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II. Abstract 

This dissertation seeks to illuminate Neanderthal behavioral variation based on a geoarchaeological 

approach to analyzing Neanderthal combustion features at the Middle Paleolithic site of El Salt, Spain. This 

approach involves investigations of Neanderthal combustion features, emphasizing their synchronic and 

diachronic relationships, in search of clues about pyrotechnology, environmental context, settlement and 

mobility patterns, and mobility.  

The investigations are carried out focusing on the organic sedimentary record of combustion 

structures and using geoarchaeological, microcontextual methodologies at microscopic and molecular scales 

of analysis. The main techniques applied are micromorphology and lipid biomarker analysis, which were 

conducted jointly on a comprehensive archaeological and experimental sample set. 

The findings of this research reveal variability in Neanderthal pyrotechnological behavior. Two 

major types of combustion structures were documented: Simple, flat combustion structures and complex, 

pit hearths. They also provide information on specific aspects of pyrotechnology, such as fuel acquisition, 

which was shown to have been done away from the site while the local trees surrounding the site were not 

used as fuel. Finally, touching on Neanderthal settlement patterns, the results indicate that human 

occupation had little impact on the surroundings and that the time intervals between occupations were 

relatively long. The study also furnished new reference data to advance micromorphology and lipid 

biomarker research on the topic of fire, including the burning of Weissia moss.  

This work contributes evidence of high Neanderthal mobility and pyrotechnological variation 

relevant to advancing our knowledge of Neanderthal behavioral variability. Furthermore, it demonstrates 

the effectiveness of high-resolution archaeological science approaches to help us build an objective, detailed 

picture of Neanderthal behavior. 
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III. Resumen 

Esta tesis doctoral pretende arrojar luz sobre la variabilidad del comportamiento neandertal a través 

de un enfoque geoarqueológico, utilizando como ejemplo el análisis de un conjunto de estructuras de 

combustión neandertales procedentes del yacimiento de Paleolítico medio de El Salt, Alcoy, España. Dicho 

enfoque consiste en investigar las estructuras de combustión con énfasis en las relaciones de sincronía y 

diacronía entre ellas, en aspectos pirotecnológicos y ambientales, y en los patrones de asentamiento y 

movilidad grupal. 

Las investigaciones geoarqueológicas se centraron en el registro sedimentario orgánico de las 

estructuras de combustión a través de métodos y técnicas microcontextuales a escalas de observación 

microscópicas y moleculares.  Se utilizaron la micromorfología de suelos y el análisis de biomarcadores 

lipídicos como técnicas principales, implementándose en paralelo en un conjunto amplio de muestras 

arqueológicas y experimentales.   

Los resultados de la investigación revelaron indicadores de variabilidad en el comportamiento 

pirotecnológico neandertal. En primer lugar, se documentaron dos tipos de estructura de combustion: 

simples planas y complejas en cubeta. En segundo lugar, el estudio de las estructuras aportó información 

sobre diferentes aspectos pirotecnológicos, tales como la adquisición de combustible, llevada a cabo fuera 

del lugar de habitación mientras que la madera de las inmediaciones no era utilizada. En tercer lugar, los 

resultados proporcionaron datos relativos a los patrones de asentamiento de los grupos neandertales en 

cuestión; las ocupaciones humanas tuvieron un bajo impacto en el medio natural inmediato y los periodos 

de abandono del lugar eran relativamente largos. Por último, este estudio contribuye al exiguo corpus de 

datos referenciales  micromorfológicos y lipídicos para la investigación en pirotecnología prehistórica. 

Esta tesis aporta evidencia de que los neandertales de El Salt tenían una alta movilidad grupal y 

variabilidad pirotecnológica, todo ello de relevancia para avanzar en nuestro conocimiento sobre el 

comportamiento neandertal. Además, demuestra la eficacia de los enfoques de arqueología científica de alta 

resolución hacia una aproximación al pasado prehistórico objetiva y detallada. 

 

 

IV. Keywords 
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1. Introduction 

"We have only indirect means of knowing the courage 

and activity of the Neanderthals in the chase, 

through the bones of animals hunted for food which 

are found intermingled with the flints around their 

ancient hearths." (Osborn, 1914 p. 211) 

- Henry Fairfield Osborn, 1914 in Men of the Old 

Stone Age, their Environment, Life and Art, 211.  

 

Studying Neanderthals today does not seem to differ much from that described by Osborn. This 

was written 58 years after finding the Neanderthal namesake in the Neander valley, which was confirmed 

to belong to a different human species around eight years after its discovery (Klein, 2009). In the last decade 

predating this quotation, numerous other Neanderthal fossils were uncovered in La Chapelle-aux-Saints, Le 

Moustier, La Ferrassie, La Quina, and Krapina Rockshelter (Klein, 2009). Currently, over a century later, 

the overall aim of studying Neanderthals remains the same and still focuses on revealing how Neanderthals 

lived their lives, while the methods of excavating and investigating have vastly improved.  

Today we know a lot about Neanderthals in certain aspects, elucidated from material findings. The 

vast number of Neanderthal skeletal remains provided information on their body shape and adaptation for 

colder climates (Churchill, 2014) and provided enough material for a total reconstruction of the Neanderthal 

genome (Green et al., 2010). We know about their geographical and temporal range by having excavated 

numerous Neanderthal sites, their material culture by studying mainly lithic remains and parts of their diet 

according to faunal remains (Churchill, 2014). Other aspects of Neanderthal life, like their behavior, are less 

sufficiently studied yet. Neanderthal behavior is a vast but also slightly abstract topic that can include 

settlement patterns, diet, pyrotechnology, burial practices, language, art, and adornment. Consequently, 

studying Neanderthal behavior can go beyond the classical study of the material remains towards 

increasingly using scientific methods on all kinds of anthropogenic remains, which is done to a greater extent 

in recent years. 

The study of Neanderthal combustion features offers possible insight into Neanderthal behavior, 

especially in terms of pyrotechnology and settlement patterns. In modern-day hunter-gatherer groups, the 

hearth is the main focus and central element around which activities are carried out (Binford, 1978; Binford, 

1998; Fisher and Strickland, 1991; Jones, 1993; O'Connell, 1987; Yellen, 1977), from which the assumption 

can be drawn that the hearth was equally crucial for Neanderthal activities as well. Combustion structures 

can therefore be treated as archives of Neanderthal activities and behavior.  

Likewise, combustion structures are proxies for occupations since the spatial location of the hearth 

indicates the level of the occupation horizon during which the fire was burnt, making a combustion structure 

a basic element of a single occupation episode (Henry, 2012; Machado et al., 2013; Vallverdú et al., 2005b; 

Vaquero and Pastó, 2001). Furthermore, combustion structures can also act as markers to dissect 
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palimpsests. A palimpsest is a complex superimposition of successive activities, occupation episodes of an 

unknown number, and numerous natural processes, representing long periods of time within an 

archaeological unit (see Chapter 3.1) (Bailey, 2007; Lucas, 2005). Combustion structures point out isolated 

occupation episodes from which a minimum number of occupations within a palimpsest can be deduced 

(Vaquero and Pastó, 2001). Isolating single human occupations and dissecting the palimpsest is a premise 

for further analyzing human activities and human behavior within its temporal context (Mallol and 

Hernández, 2016). Furthermore, charring can preserve organic material, making combustion structures 

archives for organic material (Weiner, 2010). These qualities reinforce the necessity of studying combustion 

structures.  

The study of combustion structures can be approached by studying fire as an artifact (Stahlschmidt 

et al., 2020). Since combustion structures mainly consist of anthropic sediment, where humans contributed 

to depositional and postdepositional processes, they should be given similar significance as other 

recoverable artifacts. Through the sedimentary nature of combustion structures, geoarchaeological 

techniques need to be applied to obtain relevant information (Miller, 2011). Different methodologies have 

been used in the last decade to study combustion structures as artifacts (Mallol et al., 2017; Mallol and 

Henry, 2017; Mentzer, 2012; Mentzer, 2017; Miller, 2011). Some methods are suitable to study fire remains, 

including micromorphology (Mallol et al., 2017) and lipid biomarker analysis (Allué et al., in prep). 

Micromorphological studies on combustion structures can provide a detailed understanding of the 

depositional and post-depositional formation processes through the study under high-resolution and in their 

undisturbed state (see Chapter 2.2). Besides that, micromorphology is crucial for the contextualization and 

integrity of the lipid biomarker results. The lipid biomarker approach focuses on recovering organic 

materials, specifically lipid molecules, from the sediment (see Chapter 2.3). This approach is useful for 

recreating organic input into the fire or the sediment. Both methods combined aid in extracting microscopic 

and molecular information, which contextualizes data on Neanderthal fire features.  

The Middle Paleolithic fire record has been extensively investigated (Allué et al., 2012; Cabanes et 

al., 2010; Courty et al., 2012; Heyes et al., 2016; Koller et al., 2001; Pastó et al., 2000; Picornell-Gelabert et 

al., 2017; Sandgathe, 2017; Théry-Parisot, 2002b; Vidal-Matutano, 2016; Vidal-Matutano et al., 2017; Vidal-

Matutano et al., 2018; Yravedra and Uzquiano, 2013), yet there are still no standardized excavation and 

investigation strategies in place. In many instances, the documentation of combustion structures does not 

exceed the description of shape and size and the removal of charcoal, bones, and lithic objects (Roebroeks 

and Villa, 2011). Likewise, investigations from a geoarchaeological, microcontextual perspective are not 

sufficiently applied. Publications on Neanderthal use of fire and associated behavior involving fire are 

similarly limited, making comparisons challenging, if not impossible. This impedes our evaluation of 

Neanderthal settlement strategies, pyrotechnology, and ultimately Neanderthal behavior.  

This thesis seeks to expand on the knowledge of Neanderthal behavior by studying combustion 

structures from a geoarchaeological, microcontextual perspective using exhaustive and comprehensive 

investigation and excavation strategies. The investigations will be concentrated at the Middle Paleolithic site 

of El Salt, Spain, covering combustion structures from two stratigraphic units (SUs). The investigation will 
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be addressed through a novel approach within prehistoric archaeology: the study of the organic sedimentary 

record using microscopic and molecular methods. This approach will result in a better understanding of 

Neanderthal behavior restricted to one group of Neanderthals in this specific region and timeframe. 

Furthermore, this thesis and its consequent case studies will motivate other archaeologists to adapt this 

research strategy to their sites and combustion structures and thus contribute to a comprehensive knowledge 

of Neanderthal pyrotechnology and settlement strategies across regions and timeframes.  

This thesis is split into three independent case studies, which contribute to this dissertation's overall 

aim. The topic of Case Study I was chosen because of the abundance of combustion features in the Middle 

Paleolithic site of El Salt, of which only a few were previously studied. This Case Study was sought out to 

be a comprehensive study of a large number of combustion structures from the same stratigraphic unit (SU) 

to gain exhaustive knowledge on Neanderthal settlement strategies. Short-term occupations and resulting 

group mobility seem generally accepted as the model in which Neanderthals occupied sites, yet their timing 

and intensity remain unresolved. The detailed study of Middle Paleolithic anthropogenic combustion 

structures can reveal information on timing, intensity, and natural setting of Neanderthal occupations and 

contribute to a better understanding of Neanderthal settlement strategies. Eleven flat, simple combustion 

structures from SU Xb of the Middle Paleolithic site of El Salt, Spain, were investigated using a 

geoarchaeological approach combining micromorphology, lipid biomarker analysis, and compound-specific 

isotope analysis. 

Case Study II was motivated through the results of Case Study I. A combustion structure with a 

peculiar pit shape unlike any of the combustion structures studied in Case Study I was uncovered. This 

combustion structure was standing out to the flat, simple combustion structures indicating low impact short-

term occupations studied before, for having a pit-like depression filled with a white ashy substance overlying 

a reddened substrate. Combustion structures not only record information on settlement strategies but also 

preserve information on the pyrotechnology used by their makers. Studying this pit hearth 

microcontextually, using micromorphology, lipid biomarker analysis, archaeomagnetism, and 

zooarchaeology will validate the combustion structure's integrity as a pit hearth and point out 

pyrotechnological variation, ultimately leading to a variation in Neanderthal behavior.  

The need for Case Study III became apparent after encountering an unidentified plant in the ash 

layer of the combustion structure in Case Study II. Moss was identified as plausible source material and was 

sampled and investigated geoarchaeologically. This was done to clarify possible additions to the pit hearth 

and observe any possible addition of mosses in other combustion structures. This Case Study was 

undertaken as experimental work, where moss was combusted at different temperatures and analyzed with 

the main methods used for this thesis: micromorphology and lipid biomarker analysis. 

This thesis aims to advance our understanding of Neanderthal behavior, especially connected with 

their use of fire and associated synchronic and diachronic variability. This includes the understanding of 

Neanderthal pyrotechnology and their natural environmental context as well as Neanderthal settlement 

patterns. The organic sedimentary archaeological record of fire is investigated to explore the potential of 
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the microscopic and molecular sedimentary record using micromorphology and lipid biomarker analysis. 

This will be achieved by completing the following objectives: 

1. Identifying isolated single occupation episodes.  

2. Obtaining high temporal and spatial resolution data at the level of singular human occupation 

events related to fire use. 

3. Determining anthropogenic and natural input into the Neanderthal fires. 

4. Exploring objects in question using experiments. 

In the following pages, I will first provide background information on the materials and methods 

used in this dissertation. The Middle Paleolithic Site of El Salt will be introduced, focusing on its publication 

history and its stratigraphy, and in particular, the stratigraphic units of interest for the case studies. The 

methods section will comprise and introduce the methods used in the case studies, namely 

micromorphology and lipid biomarker analysis, in addition to a short literature review. Subsequently, three 

case studies will be presented, each containing an introduction, result, discussion, and conclusion. The 

chapter of Case Study I includes the study of a combustion structure assemblage in El Salt and their 

significance to Neanderthal mobility. The chapter of Case Study II focuses on a pit shaped hearth being 

studied using a multidisciplinary approach to investigate Neanderthal pyrotechnology and behavioral 

variability. Case Study III is an experimental component related to the pit hearth of Case Study II in which 

one kind of moss is investigated after finding indications of the presence of moss in combustion structures. 

The general discussion will link the results and discussion of the three case studies, with special sections on 

mobility and settlement patterns and Neanderthal pyrotechnology. The general discussion will also 

comment on the applicability of the methods used in this discussion and give insights into future studies. 

The general conclusion will comment on fulfilling this thesis's objectives and summarize the results of this 

dissertation.  
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Materials and Methods 
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2. Materials and methods 

2.1 The Middle Paleolithic site El Salt 

El Salt is a Middle Paleolithic, open-air site located in Alcoy (Alicante, Spain) in Eastern Iberia 

(38º41'14" N, 0º30'32" W, 680 m a.s.l.) (Fig. 1a) (Galván et al., 2014a). The site has been dated by 

thermoluminescence and optically stimulated luminescence between 60.7 ± 8.9 and 45.2 ± 3.4 kA (Galván 

et al., 2014b; Garralda et al., 2014), which places it in the marine isotope stage (MIS) 3.  

El Salt is situated on the foot of the Mariola mountain range at the height of 680 m above sea level 

(Galván et al., 2014a), close to the confluence of the Polop and Barchell rivers, two tributaries to the Serpis 

river (Fig. 1b) (Garralda et al., 2014). Located in the Alcoy valley, the site is in close vicinity to the following 

Middle Paleolithic sites: Abric del Pastor (ca. 3 km) (Mallol et al., 2019), Cova Beneito (ca. 12 km) (Iturbe 

et al., 1997) and Coves d'Estroig (approx. 6 km) (Faus Terol, 2000). Furthermore, over one hundred open-

air sites related to flint exploitation have been identified in the surrounding valleys (Molina Hernández, 

2016).  

Delimiting the site to the south is a 38 m high Paleocene limestone wall covered with tufa and 

travertine (Fig. 1c) (Galván et al., 2014a; Galván et al., 2014b). To the north, the site is delimited by a 

travertine ramp at around 13 m distance to the wall, connecting the site's level with the valley bottom, 

possibly indicating flowing water (Garralda et al., 2014). The site is resting on a horizontal travertine 

platform and expands over 300 m² as a relatively flat occupation surface with 6.3 m thick deposits (Galván 

et al., 2014a).  

An accumulation of weathered fallen blocks located at an eight- to ten-meter distance from the wall 

is concentrated on top of the travertine platform and is in correlation with the first archaeological layers, 

indicating that roof fall events might have taken place during the first occupation of the site (Galván et al., 

2014a). Galván et al. (2014a) state that a travertine overhang covered parts of the site, which might have 

covered the entire excavated surface at the time of the overhang's maximum development. Despite that, El 

Salt is typically referred to as a site in an open-air setting (Fumanal García, 1994; Galván et al., 2014b; 

Machado and Pérez, 2015). 

According to the stratigraphy and dating of the site (see 2.1.2), the site's occupations can generally 

be divided into two broader segments: before and after 50 kA.  

Occupations older than 50 kA (Stratigraphic unit XII – IX) correspond to frequent short-term 

occupations. The sediment is characterized by abundant combustion structures in a geogenic and biogenic 

soil material (detrital sand, humified organic matter, and animal excrements) (Galván et al., 2014a).  

Anthropogenic material comprises lithic tools and faunal remains with traces of thermal alteration 

and combustion-related material (Machado et al., 2016; Machado and Pérez, 2015; Pérez et al., 2015; Pérez, 

2019; Pérez et al., 2020). Lithic raw material (flint) was sourced in the Alcoy valleys within a radius of up to 

20 km (Machado and Pérez, 2015; Molina Hernández et al., 2010). Flint tools were either knapped on-site 

or brought to the site configured or collected and reused in the settlement itself. The majority of the tools 
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were manufactured using the Levallois technique. Activities of butchering and vegetable processing, as well 

as leather and woodworking, have been detected on the flint tools (Rodriguez Rodriguez et al., 2002) closely 

associated with limestone pebbles (hammers, anvils) with traces of human manipulation (Galván et al., 

2014a).  

The faunal remains reflect similar patterns to other deposits of Iberian Mediterranean sites from 

MIS 3, including goats, deer, and horses and small prey like European rabbit and lagomorphs, as well as 

bovine, turtles, and carnivores (Pérez, 2019). Nevertheless, the majority of Leporidae, though, relates to the 

contribution of raptors. Human faunal exploitation has been detected on bones as traces of defleshing and 

intense fracturing. After use, bones were discarded throughout the excavation area, especially near the 

travertine wall (Pérez, 2019).  

Occupations younger than 50 kA (SU VIII-Vsuperior (Vsup)) correspond to a progressive decrease of 

human impact compared to an increase of geogenic material (Galván et al., 2014a; Galván et al., 2014b). 

Materials such as lithics and faunal remains as well as combustion structures gradually diminished from SU 

VIII to VI. On top of SU VI, a second roof fall event marks the change of sediment dynamics and 

anthropogenic contribution, possibly coinciding with Heinrich event 5. Here fire activities are only 

represented by charcoal and thermally altered lithic and faunal remains. SU V exhibits an abrupt change in 

sedimentation to a high sedimentation rate of freshly broken off sands and calcite derived from the 

breakdown of rocky beds. This is accompanied by the presence of six dental remains at the base of SU Vsup, 

which were identified as a Neanderthal right hemimaxilla of a young individual.  

Subsequent to the Middle Paleolithic deposits in El Salt, Gravettian, Solutrean, Magdalenian, 

Epipaleolithic and Mesolithic materials were uncovered. Ceramic remains dating to an occupation between 

the Neolithic 1A and the Bell-Beaker horizon transition were obtained, providing the terminus post quem for 

the deposition of gravels.  
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Fig. 1: Overview pictures of the Middle Paleolithic site of El Salt. a) Location of El Salt within the Iberian 
Peninsula, b) Location of El Salt within the closer geographical area, c) El Salt situated to the right of the limestone wall, 
d) orthophotograph of excavation surface created from photogrammetric model during the excavation year of 2017, e) 
view over excavation surface (year 2017) from west, f) view from south over excavation surface (year 2017) focusing on 
stratigraphic unit Xb. 
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2.1.1 Excavation and publication history 

Excavations in El Salt began in the 1960s with an initial trench excavation covering a surface of 

about 30 m2, which was dug until an archaeologically sterile travertine platform was reached. Subsequently, 

systematic excavation and research began in 1986 by a team of researchers from the University of La Laguna, 

Tenerife, Spain, and is ongoing today.  

The site's basic description has been communicated in 3 publications: (1) Fumanal García (1994) 

describes the general geological and sedimentological characteristics of the site and creates the classification 

of the stratigraphic units. (2) A book chapter describes the current state of investigations and gives general 

information on the site (Galván et al., 2014a), and (3) the third paper is reports thermoluminescence and 

optically stimulated luminescence dates, which form the foundation for the overall frame of dates used for 

the site (Galván et al., 2014b).  

Studies on faunal assemblages produced information on past climates. A micro-mammal study of 

SU Xb suggests a colder and more humid climate than the present day (Fagoaga et al., 2017). In contrast, in 

SU Vsup, dryer conditions predominated, supporting the hypothesis that aridification played a part in the 

Neanderthal disappearance (Fagoaga et al., 2019). A study of a macro mammal bone assemblage generated 

by human activities containing ibex, deer, and horse shows characteristics of Mediterranean macroclimate 

(Pérez et al., 2017a). 

A highly discussed topic for publication in El Salt is the dissection of palimpsests. Especially in SU 

X, sedimentation is slow and anthropogenic material is abundant. To extract behavioral information from 

these remains and to get as close as possible to single occupational events, these accumulations needed to 

be dissected. This has been done using lithic analysis of raw material units (Machado et al., 2016; Machado 

Gutiérrez et al., 2011; Mayor et al., 2019; Mayor et al., 2020) as well as a combination of faunal and lithic 

analysis (Machado and Pérez, 2015; Pérez et al., 2015; Pérez et al., 2020) and anthracological analysis (Vidal-

Matutano, 2016). 

The study of combustion structures is another topic that has been and still is extensively 

investigated. In particular, the combustion structures of stratigraphic unit X, which researchers have been 

excavating since 2000, were investigated using various methods and tools. Micromorphological studies on 

combustion structures investigated the black layer (BL) and compared it with a set of experimental 

combustion structures to determine that the origin of the BL is fire altered topsoil, thus a remainder of an 

occupation surface (Mallol et al., 2013a). From the same set of experimental combustion structures, a study 

on human actions involving combustion structures, like the input of wood and meat, sweeping, trampling, 

and relighting, was performed (Mallol et al., 2013b). This study concluded that sweeping is the process that 

can most likely be recognized through micromorphology, and relighting is the process that might be least 

recognizable (Mallol et al., 2013b). Another experimental combustion structure study focused on the direct 

and indirect thermal alteration of modern faunal remains in order to better understand archaeological faunal 

remains (Pérez et al., 2017b). In the case of El Salt, bones trampled into the occupational surface were 

indirectly burned by overlying combustion structures (Pérez et al., 2017b). Studies of combustion structures 
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without a link to experimental samples have been done using FTIR analysis and phytolith analysis in which 

combustion structures exhibited thermally altered clay and a phytolith input deposited by natural agents 

(Rodríguez-Cintas and Cabanes, 2015). In an anthracological study, charcoal with features of fungal decay 

prior to charring was recovered in two combustion structures from El Salt, possibly indicating dead wood 

gathering and combustion structures with smoking-related functions (Vidal-Matutano et al., 2017). Another 

study investigating lipid biomarkers from fireplaces was able to estimate if fireplaces served as a heat source 

or as a cooking fire and, in the case of cooking fires, whether input in the fire was of vegetal or animal origin 

(Sistiaga Gutiérrez et al., 2011).  

Other studies include a functional analysis of the lithic industry (Rodriguez Rodriguez et al., 2002), 

a bioanthropological study of dental remains that can be attributed to Neanderthals (Garralda et al., 2014), 

a study of fecal biomarkers (Coprostanol and 5β-Stigmastanol), which presence can be argued in favor of a 

mixed meat and vegetable diet of the inhabitants of El Salt (Sistiaga et al., 2014) and an anthracological and 

carpological study over multiple stratigraphic units which concludes that firewood was gathered from nearby 

and seeds from trees contributed to the sediment which wood is not represented in the charcoal record 

(Vidal-Matutano et al., 2018). A very recent study was published encompassing the investigation of 

Neanderthal gut microbiota in El Salt (Rampelli et al., 2021).  

2.1.2 Site stratigraphy and dating 

The site comprises a 6.3 m thick stratified deposit, which is divided into 13 lithostratigraphic units 

and can be grouped into five distinct segments (see Table 1) (Galván et al., 2014b; Garralda et al., 2014). 

The deposit is dated to between 60.7 ± 8.9 and 45.2 ± 3.4 kA (Galván et al., 2014b). The Middle Paleolithic 

sequence includes stratigraphic units from Vsup until XII (Galván et al., 2014b). This sequence is described 

as horizontally bedded geogenic sands containing archaeological remains and combustion residues (Fumanal 

García, 1994; Galván et al., 2014b). The anthropogenic input is more abundant in stratigraphic units IX to 

XII than in the overlying stratigraphic units (Galván et al., 2014b). SU XIII is an archaeologically sterile 

horizontal travertine platform and has been dated to 81.5 ± 2.7 kA and 80.1 ± 4 kA (Fumanal García, 1994; 

Galván et al., 2014b).  

 

Segment SU Description 

5 I - IV Irregular beds of gravel and cobbles in a silty clayey matrix, combined 

remains of late Upper Paleolithic, Epipaleolithic, Mesolithic, and Neolithic 

4 Vinferior Massive gravel in the top 20 cm and massive sandy silt, almost 

archaeologically sterile 

3 Vsup - VIII Horizontally bedded geogenic sand and decreasing evidence of human 

input 

2 IX - XII Horizontally bedded fine sands with abundant archaeological remains and 

combustion residues 

1 XIII Sterile horizontal travertine platform  

Table 1: Summary of site stratigraphy after Galván et al. (2014b) 
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2.1.3 Stratigraphic units of interest 

2.1.3.1  Stratigraphic unit X 

SU X is dated to 52.3 ± 4.6 kA by thermoluminescence on burnt flint objects (Galván et al., 2014b). 

The stratigraphic unit has different characteristics depending on the position within the excavation surface 

and can be broadly divided into an area closer to the travertine wall and farther away from the travertine 

wall. The stratigraphic unit is about 15-20 cm thick along the travertine wall and extends up to a thickness 

of 35 cm farther away from the wall (Fumanal García, 1994). The sediment is sandy-silty, calcareous, and 

yellowish-brown (Galván et al., 2014b), containing rare clasts towards the wall and more frequent clasts 

farther away from the wall (Fumanal García, 1994). It is rich in archaeological material such as faunal 

remains, flint flakes, and anthropogenically modified cobbles (Galván et al., 2014b). The stratigraphic unit 

has a massive appearance farther away from the wall, and a laminar appearance caused by combustion 

features closer to the wall (Fumanal García, 1994).  

These combustion structures are numerous and clustered towards the site's back wall. They are flat 

and of variable dimensions (between 0.2 and 1.0 m in diameter) (Galván et al., 2014b; Machado et al., 2016; 

Mallol et al., 2013a; Sistiaga Gutiérrez et al., 2011). These structures often overlap, generating a combustion 

structure palimpsest. Individual combustion structures seem well preserved in the field and yield a 

stratigraphic succession of WL, BL, and RL typical for flat, in situ combustion structures (Mallol and Henry, 

2017). Selected combustion structures have been observed micromorphologically as simple, flat, open, in 

situ hearths whose BL's consist of natural topsoils described as animal excrements and plant remains in a 

bioturbated matrix of sediment (Mallol et al., 2013a), and some might even contain human excrements 

(Sistiaga Gutiérrez et al., 2011).  

SU X has been subdivided into two parts, SU Xa and Xb. This separation was done based on field 

observations of texture and color. The upper part, Xa, is roughly 10 cm thick, sandier, and lighter (brownish 

yellow) colored, and the lower part, Xb, is between 10 and 14 cm thick, and more clayey and darker (brown). 

So far, in SU Xa, 44 combustion structures were recovered, and in SU Xb 46.  

2.1.3.2  Stratigraphic unit Xb 

SU Xb will be the focus of Case Study I but will also play a minor role in Case Study II. It is exposed 

on 36 m² out of 300 m² of the whole site due to being cut by the old excavation trench and the Holocene 

erosion, but it is still preserved at the unexcavated part of the site (Galván et al., 2014a; Machado et al., 

2016).  

SU Xb has been studied using microfaunal and anthracological analysis as well as phytolith and 

FTIR analysis. A recent study of small mammals yielded data on rodents, insectivores, and a lagomorph 

from SU Xb (Fagoaga et al., 2017). In a paleoecological context, this implies that SU Xb was slightly colder 

and slightly more humid than today and that the environment was composed of open woodlands and dry 

and humid meadows (Fagoaga et al., 2017). This hypothesis is further supported by anthracological data 
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from SU Xb, which with the presence of Acer sp. and Buxus sempervirens, is described as more humid than all 

other stratigraphic units and the sequence from stratigraphic units XIII to Xb as generally colder than today 

(Vidal-Matutano et al., 2018). With a focus on SU Xb's combustion structures, the firewood present was 

identified as predominantly scots pine and maple, and some charcoal fragments surrounding combustion 

structures could be attributed to their source hearth (Vidal-Matutano, 2016). Fungal analysis on charcoal 

recovered in one of the combustion structures in Xb, H57, indicated dead wood gathering as fuel, hinting 

towards the hearth being used as a smoking fire (Vidal-Matutano et al., 2017). A majority of the combustion 

structures studied by Case Study I have been subjected to comprehensive FTIR and phytolith studies, where 

the presence of ashes, altered clay, and phosphate minerals was detected together with principally natural 

sedimentation of phytoliths into the combustion structures, most probably through bird guano (Rodríguez-

Cintas and Cabanes, 2015).  

2.1.3.3 Stratigraphic unit XI 

SU XI has not been excavated. Nevertheless, its surface is exposed in nearly the entire excavation 

surface of former SU X. The boundary between stratigraphic units X and XI is slightly undulating, but 

sharp. Likewise, this SU is exposed in the profile of the old excavations and has been described 

geomorphologically and sedimentologically. The stratigraphic unit appears to have a diffuse contact with 

SU XII and a varying thickness of 15 to 30 cm (Fumanal García, 1994). It extends throughout the exposed 

profiles, but its shape is disrupted by big underlying boulders from the roof collapse event of SU XII farther 

away from the travertine wall (Fumanal García, 1994). It exhibits a large number of combustion structures 

visible through irregular bands of black layers and grey ashy layers (Fumanal García, 1994). The stratigraphic 

unit's overall texture is silty clay interspersed with charred rocks that appear predominantly farther away 

from the travertine wall (Fumanal García, 1994).   
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2.2 Micromorphology 

Archaeological soil micromorphology is the study of soil or sediment and their components in an 

undisturbed state on the microscopic level (Stoops, 2003). It aims to determine the composition of the 

constituents and their spatial relationship and to deduce their genetic and chronological relationships 

(Stoops and Nicosia, 2017). This ultimately leads to the understanding of each constituent's function within 

the soil or sediment as a whole (Stoops, 2003). 

Micromorphology has its roots in pedology and was introduced in 1938 by Walter Kubiena 

(Kubiena, 1938). It was and is a crucial method for understanding the formation and function of the soil 

and how it was constructed, apart from chemical and physical analyses that defined basic soil components 

but not the function of the soil (Stoops, 2003). Using micromorphology, one examines soil in its undisturbed 

state and as an oriented sample with the aid of microscopic techniques (Nicosia and Stoops, 2017; Stoops, 

2003). This can be achieved by extracting a block of undisturbed sediment, indurating it with resin, and 

cutting and grinding it to a thickness that enables examination under the microscope (see 2.2.3 - 2.2.5). Since 

the 1960s, micromorphology has been applied to archaeological sediments and gained traction so that 

archaeologists are currently one of the most frequent users of soil micromorphology (Stoops, 2014; Stoops 

and Nicosia, 2017). As a result, the mere study of soil extended to include regoliths and thus archaeological 

sediments (Stoops, 2003, 2010).  

2.2.1 Significance 

The microcontextual approach provides information about the integrity of components, their 

origin, deposition history, and their relation with human activities (Goldberg and Berna, 2010). The 

significance of micromorphology in soil science and archaeology is manifold. Generally, it is beneficial to 

see soil or sediment under such high-resolution. What was once performed using a magnifying glass in the 

field (Stoops, 2003) can now be done with a microscope in the laboratory with magnifications up to 200x. 

Furthermore, by using undisturbed sediment samples, one can see not only the components in high-

resolution but also their context. This implies the stratigraphic, genetic, and chronological relationship of 

the components.  

Comparing it to physical analysis where the amount of clay, for example, is measured, 

micromorphology can additionally study the geometrical distribution within the sample (Courty et al., 1989). 

Also, primary minerals can be identified and differentiated from secondarily precipitated minerals (Courty 

et al., 1989). Moreover, minerals and sedimentary products, as well as biogenic and anthropogenic 

components, can be identified and contextualized. This makes it possible to detect archaeological 

components such as bone, mortar, organic matter, rock fragments, or soil aggregates, which would not be 

detectable using chemical analyses (Courty et al., 1989). Archaeological deposits with a low sedimentation 

rate, frequent human activity, or both are primarily benefiting from the use of micromorphology since even 

microscopically thin layers can be identified and adequately examined.  
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All of these points allow micromorphology to stand out from other methods used in the field of 

soil science because these usually rely on bulk samples and analyses that require mixing, grinding, 

solubilization, or fractionation, which inevitably present average data (Stoops, 2003).  

2.2.2 Micromorphology in the context of Middle Paleolithic fires 

Archaeological soil micromorphology has been increasingly used for the last 60 years (Macphail, 

2014) and has been applied to many different sites and periods in a wide geographical range. In accordance 

with this thesis, a short literature review will focus on micromorphological work conducted on combustion 

structures in the Middle Paleolithic. An overview of the literature and published material is vital to study 

combustion structures in the Middle Paleolithic and compare results between sites to infer similarities and 

differences of Neanderthal behavior and pyrotechnology across sites. This review will be divided into brief 

dialogues on general literature about micromorphology on combustion features, experimental work on 

combustion features using micromorphology, and micromorphological studies on combustion structures of 

Middle Paleolithic sites.  

Combustion structures have always been one of the key focus areas of micromorphology. Miller 

(2011) emphasizes studying anthropogenic deposits (such as combustion structures) as artifacts, thus using 

similar diligence as it is done, for instance, for stone tools. This, and much more, can be achieved by using 

micromorphology (Miller, 2011; Stahlschmidt et al., 2020). Mentzer (2012) authored a journal article about 

various microarchaeological approaches for identifying combustion features in prehistoric archaeological 

sites, including the method of micromorphology. Along a similar line follows the entry on hearths and 

combustion features in the encyclopedia of geoarchaeology (Mentzer, 2017). Mallol and Henry (2017) 

demonstrate methodological techniques for studying paleolithic combustion structures with 

ethnoarchaeological hearths, including micromorphological analysis. Subsequently, the most comprehensive 

chapter about the analysis of combustion structures using micromorphology is from Mallol et al. (2017) in 

Nicosia and Stoops (2017). In that chapter, the most critical aspects for the study of combustion structures 

are the classification of combustion structures, the analytical strategy, the common microscopic products of 

combustion, the stratigraphy, and the intact and physically reworked combustion structures and their 

chemical diagenesis. The use of micromorphology in particular in combustion structure research is suitable 

for identifying calcitic ashes, phytoliths and microscopic charcoal, and the contextual integrity of ash and 

charcoal layers, as well as identifying the mechanism and degree of postdepositional alteration (Arpin et al., 

2002; Courty et al., 1989; Goldberg et al., 2009b; Mentzer, 2012). These chapters and articles establish a 

solid basis for the treatment, analysis, and description of the study, interpretation, and comparison of 

combustion structures. 

Apart from this, the interpretation of combustion structures can be aided by experimental research. 

To correctly identify and interpret combustion structures, the micromorphologist needs information about 

the circumstances and conditions under which specific features or traces can be produced and preserved in 

the archaeological record (Aldeias, 2017). Despite having numerous experimental, micromorphological 

studies on combustion structures, the discipline permanently relies on experiments trying to recreate similar 



28 / 198

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
La autenticidad de este documento puede ser comprobada en la dirección: https://sede.ull.es/validacion/

Identificador del documento: 3219688				Código de verificación: Mw/SRe26

Firmado por: Lucía Leierer . Fecha: 17/02/2021 14:39:12
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:57:08
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:29:14
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12257

Nº reg. oficina: OF002/2021/12091
Fecha: 18/02/2021 08:49:16

 

Leierer  Thesis  Monograph  Page | 16 

Approaching Neanderthal behavior through the geoarchaeologica l  study of 

combustion structures :  Invest igat ions in soi l  micromorphology and l ipid b iomarkers  

conditions and processes to the archaeological dataset. Aldeias (2017) published a review article on 

experimental analyses performed on combustion features, limited not only to micromorphology, which 

highlighted experiments on the identification of anthropic fire, fuel use, hearth location and artifact 

alteration, alteration of underlying deposits, reworking, and the role of anthropogenic actions. The essential 

experimental studies from the viewpoint of Middle Paleolithic combustion structures using 

micromorphology are discussed below.  

Intact combustion structures are the most common structures studied experimentally using 

micromorphology (Briz Godino et al., 2011; Mallol et al., 2007; Mallol et al., 2013a; Mallol et al., 2013b; 

Miller et al., 2009; Miller and Sievers, 2012; Shahack-Gross et al., 2004; Villagran et al., 2011a; Wattez, 1988). 

Contrary to this, anthropogenically reworked combustion features have received much less attention in 

experimental studies (for exceptions, see Mallol et al., 2013a; Mallol et al., 2013b; Miller et al., 2009). 

Relighting events could go unnoticed, as shown in a study where fireplaces were reused after a short duration 

(up to 15 days), and the resulting fire features showed no distinct stratigraphic features (Mallol et al., 2013b). 

The sediment underlying combustion features was also experimentally studied using micromorphology to 

see the extent of heat transfer and the sediment's resulting color change (Aldeias et al., 2016; Canti and 

Linford, 2000).  

As crucial as experimental studies are, other studies on similar sites from the same time span are 

essential to facilitate a comparison between sites. This part of the review is limited to the Middle Paleolithic 

to ascertain comparable similarities and differences among combustion structures, ultimately leading to a 

comparison of Neanderthal behavior and pyrotechnology across sites. Field descriptions of combustion 

features alone are not sufficient for reliable inter-site comparisons. A detailed microcontextual description 

is necessary to define individual components, the connection and context of the separate combustion layers, 

and postdepositional processes. Micromorphological studies on Middle Paleolithic sites are still infrequent, 

even though it is one of the most studied periods in archaeological micromorphology. Therefore, I will 

present a list of Middle Paleolithic sites in which micromorphology has been carried out on in situ 

combustion features, alongside a description of the combustion features and their references. In situ, hereby, 

refers to combustion features in which an internal stratification is still observable and whose position is 

most likely the original location of the fire. Sites with evidence for combustion but without combustion 

structures and combustion deposits stemming from rake out and dumping processes were disregarded. 

Table 2 is based on Mentzer (2012)'s literature research and has been extended to include detailed 

descriptions of combustion features examined and to comprise additional publications from 2012 to 2020.
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Site Hearth description References 

Abric del Pastor 

(rockshelter), 

Spain 

General: 18 combustion features in 3 stratigraphic units (II, IV, VI), no ash layers in the field (except 

one), 0.3-1cm thick lenses of dark gray or reddish-brown sediment, diameters between 0.5 and 1m, 

microscopic combustion residues (charcoal, wood ash and burned bone)  

WL: grey layer of H17: aggregated, calcite-rich matrix with frequent unidentified black particles and 

coatings around clasts, some fissured and rubified 

(Mallol et al., 2019) 

Abric Romani 

(rockshelter),  

Spain 

General: evidence for multi-phase combustion, mostly in situ combustion structures, small and large 

combustion structures, numerous structures in levels H,  I, J, K, L and O, apparent thermal alteration 

on travertine surfaces 

WL: well-preserved ashes from conifer wood, rare charcoal, and calcined bone fragments, complete 

combustion 

(Courty et al., 2012; 

Pastó et al., 2000) 

Cova del Gegant 

(cave), Spain 

General: one in situ combustion structure containing charcoal, ashes, and burnt bones 

RL: sediment affected by heat, but no reddening observed 

BL: massive dark organic burnt material, chaotic internal organization (sediment, wood charcoal 

fragments, fibrous vegetal remains, and cracked bone fragments), clay is dark red and mixed with 

coprolite fragments 

Postdeposition: reworked by biological agents (carnivores) 

(Sanz et al., 2017) 

Cova Gran de 

Santa Linya 

(cave), Spain 

General: in situ combustion structures, overlapping combustion structures consisting of ash residues 

on top and partially burned sediments at the bottom 

BL: organo-mineral groundmass, randomly distributed coarse fraction, burnt sediment aggregates, 

partially burnt bone fragments, charcoal, recrystallization of groundmass 

WL: fissure on top, calcitic recrystallization of groundmass, subrounded reddish sediment aggregates, 

sharp lower boundary 

Postdeposition: slight dissolution and recrystallization of groundmasses 

(Polo-Díaz et al., 

2016) 

Cueva Antón 

(cave), Spain 

General: at least eight fire features, sequence of whitish silty layer, blackish-brown sandy layer 

gradually changing into a reddened band with diffuse lower margins 

RL: concave shape deriving from thermal alteration, reddened lens indicative of thermal alteration of 

sands, coatings, and impregnations of iron oxides with decreasing frequency downwards 

BL: burnt bone fragments and teeth, fragments of debitage and clay with traces of rubefaction, 

carbonate particles with darker color, likely represents surface of anthropogenic occupation 

WL: upper part calcium carbonate and lower part micrite and microsparite, locally calcitic plant 

residues and channel porosity recognizable, fragments of fine sediment, burnt bone fragments, upper 

part likely to be deposited through biological mechanisms aided by floodwater 

Postdeposition: relatively good conservation through a quick accumulation of low-energy water-laid 

sediment 

(Anesin, 2016; 

Angelucci et al., 2018) 

El Salt (open-air),  

Spain 

General: abundant combustion structures in El Salt, focus on unit X, in situ layered hearths ((RL)-BL-

WL), charcoal fragments >1cm found in sediment outside of combustion features 

RL: in a few cases, thermally altered clay with calcitic ash inclusions, calcined bone, tufa grains, 

and rare organic punctuations 

BL: sandy sediment composed of carbonized plant litter (leaf, stem and root fragments, 

coprolitic residue) and unsorted detrital mineral components, scarce bone fragments 

(microfauna) 

WL: microcrystalline calcium carbonate aggregates and amorphous ash domains, burnt clay, 

moss-like morphologies in one case 

Postdeposition: BL channeled with bio galleries, bioturbation 

(Mallol et al., 2013a) 
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Site Hearth description References 

Gorham's Cave,  

Spain 

General: Combustion zones consist of mainly a rubified base, sometimes with overlying charcoal 

accumulations; combustion zones are not well defined (postdepositional alteration) 

RL: containing charred guano, organic matter (coarse wood charcoal fragments and charred fine 

organic matter), phosphate, and burnt bone. 

BL: Present in some cases, consisting of charcoal accumulations 

WL: Ash is not preserved because of decalcification and aeolian reworking 

Postdeposition: Some combustion zones are reworked by bioturbation, aeolian, and water processes 

(Macphail and 

Goldberg, 2000a) 

Grotte XVI 

(cave),  

France 

General: lenses of black, whitish, and reddish color.  

BL: charcoal rich 

WL: presence of ash derived from wood with contribution of grass (up to 10-15 wt%), 

concentration of phytoliths and burnt flint artifacts 

(Karkanas et al., 2002) 

Hayonim Cave,  

Israel 

Entrance section 

General: 30-40 cm across, brown circular features, without ashy components, eroded, dissolved, or 

transformed into phosphates 

Center section 

General: anthropogenic accumulations of bedded, lenticular, or tabular hearths, in mass of 

homogenous brown, yellow or reddish silty clay, ash, fragments of charcoal, and bones mixed in a 

chaotic arrangement, hearths from lower layers more massive (>110 cm across, 10-12 cm thick) intact 

but slightly cemented ashes  

WL: intact but slightly cemented ashes, upper units more diagenetically altered 

Postdeposition: anthropogenic trampling or bioturbation, diagenetic alteration 

(Goldberg and Bar-

Yosef, 1998; Schiegl 

et al., 1996) 

Kebara Cave,  

Israel 

General: lenticular in cross-section on a flat or concave surface, sometimes multiple superimposed 

layers of charcoal and ash 

RL: geogenic substrate (if present) burned and rubified 

BL: charcoal rich but mixed with ash (3-5 cm thick) at the base of each hearth 

WL: ash-rich layer (5-15 cm thick), present on top, composed of rhombic micrite and phytoliths 

(various states of preservation), some CS contain up to 45 cm thick ash layers (evidence for 

multiple burning events within one feature) 

Postdeposition: some altered by secondary phosphatization, reworked by humans, ash dumps 

(Albert et al., 2000; 

Albert et al., 2012; 

Bar-Yosef et al., 1992; 

Berna and Goldberg, 

2008; Goldberg, 2001; 

Goldberg and Bar-

Yosef, 1998; Meignen 

et al., 1989; Meignen 

et al., 2000; Meignen 

et al., 2007; Schiegl et 

al., 1996) 

Klisoura Cave,  

Greece 

General: Open hearths consist of undisturbed sequences of superimposed thin white ash and grey 

and black charcoal-rich layers 

(Karkanas et al., 2004) 

Lakonis Cave,  

Greece 

General: in situ or reworked hearths, rich in ashes, charcoal, and burnt bones, these accumulations 

have overprinted any natural sedimentation, superimposed hearth complexes, gray, thin white and 

brownish layer (1 cm each) alternate, undisturbed nature 

WL: Charcoal fragments and burnt bones embedded in partly recrystallized wood ashes 

(Elefanti P. et al., 

2008; Karkanas, 2002) 

Nesher Ramla 

(open-air), Israel 

General: anthropogenic combustion activity (thin ash accumulations and black sediments) located in 

a calcitic-clay matrix with quartz grains, interpreted as in situ hearth 

BL: 20% abundance of burnt bones, abundant charcoal, occasional well-preserved charred plant 

tissues, ash pseudomorphs, burnt flint 

WL: pure ash, ash pseudomorphs  

Postdeposition: one case of an ash dump of 20 cm thickness associated with hearth rake-out 

(Friesem et al., 2014a) 
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Site Hearth description References 

Misliya Cave, 

Israel 

General: well-preserved hearths (unit III), blackened and calcined bones, variability in function and 

location of hearths, WL-BL-RL succession 

RL: burnt clayey terra rossa 

BL: black lenses of mainly charred grass tissues 

WL: grey lenses composed of micritic and sparitic calcite, calcium oxalate crystals pseudomorphs, 

cemented, also contains ash pseudomorphs, charred vegetal matter, carbonized and calcined bones, 

heated clay aggregates 

Postdeposition: rapid burial, partial dissolution, and reprecipitation of calcitic wood ash  

(Weinstein-Evron et 

al., 2012) 

Pech de l’Azé IV 

(cave),  

France 

General: most frequent combustion features in basal layer 8, distributed along former dripline, 

repeated burning events in the same spot, discrete, individual lenses of ash, charcoal/organic matter 

and burned bone, intact features not reworked, domestic fire features lying in dark brown organic-rich 

sandy deposits, some erosional contacts between hearths, frequent charred bone fragments, rare 

calcined bone fragments, and charcoal, charred elements contributing to dark color of layer 8 

WL: intact layers locally present, wood as fuel but also addition of bone 

Postdeposition: trampling and rake out of hearths, displacement of ashes and sediment, 

redistribution of combustion material as preparation for next fire 

(Dibble et al., 2009; 

Goldberg et al., 2012; 

Goldberg and Berna, 

2010; Turq et al., 

2011) 

Qafzeh (cave),  

Israel 

General: numerous intact and diffuse combustion zones in exterior talus, within bedded silty 

calcareous rubble, cm thick hearths interbedded with sequence of inclined fine éboulis and silt 

WL: coarse-grained gray ashes mixed with sand-sized charcoal and stones, burned bone, and 

terra rossa aggregates 

(Berna and Goldberg, 

2008) 

Roc de Marsal 

(cave),  

France 

General: rubified sediment in layers 10 and 11, hearths in earliest layers (5,7,9) discrete, isolated 

charcoal and ash units, burnt bone, lithics and rubified sediment, stacked hearths, repeated 

construction in same location, 50-100 cm in diameter, spatial distribution across area especially inside 

of dripline and 2-3 m inside the cave mouth 

RL: rubified layer at the base 

BL: organic-rich lens 

WL: some 2 cm thick lenses of ashes, some lack ashes, some composed of small <2cm burned 

bone 

Postdeposition: trampling and local degree of diagenesis (calcite → dahllite) 

(Aldeias et al., 2012; 

Goldberg et al., 2012) 

Üçağızlı II 

Cave,  

Turkey 

General: anthropogenic combustion features, wood ashes more abundant than charcoal, 

indicative of complete combustion in well-ventilated environment, presence of bone, rare charcoal, 

pseudocarbonized wood structures (state between wood and ash), wood ash and chert fragments, thin 

units of alternating ash and charcoal, more charcoal in lower layers (variability?) 

WL: Thick layers of ash, bone accidentally or intentionally burnt, located within 2-3 cm of intact 

ash layers, ashes most abundant fine component, unaltered composed of calcium carbonate, 

rhombic to triangular morphologies, ashes frequently surrounding coarser materials and discrete, 

laminated, dens bands, preservation is variable 

Postdeposition: bioturbation by insects, rodents, and plants, secondary carbonate precipitation, 

decalcification, and cementation. 

(Mentzer, 2011) 

Vanguard Cave,  

Spain 

General: intact combustion features atop a variety of burned substrates, ash layers or charcoal rich 

layers on top of rubified sediments, rubified sediments either sandy or silty, repeated use of same 

locality as fireplace, heating levels low (<550 °C, phosphate analysis) 

RL: reddish-brown guano deposit, rubification by heating, phosphatized remains of earlier ash 

layer, contains sand, fine charcoal, charred organic matter, burned bone, and ash crystals 

WL: barely disturbed ash, 10-20 mm thick ash layer composed of micritic remains of wood ash 

Postdeposition: reuse of hearth features, thin burrows, excrements, weathering through exposure of 

combustion zone 

(Macphail and 

Goldberg, 2000a) 
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Table 2: Summary of Middle Paleolithic intact combustion structures that underwent micromorphological examinations. The site, 
site type, and location are described in the first column. In the second column, combustion structures are described by dividing the 
description into general aspects of the feature (General), and then into the most common stratification of the combustion structure 
red(dish) layer (RL), black(ish) layer (BL), and white(ish) layer or ash layer (WL). The third column displays accompanying 
references.  

Table 2 presents 19 sites with combustion features that were micromorphologically studied and 

confirmed to be in situ, intact combustion structures. Fifteen of those sites are cave sites, two are 

rockshelters, and two are open-air sites. eight of these 19 sites are located in Spain. The combustion 

structures are most commonly composed of a BL-WL transition. In a few instances, a RL is underlying the 

BL. The most common components detected in BL and WL are charred and calcined bone, charred organic 

components, charcoal, and wood ashes. The most common postdepositional agents altering the features, 

especially in cave sites, are decalcification and recrystallization of the ashes.  

All combustion structures recovered in Middle Paleolithic sites should be studied by 

micromorphology, amongst other methods, to gain an understanding of context and insight in high-

resolution. For adequate comparability, micromorphology aids in depicting the descriptions in a uniform 

and standardized manner throughout sites and combustion structures. Ideally, the comparison of different 

sites' combustion structures would be through an open-access database including thin section scans, 

microphotographs, and descriptions of combustion features from numerous sites.  

So far, only a small percentage of sites containing combustion features have been examined 

micromorphologically. Likewise, not all combustion structures have been studied to the same extent and 

depth (see Table 2). This thesis will contribute to the small number of micromorphologically-studied 

combustion structures in the Middle Paleolithic and enrich the micromorphological record.  

To conclude, the micromorphological studies, guidelines, and experiments are of great help to study 

combustion structures and to enrich the Middle Paleolithic record of well-documented combustion 

structures. The chapters and articles about the general approach for micromorphological fire analysis are 

crucial and helpful for a uniform description of assemblages of combustion features. Much remains to be 

investigated with experimental studies, but what has been explored to date has greatly increased our 

understanding of specific processes and circumstances. Moreover, the archaeological data finally provides 

insights into combustion structures from different Middle Paleolithic sites and regions, enabling inter-site 

comparisons of combustion features.  

2.2.3 Sampling 

Micromorphological samples can be collected in two ways, from the surface or an already existing 

profile. During the removal of the samples from the surface, parts of the sediment from an area of interest 

(combustion structure or control sediment) are left in situ while excavating, creating a block of undisturbed 

sediment. From the profile, an area of interest is delimited as well, and the sediment around that area is cut 

away using a knife.  

Once either block is carved, the block is stabilized using plaster of Paris bandages on the exposed 

sides. After drying, the block can be extracted from the sediment using knives and chisels and by carefully 
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separating them from the remaining sediment. The block is then wrapped in packaging tape before noting 

its orientation and direction and is then stored until shipment and sample preparation. 

For the described case studies, 13 blocks from ten combustion structures and a block from control 

sediment were extracted for Case Study I, and three blocks from one combustion structure and one control 

block were extracted for Case Study II.  

For experimental samples (Case Study III), two samples of moss were heated at 350 °C and 550 °C 

respectively in a rectangle-shaped aluminum container and left undisturbed until sample preparation. 

2.2.4 Sample preparation 

A majority of the samples were processed at the Archaeological Micromorphology and Biomarker 

Research Lab (AMBI Lab), Universidad de La Laguna, Tenerife, Spain. Samples were oven-dried at 60 °C 

for 48 hours before impregnating them using a 7:3:0.1 ratio of a mixture of polyester resin (Palatal strained 

resin UN1866, TNK composites), styrene (Styrene monomer (CAS: 100-42-5) UN2055, TNK composites), 

and a catalyzer (Methyl-ethyl-ketone (Luperox, CAS: 78-93-3), TNK composites). During the impregnation 

process, the air in the sediment's pores is replaced by the resin until the sediment is saturated with resin. 

After the hardening of the resin, the sedimentary matrix and components are immobilized and thus reflect 

the field's original undisturbed state. Hardened blocks were cut into slabs of 1 cm thickness using a Euro-

Shatal M31100 radial saw, and selected slabs were glued onto 9 x 6 cm glass slides. These were trimmed to 

1 mm thickness using a Uniprec ATA Brilliant-220 precision cutting machine and ground to 30 µm thickness 

using a G&N MPS-RC-Geology grinding machine. 

Samples that were not processed in the AMBI Lab were either impregnated and cut into slabs using 

the methods mentioned above and shipped to Spectrum Petrographics Inc. (Vancouver, WA, USA) to 

produce 51 mm x 76 mm thin sections, or extracted blocks were entirely processed by Thomas Beckmann 

(Schwülper-Lagesbüttel, Germany) into 9 cm x 6 cm thin sections. 

2.2.5 Analysis 

Thin sections were observed and analyzed using a Nikon Eclipse E200 polarizing microscope with 

magnifications ranging between 20 and 100. Thin section descriptions were done following the guidelines 

of Stoops (2003) and Nicosia and Stoops (2017). 
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2.2.6 Microfacies approach 

To facilitate the interpretation and understanding of micromorphological features, the microfacies 

approach was applied to all archaeological micromorphological samples (Courty, 2001). The concept of 

microfacies applied to archaeological soil micromorphology was adapted from the field of geology. There, 

facies defined as stratigraphic units distinguished by lithological, structural, and organic aspects are detected 

in the field (Boggs, 2006). Within the field of micromorphology, microfacies, or smaller-scaled facies, are 

identified on polished blocks or thin sections on the microscale (Courty, 2001; Flügel, 1982). 

A microfacies approach is reasonable when dealing with a numerous and diverse set of deposits. 

These deposits that can be isolated into individual discrete stratigraphic units and distinguished by their 

microscopic characteristics are called microfacies units (MFU). Consequently, these MFU's can be classified 

into groups with identical characteristics (microstructures, porosities, components), forming microfacies 

types (MFT). This standardizes the analysis of the deposits themselves and helps the micromorphologist to 

observe patterns, thus facilitating the understanding and the interpretation of the sample set, especially 

regarding depositional and post-depositional processes (Courty, 2001).  

Despite being a young concept used in archaeological micromorphology (Courty, 2001), it has been 

applied successfully in several archaeological sites and settings: Most prominently, it has been used at cave 

and rockshelter sites ranging from the Paleolithic to the Neolithic (Angelucci, 2003; Arriolabengoa et al., 

2018; Arteaga et al., 2000; Égüez et al., 2016; Goldberg et al., 2009b; Karkanas, 2010; Karkanas et al., 2015; 

Karkanas and Goldberg, 2010b; Leierer et al., 2019; Patania et al., 2019; Rellini et al., 2020; Schiegl and 

Conard, 2006; Vannieuwenhuyse, 2017; Vannieuwenhuyse et al., 2017; Ward et al., 2017). Additionally, also 

shell middens (Villagran et al., 2009; Villagran et al., 2011b; Villagran, 2019), open-air sites (Karkanas et al., 

2011; Macphail and McAvoy, 2008; Mallol, 2006) sites in urban settings (Karkanas and van de Moortel, 

2014; Lisá et al., 2013; Macphail et al., 2007; Matarazzo et al., 2010) and mounds (Suarez Villagran and 

Gianotti, 2013; Villagran et al., 2019) have been investigated micromorphologically using the microfacies 

approach. Likewise, experimental and ethnoarchaeological research have applied the microfacies approach 

in their micromorphological interpretation as well (Friesem et al., 2014b; Macphail et al., 2004; Miller and 

Sievers, 2012).  

For these studies, the microfacies approach is reasonable to initially split the different depositional 

layers from within or outside the combustion structure and then subdivide these into specific MFT 

representing different characteristic elements of the combustion structure. Due to the limited number of 

samples, the experimentally burned mosses have not been considered for the microfacies approach. 
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2.3 Lipid biomarker analysis 

The archaeology of lipid biomarkers involves identifying the origin of organic residues recovered 

in archaeological contexts, by comparing archaeological compounds to modern-day plants and animals 

(Evershed, 1993). 

A biological marker or biomarker is a molecular fossil that originated from formerly living 

organisms (Peters et al., 2005). Biomarkers are organic substances that provide information on past human 

activity, acting like a "chemical fingerprint" that can be matched to present organisms (Evershed, 2008). 

Some structures are direct indicators of their origin, and some structures can be more broadly classified 

(Evershed, 2008). 

Lipids are a broad class of molecules that are produced by living organisms (Evershed, 1993). They 

are mainly composed of carbon, hydrogen, and oxygen and form a wide array of structures (Evershed, 

1993). Lipids have hydrophobic properties, which reduces their solubility in water (Evershed, 1993); 

nevertheless, other degradational processes of chemical or microbial origin can affect the lipids' structure 

(Evershed, 1993). Lipids include fats, oils, waxes, terpenes, and sterols (Christie and Han, 2010; Gunstone, 

1996) originating from different sources of organisms (Evershed, 1993). Due to their hydrophobic qualities, 

lipids are great candidates as biomarkers in archaeological settings since the compounds stay in situ and are 

not affected by leaching through water (Evershed, 1993, 2008). Compared with other biomolecules, lipids 

are less susceptible to decay due to their low polarity (Evershed, 2008).  

In archaeological contexts, the organic residue recovered usually consists of a mixture of 

compounds that have undergone postdepositional alterations (Evershed, 1993, 2008). Here, the use of gas 

chromatography (GC) and gas chromatography-mass spectrometry (GCMS) comes into place, allowing the 

separation of molecules by weight and nature. It is possible for altered compounds to trace back their original 

source in reference to their biochemical mechanisms and pathways (Evershed, 2008). 

2.3.1 Significance 

There has always been an interest in amorphous organic materials found at archaeological sites 

(Evershed, 1993). Nowadays, an increasing number of scientists are employing lipid biomarker analysis on 

archaeological material (Evershed, 2008).  

This has been made possible by analytical techniques, which can achieve molecular-level resolution 

(Evershed, 2008). The invention of gas chromatography paved the way for these analytical techniques 

(James and Martin, 1952), and they have been performed on archaeological organic residues for the last five 

decades (Condamin et al., 1976; Evershed, 1993; Evershed et al., 1999; Marchbanks, 1989; Patrick et al., 

1985). 

Most lipid biomarker studies in archaeology have been conducted on residues absorbed in ceramic 

vessel walls (Evershed, 2008 and references therein). Analyses of absorbed residues in pottery stand out due 

to the residues' great preservation potential and the ability to know what was contained in the vessel in the 

past.  
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The lipid biomarker approach on archaeological sediments is applied to a lesser extent. Generally, 

lipid biomarker analysis on sediment is challenging due to less favorable preservation of lipids than ceramic 

objects (Evershed, 2008). Lipids have a better preservation potential in pottery since entrapment of lipids 

in organic or mineral matrices reduces the loss of biomolecules by diffusion and a reduction of microbial 

activity (Eglinton and Logan, 1991; Evershed et al., 1992). Nevertheless, preservation in sediment is possible 

depending on environmental conditions such as temperature, light, and moisture (Eglinton and Logan, 

1991). For instance, waterlogging or extreme aridity are both favorable for lipid preservation, while constant 

fluctuations in environmental conditions are detrimental (Evershed, 2008).  

There are only a few studies of lipid biomarkers applied on archaeological sediments so far, most 

of them focusing on fecal biomarkers in middens and soils (Birk et al., 2012; Bull et al., 1999; Prost et al., 

2017; Shillito et al., 2013; Sistiaga et al., 2014).  

Recently, lipid residues preserved in archeological fires have begun to move into focus, and different 

researchers have successfully extracted and analyzed lipid compounds from sedimentary contexts related to 

archaeological fire. The studies span a broad geographical and chronological range (Choy et al., 2016; 

Kedrowski et al., 2009; Leierer et al., 2019; Leierer et al., 2020; Lejay et al., 2016). Generally, lipid biomarkers 

are well preserved in selected Middle Paleolithic combustion structures (Mallol et al., 2019; March et al., 

2017), in which preservation is limited to particular facies within the structure (March et al., 2017) (see 

upcoming Chapter 3 and 4). Lipid biomarker fire research in archaeology is still a young subdiscipline, and 

part of the initial work is dedicated to building experimental reference material and exploring preservation 

conditions and the thermal alteration process (Buonasera et al., 2019; Jambrina-Enríquez et al., 2018; Lejay 

et al., 2016; March et al., 2014). In studies of archaeological sediment, relevant findings include the 

identification of polycyclic aromatic hydrocarbons as a marker of anthropogenic fire (Brittingham et al., 

2019) and of different stenols and stanols, both fecal biomarkers, that have been found in Neanderthal 

combustion structure sediment and both of which indicate that these hominids had a mixed meat and plant 

diet (Sistiaga et al., 2014). In another study, n-alkyl nitriles were found to be useful as thermal markers and 

to differentiate animal and plant origin among the charred components of combustion structures (Jambrina-

Enríquez et al., 2019). The advent of sedimentary lipid biomarker studies in archaeology has also motivated 

work towards methodological advances. Recent studies have improved lipid residue quantification and 

calibration methods (Herrera-Herrera et al., 2020; Herrera-Herrera and Mallol, 2018) and have shown the 

potential of extracting sedimentary lipids directly from drill dust of micromorphological blocks, which 

provide a spatially and temporally accurate (contextualized) sample that may, in turn, be analyzed with visual 

reference to sedimentary components identified microscopically (Rodríguez de Vera et al., 2020). 
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2.3.2 Sampling 

For sampling lipid biomarkers from archaeological contexts, bulk sediment samples need to be 

extracted. Samples were selected from points of interest while avoiding spots of bioturbation and modern 

contamination. Sterilized metal tools were used to scrape off the sediment's exposed surface to avoid 

modern contamination. Then, sterilized metal tools were used to collect approximately 7 g of sediment, 

which was placed in pre-fired aluminum foil and packed. Samples were stored at -20 °C until analysis at 

AMBI Lab. 

Experimental samples of Weissia moss for Case Study III were scraped off a limestone boulder in 

the vicinity of the archaeological site, using sterilized metal tools and placed into pre-fired aluminum foil. 

This sample was also stored at -20 °C until further preparation. In the lab, the moss was dried for 48 hours 

at 60 °C and then subsampled into chunks of approximately 1g and placed in ceramic crucibles. The 

crucibles were covered with aluminum foil to replicate a limited O2 supply. Experimental burnings were 

conducted using a Nabertherm B180 muffle furnace with a heating rate of ±26 °C/min (Kuo et al., 2008). 

Five burnings were conducted at 150, 250, 350, 450, and 550 °C for one hour, respectively. Between each 

burning event, the furnace was cleaned at 550 °C for 1 h. Samples were weighed before and after burning, 

to document weight loss.  

Additionally, two experimental moss fires were conducted in the field, taking the same source 

material (Weissia moss) from the same sampling location. Mosses were placed on aluminum foil and were 

burnt without kindling using pine needles and twigs as tinder. Subsequently, the samples were stored at -

20 °C and transported to the AMBI Lab, where they were subsampled.  

2.3.3 Lipid extraction, analysis, and quantification 

To prepare archaeological samples for lipid extraction, they were oven-dried at 60 °C for 48 h using 

a Nabertherm P330 oven (Gamarra and Kahmen, 2015). Archaeological and experimental samples were 

then homogenized using an agate mortar and pestle. Samples were subsampled to either 5 g or 7 g for 

archaeological samples or between 0.9 g and 0.5 g for burnt experimental samples.  

To obtain the total lipid extract (TLE), the sediment or burnt moss was mixed with 

dichloromethane/methanol (DCM/MeOH) 9:1 v/v using 8 mL of that solution per gram of sample. This 

was done for three cycles of 30 minutes in a sonicator bath (<30 °C) and subsequent centrifugation (10 min 

at 4700 rpm) followed by filtering through annealed glass wool (Jambrina-Enríquez et al., 2018; Leierer et 

al., 2019). The TLE was then evaporated using N2 at 40 °C and reconstituted with DCM. 

The TLE was then separated into six fractions according to their polarity using solid-phase 

extraction (SPE) on a silica gel column (1 g silica 70-230 mesh, 0.1 g sand 50-70 mesh, both previously fired 

at 450 °C during 10 h). They were eluted utilizing different solvents for each polarity and fraction (see Table 

3). The different fractions were evaporated with N2 at 30 °C and stored until measurement at -20 °C. Before 

measurement, the internal standard (IS, 8mg/L) was added, and the sample was reconstituted with solvent 

(Table 3). For samples from Case Study II, only n-alkanes were measured.  
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Fraction 

No. 

Fraction Elution Internal standard Reconstitution 

volume 

1 n-alkane 3/8 dead volume (DV),  

n-hexane 

5α-androstane  150 µL of DCM 

2 Aromatics 2 DV, 8:2 v/v n-hexane/DCM 5α-androstane 50 µL of DCM 

3 Ketones 2 DV, DCM 5α-androstan-3-ol 50 µL of DCM 

4 Alcohols 2 DV of 1:1 v/v DCM:Ethyl 

acetate (EtOAc) 

5α-androstan-3-ol  40 µL of DCM + 

10 µL EtOAc 

5 Acids and 

diols 

2 DV EtOAc Methyl C19:0  40 µL of DCM + 

10 µL EtOAc 

6 Other 

compounds 

2 DV MeOH Methyl C19:0  40 µL of DCM + 

10 µL EtOAc 

Table 3: Summary of lipid fractionation procedure and reconstitution for chromatographic analysis. DV≈ 1300 µL 

The alcohol fraction was prepared by transforming alcohols into trimethylsilyl (TMS) esters. This 

was done by adding 100 µL of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) + trimethylchlorosilane 

(TCMS) 99:1 v/v and 100 µL of pyridine to the extract, derivatizing at 80 °C for 1 hour, drying and 

reconstituting with 10 µL Ethyl Acetate (EtOAc) and 40 µL DCM.  

Fatty acids were derivatized to methyl esters by adding 5 mL of MeOH, 400 µL of H2SO4 to the 

extract, and heating them at 70 °C for 240 min. They were then neutralized with a saturated sodium 

bicarbonate solution, extracted three times with 3 mL hexane, dried under nitrogen, and reconstituted with 

40 µL DCM + 10 µL EtOAc. 

Each sample and its fractions were analyzed using gas chromatography (GC) with a coupled mass-

selective detector (GC-Agilent 7890B, MSD Agilent 5977A) and equipped with an HP-5ms capillary column 

((5% phenyl)-methylpolysiloxane, length: 30 m, ID: 250 µm, film thickness 0.25 µm; Agilent Technologies). 

The GC was programmed to an initial temperature of 70 °C (held 2 min), then heated at a heating rate of 

12 °C/min to 140 °C and to a final temperature of 320 °C at a heating rate of 3 °C/min (held 15 min) with 

helium as carrier gas (flow of 2 mL/min). The multimode injector (MMI) was held at a split ratio of 5:1 at 

an initial temperature of 70 °C for 0.85 min and heated to 300 °C at a programmed rate of 720 °C/min. 

The MS was used under the following conditions: transfer line, ion source, and quadrupole were set at 

280 °C, 230 °C, and 150 °C respectively, electron ionization energy level was -70 eV, and the analyzer was 

operated in full scan mode (m/z 40-580). 

Compounds were identified by comparing their retention times and mass spectra with those of 

reference compounds (mix n-alkanes n-C8 – n-C40, 500 mg/L in DCM; 37 component FAME mix C4–C24, 

concentration in DCM varied from 200 to 600 mg/L; and fatty acids C26:0, C28:0, and C30:0) and the NIST 

mass spectra library.  

n-Alkanes were quantified using matrix-matched calibration curves (Herrera-Herrera and Mallol, 

2018) by plotting the Area/AreaIS ratio against the concentration of the reference compounds that were 

dissolved in the matrix and extracted with the previously described procedure. For doing this, the four most 
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intense fragment ions in the mass spectra were used (n-Alkanes: m/z 43, 57, 71, and 85; IS: m/z 67, 95, 81, 

and 245). Correlation coefficients for calibration curves were higher than 0.9904. 

Concentrations of n-alkanes were plotted and interpreted in µg per gram of dry sediment (µg/gds) 

with their correspondent confidence intervals. In the instance of Case Study I, the Carbon Preference Index 

(CPI) was calculated. This is the ratio of the quantity of odd n-alkanes against the quantity of even n-alkanes 

and helps to evaluate the distribution of n-alkanes (Marzi et al., 1993). Originally the CPI was and is used to 

identify the biological origin of plants (Bush and McInerney, 2013; Cranwell et al., 1987; Eglinton and 

Hamilton, 1967), the degree of diagenesis (Diefendorf et al., 2011; Zech et al., 2011) or the paleoclimate 

(Ortiz et al., 2010; Xie et al., 2004) but recently it has also been used as a measure of heat alteration 

(Almendros and González-Vila, 2012; Jambrina-Enríquez et al., 2018; Kuhn et al., 2010). Larger CPI values 

hereby indicate a greater preference for odd chain lengths and a better preservation/lower burning 

alteration. For the calculation of the CPI, the revised formula by Marzi et al. (1993) was used: 

CPI=
([C23]+[C25]+[C27]+[C29]+[C31]+[C33]+[C35])+([C25]+[C27]+[C29]+[C31]+[C33]+[C35]+[C37])

2×([C24]+[C26]+[C28]+[C30]+[C32]+[C34]+[C36])
 

Quantities measured for each n-alkane chain length have been inferred from the peak area of the 

unquantified sample to match previous publication standards (Herrera-Herrera et al., 2020). 

  



40 / 198

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
La autenticidad de este documento puede ser comprobada en la dirección: https://sede.ull.es/validacion/

Identificador del documento: 3219688				Código de verificación: Mw/SRe26

Firmado por: Lucía Leierer . Fecha: 17/02/2021 14:39:12
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:57:08
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:29:14
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12257

Nº reg. oficina: OF002/2021/12091
Fecha: 18/02/2021 08:49:16

 

Leierer  Thesis  Monograph  Page | 28 

Approaching Neanderthal behavior through the geoarchaeologica l  study of 

combustion structures :  Invest igat ions in soi l  micromorphology and l ipid b iomarkers  

2.3.4 Pyrolysis 

Pyrolysis was carried out for selected samples of Case Study I, using a CDS Pyroprobe 500 (CDS 

Analytical, Oxford, PA) coupled to the Agilent GC-MS through and a split/splitless injector (AMBI Lab, 

La Laguna, Spain). Quartz tubes with a quartz filler rod were filled with samples ranging from a weight of 9 

mg to 13.8 mg and sealed with a hand-made plug of quartz wool. The prepared tube was then introduced 

into the coil of the resistively heated Pt filament. The pyrolizer was initially set at 300 °C for 1 

s, then the temperature was increased to 700 °C at a rate of 20 °C/ms and held for 15 s. The transfer line 

was maintained at 300 °C. The GC separation and MS conditions were set at the same state as the previously 

used one to analyze liquid fractions. 

2.3.5 Compound-specific carbon isotope analysis (CSIA) of n-alkanes 

n-Alkanes of Case Study I were subjected to compound-specific carbon isotope (CSIA) 

measurements. Measurements were conducted using a Thermo Scientific Isotope Ratio Mass Spectrometer 

Delta V Advantage coupled to a GC Trace 1310 through a Conflo IV interface with a temperature converter 

GC Isolink II (AMBI Lab, La Laguna, Spain). The injection of the samples was accomplished using a 

Programmed Temperature Vaporising (PTV) injector (splitless mode) with an evaporation step with the 

temperature increasing from 60 °C to 79 °C (held 30 s, rate 10 °C/min), a transfer stage increasing to 325 °C 

(held 3 min, rate 10 °C/s) and a cleaning temperature increased to 350 °C (held 3 min, rate 14 °C/s). A 

Trace Gold 5-MS (Thermo Scientific) fused silica capillary column was fitted to the GC (30 m x 0.25 mm, 

0.25 µm film thickness). The carrier gas was helium at a flow rate set of 1.5 mL/min, and the oven was 

programmed as follows: from 70 °C (held 2 min) to 140 °C at 12 °C/min, from 140 °C to 320 °C (held 15 

min) at 3 °C/min. The combustion reactor temperature was maintained at 1000 °C. 

Measurements were repeated three times per sample, while data was acquired and processed using 

Isodat 3.0 (Thermo Scientific). An n-alkane Schimmelmann type A6 mixture (n-C16 to n-C30) was used to 

normalize the δ13C values to the Vienna Pee Dee Belemnite (VPDB) scale. The standard deviation of the 

measurements was smaller than 0.50 ‰.  
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2.4 TC, TIC, and TOC 

Total organic carbon measurements are a standard procedure coupled to lipid biomarker analysis 

to understand the amount of lipid biomarkers present in the sediment compared with other organic 

compounds.  

Bulk samples were sent away to get them tested for their total carbon (TC), total inorganic carbon 

(TIC), and total organic carbon (TOC) content. The analysis was done using a LECO SC 144DR furnace 

at Instituto Prentice de Ecología (IPE-CSIC), Spain. 

2.5 Experimental heating of El Salt stratigraphic unit XI sediment 

This heating experiment is related to Case Study II, where the rubification process that led to a RL 

in a substrate such as that of El Salt, was investigated. A series of controlled lab burnings were conducted 

using presumably unburned sediment from stratigraphic unit XI. For each heating event, approximately 0.8 

g of sediment was placed into a ceramic crucible and heated in a muffle furnace (Nabertherm B180). Heating 

intervals were between 100 °C and 800 °C in steps of 100 °C in oxic conditions. The furnace's heating rate 

was ±26 °C/min (Kuo et al., 2008), and the designated temperature was kept constant for 1 h. After 1 h, 

the crucibles were extracted and cooled down to room temperature.  
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Case Study I 

 Insights into the timing, intensity, and natural setting 
of Neanderthal occupation from the 

geoarchaeological study of combustion structures: A 
micromorphological and biomarker investigation of 

El Salt, unit Xb, Alcoy, Spain. 
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3. Case Study I: Study of a combustion structure 

assemblage 
 

 

Insights into the timing, intensity, and natural 

setting of Neanderthal occupation from the 
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ABSTRACT: 

 Middle Paleolithic lithic and faunal assemblages throughout Eurasia reflect short-term Neanderthal 

occupations, which suggest high group mobility. However, the timing of these short-term occupations, a key factor to 

assess group mobility and territorial range, remains unresolved. Anthropogenic combustion structures are prominent 

in the Middle Paleolithic record and conceal information on the timing and intensity, and natural setting of their 

associated human occupations. This paper examines a concentration of eleven combustion structures from unit Xb of 

El Salt, a Middle Paleolithic site in Spain, through a geoarchaeological approach, in search of temporal, human impact, 

and paleoenvironmental indicators to assess the timing, intensity, and natural setting of the associated human 

occupations. The study was conducted using micromorphology, lipid biomarker analysis, and compound-specific 

isotope analysis. Results show in situ hearths built on different diachronic topsoils rich in herbivore excrements and 

angiosperm plant residues with rare anthropogenic remains. These data are suggestive of low impact, short-term human 

occupations separated by relatively long periods of time, with possible indicators of seasonality. Results also show an 

absence of conifer biomarkers in the mentioned topsoils and the presence of conifer charcoal among the fuel residues 

(ash), indicating that firewood was brought to the site from elsewhere. A microscopic and molecular approach in the 

study of combustion structures allows us to narrow down the timescale of archaeological analysis and contributes 

valuable information towards an understanding of Neanderthal group mobility and settlement patterns.   

https://doi.org/10.1371/journal.pone.0214955
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3.1 Case Study I: Introduction 

What is the approximate amount of time that Neanderthal groups occupied any given place in the 

landscape? How much time passed before they returned to that same place? These questions are key to 

understand Neanderthal group mobility and settlement patterns.  

So far, these questions have not been properly answered using the current proxies applied in Middle 

Paleolithic archaeology.  

Some proxies are especially helpful for distinguishing broadly between long-term and short-term 

occupations. Cleaning behaviors and maintenance activities can point to long-term occupations (Binford, 

2002; Spagnolo et al., 2018; Stevenson, 1991; Vaquero, 2012; Vaquero et al., 2015) as evidenced by raked-

out hearths (Goldberg, 2003; Kuhn et al., 2009; Meignen et al., 2007; Schiegl et al., 2003) or thick ash 

deposits indicative of recurrent refueling (Mallol et al., 2007; Meignen et al., 2008; Wattez, 1992). The origin 

of lithic raw material might help in differentiating long-term occupation (raw material acquisition nearby the 

site) from short-term occupations (raw material acquisition from farther away as reflective of high group 

mobility) (Richter, 2006; Vaquero, 2012). Additionally, occupation length estimates can be made on the 

basis of material assemblage accumulation density (Conard and Prindiville, 2000; Lourdeau, 2011). Also, 

carnivore activity on the faunal assemblages might indicate short term occupations since leftover bones 

would still be fresh and more appealing to carnivores (Vaquero, 2012; Yellen, 1991). Another method that 

has been used to frame the timing of human occupations in an archaeological context is dental wear analysis, 

which looks at seasonal markers in anthropogenic tooth remains to identify the season in which the animal 

has died. A stratigraphic unit with several teeth representing the same season commonly implies different, 

diachronic short-term seasonal occupations (Rivals et al., 2009a; Sánchez-Hernández et al., 2014).  

So far, based on a combination of the above-mentioned proxies, the Middle Paleolithic 

archaeological record throughout Europe and the Near East reflects short-term human occupations (Cep 

and Waiblinger, 2001; Conard and Prindiville, 2000; Galván et al., 2014a; Hovers, 2001; Lourdeau, 2011; 

Machado et al., 2013; Machado et al., 2016; Machado and Pérez, 2015; Marks and Chabai, 2001; Moncel et 

al., 2011; Mora et al., 2004; Rivals et al., 2009a; Roebroeks and Tuffreau, 1999; Rosell et al., 2015; Straus, 

1982; Vallverdú et al., 2005a; Villaverde et al., 1996; Wallace and Shea, 2006).  

Still, the timing of Neanderthal short-term occupations remains unresolved. A key to address this 

issue is isolating single occupation episodes. Most proxies of occupation duration are based on the analysis 

of remains recovered from archaeological palimpsest deposits (Bailey, 2007; Carrancho et al., 2016; Henry, 

2012; Lucas, 2005; Vaquero and Pastó, 2001) representing several occupation episodes. Dissecting Middle 

Paleolithic palimpsest deposits into single occupation episodes is not only essential to approach human 

behavior and change (Machado et al., 2013; Mallol and Hernández, 2016; Sullivan, 1992), but is also a 

prerequisite to assess the time between human occupations. In Paleolithic contexts, archaeological 

palimpsests can be dissected through lithic raw material units, faunal and lithic refits, archaeostratigraphy or 

tooth microwear analysis (Bargalló et al., 2016; Chacón et al., 2015; Machado et al., 2013; Machado et al., 

2015; Machado and Pérez, 2015; Rivals et al., 2009a; Sañudo et al., 2016; Spagnolo et al., 2016; Vaquero et 
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al., 2015). High-resolution geoarchaeological techniques have also shown to help approach single human 

occupation episodes (Cabanes et al., 2010; Carrancho et al., 2016; Mallol et al., 2013a; Miller et al., 2013; 

Polo-Díaz et al., 2016).  

A very powerful source for palimpsest dissection and for studying isolated occupations are 

combustion structures. Hearths have been considered as a central element around which human activities 

take place (Binford, 1978; Binford, 1998; Fisher and Strickland, 1991; Jones, 1993; O'Connell, 1987; Yellen, 

1977), and according to ethnoarchaeological research, most activities are carried out around hearths in 

household areas (Fisher and Strickland, 1991; Jones, 1993; O’Connell et al., 1991; O'Connell, 1987; Yellen, 

1977). Thus combustion structures are considered as basic elements of a single occupation episode (Henry, 

2012; Machado et al., 2013; Vallverdú et al., 2005b; Vaquero and Pastó, 2001), and consequently, they can 

aid in discerning a minimal number of occupation episodes (Vaquero and Pastó, 2001). 

In the Middle Paleolithic, fire residues are present in the majority of sites (Roebroeks and Villa, 

2011) and often comprise well-preserved combustion structures with distinct perimeters and internal 

stratigraphy. Crucially, such good preservation states could be indicative of short-term occupation or low 

occupation intensity, as continuous presence of humans at a site might result in obliterated raked-out hearths 

(Goldberg, 2003; Kuhn et al., 2009; Meignen et al., 2007; Schiegl et al., 2003). Very few Middle Paleolithic 

combustion structures with thick ash layers have been documented (Goldberg, 2003; Meignen et al., 2007). 

Most sites have yielded combustion structures with thin (less than 2 cm-thick) ash layers (Roebroeks and 

Villa, 2011), suggesting a prevalence of short-lived fires, in opposition to refueled fires used over weeks and 

months, which have been shown to result in thick ash deposits (Mallol et al., 2007; Meignen et al., 2008; 

Wattez, 1992). 

According to published descriptions of Middle Paleolithic combustion structures (Martínez-

Moreno et al., 2004; Vallverdú Poch et al., 2012; Vaquero and Pastó, 2001; Zieba et al., 2008), their 

macroscopic appearance generally conforms with the structure of simple, flat, circular, multi-layered 

structures exhibiting a succession of a reddish or brownish layer at the base (here onwards Red Layer or 

RL), overlain by a dark brown to black layer (BL) and capped by a gray to whiteish layer (WL) (Mallol and 

Henry, 2017). Previous studies have hypothesized that the WL contains combustion-related residues, while 

the BL and RL are the combustion substrate representing burned topsoil beneath the fire (Machado et al., 

2015; Mallol et al., 2013a; Mallol et al., 2017). If we consider the ephemeral archaeological fingerprint of 

short-term human occupations, Middle Paleolithic BL and RL deposits are unlikely to yield behavioral 

evidence. Instead, they hold the potential to provide paleoenvironmental information because they contain 

residues of the natural vegetation cover prior to the occupation and the combustion event. On the other 

hand, any behavioral evidence associated with Neanderthal short-lived fires should be found in Middle 

Paleolithic WL deposits, which may conceal clues on Neanderthal behavior.  

At present, although the Middle Paleolithic fire record has been widely investigated (Allué et al., 

2012; Cabanes et al., 2010; Courty et al., 2012; Heyes et al., 2016; Koller et al., 2001; Pastó et al., 2000; 

Picornell-Gelabert et al., 2017; Sandgathe, 2017; Théry-Parisot, 2002b; Vidal-Matutano, 2016; Vidal-

Matutano et al., 2017; Vidal-Matutano et al., 2018; Yravedra and Uzquiano, 2013), it has not been sufficiently 
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studied from a geoarchaeological perspective as to characterize the formation and post-depositional 

modification of individual combustion structures. This shortcoming hampers our assessment of 

Neanderthal occupations based on the combustion structure record as introduced in the previous 

paragraphs. First, identification of short-lived hearths is not possible with the naked eye because relighting, 

rake-out and distinguishing between single and multiple burning events requires microscopic examination 

(Mallol et al., 2017). Second, there are a plethora of natural taphonomic factors that may modify the 

macroscopic appearance of combustion structures (Mallol et al., 2017). Third, the nature of WL and BL 

deposits lies in their components, which are often only sedimentary and identifiable at microscopic and 

molecular scales. Altogether, in-depth microstratigraphic investigations of Middle Paleolithic combustion 

structures have the potential to provide information on Neanderthal behavior and environmental contexts 

and at the same time indicate isolated occupation episodes, which might help to decipher the timing of 

short-term occupations. 

To pursue such investigation, we selected stratigraphic unit X from the Middle Paleolithic site of 

El Salt in Spain. El Salt has yielded numerous flat combustion structures. In the field, these showed 

apparently good preservation states, with distinct outlines and internal stratigraphy. In certain areas, and 

especially in stratigraphic unit X, these combustion structures are partially overlapping or superimposed. In 

this context, a dense archaeological palimpsest involving multiple combustion structures reflect either many 

successive short-term occupations with isolated combustion structures (Lourdeau, 2011; Machado et al., 

2013; Rivals et al., 2009a; Sánchez-Hernández et al., 2014; Vallverdú et al., 2005b; Vaquero, 2008) or fewer, 

longer occupations with multiple synchronous hearths (Rivals et al., 2009b; Thiébaut et al., 2009; Vaquero 

et al., 2012).  

Galván (2014a) proposed that SU X (35 cm thick, dated to 52.3 ± 4.6 kA (Galván et al., 2014b)) 

possibly represents recurrent, brief, low impact Neanderthal occupations, based on an integrated 

archaeostratigraphic study of lithic refits, raw material procurement, knapping activity and the number of 

single discarded flint artifacts, the minimal number of individuals obtained from zooarchaeological analyses 

and the number of combustion structures (Machado et al., 2016; Machado and Pérez, 2015). 

In this paper, we present the results of a geoarchaeological study coupling micromorphology and 

lipid biomarker analysis of a combustion structure assemblage from El Salt SU Xb to explore how these 

combustion structures formed. Archaeological soil micromorphology is the microscopic study of in situ 

preserved archaeological sediment, which can aid in the characterization of depositional and 

postdepositional processes. Lipid biomarker analysis is the study of lipid molecular compounds that can be 

traced to a particular biological origin. Both methods combined will be used here to assess if the human 

occupations associated with the combustion structures were low impact and short-termed, as previously 

formulated, and to provide an estimate of the time period between occupations. Given the common 

presence of distinct BLs deposits among the SU Xb combustion structures and the fact that organic matter 

preservation potential in charred contexts is quite high (Braadbaart and Poole, 2008; Mallol et al., 2013a; 

Weiner, 2010), we expect to obtain significant information through the systematic microstratigraphic 

analysis of these combustion structure assemblages. 
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3.2 Case Study I: Materials 

This Case Study encompasses a selection of 11 combustion structures from the stratigraphic unit 

Xb (Fig. 2). Combustion structures were chosen according to their availability of micromorphological and 

biomarker samples, respectively. Combustion structure H61 only yielded bulk sediment samples for 

biomarker analysis. Samples were extracted, analyzed, and studied according to the standard procedure 

described above.  

This assemblage of combustion structures was visually divided into two clusters. One cluster is 

closer to the site’s travertine wall (H44b, H45, H57, and H61) entitled the “inner” cluster and one “outer” 

cluster positioned slightly farther away from the back wall (H46, H52, H53a, H53b, and H50) (see Fig. 3).  

Fig. 2: Field photos of selected combustion structures from the combustion structure assemblage. 
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This categorization is based on a difference in sedimentary composition observed in the field. 

Generally, both areas consist of brownish yellow, massive, unsorted, gravelly-silty sand with abundant tufa 

and travertine fragments. However, the sediment of the “outer” area is more compact and contains fewer 

archaeological remains (flint flakes and bone fragments), while the sediment of the “inner” area is looser 

and more stratified. Four out of the 11 selected combustion structures display a clear white layer (WL) in 

the field. All other combustion structures only include a BL-RL succession (see Fig. 3). Nevertheless, all 

combustion structures comprise circular perimeters and contain burnt bone; thus, they are most likely to 

represent combustion structures. Other components present in the combustion features are flint flakes, 

charcoal as well as burnt limestone, and travertine clasts.  

Micromorphological samples (n=12) contain the RL-BL(-WL) succession of the combustion 

structure as well as over- or underlying sediment from stratigraphic unit Xb (here onwards Xb), which 

appears unaffected by fire processes (see Appendix 1 and 2). Additionally, a micromorphology block (n=1) 

taken from a farther distance away from the combustion structures serves as a control sample. Biomarker 

samples (n=27) are taken from mostly the BL’s (n=14) of the combustion structures, but also RL (n=3) and 

WL (n=5) samples are available, as well as control samples of the presumably unburned stratigraphic unit 

Xb (n=5).  
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Fig. 3: Combustion structures of unit Xb—El Salt. a) Georeferenced orthophotograph extracted from 3D 
photogrammetric model of the site created in the 2017 field season showing the combustion structures selected for this study 
(georeferenced BL perimeters) and associated micromorphology and biomarker samples. b) Georeferenced orthophotograph 
(same as in a) of the whole site, with indicated location of the area of interest for this study.  

Fig. 4: Schematic drawing showing the stratigraphic position of the selected combustion structures. Combustion 

structures as observed in the field with facies thickness in cm (*). 
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3.3 Case Study I: Results 

3.3.1 Micromorphology 

3.3.1.1 Lithology, main components, porosity, microstructure, and postdepositional 

features 

All micromorphological samples share a common lithological composition – representing the 

sediment of stratigraphic unit Xb, which is dominated by sand-sized limestone fragments with quartz grain 

inclusions, sand-sized detritic travertine and tufa fragments, and fine sand-sized quartz crystals. These 

detritic mineral components are most abundant in the control and Xb samples and few or rare in the BLs, 

where organic components make up the bulk of the sedimentary mass. Travertine and tufa grains show 

signs of burning in BL and WL, brown or gray zones in plane-polarized light (PPL), and recrystallized zones 

in crossed polarized light (XPL) (Fig. 5m and n).  

Anthropogenic and biogenic components are charcoal (Canti, 2017), few fat-derived char fragments 

(Fig. 5i) (Mallol et al., 2017), common bone (Villagran et al., 2017) and teeth (Villagran et al., 2017), massive 

coprolites (Fig. 5g and h) (Brönnimann et al., 2017b), fibrous coprolites (Fig. 5j and k) (Brönnimann et al., 

2017a) and Celtis australis seed coats (Fig. 5o) (Mallol et al., 2013a) with variations in the degree of burning 

depending on the facies. Plant residues appear browned or blackened (Fig. 5f and l). A description of these 

components is presented in Table 4, further describing their abundance and representation in combustion 

structures and facies.  
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Fig. 5: Components identified in the micromorphological samples. a) wood ash (PPL), b) wood ash (XPL), c) needle fiber 
calcite (XPL), d) ashes (PPL), ashes (XPL), f) unidentified square black particles (PPL), g) burnt bone (PPL), h) burnt bone 
(XPL), i) animal fat-derived char (PPL), j) fibrous coprolite (PPL), k) fibrous coprolite (XPL), l) blackened plant particles (PPL), 
m) burned tufa (PPL), n) burned tufa (XPL), o) celtis australis seed coats (PPL). 
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Component Description and comments Representative combustion 

structures (and 

abundance*) 

Bone fragments Sand-sized fragments of predominantly small mammals, 

reptiles, or fish and lower proportion of indistinct fragments, 

possibly macrofauna 

In Control and RL, mostly unburned, in BL commonly burned 

and in WL calcined 

All (3) 

Teeth From rodents H46 BL (1), Xb (2) 

Celtis australis 

seed coats 

 
H44b BL (2), H53b BL (2), 

H53b WL (1), H53a WL (1), 

H55 BL (1), Xb (2) 

Flint flakes Sand-sized flakes and flake fragments, occasionally fissured H44b BL (1), H50 WL (3), 

H55 BL (1), Xb (1) 

Fibrous 

coprolites 

Herbivore origin 

In some cases, fine mass is almost entirely made up of fibrous 

coprolites with diffuse boundaries 

All (3) 

Massive 

coprolites 

From omnivores or carnivores Xb (2) 

Wood charcoal Some fragments identified as pine 

Rounded in BL and UL, angular in WL 

H44b BL (1), H50 BL (1), H53 

RL (1), H53 BL (1), H55 BL 

(1), H57 WL (1), Xb (1) 

Blackened plant 

residues 

Fine-medium sand size 

Morphology suggestive of degraded plant tissue 

All (3) 

Unidentified 

square black 

particle 

Subhorizontally aligned or isolated subangular cuboids 

50 x 50 µm  

H57 BL (3), H57 RL (3), Xb 

(1) 

Animal fat-

derived char 

fragments 

Consisting of a massive black matrix with vesicular voids and 

fissures 

Xb (1) 

Calcitic eggshell 

fragments 

 
H50 WL (1), Xb (1) 

Table 4: Components identified in the sample set. Their description and their extent within the sediment and 

combustion structures with associated abundances (* abundance: 1=rare to few, 2=common to frequent, 3=abundant)  
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The fine mass of stratigraphic unit 

Xb is composed of undifferentiated, locally 

calcitic-crystallitic phosphatized clayey silt 

(Fig. 6a and b). In some cases, the input of 

fibrous coprolites is very dominant, creating 

a fibrous coprolitic matrix (Fig. 6a). 

Matrices of BLs resemble the fibrous 

coprolitic matrix, with a prevalence of 

blackened/charred organic material, and 

matrices of WLs are composed of 

diagenetic calcitic ash (Fig. 5a, b, d, and e).  

The prevailing porosity 

encompasses vughs and compound packing 

voids, with localized channels and a few 

randomly oriented planes. Microstructures 

resulting from that porosity are vughy 

microstructure, granular microstructure, 

and intergrain microaggregate 

microstructure.  

Post depositional processes are 

bioturbation and diagenesis. Bioturbation is 

identified as being a mild physical 

postdepositional process, comprising local changes in the microstructure, which do not affect the overall 

ability to interpret or to differentiate individual microfacies units. Diagenesis can be observed in partial 

decalcification of the groundmass and the presence of phosphatized areas and locally abundant gypsum 

crystals and gypsum crystal pseudomorphs. The calcitic ash of the WL was also affected by diagenesis, 

exhibiting local isotropic or recrystallized domains (Fig. 5c) and collapse zones with intrusive overlying 

sediment.  

3.3.1.2 Microfacies types (MFT’s) 

The sample set resulted in 45 MFU, which correspond to the observed WL, BL, RL, and Xb 

sediment (see Appendix 2). Accordingly, the MFUs were grouped into 12 MFT (Table 5). MFTs were 

established using matrix color, frequency of fibrous coprolites, organics particles, and degree of bioturbation 

in Xb, BL, and RL sediment. The WLs were grouped according to the presence or absence of wood ash 

and degree of diagenesis. A detailed description of the MFT and which facies is represented in them can be 

found in Table 5. 

  

Fig. 6: Selected matrix images. a) fibrous coprolitic matrix (PPL), b) 
fibrous coprolitic matrix (XPL), c) phosphatic matrix (PPL), phosphatic 
matrix (XPL). 
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MFT Layer MFT description Facies represented 

1 BL Dark brown fibrous coprolite-rich matrix with common black organic particles H44b BL, H45 BL, H46 

BL, H53b BL, H50 BL, 

H54 BL, H55 BL 

2 RL Reddish-brown fibrous coprolite-rich matrix with common black organic particles H52 RL, H53b RL, H57 

RL  

3 Xb Weakly bioturbated brownish-yellow fibrous coprolite-rich matrix   

4 WL Pale brownish-yellow fibrous coprolite-rich matrix with diagenetic wood ash H50 WL 

5 BL Dark brown matrix with abundant fibrous coprolites and black organic particles H52 BL, H53a BL, H57 

BL 

6 Xb Brownish-yellow matrix with few fibrous coprolites and few black organic particles   

7 Xb Bioturbated brownish-yellow matrix with few fibrous coprolites and few black organics   

8 WL Grey matrix with in situ, well-preserved wood ash H55 WL 

9 WL Grey matrix of in situ, diagenetic wood ash with few calcined bone fragments H57 WL, H52 WL 

10 WL Brownish-grey matrix with diagenetic wood ash H53a WL, H53b WL 

Table 5: MFT of combustion structure assemblage of SU Xb. 
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3.3.2 TC, TIC, and TOC 

It was possible to get TC, TIC and 

TOC data on 9 samples. Average values of 

TC were 6.39 %, of TIC 5.09 % and of TOC 

1.30 %. The BL on average yielded the 

highest quantity of TOC (2.08 %, n=4), 

before control (TOC = 0.76 %, n=2), WL 

(TOC = 0.69 %) and RL (TOC = 0.60 %, 

n=2) samples. The highest percentage of 

TIC is shown by the BL (5.18 %, n=4) and 

the lowest by the Controls (4.84 %, n=2) (see 

Table 6) 

3.3.3 Lipid biomarkers 

3.3.3.1 n-Alkanes 

Twenty-seven loose sediment 

samples were available for the analysis of n-

alkanes. The data from those analyses exhibit 

a distribution of n-alkanes ranging between 

nC17 and nC35. The total concentration in 

these samples varies from 0.02 µg/gds (H50 

BL4) to 9.32 µg/gds (H50 BL2). Averages 

according to their origin result in the lowest 

values for the BLs (n=14; 0.96 µg/gds), and 

subsequently WLs (n=5; 1.57 µg/gds), 

Control and Xb (n=5; 1.85 µg/gds) and RLs (n=3; 2.50 µg/gds) (Fig. 7).  

CPI values (n=27) vary from 0.17 (H55 BL2) to 28.84 (C2).  

By using CPI values as a measure of alteration, n-alkane profiles were divided into three groups, 

representing three stages of alteration. The groups allocated to each sample and n-alkane profiles can be 

Table 6: TC, TIC and TOC of selected combustion structures of SU Xb 
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found in Fig. 7. The first group 

represents the presumably unaltered 

samples, which show pronounced odd 

long-chained peaks with a maximum 

peak at C31 and none or only small 

even peaks. Their CPI values are 

ranging above 15. Contained samples 

are the four control samples, H55 Xb, 

which represents Xb sediment below 

H55 and H50 BL1. The second group 

includes moderately altered samples 

containing an n-alkane profile with 

high distinct odd long-chained peaks 

and a presence of short and even 

chained peaks. Their highest peaks at 

C27, C31, and C33 can be compared 

to those of Group 1; nevertheless, 

samples have a CPI ranging from 1.09 

to 4.49. Samples included in this group 

are H44b WL, H46 BL, H50 WL, H50 

BL2, H50 BL3, H50 BL4, H50 RL, 

H53a WL, H54 BL, H55 BL1, H57 

BL, H61 WL1. Group 3 represents 

samples that are highly altered, 

showing a predominance in short-

chain and even n-alkanes. This group’s 

CPI is lying between 0.16 and 0.44. 

Samples included in this category are 

H45 BL, H52 BL, H53a BL, H53b BL, 

H55 BL2, H61 WL2, H61 BL, and 

H61 RL.  

Samples without a 

pronounced alteration (Group 1 and 

Group 2) can be analyzed according to 

their dominant peaks. The majority of 

samples' highest peak is C31, though 

the most dominant peak for H52 RL is 

C33, and the most dominant peak of H50 BL1 is C27 (Fig. 7). 

Fig. 7: N-alkane profiles of combustion feature facies. Abundances of alkanes 
with chain lengths from 17 to 35 in µg/gds with three different scales on the y-axis. 
Error ranges are shown according to their standard deviation. For H50 BL3, H50 
BL4 and C2 the error ranges are lower than 0.004 µg/gds. Graphs show total 
alkane content (µg/gds), CPI and alteration group. 
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3.3.3.2 Other lipid fractions 

No Polycyclic aromatic hydrocarbons could be detected in the aromatic fraction (fraction 2) or 

through pyrolysis. Also, Ketones could not be detected in any of the samples. Nonetheless, Betulin, 

Betulinaldehyde, Lupeol, β-Amyrin, Fucoxanthin, Stigmasta-3,5-diene, Stigmasterol, Cholesterol, 1-

Hexacosanol, 1-Octacosanol, 1-Tetracosanol, Docosanol, and Squalene could be detected. The dominant 

fatty acids in the samples were 16:0 (palmitic acid) and 18:0 (stearic acid). 

3.3.3.3 CSIA of n-Alkanes 

Twenty-six samples yielded results for compound-specific carbon isotopes of n-alkanes comprising 

BLs, WLs, RLs, and Xb of 11 combustion structures and four control samples. Due to the dominance of 

odd-numbered n-alkanes with long chain lengths in the samples, the interpretation of compound-specific 

δ13C was focused on the δ13C analysis of C29 and C31. δ13C values for C29 range from -34.4 to -29.4 ‰, with 

an average of -32.0 ‰ and values for C31 range between -35.3 and -31.1 with an average of -32.9 ‰ (Fig. 

8).  

  

Fig. 8: δ13C compound specific alkane profiles. Combustion structures on the x-axis and δ13C values on the y-axis, 

displaying the isotopic value of the alkane nC29 and nC31 with error ranges according to the standard deviation. 
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3.4 Case Study I: Discussion 

3.4.1 Formation of the SU Xb combustion structures  

3.4.1.1 Micromorphological observations 

Macroscopically, the eleven combustion structures studied here are similar in size, shape, internal 

stratigraphy, and associated archaeological material. Micromorphologically, clear ash layers could be 

identified in H52, H55, and H57, and diagenetically altered ash layers in H50, H53a, and H53b. Four of the 

combustion structures showed no ash at all (H44b, H45, H46, H54). All of these combustion structures are 

in situ while comprising an intact internal stratification (RL, BL, WL), observable on the micro-scale (Mallol 

et al., 2017). Occasional mild bioturbation is limited to a small scale, rarely exceeding the boundaries of the 

individual layers. For H61, only bulk samples were available. 

All of the BLs represent sedimentary substrates rather than a layer of fuel residues. They mainly 

contain variable proportions of herbivore coprolite residues and black unidentified plant tissue.  

In their composition and microstructure, the BLs of SU Xb are comparable to those from the 

overlying SU Xa (Mallol et al., 2013a). They consist of a loose, fibrous coprolite-rich sedimentary matrix 

with common geogenic detritus, microfaunal bone remains, degraded topsoil plant matter, a few charcoal 

fragments, and very few flint fragments. Fibrous coprolites and fibrous coprolite-rich sediment have been 

previously reported in herbivore dung deposits (Brönnimann et al., 2017a; Macphail and Goldberg, 2010). 

Thus, the BLs possibly represent undisturbed natural topsoils occupied by herbivores and later charred by 

anthropogenic fire. Crucially, the presence of common geogenic detrital mineral grains and scattered, finely 

comminuted degraded plant matter and microfaunal bone indicate they are natural topsoils and not purely 

dung nor fuel. The plant matter is present in the form of unidentified fibrous or massive black particles 

originating from topsoil vegetation (Deák et al., 2017). The original morphology of the perishable plant 

parts (parenchyma or collenchyma) was not observed; therefore, the plant matter must have undergone a 

certain degree of degradation prior to combustion, possibly corresponding to amorphous lignin-rich tissue 

(Babel, 1975; Ismail-Meyer, 2017) or remains of the epidermis, which are hard to decompose (Bal, 1973; 

Stoops, 2010). Crucially, the SU Xb control sediment samples yielded very few, scattered black particles. 

The longest sequence of hearths in the studied area consists out of four roughly overlapping combustion 

structures (H52, H53a, H53b, and H50). Considering the geogenic and pedogenic nature of their respective 

BLs, the site must have been unoccupied by humans in between each of the combustion events.  

The human impact was not observed apart from the effect of burning that resulted in the BLs. Only 

rare flint fragments and macrofaunal bone remains were identified, and no signs of trampling were observed. 

Charcoal fragments are also scarce. Some of them have been identified as conifer, possibly Pinus nigra or 

Pinus sylvestris, in accordance with previous anthracological evidence from SU Xb (Vidal-Matutano et al., 

2018). Given the detrital, mixed composition of the BLs and the roundness and smoothness of the charcoal 

fragments, which are few, these are possibly reworked, deriving from nearby, preceding combustion events. 
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Regarding the WLs, no anthropogenic components were identified in any of them, suggesting that 

the activities carried out around them did not involve tossing refuse into the fire, at least in significant 

amounts, nor cooking practices involving deposition of bone or char residues in the fire. Most of them 

showed signs of postdepositional reworking or diagenetic alteration. Strong bioturbation and mixing with 

the overlying sediment were observed in both H50 WL and H53 WL, in addition to strong decalcification 

in H53 WL.  

3.4.1.2 Total organic carbon 

The preservation of organic matter (TOC) in BLs is better than in WLs, RLs, and Xb. This is in 

agreement with previous studies by Mallol et al. (Mallol et al., 2013a), underlining the potential of charred 

organic matter to preserve biomarker fingerprints. This implies that temperatures in the BLs are sufficiently 

low as to preserve organic matter but at the same time high enough to produce non-biodegradable 

combustion residues.  

3.4.1.3 Lipid biomarkers 

The lipid compounds identified conform with the BL deposits representing former topsoils. The 

triterpenoids Betulin, Lupeol, and β-Amyrin are angiosperm biomarkers (Diefendorf et al., 2014; Otto et 

al., 2005; Stout, 1992). Terpenoids originate mainly from leaves, bark (Diefendorf et al., 2014), and resins 

(Diefendorf et al., 2014; Langenheim, 2003), while triterpenoids are indicative of angiosperms and 

diterpenoids of gymnosperms (Diefendorf et al., 2012). In SU Xb, the anthracological record indicates that 

conifers represent the predominant wood fuel type (Vidal-Matutano, 2016; Vidal-Matutano et al., 2017; 

Vidal-Matutano et al., 2018), and thus diterpenoids originating from tree resin were expected to be present 

in the combustion structure sediment (Beck et al., 1989; Diefendorf et al., 2014; Mills and White, 1977), 

especially since conifers, as members of the Pinaceae family, produce high quantities of resin (Langenheim, 

2003). However, no gymnosperm biomarkers were identified in any of the BL samples. This is in agreement 

with the BLs representing a charred vegetated surface under the fires and not fuel residues. Considering that 

terpenoids would mainly derive from leaves of trees in the immediate surroundings of the site and only 

triterpenoids are present, we can assume that the site was surrounded by angiosperms prior to the 

combustion events. Although diterpenoids are naturally underrepresented because they are less abundant 

than triterpenoids (Diefendorf et al., 2012), an absolute absence of diterpenoids makes it less likely that 

gymnosperms grew in the vicinity of the site. Consequently, the conifer wood used to fuel the fires was 

possibly collected off-site.  

Other indicators of angiosperm input are aliphatic compounds, including 1-Hexacosanol, 1-

Octacosanol, 1-Tetracosanol, and Docosanol (Otto et al., 2005), all of which are present in our samples. A 

prevalence of nC29 and nC31 as dominant n-alkanes points to the presence of leaves from higher plants as 

well (Cranwell, 1978; Eglinton, 1970; Eglinton and Hamilton, 1967; Jambrina-Enríquez et al., 2018; Rieley 

et al., 1991). A possible source of leaves could be the Celtis tree (Celtis australis) since Celtis seed coats are 

present throughout the thin sections; likewise, Celtis phytoliths have been previously reported for SU Xa 

(Mallol et al., 2013a; Rodríguez-Cintas and Cabanes, 2015).  
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Given the interpretation of BLs as topsoil, it is important to determine whether the black 

microscopic plant residues identified microscopically are blackened by charring, biodegradation, or both. 

Our micromorphological observations suggest some degree of biodegradation (see above). However, our 

biomarker data show the presence of Stigmasta-3.4--diene and Stigmasterol, which are biomarkers of burnt 

plant biomass (Otto et al., 2005). In addition, no homophanes or hopenes, which are bacterially derived 

triterpenes (Stout, 1992), were identified. We only observed a few black plant parts in the SU Xb sediment 

control samples, and the n-alkane profiles of these samples do not show any alteration on the molecular 

scale of the n-alkanes. Thus, bacterial degradation is unlikely, and the varying degrees of alteration in the n-

alkane profile observed in most of our BLs and WLs is possibly due to burning and is comparable to 

previously reported data from plant biomass burning (Eckmeier and Wiesenberg, 2009). This raises the 

question of the temperatures reached in the BLs as a result of subsurface heat penetration. 

Given that our samples show a predominant angiosperm leafy content with a strong probability of 

the presence of Celtis trees, we can compare our data to a recent study involving controlled heating 

experiments on Celtis australis leaves, bark, branches, and twigs (Jambrina-Enríquez et al., 2018) to provide 

estimates of the temperatures at which our BLs were heated. Accordingly, our strongly altered samples 

(Group 3) were possibly burned to temperatures higher than 350 °C (Jambrina-Enríquez et al., 2018) but 

possibly lower than 500 °C (Wiesenberg et al., 2009), moderately altered samples (Group 2) were heated in 

the range between 150 °C and 350 °C (Jambrina-Enríquez et al., 2018) and unaltered samples (Group 1) 

were not heated to more than 150 °C (Jambrina-Enríquez et al., 2018). Overall, these temperatures are 

within the range documented for experimental combustion structure substrates with an organic-rich 

substrate (González-Pérez et al., 2004; Mallol et al., 2013a). Other experimental fires conducted on a plain 

substrate or organic poor substrates reach higher subsurface temperatures (Aldeias et al., 2016 and 

references therein).  

One exception is BL1 of H50, which showed dominant peaks in nC25 and nC27, suggesting the 

presence of twigs or branches (Jambrina-Enríquez et al., 2018). Jambrina-Enríquez et al. (2018) show that 

this n-alkane profile changes with combustion at temperatures higher than 150 °C, suggesting that the H50 

BL did not reach temperatures higher than 150° C and thus the twigs or branches were not fuel but topsoil 

residues.  

Regarding our biomarker data for the WLs, none of them shows highly altered n-alkane profiles, 

contrary to our expectations. This lack of alteration might be explained by the effect of bioturbation and 

diagenesis, which is prominent in these samples, as shown by our micromorphological data. Possibly, the n-

alkane profile obtained contains a mixed signal of both the original ash layer and unburned sediment 

postdating the combustion structures. Despite this mixing, the CPI values of the WLs indicate the lowest 

n-alkane preservation, whereas the best n-alkane preservation according to the CPI was recorded in the 

control samples. This suggests that even when mixing WL and Xb, the CPI remains lower than that of the 

BL. Further work is required to better understand the effects of intrusive ashy sediments on CPI values.   
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3.4.1.4 Compound-specific stable carbon isotopes of n-alkanes 

The δ13C values of nC29 and nC31 n-alkanes range between -35.3 and-29.4. These values are 

indicative of plants with a C3 photosynthetic pathway (Bi et al., 2005; Collister et al., 1994; Jambrina-

Enríquez et al., 2018; Wiesenberg et al., 2004). Important to note is that the isotopic values fluctuate up to 

5‰ in the sample set. This variation is not related to the combustion structures or their facies (WL, BL, 

RL). In fact, the highest variability was observed in different samples within the BLs of H50. This variability 

could be explained by differences in plant functional types (e.g., grasses, deciduous angiosperms, evergreen 

gymnosperms) (Diefendorf et al., 2010). As previously discussed, the n-alkane profile of H50 BL1 stands 

out for showing the presence of twigs and branches, suggesting a more heterogeneous composition with 

regards to plant matter. Additionally, the micromorphological data from H50 BL, which shows a 

pronounced fibrous planar microstructure, demonstrates a distinctive pattern exclusive to H50 BL.  

Since most of the samples belong to combustion contexts, the question arises as to the effect of 

heating on isotopic values. Above 330-360 °C, an increasing depletion in 12C takes place, which can be 

attributed to the cleavage of 12C-12C bonds (Bjorøy et al., 1992). On the other hand, Diefendorf et al. 

(2015) report a shift of compound-specific n-alkane δ13C values up to 2‰ in either direction depending on 

species and chain length, at a temperature higher than 200-250 °C. Thus, a shift in the compound-specific 

n-alkane δ13C values would corroborate that BL and WL represent, in fact, burning if all other parameters 

are ruled out. As shown by our n-alkane data, a good number of our samples appear to have been heated to 

more than 250 °C. Even so, the heterogeneous composition of the organic matter (different plant tissues) 

should be considered. Jambrina-Enríquez et al. (2018) reported that the xylem from Celtis branches and 

twigs was enriched by ∼2‰ in 13C relative to leaves, whereas bark was depleted by ∼3‰ in 13C relative to 

leaves and that shifts of δ13C values with increasing combustion temperature are different within plant 

tissues (leaves, bark, and xylem). Therefore, our isotope data must be taken with caution, and further basic 

research comparing compound-specific carbon isotope values of fresh and burned plants is needed.  

3.4.2 Implications for the timing and intensity of Neanderthal occupations at 

El Salt SU Xb 

The good preservation states of the SU Xb combustion structures as observed in the field are 

corroborated by our joint micromorphological and geochemical data. The degree of bioturbation, as well as 

diagenesis, is moderately low, and the BLs represent in situ combustion substrates. These combustion 

substrates were natural vegetated surfaces with decayed leaves and herbivore excrements, which possibly 

accumulated when humans were away. No signs of human activity were observed besides the lighting of 

simple, flat fires on these surfaces. Material remains observed microscopically are very few burnt bone 

residues in the ash layers (WLs) and trace amounts of scattered bone and flint flakes in BLs, RLs, and Xb. 

Only ephemeral signs of human activity were found in the WLs microscopically. On this basis and focusing 

on the relative stratigraphic position of the four superimposed, diachronic combustion features from the 

outer area (H50, H53b, H53a, H52), we propose that the SU Xb combustion structure assemblage 

represents at least four low-impact human occupation episodes (minimal number of occupations) separated 
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by unknown periods of time during which the place was not occupied by humans. No stratigraphic 

discontinuities, signs of erosion, or long time pedogenesis was observed, suggesting that the amount of time 

of site abandonment was limited.  

The charred plant matter contained in the BLs may provide additional clues to narrow down the 

timing of human occupations at El Salt SU Xb. Aside from blackening and possible shrinkage (Canti, 2017), 

charring is not expected to change the original morphology of plant tissue. Thus, we can assume that the 

morphology of the black particles we observed reflect the state of the plant matter present in the topsoil at 

the time of burning. As previously discussed, our microscopic, charred plant matter, morphologically 

amorphous lignin-rich tissue, possibly reflects the remains of moderately degraded angiosperm plants. 

Given this evidence, we can hypothesize that the fires were not made in the fall, in which case they would 

have charred a fresh leaf cover. Generally, the brittle parts of leaves (parenchyma and collenchyma) decay 

within a few months after deposition (Ismail-Meyer, 2017), so human occupations in El Salt SU Xb possibly 

did not take place during the fall season.  

Furthermore, our results also suggest that the Neanderthal groups that occupied El Salt during the 

formation of SU Xb did not stay there for prolonged amounts of time, which would have resulted in 

obliterated, re-lit hearths and higher amounts of anthropogenic remains. Instead, they arrived, occupied the 

place, leaving the previously uninhabited natural surfaces intact, except for localized burning, and left before 

these had been obliterated by natural or anthropogenic processes. 

3.4.3 Inter- and Intra-site comparison of the combustion structure 

assemblage 

To corroborate our interpretation of brief human occupations separated by relatively long periods 

of time and further explore the consequences of short-term occupations at El Salt, we need to compare our 

data with other stratigraphic units or sites in the Iberian Peninsula comprising combustion structure, lithic 

and faunal assemblages.  

El Salt stratigraphic unit Xa has been rigorously analyzed using different methods. 

Micromorphology conducted on selected combustion structures also yielded BLs representing charred plant 

litter (Mallol et al., 2013a). The black layers are up to 2 centimeters thick, and some are covered with a thin 

WL (Mallol et al., 2013a). n-Alkane data from those combustion structures appear to support our data in 

having the highest peaks at 29 and 31 and showing signs of heat alteration (Mallol et al., 2013a). This 

evidence also points to relatively long periods of site abandonment in stratigraphic unit Xa. 

Lithic raw materials of SU Xa were gathered within a 20 km radius and mostly within a 5 km radius 

(Machado and Pérez, 2015; Molina Hernández et al., 2010), supporting short occupation episodes and high 

mobility (Richter, 2006; Vaquero, 2012). Flint cores are uncommon and are possibly part of the habitually 

transported gear, which, together with evidence of tool recycling, was interpreted as reflecting high group 

mobility (Machado and Pérez, 2015). The low sedimentation proposed in stratigraphic unit Xa that made 

tool recycling possible in SU Xa is supported in the nature of the palimpsest of SU Xb, whereas the 

approximately 2 cm thick organic soil covering the site at the arrival might have made a straightforward 
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recovery of tools more challenging. Indirect evidence of carnivore activity like marks from teeth and 

digestion, isolated anatomical remains, and coprolites were detected (Machado and Pérez, 2015; Pérez et al., 

2015; Pérez et al., 2017a), supporting long periods of site abandonment and short-term occupations (Sanz 

et al., 2017; Straus, 1982; Vaquero, 2012; Yellen, 1991). Finally, a layer of up to 7 cm-thick of archaeologically 

sterile sediment was recorded within SU Xa, interpreted as a period of site abandonment of decades to more 

than a century (Machado and Pérez, 2015). Lithic and faunal analyses of SU Xb are ongoing and preliminary 

observations point to similar animal processing, lithic raw material procurement, and technological patterns 

as observed for Xa. 

Other Middle Paleolithic Iberian sites dating roughly to the same period as SU Xb have also yielded 

rich anthropogenic combustion records, but these cannot be directly compared to our dataset because, in 

the majority of cases, there is no associated micromorphological or lipid biomarker data. Available field 

descriptions of combustion structures show the presence of BLs mainly in open air or rockshelter settings 

(Courty et al., 2012; Eixea Vilanova et al., 2011-2012; Rosell et al., 2015), with similar shape and thickness 

to those in our dataset and could also represent short term combustion events (Eixea Vilanova et al., 2011-

2012; Rosell et al., 2015). In caves, combustion structures are composed of a reddened substrate in 

connection with burned anthropogenic material, and occasionally ashes (Cabrera et al., 2004; Fernández 

Peris et al., 2012; Fernández Peris et al., 2014; Maillo-Fernandez et al., 2014), with a lack of BLs formed 

from charring organic-rich substrate, as expected for a sheltered space unaffected by soil-forming processes. 

Micromorphological analyses have been conducted at Bolomor cave where combustion structures were 

identified as having a short duration (Fernández Peris et al., 2012; Fernández Peris et al., 2014), and Esquilleu 

cave, which is at a considerable distance from El Salt where combustion structures exhibit trampling and 

diagenesis (Cabanes et al., 2010; Mallol et al., 2010). A comparison with the SU Xb structures might be 

confounding, as those fires were made in cave settings, whereas our dataset is from an open-air setting. 

Accordingly, micromorphological comparison with our dataset is not possible. 

A third site rich in combustion remains, similar age, and associated micromorphological data is 

Abric Romaní. Abric Romaní is a rockshelter site around 370 km north of El Salt. Combustion structures 

exhibit BLs composed of plant and organo-mineral remains, with humified, charred, or calcined 

components in level J (Vallverdú Poch, 2002) and level O (Courty et al., 2012). Combustion structures in 

both levels are considered to be identical (Courty et al., 2012). Even though conifer wood was used to fuel 

the fires, the carbonaceous polymorphs present in the BLs are not derived from the fuel (Courty et al., 

2012). Comparing our data to microphotographs of combustion structures of Abric Romaní, we observe 

similarities between their graphitic vitreous carbon and our amorphous plant material (Courty et al., 2012). 

Thus, fires in Abric Romaní, like the ones in El Salt, were possibly made on organic-rich substrates after 

relatively long abandonment periods.  
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3.5 Concluding remarks 

Our study of El Salt SU Xb adds to the few Middle Paleolithic sites in Europe that have yielded 

well-preserved combustion structures as confirmed through microstratigraphic analyses: Such as Abric 

Romani (Courty et al., 2012; Pastó et al., 2000; Vallverdú et al., 2005b), Gorham’s Cave (Macphail and 

Goldberg, 2000b), Grotte XIV (Karkanas et al., 2002; Rigaud et al., 1995), Klissoura Cave (Karkanas et al., 

2004), Lakonis Cave (Karkanas, 2002), Pech de l’Azé IV (Dibble et al., 2009; Goldberg and Berna, 2010), 

Roc de Marsal (Goldberg et al., 2012), Vanguard Cave (Macphail and Goldberg, 2000b), and El Salt SU Xa 

(Mallol et al., 2013b).  

The BLs of combustion features from El Salt SU Xb were formed through anthropogenic burning 

of an underlying organic-rich natural surface in an environment vegetated by angiosperms, including Celtis 

trees and intermittently occupied by herbivores and Neanderthals. These fires were fueled by wood gathered 

away from the site. The paucity of Neanderthal occupation during the formation of El Salt SU Xb, possibly 

representing at least four successive low impact human occupation events, with enough time in between to 

allow for the formation of an organic-rich soil and occupations most likely in winter, spring and summer. 

The results from this study show the good preservation of lipid molecules in Paleolithic sedimentary 

contexts, supporting the implementation of organic chemistry in geoarchaeological research. In the case of 

combustion features, our data show not only that lipid molecules preserve well in burnt sediment but also 

how lipid biomarker analysis may contribute basic information to corroborate evidence of burning, provide 

temperature estimates, and aid in the taxonomic identification of charred organic matter, all of which are a 

necessary complement to micromorphological data. Our biomarker results were limited by a lack of 

reference material on lipid biomarkers and compound-specific carbon isotopes of plants, plant functional 

types, and seeds burned at different temperatures.  

In sum, micromorphology combined with lipid biomarker analysis is a powerful approach to 

investigate anthropogenic combustion-related archaeological contexts from a microstratigraphic 

perspective, which can contribute valuable information on the timing and intensity of Neanderthal 

occupations as well as the natural setting of the site. These are key factors of group mobility and settlement 

patterns.  
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Case Study II 

 It’s getting hot in here – Microcontextual study of a 
potential pit hearth at the Middle Paleolithic site of 

El Salt, Spain. 
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4. Case Study II: Investigation of a pit hearth 
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ABSTRACT: 

 By studying combustion structures, which conceal information about anthropogenic activity, we might learn 

about their makers. This is especially important for remote time periods like the Middle Paleolithic, whose 

archaeological record comprises numerous combustion structures. The majority of these are simple, flat, open hearths, 

although a small number of features situated in pit-like depressions have been recorded. Given that combustion 

structures built on a flat surface can result in pit-like color alteration of the underlying sediment, accurate identification 

of pit hearths is a crucial step prior to behavioral interpretation. Here we present a comprehensive study of a possible 

pit hearth from the Middle Paleolithic site of El Salt, Spain, using a microcontextual approach combining 

micromorphology, lipid biomarker analysis, archaeomagnetism, and zooarchaeology. This pit hearth involves a true 

depression containing a thick plant ash deposit. It reached very high temperatures, possibly multiple burning events, 

and long combustion times. Morphologically distinct combustion structures in a single archaeological context may 

indicate different functions and thus a diverse fire technology, pointing to Neanderthal behavioral variability.   

https://doi.org/10.1016/j.jas.2020.105237
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4.1 Case Study II: Introduction 

Fire has played an important role in human lives since the late Pleistocene, as evidenced by different 

Middle Paleolithic and Middle Stone Age deeply stratified sites with archaeological fire throughout their 

sequence (e.g., Courty et al., 2012; Galván et al., 2014a; Goldberg et al., 2009b; Mallol et al., 2013a; Vaquero 

and Pastó, 2001; Wadley, 2006). Thus, we can study archaeological combustion structures from these remote 

periods to learn about their makers. These structures may convey information on aspects of pyrotechnology 

(e.g., fuel use, fire temperature, fire intensity, hearth maintenance) (Mentzer, 2012), which as any other 

technology, reflects behavior and culture (e.g., Schiffer et al., 2001; Vitezović, 2013 and references therein). 

In order to obtain relevant information from an archaeological combustion structure, which is sedimentary 

in nature, it is necessary to apply geoarchaeological techniques (Miller, 2011). In recent years, different 

methodologies to study combustion structures as artifacts have been incorporated into archaeological 

method and theory (Mallol et al., 2017; Mallol and Henry, 2017; Mentzer, 2012; Mentzer, 2017; Miller, 2011; 

Stahlschmidt et al., 2020), and there is a growing number of case studies on this topic (e.g., Aldeias et al., 

2012; Haaland et al., 2017; Miller et al., 2013). 

The Middle Paleolithic fire record comprises numerous combustion features (Roebroeks and Villa, 

2011 and references therein). The vast majority of these are generally described as simple open hearths, 

which are basic, flat structures without stone linings or surface preparation (James et al., 1989; Leierer et al., 

2019; Mallol et al., 2013a; Mallol et al., 2017; Meignen et al., 1989; Mellars, 1996; Olive and Taborin, 1989; 

Roebroeks and Villa, 2011). Research into this fire evidence from different perspectives has provided 

information about aspects of Neanderthal fire technology. For instance, although there is widespread 

evidence of wood ash and charcoal as the main fuel source, other fuel sources have been documented, 

including bones (Costamagno et al., 2005; Costamagno et al., 2008; Théry-Parisot, 2002a; Yravedra et al., 

2016; Yravedra and Uzquiano, 2013), lignite (Théry-Parisot and Meignen, 2000) and liquid hydrocarbons 

(Courty et al., 2012). There is evidence of fire use to facilitate woodwork (Aranguren et al., 2018), for 

smoking purposes (Vidal-Matutano et al., 2017), and the possibility to produce tar (Koller et al., 2001; 

Kozowyk et al., 2017; Niekus et al., 2019; Pawlik and Thissen, 2011; Schmidt et al., 2019; Wragg Sykes et 

al., 2015). Some of this evidence points towards pyrotechnological traditions involving fire use for purposes 

other than cooking and obtaining warmth and light. However, our knowledge on Neanderthal 

pyrotechnology is still very poor.  

We might gain information from Middle Paleolithic combustion structures by focusing on their 

shape. A basic element of archaeological artifact analysis is morphology, a formal attribute that can be linked 

to culture and technology (Debénath and Dibble, 1994; Hunt and Bortolini, 2016). Although most Middle 

Paleolithic combustion structures are simple and flat, in a few cases, they are delimited by stones or are 

concave, forming a depression or pit into the substrate. Middle Paleolithic fires placed in a depression have 

been reported at several sites (Table 7). These combustion structures have been variably described and 

analyzed (see Table 7). The function and other technological aspects of these pit hearths remain unknown. 
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Site Hearth description References 

Champlost 15 cm deep accumulation of ashes, heated bones, and lithics (Farizy, 1994; Villeneuve and Farizy, 

1989) 

Abric Romaní amongst numerous flat hearths, few built on natural depressions, few 

with a concave morphology 

(Gabucio et al., 2017; Vallverdú Poch 

et al., 2012; Vaquero et al., 2001) 

Oscurusciuto 2 m wide 15 cm deep hearth, containing heated bone, lithics, and 

rubified sediment 

(Boscato and Ronchitelli, 2008; Villa 

et al., 2009) 

Divje babe 1 one hearth with a 1 m diameter located in a depression (Paunovic et al., 2002) 

Roca dels Bous large hearth made in a 20 cm deep depression, at least used twice (Martínez-Moreno et al., 2004) 

Kebara Cave a few hearths with diameters over 80 cm and a thickness of around 25–

45 cm, filled with ashes and charcoal, and hypothetically representing 

successive burning events 

(Meignen et al., 2007) 

Hayonim Cave large, well-delimited thick wood ash deposits with over 110 cm in 

diameter and a thickness of 10 –12 cm 

(Goldberg and Bar-Yosef, 1998) 

Table 7: Sites with combustion structures placed in a depression, hearth description, and accompanying references.  

Interpreting archaeological combustion structures in depressions as anthropogenic pit hearths 

solely based on field observation can be misleading since experimental studies have shown that downward 

heat transfer in a fire made on a flat surface may result in a shallow, pit-like color alteration of the underlying 

sediment (Aldeias et al., 2016; Bellomo, 1993; Brodard et al., 2015; Mallol et al., 2013b; March et al., 2014; 

Pérez et al., 2017b). Such structures cannot be interpreted as anthropogenic pit hearths, as they did not 

involve intentional preparation of a pit or depression (Aldeias et al., 2016), raising the question of how many 

correctly identified Neanderthal pit hearths there are. Likewise, hearth cleaning activities might result in pit-

like structures showing ripped-up soil aggregates of the underlying substrate (Mallol et al., 2007). 

Anthropogenic pit fires or pit hearths have been defined as combustion structures with a bowl- or 

U-shape, a depth of not more than 1 m and a diameter of 0.6 to 1 m (Groenendijk, 1987; Huisman et al., 

2019; Peeters and Niekus, 2017). In archaeological contexts, the most commonly occurring pit hearths can 

be found in the Mesolithic record of the Netherlands, Belgium, and northern Germany (Groenendijk, 1987), 

but also in other periods like the Bronze Age (Løvschal and Fontijn, 2019) and the Ninevite 5 period 

(Smogorzewska, 2012). There are a few ethnographic or ethnoarchaeological descriptions of pit hearths 

from native Americans (Skibo and Schiffer, 2008), seminomadic pastoralists (Zerboni et al., 2013), and 

contemporary hunter-gatherers (Mallol et al., 2007). A pit hearth is constructed through the excavation of 

the substrate, which limits the amount of oxygen in the fire (Mallol et al., 2017; Skibo and Schiffer, 2008). 

The temperatures reached in pit hearths seem to be lower than in flat hearths but more stable and spatially 

homogeneous (March, 1992; March et al., 2014; Peeters and Niekus, 2017). Thus, their morphology and 

thermal properties allow for different and more specialized functions than simple flat combustion structures. 

In the ethnographic record, there are pit hearths for hide smoking (Skibo and Schiffer, 2008), charcoal 

burning (Zerboni et al., 2013), and cooking (Mallol et al., 2007; Wandsnider, 1997). A study summarizing 

ethnographic data from cooking pits associates them with roasting big amounts of either plants or fatty 

meat “for extended periods of time and subjected to moderate to high heat” (Wandsnider, 1997, p. 28).  
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Given that the presence of pit hearths in the Middle Paleolithic would suggest technological or 

functional variation in fire use, microcontextual investigations of possible pit hearths can be of considerable 

value to behavioral research on Neanderthals (Aldeias et al., 2016; Haaland et al., 2017; Meignen et al., 2007). 

So far, successful identifications of Middle Paleolithic pit hearths using a microcontextual approach have 

been conducted in Kebara and Hayonim Cave (Goldberg and Bar-Yosef, 1998; Meignen et al., 2007). 

At the Middle Paleolithic site of El Salt, a plausible pit hearth was found at the boundary of two 

depositional layers (stratigraphic units Xb and XI). This is, so far, the only combustion feature that is not 

flat in the entire archaeological fire record of the site (in over a total of 90 combustion features). Normally 

at El Salt, combustion structures are simple, flat, with black sedimentary layers (here onwards BL) 

interpreted as charred topsoils (Leierer et al., 2019; Mallol et al., 2013a). In contrast, the possible pit hearth 

does not exhibit a BL. Instead, it comprises a thick, whitish-grey sedimentary layer (WL) filling a small, 

irregular depression and reddish sediment (red layer or RL) at the base (Fig. 1, Fig 2). In order to investigate 

the nature of this peculiar combustion feature and to contribute to the understanding of Neanderthal fire 

technology, in this paper, we applied a microcontextual and multidisciplinary approach combining 

micromorphology, lipid biomarker analysis, archaeomagnetism, and zooarchaeology. 
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4.2 Case Study II: Material – Combustion structure H77 

Combustion structure H77, which was cut and partially lost during the excavations of 1960-61, was 

exposed during the 2018 field season. A clear pit shape was visible on the profile left by the 1960 excavations 

(Fig. 9a). It is located at the boundary between stratigraphic unit Xb and XI. The feature was covered by a 

lens of grey sandy silt (Field name: Lsg11), which was reported to be texturally different from the prevailing 

sedimentary facies in this unit. Directly beneath facies Lsg11 was the WL of feature H77. As can be seen on 

the 1960 profile (Fig. 9a), The WL was thicker towards the center of the feature, with a maximum thickness 

of 5 cm. Upon excavation of the WL, which was loose and massive and contained a few fresh rootlets, a 

sloping, reddish-brown (RL) sedimentary surface was exposed (see Fig. 9c, Fig. 10). The RL showed a 

massive appearance and was approximately 2 cm thick at the center of the feature, thinning out towards the 

periphery. 

Fig. 9: Selected field photos of H77. a) Profile view of H77 from the year 2012. Note thick ash layer (arrow) that exhibits a 
slight bowl shape. b) Photograph of perimeter of the WL of H77 (red pins) and surroundings of combustion structure exposing 
the stratigraphic unit Lsg11 c) H77 during excavation while separated in two parts, in the left part, the WL has already been 
excavated and the RL and two archaeomagnetism samples are exposed. On the right part the upper surface of WL is exposed and 
has not been excavated there yet d) detailed view of the profile of the WL that was created by cutting the feature in two parts. The 

profile is viewed from the left part of the feature looking towards the right part. 
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The archaeological assemblage stratigraphically associated with feature H77 comprises a 

concentration of calcined bone (n=7), including a shaft fragment of around 8 cm. There were also a few cm 

long charcoal fragments and a few flint objects (n=4). All the remains were found towards the bottom of 

the WL. The underlying RL deposit contained a larger archaeological assemblage, with 18 flint objects and 

seven bone fragments. 

4.3 Case Study II: Methods specific for this study 

4.3.1 Archaeomagnetic and rock-magnetic analyses 

To obtain the highest accuracy and prevent the breakage of the hand block samples during 

sampling, we used plaster of Paris. A horizontal surface was created by dripping the plaster on the surface 

of every hand-block. A piece of methacrylate was carefully pressed onto the plaster while wet, and a pair of 

bubble levels was used for leveling. Before removing every hand-block, a line pointing to the magnetic 

North was drawn with a Brunton compass on the dry plaster.  

Before cutting the hand-blocks, they were consolidated using a mixture of sodium silicate (water 

glass) and distilled water (75:25). 13 cubic specimens (~ 10 cm3) were obtained from the uppermost part of 

these blocks (0-2 cm of depth) to study their natural remanent magnetization (NRM) directional stability.  

The progressive demagnetization of NRM was performed both by stepwise thermal (TH) and 

alternating field (AF) demagnetization. However, TH demagnetization was mostly applied to assess the 

heating temperature of these samples. NRM was measured with a 755 Superconducting Rock Magnetometer 

(2G). Stepwise TH demagnetization was performed in 20 heating steps from room temperature up to 600 

ºC using a TD48 – SC (ASC) shielded thermal demagnetizer. The AF demagnetization was carried out in 

Fig. 10: Field photo of an area of H77 including the two archaeomagnetism samples of the WL (AM), the 
micromorphology block Salt-18-8 (MM), the underlying red layer (RL) and a deer tibia in 14 fire-cracked pieces 
(B). 
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20 steps up to a peak field of 100 mT with the demagnetization unit of the 2G cryogenic magnetometer. 

The direction of the characteristic remanent magnetization (ChRM) of all specimens was determined by 

principal component analysis (Kirschvink, 1980) using the Remasoft software (Chadima and Hrouda, 2006). 

The mean archaeomagnetic direction was calculated using Fisher (1953) statistics.  

With the aid of a Variable Field Translation Balance (Magnetic Measurements), different 

experiments were performed to further constrain the magnetic properties of the samples. The analyses 

comprised progressive isothermal remanent magnetization (IRM) acquisition curves, hysteresis loops (± 1 

T), backfield coercivity curves, and thermomagnetic curves up to 700 ºC in air. These measurements were 

carried out on bulk sediment (~ 450 mg) from every sample and facies studied and at different depths. The 

results were interpreted using the RockMagAnalyzer 1.0 software (Leonhardt, 2006). All the palaeomagnetic 

and rock-magnetic analyses were carried out at the laboratory of paleomagnetism of Burgos University, 

Spain. 

4.3.2 Faunal analysis 

For quantification, all bone fragments were taxonomically and anatomically identified whenever 

possible, while non-identified specimens were classified into three categories (long, flat, or articular) and 

associated with a weight-size category based on bone density, circumference, and the thickness of the 

cortical surface: large-sized > 300 kg, medium-sized 100-300 kg, small-sized 5-100 kg, and very small-sized 

< 5 kg (Bunn, 1986; Palomo et al., 2007; Uerpmann, 1973). In this work, we employed only three measures 

of abundance: number of remains (NR), minimal number of element (MNE), and minimal number of 

individuals (MNI). The whole bone surface was analyzed using macroscopic and microscopic techniques to 

identify biostratinomic and diagenetic modifications. Possible anthropogenic features (percussion, fracture, 

butchering marks, thermal alteration) or features associated with predators (tooth marks, digestion) were 

quantified, as well as possible diagenetic processes such as erosion, sedimentary concretions, roots action, 

weathering, pigmentation, and trampling (Binford, 1981; Blasco Sancho, 1992; Denys and Patou-Mathis, 

2014; Domínguez-Rodrigo and Yravedra, 2009; Fernandez-Jalvo and Andrews, 2016; Shipman, 1981; 

Shipman and Rose, 1983; Villa and Mahieu, 1991; Yravedra, 2006). 
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4.4 Case Study II: Results 

4.4.1 Micromorphology 

Together, all the thin sections analyzed (six from inside the feature, two from outside but closely related) 

provided a microscopic overview of the entire combustion structure. We identified four microfacies types 

(here onwards: MFTs) which can be correlated with the macroscopic field facies. These MFTs are, from 

base to top: MFT XI, MFT RL, MFT WL, and MFT Lsg11 (Fig. 11). Since lithology, components, and post-

depositional processes share comparable characteristics throughout the sample set, they will be presented 

separately in the following paragraphs. Changes in frequency or composition within an MFT will be noted 

in the description of the MFTs. A detailed description of every microfacies unit can be found in the appendix 

(Appendix 3).  

Fig. 11: Location of micromorphology blocks and their corresponding thin sections. Different colors indicate the 

microfacies types (MFT) and dots indicate the location and degree of burning of bones bigger than 1.5 mm. 
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4.4.1.1 Lithology 

The lithological composition of the sample set is homogenous and characteristic of El Salt SU Xb, 

as has been previously documented (Leierer et al., 2019). The sediment is sandy and detritic, with 

subrounded, quartz-rich limestone fragments, subrounded travertine and tufa fragments, and few 

subrounded quartz grains. These components show variations in abundance, degrees of weathering, and 

burning throughout the different MFTs (see Appendix 3). Some of the tufa fragments are brownish grey in 

PPL due to burning (Mallol et al., 2013a). 

4.4.1.2 Other Components 

Anthropogenic and biogenic components are frequent in the sample set and are listed and described in 

Table 8 and presented in Fig. 12. 

Table 8: Anthropogenic and biogenic components found in the sample set, their description, and their presence (marked 
with an “x”) or absence (empty cell) in the specific MFT. Cells marked with an “(x)” represent a single occurrence of that 
component within the MFT. 

 

 Microscopic faunal remains exhibit different degrees of burning. All bone fragments (excluding teeth) larger 

than 1.5 mm were mapped, and their approximate degree of burning was subjectively classified, resulting in 

173 bones with four possible degrees of burning: Calcined (n=42), presumably burnt (n=55), presumably 

unburnt (n=73) and unidentified (n=3) (see Fig. 11). The subjective classification was done according to 

optical differences in color (in PPL) and birefringence (in XPL), following reference material of 

experimentally heated bone and micromorphological guidelines for their characterization (Villagran et al., 

2017). The distribution of the altered bones is random in all MFTs, while MFT XI and MFT Lsg11 have a 

predominance of heated bone and MFT RL and MFT WL a predominance of calcined bone. The abundance 

of bone is lower in the MFT WL compared to all other MFTs.  

Component Description MFT 

XI 

MFTR

L 

MFTW

L 

MFT 

Lsg11 

Ash Woody and nonwoody plant-ash in different states of 

preservation 

  x  

Wood charcoal Some fragments identified as pine x  (x) x 

Black organic residues Fine to medium sand size, possibly charred x   x 

Fibrous coprolite Herbivore origin x x  x 

Massive coprolite Omnivore/carnivore origin x x  x 

Celtis australis seed coats Abundant throughout the sample set, some burned x x x x 

Possible animal fat-

derived char fragments 

Very few particles of massive black matrix with vesicular voids 

and fissures commonly identified as charred liquid drops of fat 

(Clark and Ligouis, 2010; Goldberg et al., 2009b; Miller et al., 

2009) 

x    

Bones Abundant throughout sample set, 

Predominantly microfauna and lower proportion of 

nondistinctive fragments, possibly macrofauna 

x x x x 

Teeth From rodents x x x  

Flint flakes Sand-sized flakes and flake fragments, some burned, visible as 

crazing (fine pattern of cracks)(Angelucci, 2017) 

 x  x 
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Fig. 12: Components mentioned in Table 8 as microphotograph. Each microphotograph represents PPL on the left 
side of the picture and XPL on the right side of the picture. a) charcoal, b) black organic particles, c) fibrous coprolite, d) 
massive coprolite, e) intact Celtis australis seed coat containing its charred seed, f) possibly fat derived char, g) heated 
bone, h) calcined bone, i) tooth, j) heated flint flake. 
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4.4.1.3 Post-depositional processes 

The entire sample set is slightly disturbed by bioturbation. However, the degree of bioturbation is 

small enough to enable a good comparison amongst the different MFTs. A majority of the void structure is 

dominated by channels and chambers. A small number of passage features could be observed as well. 

Nevertheless, physical transformation due to bioturbation is at a small scale, without disturbance of the 

general sedimentary structure. In a few instances, bioturbation took place at the boundary of two distinct 

MFTs, where sediment from one layer was mixed into the other layer in the form of a passage feature. 

Part of the sample set shows post-depositional decalcification (Karkanas and Goldberg, 2010a). 

MFT XI and MFT RL are more strongly decalcified than MFT Lsg11, whereas the ashes of MFT WL are 

the least decalcified. MFT XI and MFT Lsg11 contain massive coprolites, and some voids are internally 

hypocoated with a phosphatic stain. 
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4.4.1.4 Microfacies types (MFTs) 

4.4.1.4.1 MFT XI 

MFT XI has a dark brown color in PPL. At high magnification, the groundmass is brownish yellow, 

and it is evident that the dark brown color observed in the naked eye and at low magnification is due to the 

common presence of charcoal and black organic residues. In XPL, the b-fabric is only weakly crystallitic, 

indicating decalcification. The mineral grains are also affected by decalcification. Intergrain microaggregate 

microstructures are predominant and are complemented by subangular blocky microstructures. Voids are 

complex packing voids, channels, and chambers. Anthropogenic components like possible fat-derived char, 

charcoal, and bone are very abundant.  

4.4.1.4.2 MFT RL 

MFT RL exhibits massive reddish-brown sediment in PPL, devoid of organic material. The b-fabric 

resembles that of MFT XI. Depending on the position of the thin section within the feature, the RL is 

thicker, more reddish, without organic material (towards the center) or thinner, less red with very little 

organic matter (towards the periphery). In some areas, especially towards the center of the combustion 

structure, the upper part of the RL exhibits horizontal planes. Microstructure and voids are, apart from the 

planes, similar to that of MFT XI.  

4.4.1.4.3 MFT WL 

The thickness of the WL in thin section is up to 5 cm, and the boundaries to over- and underlying 

units are sharp. MFT WL appears pale-yellowish brown in PPL and locally blueish grey or light grey in XPL. 

It is locally fibrous and composed exclusively of wood ash and unidentified plant ash. The light grey zones 

show a crystallitic b-fabric in XPL and contain calcium carbonate pseudomorphs of calcium oxalate, 

specifically calcitic wood ash rhombs (Fig. 13a–c), while the blueish grey zones lack rhombs and show 

scattered micritic crystals (Fig. 13d–i). The ashes in these areas are submicroscopic, which influences their 

interference color (Canti, 2003). Additionally, ash particles resembling plant structures are encountered 

within the blueish grey zones (Fig. 13i, j). They have a dark red color and are fibrous. Bigger particles have 

a cell structure preserved.  

The microstructure is predominantly intergrain microaggregate and vughy with occasional channels. 

MFT WL contains very few components – besides ash – the most abundant being bone fragments, followed 

by lower amounts of tooth fragments and Celtis australis seed coats. 

4.4.1.4.4 MFT Lsg11 

In regard to color, microstructure, voids, and the presence of anthropogenic components, MFT 

Lsg11 and MFT XI appear to be similar; however, MFT Lsg11 shows less decalcification of the matrix. The 

dark brown color of MFT Lsg11 is due to the presence of charcoal and black organic residues. 
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Fig. 13: Microphotographs of ashes taken in XPL: a) fresh wood ash in the form of calcium carbonate 
pseudomorphs of calcium oxalate(ash rhombs and rods), b) micritic mass of fine crystalline calcitic ash and carbonate 
pseudomorphs, c) fresh wood ash as carbonate pseudomorphs together with micritic mass of ashes, d) micritic mass 
of ashes of different crystal sizes according to the difference in color, e) micritic mass of ashes intermixed with 
sediment, f) micritic mass of ash crystals recrystallized around remains of reddish plant fiber, g) aggregate of RL 
sediment (passage feature) within micritic mass of ashes, h) aggregate of micritic ashes within the RL, i) accumulation 
of reddish plant fibers surrounded by recrystallized micritic ashes, j) close-up of large fibrous tissue fragment with 

preserved cell structure embedded in micritic ashes.   
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4.4.2 Lipid biomarkers – n-alkanes 

We obtained 

n-alkane data from 8 

loose sediment 

samples from inside 

the combustion 

feature (WL: n=4, 

RL: n=1) and from 

surrounding 

sediment on top 

(Lsg11: n=1) and on 

the bottom (SU XI: 

n=2) (Fig. 14). The 

concentration of 

total n-alkanes is 

rather low with an 

average of 0.113 

micrograms per gram 

of dry sediment 

(µg/gds) with the 

highest 

concentration of 0.59 

µg/gds (BM18 – 

Lsg11) and the 

lowest concentration 

of 0.005 in WL 

samples (BM37, 

BM43). We can 

broadly distinguish 

between samples 

from within the 

feature and samples 

around it. The RL 

and WL samples from within the feature are low in total alkane concentration (0.018 µg/gds n=5) with 

dominant peaks in shorter chains between C18 and C21. The surrounding samples have a higher total alkane 

concentration of 0.656 µg/gds (n=4) with dominant peaks in C31 and C35 and an odd-over- 

even predominance.  

Fig. 14: n-Alkane profiles of samples related to H77. Graphs show name of the sample, total n-
alkane concentration and abundances of n-alkanes from chain length of C17 to C35 with two 
different scales on the y-axis. Error ranges are shown according to their standard deviation. Error 

ranges not visible are lower than 0.0009. 
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4.4.3 TC, TIC, and TOC 

We obtained TC, TIC, and TOC data on 

eight samples. Averaging the different facies, RL 

has the lowest amount of TOC (0.24 %, n=1), 

followed by WL (0.56 %, n=4), Lsg11 (1.77 %, 

n=1) and SU XI (2.57 %, n=2). For detailed 

values, see Table 9. 

 

 

 

 

 

 

 

 

 

 

4.4.4 Controlled heating experiments 

Colors ranged from dark reddish-brown (on the Munsell soil color chart 5YR 3/4) (100 °C) to 

reddish-yellow (5YR 6/6) (800 °C) (see Fig. 15) (Munsell Color (Firm), 2010). We did not observe color 

change between 100 to 300 °C. At 400 °C, the sediment turned lighter in color but remained reddish-brown 

(5YR 4/4). From 500 to 600 °C, a change in color towards a very light reddish-brown was noted (5YR 5/4), 

and towards light reddish-yellow at 700 and 800 °C (5YR 6/6).  

4.4.5 Archaeomagnetic results 

Initial natural remanent magnetization (NRM) intensities of the WL are between 2.8 x 10-4 and 1.75 

x 10-4 Am2kg-1 while susceptibility varies between 5.5 x 10-6 and 4.0 x 10-6 m3kg-1. In the RL, NRM values 

vary between 4.5 x 10-4 and 4.3 x 10-5 Am2kg-1 and susceptibilities oscillate between 5.45 x 10-6 and 9.6 x 10-

7 m3kg-1. For both parameters, WL samples show higher values compared to the RL, suggesting that the 

concentration of ferromagnetic (s.l.) particles are higher in the WL.  

Fig. 15: Color change after controlled burning of sediment from SU XI at different temperatures for 1 h. 

 

Table 9: TC, TIC, and TOC values of selected samples in percent. 
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 Fig. 16 shows the values of the Königsberger (Qn) ratio for both facies. The Qn ratio 

(Koenigsberger, 1938; Stacey, 1967) is a magnetic parameter which relates to the remanent and induced 

magnetization ([Qn = NRM / (χH)], where χ is the magnetic susceptibility and H the intensity of the local 

magnetic field). This parameter is commonly used to characterize burnt archaeological materials or igneous 

rocks and is considered a measurement of stability to indicate a sample’s capability of maintaining a stable 

remanence, such as thermal remanent magnetization (TRM). All values but one are over unity, indicating 

that the magnetization is most probably of thermal origin and are in the range of other burnt archaeological 

and experimental materials such as hearths, pottery, or fireplaces (e.g., Francés-Negro et al., 2019; Herrejón 

Lagunilla et al., 2019; Kapper et al., 2014). 

The orthogonal NRM 

demagnetization diagrams 

obtained in both facies are 

characterized by high intensities of 

magnetization and stable and 

reproducible directions (Fig. 17). 

All specimens exhibit a low 

temperature secondary viscous 

component unblocking up to 200 

– 250 ºC. The characteristic 

remanent magnetization (ChRM) 

direction is isolated from 250 ºC to 

580 – 600 ºC, systematically 

showing normal polarity. 

Exceptionally, in a single case, the 

ChRM direction is defined 

between 200 and 500 ºC in a RL 

sample (Fig. 17b). This behavior reflects a partial thermoremanent magnetization (pTRM) caused by the 

lower temperature reflected in this sample. A high-temperature (HT) component can be observed between 

500 and 600 ºC (Fig. 17b). The maximum unblocking temperature (max TUB) of the pTRM would indicate 

the maximum heating temperature experienced by this RL during its last heating. It seems logical to expect 

some variability in the temperatures reached by the burnt facies of prehistoric combustion features (e.g., 

Carrancho et al., 2009), especially considering that the RL is underlying the WL, thus further away from the 

heat source. In any case, the dominant behavior in the NRM directional stability of both burnt facies is 

defined by highly magnetic, univectorial, stable normal polarity diagrams, most probably carrying a TRM. 

This observation is also supported by the Qn ratio values, and the thermomagnetic results explained below.  

Fig. 16: The natural remanent magnetization (NRM) versus the bulk 
magnetic susceptibility (S.I.), showing lines of constant Koenigsberger ratio (Qn) 
between 0.1 and 10. RL = Red layer. WL = white layer. 
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Regarding the magnetic properties, the WL maximum values of magnetization in the isothermal 

remanent magnetization (IRM) curves are higher than those from the RL. A similar trend is detected in 

thermomagnetic curves, in which a decreasing pattern in depth is also observed (Fig. 18a–j). The main 

magnetic carrier is, in all cases, a slightly substituted magnetite with Curie temperatures (TC) around 580 ºC. 

In general, there is a progressive decrease in the intensity of magnetization as a function of depth. Although 

the RL subsamples show some variability, their values are within the same order of magnitude (Fig. 18a–e). 

The decrease in the magnetization intensity as a function of depth is especially clear in the ash subsamples 

(Fig. 18f–j). In both facies, a total or very high degree of reversibility is observed, perhaps with the only 

exception of the deepest WL sample (Fig. 18i). In any case, the WL is magnetically more intense than the 

RL since it underwent higher temperatures generating a higher concentration of ferrimagnetic (s.s.) minerals 

(magnetite). 

Fig. 17: (a-d) Representative orthogonal NRM thermal demagnetization plots from combustion structure H77. Green 
(blue) symbols represent the vertical (horizontal) projections of vector endpoints. The sample code, intensity (NRM) and type of 
facies studied are shown for each sample. RL = red layer; WL = while layer. For clarity, the last steps of panel b are blown up 
showing a high-temperature component. (e) An equal-area projection of all ChRM directions, with the mean direction 
calculated at sample level and the α95 confidence circle (in pink). n/N = number of specimens considered / analyzed; Dec. = 

declination; Inc. = inclination; k = precision parameter; α95, semi-angle of confidence. 
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Fig. 18: Thermomagnetic curves analyzed as a function of depth for (a-e) block 2 (red-layer or RL) and (f-j) block 4 
(white layer or WL). Sample code, depth and magnetization intensity are indicated for every sample. Heating (cooling) cycles 
are shown in red (blue) with their respective arrows. Panels e and j represent the variation of the magnetization intensity at 
room temperature for the heating cycle of every sample at different depths for both blocks. 
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4.4.6 Faunal analysis  

The bone remains associated with and recovered from H77 are very scarce, with only 13 NR 

(number of remains) that are split into 11 NME (minimal number of element) and 2 MNI (minimum 

number of individuals) (Table 10): one prime deer (Cervus elaphus) and one rabbit (Oryctolagus cuniculus). The 

remains are, for the most part, composed of long bone fragments, with a few instances of cranial or axial 

parts. 

At a taphonomic level, all bone fragments exhibit thermal alteration, with a higher degree of surface 

modification in the layers closest to the heat source, as shown by the degree of burning and presence of 

cracks. For example, a single deer tibia was collected in 14 fire-cracked fragments (Fig. 10). However, signs 

of anthropogenic modification (e.g., slicing marks, scraping marks, dental imprints) are generally absent, and 

only five fresh fractures were recorded (Table 11).  
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Cervus elaphus 3 3 1 (Prime) 3 1 
 

2 2 
 

Oryctolagus cuniculus 1 1 1 1 1 4 
 

1 
 

Medium size 3 1 - 3 2 
 

1 1 1 

Small size 1 - - 1 
   

1 
 

Undetermined 5 1 - 3 1 
  

2 1 

  13 6 2 11 5 4 3 7 2 

Table 10: Measures of abundance and quantification of taphonomic alterations of faunal remains in H77. 

 

 

Taxa Anat. Element Facies Fragment Type Origin Agent Distribution Color Modification 

Cervus elaphus Ribs WL 550 Thermal alt. Fire Anthropic Total Grey Cracks 

Cervus elaphus Radius WL 500 Thermal alt. Fire Anthropic Total Black Cracks 

Cervus elaphus Tibia WL 050 Thermal alt. Fire Anthropic Total Bl/G/Wh Cracks 

Oryctolagus cuniculus Long bone RL 050 Thermal alt. Fire Anthropic Total Black/Grey - 

Medium size Cranial RL 050 Thermal alt. Fire Anthropic Total Grey/White Scaling 

Medium size Long bone RL 050 Thermal alt. Fire Anthropic Partial Brown/Grey - 

Medium size Long bone RL 050 Thermal alt. Fire Anthropic Total Black - 

Small size Long bone WL 050 Thermal alt. Fire Anthropic Total Brown/Black - 

Undetermined Cranial WL 051 Thermal alt. Fire Anthropic Total White Cracks 

Undetermined Undetermined RL 050 Thermal alt. Fire Anthropic Total Grey/White Cracks 

Undetermined Long bone RL 050 Thermal alt. Fire Anthropic Total Brown/Grey - 

Table 11: Main features observed in the H77 heated bone. 
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4.5 Case Study II: Discussion 

Our multiproxy study indicates that the H77 combustion feature represents an in situ pit hearth. 

Below, we discuss different lines of evidence from the geoarchaeological and zooarchaeological techniques 

applied, which provided clues about the nature of the feature, its degree of preservation, temperature 

estimates, and its possible use history.  

4.5.1 H77: a well preserved in situ pit hearth 

Thick ash layers (of up to 20 cm) documented in Paleolithic contexts are typically interpreted as ash 

dumps based on their micromorphological features (Berna and Goldberg, 2008; Meignen et al., 2007). In 

the case of H77, an ash dump in the pit is improbable. First, the WL filling the small depression is composed 

of primary plant ash. Second, in agreement with experimental data from (Aldeias et al., 2016), the RL at the 

surface of the depression is thicker towards the center of the combustion structure (see Salt-18-9 in Fig. 11), 

indicating in situ burning. The absence of a black layer underlying the H77 ash deposit is a notable difference 

from the other El Salt combustion structures, in which such black sedimentary layers are composed of 

charred decayed plant remains and excrements (Case Study I) (Mallol et al., 2013a). Instead, H77 contains a 

thick RL completely devoid of organics. This RL resembles SU XI in all aspects (e.g., lithology, components, 

microstructure) except for the absence of organic matter and the red color, suggesting the same depositional 

source. 

Further evidence of in situ burning was obtained through archaeomagnetism. Our results clearly 

show that all the samples are highly magnetic and stable and that they have efficiently recorded the direction 

of the Earth's magnetic field at the time of the last burning and subsequent cooling. The magnetization 

intensity values are similar to those reported for burnt facies in prehistoric combustion structures (e.g., 

Carrancho et al., 2009; Kapper et al., 2014). The Qn ratio values point out that the mechanism of 

magnetization is most likely a thermoremanence (TRM). Furthermore, the stable orthogonal NRM 

demagnetization diagrams with reproducible directions and a good statistical grouping also indicate an 

efficient record of the magnetization through a TRM as well as good preservation of the original combustion 

structure. If the samples had undergone severe mechanical reworking (e.g., by trampling, bioturbation, etc.), 

the dispersion of the ChRM directions in the stereogram would be significantly higher with lower k values. 

Considering the reasonably low dispersion obtained (k = 111.3) and the age of this combustion structure 

(ca. 55 ky B.P.), the preservation level of H77 is very good. 

This agrees with macro and microstratigraphic-scale observations. The contact between the RL and 

the WL is sharp, which is common in combustion structures (Mallol et al., 2017), and does not show any 

signs of post-depositional disturbance. No microscopic ripped-up clasts or mixing between the two layers 

was observed, except for two instances of ash embedded in the RL, which will be discussed in the fire use 

history section below. The absence of ripped-up aggregates from the underlying substrate speaks against 

hearth cleaning activities and thus incidental production of a pit (Mallol et al., 2007). Regarding the 
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formation of the pit, it could have been intentionally excavated, or it could have been present prior to the 

fire as a natural depression. 

4.5.2 Estimating burning temperatures 

Reddening and absence of organics together point towards high-temperature combustion. Organic 

matter is oxidized between 500 and 550 °C, where it gets converted to carbon dioxide and ash (Heiri et al., 

2001; Wang et al., 2011). At these temperatures, both fresh and charred organics disappear from the 

sedimentary matrix. Thus, the RL must have been exposed to such temperatures for some time. Rubification 

is the reddening of iron-containing soils or sediment from heat (Röpke and Dietl, 2017). Experiments have 

shown that organic substrates rubify less than inorganic sediments (Aldeias et al., 2016; Berna et al., 2007; 

Canti and Linford, 2000; Mallol et al., 2013a; March et al., 2014). Nevertheless, the temperature at which 

reddening occurs is unclear. Different experimental burning studies report rubification at different 

temperatures which taken together yield a broad range (250 °C to 800 °C) (Berna et al., 2007; Gualtieri and 

Venturelli, 1999; Mathieu and Stoops, 1972; Röpke and Dietl, 2017), suggesting that sediment type may be 

an influential variable. Some sediments show no reddening even at high temperatures (Berna et al., 2007; 

Canti and Linford, 2000). In an experimental study in which fires were made on the natural substrate 

surrounding the El Salt site, only 2 out of 25 of the resulting combustion structures yielded reddish layers 

at their base (Mallol et al., 2013b). One structure, with a 9 mm thick patchy RL directly underneath the ash 

layer, was from a fire made on artificially wet sediment, fueled with a total of 24.4 kg of pine wood for 6–7 

hours (Mallol et al., 2013b). The resulting RL was interpreted to originate from mineral dehydroxylation 

upon fast water evaporation rather than high temperatures (Mallol et al., 2013a). The other structure yielded 

a 0.5 cm thick RL directly underneath the ash layer. It resulted from a fire made on very compact, inorganic 

sediment fueled for 3 hours (Mallol et al., 2013a). Our results from experimental lab burning of SU XI 

sediment, which comprises abundant black organic residues and charcoal fragments (see MFT XI), showed 

that rubification started at 500 °C and was strongest at 700 to 800 °C (see Fig. 15).  

From the experiments described above, we can reasonably speculate that the H77 combustion 

structure represents three possible scenarios: a pit hearth 1) made on organics-containing sediment whose 

temperatures (at the substrate) may have reached at least 500 °C, or 2) made on inorganic sediment whose 

temperatures might have not necessarily exceeded 500 °C, or 3) made on wet sediment. The presence of 

microscopic horizontal fissures observed at the upper part of the H77 RL in the samples closest to the 

center of the structure suggest that the substrate reached high temperatures, as reported in previous 

experiments (Mallol et al., 2013a; Mallol et al., 2013b). As discussed below, our lipid biomarker and 

archaeomagnetism data also agree with this hypothesis and are both against the wet substrate scenario and 

the inorganic sediment scenario.  

Our n-alkane data indicate that the RL and WL were exposed to high heat. These sedimentary layers 

yielded low n-alkane concentrations with dominant peaks at C20 and C21 indicative of degradation. A record 

of degradation implies that the original sediment contained some organic matter. Possible causes for 

degradation are either thermal (Eckmeier and Wiesenberg, 2009) or microbial (Brittingham et al., 2017). 
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Microbial degradation would generally affect the whole sample set, and the surrounding sedimentary facies 

(Lsg11 and SU XI) showed better preservation and no signs of alteration; hence microbial degradation is 

unlikely. Thermal degradation was shown in experimental work on n-alkanes of Celtis australis leaves, bark, 

branches, and twigs, which represent similar n-alkane patterns as the H77 assemblage with dominant peaks 

at C20 at temperatures higher than 350 °C (Jambrina-Enríquez et al., 2018). Another study on a combustion 

structure assemblage from El Salt SU X showed comparable patterns in several BL and WL (see Case Study 

I). By comparing our data with these results, an estimated burning temperature of much higher than 350 °C 

can be proposed for the H77 fire. Comparing our data to Wiesenberg et al. (2009), who conducted charring 

experiments with rye and maize, temperatures might have even exceeded 500 °C.  

Regarding our archaeomagnetism data, the high degree of thermomagnetic reversibility recorded in 

the thermomagnetic curves (coincidence between the heating and cooling cycles) indicates that both WL 

and RL underwent high heating temperatures, most likely > 600–700 °C. Otherwise, they would not show 

such high reversibility upon laboratory re-heating to those temperatures as probably, their ferromagnetic 

mineralogy would not be stabilized. The stable and reproducible directional behavior of the NRM 

orthogonal demagnetization plots is also compatible with high-temperature heating. 

In a single case, a p-TRM seems to have been recorded in a RL sample that would have reached a 

maximum temperature of 460–500 °C (Fig. 17). This might be explained by the internal temperature 

variability expected for simple anthropogenic combustion structures (Canti and Linford, 2000). The 

considerable thickness of the ashes of the H77 combustion structure (up to 5 cm) is also indicative that a 

significant amount of fuel was burnt, which would favor reaching high temperatures. In any case, the high 

NRM intensities observed, Qn ratio values > 1, stable orthogonal NRM demagnetization plots with quite 

reproducible directions, and high reversibility in the thermomagnetic curves all indicate high-temperature 

heating and the record of a TRM. These criteria have already been observed in other archaeomagnetic 

studies on prehistoric fires as proof of stable remanences and well-heated materials (e.g., Carrancho et al., 

2012). 

In the literature, the burning temperatures of pit hearths are still being discussed. There is a 

consensus that pit hearths do not reach the same high temperatures as flat combustion structures (March et 

al., 2014; Peeters and Niekus, 2017) due to the insulating effects of the pit depression and reduced oxygen 

input (Mallol et al., 2017), which also renders combustion slower, incomplete and more charcoal-rich 

(March, 1992; March et al., 2014). Another factor that limits burning temperatures is the rapid infilling of 

the pit with ash and charcoal, which are both thermally insulating (Aldeias et al., 2016; Canti and Linford, 

2000; March et al., 2014). March et al. (2014) report average temperatures above ground in experimental 

combustion structures with simple flat hearth temperatures at 335 °C and pit hearth temperatures at 273 

°C. Other experimental flat combustion structures reach maximum mean temperatures of 600 °C (Bellomo, 

1993) or their maximum temperatures range from 600–1000 (Bentsen, 2012, 2013; Braadbaart et al., 2012; 

Canti and Linford, 2000; Sievers and Wadley, 2008; Stiner et al., 1995). Evidently, higher temperatures than 

reported in March et al. (2014) can be reached. 
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Factors that seem to influence temperatures reached on the surface are the number of heatings, the 

quantity of fuel, conductivity of the substrate as well as the position within the combustion structure 

(Carrancho and Villalaín, 2011) and in the subsurface are amongst others intensity of heat, duration, 

sedimentary moisture and compaction (Aldeias et al., 2016). 

Despite these conditions and considering our different proxies, our temperature estimates for H77 

would be between 500 °C and 600 °C for the RL. These temperatures are relatively high compared to other 

experimental values of pit hearths but might not be impossible to reach. Even if temperatures reached are 

slightly lower than in the experimental flat fires, if kept burning for long enough, temperatures between 

500–600 °C might be reached in the uppermost few centimeters (Aldeias et al., 2016).  

4.5.3  Approaching the use history of the H77 pit hearth: Fuel and repeated 

use 

Microscopically, the H77 plant ash observed throughout the WL samples consists of well-preserved 

calcium carbonate pseudomorphs of calcium oxalate in a mass of fine crystalline, birefringent, calcareous 

material (Canti, 2003), as has been previously described for partially dissolved and recrystallized wood ash 

(Canti, 2003; Shahack-Gross et al., 2008). Recrystallization of wood ash is a common diagenetic process in 

archaeological contexts (Goldberg et al., 2009b; Karkanas et al., 2007; Madella et al., 2002; Shahack-Gross 

et al., 2008; Zerboni, 2011). In H77, there is also residual reddish fibrous matter mixed with the recrystallized 

ash (see Fig. 13 i and j), resembling experimentally burned moss (Mallol et al., 2017). However, the color of 

this fibrous matter does not suggest charring or calcination. Given that the alkane signature of the WL does 

not indicate input of fresh plant matter (see Fig. 14), a possible explanation might be plant pseudomorphs, 

which are common in ashes (Mallol et al., 2017 and references therein) associated with clay that may have 

been coating the plant at the time of combustion (Goldberg et al., 2009a). For now, the nature of the plant 

fuel that was mixed with wood in H77 remains unknown.  

How intense was the use of the H77 pit hearth? Considering possible volume reduction of the 

original ash deposit due to slight dissolution and compaction (Schiegl et al., 1994; Schiegl et al., 1996), the 

preserved ash volume in H77 is considerable. This could have resulted from a single, long-duration 

combustion event or a complex use history involving different relighting episodes. Both scenarios may 

involve massive, thick ash deposits (Mallol et al., 2007). Weiner et al. (2002) state that the absence of charcoal 

in a combustion structure and therefore the white color of its ashes might be indicative of repeated burning 

at the same location. H77 RL and WL contained only one charcoal fragment in sample Salt-18-8a, with a 

diameter of about 1 cm, fractured in situ, and concentrated in the upper third of the WL.  

Slight reworking, relighting, or repeated use of the structure is evidenced in sample Salt-18-8b, 

which exhibits two ash lenses embedded in the RL, and sample Salt-18-7, which shows thin ash 

concentrations underlying the RL. Such evidence points to the structure’s complex formation history. These 

ash lenses and concentrations have not been disturbed by bioturbation, so it is highly likely that they are in 

situ. According to previous experiments, relighting a combustion structure after a short time might not 

always show characteristic stratigraphic features and thus go unnoticed (Mallol et al., 2013b), while relighting 
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of hearths after a long hiatus can be recognized as stacked combustion structures that either have 

successions of BL and WL or laminated WLs (Berna and Goldberg, 2008; Goldberg, 2003; Goldberg et al., 

2009b; Meignen et al., 2007). Here, it is unlikely that there was a long hiatus between the burning events 

since sedimentation would have affected the entire surface of the hearth and not only a small patch within 

the combustion feature. It is more likely that part of the sediment from the wall of the pit fell on top of the 

initial ash layer and was possibly rubified upon subsequent burning.  

Finally, additional information on the use history of the H77 pit hearth comes from the faunal 

assemblage contained in the ash deposit. Although it is too small to draw any conclusions about 

anthropogenic activity besides intentional burning, it seems clear that the bone remains represent animal 

refuse (mainly red deer) that was tossed in the flames. Unintentional burning of bone fragments that might 

have been lying on the surface is unlikely, as all the bone specimens are strongly heated to levels close to 

calcination, which has been experimentally shown to correspond to the bone in direct contact with fire 

(Mallol et al., 2013a; Pérez et al., 2017b). The bone could have been tossed in the fire as fuel or for other 

purposes or reasons. 

4.5.4 Final remarks 

The H77 combustion structure is located at the interface of stratigraphic units X and XI. It is 

embedded in stratigraphic unit XI and covered by stratigraphic unit X, suggesting a possible correlation 

with human occupations taking place sometime between the end of the formation of the SU XI deposit and 

the deposition of unit X. Archaeological excavation of El Salt SU XI has only just begun, and there is no 

fire record to compare or results with. If we compare H77 with the SU X fire record, which has been 

extensively studied (Leierer et al., 2019; Mallol et al., 2013a; Vidal-Matutano, 2016; Vidal-Matutano et al., 

2017; Vidal-Matutano et al., 2018), it is one of a kind. Neither the morphology nor the temperature reached 

in H77 has been encountered in El Salt before. The microscopic appearance of the ashes and the fibrous 

material is also undocumented. Future experiments to generate ash from different plants are needed to 

determine possible fuel sources.  

The differences in morphology between flat hearths and pit hearths are considerable. In artifacts, 

differences in morphology represent variability in function and hence culture and technology (Debénath 

and Dibble, 1994; Hunt and Bortolini, 2016). Given that combustion structures are artifacts, 

morphologically distinct combustion structures may indicate different functions and thus a diverse fire 

technology. Even though we do not know the function of H77, we can assume it is different by comparing 

it with ethnographic cases. Pit hearths are normally used for hide smoking (Skibo and Schiffer, 2008), 

charcoal burning (Zerboni et al., 2013), and cooking (Mallol et al., 2007; Wandsnider, 1997). While flat 

combustion structures might also be used for cooking, it is likely that the food gets affected differently by a 

variation in heat transfer (Mallol et al., 2017). Thus, the deliberate use of a pit hearth reflects variation in fire 

technology. Regarding the comparably high temperatures reached in this fire, there might have been an 

intent to keep this fire burning with such high temperatures. This is evidence of Neanderthal behavioral 

variability (e.g., Burke, 2006; Kuhn, 1995; Scott, 2011; Speth, 2010).   
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4.6 Case Study II: Conclusion 

H77 is an in situ combustion structure that we interpret as an anthropogenic fire made in a pit by 

Neanderthal groups living at El Salt prior to the SU X occupations. Whether the pit was dug out or was a 

natural depression remains unknown. Our multiproxy data indicate that the fire reached high temperatures 

(500–600 °C in the RL) and possibly had a complex use history. The fuel consisted of a mix of wood and 

another undetermined plant, and during its use, animal refuse (especially ribs, radius, and tibia of red deer) 

was tossed in it.  

So far, H77 is the only pit hearth documented at the site, which has yielded over 90 combustion 

features, and one of the few pit hearths documented in the Eurasian Neanderthal record. The addition of 

well-documented pit hearths to the Neanderthal record implies variability in fire technology and supports 

overall Neanderthal behavioral variability, an aspect that had not previously been explored through the fire 

record.  

For this study, we have applied a novel multiproxy, microcontextual approach. Although soil 

micromorphology has been previously used to reconstruct anthropogenic fire formation processes, there 

are very few studies combining this technique with lipid biomarker analysis to pin down fuel sources and 

burning temperatures. Coupling these two techniques with archaeomagnetism is also unprecedented. In 

order to advance our knowledge on the function and technological variability of Neanderthal fire, more 

Middle Paleolithic combustion structures need to be studied using similar multiproxy, microcontextual 

approaches. For the specific case of H77, further experiments, including ones with single and multiple-use 

pit hearths made on organic, inorganic, and wet sediment, need to be performed to test our present 

hypotheses. 
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Case Study III 

 Hot Moss: Micromorphology and lipid content of 
burnt Weissia moss and their interest to 

Geoarchaeology 
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5. Case Study III: Moss 

 

 

Hot Moss: Micromorphology and lipid content of 

burnt Weissia moss and their interest to 

Geoarchaeology  
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ABSTRACT: 

Despite their widespread natural distribution, mosses are rarely uncovered in archaeological contexts. They 

are often be overlooked due to their small size and poor preservation potential. In the realm of anthropogenic fire and 

pyrotechnology, peat moss has been documented as fuel, but ordinary moss has not. Peat has been shown to be a 

common, handy fuel used for at least 2000 years (Andriesse, 1988). Micromorphological investigations of combustion 

structures from the El Salt Middle Paleolithic site in Spain have revealed the use of an unknown fuel source exhibiting 

a moss-like appearance. Here, we carried out a comprehensive experimental study in which mosses from the Weissia 

species were burnt and analyzed using micromorphology and lipid biomarker analysis with the aim to create reference 

material for future comparison with archaeological material. The lipid compounds identified provide insight into the 

thermal alteration of mosses and highlight a series of potential Weissia moss biomarkers. Regarding micromorphology, 

similarities could be drawn between the experimental charred moss and the undetermined archaeological particles 

observed in the combustion structure samples from El Salt. However, these were insufficient for determination. Our 

data contribute reference material to an ever-growing body of experimental samples for studies on archaeological 

combustion features and for archaeological research at large.  
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5.1 Case Study III: Introduction 

What we broadly call mosses are approximately 14,000 species belonging to the taxonomic division 

of Bryophyta (Asakawa et al., 2013). Bryophyta are placed into the group of bryophytes together with 

marchantiophyta (liverworts, 6,000 species) and anthocerotophyta (hornworts 300 species) (Asakawa et al., 

2013). Bryophytes are present everywhere globally, except in the sea (Asakawa et al., 2013). Mosses are non-

vascular flowerless plants; thus, they belong to the simplest land plants (Klavina et al., 2015) but are essential 

elements for ecosystems (Klavina et al., 2015). Most mosses are small-sized, with their plant bodies reaching 

only a few centimeters in length (Sharma, 2014). Mosses do not possess roots, stems, or leaves but instead 

have rhizoids as roots, axis as stemlike structure, and phylloid as leaflike structures (Koch, 1956; Sharma, 

2014).  

From a biochemical viewpoint, mosses are not the focus of many studies. Some species have been 

studied for secondary metabolites (Dembitsky, 1993), and alkane content was studied for biochemistry and 

paleoclimatology (Baas et al., 2000). Chemically investigated moss species are calculated to be less than 2 % 

(Klavina et al., 2015; Markham, 1988). Additionally, lipids in mosses have not reached much attention 

(Klavina et al., 2015). 

In archaeological contexts, mosses are rarely uncovered. Mosses are best preserved in anoxic, 

waterlogged conditions and are thus only sporadically recovered from archaeological deposits (Reitz and 

Shackley, 2012). Mainly, mosses have a poor preservation potential since they do not contain lignin, and 

their spores are not protected by sporopollenin (Reitz and Shackley, 2012). Furthermore, mosses might go 

unnoticed by excavators as a result of their delicate structure or because sampling strategies are unsuitable 

for their recovery (Reitz and Shackley, 2012). So far, the record of mosses in archaeological contexts is small, 

which is probably due to their preservation potential and recovery methods. Mosses have been recovered 

as cushion wrapped around handles of flint, daggers, and scrapers (Dickson, 1973; Henshall, 1964), as 

stuffing material for plugging cracks in timbers (Clark, 1971), as packing or bedding material (Dickson, 1973; 

Seaward and Williams, 1976) and as caulking material for boats (Allison and Godwin, 1947; Dickson, 1973; 

Dickson et al., 2013; Dickson and Ransom, 1968; Sheppard, 1922). Even Ötzi, the iceman, was found with 

75 different species of bryophytes, including a few found in his bowels, which were informative about his 

last route that is believed to have been from the south by climbing up through the Schnalstal valley.  

So far, mosses have never been uncovered as fuel, which could be due to limitations in the recovery 

methods. Research into the fuel of archaeological fire usually involves specialists in charcoal and phytolith 

analysis, and moss does not contain woody tissue, rarely phytoliths or any easily recoverable structures (Reitz 

and Shackley, 2012; Thummel et al., 2019). However, considering that peat, which is an accumulation of 

partially decayed organic matter containing peat mosses (Sphagnum), has and still is used as fuel in its dry 

state (Andriesse, 1988; Spedding, 1988), other kinds of mosses could also have been used as fuel in the past.  

Unidentified plant matter exhibiting a moss-like appearance was observed in micromorphological 

thin sections from the ash layer of H77, a combustion structure from SU XI at El Salt Middle Paleolithic 

site in Spain. The microscopic plant matter showed a mix of crescent-shaped fibrous structures resembling 
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clayey pseudomorphs after plant matter and recrystallized calcitic ash. These features showed recognizable 

similarities to thin sections from the ash layer of an experimental combustion structure resulting from a 

fireplace made on top of mossy and grassy topsoil (Mallol et al., 2017). The experimental combustion 

substrate contained charred plant matter that included delicate, undulating, intertwined plant structures (see 

Mallol et al., 2017 Fig 31.6 f). A microphotograph of a single moss axis with phylloids from the experimental 

combustion structure, burnt at temperatures below 200 °C, showed similarities with the unidentified plant 

tissue observed in the archaeological H77-ash layer (see Mallol et al., 2017 Fig 31.1 c). The addition of moss 

to Neanderthal fires, whether as fuel, accidentally attached to firewood, or merely as a part of the underlying 

natural substrate, is a likely possibility given the widespread natural presence of mosses in the Northern 

hemisphere. Identifying their residue in archaeological contexts would provide valuable clues to site 

formation, settlement patterns and pyrotechnological behavior, and the landscapes and vegetation 

associated with Neanderthal occupations.  

An experimental approach is needed to interpret our archaeological samples. To the best of our 

knowledge, there is no published data (botanical or other) on the micromorphology or lipid content of burnt 

mosses. This study aims to create a reference collection of burnt moss for micromorphological and lipid 

biomarker analysis.  

In this study, a moss sample of the genus Weissia was collected from the vicinity of the El Salt site 

and burned in field and controlled experiments at different temperatures. It was then analyzed using 

micromorphology and lipid biomarker analysis and compared with the archaeological ash samples of 

combustion structure H77.  
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5.2 Case Study III: Materials 

Our experiments were carried out using moss growing in the vicinity of the El Salt site, ascribed to 

the genus Weissia. The genus Weissia belongs to the family Pottiaceae and is a xerophytic moss adapted to 

dry habitats while readily absorbing water (Malcolm and Malcolm, 2000; Stoneburner, 1985). The moss 

genus Weissia includes several species, each of which have been defined and described taxonomically and 

morphologically. Weissia mosses have not been examined under biochemical aspects, so this study is 

essential to create a reference database for this moss genus. Likewise, in the family of Pottiaceae, only three 

moss genera were studied under chemical aspects (Aboutabl et al., 1999; Üçüncü et al., 2010; Yamasaki et 

al., 2007). 

A 15 cm x 15 cm bushy patch of green moss of the genus Weissia (family Pottiaceae in group 

Bryophyta) was peeled off a limestone boulder (see Fig. 19) and stored at -20°C until further analysis. 

Subsamples obtained from this piece of moss were separated into pieces for micromorphological analysis 

and lipid biomarker analysis. For micromorphological analysis, two pieces of moss were burnt at 350 °C 

and 550 °C, respectively. For lipid biomarker analysis, five samples of approximately 1 g were fired in steps 

of 100 °C from 150 °C to 550 °C, and one 0.2 g piece was left unburned. 

Three experimental moss fires were conducted in the field, and two of these were chosen for lipid 

biomarker analysis. They were burned on top of aluminum foil and serve as comparative material for lipid 

biomarker analysis. The reason for using these field experiments for biomarker analysis besides our 

controlled burnings was to mimic archaeological, and thus uncontrolled, conditions and assess the likelihood 

of recovering useful moss biomarkers. These field experiments also helped us to observe the combustibility 

of common mosses. The moss was extracted as fresh samples from the limestone boulder and was 

subsequently burned. Due to the arid summer conditions on-site, the moss was pre-dried but still had an 

overall green color with patches of dry brown fibers. Pieces of incipient soil and small fragments of the 

limestone boulder were attached to the rhizoids of the moss. One experimental fire (Moss Fire 3, m3) was 

ignited with several matchsticks until most of it was charred. Apart from that, it exhibited a few patches that 

were brownish-green and seemingly unburnt, and the tips of some moss fibers were calcined. Moss Fire 4 

(m4) was burnt differently to ensure complete burning of the moss. A batch of moss was placed on 

aluminum foil and stacked up with a layer of dried pine needles first and then a layer of dried twigs. The fire 

was ignited with a lighter and burned to completion, resulting in the moss, pine needles, and twigs being 

charred and calcined. The moss was mostly charred with areas of calcination, while the pine needles and 

twigs were mainly calcined. For analysis, Moss Fire 4 was preferentially subsampled to include only moss 

particles and excluded any twigs or pine needles. 

The samples were then prepared and analyzed following the steps described in the materials and 

methods chapter.  
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Fig. 19: Moss sampling location and appearance.  

 

Fig. 20: Experimental moss fires burnt in the field. a) Moss Fire 3 (m3) ignited and burnt with several matchsticks; b) Moss 
Fire 4 (m4) burnt with pine needles and twigs. Here, the moss is seen as the lowest layer with predominantly charred fibers, 
whereas pine needles and twigs on top of the moss are predominantly calcined. 
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5.3  Case Study III: Results 

5.3.1 Physical changes after burning 

The sampled moss was dry due to the arid summer conditions of 2019 at the site of El Salt, which 

is in Alcoy, Spain (see Fig. 19). The moss had been growing on the limestone rock for several years, and an 

incipient, thin soil that was present at the interface had adhered to the moss rhizoids.  

The moss burnt for micromorphological analysis exhibited a homogenous black color at 350 °C 

and a whitish-beige color at 550 °C (see Fig. 21). The moss fibers stayed intact since the samples were left 

undisturbed after burning. At 350 °C, traces of the soil adhering to the rhizoids of the moss were brown, 

and at 550 °C, the remains of the soil were slightly reddish-brown. 

The moss burned for the lipid biomarker analysis showed changes in weight and appearance. 

Weight-loss was contingent on burning temperature, from 7.3% to 55.4% between 150 °C and 450 °C, and 

in total 48.1% weight loss at 550 °C. 

After drying the sample for biomarker analysis, the moss was still green and exhibited no shrinkage. 

Following the first stage of burning at 150 °C, the moss morphology mainly resembled fresh moss but was 

dried entirely and looked reddish-brown. Remains of the adhered soil were light brown. After 250 °C, the 

overall color of the moss had shifted to dark brown. The plant fibers had marginally shrunk, and the 

incipient charring process had darkened the plant fibers as well as the adhering soil to a darker brown color. 

At 350 °C, the moss was black, while the soil remained dark brown. The fibers had shrunk more. At 450 °C, 

no apparent difference from 350 °C was noted except for incipient calcination at the tips of a few fibers. A 

drastic change was evident at 550 °C, where most of the moss fibers were calcined, were whitish-beige in 

color, and had shrunk. The remaining soil was black.  

Fig. 21: Moss burnt for micromorphological analysis in the muffle furnace at a) 350 and b) 550 °C. 
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Table 12: Weight loss of moss while burning at different temperatures. 

 

Fig. 22: Weight loss of moss after burning at different temperatures in 

wt%. 
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Fig. 23: Moss of the genus Weissia, a) after drying, b-f) burnt at different temperatures in the muffle furnace ranging 
from 150 to 550 °C as preparation for lipid biomarker extraction. 
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5.3.2 Micromorphological analysis of burnt and calcined mosses 

Preparation of the 

samples for micromorphology 

resulted in two large thin 

sections (9x6 cm), one 

representing the burnt moss at 

550 °C (Salt-20-1) and the 

other representing the burnt 

moss at 350 °C (Salt-20-2).  

While looking clearly 

charred at 350 °C and ashy 

after burning at 550 °C (see 

Fig. 21), the difference 

between charred and ashy is 

not as clear under the 

microscope (see Fig. 24 and Fig. 25). At 350 °C, the moss is evenly charred (Fig. 25 a-d), whereas at 550 °C, 

both charred and calcined particles are present (Fig. 25 e-j). Fig. 25e shows grading from charred to ashy 

moss.  

The integrity of the moss fibers is well preserved in both samples; however, the degree of 

fragmentation of plant particles is higher in the moss burnt to 550 °C. In the sample burned at 350 °C (see 

Fig. 25a-d), the axis and part of the leaves (phylloids) are clearly visible (Fig. 25 a-c), although some of the 

phylloids are broken and not in their natural anatomical position. Other charred amorphous material and 

charred particles with a cell structure or pores are present in the thin section as well (Fig. 25c). Undetermined 

charred fragments are also very abundant. In Fig. 25d, burnt tufa/limestone aggregates from the bedrock 

are interspersed with charred amorphous particles.  

In the moss burnt to 550 °C (Fig. 25 e-j), particle fragmentation is more dominant than in the other 

sample. The axis is still clearly visible, while the phylloids are detached from it and can be seen as fragments 

(Fig. 25e, f). Even though the sample was burned to 550 °C, there are charred particles amidst the calcined 

ones (Fig. 25e, f). Fragments of tufa and adherent soil show signs of burning (Fig. 25e).  

According to the data obtained from the sample burnt to 550 °C, moss ash can be characterized by 

axis and phylloid fragments and few amorphous plant particles. Aggregates, oxalates, or druses were absent 

in the entire sample set.  

 

 

 

 

Fig. 24: Thin section scans of experimentally produced moss burnt at a) 350 °C 

and b) 550 °C. 
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Fig. 25: Microphotographs of burnt moss samples in PPL. a-d) microphotographs from the sample burnt at 350 °C; e-j) 
microphotographs from the sample burnt at 550 °C. a) charred axis and phylloid of moss; b) charred axis and phylloids of moss, 
where tips of phylloids might be broken off; c) charred axis with few, long phylloids and other amorphous charred objects; d) 
heated tufa interspersed with small fragments of amorphous charred material; e) grading from charred to calcined moss fragments, 
axis and phylloids are present in the calcined area but are detached from another f) fragments of tufa, charred and calcined 
phylloids; g) the calcined axis and calcined phylloids detached from it; h) a calcined axis and a half charred/half calcined axis with 
phylloids still attached; i) charred and calcined axes, the charred one with phylloids still attached; j) peculiar charred structure.  
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5.3.3 Lipid biomarker analysis of burnt mosses 

Lipids were extracted from 1) an unburnt 

fresh moss sample, 2) a series of samples burned 

in the muffle furnace from 150 to 550 °C in 100 

°C intervals (150, 250, 350, 450, and 550) and 3) 

two experimentally produced moss fires in the field 

(m3: Moss Fire 3, m4: Moss Fire 4).  

After lipid extraction, the weight of all the 

extracted compounds was summed up in µg per 

gram of dry plant (µg/gdp) as well as µg per gram 

of dry burnt plant (µg/gdbp), resulting in the total 

lipid content. In the graphs, the concentrations 

are given in µg/gd(b)p, since both unburnt dry 

and burnt dry plant is included. In Fig. 26 and Fig. 

27, the total lipid content was divided into n-

alkanes and the remaining compounds. The total 

weight of all compounds in the unburnt moss 

sample was 30.5 µg/gdp. The burnt samples had 

a lower total lipid content that decreased with 

increasing temperature. The sample burned at 

150 °C had a lipid content of 21.6 µg/gdbp, 

decreasing to 11.5 µg/gdbp at 250 °C, 4.1 

µg/gdbp at 350 °C, 0.9 µg/gdbp at 450 °C and 0.5 µg/gdbp at 550 °C. The two field experimental samples 

had moderately low total lipid content with m3 at 1.6 µg/gdbp and m4 at 5.5 µg/gdbp. The concentration 

of n-alkanes also decreased with rising temperatures, being proportionally lower than the rest of the 

compounds except at 350 and 550 °C where the n-alkanes showed higher proportions (19 and 5% n-alkanes 

compared to 13 and 1% other compounds) In Moss Fires 3 and 4 the proportion of n-alkanes is significantly 

higher than other lipid compounds (21 and 50 % n-alkanes compared to 3 and 13 % other compounds). 

The total amount of lipid compounds in Moss Fires 3 and 4 (1.6 and 5.5 µg/gdbp) correspond roughly to 

the lipid amounts reported for experimental moss burning at 350 and 450 °C.  

The Weissia moss n-alkane profile shows a characteristic pattern (Fig. 28). In the unburnt sample, 

the dominant peaks are C33 and C31, with minor peaks at C20, C23, C24, and C25. At 150 °C, the profile 

is similar to the unburnt moss, with a decrease in C33 and C31 and a new peak at C29. C33 and C31 were 

still dominant, while mid-chain length n-alkanes decreased, ranging from C20 to C25.  

Fig. 26: Weight of all compounds extracted at different 
stages of burning (unb: unburnt, 150: 150 °C, …,550: 550 °C) 
and of two experimental fires (m3: Moss Fire 3; m4: Moss Fire 
4). The weight in μg per gram of dry sediment is depicted for n-
alkanes in black and for other components in grey. 

 

Fig. 27: Percentage of weight of extracted compounds with the 
unburnt sample representing 100%. Other compounds are depicted 
in grey, while n-alkanes are depicted in black. 
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Fig. 28: n-Alkane profiles of samples at different stages of controlled burning and from field experiments. Graphs 
show name of the sample and abundances of n-alkanes from chain length of C15 to C33 with two different scales on the y-
axis depicting concentrations in µg/gd(b)p. Error ranges are shown according to their standard deviation. 
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At 250 °C, despite the further decrease, C33 and C31 are still the most dominant n-alkanes. Mid- 

and lower-chain n-alkanes ranged from C17 through C26. At 350 °C, the long-chain peaks disappeared, and 

the n-alkane profile was dominated by low to mid-chain n-alkanes distributed in a smoothed curve between 

C17 and C26. A smoothed curve distribution was already recognizable at 250 °C and predictable at 150 °C. 

Another drastic change in the n-alkane profile occurred at 450 °C, where all peaks disappear except for C20. 

Similarly, at 550 °C, only the C20, C25, and C26 peaks are present, the most dominant being C20.  

The two moss fires made in the field show similar n-alkane profiles to the unburnt moss and the 

burnt moss at 150 °C. Both experimental fires exhibit the long-chained n-alkanes C29, C31, and C33, with 

the highest peak at C31, followed by C33 and C29. Additionally, the mid-chain n-alkanes are distributed in 

a smoothed curve from C18 

to C26 in Moss Fire 3 and 

C20 to C26 in Moss Fire 4.  

Regarding the total 

amount of lipids, the highest 

concentration was detected 

in the unburnt sample (see 

Fig. 26), while the highest 

number of different 

compounds was observed in 

the sample burned at 150 °C 

(see Appendix 4). Only a few 

compounds are present in all samples throughout the different stages of heating and the experimental field 

samples. One of those compounds present in all samples is 2,4-Di-tert-butylphenol, a toxic lipophilic phenol 

present in some organisms. The amount of 2,4-Di-tert-butylphenol is highest in the unburnt sample and 

decreased with increasing temperature up to 350 °C, slightly increasing at 450 °C only to decrease at 550 °C. 

In Moss Fires 3 and 4, concentrations 

were relatively low (see Fig. 29).  

Other compounds present in 

almost all samples are Hexadecanoic 

acid and Octadecanoic acid. Both belong 

to the group of fatty acids and are long-

chain saturated fatty acids. 

Hexadecanoic acid (C 16:0) is 

significantly more dominant than 

Octadecanoic acid (C 18:0) in the 

unburnt sample. The peaks of 

Hexadecanoic acid decreased at 150 and 

250 °C, while Octadecanoic acid peaks 

Fig. 29: The concentration of 2,4-Di-tert-butylphenol throughout the sample set. 
Y-axis in µg/gdp, error ranges are shown according to their standard deviation. 

 

Fig. 30: Concentrations of the fatty acids Hexadecanoic acid and 
Octadecanoic acid within the sample set. Concentrations are measured 
in µg/gdp. Error ranges are shown according to their standard deviation. 
Please regard the zoomed in chart with lower y-axis values for a better 
visibility of the samples low in concentration.  
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increased moderately. At 350 °C, the peak of Octadecanoic acid is dominant, and at 450 °C, both peaks 

show similar values. At 550 °C, only a low concentration of Hexadecanoic acid remained. In m3 and m4, 

Hexadecanoic acid was the dominant peak, and Octadecanoic acid was present in low concentrations. Other 

saturated fatty acids are present in lower concentrations, such as Docosanoic acid, Dodecanoic acid, 

Eicosanoic acid, Hexacosanoic acid, Hexanedioic acid, Nonanedioic acid, Nonanoic acid, Pentadecanoic 

acid, Tetracosanoic acid, and Tetradecanoic acid. Their concentrations can be retrieved from Appendix 4.  

Sterols are compounds known to occur in plants, animals, fungi, and bacteria. The sterols present 

in the Weissia moss are Campesterol, γ-Sitosterol, and Stigmasterol, all known as plant sterols (phytosterols). 

Additionally, β-Sitosterol, another phytosterol, is present in Moss Fire 4. The concentration of the sterols is 

highest at 150 °C (see Fig. 31). The unburnt sample contains more sterols than the sample burnt at 250 °C, 

while the sample at 250 °C does not contain any γ-Sitosterol and from 350 °C and higher, no sterols were 

preserved. In Moss Fires 3 and 4, Campesterol and Stigmasterol are present, and in Moss Fire 4, β-Sitosterol 

was observed.  

Fig. 32 depicts 

two compounds. 

Phytol is an acyclic 

diterpene alcohol, and 

Neophytadiene is a 

sesquiterpenoid. Both 

compounds have their 

highest concentration 

at 150 °C. In the 

unburnt sample, the 

peak of 

Neophytadiene is dominant; at 150 °C, slightly less dominant, and at 250 °C, both peaks show similar values. 

From 350 °C onwards, the peaks are not preserved, and in the field fires, Neophytadiene is only present in 

Moss Fire 4.  

Fig. 31: Concentrations of sterols within the sample set. Concentrations are measured in µg/gdp. Error ranges are shown 
according to their standard deviation.  

Fig. 32: Concentrations of Phytol and Neophytadiene within the sample set. Concentrations 

are measured in µg/gdp. Error ranges are shown according to their standard deviation.  
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Another noteworthy compound is Hexadecanitrile, which was encountered in both field 

experiments (m3, m4) and in the controlled sample at 350 °C. It is present in higher concentrations in the 

experimental field fires than in the controlled burning.  

Other compounds characteristic for the unburnt 

sample of Weissia moss are: 4,8,12,16-

Tetramethylheptadecan-4-olide; (3β,24R)- acetate Ergost-

5-en-3-ol; Linoleic acid, Lupeol, Stigmast-5-en-3-ol, oleate, 

(3β, 24S)-Stigmast-5-en-3-ol Stigmast-5-ene; Stigmasta-

3,5-diene; (3β,22Z)-acetate-Stigmasta-5,22-dien-3-ol; 

Stigmastan-3,5-diene; and 3,4-dehdihydro-Stigmastan-

6.33-dien. The concentration of these compounds, as well 

as additional compounds at different heating stages and the 

field experiments, can be looked up in Appendix 4.   

Fig. 33: Concentrations of Hexadecanitrile 
within the sample set. Concentrations are 
measured in µg/gdp. Error ranges are shown 
according to their standard deviation. 
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5.4  Case Study III: Discussion 

5.4.1 Burning process 

The samples' weight loss during controlled heating was between 7.3 % at 150 °C and 55.4 % at 

450 °C (see Fig. 22). The weight loss at 550 °C was 48.1 %. The weight loss between 150 °C and 350 °C 

was gradual and deviated at 450 °C, at which there was more weight loss than at 550 °C. A study on 

thermogravimetric burning of peat moss concluded that there were six stages of pyrolysis reactions between 

100 and 900 °C and four stages between 100 and 600 °C (Wen et al., 2020). The first mass loss at 150 °C 

corresponded with the loss of moisture (Wen et al., 2020), the second and third at 280 with the 

decomposition of hemicellulose, and at 350 °C with the decomposition of cellulose (Sophonrat et al., 2018; 

Wen et al., 2020). Lignin decomposes between 250 and 550 °C, with the most significant mass loss from 

400 to 480 °C (Wen et al., 2020). According to this study, weight loss should be linear. The outlier at 450 

°C could be attributed to remains of sediment still adhering to the sample during burning. Previous 

thermogravimetric sediment analyses report similar stages of pyrolysis (Wu and Luo, 2018). The first stage 

describes the loss of water between 40 and 160 °C and accounts for 12.15 % of the weight loss, and the 

second stage occurs between 160 to 250 °C and accounts for 23.36 % of weight loss. This is where light 

organic compounds and macromolecules of organic matter decompose (Wu and Luo, 2018). The third stage 

corresponds with a 10.41 % weight loss taking place between 520 to 780 °C and is attributed to the 

decomposition of macromolecules in organic matter, tar, and coke, previously formed during stage two (Wu 

and Luo, 2018). Until around 400 °C, the weight loss of moss and sediment were similar, but beyond 400 

°C, the weight loss of sediment was over 12 % less than that of the moss. Thus, the higher weight loss at 

450 °C could be attributed to having less adhering sediment than the samples burnt at 350 and 550 °C. The 

amount of sediment within the moss samples can additionally be estimated according to Fig. 23, where the 

least amount of sediment is visible in the sample burnt at 450 °C.  
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5.4.2 Micromorphology 

The thin sections of moss burnt at 350 °C and 550 °C showed certain similarities and differences. 

The charred moss particles look similar in both thin sections, but only the thin section at 550 °C contains 

calcined particles. Also, the degree of fragmentation of the plant particles is higher in the moss burnt to 550 

°C.  

At 350 °C, all organic compounds were charred, and no fresh plant material remained. Differences 

between fresh and charred moss were visible in the degree of preservation of the axis and phylloids. In most 

cases in the charred sample, the phylloids were attached to the axis, whereas the degree of fragmentation of 

the phylloids varied, ranging from barely fragmented (see Fig. 25a, c) to highly fragmented (see Fig. 25b). 

The observed variability in fragmentation may be due to different reasons. One reason could be the 

differential burning of axis and phylloids due to differential freshness and moisture content. The samples 

used for micromorphological analysis were collected during an arid summer and showed dry domains. Thus, 

prior to burning, they showed zones with fresh, green axes and phylloids and zones with dried out yellow-

brown axes and phylloids. Later, in the lab, they were dried at room temperature, possibly involving locally 

concentrated additional moisture and leading to localized delayed charring and lower degrees of 

fragmentation. In other studies involving charred moss, moisture content disappears between 40 and 160 °C 

(Wen et al., 2020). This might explain moisture retention of experimentally burned moss up to between 40 

and 160 °C reported by Wen et al. (2020). Another reason for differential fragmentation could be mechanical 

breakage due to sample handling during the thin section manufacture process. A third reason could be 

natural anatomical variation (thinner, weaker vs. thicker, stronger phylloids). For now, there is insufficient 

evidence to explain the causes for the observed variability in fragmentation. Nevertheless, our observations 

and the moisture-retention capacity of moss suggest that variable moisture content at the onset leads to 

delayed dehydration during the burning process. This hypothesis could be tested with additional drying of 

the mosses at 160 °C, followed by burning at 350 °C and 550 °C, respectively. In the meantime, the influence 

of moss anatomical variability and possible mechanical breakage during laboratory handling cannot be ruled 

out.  

Special attention has to be given to the unique occurrence of burnt tufa/limestone aggregates from 

the bedrock interspersed with charred amorphous particles as seen in Fig. 25d. Mosses are amongst the first 

plants to colonize rock surfaces (Jackson, 2015). Mosses attach themselves to the substrate using their 

rhizoids (Malcolm and Malcolm, 2000) and release weak organic and carbonic acids that enhance chemical 

weathering (Jackson, 2015; Lenton et al., 2012). This weathering is the basis for establishing an incipient soil 

(Jackson, 2015; Schaetzl and Anderson, 2005). A snapshot of this process can be seen in Fig. 25d, where 

weathered limestone particles were accidentally collected and charred together with the moss sample. 

Weathering is visible in the aggregate's porous and rough, serrate appearance, and the fine organic particles 

represent rhizoids and degraded older parts of the moss.  

At 550 °C, a part of the moss was calcined while another part remained charred. Calcination and 

calcitic ash formation occur between 400 and 500 °C in oxic conditions when calcium oxalate forms and 
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subsequently transforms into calcium carbonate upon rehydration (Canti and Brochier, 2017). 

Consequently, the temperature of 550 °C should be sufficient to calcinate the entire sample. As with 

differential fragmentation, the presence of charred particles in the 550 °C sample might be explained by 

differential moisture content at the onset.  

The experimentally charred moss depicted in Mallol et al. (2017, p. 304, Fig. 31.1c) is very similar 

to the experimentally charred moss from this Case Study. Both represent axis and phylloids. The 

unidentified plant structures in the archaeological H77 ash layer have no similarity to neither Mallol et al.’s 

moss nor this moss. No charred moss axes or charred amorphous moss plant structures were identified in 

any of the H77 samples. Furthermore, no weathered tufa remains, such as those reported for the 

experimental moss sample, were identified. 

On the other hand, the broken, detached, loosely distributed charred phylloids (Fig. 25e, f) resemble 

the reddish, crescent-shaped, thin particles documented in the H77 ash layer. They are arched in a similar 

way and exhibit similar lengths. However, the archaeological H77 particles are thinner (see Fig. 34 for visual 

comparison). As discussed in Case Study II, the archaeological particles' reddish color might originate from 

clay coating of the surface of plant material and thus might represent clay pseudomorphs after plant matter 

(Goldberg et al., 2009a; Mallol et al., 2017). A surface coating would explain the thinness of the 

archaeological plant matter since it does not represent the plant material itself but a coating on the plant's 

surface. If only the phylloids and not the axes were coated, this would also explain the missing axes in the 

archaeological sample. The presence of such clayey pseudomorphs in the ash layer is consistent with the 

associated high temperatures, at which the actual plant would have been calcined and subsequently altered 

through diagenetic processes (Canti and Brochier, 2017).  

Accurate micromorphological identification of the plant material discovered in the H77 

archaeological sample is challenging. Hypothetical clay coatings from an archaeological combustion 

structure are not comparable with actual calcined plant material produced under controlled conditions. The 

shape of the broken-off phylloids seems to coincide with the shape of the plant material pseudomorphs of 

the archaeological sample. However, in the absence of moss axes, there is not enough evidence to correlate 

the archaeological and experimental samples. Further comparisons with different reference plant matter are 

necessary.  

Fig. 34: A comparison between the experimentally created moss sample and the archaeological undetermined plant in 
the ash layer of H77. The same scale was used for both microphotographs. Experimental: Remains of broken off phylloids and 
burnt tufa aggregates created by burning moss for 550 °C. Archaeological: Undetermined plant particles embedded in the ash 
layer of the H77 pit hearth from Case Study II. More examples can be found in Fig. 13 for the archaeological material and Fig. 25 

for the experimental material. 



110 / 198

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
La autenticidad de este documento puede ser comprobada en la dirección: https://sede.ull.es/validacion/

Identificador del documento: 3219688				Código de verificación: Mw/SRe26

Firmado por: Lucía Leierer . Fecha: 17/02/2021 14:39:12
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:57:08
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:29:14
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12257

Nº reg. oficina: OF002/2021/12091
Fecha: 18/02/2021 08:49:16

 

Leierer  Thesis  Monograph  Page | 98 

Approaching Neanderthal behavior through the geoarchaeologica l  study of 

combustion structures :  Invest igat ions in soi l  micromorphology and l ipid b iomarkers  

5.4.3 The chemical signature 

5.4.3.1 The lipid content of Weissia moss 

Before discussing the thermal alteration process of moss, it is necessary to summarize the lipid profile of 

the unburned moss. 

The n-alkane graph of the unburnt moss sample shows dominant peaks at C31 and C33 and lower peaks at 

C20, C23, C24, and C24. This profile is different from the usual n-alkane profile of higher plants, which 

have their dominant peaks at C27, C29, and C31 (Eglinton and Hamilton, 1967). To our knowledge, this is 

the first-reported Weissia moss n-alkane profile, so it can be used as a reference for unburnt Weissia moss. 

The only commonly documented moss n-alkane content and distribution is from Sphagnum moss, which 

has its dominant peaks at 23 and 25 (Bush and McInerney, 2013; Nott et al., 2000; Pancost et al., 2002). 

Here, the peaks at 23 and 25, together with the peaks at 19 and 24, are very low and would not contribute 

significantly to the sediment after deposition, especially since the chemical signature in sediments is always 

a mixture of compounds (Evershed, 2008). Thus, Weissia moss displays a significantly different n-alkane 

profile than Sphagnum moss, and we can use this difference in lipid biomarker analysis. 

Besides the n-alkanes, the main components present are the saturated fatty acids. Fatty acids are made up 

of a carboxylic acid and an aliphatic chain (Moss et al., 1995), are some of the most common lipids naturally 

present, and are regularly encountered in archaeological contexts (Evershed, 1993; Gunstone, 1996). 

Hexadecanoic acid, Octadecanoic acid, and Tetracosanoic acid, the phytosterols Campesterol, γ-Sitosterol, 

and Stigmasterol. These compounds are commonly found in most plants (Meyers and Ishiwatari, 1993; 

Mumtaz et al., 2020; Tamura et al., 1991; Volkman, 1986). The compounds 2,4-Di-tert-butylphenol, Phytol, 

and Neophytadiene are present in the unburnt Weissia moss, and although they are not exclusive to this 

genus or family, they are less common in the plant kingdom than the ones mentioned above. 

5.4.3.2 Controlled experimental burning 

Heating and burning of organic matter result in the thermal alteration of lipid molecular 

compounds. The process has been previously experimentally described and discussed, especially for n-

alkanes and other compounds (Diefendorf et al., 2015; Jambrina-Enríquez et al., 2018; Jambrina-Enríquez 

et al., 2019; Knicker et al., 2013; Malainey et al., 1999). The moss data collected in this study is consistent 

with the data presented in the cited works. The main thermal alteration process taking place is a gradual 

decrease in lipid compound concentrations at each successive burning phase. 

The n-alkane profiles of the moss samples burnt at different temperatures show typical signs of thermal 

degradation which are, an overall decrease in the total amount of alkanes, lower concentrations of long-

chain n-alkanes, the dominance of even homologs, and a higher content of mid-chain n-alkanes (centered 

around C20 – C22) (Diefendorf et al., 2015; Jambrina-Enríquez et al., 2018; Knicker et al., 2013) resulting 

from the thermal breakdown of long-chain n-alkanes (Knicker et al., 2013). The hotter the burning 

temperature, the more the long chains break down, and the more the larger compounds disappear.  
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At 150 °C, two interesting changes can be pointed out. Some compounds show higher values at 

150 °C than at the unburnt state. These higher values can be attributed to enrichment in particular 

compounds and the pyrogenic formation of new ones to the detriment of those breaking down sooner due 

to their higher susceptibility to heat. This process will be discussed later in more detail for each individual 

compound. The other change is a change in the number of compounds present at 150 °C (n=33) compared 

to the number of compounds in the unburnt sample (n=19) (see Appendix 4). This change can also be 

explained by early onset beginning degradation and transformation of compounds into new compounds 

that were not present in the unburnt sample.  

Phenols are compounds that have one or more hydroxy groups attached to a benzene or other 

arene ring (Moss et al., 1995). 2,4-Di-tert-butylphenol, a lipophilic phenol, is a common natural product 

found in at least 169 species, including bacteria, fungi, diatoms, liverworts, pteridiphyta, gymnosperms, 

dicots, monocots, and animals (Zhao et al., 2020). In liverworts, the closest relatives, the compound was 

identified in Marchantia linearis (Kumara, 2014). In this study, we identified this compound in normal 

concentrations throughout the burning process up to 550 °C and in the unburnt sample (see Fig. 29). This 

means the compound seems not to be as susceptible to thermal degradation as other compounds. Still, 

degradation is present, which is almost up to 50 % between the unburnt and the 150 °C samples. Additional 

pyrogenic formation through thermal degradation of certain compounds, might play a significant role in the 

thermal alteration process, as evidenced through a higher concentration at 450 °C compared to 250 and 

350 °C and the higher concentration at 550 °C compared to 350 °C.  

Interpreting fatty acid compounds in archaeological combustion contexts is challenging because 

they are susceptible to heat (Kedrowski et al., 2009) and to biodegradation (Evershed et al., 2002; Malainey 

et al., 1999), so different fatty acid types and concentrations in archaeological contexts might result from a 

variety of processes. In the burnt moss samples, both saturated and unsaturated fatty acids were recovered. 

Here, only saturated fatty acids will be discussed, especially Hexadecanoic acid (C 16:0) and Octadecanoic 

acid (C 18:0) since unsaturated fatty acids are prone to degrade quickly in archaeological settings, and C 16:0 

and C 18:0 are the fatty acids with the highest concentrations (Evershed et al., 2002; Malainey et al., 1999). 

During the burning process, Hexadecanoic acid decreased significantly while Octadecanoic acid first 

increased and then decreased (see Fig. 30). Thermal breakdown reduces the concentration and number of 

fatty acids in a sample (Malainey et al., 1999). Polyunsaturated and long-chain fatty acids with a chain length 

of 20 or more are prone to a fast deterioration (Malainey et al., 1999), whereas saturated fatty acids are least 

affected (Malainey et al., 1999). In an experimental degradation study, the concentration of saturated fatty 

acids increased with the loss of unsaturated fatty acids (Malainey et al., 1999). This could also be the case 

between the controlled moss sample at 150 and 250 °C and the increase of Octadecanoic acid until 350 °C.  

Sterols are essential lipids in all eukaryotic organisms (Brocks and Summons, 2003), and 

phytosterols are sterols from plants. All the sterols identified in the controlled experiments are common 

phytosterols (Campesterol, γ-Sitosterol, and Stigmasterol). When heated or burned, these compounds 

degrade and form (pyrogenic) compounds, including oxidized phytosterols, fragmented phytosterol 

molecules, volatile compounds, and oligomers. (Barriuso et al., 2012; Rudzińska et al., 2009). Degradation 



112 / 198

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
La autenticidad de este documento puede ser comprobada en la dirección: https://sede.ull.es/validacion/

Identificador del documento: 3219688				Código de verificación: Mw/SRe26

Firmado por: Lucía Leierer . Fecha: 17/02/2021 14:39:12
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:57:08
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:29:14
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12257

Nº reg. oficina: OF002/2021/12091
Fecha: 18/02/2021 08:49:16

 

Leierer  Thesis  Monograph  Page | 100 

Approaching Neanderthal behavior through the geoarchaeologica l  study of 

combustion structures :  Invest igat ions in soi l  micromorphology and l ipid b iomarkers  

intensity in sterols is affected by temperature and time (Rudzińska et al., 2009). Barriuso et al. (2012) state 

that Campesterol is most susceptible to degradation, similar to β-Sitosterol and then Stigmasterol. In the 

Weissia moss, no degradation was visible at 150 °C, and it shows an increase in the concentration of 

compounds at this temperature, possibly reflecting the degradation of certain compounds and their 

transformation into sterols.  At 250 °C, sterols were degraded and decreased in their concentration: γ-

Sitosterol could not be detected. Campesterol had degraded by approximately 48 %, and Stigmasterol had 

degraded by 81 %. At 350 °C, no sterols were detected. This data does not agree with the data from Barriuso 

et al. (2012), which showed higher degradation of Campesterol and β-sitosterol than stigmasterol and 

cholesterol. A possible explanation for this disagreement is that in Barriuso et al.’s study, sterols were the 

only components heated, so their degradation was most likely straightforward to track and control. Here, 

the increase in Campesterol, γ-Sitosterol, and Stigmasterol may have been partly due to contributions from 

degrading compounds other than sterols. Rudzińska et al. (2009) note that at a heating time of 1 hour at a 

point between 120 and 180 °C, a step in degradation susceptibility appears, at which compounds are 

degraded between half or two thirds their weight, while between 0 and 120 °C, the compounds only degrade 

up to 14 % on average. Additionally, a number of studies indicate that sterol degradation occurs over a 

temperature of 150 °C (Barriuso et al., 2012 and references therein). Thus, two likely factors prevail to 

explain the increase in compounds observed at 150 °C: The breakdown and transformation of other 

molecules into sterols and the minimal degradation of sterols themselves at 150 °C.  

Other compounds found include the alcohols Neophytadiene and Phytol. The presence of 

Neophytadiene, a diterpene/sesquiterpenoid, and plant metabolite, has been discovered in some mosses 

(Aulacomnium palustre, Climacium dendroides, Dicranum polysetum, Hylocomium splendens, Pleurozium 

schreberi, Polytrichum commune, Polytrichum juniperum, Ptilium crista-castrensis, Rhytidiadelphus 

triquetrus, Sphagnum fallax, Sphagnum magellanicum, Sphagnum rubellum, Sphagnum tenellum) in 

different concentrations (Klavina et al., 2015). Similarly, Phytol, a diterpene/acyclic diterpene alcohol, was 

identified in the above-mentioned moss types (Klavina et al., 2015) and ten other types of mosses (Suire et 

al., 2000). Nevertheless, Neophytadiene and Phytol are not moss biomarkers. They have been identified in 

other plants as well. The observed thermal degradation pattern (see Fig. 32) resembles the degradation 

pattern observed in sterols, with a loss of compounds at 350 °C, low concentrations, and degradation at 

250 °C, and higher concentrations than the unburnt sample at 150 °C. As in the case of sterols, the increase 

in concentrations at 150 °C can be explained by either a degradation of these compounds at higher 

temperatures or a breakdown and transformation of other lipids into these compounds. It is also likely that 

both factors affect the increase in concentrations.  
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5.4.3.3 Field experimental burning 

Field experiments resulting in Moss Fires 3 and 4 were conducted to gain insight into the recovery 

potential and the potential to find biomarkers or pyromarkers of moss-related lipid compounds in a fire that 

is not purely made of moss.  

When conducting the experiments, it became apparent that it was impossible to ignite and burn a 

fire solely using moss fuel. Even though the summer conditions had dried out the moss, it still retained 

enough moisture to hamper combustion. This obstacle was resolved by constantly reigniting the moss with 

matchsticks in Moss Fire 3 and using dry pine leaves and twigs as tinder to ignite and fuel the fire in Moss 

Fire 4. In both cases, the moss was smoldering rather than burning throughout the combustion process. 

These uncontrolled field conditions mark the difference between the field experimental moss fires and the 

controlled moss burnings. In the field, the fires were burning for a short duration with the help of a tinder, 

and the temperature was unknown. Nevertheless, certain similarities were found between the controlled and 

field experiments. 

Comparing the weight of n-alkanes and other compounds in the field experimental burnt moss with 

the controlled experimental samples would broadly estimate the burning temperature of Moss Fire 3 to 

between 350 and 450 °C and Moss Fire 4 to between 250 and 350 °C (see Fig. 26). Considering there was 

another fuel (besides moss) included in the field combustions, these estimations might not be accurate. As 

an example, Fig. 27 shows a significantly higher percentage of n-alkanes compared to all other compounds 

in the charred moss (burned in the field) compared to our unburnt moss reference. This can be attributed 

to the presence of charred pine needles. Pine needles, which are gymnosperms, have a lower concentration 

of n-alkanes than angiosperms (Bush and McInerney, 2013), higher than Weissia moss. In Bush and 

McInerney (2013), angiosperms are reported to have on average 506 µg/g dry leaf, gymnosperms 46 µg/g 

dry leaf, and sphagnum moss 149 µg/g dry plant. Here, the unburnt moss sample contains 3.9 µg/g dry 

plant. No published data about the n-alkane content of any Weissia moss species was available, and we take 

our reference as a standard.  

The n-alkane profile of the Moss Fires 3 and 4 resemble the controlled unburnt and burnt moss at 

150 °C and 250 °C. However, both moss fires have their dominant peak at C31 instead of at C33 like the 

controlled moss samples. This profile might reflect the contribution of the pine needles since the C33 n-

alkane peak in pine is relatively low (Bojović et al., 2012; Bush and McInerney, 2013; Cranwell, 1973; Mitić 

et al., 2018). Additionally to the contribution of pine in the n-alkanes, Dehydroabietic acid, a diterpenoid, 

and a characteristic biomarker for conifers was recovered (Otto et al., 2006; Otto and Simpson, 2005; 

Simpson and Simpson, 2012). Even though the sample was subsampled to analyze mainly moss, the 

contribution of pine needles was still detectable.    

Regarding other compounds, the Moss Fires 3 and 4 samples show similarities with the controlled 

moss fire samples. This is not unusual since many lipid compounds, including different fatty acids and 

sterols, are found in different plant types (Meyers and Ishiwatari, 1993; Mumtaz et al., 2020; Tamura et al., 

1991; Volkman, 1986). Notwithstanding, recurrent compounds in the controlled burnt Weissia moss 
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samples, including 2,4-Di-tert-butylphenol and Neophytadiene, were also identified in the field burnt moss. 

Despite not being exclusive Weissia moss biomarkers, these compounds may help narrow down the kinds 

of plant residues present in archaeological sediment samples. 

The thermal degradation of the lipid compounds present in Moss Fire 3 and 4 places both samples 

into a burning temperature of more than 150 °C, most likely between 250 °C and 350 °C. Both fires contain 

Campesterol and Stigmasterol, which in the controlled burnings disappears at 350 °C. Furthermore, 

Hexadecanitrile, a biomarker for biomass burning (Jambrina-Enríquez et al., 2019; Simoneit et al., 2003), 

was only found in the control burning sample at 350 °C and in Moss Fire 3 and 4.  

5.4.4 Final remarks 

Once having characterized micromorphological features and lipid molecular compounds possibly 

indicative of the presence of burnt moss, how do we interpret the possible presence of burnt moss residues 

in Neanderthal combustion structure H77? Our field burning experiments show that moss is not an efficient 

fuel when pursuing combustion. Even air-dried mosses retain a significant amount of moisture and are hard 

to combust. Therefore, the presence of burnt moss residues in archaeological contexts might be explained 

by other pyrotechnological behaviors or accidental burning of naturally present moss, such as in the 

experimental case reported by Mallol et al. (2013). Further experiments and ethnoarchaeological 

investigations of smoking hearths could shed light on different techniques that might require the use of 

moss as fuel, cover, or other pyrotechnological components.  

For now, the data on Middle Paleolithic fire suggests that auxiliary combustibles, besides wood, 

were rarely used (Hovers and Belfer-Cohen, 2013). If this is correct, the possible contribution of mosses in 

the H77 pit hearth could derive from either from mosses having been present on the substrate and 

accidentally burnt as described in Mallol et al. (2013) or accidentally adhered to woody fuel, which would 

be expected if the fuel was deadwood, as previously shown for El Salt (Vidal-Matutano et al., 2017). Previous 

studies were showing that plant residues in archaeological combustion black layers are typically charred and 

that ash layers do not typically preserve charred particles or lipid molecular compounds (Buonasera et al., 

2019; Jambrina-Enríquez et al., 2019; Leierer et al., 2019; Mallol et al., 2017). This suggests that the presence 

of charred particles or lipid compounds is unlikely for H77, which consists of thick ash layers that reached 

high temperatures. Lipids of other fractions, besides n-alkanes, were not analyzed in the H77 ash layer 

because the low concentration of n-alkanes, due to thermal degradation, present in this layer implied the 

likely absence of more polar lipid compounds (see Fig. 14) (Cranwell, 1981). Accidentally adhered moss 

would more likely result in clay pseudomorphs after total combustion of the organic matter. Alternatively, 

the Middle Paleolithic fire record conceals unexplored complexity that has gone overlooked due to the lack 

of microscopic and biomolecular approaches. Future microcontextual investigations of different Middle 

Paleolithic combustion structures could resolve this issue.  
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5.5 Case Study III: Conclusion 

This study has provided the first reference of unburnt and burnt Weissia moss and its characteristic 

thermal alteration profile. It has also shown that it is possible to identify burnt moss using micromorphology 

and lipid biomarker analysis. Under the microscope, moss structures are recognizable as long as anatomical 

connections are preserved to some extent, such as the presence of phylloids attached to their axes. 

Chemically, the presence of specific lipid compounds such as Neophytadiene, Phytol, and 2,4-Di-tert-

butylphenol might point to the presence of Weissia moss, although these are not taxonomically exclusive, 

and identification requires other proxies. Statistical analyses of the obtained biomarkers as well as isotopic 

analysis of the fatty acids C16:0 and C18:0 might aid in distinguishing the presence of mosses in 

archaeological sediments. This highlights the need to conduct additional experiments involving mosses in 

the context of combustion structures as well as to explore additional ethnoarchaeological data on the uses 

of moss in combustion contexts. Further experimental studies might be necessary to burn other plant 

material surrounding the site and analyze their microscopic and molecular characteristics.  
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6. General discussion 

The results of our microcontextual investigation of Neanderthal combustion structures from El 

Salt have provided information regarding Neanderthal pyrotechnology and settlement patterns, as well as 

paleoenvironmental information relevant to Neanderthal adaptations. This discussion is divided 

thematically into different subsections. I first summarize the main results from three case studies with 

emphasis on how they may relate to relevant aspects of Neanderthal behavior and paleoenvironments. Then, 

I present a general discussion centered on the way in which these results, in combination with other 

behavioral proxies, may help advance current debates on Neanderthals and the relevance of the 

methodology applied in this thesis. I end the discussion with future perspectives for further research on the 

Neanderthal combustion features from El Salt and elsewhere.  

6.1 Summary of Results 

In Case Study I, a systematic microstratigraphic analysis was conducted to study a combustion 

structure assemblage from stratigraphic unit Xb. The objectives were to explore the formation of the 

combustion structures, identify isolated occupation episodes, assess whether the occupations associated 

with the combustion structures were low impact and short-term, and estimate a time period between 

successive occupations. The results from applying high-resolution geoarchaeological methods to the 

sediment of combustion structures were significant. The combustion structures were formed through 

anthropogenic burning on top of an organic-rich natural surface. This surface, consisting of angiosperm 

leaves, including Celtis trees, and herbivore coprolites, was charred and blackened in the process of 

combustion. Fuel for the fires was gathered away from the site. At least four successive occupation events 

were identified, all of which generally being low impact. Due to the formation of organic-rich soils prior to 

each combustion episode, it is estimated that enough time had elapsed in between occupation episodes. 

According to the state of the charred organic soil, occupations took place most likely in winter, spring, or 

summer.  

In Case Study II, a microcontextual and multidisciplinary approach was carried out to obtain high-

resolution data of a possible pit hearth. The main objectives of that Case Study were to examine the integrity 

of the combustion structure and the formation of the pit hearth, whether it was intentionally dug out or 

placed in a natural depression. The application of the multidisciplinary methods provided significant results, 

the combination of which allowed most of the research questions to be answered. The combustion structure 

was confirmed to have been placed in situ in a depression within the stratigraphic unit XI sediment. Each 

method that was applied confirmed that the fire reached high temperatures of over 500 °C in the underlying 

sediment. The pit hearth might have had a complex use history involving animal refuse tossed in the flame, 

mixed fuel sources including wood and another unidentified source, high temperatures, and possibly long 

burning times. This evidence reflects pyrotechnological variability and, thus, Neanderthal behavioral 

variability. Important to note here is the thickness of the ash layer compared to the ash layers of the first 

Case Study. Whereas the thinness of the white layer in Case Study I point towards a low impact, short-term 
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human occupations, in Case Study II, the thick ash layer might suggest a longer-term occupation (Mallol et 

al., 2007; Meignen et al., 2008; Wattez, 1992). This might point to a change in settlement dynamics between 

stratigraphic units X (Case Study I) and XI (Case Study II) (see Chapter 6.2.1).  

Case Study III was motivated by the undetermined nature of the pit hearth’s ash deposit. A set of 

experiments was performed to compare archaeological data with experimentally heated mosses, which were 

possible fuel sources based on the presence of conspicuous fibrous, delicate microscopic structures 

observed within the ash deposit samples from Case Study II. Micromorphology and lipid biomarker analysis 

were carried out on experimentally burnt mosses, and the resulting data were compared with the 

archaeological counterpart. The results show that moss input in sedimentary residues from an anthropogenic 

fire can be identified micromorphologically under certain conditions. In the case of the H77 pit hearth, the 

presence of moss is possible but could not be ascertained. From a biomolecular perspective, identification 

of specific lipid compounds may point to the presence of Weissia moss, but these cannot be considered as 

distinct biomarkers. If future research corroborates the presence of moss in the H77 pit hearth, the question 

remains as to the pyrotechnological role of this plant. Our experimental observations suggest that it is not 

an efficient fuel, and explanations such as accidental input (moss adhered to woody fuel, moss present on 

the soil substrate), a smoke-related fire function, and others need to be contemplated. This study provided 

a reference dataset of the mentioned moss-related lipid compounds, their thermal degradation profile, and 

their pyrogenic byproducts. This data is valuable for future biomolecular investigations of sedimentary fire 

residues.  

6.2 Contribution to current debates on Neanderthal behavior 

6.2.1 Group mobility and settlement patterns 

Taken together, the results of the three case studies touched on several relevant aspects of 

Neanderthal behavior. One relates to group mobility and settlement patterns. The results from Case Study 

I show a series of at least four consecutive, short-termed and low-impact occupations with enough time 

between them for wildlife to occupy the site, reflecting high group mobility. On the other hand, the results 

from Case Study II document a Neanderthal combustion structure that was fueled for a longer time than 

what we had observed among the structures related to SU X’s short occupations. As discussed below, 

whether this difference reflects a difference in occupation duration (brief bivouac-type camps vs. occupation 

lasting several months) or not remains unknown.   

Our definition of short-and long-term occupations primarily originates from ethnographic data by 

comparing modern hunter-gatherers with Paleolithic groups (Binford, 1980; Kelly, 1983). According to 

ethnographic observations, long-term occupations are characterized by an intra-site spatial organization of 

activities, site maintenance through secondary dumping areas (Bartram et al., 1991; O’Connell et al., 1991), 

and long-time refueling of combustion structures (Mallol et al., 2007). Archaeologically, long-term 

occupations are characterized by combustion structures with thick ash layers (Meignen et al., 2008; Wattez, 

1992), high density of bone remains (Picin and Cascalheira, 2020), high artifact density, on-site production 
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of lithic materials (Kuhn, 2013; Surovell and Brantingham, 2007), and spatial organization of the living space 

(Picin and Cascalheira, 2020). Cleaning and maintenance activities can also be attributed to long-term 

occupations (Binford, 2002; Spagnolo et al., 2018; Stevenson, 1991; Vaquero, 2012; Vaquero et al., 2015), 

resulting in raked-out hearths (Goldberg, 2003; Kuhn et al., 2009; Meignen et al., 2007; Schiegl et al., 2003).  

Short-term occupations are characterized by low-density deposits, high frequencies of transported and 

modified tools (Kuhn, 2013; Surovell and Brantingham, 2007), limited in situ knapping and butchering, low 

impact, no spatial organization of the site (Picin and Cascalheira, 2020), and carnivore damage on the bones 

(Vaquero, 2012; Yellen, 1991). Hearths from short occupation contexts are flat, simple, and exhibit thin ash 

layers (Mallol et al., 2007; Martínez-Moreno et al., 2004; Vallverdú Poch et al., 2012; Vaquero and Pastó, 

2001; Zieba et al., 2008). 

The majority of Middle Paleolithic sites have been interpreted as short-term occupations (Cep and 

Waiblinger, 2001; Conard and Prindiville, 2000; Galván et al., 2014a; Hovers, 2001; Lourdeau, 2011; 

Machado et al., 2013; Machado et al., 2015; Machado et al., 2016; Machado and Pérez, 2015; Marks and 

Chabai, 2001; Moncel et al., 2011; Mora et al., 2004; Rivals et al., 2009a; Roebroeks and Tuffreau, 1999; 

Rosell et al., 2015; Straus, 1982; Vallverdú et al., 2005a; Villaverde et al., 1996; Wallace and Shea, 2006). 

However, a few examples of possible long-term occupations have been documented, such as units XI-VIII 

in Kebara (Meignen et al., 1998; Meignen, 2019; Speth et al., 2012), Abric Romaní Level J (Vaquero, 2012), 

Aragó Cave Level G (Rivals et al., 2009b), and Saint-Césaire Level Egpf (Thiébaut et al., 2009).  

So far, research at El Salt conforms to the characteristic short-term occupation settlement patterns 

documented for Neanderthals. Specifically previously examined SU Xa, which targeted palimpsest 

dissection through a multiproxy approach to elucidate settlement patterns (Machado and Pérez, 2015; 

Molina Hernández et al., 2010) and corroborate previous evidence of high group mobility (Machado and 

Pérez, 2015; Pérez et al., 2020).   

As previously discussed (see Chapter 3.4.3), stratigraphic unit Xb generally resembles SU Xa 

regarding its microstratigraphic geogenic, biogenic, and anthropogenic features and its biomolecular lipid 

signatures. These similarities suggest similar depositional and postdepositional conditions. However, there 

is insufficient archaeological data to interpret the formation of this stratigraphic unit in terms of time and 

the nature of the human occupations associated with it. For now, our geoarchaeological data (Case Study I) 

has provided rough time estimates that suggest successive, brief, low impact human occupations with 

relatively long periods of time between them. This suggests that stratigraphic units Xa and Xb could 

represent Neanderthal groups with similar behavior regarding their settlement and mobility patterns. 

A recent archaeomagnetic study of undisturbed sedimentary samples from SU Xb (Herrejón 

Lagunilla, 2020) provided data and interpretations of the possible minimum time intervals between the 

combustion structures. A few of these combustion structures are the same ones studied here (Case Study 

I). The archaeomagnetic results indicate with a 95% confidence that the combustion structures - which were 

found on a single apparent surface, are diachronic, with several decades between them. Specifically, a 

minimum of 36 years elapsed between H50 and H57, 136 years between H50 and H55, and 30 years between 

H55 and H57 (Herrejón Lagunilla, 2020). These interpretations agree with the ones presented in Case Study 
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I: that there were long-term intervals between individual occupations and their corresponding combustion 

structures; sufficient time for incipient soil formation. Taken together, both lines of evidence underpin the 

possible high group mobility of the El Salt SU Xb Neanderthals.  

The thick ash layer and possible complex use history of combustion structure H77 from SU XI 

presented in this thesis (Case Study II) reflect a longer burning duration compared to the overlying 

stratigraphic unit Xb. Estimates on burning duration based on ash thickness point to a burning time of at 

least several days (Schiegl et al., 1994; Schiegl et al., 1996), a timeframe that covers both short and long-

termed occupations. Rough estimates on the ash volume of H77 according to its sizes (ø 30 cm, 5 cm depth), 

result in a volume of about 2300 cm3 (Formula of the volume of semi-ellipsoid: V = 2/3 * π * radius * 

radius * depth). According to the average volume of ash after burning 5 kg of wood (321 cm3) (Schiegl et 

al., 1994; Schiegl et al., 1996), it would take approximately 36 kg of wood to fill the basin shape of H77. 

However, the actual amount of wood was probably even higher due to the compaction and diagenesis of 

ashes (Schiegl et al., 1994; Schiegl et al., 1996). To completely burn this amount of wood, H77 must have 

burnt for several consecutive hours, or for several days, if the fire did not burn continuously. 

An ethnoarchaeological study reported a combustion structure with similar characteristics of the 

ash layer, which had been burnt a few times a day for a duration of two months (Mallol et al., 2007). The 

combustion structure exhibited a 7 cm thick ash layer; however, during its time of use, it was periodically 

maintained by scooping out ashes (Mallol et al., 2007). Hearth maintenance, such as scooping out ashes, 

was not observed in H77. The possible reworking goes in line with the evidence for relighting and must 

have happened at the beginning of the firing process.  

Also, in possible relation to the issue of time is the thick RL of up to 2 cm of H77. Archaeomagnetic 

analyses confirmed temperatures of at least 600 °C for the RL, and according to Aldeias et al. (2016), it takes 

up to 2.5 hours of continuous heating at 950 °C to reach 600 °C at 2 cm below the surface. In a field 

experimental fire fueled by charcoal on top of limestone-sand and quartz, 600 °C at 2 cm below the surface 

is reached after 5 hours (Aldeias et al., 2016). In clayey silt, reaching a temperature of 600 °C at 2 cm would 

take even longer (Aldeias et al., 2016). Due to the presence of H77 in a pit structure and its resulting limits 

to reach high temperatures such as the insulating effects of the pit and the rapid infilling of ashes, the fire 

must have burned for at least several hours if not days to reach such a high temperature in the RL.  

Several other lines of evidence support the H77 combustion structure's complex use history: the 

uncommonly high temperatures that left behind a combustion structure containing no charred plant remains 

and the possible reworking and relighting during its use, visible in microstratifications of the RL and WL. 

For now, this evidence agrees with the existence of a longer-term Neanderthal combustion structure, 

possibly indicating longer-term Neanderthal occupation in SU XI relative to those documented in SU Xa 

and Xb. To corroborate that the H77 combustion structure possibly represents human occupation lasting 

months rather than days, archaeological evidence of maintenance behaviors, such as hearth rake out and 

ash dumping, which can be identified using micromorphology (Goldberg, 2003; Kuhn et al., 2009; Mallol 

et al., 2007; Meignen et al., 2007; Schiegl et al., 2003), could be sought in future investigations of SU XI, as 
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such behaviors have been described in long-term hunter-gatherer occupation contexts (Binford, 2002; 

Spagnolo et al., 2018; Stevenson, 1991; Vaquero, 2012; Vaquero et al., 2015). 

Diachronic change in settlement dynamics has been previously documented in Kebara (Meignen, 

2019), another Neanderthal site. Considering this evidence, which is suggestive of Neanderthal behavioral 

variability, a possible change in settlement dynamics from longer-termed occupation episodes in SU XI 

relative to SU X at El Salt deserves further investigation from multiple lines of research. Besides the 

previously mentioned micromorphological indicators of long-term human occupation, the presence of an 

archaeological record reflective of diverse domestic activities, as has been documented in long-term 

basecamps (Binford, 1980, 1982), could be sought.    

The geoarchaeological, microcontextual proxies of Neanderthal behavior presented in this thesis 

provide clues for advancing current debates surrounding Neanderthal settlement dynamics and group 

mobility. However, further multidisciplinary studies yielding multiproxy data are necessary to resolve 

inconclusive aspects and contribute robusticity to our interpretations. For now, SU Xa’s, convincing 

evidence points towards low-impact, short-term occupations and defines the Neanderthals as having high 

group mobility. Complementary geoarchaeological, microcontextual data on this stratigraphic unit could 

provide further support. For SU Xb, multidisciplinary archaeological data needs to be obtained to test the 

geoarchaeological interpretations presented here and to be able to compare Stratigraphic units Xa and Xb. 

For SU XI, multidisciplinary investigations, including geoarchaeology, have not been carried out yet, as 

excavations have not unearthed the deposit yet. Future work will shed light on the preliminary ideas 

presented here.  

In this dissertation, I present data obtained through a bottom-up approach, based on hypothesis 

building from direct empirical evidence. This approach leaves many of the “big questions” unanswered but 

at the same time, reveals which questions can be more readily addressed through investigations of the 

archaeological record. In the topic of hunter-gatherer settlement patterns, hypotheses are often built from 

ethnographic observation, and the degree to which the ethnographic reality and observations derived from 

it are comparable with the archaeological and geoarchaeological counterpart, is questionable. Future increase 

in archaeological and geoarchaeological data with comparable degrees of resolution will validate or reject 

the ethnographic models and advance the current debates on Neanderthal settlement patterns. 

6.2.2 Neanderthal pyrotechnology 

Anthropogenic actions and natural processes related to fires could be differentiated and determined 

for all studied combustion structures of case studies I and II, bringing us closer to identifying Neanderthal 

pyrotechnological behavior. Following these considerations, at El Salt, our studies have revealed the 

existence of two main types of combustion structures: Simple, flat structures built on a vegetated surface 

and a hearth placed in a pit that reached very hot temperatures and burned for a long duration and 

presumably multiple times.  

Most Middle Paleolithic sites contain combustion structures (Roebroeks and Villa, 2011 and 

references therein), and a great majority of them are simple, flat, circular, sometimes multi-layered structures 
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with distinct perimeters and visible internal stratigraphy (RL-BL-WL) (Martínez-Moreno et al., 2004; 

Vallverdú Poch et al., 2012; Vaquero and Pastó, 2001; Zieba et al., 2008). As discussed before, at El Salt, 

these combustion structures reflect short-term occupations, in agreement with the currently accepted 

hypothetical Neanderthal settlement patterns (see Chapter 6.2). At El Salt, combustion structures show 

variation in size, proportions of components such as flint and bones tossed in the fire (see Chapter 3), and 

fuel type input (Vidal-Matutano, 2016; Vidal-Matutano et al., 2017; Vidal-Matutano et al., 2018). These 

variations could reflect variation in Neanderthal behavior or explain random variation or variation in 

material availability. For now, the sample is too small for statistical analysis.   

Besides variable size, components, and fuel types, El Salt combustion structures also show variable 

wood ash deposits. However, some degree of variation could be explained by erosion rather than 

pyrotechnological variability. In the investigated combustion structure assemblage of SU Xb, four out of 

eleven combustion structures comprise an ash layer, ranging in thicknesses between 2 and 10 mm. It can be 

assumed that each combustion structure initially comprised an ash layer, most likely with varying thickness, 

but some ash layers were preserved, while other ash layers disappeared. The disappearance of the ash layer 

can be either explained by mechanical erosion such as aeolian processes or by the chemical dissolution of 

calcite (Mallol et al., 2017). In fact, the preservation of ashes of these four combustion structures and the 

pit hearth is peculiar, since El Salt is regarded as an open-air (Galván et al., 2014a; Galván et al., 2014b) or 

semi-open-air site (Vidal-Matutano, 2016; Vidal-Matutano et al., 2017; Vidal-Matutano et al., 2018), and 

open-air sites rarely preserve ashes (Friesem et al., 2014a and references therein). This preferential 

preservation could be explained through partial protection of the site by the inclination of the limestone 

wall and by possible rapid covering by leaves in the fall as experimentally demonstrated by Mallol et al. 

(2013a; 2013b). Nevertheless, the difference between the ash layer of H77 and the ashes of the combustion 

structure assemblage of Xb is significant and is unlikely to arise from different weathering or erosion 

conditions.  

The pit hearth-type at El Salt is so far represented by a single occurrence in SU XI. It is different 

from all the studied SU X combustion structures in different ways. It was built in an anthropogenically or 

naturally formed pit, does not possess a black layer, and has been heated to temperatures that exceed those 

usually reached in documented archaeological and experimental flat and pit hearths (Aldeias et al., 2016; 

Bellomo, 1993; Bentsen, 2012, 2013; Braadbaart et al., 2012; Canti and Linford, 2000; March et al., 2014; 

Peeters and Niekus, 2017; Sievers and Wadley, 2008; Stiner et al., 1995). Whether the pit was dug out or 

naturally present, the fire was most likely intentionally placed in the pit. The fact that the entire fill of the 

pit consists of ash components indicates that the pit was empty at the time of burning. This evidence 

suggests that the El Salt Neanderthals had pyrotechnological knowledge involving a distinction between flat 

and pit hearths.  

Archaeological and experimental studies have shown that pit hearths can be used for hide smoking, 

charcoal burning, and cooking (Mallol et al., 2007; Skibo and Schiffer, 2008; Wandsnider, 1997; Zerboni et 

al., 2013). These activities require lower temperatures than those usually associated with flat surface fires 

(March et al., 2014; Peeters and Niekus, 2017). Lower temperatures can be achieved by reduced oxygen 
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input from the contained depression and the rapid infilling of thermally insulating charcoal and ash (Aldeias 

et al., 2016; Canti and Linford, 2000; Mallol et al., 2017; March et al., 2014), resulting in a slower, incomplete 

combustion rich in charcoal (March, 1992; March et al., 2014). However, these observations are not in 

accordance with the H77 pit hearth results, since we estimated temperatures in the H77 substrate (RL) of 

between 500 °C and 600 °C, and complete combustion. At this point, the function of a pit hearth reaching 

high temperatures and the pyrotechnological operational sequences underlying its making remains 

unexplained. 

Previous evidence of different elements of Neanderthal pyrotechnology that were not identified in 

our studies include the use of bone fuel (Costamagno et al., 2005; Costamagno et al., 2008; Théry-Parisot, 

2002a; Yravedra et al., 2016; Yravedra and Uzquiano, 2013), and the use of lignite and liquid hydrocarbons 

as fuel (Courty et al., 2012; Théry-Parisot and Meignen, 2000). Even though the input of bones into the fire 

has been documented at H77, the number of bones compared to the amount of wood ashes suggest that 

bones were not a significant fuel source. Instead, the bones were most likely tossed in the fire as refuse. El 

Salt conforms to the bulk of Neanderthal cases, in which wood is the primary fuel source and supplementary 

fuels are not documented (Albert et al., 1999; Albert et al., 2012; Madella et al., 2002; Shahack-Gross et al., 

2008). Notably, the cited evidence comes from investigations carried out using methods that might overlook 

certain fuel residues such as lignite and liquid hydrocarbons. The techniques used in our studies are 

appropriate to identify such fuel types. At El Salt, the use of rotten wood fuel was identified and interpreted 

as evidence of smoking fire practice (Vidal-Matutano et al., 2017). Through Case Study III, we found Weissia 

moss being a possible additive to fires, even though use as auxiliary fuel is unlikely.  

Besides fuel source variability, several Middle Paleolithic sites have yielded evidence of variability 

in hearth morphology: Grotte du Bison (a 20x30 cm stone-lined hearth) (Baffier and Girard, 1997; Farizy, 

1990; Leroi-Gourhan, 1961), Vilas Ruivas (two crescent-shaped stone structures, one with a hearth inside 

of it, the other with two) (Bicho, 2004; Raposo, 1995), Les Canalettes (a stone-lined hearth) (Meignen, 1993; 

Théry-Parisot and Meignen, 2000), Bolomor (two stone-lined hearths) (Fernández Peris, 2007), Port Pignot 

(a rectangular hearth surrounded by stones) (Cliquet and Lautridou, 2009), Abri du Rozel (a stone-lined 

hearth) (van Vliet-Lanoë et al., 2006) and Pech de l’Azé II (some stone-lined hearths) (Bordes, 1971; Straus, 

1989). So far, we did not identify stone-lined hearths at El Salt SUs X and XI. One of the SU Xb combustion 

structures, H50, showed peculiar macroscopic features in the field: its BL, which was greasy to the touch 

and very dark in color, preserved cobble-sized imprints on its surface (see Fig. 3). The data presented here 

(Case Study I) show that the greasy BL is made up of a heterogeneous mixture of plant matter, including 

wood and most likely twigs or branches, as well as a significant amount of fibrous material. Although the 

function of combustion structure H50 remains unknown, its peculiar macroscopic and microstratigraphic 

features suggest further variation in El Salt SU Xb's combustion structures. At a higher level, these data 

suggest variable and possibly complex Neanderthal pyrotechnological behavior. 

As Speth (2004) described in his (news) article on Neanderthal mental competence, inadequate 

cognitive abilities were ascribed to Neanderthals, solely on negative or missing evidence. Today, 

archaeological science has provided some of the formerly missing evidence and shown variable use of space 
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(Henry, 2003; Henry et al., 2004; Spagnolo et al., 2018; Vallverdú et al., 2010), evidence for sophisticated 

stone tool technology (e.g., Delpiano et al., 2019), tar production (Koller et al., 2001; Kozowyk et al., 2017; 

Niekus et al., 2019; Pawlik and Thissen, 2011; Schmidt et al., 2019; Wragg Sykes et al., 2015), wooden tool 

manufacture (Aranguren et al., 2018) and fiber technology (Hardy et al., 2013; Hardy et al., 2020). Regarding 

pyrotechnology, As shown in this investigation and discussed in the paragraphs above, there is a growing 

body of evidence suggesting that Neanderthals were competent fire makers and had a rich and diverse 

pyrotechnology. 

6.3 Methodological Considerations 

In this work, micromorphology and lipid biomarker analysis helped answer the initial research 

questions. Recalling the chapters on the significance of both methods and the benefits of their combination 

(Chapter 2.2.1and 2.3.1), they are indeed well-suited techniques to analyze and interpret archaeological 

combustion features (Allué et al., in prep; Mallol et al., 2017). The results obtained through 

micromorphology corroborate the great potential of this independent geoarchaeological technique to obtain 

empirical data on behavioral, paleoenvironmental, and genetic aspects of archaeological sedimentary 

contexts related to combustion. Specifically, micromorphology allowed us to study Neanderthal combustion 

features from El Salt SUs X and XI at small (microscopic) scales of observation, which helped identify and 

contextualize components of biogenic, anthropogenic, and lithological origin. Microscopically thin rubified 

sedimentary layers and ash layers could be identified and examined and helped create a comprehensive 

picture of Neanderthal combustion structures. Furthermore, micromorphology contributed to SU Xb's 

palimpsest dissection by identifying occupation and abandonment periods and a low Neanderthal impact 

on the sediment and combustion structures. Micromorphology also provided insights into possible 

anthropogenic reworking and relighting activities in combustion structure H77 and, together with data from 

other techniques, allowed us to examine the degree of heating of the underlying red layer.  

Lipid biomarker analysis is a relatively new approach in archaeological combustion feature research. 

Nevertheless, it yielded relevant data, and it was possible to integrate it with the micromorphological data 

towards meaningful interpretations.  The lipid biomarker studies presented here contribute to the small set 

of literature on this topic (Brittingham et al., 2019; Lejay et al., 2016; Sistiaga et al., 2014; Sistiaga Gutiérrez 

et al., 2011).  Our case studies show that the n-alkane analysis can contribute valuable information besides 

what this kind of analysis is best known for: providing paleoenvironmental data based on the identification 

of particular plant-type biomarkers present in this lipid fraction. In this thesis, the n-alkanes provided 

pyrotechnological information relevant to advance our knowledge of Neanderthal pyrotechnology. Along 

the lines of previous work (Diefendorf et al., 2015; Eckmeier and Wiesenberg, 2009; Jambrina-Enríquez et 

al., 2018; Jambrina-Enríquez et al., 2019; Knicker et al., 2013; Wiesenberg et al., 2009), here we showed that 

thermal alteration of plants leads to specific n-alkane thermal degradation profiles and these can be used as 

proxies to identify in situ burning in archaeological contexts or approach the history of individual 

archaeological combustion features.  Other components found in our case studies, particularly the 
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terpenoids, were shown to be good indicators for vegetation present in the site's natural surroundings. Lipid 

preservation in the BL and combustion substrate sediments from El Salt SUs X and XI is good and allows 

for identifying a diversity of compounds, many of them biomarkers. This observation motivates future lipid 

biomarker research at different Neanderthal sites. Although good lipid preservation at El Salt may be partly 

due to geographic and diagenetic factors, previous studies set forth the potential of combustion-related 

black sedimentary layers as sources of lipid biomolecular residues (Buonasera et al., 2019; Mallol et al., 

2013a) and suggest that targeting geographically distant and diagenetically different archaeological contexts, 

might also yield well-preserved lipids.  

In combination, the micromorphological and biomolecular lipid data helped build a comprehensive 

picture of the archaeological combustion features from El Salt SUs X and XI. Both kinds of data 

complemented each other at different stages of the analysis and later, at the interpretative stage. 

Micromorphology served as a map to contextualize the lipid biomarker samples within the combustion 

structure. By identifying diagenetic and physical processes (such as bioturbation, anthropogenic reworking), 

we had the necessary information on the depositional source and state of preservation of the sedimentary 

context to assess the meaning of the lipid data.  In turn, biomolecular lipid analysis aided 

micromorphological interpretation in narrowing down possible sources of unidentified black particles and 

amorphous black matter observed in the thin sections. For interpretation of the ash layers, we turned to 

micromorphology again, as high temperatures break down lipid molecular compounds and they disappear. 

Instead, the micromorphology of the ash components (microstructures, pseudomorphs, and fire-resistant 

residues helped to identify fuel sources. In sum, a combined use of micromorphology and lipid biomarker 

analysis from a geoarchaeological perspective, with the resulting data from each technique complementing 

the other at different stages of the investigation, can lead to archaeologically significant contributions.  

 

6.4 Future perspectives 

Based on these conclusions, archaeologists should consider applying this sampling and analysis 

strategy to other Middle Paleolithic sites and their combustion structures to aid in piecing together a general 

knowledge of Neanderthals and their behavior. This would facilitate the comparison of Neanderthal 

behavior across regions and timeframes. It would enable us to see patterns in hearth construction, 

anthropogenic input, pyrotechnology, and settlement patterns. An extensive study of pit hearths or pit 

structures from other Middle Paleolithic sites would be especially interesting to enable a comparison to the 

pit hearth from El Salt.  

Geoarchaeologists should continue collecting and analyzing reference samples for both 

micromorphology and lipid biomarker analysis to build a database with possible contributions to the 

interpretation of the archaeological fire record and to facilitate the identification of compounds at the site 

level. In case of negative results and mismatches between the reference sample and undetermined 
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archaeological material, researchers should not be discouraged. Negative results are also useful and should 

be included in the reference database for future research advances. 

Future research is needed to determine the possible change in settlement dynamics identified in El 

Salt SU XI. This entails excavation and multidisciplinary investigations of the archaeological record (lithics, 

faunal remains, combustion features, and the microscopic and molecular record). Regarding the 

geoarchaeological strategy for the investigation of combustion features at El Salt, I recommend following a 

similar methodology as in SU X, based on systematic, georeferenced sampling for archaeomagnetism, 

micromorphology, phytolith analysis, geochemistry (organic and inorganic), and flotation for anthracology.  

Such multidisciplinary strategy will allow for empirically founded interpretations of Neanderthal behavior 

and coherent comparisons between SUs X and XI.  
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7. General Conclusions 

This thesis was aimed at advancing our knowledge on Neanderthal behavior by gaining insight into 

Neanderthal pyrotechnology, group mobility, and settlement patterns. High-resolution, microcontextual, 

geoarchaeological investigations of a series of Neanderthal combustion structures and their surrounding 

sediment were carried out using combined micromorphology and lipid biomarker analysis. The objectives 

of this dissertation were: 1) to identify isolated occupation episodes, 2) to obtain high temporal and spatial 

resolution data related to fire use within possible single occupation events, 3) to determine anthropogenic 

(and other) residues preserved in Neanderthal combustion structures and 4) to explore the resulting data 

through experimentation.  

These objectives were solved to an acceptable degree. Single occupation episodes were identified 

in Case Study I, which enabled the acquisition of temporal and spatial data in the form of microscopic and 

molecular data. For Case Study I and II, possible sources of anthropogenic and natural input into the 

combustion structures were determined, providing pyrotechnological information and information about 

the natural paleovegetation at the site. Finally, an experimental approach was undertaken to explore the 

undetermined fuel source observed in combustion structure H77, showing moss as a solid reference to 

which we compared our archaeological material, after which the presence of moss in this fire still cannot be 

ruled out. 

The results contributed information on different aspects of the behavior of the Neanderthal groups 

living at El Salt during the times in which stratigraphic units X and XI formed. This information is 

summarized below. 

 

Regarding Neanderthal settlement dynamics: 

- The SU Xb Neanderthal occupations had a low impact on their sedimentary substrate, which is 

predominantly geogenic and biogenic in its composition and structure and shows a weak 

anthropogenic signature. 

- The time elapsed between successive Neanderthal occupation episodes during the formation of SU 

Xb was sufficiently long to enable incipient soil formation and significant buildup of biogenic refuse 

(excrements and plant litter). 

- Evidence of low impact human occupation and prolonged site abandonment suggests high group 

mobility. 

- SU XI preserves a pit hearth with a thick ash layer and signs of reworking and relighting, which 

could reflect longer-termed occupations compared to those from SU X.  

- The possibility of long-term Neanderthal occupation in SU XI based on the pit hearth evidence 

raises the possibility of a change in settlement dynamics from stratigraphic unit XI to X, which 

would imply Neanderthal behavioral variability. 
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Regarding Neanderthal pyrotechnology: 

- El Salt SU Xb combustion structures conform to our previous knowledge on the characteristic 

types of Neanderthal fires: simple, flat, short-lived fires fueled by pine wood.  

- In selecting their woody fuel, Neanderthals excluded tree species present in the immediate 

surroundings. 

- El Salt SU XI pit hearth is evidence of Neanderthal pyrotechnological variability and suggests 

complex (unknown) pyrotechnological operational sequences.   

- Neanderthals made high-temperature fires, as evidenced by the SU XI pit hearth. 

- Moss is an inefficient fuel that hampers combustion. Its possible presence in Neanderthal 

combustion structure residues remains unexplained.  

- Future excavations, geoarchaeological studies of combustion structures, and the study of fauna and 

lithics are needed to accept or deny the hypothesis of a shift in settlement patterns in XI. Until 

then, we need to refrain from generalizing the observations made on H77 to the remaining 

combustion structure assemblage of SU XI. Nevertheless, H77 is an exceptional combustion 

structure due to its different characteristics such as burning duration, high temperatures reached, 

and the placement in the pit, and describes variability in pyrotechnology and variability in general 

Neanderthal behavior. This is an important puzzle piece towards a better understanding of 

Neanderthals.  

 

In the future, this research can be followed up by further multidisciplinary investigations, including: 

- High-resolution geoarchaeological investigation of SU Xa for future comparison to the data from 

SU Xb presented here. 

- Analysis of the lithic and faunal record from SU Xb for its combination with existing 

anthracological and geoarchaeological data (archaeomagnetic data and data from this thesis). 

- Multidisciplinary archaeological excavation and analysis (combined lithic, zooarchaeological, 

anthracological, and high-resolution geoarchaeological studies) of SU XI for future comparison 

with data from SU X and to test the settlement dynamics hypothesis that emerged from our 

investigation of the SU XI pit hearth. 

- Multidisciplinary archaeological excavation and analysis (combined lithic, zooarchaeological, 

anthracological, and high-resolution geoarchaeological studies) of Neanderthal contexts to compare 

resulting data from the data presented here and gain insight on Neanderthal behavior and on the 

scope of our combined geoarchaeological methodology when considering variables such as 

geography and diagenesis.  

- Experiments and ethnoarchaeological investigations to elucidate the possible reasons for the 

presence of moss in archaeological combustion features, including possible functions of moss in 

fire-related human activities or accidental input. 
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- Experimental burning of additional plants related with anthropogenic combustion activities based 

on ethnographic evidence to engross the existing micromorphological and lipid biomarker 

reference database.   

 

The combination of micromorphology and lipid biomarker analysis in combustion structure 

research has proven particularly useful. The lipid biomarker data suggests that the lipid sedimentary record 

may be well preserved and yield beneficial data despite the age of the sedimentary deposit.  

I hope this dissertation will motivate other researchers and archaeologists to apply similar methods 

to investigate combustion structures at other Middle Paleolithic sites. In the future, a comprehensive corpus 

of high-resolution data on Neanderthal combustion features will lead to a better understanding of 

Neanderthal pyrotechnology and behavior across a wide geological and temporal range.  

So far, we still “have only indirect means of knowing the courage and activity of the Neanderthals 

in the chase” (Osborn, 1914 p. 211), but by utilizing geoarchaeological and multidisciplinary analyses, we 

can, in fact, decipher their behavior through these indirect means.   
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Appendix 4  

Appendix 4 – Case Study 3 – Other compounds  
 unburnt error 150 error 250 error 350 error 450 error 550 error m3 error m4 error 

(3β,22E)-acetate-Ergosta-5,22-dien-3-ol     0.012 0.025 0.027 0.008                  

(3β,22E)-acetateStigmasta-5,22-dien-3-ol     0.226 0.169                      

(3β,22E,24S)-Ergosta-5,22-dien-3-ol     0.084 0.013                      

(3β,22Z)-acetate-Stigmasta-5,22-dien-3-ol 0.966 1.119   0.148 0.136                  

(3β,24R)-acetate-Ergost-5-en-3-ol 1.349 1.283   0.038 0.020                  

(3β,24S)-Stigmast-5-en 0.312 0.023   0.246 0.332                  

(5α)-Stigmastane-3,6-dione     0.122 0.065                      

2,4-Di-tert-butylphenol 3.435 0.844 1.843 0.273 0.454 0.197 0.260 0.009 0.472 0.182 0.328 0.146 0.031 0.014 0.084 0.462 

3,4-diethyl-1,1'-Biphenyl           0.009 0.011                

4,8,12,16-Tetramethylheptadecan-4-olide 0.042 0.080 0.395 0.018 0.079 0.040              0.041 0.018 

5-dodecylhydro-2(3H)-Foranone       0.052 0.055                  

6,10,14-trimethyl-2-Pentadecanone     0.051 0.019 0.229 0.113              0.047 0.015 

6-Hydroxy-4,4,7a-trimethyl-5,6,7,7a-
tetrahydrobenzofuran-2(4H)-one 

    0.008 0.003                      

9-Octadecenoic acid     0.012 0.014                      

Campesterol 1.220 1.716 2.197 0.612 0.642 0.504          0.018 0.023 0.019 0.000 

Cis, cis, cis-8,11,14-Eicosatrienoic acid     0.098 0.071                      

Cis, cis-9,12-Octadecadienoic acid     0.373 0.165                      

Cis-5,8,11,14,17-Eicosapentaenoic acid     0.041 0.008                      

Cycloartenol 3-acetate     0.040 0.002     0.217 1.064                

dimethyl ester of Nonanedioic acid           1.945 9.879                

Docosanoic acid     0.181 0.231                  0.009 0.000 

Dodecanoic acid     0.023 0.003                  0.007 0.000 

Eicosanoic acid     0.166 0.085                      

Hexacosanoic acid           0.283 0.686                

Hexadecanitrile           0.013 0.014        0.151 0.034 0.159 0.027 

Hexadecanoic acid 13.898 4.670 5.537 1.172 5.952 3.691 0.069 0.000 0.161 0.049 0.018 0.021 0.300 0.215 1.843 4.638 

Lignoceric acid     0.011 0.017                      

Linoelaidic acid       0.319 0.701                  

Linoleic acid 0.021 0.005                        

Lupeol 0.055 0.089                        

Monopalmitin     0.010 0.013 0.088 0.247              0.014 0.000 

Neophytadiene 1.253 0.533 1.991 0.205 0.245 0.189              0.065 0.038 

Nonanoic acid     0.060 0.014                      

Octadecanoic acid 0.268 0.062 0.580 0.169 0.559 0.267 0.571 0.841 0.170 0.071    0.029 0.041 0.325 0.482 

Pentadecanoic acid     0.077 0.094 0.108 0.204              0.007 0.000 

Phytol 0.400 0.097 1.569 0.204 0.226 0.038                  

Stigmast-5-en-3-ol, oleate 0.410 1.187                        

Stigmasta-3,5-dien-7-one       0.068 0.071                  

Stigmasta-3,5-diene 1.592 1.328   0.485 0.172                  

Stigmastan-3,5-diene 0.249 0.008 0.488 0.189 0.053 0.066                  

Stigmastan-6.33-dien, 3.5-dedihydro- 0.075 0.107                        

Stigmasterol 0.583 1.603 1.266 0.422 0.107 0.358          0.011 0.012 0.011 0.000 

Tetracosanoic acid 0.029 0.018 0.210 0.378                      

Tetradecanoic acid     0.052 0.025 0.052 0.087          0.005 0.003 0.013 0.000 

Uvaol     0.036 0.004                      

Vitamin E     0.072 0.190                         

γ-Sitostenone     0.201 0.061                      

γ-Sitosterol 0.474 3.725 1.718 0.644                      

                     

Sum 26.633 18.498 19.751 5.579 10.177 7.499 3.366 12.504 0.802 0.301 0.345 0.168         

                     

1-Heptatriacotanol                 0.010 0.001 

Isodextropimaric acid   Aromatic                  0.158 0.413 

(5α)-Androstane   Saturated fatty acids            0.065 0.096 0.409 2.537 

Dehydroabietic acid   unsaturated fatty acid                0.096 0.000 

Hexadecanol   fatty alcohol              0.117 0.017     

Methyl dehydroabietate   diterpene-alcohol/sesquiterpenoid/diterpenoid        0.100 0.012 

Octadecanol   triterpenoid              0.051 0.027     

Stigmastenol   phenol                0.041 0.027 0.047 0.000 

β-Sitosterol   sterol                    0.040 0.305 

   steroid                    

Sum   nitlrile                0.819 0.510 3.504 8.948 

   ketone                    

   lactone                    

   compound derived from stigmastenol, ergostanol        

   Other                    
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