cell rondels and stomata (H4-C1-1); d calcitic wood ash pseu-
domorphs comparing favourably to Pinus sp. (H4-C1-2); e calcitic
wood ash pseudomorphs resembling Quercus sp. (H4-C1-2); f dung
spherulites (H4-C3-2)

probably related to the specific raw materials used to build
the hearths. Before the hearth was used, no great differences
can be observed among the samples of the same structure.
After use, it is possible to observe chemical concentrations
in both hearths. This is evident mainly in Hearth 4, where
no cooking processes involving products of animal origin
were undertaken (a possible source of fatty acids and protein
residues in the floor, Pecci et al. 2017). The data obtained
suggest that what we are probably “seeing” in the chemical
residue distribution maps is the result of the use of specific
materials to make the fire that enriched the surfaces (dung
and wood, such as pine, that may have been rich in resin). In
the future, we will plan the experiment sampling on a grid
of the whole hearth before the burning and before cooking
the animal bones in pots. As such, we will be able to confirm
this hypothesis. At present, we can only suggest that both the
hearth building and its use enrich the surfaces below them. In
particular, the high phosphate values can be related both to
the use of organic material for the preparation of the hearth,
the fuel (especially dung) and the use of the hearth itself to
cook food. The protein residue test reacts to nitrogen-rich
compounds; therefore, concentrations can be related either
to cooking animal products (we cooked pork) or the use of
dung as fuel. Previous analyses carried out during an ethno-
archaeological project on ovens used for pottery production
in Mexico, in which dung was used as fuel, revealed the same
pattern (Pecci et al. 2011). The carbohydrate test also reacts
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0 5cm

Fig. 12 Micromorphology. Thin sections and microphotographs of the parts of them are marked with the red box (all PPL). a Hearth 2; b Hearth

4, less combusted; ¢ Hearth 4, more combusted

to the presence of straw. Enrichment is therefore possibly
linked to the use of plant material both for the building of
the hearths and as a fuel. Fatty acids can be related on one
side to the presence of resin from the pine used as fuel and
the cooking of pork bones. In fact, the spot test is not able to
differentiate between animal and plant-origin fats and reacts
both to animal fats and resin/copal (Barba et al. 1996; Pecci
2003). The pot was moved around in different positions dur-
ing the cooking processes (Fig. 15). Another observation is
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that after the hearths were used, the chemical concentrations
were located mainly towards their exterior, possibly because
the intense heat in the middle burned the organic material.
Although we are aware that a more intense sampling (on a
grid) should have been carried out before starting the burning
and that another should have been undertaken before begin-
ning to cook the food, we believe that the data obtained are
relevant for future research. This is because the information
obtained indicates that, at an archaeological level, the use of
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Fig. 13 Micromorphology. Hearth 4 microphotograph (PPL) with details of vegetal components; a and b small charcoal fragments on top of the
hearth (PPL and XPL); ¢ and d vegetal components accidentally included in the mass (PPL)

Table 4 FTIR results. Minerals are arranged according to their peak
height from highest to lowest in the spectrum. Abbreviations: Ca, cal-
cite; Qz, quartz; Cl, clay; (b), thermally altered clay

Combustion No. combustion Sample FTIR*
structure

Hearth 2 EXP 2 Cl, Ca, Qz
Hearth 2 Cc2 2 Ca, Cl (b), Qz
Hearth 2 C5 2 Ca, Cl (b), Qz
Hearth 4 EXP 2 Ca, Cl, Qz
Hearth 4 C4 2 Ca, Cl (b), Qz
Hearth 4 9 2 Ca, Cl (b), Qz

the same area (the surface occupied by the hearth and its sur-
roundings) for different activities (building the hearth, sev-
eral fuel-burning processes and cooking) can make it difficult
to understand the direct relationship between the chemical
enrichment of the surface and one of these specific activi-
ties. In any case, the analyses make it evident that the hearth
building and the use of specific fuels (mainly dung and pos-
sibly pine wood) influence the presence of chemical residues
on the floor surface, and this has to be taken into account
when interpreting archaeological hearths, in particular in
contexts in which it is likely that dung was used as a fuel
and/or building material. Therefore, it is important to carry
out multi-proxy analyses to better understand the origin of

residues. As for the relationship between the presence of fatty
acids and pine resin/tar, the analysis of a sample of the burnt
traces on the wall on top of hearth 2 (Fig. 8) displayed a value
of 1 with spot tests, and the analysis of the total lipid extract
carried out by gas chromatography coupled with mass spec-
trometry following Correa-Ascencio and Evershed (2014)
allowed to identify the presence of dehydroabietic acid, con-
sidered marker of Pinaceae resin, and retene, considered the
marker of the resin heating (Colombini et al. 2005).

Discussion

Various observations of interest could be made during these
experimental burnings, with implications for an improved
study and understanding of the archaeological record, as
well as of past societies and their domestic activities.
Several factors can be considered in the spatial arrange-
ment of combustion structures (Fig. 16): activity distribu-
tion, group organisation, space availability, reuse of previous
structures, and safety and comfort involving the structures,
also taking into account the smoke generated. In this respect,
in indoor spaces, openings would have been a key fac-
tor to consider to facilitate air currents and smoke evacu-
ation. Combustions in Hearth 2 produced smoke that rose
up to the ceiling and either escaped through the window or
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Fig. 14 FTIR results. Above (Hearth 2): red, EXP; blue, C2; yellow, C5. Below (Hearth 4): red, EXP; blue, C4; yellow, C9

accumulated and moved along the interior part of the ceil-
ing up to the door (Fig. 16a). If there was enough air move-
ment (or we fanned the fire), carbonised plant fuel dispersed
and even rose with the smoke up to the window. Outdoors,
smoke ascended, and its movement depended on the wind
direction (in the same way as the flames) and could remain
in a kind of column and/or spiral motion that encompassed
a wide space around the structure. In the oven used in this
study, smoke mainly flowed out through the upper opening
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after accumulating in the small vaulted space, although also,
to a lesser extent, through the front opening (Fig. 16b). In
either case, smoke was more abundant at the beginning of
the combustion, when it could have interfered more with the
human use of the space where it was lit, but decreased after
some minutes and then remained stable.

These observations are of interest for understanding ven-
tilation and smoke evacuation in the past, as windows and
openings in roofs are unknown in Iron Age settlements (the
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only known openings are doors). In some cases, there may
have been windows next to the hearths, as in our Hearth 2.
However, smoke was not necessarily perceived as a nuisance,
as studied in many social contexts, such as the village of
Gourna (Egypt) in the mid-twentieth century described by
Hassan Fathy (1970, 162). Openings for smoke evacuation
and ventilation could also have drawbacks that were not
always socially appreciated; for example, they make it easier
for water and animals to enter the home, as shown by ethno-
archaeological research (Beck et al. 2022: 18). Nevertheless,
air quality is a factor that should be taken into account, as
shown by several previous studies (Shillito 2021).

Combustion processes can be clearly identified macro-
and microscopically in the experimental earthen surfaces of
the structures, not only in micromorphological observations,
but also through FTIR analyses of samples taken through the
alterations detected in the clay. This has implications for the
archaeological detection of combustion structures.

Preparation layers made of materials such as pebbles or
pottery sherds could have helped higher temperatures to be
reached and maintained due to increased isolation from the
ground or because the heat could be stored in the layer and
reflected (Cattani et al. 2015: 38; Fuchs-Khakhar 2021).

The experimental data record does not allow us to be
conclusive in this respect. The micromorphology analyses
do not show a significant difference between the microstruc-
ture of Hearth 2 (with preparation) and Hearth 4 (without
preparation). Neither does the FTIR analysis show a greater
alteration of the clays when there is a preparation layer under
the combustion surface.

Concerning the use of fuels, the anthracological study
detected the species most used in the two hearths, with a
marked predominance of oak and pine, which were the wood
taxa most used in the experimental fires. The number of
undeterminable fragments is representative but not very high
in either case (6-7%), and much lower than that we observed
in previous analyses of Iron Age combustion structures in the
research area, where the indeterminate elements can reach
as high as 80% (Belarte et al. 2023). The reason for this dif-
ference must reside in the effect of time among other factors
in archaeological structures (such as cleaning of the hearths
after use, the reuse of fuels or taphonomic processes).

However, interpreting the fuel used on the basis of mac-
robotanical analysis alone can be misleading and indicates
the need for an integrated approach to understanding the
use of plant materials. Clearly, phytolith and calcitic micro-
fossil assemblages from experimental hearths allowed us
to detect plants and certain “fragile” plant parts that are
usually “invisible” in archaeological contexts (e.g. grass
leaves/stems, palm leaves) that are not commonly preserved
in archaeobotanical records. Moreover, these analyses have
been revealed to be especially useful in the accurate interpre-
tation of some of the plant remains identified in the hearths.

In fact, they are able to detect indicators of faecal matter
that are usually difficult to identify on a macroscopic level.

A further challenge to the interpretation of the archaeobo-
tanical record derives from the possible presence of ingested
food remains from livestock, when dung has been used as
fuel. In our case, the study of the fuel remains after the
experimental combustions allowed us to identify olive pits
and some shrubs that had not been intentionally used as fuel
but had been incorporated into the dung as they were part of
the ovicaprine diet.

Differential uses of wood and other plants as fuel, on
the one hand, and dung, on the other, are supported by the
experiments carried out. Dung, as has also been pointed
out in ethnoarchaeological studies, is a fundamental fuel in
many societies and allows fires to be stable and last longer,
which is especially useful in keeping spaces heated, or for
carrying out other activities, such as certain types of food
preparation and processing (Kramer 1982: 47; Zapata Pefia
et al. 2003; Gur-Arieh et al. 2013; Portillo et al. 2017). To
be able to be used effectively as fuel, these dung pellets must
be completely dried, which reduces their water content and
increases their heating potential (Bradbaart et al. 2012: 843).
The pellets can be dried by spreading them out in the open
air, in the same way as mud bricks (Portillo et al. 2017: 134,
Fig. 3a-b). Like mud bricks, dung pellets or “cakes” can
also be used for building, as if they were construction blocks
(e.g. Anderson and Ertug-Yaras 1998; Portillo et al. 2020).
Dung is also used as a mortar, mixing it with mud (Steen
et al. 2003: 43), acting as temper, or on its own (Shahack-
Gross 2011: 212, Fig. 8). As has been already pointed out,
during our experimental programme, we experienced the
different properties of wood and dung as fuel, reaching lower
temperatures with the latter, especially when the weather
conditions were cooler and more humid.

A border in the structure, especially when they are
indoors, does prevent some of the combusted material used
as fuel from moving away from the combustion structure.
This dispersion of light-combusted remains of fuel and ash
occurs to a much higher degree in outdoor structures and
windy conditions and is also influenced by other factors such
as human action. In this respect, on a micromorphological
level, we observed no ashes and only a few fragments of
charcoal on one of the surfaces.

The absence of visible ash and charcoal on the combus-
tion surfaces has often been noted in the archaeological
literature and interpreted as an indication that the hearths
were cleaned periodically (Belarte 2021). Although rare,
some studies refer to the preservation of ash (Karkanas
2021; Braadbaart et al. 2012). In our experimental fires,
fuel remains were collected after each combustion, although
these were not cleaned thoroughly. This illustrates the diffi-
culty of identifying ashes in archaeological contexts, assum-
ing that the hearths were cleaned periodically. In the case
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«Fig. 15 Distribution maps (from top to bottom) of phosphates, protein
residues, carbohydrates and fatty acids from Hearth 2. The location of
samples is visible in the photo and the circles on the distribution maps

of outdoor open fire installations, wind or rain could have
completely removed any fuel residue in a short time.

As for chemical residue analysis, the results suggest that
chemical residues in the hearth soils may not only depend
on the use of hearths for cooking, lighting or heating, but
also on the fuel used and the raw materials used to build
the hearths. Although the experiment has still limitations
and in the future it will be important to carry out a more
intensive sampling of the hearths before and after the use
of different raw materials and fuel, in order to clarify the
relationship between the results of the analyses and the dif-
ferent materials used in these processes, these first results
indicate that attention must be paid to the interpretation
of the results of hearths found in excavations, and that a
multi-proxy approach is needed to better understand the
use of these features. This can be linked to the fact that,
as previously shown, different activities can leave the same
biochemical residues if they are identified with spot tests
(Pecci 2003; Pecci et al. 2017). In some cases, the use of
analytical techniques that provide a more precise identifica-
tion of organic residues (i.e. gas chromatography coupled to
mass spectrometry, GC-MS) may be needed. These confirm
the presence of resin in the burnt traces in the wall next to
one of the hearths and more in general could help in bet-
ter recognising the activities that originated the chemical
enrichments. For instance, GC-MS applied to samples rich
in fatty acids identified with spot tests could differentiate
between pine resin/pitch produced by burning pine wood
as a fuel and those from fats of animal origin produced by
cooking, therefore differentiating between the two activi-
ties (use of fuel vs. cooking). Another example could be if
more specific techniques applied to samples rich in protein
residues could confirm the presence of dung through the
identification of specific biomarkers (e.g. Bull et al. 2002;
Vallejo et al. 2022).

In any case, the use of spot tests to analyse hearth surfaces
can provide hypotheses (sometimes more than one) on their
use that can eventually be better defined by the use of more
specific techniques on selected samples or by an approach
such as that proposed in this paper, in which fuel specific
types could be confirmed by other analyses.

Final remarks

Returning to the questions posed in the introductory section,
several concluding remarks can be made.

Firstly, our study does not point to the idea that a prepa-
ration layer under the combustion surface, either made of

pebbles or pottery sherds, is clearly related to the attain-
ment of higher temperatures or longer combustions. Many
variables were involved in the experimental tasks, includ-
ing the fuels and weather conditions, in addition to the
presence/absence of preparation layers. In further experi-
ments we will reduce the number of variables in order
to observe the changes in behaviour of different types of
structure. This, together with further analyses of archaeo-
logical combustion features, will allow us to come to more
solid conclusions in this respect and to better interpret
archaeological hearths and their associated spaces.

The experimental studies have shown the potential of com-
bining different techniques applied to the study of combus-
tion structures in order to identify the building materials and
processes, the fuels employed and the use of these features.

Micromorphology is especially useful for identifying the
building processes, as well as thermoalterations, particularly
in combination with FTIR analyses. Integrated macrobotani-
cal and microbotanical evidence from phytoliths and calcitic
wood ash pseudomorphs made it possible to identify the fuel
remains. Furthermore, calcitic dung spherulites allowed the
detection of faecal matter used as a fuel. The current study
also points towards the introduction of certain plant remains,
such as olive pits, as components of ingested vegetal matter
in livestock dung used as fuel, an aspect that should there-
fore be considered when interpreting fuel use in archaeologi-
cal contexts.

As for the different uses of fuel, our experiments suggest
that dung could have been useful to keep a fire lit for hours
(e.g. to keep a space warm), although when higher tempera-
tures were needed (e.g. to boil water), the wood appeared to
be more efficient, especially in high humidity conditions. We
have observed that when dung was wet, it was not possible
to boil water or keep it boiling for a certain number of hours.
Thus, it is possible that the use of dung as fuel was related
to functions other than cooking, such as heating the spaces,
keeping the food warm after cooking or some of the afore-
mentioned uses of smoke that could have been considered
by past societies.

The application of spot tests to identify chemical residues
suggests that great care has to be taken in the interpretation
of hearth chemical enrichment patterns, and that these can
depend not only on the use of the hearths themselves (for
cooking, heating, etc.), but also on the raw materials used to
build them and the burning processes. All this points to the
need for an integrated approach to the study of these features.

Finally, we must stress that in this study, we only pre-
sent the results of the analyses of two experimental com-
bustion structures. Future studies will provide more infor-
mation and insights to allow improved comparisons with
the data recovered from archaeological contexts and to
continue towards a better understanding of the past func-
tions and uses of these structures.
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Fig. 16 Smoke behaviour observed during the use of the experimental combustion structures. a Indoors in Hearth 2, heading towards the open-
ings and accumulating in the upper part of the room. b Outdoors from the oven, dependent on the changing wind
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