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INVESTIGATING MICROSCOPIC AND MOLECULAR ORGANIC MATTER TO 

EXPLORE THE ROLE OF CLIMATE IN NEANDERTHAL SOCIAL AND 

CULTURAL EVOLUTION AT A REGIONAL SCALE 

 

ABSTRACT 

 The role of climate change is a recurrent theme in debates concerning the replacement 

of Neanderthals by anatomically modern humans across Europe and western Asia. The Iberian 

Peninsula is widely regarded as a key geographic location for understanding this process, 

owing to the apparent late survival of Neanderthal populations along its southern and western 

fringes. Despite this, relatively few long-term terrestrial palaeoclimate records are available 

against which hypotheses concerning climatic and ecological factors can be tested. Global 

climatic datasets from analyses of ice-cores obtained from the polar regions have provided a 

framework for understanding broad fluctuations in climate over geological timescales. At a 

higher scale of resolution, analysis of speleothems and palynological studies of marine cores 

off the Atlantic and Mediterranean coasts provide our most complete records of Pleistocene 

conditions throughout Iberia. Nevertheless, the extent to which these records accurately reflect 

regional and local terrestrial conditions in the areas inhabited by Neanderthal groups remains 

unclear. The persistence of locally favourable conditions in certain parts of the peninsula during 

periods of wider global climatic downturn cannot be discounted, and relatively few site-specific 

palaeoecological studies from human occupation contexts have been carried out. This presents 

a challenge for understanding long-term human-environment dynamics and the processes 

which drove the Middle to Upper Paleolithic transition.  

Compound-specific isotope analyses of sedimentary organic compounds, particularly 

hydrocarbons derived from fossil leaf waxes (n-alkanes), have recently emerged as a powerful 

palaeoclimate proxy for reconstructing palaeohydrological (hydrogen isotope) and 
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palaeoecological (carbon isotope) conditions at a high spatial and temporal resolution. This 

technique has been successfully applied in a wide range of terrestrial environments, however, 

has rarely been utilised in archaeological contexts. Here we combine compound-specific 

carbon and hydrogen isotope analysis of sedimentary n-alkanes with archaeological soil 

micromorphology, a well-established geoarchaeological method, to better understand the 

sedimentary context of the target organic compounds and any potential biases which might 

arise due to anthropogenic activity or post-depositional processes. We investigate 

palaeoenvironmental conditions at the Middle Palaeolithic sites of Abric del Pastor (MIS 5/4) 

and El Salt (MIS 3) in Alcoy, Eastern Iberia, in combination with traditional 

palaeoenvironmental proxies employed in archaeological research, including charcoal, 

microvertebrates, macro-faunal remains and pollen. In addition, an experimental study has 

been carried out to assess the degree of thermal alteration on hydrogen isotope signatures of 

different plant organs of Celtis australis, a common anthropogenic fuel source at the study 

sites. Our results reveal the strengths of integrated microscopic and molecular approaches to 

address archaeological questions, highlight new avenues for future research, and add new 

levels of detail to our understanding of the regional environmental variability that framed the 

disappearance of Neanderthal populations in Eastern Iberia. 
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INVESTIGAR LA MATERIA ORGÁNICA MICROSCÓPICA Y MOLECULAR PARA 

EXPLORAR EL PAPEL DEL CLIMA EN LA EVOLUCIÓN SOCIAL Y CULTURAL 

DE LOS NEANDERTALES A ESCALA REGIONAL 

 

RESUMEN 

 El rol de la variabilidad climática es un tema recurrente en las discusiones que rodean 

la sustitución de los neandertales por los humanos modernos en toda Europa y Asia occidental. 

La Península Ibérica se considera un lugar geográfico clave para entender este proceso, debido 

a la aparente pervivencia de las poblaciones neandertales en las regiones meridionales y 

occidentales de su territorio. A pesar de ello, se dispone de relativamente pocos registros 

paleoclimáticos terrestres lo suficientemente amplios para contrastar las hipótesis existentes 

sobre el rol de factores climáticos y ecológicos. Los análisis de las sondas de hielo de las 

regiones polares han aportado datos esenciales para construir modelos climáticos globales que 

abarcan escalas de tiempo geológicas. Los estudios palinológicos regionales de las sondas 

marinas de las costas atlánticas y mediterráneas son los registros paleoclimáticos pleistocénicos 

más completos para el estudio del ámbito ibérico. Sin embargo, aún no está claro hasta qué 

punto estos registros reflejan con exactitud las condiciones terrestres regionales y locales. No 

se puede descartar la persistencia de condiciones favorables a nivel local durante los periodos 

de enfriamiento global, y se han llevado a cabo relativamente pocos estudios paleoecológicos 

específicos de los contextos de ocupación humana correspondientes. Esto supone un reto para 

entender la dinámica sociedad-clima a largo plazo y durante la transición del Paleolítico Medio 

al Superior. 

El análisis de isótopos específicos de compuestos orgánicos sedimentarios, 

concretamente de hidrocarburos derivados de ceras de hojas fósiles (n-alcanos), ha surgido 

recientemente como proxy ambiental alternativo que facilita la reconstrucción de las 
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condiciones paleohidrológicas (isótopos de hidrógeno) y paleoecológicas (isótopos de 

carbono) con una alta resolución espacial y temporal. Esta técnica ha sido aplicada con éxito 

en una amplia gama de entornos terrestres, pero rara vez se ha utilizado en contextos 

arqueológicos. En esta tesis, combinamos el análisis de los isótopos de carbono e hidrógeno 

específicos de los n-alcanos sedimentarios con la micromorfología de suelos arqueológicos, 

técnica fundamental para caracterizar el contexto sedimentario de los compuestos orgánicos 

objeto de estudio y así detectar cualquier posible sesgo antrópico o natural, como la 

biodegradación. Aplicamos estas técnicas para investigar las condiciones ambientales en los 

yacimientos del Paleolítico Medio de Abric del Pastor (MIS 5/4) y El Salt (MIS 3) en Alcoy, 

Iberia oriental, en combinación con proxis paleoambientales tradicionalmente empleados en 

estudios arqueológicos: el carbón vegetal, los restos de macro y microvertebrados y el polen. 

Además, se realizó un estudio experimental para evaluar la influencia de la alteración térmica 

en las huellas isotópicas de hidrógeno en diferentes partes anatómicas de Celtis australis. 

Nuestros resultados ponen de manifiesto el gran potencial de la aplicación integrada de técnicas 

microscópicas y moleculares para la reconstrucción paleoambiental y contribuyen un aumento 

en el grado de detalle de los datos paleoambientales actuales de cara a nuestra comprensión de 

la variabilidad ambiental regional existente durante el periodo de desaparición de las 

poblaciones neandertales de Iberia oriental. 
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1 

 

Chapter 1: Introduction 

1.1. Neanderthal demise and the Middle to Upper Palaeolithic Transition 

The disappearance of Neanderthals approximately 38 kya (Higham et al., 2014) and their 

subsequent replacement by anatomically modern humans (AMH) coincides with a significant 

cultural and technological shift in the archaeological record, commonly referred to as the 

Middle to Upper Palaeolithic transition (MUPT). Despite constituting one of the richest and 

most well-studied archaeological and palaeontological records in the world, built through more 

than a century of focused research throughout Europe and western Asia, much debate still 

surrounds the nature and timing of the major biological and cultural changes that define the 

MUPT (Roebroeks, 2008; Blockley et al., 2008; Galván et al., 2014; Higham et al., 2014; 

Hublin, 2015; Greenbaum et al., 2018; Mihailović, 2019).  

Neanderthals and AMH diverged from a common ancestor between 550 - 765 kya (Prüfer et 

al., 2014). At present, the earliest secure dates for Neanderthal remains suggest that the species 

emerged approximately 400 kya, with a geographic distribution throughout much of Europe 

and western Asia. Genetic evidence demonstrates that interactions between Neanderthals and 

AMH, perhaps occurring as early as 100 kya in the region around the Levant, resulted in 

multiple episodes of genetic introgression and hybridisation (Sankararaman et al., 2014; 

Kuhlwilm et al., 2016; McCoy et al., 2017; Villanea and Schraiber, 2019; Price, 2020). This 

corresponds with archaeological and palaeontological evidence which demonstrates some 

degree of overlap in the geographic range of both Neanderthals and AMH for as much as 

15,000 years in the Levant and perhaps a few thousand years in Western Europe (i.e. 

contemporaneous habitation or coexistence within a region, though not necessarily overlapping 

or involving a high degree of contact at the local scale) (Shea, 2003; Gravina et al., 2005; Nigst 

et al., 2014). Archaeologically, the MUPT is expressed as a diachronic and regionally variable 

https://paperpile.com/c/mTwcQm/syX3
https://paperpile.com/c/mTwcQm/1rsc+GFLo+Qosl+syX3+1sGB+Rfiv+q1Xl
https://paperpile.com/c/mTwcQm/1rsc+GFLo+Qosl+syX3+1sGB+Rfiv+q1Xl
https://paperpile.com/c/mTwcQm/qb08
https://paperpile.com/c/mTwcQm/qb08
https://paperpile.com/c/mTwcQm/Yfnh+kGBX+viY3+HhYk+BTeU
https://paperpile.com/c/mTwcQm/Yfnh+kGBX+viY3+HhYk+BTeU
https://paperpile.com/c/mTwcQm/U3nr+okkI+yvJd
https://paperpile.com/c/mTwcQm/U3nr+okkI+yvJd
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succession of distinct stone tool industries (d'Errico et al., 1998; Bocquet-Appel and Demars, 

2000; Conard, 2011; Welker et al., 2016; Marín-Arroyo et al., 2018; Nigst, 2019). In Europe, 

incoming AMH groups, associated with Early Upper Palaeolithic (EUP) industries, arrived by 

at least 45-43 kya, eventually replacing the Mousterian industries associated with Neanderthals 

(Hublin, 2015; Roberts and Bricher, 2018). However, the authorship of certain transitional 

industries which have characteristics similar to both Mousterian and EUP assemblages remain 

the subject of ongoing debate (Welker et al., 2016; Villa et al., 2018)). There is disagreement 

as to the extent of the interaction, acculturation and genetic exchange which occurred between 

Neanderthals and AMH, however, what is clear is that by approximately 38 kya, Neanderthals 

had disappeared from the European archaeological record and the regions they formerly 

occupied came to be inhabited by AMH (Higham et al., 2014). 

The complex spatiotemporal patterning involved in this process of cultural and biological 

replacement has led to numerous, often competing, hypotheses being put forward to explain 

the demographic collapse of Neanderthal populations. These largely fall into two broad 

categories, though they are not mutually exclusive. The first of these attributes Neanderthal 

demise to some form of direct or indirect competition with incoming AMH groups. This 

includes various models of competitive exclusion (Banks et al., 2008; Klein, 2009; Gilpin et 

al., 2016), dietary differences (Hockett and Haws, 2005; Richards and Trinkaus, 2009), 

disadvantageous biological or behavioural capacities (Dibble et al., 2018; Goldfield et al., 

2018), differences in life history (Trinkaus, 1995, 2011), cognitive inferiority (Mellars and 

Stringer, 1989; Klein, 2003), and selectively neutral species drift (Kolodny and Feldman, 

2017). The second broad category highlights environmental factors, including viral disease 

(Underdown, 2008; Wolff and Greenwood, 2010) and significant volcanic eruptions 

(Golovanova et al., 2010; Morley, 2012; Fedele et al., 2016), but primarily focuses on the role 

https://paperpile.com/c/mTwcQm/NOVh+VIqO+BUSc+3gnD+x5rT+VCjs
https://paperpile.com/c/mTwcQm/NOVh+VIqO+BUSc+3gnD+x5rT+VCjs
https://paperpile.com/c/mTwcQm/1sGB+nQ15
https://paperpile.com/c/mTwcQm/3gnD+LGW1
https://paperpile.com/c/mTwcQm/syX3
https://paperpile.com/c/mTwcQm/df9B+LhCK+VkHE
https://paperpile.com/c/mTwcQm/df9B+LhCK+VkHE
https://paperpile.com/c/mTwcQm/9QJZ+npj2
https://paperpile.com/c/mTwcQm/YZbk+VkBG
https://paperpile.com/c/mTwcQm/YZbk+VkBG
https://paperpile.com/c/mTwcQm/FCLa+vXN4
https://paperpile.com/c/mTwcQm/hUWP+eRZD
https://paperpile.com/c/mTwcQm/hUWP+eRZD
https://paperpile.com/c/mTwcQm/UG8A
https://paperpile.com/c/mTwcQm/UG8A
https://paperpile.com/c/mTwcQm/6WV9+HH2q
https://paperpile.com/c/mTwcQm/bi4Z+FR1i+D46O
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of climate change (d'Errico and Sánchez Goñi, 2003; Jiménez-Espejo et al., 2007; Finlayson 

and Carrión, 2007). It is the latter with which this thesis is concerned. 

1.2. Neanderthals and climate in the Iberian Peninsula 

Climatic and environmentally deterministic explanations for Neanderthal replacement by 

AMH have been prominent since at least the 1980s (Leroyer and Leroi-Gourhan, 1983; 

Leroyer, 1988) and continue to have much traction (Finlayson, 2004; Sepulchre et al., 2007; 

Burke et al., 2014; Daura et al., 2017; Staubwasser et al., 2018). Global climatic records from 

a range of proxy sources suggest that the MUPT occurred during the climatically unstable 

Marine Isotope Stage 3 (MIS 3) and was preceded by a series of relatively abrupt climatic 

oscillations (Adams et al., 1999;  Maslin et al., 2013; Rasmussen et al., 2014; Sánchez Goñi et 

al., 2008). The transition itself spanned a number of Dansgaard–Oeschger (DO) millennial-

scale cold phases between Greenland Interstadial 12 (GI12) and Greenland Interstadial 8 (GI8) 

(Rasmussen et al., 2014). In addition, evidence of ice-rafted debris (IRD) from North Atlantic 

marine sediment cores, among other sources, attests to the significance of Heinrich Events 

(HE) on northern hemisphere climate conditions (Sánchez Goñi et al., 2008). In particular, HE 

5 (c. 50 - 47 kya) and HE 4 (c. 39 kya) have been argued to have played an important role in 

the replacement of Neanderthals by AMH (Mellars, 2006; Sepulchre et al., 2007; Müller et al., 

2011). It has also been argued that Neanderthals, as a mid-latitude species, only expanded their 

range into more northern parts of Europe during phases of relative climatic amelioration and, 

consequently, were detrimentally impacted by the severe cold conditions and global climatic 

deterioration of MIS 4 (71 - 57 kya), a situation then exacerbated by the subsequent climatic 

instability during MIS 3 (Finlayson, 2004). From this perspective, the Iberian Peninsula has 

been proposed as a potentially important 'climatic refugium', which could have provided more 

hospitable conditions during periods of wider climatic and environmental deterioration, 

perhaps facilitating the late survival of Neanderthal groups in the southern and western regions 

https://paperpile.com/c/mTwcQm/CSfi+UcT1+20Ms
https://paperpile.com/c/mTwcQm/CSfi+UcT1+20Ms
https://paperpile.com/c/mTwcQm/V6cv+GeNS
https://paperpile.com/c/mTwcQm/V6cv+GeNS
https://paperpile.com/c/mTwcQm/QrNL+0oio+Pm69+lBHE+x772
https://paperpile.com/c/mTwcQm/QrNL+0oio+Pm69+lBHE+x772
https://paperpile.com/c/mTwcQm/b8fv+xPx4
https://paperpile.com/c/mTwcQm/b8fv+xPx4
https://paperpile.com/c/mTwcQm/lkii
https://paperpile.com/c/mTwcQm/UHEh
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(Zilhão and Pettitt, 2006; Finlayson et al., 2007; Jennings et al., 2011; López-García et al., 

2014).  

Palaeoclimate data from Greenland ice-cores and deep-sea sediments collected off the Atlantic 

Iberian margin and in the Western Mediterranean Sea constitute the most complete records for 

reconstructing environmental conditions in the Iberian Peninsula during MIS 4 and MIS 3 

(Sánchez Goñi et al., 2008; Rasmussen et al., 2014). It has been suggested that during Heinrich 

events, mean annual precipitation (MAP) throughout the Peninsula was approximately 400 mm 

less than present-day values. This coincided with winter temperatures 6 - 13 °C lower. MAP 

values during temperate climate phases, on the other hand, were between 600 - 800 mm, with 

winter temperatures similar to conditions today (Cacho et al., 1999; Sánchez Goñi et al., 2008). 

It is argued that cold climatic phases marked by low MAP values would have likely seen the 

development of desert-steppe vegetation over large areas, with a dramatic reduction in 

vegetation cover to less than 25 % of modern values (d'Errico and Sánchez Goñi, 2003; 

Sepulchre et al., 2007). It is unclear, however, the extent to which reconstructions based on ice-

core and deep-sea sediments, or temporally discontinuous terrestrial palynological sequences, 

reflect conditions across the whole of the Peninsula. Iberia is characterised by a heterogeneous 

mountainous topography, which when combined with Atlantic and Mediterranean climatic 

influences, creates local environmental conditions which can vary significantly even across 

relatively short distances. While additional sources of information, such palynological, 

palaeobotanical and palaeontological remains recovered from archaeological contexts (López-

García et al., 2013; Daura et al., 2017; Ochando et al., 2019; Fernández-García et al., 2020), 

continue to provide valuable site-specific data, these proxies rely on physical plant and animal 

remains which may be subject to taphonomic or preservation biases and often do not survive 

or are unsuitable for the reconstruction of long-term continuous environmental sequences. This 

represents a considerable drawback for investigating the role of climate in Neanderthal social 

https://paperpile.com/c/mTwcQm/DeXS+awRE+cb9f+yVcf
https://paperpile.com/c/mTwcQm/DeXS+awRE+cb9f+yVcf
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and cultural evolution. It is important that archaeologists work to improve the spatio-temporal 

resolution of climatic reconstructions within and across the Peninsula in order to better test 

competing hypotheses concerning climatic deterioration during MIS 4 and abrupt climate 

change events, like HE 4 or HE 5, on Neanderthal populations at the local scale. This is 

essential if archaeologists are to disentangle the complex causal, probable and correlative 

relationships between coarse trends in environmental and archaeological records (see Coombes 

and Barber, 2005; Barnes and Dove, 2015; Contreras, 2016; Arponen et al., 2019). To this end, 

novel palaeoclimate proxies which focus on the microscopic and molecular record preserved 

in sediments represent a promising avenue of research and are the focus of the present work.  

1.3. Objectives 

The aim of this thesis is to present a systematic palaeoenvironmental study of two key Iberian 

Middle Palaeolithic sites, to yield new sources of information for approaching the relationship 

between Neanderthals and their environments, as well as to provide a solid base for the 

application of a novel microscopic and molecular approach in archaeological research. 

Archaeological soil micromorphology is now a well-established method in geoarchaeological 

studies across the world but has generally focused on aspects of site formation, post-

depositional processes and human behaviour (Goldberg and Berna, 2010; Stoops et al., 2010; 

Nicosia and Stoops, 2017). Although climatic and environmental signatures are discernable at 

the microstratigraphic scale (Vliet-Lanoë, 2010), the method has rarely been combined in a 

systematic fashion with other sedimentary climate proxies, particularly those based on 

molecular and isotopic analyses of organic compounds (e.g. Bush and McInerney, 2013; Zhang 

et al., 2014; Jambrina-Enríquez et al., 2016; Jordan et al., 2017; Jansen and Wiesenberg, 2017). 

It is well known that compound-specific 2H/1H and 13C/12C ratios (δ2Hwax and δ13Cwax) in leaf 

waxes are determined by climatic and environmental controls (Yang and Huang, 2003; Sachse 

et al., 2006; Sachse et al., 2012; Collins et al., 2013; Diefendorf and Freimuth, 2017; Wu et al., 

https://paperpile.com/c/mTwcQm/pwEi+8jO1+fJT7+M4Vm/?prefix=see%20e.g.,,,
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2018). The integration of archaeological soil micromorphology and isotopic analyses of 

sedimentary lipid biomarkers offers a new approach to palaeoclimate reconstruction and the 

potential to link climate and human behaviour at a high scale of spatial and temporal resolution. 

There are, however, several challenges involved. For instance, the preservation of these 

compounds in Pleistocene sediments is not always optimal. In addition, lipid molecular climate 

proxies have almost exclusively been applied in non-archaeological contexts where the 

potential for anthropogenic alteration of the climatic signal, for instance through burning, is 

entirely absent or very limited. Owing to a lack of focused research on the topic, the extent of 

anthropogenic alteration and the applicability of these methods in archaeological contexts is 

not well understood. Archaeological soil micromorphology, however, in addition to providing 

an alternative source of climatic and environmental information, offers one avenue for 

determining anthropogenic or biogenic impact on sediments and thus the integrity and 

suitability of sedimentary sequences for lipid molecular analyses. Consequently, in this thesis, 

these methods are applied together for the first time in Pleistocene archaeosedimentary 

contexts. The objectives are: 

i. To explore the suitability of Pleistocene archaeosediments for lipid molecular and 

compound-specific isotope analysis of fossil leaf waxes (n-alkanes) for palaeoclimate 

reconstruction. 

ii. To characterise the palaeoclimatic framework for the Neanderthal occupations recorded 

in Abric del Pastor (MIS 5/4) and El Salt (MIS 3). 

iii. To investigate the complementarity of archaeological soil micromorphology and 

molecular sedimentary proxies in tandem with traditional palaeoenvironmental proxies 

used in archaeological research, specifically charcoal, microvertebrates, macro-faunal 

remains, pollen and non-pollen palynomorphs. 

https://paperpile.com/c/mTwcQm/tYI4+GFs7+JcOR+dO2t+ORTm+6yNw
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iv. To determine whether the environmental and climatic data from these sites implicate 

climate change or abrupt climate events in the disappearance of Neanderthals from 

Eastern Iberia. 

1.4. Hypotheses 

The specific hypotheses formulated and tested in this thesis are defined at the outset. In each 

case, a null hypothesis (H0) will be examined through the evidence presented in this thesis and 

tested against a competing alternate hypothesis (H1). 

Hypothesis I:  

H0 – Archaeosediments from Middle Palaeolithic sites in Eastern Iberia do not preserve 

a microscopic and molecular record of Pleistocene climate conditions. 

H1 – Archaeosediments from Middle Palaeolithic sites in Eastern Iberia do preserve a 

microscopic and molecular record of Pleistocene climate conditions. 

Hypothesis II:  

H0 – Combined microscopic and molecular analyses of sediments at the study sites do 

not allow accurate and precise reconstruction of past climatic and environmental 

conditions. 

H1 – Combined microscopic and molecular analyses of sediments at the study sites do 

allow accurate and precise reconstruction of past climatic and environmental conditions. 

Hypothesis III:  

H0 – Sedimentary microscopic and molecular climate proxies cannot be usefully 

compared with traditional palaeoenvironmental proxies used in archaeological research. 

H1 – Sedimentary microscopic and molecular climate proxies can be usefully compared 

with traditional palaeoenvironmental proxies used in archaeological research. 
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Hypothesis IV:  

H0 – Sedimentary microscopic and molecular climate proxies do not indicate unstable 

environmental conditions during MIS 3 in Eastern Iberia. 

H1 – Sedimentary microscopic and molecular climate proxies do indicate unstable 

environmental conditions during MIS 3 in Eastern Iberia. 

Hypothesis V:  

H0 – There is no consistent relationship between climate change or abrupt climate events 

and Neanderthal activity at the selected study sites. 

H1 – There is a consistent relationship between climate change or abrupt climate events 

and Neanderthal activity at the selected study sites. 

1.5. Thesis structure and rationale 

This work is set out in 9 chapters. Chapter 2, which follows, outlines the geoarchaeological 

and methods employed throughout the work. Chapters 3 to 5 outline three focused case studies 

which have been published or are being prepared for submission (Chapter 3 was published in 

Quaternary Science Reviews (Connolly et al., 2019)). Chapter 3 describes the application of 

archaeological soil micromorphology and compound-specific isotope analysis of sedimentary 

n-alkanes at the Middle Palaeolithic site of Abric del Pastor (MIS 5/4). Additional 

environmental proxies, which include anthracology, micro-vertebrate and macro-faunal 

analysis, are incorporated into this study to provide a further level of detail in selected 

stratigraphic units. A similar approach is described in chapter 4, where archaeological soil 

micromorphology and compound-specific isotope analysis of sedimentary n-alkanes are 

deployed together with a palynological study at the site of El Salt (MIS 3). Chapter 5 describes 

a laboratory-based experiment which investigates the impact of low-temperature combustion 

on δ2Hwax values of different plant organs of Celtis australis. This study aimed to explore 

potential weaknesses and new applications of this novel sedimentary climate proxy in 

https://paperpile.com/c/mTwcQm/JQRn
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archaeological contexts. The common element which runs through all three case studies is 

methodological; in each, microscopic and molecular methods are applied and show the 

possibilities and results of integrated research, with the overarching goal of garnering new 

high-resolution palaeoclimate information to establish the environmental context for the 

demise of Neanderthals in Eastern Iberia. Several common issues and methodological insights 

emerged from these case studies, and these are summarised and discussed in Chapter 6 in light 

of the hypotheses set out previously, followed by references in Chapter 7. 
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Chapter 2: Methodological background 

2.1. Archaeological soil micromorphology 

Archaeological deposits, or archaeosediments, are typically characterised by a complex 

interplay between geogenic, biogenic and anthropogenic factors. Information obtained at the 

microstratigraphic scale of observation has been shown to yield valuable insights into the 

nature and integrity of these deposits, by elucidating site formation processes, landscape 

development, environmental conditions, on-site human activities, and bioturbation or other 

post-depositional disturbances (Nicosia and Stoops, 2017). Soil micromorphology is the study 

of soils or sediments in their intact state using petrographic thin sections and polarising light 

microscopy. Early studies of sub-macroscopic soil properties first emerged more than a century 

ago (Delage and Lagatu, 1904; Agafonoff, 1929; Allen, 1930), although it was through the 

work of Walter Ludwig Konstantin Ritter von Kubiëna,  Professor of Geology at the University 

of Venice, that the technique of soil micromorphology came to be formalised and more widely 

known (Kubiëna, 1938, 1958; Kubiëna and Ruhe, 1970). Soil micromorphology found 

widespread application in pedological studies through the course of the twentieth century, 

however, Cornwall (1958) was the first to promote its use for addressing strictly archaeological 

research questions. Few archaeologically oriented studies followed in the subsequent decades 

(Dalrymple, 1958; Romans and Robertson, 1983), however, from the mid-1980s onward the 

method began to be more widely applied in archaeological contexts, contributing significantly 

to the emerging sub-discipline of geoarchaeology, principally through the work of geologists, 

soil scientists and geoarchaeologists (Courty and Fedoroff, 1985; Fedoroff and Courty, 1987; 

Macphail, 1987; Courty et al., 1989; Macphail et al., 1990). This flurry of research activity led 

to the standardisation of terminology used in soil micromorphological descriptions, which 

facilitated the expansion of the technique and it's more widespread uptake in archaeological 

studies. The first descriptive guidebook to find widespread use was that of Bullock et al. (1985). 

https://paperpile.com/c/mTwcQm/nmxP
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This was later updated and largely replaced by Stoops (2003). An International Working Group 

in Archaeological Soil Micromorphology was formed in 1990, first meeting at Institute of 

Archaeology, University College, London, and continues to meet on an annual basis at 

locations throughout the United Kingdom and Europe. This has provided a platform for 

researchers at various stages in their careers to interact, exchange knowledge about the 

application of soil micromorphology in a wide variety of geological and sedimentary contexts. 

This has no doubt contributed to the significant increase in the number of archaeological soil 

micromorphological studies that have followed in the subsequent three decades since the 

working group was first convened (Nicosia and Stoops, 2017; Macphail and Goldberg, 2018).  

Archaeological soil micromorphology can also be regarded as having contributed and benefited 

from concurrent developments in the field of archaeological science and the sub-discipline of 

microarchaeology (Weiner, 2010). Researchers now commonly complement soil 

micromorphological descriptions with a range of instrumental analytical techniques designed 

to add new levels of detail and extract additional information to aid in archaeological 

interpretation. Many of these techniques which focus on inorganic components can be applied 

directly to thin sections, such as scanning electron microscopy (SEM) (Ward et al., 2019), 

energy-dispersive and wave-dispersive X-ray spectroscopy (EDS/EDX/WDX) (Shillito et al. 

2009), electron microprobe (EMP) (Schaefer et al., 2004), or Fourier transform infrared 

spectroscopy (micro-FTIR) (Haaland et al., 2017).  

2.1.1. Site formation processes and palaeoenvironments at the microscopic scale 

Site-formation processes refer to the combination of factors that ultimately compose the 

archaeological record. An accurate reconstruction of site formation processes, including the 

depositional environment and the nature and degree of post-depositional alterations or 

disturbances, is crucial for understanding the spatial integrity of archaeological materials 

https://paperpile.com/c/mTwcQm/SxGi/?noauthor=1
https://paperpile.com/c/mTwcQm/nmxP+mFhV
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within site and, hence, for allowing archaeologists to develop robust interpretations (Goldberg 

and Macphail, 2008). Formation theory in archaeology came to the fore through the seminal 

work of M.B. Schiffer and the publication of his book Formation Processes of the 

Archaeological Record (Schiffer, 1987). This came on the back of Butzer's Archaeology as 

Human Ecology: Method and Theory for a Contextual Approach (Butzer, 1982), which marked 

a growing concern with the sedimentary contexts of archaeological sites. It also emerged in an 

atmosphere of much debate about how archaeologists ought to define and understand 

archaeological deposits (Schiffer, 1972; Binford, 1983). Schiffer roundly rejected the 

assumption that past human activities define the spatial patterning of excavated archaeological 

materials, an idea which had widespread acceptance among many of his contemporaries 

(Binford, 1964; McPherron, 1967; Brose, 1970). Schiffer instead argued that reliable human 

behavioural inference relies on a clear understanding of the archaeological context and 

suggested that the transformations which affect the archaeological record can broadly be 

grouped into two categories: those related to anthropogenic activity which he labelled C-

transforms; and those related to geogenic or otherwise environmental processes which he 

labelled N-transforms. While much work in site formation processes throughout the 1980s and 

1990s was developed in ethnoarchaeological case studies, the emphasis of formation theory on 

deposits, as opposed to strictly investigating artefactual assemblages, naturally aligned with the 

focus and emerging methodological innovations of geoarchaeological studies, in particular soil 

micromorphology (Goldberg, 1979; Goldberg, 1980; Fedoroff and Goldberg, 1982; Courty et 

al., 1989; Wattez et al., 1990; Weiner et al., 1995; Simpson and Barrett, 1996). Conceptually, 

it came to be recognised that sedimentary deposits in archaeological contexts are in themselves 

artefacts of past human activities, which can be modified and transformed through processes 

such as trampling, sweeping, burning, or the deliberate importation of exogenous materials for 

flooring or bedding (Miller et al., 2013). Deposits may also be greatly altered by soil formation 
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(pedogenesis) or chemical diagenesis, for instance through the deposition of bird or bat guano 

(Karkanas and Goldberg, 2018). In the subsequent two decades, the efficacy of soil 

micromorphology for elucidating complex site formation processes in a wide range of 

environments has been well established (Karkanas et al., 2000; Mallol et al., 2009; Mallol et 

al., 2010; Friesem et al., 2014; Morley et al., 2017; Stahlschmidt et al., 2018; Angelucci et al., 

2019; McAdams et al., 2019; Patania et al., 2019; Ward et al., 2019).   

A key component for understanding depositional dynamics and site formation is the 

reconstruction of the local and regional environmental context and how this might have 

fluctuated in the time since the deposit was formed. Geoarchaeological studies have long 

emphasised the importance of palaeoenvironmental reconstruction (Laville, 1976; Lynch, 

1986; Schuldenrein, 1986). Observation of sediments at the microstratigraphic scale can yield 

vital clues about local and regional environmental conditions, and palaeoenvironmental data is 

implicit in most soil micromorphological studies (Courty and Vallverdu, 2001; Stephens et al., 

2005; Vallverdú-Poch and Courty, 2012). Soil micromorphology is well suited to the 

identification of diagnostic horizons and properties indicative of frost action in cold or 

periglacial climate conditions (Vliet-Lanoë, 2010; Krajcarz and Krajcarz, 2019; Nieuwendam 

et al., 2020), or past periods of aridity which can be indicated by the presence of gypsic 

pedofeatures, pseudomorphic voids or calcite pseudomorphs (Lebedeva-Verba and 

Gerasimova, 2009; Poch et al., 2018). The presence of specific microstructures, fabrics, or 

post-depositional features linked to wet or waterlogged environments has also been reported 

(Sedov et al., 2008; Mallol et al., 2009), as well as characteristic pedofeatures related to 

repeated cycles of wetting and drying, which induce swelling and shrinking of the matrix and 

deformation of pores (Pires et al., 2008; Stahlschmidt et al., 2018). Environmental and climatic 

information inferred from micromorphological observations provides a robust qualitative 

source of data to complement other proxies. One distinct advantage of the soil 
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micromorphological approach is the ability to establish and link contextualised environmental 

data to specific microfacies, allowing archaeologists to estimate the timing, duration and 

overall magnitude of climatic processes at the highest possible scale of resolution and construct 

a robust framework for investigating human-environmental interactions through time.  

Several key observations arising from soil micromorphological analyses, such as the rate of 

sedimentation, mode of deposition, post-depositional disturbances or chemical alteration, have 

the potential to greatly influence the results of other sedimentary climate proxies, including 

lipid biomarker characterisation and CSIA. In this thesis, we present the first attempts to deploy 

these methods in a single integrated workflow, as a step towards providing high-resolution 

onsite palaeoclimate data against which archaeological records can be compared. 

2.2. Lipid biomarkers and n-alkane biosynthesis in plants 

The term biomarker, or biological marker, is used to describe any organic compound which 

can be traced to a specific biological source (Eglinton et al., 1964; Evershed, 1993). The term 

can be applied to a wide variety of biomolecules, although lipids have received the most 

attention in archaeological and palaeoecological research (Evershed et al., 1999). Peters et al. 

(2005) identify three key features which distinguish lipid biomarkers from most other organic 

compounds: 

I. Structures characterised by repeating subunits which indicate precursors were present 

in formerly living biological organisms. 

II. The parent biomarkers are common to specific biological organisms, normally 

organisms which occur frequently and are widely distributed. 

III. Upon burial, the main structural characteristics which identify the compound remain 

chemically stable. 
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Hydrocarbons are among the simpler functional classes of lipid biomarkers, and biogenic 

hydrocarbons are produced in a number of biotic sources (Peters et al., 2005). For instance, 

saturated aliphatic hydrocarbons, or n-alkanes, are widely distributed in nature. Cyanobacteria 

and algae are known to produce short-chain (low molecular weight; LMW) branched and 

unbranched alkanes (typically C15 - C19), mid-chain (medium molecular weight; MMW) 

alkanes are more typical of aquatic macrophytes and bryophytes (C21 - C25) (Cranwell et al., 

1987; Ficken et al., 2000; Klavina and Kviesis, 2015), while long-chain (high molecular 

weight; HMW) alkanes are linked with insect cuticular lipids and more commonly plant 

epicuticular leaf waxes (C27 to C35) (Eglinton et al., 1962; Gibbs and Pomonis, 1995; Blomquist 

et al., 2019).  

A plant cuticle can be described as a fine waxy lipophilic film which coats the epidermal 

surfaces of most leaves, as well as other plant organs such as non-woody stems and flowers 

(Post-Beittenmiller, 1996). Cuticular leaf waxes play a critical role in moderating functions 

which are essential for plant survival, these include the restriction of non-stomatal water loss 

linked to biotic and abiotic stresses, as well as protecting against adverse effects produced by 

exposure to ultraviolet radiation (Reicosky and Hanover, 1978; Barnes et al., 1994; Riederer 

and Schreiber, 2001; Cheng et al., 2019). These waxes may also play a role in protecting plants 

against fungal or bacterial pathogens (Jenks et al., 1994).  

Plants biosynthesise the n-alkane component of cuticular leaf waxes from precursor saturated 

very long-chain fatty acids (VLCFA). Most cuticular leaf wax components are derived from 

VLCFA chains that are 20 to 32 carbons in length (Post-Beittenmiller, 1996). The reactions 

involved in leaf wax biosynthesis are localised in the epidermal cells (Kolattukudy, 1968; 

Kunst and Samuels, 2003; Tinto et al., 2017). Initially, de novo fatty acids C16:0 and C18:0 are 

synthesised in plastids, membrane-bound organelles located in the cells of plants, through a 

series of consecutive enzymatic steps produced by soluble enzymes which form the fatty acid 
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synthase complex (FAS) (Ohlrogge et al., 1993; Jaworski et al., 1994). Four basic reactions 

take place, condensation, reduction, dehydration, and another reduction, which produce a two-

carbon elongation of the acyl chain (Post-Beittenmiller, 1996). A series of elongation steps 

linked to microsomal enzymes subsequently follow which extend the C16:0 and C18:0 fatty acids 

producing VLCFA chains in a process which is catalysed by membrane-associated 

multienzyme complexes referred to as fatty acid elongases (FAE). These reactions are 

analogous to those involved in the synthesis of de novo fatty acids (von Wettstein-Knowles, 

1982). These VLCFA chains are required to synthesise the cuticular wax lipids, and multiple 

rounds of elongation are necessary to produce the requisite acyl chain lengths. Chain length 

specificity is governed by interactions between different elongases, though the precise 

metabolic roles played by specific elongase condensing enzymes is not well understood (Kunst 

and Samuels, 2003; Tinto et al., 2017). In the vast majority of plant species, wax biosynthesis 

occurs through two major pathways: an acyl reduction pathway which produces primary 

alcohols and wax esters, and a decarbonylation pathway which produces aldehydes, alkanes, 

secondary alcohols and ketones. In many plants, the fatty acid elongation reactions are shared 

between both the acyl reduction pathway and the decarbonylation pathway, which thus differ 

only in terms of the enzymes acting on the VLCFA chains and their derivatives (Post-

Beittenmiller, 1996).  

For the production of n-alkanes through the decarbonylation pathway, aldehydes are first 

produced by a membrane-bound fatty acyl-CoA reductase acting on VLCFA precursors. These 

aldehydes are subsequently decarbonylated to odd-chain alkanes (CnH2n+2), with one less 

carbon atom compared to its fatty acid precursor, in a reaction which is catalysed by an 

aldehyde decarbonylase (Post-Beittenmiller, 1996; Kunst and Samuels, 2003; Tinto et al., 

2017).  
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2.2.1. Sedimentary n-alkanes in palaeoenvironmental research 

Sedimentary n-alkanes derived from leaf waxes have emerged in recent years as a robust proxy 

in palaeoclimatological and palaeoecological research (e.g. Bush and McInerney, 2013; Zhang 

et al., 2014; Jambrina-Enríquez et al., 2016; Jordan et al., 2017; Jansen and Wiesenberg, 2017). 

These compounds have particularly high research value in these fields due to their hydrophobic 

properties and strong resistance to post-depositional degradation. In suitable depositional 

contexts, n-alkanes can preserve over geological timescales (Eglinton et al., 1964; Eglinton and 

Hamilton, 1967; Cranwell, 1981). Researchers employ a suite of n-alkane-specific molecular 

ratios as proxies for inferring palaeoenvironmental information, including biogenic source (e.g. 

terrestrial versus aquatic plants), alteration (e.g. microbial reworking) or overprint of organic 

matter (e.g. through root contribution) (Jansen and Wiesenberg, 2017). The most common 

molecular ratios for palaeoenvironmental reconstruction are the Carbon Preference Index (CPI) 

(Bray and Evans, 1961) and the Average Chain Length (ACL) (Poynter et al., 1989; Freeman 

and Pancost, 2013). 

Compound-specific isotope analysis (CSIA), which differs from the bulk isotope analysis more 

commonly employed in archaeological research by targeting individual compounds, allows 

researchers to trace the carbon and hydrogen sources of specific lipid biomarkers, adding new 

layers of information about palaeoclimate and palaeovegetation  (Hayes et al., 1990; Burgoyne 

and Hayes, 1998; Hilkert et al., 1999). The carbon isotopic ratio (13C/12C; δ13Cwax) of cuticular 

leaf waxes have been shown to be a sensitive record of perturbations in the carbon cycle, local 

vegetation dynamics, and climate (Diefendorf et al., 2011; Magill et al., 2013; Diefendorf and 

Freimuth, 2017), while the stable isotopic ratio of deuterium and hydrogen (D/H; δ2Hwax) can 

record fluctuations in precipitation and the hydrological cycle (Sachse et al., 2006; Sachse et 

al., 2012). An increasing number of studies in recent years have demonstrated that when 

appropriate consideration is afforded to the various biological and climatological variables 
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which influence isotopic fractionation in wax lipids, these proxies can be effectively deployed 

for high-resolution palaeoclimate and palaeoenvironmental reconstructions (Yang and Huang, 

2003; Bi et al., 2005; Sachse et al., 2006; Liu and Yang, 2008; Collins et al., 2013; Ladd and 

Sachs, 2013; Garcin et al., 2014; Gamarra et al., 2016; Wu et al., 2018). Variables may include 

factors such as vegetation type, evapotranspiration, salinity, aridity, seasonality or temperature 

(Sachse et al., 2012; Diefendorf and Freimuth, 2017; Liu and An, 2018; Magill et al., 2019). 

To date, however, few studies have provided robust contextual descriptions of the sedimentary 

environments sampled for leaf waxes, omitting significant information about depositional and 

post-depositional processes and potentially hampering interpretations of the molecular data. 

Bioturbation processes related to soil micro and meso-fauna, often not visible at the 

macroscopic scale of observation, may significantly disrupt the stratigraphic integrity of the 

sedimentary sequence. In addition, common anthropogenic activities, such as burning, can 

potentially alter n-alkane molecular ratios and isotopic values. Before these proxies can be 

reliably applied in archaeological settings, it is critical that the integrity and suitability of the 

depositional environment are established. We suggest that archaeological soil 

micromorphology, a well-established method for approaching site formation processes and 

sedimentary dynamics at the highest possible spatial and temporal resolution, is uniquely well-

suited for this task. Observations at the microstratigraphic scale also offer an additional source 

of environmental and climatic information to complement the molecular data (Courty, 2001; 

Courty and Vallverdu, 2001; Mallol et al., 2009; Mallol et al., 2010; Stoops et al., 2010; Nicosia 

and Stoops, 2017).  
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Abstract 

This paper presents a multiproxy palaeoenvironmental study from Abric del Pastor (Alcoy, 

Spain), a rock shelter which has yielded evidence for Middle Palaeolithic human occupation. 

The sedimentary sequence has been analysed for lipid biomarker n-alkane abundances (ACL, 

CPI), compound-specific leaf wax δ2H and δ13C, and bulk organic geochemistry (TOC, %N, 

%S), providing a record of past climate and local vegetation dynamics. Site formation 

processes have been reconstructed through the application of soil micromorphology. Analyses 
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of anthracological, microvertebrate and macrofaunal assemblages from selected subunits are 

also presented here. Our data indicates that a variable climate marked by predominantly cold 

conditions persisted through most of the sequence and that Neanderthal occupations in 

stratigraphic unit IVd, assigned to MIS 4 or late MIS 5, occurred in a landscape setting 

characterised by a mosaic of biotopes. The presence of key resources inside the ravine where 

the site is located suggests that the occupation of the rock shelter may have been strategically 

motivated by a subsistence and mobility strategy which focused on zones of localised 

ecological resilience, such as intra-mountainous valleys or ravines, during periods of global or 

regional environmental downturn. 

3.1. Introduction 

Abric del Pastor, Alcoy, Spain (Fig. 3.1) hosts a sequence containing Upper Pleistocene 

deposits overlain by reworked Holocene sediments. The site has yielded evidence for multiple 

short-term Neanderthal occupation events (Machado et al., 2013). Archaeological remains 

recovered from the site include lithic artefacts (Galván Santos et al., 2007; Hernández et al., 

2010; Machado et al., 2013), charcoal (Vidal-Matutano et al., 2015, 2017) and faunal remains 

(Sanchis et al., 2015; Pérez et al., 2017). In addition, at least 17 combustion features have been 

identified throughout the sequence. Ongoing excavations have produced a sedimentary 

sequence which has been divided into six primary lithostratigraphic units (S.U. I - VI), with 

further subdivisions therein. The current chronological framework is based on ESR dates 

obtained from animal teeth recovered in S.U. IVb (48 kya ± 5000 1σ) and S.U. VI (62 kya ± 

12,000 1σ), as well as an OSL date from a quartz grain recovered in S.U. IVd (63 kya ± 5000 

1σ) (Mallol et al., 2019) (Fig. 3.2) (further information on the methods used for dating is 

provided in Appendix 1 Table 1 and 2). Taking into consideration the error ranges, these dates 

frame the sequence at Abric del Pastor between 43 kya and 72 kya, covering the whole of MIS 

4 and potentially extending into late MIS 5 and/or early MIS 3. Although the current dates are 
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stratigraphically coherent, additional samples are required to corroborate the site chronology. 

With this in mind, our aim here is to provide independent climatic and environmental data, 

recovered from deposits containing direct evidence for human occupations, against which 

future hypotheses concerning the chronology of the site and Neanderthal responses to climate 

change can be further tested. 

 

Figure 3.1 Location of site (a), drone image of the rock shelter (b) and stratigraphic log showing the sampling locations for 

the different proxies used in the current study (c). Dates are reported at the one sigma (1σ) confidence level. 
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The Iberian Peninsula is widely regarded as crucial for understanding how Neanderthals 

responded to fluctuations in environmental conditions (Jiménez-Espejo et al., 2007; Wood et 

al., 2013; Marín-Arroyo et al., 2018), and the prospect of an MIS 4 setting for the occupations 

recorded in S.U. IVd warrants consideration, as the palaeoenvironmental record for this marine 

isotope stage in the Iberian Peninsula remains poorly resolved in comparison to MIS 5 (e.g. 

Blain et al., 2014; Torres et al., 2015; Daura et al., 2015; Ochando et al., 2019) or MIS 3 (e.g. 

d'Errico and Sánchez Goñi, 2003; Blain et al., 2013; López-García et al., 2014; Sánchez-

Hernández et al., 2014; Alcaraz-Castaño et al., 2017; Daura et al., 2017). There is a paucity of 

long-term continuous terrestrial sequences and site-specific records for the peninsula, although 

off-shore marine records suggest that rapid global climatic cooling and a significant decrease 

in sea-surface temperatures (SST) may have driven the development of semi-desert vegetation 

(Sánchez Goñi et al., 1999; Sánchez Goñi and d'Errico, 2005). The peninsula, owing to its 

latitudinal range, its diverse topography and the climatic influence of the Atlantic Ocean and 

Mediterranean Sea, is characterised by considerable climatic diversity in which local 

environmental conditions change abruptly over relatively short distances (Rivas-Martínez, 

1987; López-García et al., 2013). In this context, localised zones of ecological resilience 

(Holling, 1973; Gunderson, 2000), or vegetation refugia, may have provided conditions 

favourable to human occupation and subsistence during periods of global climatic 

deterioration. 
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Figure 3.2 Comparing the site chronology from Abric del Pastor (S.U. IVc, IVd and S.U. VI, error bars report the one sigma 

(1σ) confidence level) with δ18O record of the NGRIP ice core (North Greenland Ice Core Project members, 2004). ESR (IVb 

and VI) and OSL (IVd). 

New evidence and site-specific environmental records are required to improve our 

understanding of the role which climate may have played in Neanderthal social and cultural 

evolution. From this perspective, we investigate carbon and hydrogen isotope values of 

individual lipid biomarkers (n-alkanes) to gain insight into hydroclimatic and vegetation 

dynamics through the stratigraphic sequence at Abric del Pastor (S.U. I – VI; 110cm). These 

proxies are now widely used for palaeohydrological and palaeoecological reconstructions (Bi 

et al., 2005; Sachse et al., 2012; Collins et al., 2013, 2017; Diefendorf and Freimuth, 2017; 

Jordan et al., 2017; Norström et al., 2018; Wu et al., 2018). Sedimentary n-alkanes are saturated 

aliphatic hydrocarbons derived from the epicuticular leaf waxes of vascular plants. Plants 

usually produce n-alkanes with a range of different chain lengths and an odd-over-even 

predominance (Eglinton et al., 1962; Eglinton and Hamilton, 1967). These compounds have 

been shown to preserve well in sediments and yield valuable information about their biological 

source, making them well suited for palaeo-ecosystem reconstructions. Compound-specific 

δ13C and δ2H of individual n-alkanes, which record both ecologic (carbon isotope) and 

hydrologic (hydrogen isotope) information, are also increasingly being utilised in terrestrial 
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palaeoenvironmental research (Yang and Huang, 2003; Collins et al., 2013, 2017; Jambrina-

Enríquez et al., 2016; Uno et al., 2016; Wang et al., 2016; Wu et al., 2018). Different processes 

govern the carbon and hydrogen isotopic compositions of leaf waxes, thus revealing different 

information about past environmental conditions.  

Among other factors, δ13Cwax values are influenced by the ratio between 12C and 13C in the 

atmosphere (δ13Catm) and isotopic discrimination during photosynthetic carbon fixation (△δ 

13C). Studies have demonstrated that differences in 13C fractionation among C3 and C4 plants 

are recorded by leaf wax δ13C values, making it possible to discriminate between these 

vegetation types. Other factors such as water availability, taxa, light intensity, nutrient status 

and canopy effects also influence δ13Cwax values, to various extents (Diefendorf et al., 2010; 

Kohn 2010; Diefendorf and Freimuth, 2017). δ2Hwax values are determined by the relative 

abundance of hydrogen (H) and deuterium (D) in the source water used by plants during leaf 

wax synthesis (Sachse et al., 2012). As leaf water ultimately derives from precipitation, 

compound-specific isotope analysis of sedimentary n-alkanes can yield useful information 

about the hydrogen isotopic composition of past precipitation (δ2Hp). δ2H values of mean 

annual precipitation (MAP) have been shown in certain cases to correlate positively with 

δ2Hwax values (Sachse et al., 2012). The hydrogen isotopic composition of leaf waxes is also, 

however, influenced by other factors. Liu and An (2018) identify precipitation δ2H, plant type 

and evapotranspiration as primary controls over δ2Hwax, while additional factors such as aridity, 

seasonality, temperature and relative humidity can act as second level or third level controls. 

Here, we aim to frame our biomolecular data within a broad reconstruction of site formation 

processes, which are investigated through the application of soil micromorphology. This 

approach also offers the opportunity to identify features or processes at the microstratigraphic 

scale which may be indicative of certain environmental conditions (Courty 2001; Courty and 
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Vallverdu, 2001; Nicosia and Stoops 2017). We also include analyses of anthracological, 

microvertebrate and macrofaunal assemblages from subunit S.U. IVd. We focus our analyses 

on S.U. IVd as OSL dating implies a possible MIS 4 setting for the Neanderthal occupations 

recorded in this subunit. 

3.2. Regional setting and site background 

3.2.1. Abric del Pastor 

Abric del Pastor is a rock shelter situated 820 m a.s.l on a north facing slope of the Barranc del 

Cinc ravine in the Mariola mountain range, Alcoy, south-eastern Spain. The site is located 

approximately 30 km from the modern coastline, encompassing an area of c. 60 m2 and occurs 

in a geological context characterised by Miocene Tortonian formations composed of bioclastic 

calcirudites. The shelter is adjacent to the Serpis river and was formed through phreatic 

erosional processes acting on a karstic paleotube. Processes of chemical dissolution and 

mechanical weathering, for instance through repeated freeze-thaw cycles during climatic 

cooling episodes, appear to be the primary agents driving the sedimentation at the site through 

the disintegration of autochthonous limestone. 

Mario Brotons led the first excavations at Abric del Pastor in 1953. This work focused on the 

central area of the modern excavation surface. A considerable number of faunal remains and 

lithic artefacts were recovered (for instance >2400 lithics), however, poor record keeping has 

rendered these materials devoid of any reliable contextual information. Brotons' excavations 

affected only a small area and the uppermost layers of the archaeological deposits (S.U. I, II, 

III), leaving most of the site intact (Galvan et al., 2007; Molina et al., 2010). Current 

excavations, directed by the Universidad de La Laguna, Tenerife, are ongoing since 2005. 



42 / 224

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: 3219682				Código de verificación: qNY5nIM9

Firmado por: Rory Connolly . Fecha: 17/02/2021 14:01:27
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:58:12
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:28:17
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12258

Nº reg. oficina: OF002/2021/12092
Fecha: 18/02/2021 08:49:19

 

26 

 

3.2.2. Sedimentary sequence 

S.U. I (13 - 65 cm thickness) is formed by episodic Holocene sedimentation. This unit is 

composed of heavily bioturbated and reworked humic topsoil yielding Middle Palaeolithic 

industries alongside diagnostic Neolithic pottery fragments and other modern anthropogenic 

debris. 

S.U. II (08 - 13 cm thickness) is an isolated pocket of matrix-supported dark brown sandy 

gravelly sediment truncated by S.U. I at the NW corner of the excavation area. Components 

include faunal remains and a single combustion feature. 

S.U. III (03 - 12 cm thickness) is a thin, locally discontinuous, partially cemented carbonate 

crust composed of calcareous sand and fine to medium gravel. This unit has yielded few 

archaeological remains. 

S.U. IV (55 - 72 cm thickness) is composed of laterally discontinuous, clast-supported, 

limestone cobble beds (subunits IVa, IVe and IVg) interspersed by loosely compacted, matrix-

supported, fine-grained, calcareous sandy-gravelly deposits with frequent limestone cobbles 

(subunits IVb, IVd and IVf). Subunit IVc, which extends across the whole excavation surface, 

comprises boulders and large angular cobbles with very little fine material, resulting from one 

or more significant roof collapse events. S.U. IV has yielded abundant archaeological material 

including lithics, faunal remains, combustion features and charcoal. Previous 

archaeostratigraphic analyses of the lithic record incorporating Raw Material Units (RMU’s) 

and refits has identified between 4 and 6 short-term Neanderthal occupation episodes within 

subunits IVa, IVb and IVc alone (Machado et al., 2013). 

S.U. V (15 - 25 cm thickness) is notable for a concentration of large boulders in the SW part of 

the excavation surface, representing a partial collapse of the shelter roof. The bulk of the 
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deposit is composed of loosely compacted, matrix-supported, fine-grained calcareous sand 

with fine to medium gravel.  

S.U. VI (indeterminate thickness) is composed of moderately compacted sandy-silty sediment 

with a relatively low proportion of small and medium gravel. Despite excavation of this unit 

having so far been limited to the 4 m2 sondage situated at the back of the rock shelter (Appendix 

1 Figure 1), a dense concentration of combustion residues, lithics and faunal remains have been 

recorded. 

3.3. Material and methods 

Bulk sediment samples representing S.U.’s I, III, IV, V and VI were collected in vertical 

sequence from the north profile (A7[1], Z7[2], see Appendix 1 Figure 1). S.U. II has not been 

analysed for lipid biomarkers or lipid biomarkers because this is a discreet unit only present in 

a small pocket at the NW corner of the excavation surface. All samples were collected using 

stainless steel spatulas washed with MeOH and dichloromethane (DCM), using Al foil to avoid 

phthalate contamination from plastic bags. Samples were then stored at -20 °C and 

subsequently sub-sampled for lipid biomarker analyses and organic geochemistry. 

3.3.1. Total Organic Carbon (TOC), % Sulphur (%S), % Nitrogen (%N) 

TOC (%) and %S was analysed with a LECO SC 144DR furnace. Measurement accuracy is 

1% RSD or ± 25 ppm for carbon (RMS 0.053648) and 1% RSD or ± 2.5 ppm for sulphur (RMS 

0.044829). %N was measured using a VARIO MAX CN elemental analyser. The standard 

deviation is <0.3% and the rate of recovery >99.5%. Analyses were carried out at the Instituto 

Pirenaico de Ecología (IPE-CSIC), Spain. 
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3.3.2. Extraction and analysis of n-alkanes 

Extraction and analyses of lipids as well as subsequent isotopic analyses of all samples were 

carried out at the Archaeological Micromorphology and Biomarkers Laboratory (AMBI), 

Universidad de La Laguna, Tenerife. 20g sediment samples were dried at 60 °C for 48 hours 

and subsequently ground and homogenised using an agate pestle and mortar cleaned with 

MeOH and dichloromethane (DCM). All non-volumetric glassware used for lipid extraction 

were thoroughly cleaned, solvent washed with MeOH and calcined at 450 °C for 10 hours prior 

to extraction to eliminate potential contaminants. Lipids from 20g sediment samples were 

extracted in 150mL dichloromethane/methanol (DCM:MeOH 9:1) by ultrasonic extraction 

(three cycles of 30 minutes) and centrifugation (three cycles at 4700rpm). The total lipid extract 

(TLE) was then concentrated under a steady flow of N2 gas at 40 °C in a rotary evaporator. The 

TLE was subsequently reconstituted using DCM and separated into fractions of differing 

polarity by solid phase extraction (SPE) through a silica gel column (1g silica, 70-230 mesh 

and 0.1g sand 50-70 mesh, both previously calcined at 450 °C for 10 hours). 

Here we present results of fraction 1 (F1: n-alkanes), which was eluted with 3/8 of dead volume 

(DV) in n-hexane. F1 was subsequently concentrated under a steady stream of N2 gas at 40 °C 

in an Organomation rotary evaporator and stored at -20 °C. Prior to measurement, 3µL of 

internal standard (IS) 5α-androstane 8mg/L was added and the volume was completed with 150 

µL of DCM. F1 was analysed by gas chromatography with a coupled mass-selective detector 

(GC-Agilent 7890B, MSD Agilent 5977A) equipped with a HP-5MS capillary column (30m, 

ID: 250 µm, film thickness 0.25 µm). A temperature program was applied with an initial 

temperature of 70 °C for 2 min and a heating rate of 12 °C/min to 140 °C, and a final 

temperature of 320 °C with a heating rate of 3 °C/min for 3 min, using a Helium carrier gas 
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(2mL/min). The PVT injector 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.  

Compounds were identified by comparison of their retention times and mass spectra to those 

of reference compounds (mix C8-C40 and 5α-androstane, Supelco) and mass spectral library 

databases (NIST). Analytes were quantified using calibration curves obtained by plotting the 

ratio Area/AreaIS versus the concentration of each reference compound, with correlation 

coefficients higher than 0.995. The n-alkane concentration is expressed as µg of individual 

compound per gram of dry sample (µg gds-1). Error ranges for individual n-alkanes are reported 

as standard deviation (Appendix 1 Table 3). 

To evaluate the distribution of n-alkanes we used the average carbon length (ACL) and Carbon 

Preference Index (CPI). Indices such as ACL and CPI yield important information on the 

potential sources of sedimentary OM. ACL values, which are broadly structured by 

phylogenetic relationships, reflect changes in vegetation structure through a sedimentary 

sequence. Temperature and hydrological controls, however, also play a role in determining 

ACL values within individual plant communities (Sachse et al., 2006; Diefendorf et al., 2015a). 

CPI values are related to the odd-over-even predominance (OEP) of n-alkanes, where values 

>5 have typically been associated with epicuticular wax of higher plants and lower values ~1 

with bacteria or algae (Cranwell et al., 1987). CPI has also been employed as an indicator of 

n-alkane degradation in sediments, where low temperatures and dry conditions correspond to 

low diagenetic rates resulting in increased CPI values, and increased temperatures with more 

humid conditions correspond to higher diagenetic rates and lower CPI values (Kuder and 

Kruge, 1998; Xie et al., 2004; Ortiz et al., 2010). CPI values vary considerably within and 

amongst different plant species, however, so a cautious approach should be taken to the use of 

CPI as a quantitative indicator of n-alkane degradation (Bush and McInerney, 2013). CPI 
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values can also be affected by thermal degradation through the incorporation of charred 

biomass (Eckmeier and Wiesenberg, 2009; Wiesenberg et al., 2009; Diefendorf et al., 2015b; 

Wang et al., 2017). As such, these values are best interpreted in conjunction with other proxies. 

The ACL metric, originally defined by Poynter et al. (1989), was calculated here following the 

recommendations of Freeman and Pancost (2014) using the C18 - C35 interval: 

ACL18-35 = Σ(Ci × [Ci]) / Σ[Ci]; 18 ≤ i ≤ 35 

The CPI value (C18 to C35) was calculated following the equation set out in Bray and Evans 

(1961):  

CPI 18–35 = [(ΣC19–35odd/ΣC18–34even) + (ΣC19-35odd/ΣC20–36even)] × 0.5 

3.3.3. Gas Chromatography – isotope ratio MS (GC-IRMS) 

Carbon and hydrogen isotope analysis of individual n-alkanes was carried out using a Thermo 

Scientific Isotope Ratio Mass Spectrometer Delta V Advantage coupled to a GC Trace1310 

through a Conflo IV interface with a temperature converter GC Isolink II. The GC was fitted 

with a Trace Gold 5-MS (Thermo Scientific) fused silica capillary column ((5%-diphenyl)-

dimethylpolysiloxane, 30 m length x 0.25 mm i.d., 0.25 μm film thickness). Helium was used 

as the carrier gas at a flow rate set at 1.5 mL/min. All measurements were repeated three times. 

Data acquisition and processing were carried out using the Isodat 3.0 software (Thermo 

Scientific). 

Carbon and hydrogen isotope values are reported for n-alkanes C29 and C31 because these 

compounds were consistently present in sufficient concentrations for isotopic analyses. 

Samples were injected by means of a Programmed Temperature Vaporising injector (PTV) in 

splitless mode, with the temperature increasing from 60 °C to 79 °C (held 30 s, rate 10 °C/min), 

then to 325 ºC (held 3 min) at a rate 10 ºC/s and finally to 350 ºC (held 3 min) at 14 ºC/s. The 
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temperature programme comprised a 2 min isothermal period at 70 ºC increasing to 140 ºC 

(held 2 min) at a rate of 12 ºC/min, followed by an increase period to 320 ºC (held 15 min) at 

3 ºC/min. Combustion reactor temperature was maintained at 1000 °C for carbon isotope 

analysis. The high temperature conversion (HTC) oven was maintained at 1420 ºC for 

hydrogen isotope analysis. Obtained values were normalised to the Vienna Pee Dee Belemnite 

(VPDB) scale (δ13C) and Vienna Standard Mean Ocean Water (VSMOW) scale (δ2H) using a 

n-alkane Schimmelmann type A6 mixture (n-C16 to n-C30) of known isotopic composition from 

Arndt Schimmelmann (Biogeochemical Laboratories, Indiana University). Certificate of 

analysis indicates that data for n-alkane Schimmelmann type A6 mixture have a precision of 

±0.05‰ for δ13C and ±1.5‰ for δ2H. Reproducibility was better than ± 0.5‰ for carbon 

isotope measurements and better than ± 5.0‰ for hydrogen isotope measurements. 

To investigate the processes governing the hydrogen composition of sedimentary n-alkanes, a 

robust dataset of the isotopic signatures of potential sources, such as precipitation, is required. 

Here we consider monthly precipitation amount and precipitation δ2H (δ2Hp) data available 

from two GNIP stations near the study area for comparison (Global Network for Isotopes in 

Precipitation; IAEA/WMO, 2006). 

3.3.4. Micromorphology 

Intact, oriented blocks of sediment from all stratigraphic units were extracted from selected 

profiles and from across the excavation surface for micromorphological analyses.  The goal of 

applying this technique was to characterise site formation processes and identify features or 

processes at the microstratigraphic scale, which could indicate particular climatic or 

environmental conditions.  
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Samples were oven dried at 60 °C for 48 hours and subsequently impregnated with a mixture 

of polyester resin (Palatal strained resin UN1866, TNK composites), styrene (Styrene 

monomer [CAS: 100-42-5] UN2055, TNK composites) and catalyser (Luperox [CAS: 78-93-

3], TNK composites) in a 7:3:0.1 ratio. The hardened blocks were then cut in 1 cm-thick slabs 

using a Euro-Shatal M31100 radial saw. Samples collected during archaeological field seasons 

2010 - 2015 were sent to Spectrum Petrographics (Vancouver, WA, USA) for thin section 

manufacture (7 cm x 5 cm x 30 µm). Samples collected during the 2016 - 2018 field seasons 

were processed at the Archaeological Micromorphology and Biomarker Laboratory (AMBI), 

Universidad de La Laguna, Tenerife. Micromorphological analyses were carried out using a 

Nikon E200 polarising microscope following the standard guidelines set out in Stoops (2003) 

and Nicosia and Stoops (2017). 

3.3.5. Anthracology 

During the archaeological field seasons carried out between 2013 and 2016 the sediment 

excavated from across the entire excavation surface of S.U. IVc and S.U. IVd was processed 

by systematic flotation using 1.0 and 0.2 mm sieves. S.U. IVd is subdivided into IVd1, IVd2, 

IVd3, IVd4 and IVd5, representing distinct, locally discontinuous textural facies assigned 

during excavation of this unit.  In this paper, scattered charcoal from these units are included, 

excluding the concentrated charcoal from the combustion features. Scattered charcoal spread 

over human living surfaces, having accumulated from an undefined number of combustion and 

occupation events, are widely accepted as reflecting conditions within the local environment 

(Badal and Heinz, 1991; Badal 1992; Chabal, 1997). 

For the taxonomic identification of specimens, each fragment of charcoal was fractured 

manually to provide transversal, tangential and radial sections using a Nikon Optiphot-100 

bright/dark field incident light microscope with 50-500x magnification. Botanical 
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identification was performed with specialised plant anatomy atlases (Jacquiot et al., 1973; 

Schweingruber, 1976, 1990) and the reference collection of modern charred woody taxa from 

the Department of Prehistory, Archaeology and Ancient History, University of Valencia. 

Spatial information relating to the current distribution of taxa has been obtained from the 

database of the Anthos Project (www.anthos.es) and processed using GIS software (Quantum 

GIS v.2.10.1 “Pisa”). 

3.3.6. Microvertebrate study (S.U. IVd) 

Microvertebrate remains 

The small vertebrate fossil remains studied in this work consist of isolated dental and bone 

fragments collected during the 2013 archaeological field season from S.U. IVd, from across 

the excavation surface. The fossils were processed, sorted and classified using a Leica MS5 

binocular microscope. Photographs were taken with a scanning electron microscope at Central 

Support Facility for Experimental Research (SCSIE) of the Universitat de València. Vertebrate 

fossils were identified following the anatomical nomenclature and measurement methods 

provided by van der Meulen (1973), Rabeder (1981) and Jeannet (2000) for arvicolines, van 

der Weerd (1976) for murids, Daams (1981) for glirids, Reumer (1984) for soricids, Bailon 

(1999) for amphibians, Roček (1984), Bailon (1991), Barahona (1996) and Barahona and 

Barbadillo (1997) for lacertids and Szyndlar (1984) and Blain (2009) for snakes. The 

taxonomic classification follows Wilson and Reeder (2005) for mammals, Uetz and Hošek 

(2015) for reptiles and Frost (2015) for amphibians.  

Palaeoecological reconstruction (microvertebrates) 

To reconstruct the climatic conditions of S.U. IVd, the Mutual Ecogeographic Range (MER) 

method has been applied to the assemblage (Blain et al., 2009; Blain et al., 2016). This consists 

of identifying regions where the recorded species are currently found and extrapolating the 
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current mean values of these regions' climatic parameters as representative climate estimations 

for the studied site. This procedure suggests avoiding those species whose distribution is 

strongly affected by perturbing parameters, such as human pressure. Hence, Microtus cabrerae, 

taxon registered in S.U. IVd, has not been included in this study because it has suffered a range 

contraction in modern times and many subpopulations are small, fragmented and subject to 

major inter-annual fluctuations (Laplana and Sevilla, 2013; Pita et al., 2014). Biogeographic 

cartography of small mammal species in Spain, recorded as presence/absence of each taxa in a 

10 x 10 km UTM square grid, was obtained from Palomo et al. (2007), while amphibians and 

reptiles came from SIARE (AHE, 2016). Climatic information (MAT, mean annual 

temperature; MAP, mean annual precipitation; MTW, maximum temperature of warmest 

month; MTC, minimum temperature of coldest month; PWM, precipitation of wettest month; 

PDM, precipitation of driest month) for these locations was obtained from the World Clim 1.4 

database with a 30 arcseconds resolution grid (Hijmans et al., 2005). The resulting climatic 

parameters were compared with the current climate data from the nearest weather station to the 

site (Alcoy). Further details of the microvertebrate study methods and taphonomic remarks on 

the assemblage are given in Appendix 1. 

3.3.7. Macrofaunal study (S.U. IVd) 

Zooarchaeological methods 

Zooarchaeological and taphonomic analyses of faunal material recovered during the excavation 

of S.U. IVd were performed using established standard methods (Lyman, 1994; Reitz and 

Wing, 2008). Where present, material was recorded for all excavation squares across the 

excavation surface. Remains were taxonomically and anatomically identified, except in 

specimens with insufficient information. Those remains were classified into three categories 

(long, flat or articular) and associated with a weight-size category based on bone density, 
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circumference, and cortical surface thickness. Weight-size categories were determined in 

keeping with archaeological examples (Uerpmann, 1973; Bunn, 1986) and current weight 

references based on wild male specimens (Palomo et al., 2007): large-sized (> 300 kg), 

medium-sized (100-300 kg), small-sized (5-100 kg) and very small-sized (< 5 kg). Five 

abundance measures were employed: number of remains (NR), number of identified specimens 

(NISP), the minimal number of elements (MNE), the minimal number of individuals (MNI) 

and the minimal animal units (MAU). To assess the assemblage's integrity, we calculated the 

fragmentation rate, the relative abundance (%RA) and the standardised MAU (%MAU). The 

last of these was used to calculate the differential preservation index by weight-size, applying 

the Pearson’s r and Kendall’s tau correlation coefficient test with Past 3.12© free software. 

Published data was referred to for large and medium-sized animals (Kreutzer, 1992; Lam et 

al., 1999) and for small-sized animals (Lyman, 1984; 1985; 1994). Further information on the 

methods used for the study of the macrofaunal material is provided in Appendix 1. 

Palaeoecological reconstruction (macrofauna) 

The formalisation of indicator species according to a bioclimatic classification has been applied 

here (Hernández-Fernández, 2001; Rodríguez, 2013; Walter, 1973). A table has been 

constructed with the theoretical distribution of species according to different biomes or Climate 

Restriction Index (CRI). The distribution in the reference material is established for 

mammalian species, in our work we have also included the theoretical distribution of other taxa 

registered in the set, i.e. birds and tortoises. Once the CRI is calculated, the bioclimatic 

component (BC) of the set for each biome is obtained by means of the formula BC = (ΣCRIi) 

* 100 / S, where S is the number of species and CRIi the index of climatic restriction of each 

of the species. Previously calculated discriminant functions are applied from a wide database 

of localities and species (Hernández-Fernández, 2001, 2006; Hernández-Fernández and 

Peláez-Campomanes, 2003, 2005), in order to obtain data such as annual average temperature 
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(AAT) or precipitation (AAP). From this, it is possible to infer the most probable biome for 

our faunal assemblage (Pérez et al., 2017). 

3.4. Results 

3.4.1. Total Organic Carbon (TOC), % Sulphur (%S), % Nitrogen (%N) 

TOC ranged from 0.06 to 3.91% with an average of 1.11% (Fig. 3.3). The highest concentration 

was recorded in the uppermost part of S.U. I, while the lowest concentration of TOC was 

recorded in S.U. V. Mild fluctuations and a generally decreasing trend is observed down-

profile, with the exception of S.U VI, where there is a slight increase of 0.8%. TS values ranged 

between 0.01% and 0.07%, with an average value of 0.03% (Fig. 3.3). The maximum 

concentration of TS, 0.07%, is recorded in the uppermost part of S.U I. The lowest values for 

TS are recorded in S.U. IVc and IVd. TN values ranged from 0.01% to 0.29%, with an average 

TN value through the sequence of 0.07% (Fig. 3.3). The maximum value of 0.29% is recorded 

as a sharp increase in the lower part of S.U. I. Mild fluctuations are observed down-profile 

between 0.01% and 0.03%. 
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Figure 3.3 Total organic carbon (TOC,%), total nitrogen (TN,%), and total sulphur (TS,%). 

3.4.2. Sedimentary leaf waxes  

Total n-alkane concentration ranged between 0.04 and 1.59 µg/g dry sediment. Most samples 

through the sequence yielded n-alkane distributions with a predominance of long-chain 

compounds (C29-C35), consistent with higher order vascular terrestrial plants (Fig. 3.4) (Table 

3.1), although samples collected from S.U IVc and S.U. IVd also show input from mid-chain 

length compounds (C23-C27). Even-numbered homologues recorded in S.U. IVb (lower) and 

S.U. VI were below the limit of quantification, so CPI values for those units are not included 

here. CPI values through the sequence are generally low, with a minimum of 0.7 (S.U. V) and 

a maximum of 7.9 (S.U. III) (Fig. 3.5). ACL values ranged between a minimum of 27.2 (S.U. 

IVd upper) and a maximum of 32.5 (S.U. V), with a notable shift toward lower values in S.U. 

IVc and S.U. IVd (upper). 
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Figure 3.4 Histograms displaying the distribution and concentration of n-alkanes extracted from sediments at Abric del Pastor. 

IS: 5α-androstane. The x-axis represents the alkane carbon chain length and the y-axis represents the concentrations given in 

µg per g of dry sediment (µg/g). Note the larger scale for samples from S.U. I and S.U. IVa. 
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Figure 3.5 Leaf wax lipid biomarkers.Total n-alkane concentration, ACL and CPI. 

 

S.U. I I III IVa IVb IVb IVc IVd IVd V VI 

TOC% 3.91 2.74 1.24 1.39 0.56 0.43 0.42 0.21 0.07 0.87 0.38 

TN% 0.21 0.30 0.10 0.04 0.01 0.01 0.02 0.01 0.03 0.01 0.03 

TS% 0.07 0.05 0.05 0.05 0.06 0.03 0.01 0.01 0.01 0.02 0.04 

n-Alkanes (µg/g dry sediment) 

        

C17 * * * * * * * * * * * 

C18 * * * 0.025 * * 0.002 * * * * 

C19 * * * 0.005 * * * 0.004 * * * 

C20 * 0.003 * 0.007 * * * 0.008 * * * 

C21 0.001 0.006 * 0.013 * * 0.004 0.01 * * * 

C22 0.001 0.005 * 0.014 * * 0.007 0.015 * * * 

C23 0.012 0.011 * 0.022 0.002 * 0.016 0.023 * * * 

C24 0.001 0.006 * 0.028 * * 0.018 0.034 * * * 

C25 0.024 0.021 0.003 0.032 * * 0.026 0.045 * * 0.001 

C26 0.015 0.011 * 0.025 * * 0.029 0.05 0.001 * * 

C27 0.066 0.044 0.009 0.069 0.008 0.005 0.034 0.055 0.006 * 0.011 
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C28 0.046 0.026 * 0.039 * * 0.03 0.051 * * * 

C29 0.123 0.087 0.026 0.148 0.021 0.017 0.038 0.05 0.014 0.005 0.025 

C30 0.063 0.035 * 0.044 * * 0.027 0.038 * * * 

C31 0.181 0.12 0.039 0.188 0.026 0.022 0.04 0.038 0.018 0.011 0.029 

C32 0.101 0.049 * 0.064 * * 0.017 0.023 * * * 

C33 0.276 0.172 0.044 0.217 0.016 0.014 0.026 0.019 0.012 * 0.009 

C34 0.148 0.042 0.021 0.247 0.029 * 0.032 * 0.018 0.023 * 

C35 0.331 0.111 0.047 0.403 0.041 * * * * * * 

            
Total 1.38 0.75 0.19 1.59 0.14 0.06 0.35 0.46 0.07 0.04 0.07 

ACL 32.0 31.1 32.2 31.4 32.3 30.5 28.6 27.2 31.3 32.5 29.9 

CPI 2.7 3.3 7.9 2.3 3.9 - 1.1 1.1 2.6 0.7 - 

 
Table 3.1 Total organic carbon (TOC), total nitrogen (TN) and total sulphur (TS) as well as n-alkane concentrations, ACL and 

CPI values through the stratigraphic sequence. * denotes compounds which were detected but in quantities below the limit of 

quantification. 

3.4.3. δ2Hwax 

In the region around Abric del Pastor, a strong negative correlation between monthly 

precipitation amount and precipitation δ2H (δ2Hp) is recorded at two GNIP (Global Network 

for Isotopes in Precipitation; IAEA/WMO, 2006) stations in Murcia and Valencia (Fig. 3.6). 

This suggests some degree of influence by the amount effect (Dansgaard, 1964) on regional 

δ2Hp values, which in turn may contribute to variability in our δ2Hwax signal. 

δ2Hwax was analysed for C29 and C31 n-alkanes extracted from sediments collected through the 

sequence (Fig. 3.7) (Table 3.2). For nC29, the δ2Hwax range is -129‰ to -170‰. The lowest 

values of -170‰ and -164‰ are recorded in the Holocene sediments from S.U. I. A trend 

towards low values is also recorded in the uppermost part of S.U. IVd and in S.U. IVc, at -

152‰ and -153‰ respectively. Through the rest of the sequence values fluctuate between -

129‰ and -148‰. δ2Hwax values for nC31 are generally lower than those obtained for nC29 

ranging from -137‰ to -174‰. Overall, however, both sets of values have a similar degree of 

variation and follow a similar trend.  
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Figure 3.6 Seasonal cycle of precipitation amount (grey bars) and δ2Hp (black squares) for GNIP stations (IAEA/WMO, 2006) 

in Murcia (n=11, 2000 – 2010) and Valencia, Spain (n=16, 2000 – 2015). 

3.4.4. δ13Cwax 

δ13Cwax measurements were analysed for C29 and C31 n-alkanes extracted from sediments 

collected through the sequence (Fig. 3.7) (Table 3.2). δ13Cwax values for nC29 ranged between 

-32.4‰ and -38.0‰, with maximum 13C enrichment in S.U. IVb, where values of-32.4‰ and 

-32.8‰ were obtained. A similarly high value is recorded in the base of S.U. IVd at -32.5‰. 

The lowest value of -38.0‰ comes from S.U. IVa. δ13Cwax values for nC31 are generally lower 

than those obtained for nC29, ranging between -33.6‰ and -40.3‰. Overall, however, both 

sets of values have a similar degree of variation and follow a similar trend. 
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Figure 3.7 δ2Hwax for n-alkanes C29 and C31, and δ13Cwax for n-alkanes C29 and C31. 

 

 

S.U. I I III IVa IVb IVb IVc IVd IVd V VI 

δ2Hwax 
          

C29 -170±1 -164±1 -134±4 -144±2 -129±4 -140±2 -153±1 -152±3 -136±5 -138±1 -148±5 

C31 -174±2 -170±1 -146±4 -142±4 -142±3 -146±5 -149±5 -159±4 -149±2 -137±3 -152±5 

δ13Cwax  
          

C29 -

36.9±0.4 

-

34.2±0.1 

-

33.9±0.2 

-

38.0±0.4 

-

32.4±0.2 

-

32.8±0.3 

-

34.7±0.5 

-

34.9±0.5 

-

32.5±0.5 

-

34.3±0.5 

-

36.9±0.6 

C31 -

37.9±0.3 

-

35.1±0.5 

-

33.9±0.1 

-

40.3±0.5 

-

33.6±0.2 

-

33.8±0.4 

-

35.5±0.2 

-

35.9±0.5 

-

34.1±0.1 

-

35.1±0.5 

-

38.4±0.4 

 
Table 3.2 δ2Hwax and δ13Cwax through the stratigraphic sequence. Values are expressed in per mil (‰). Error reports standard 

deviation. 

 

 

 

 



59 / 224

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: 3219682				Código de verificación: qNY5nIM9

Firmado por: Rory Connolly . Fecha: 17/02/2021 14:01:27
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:58:12
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:28:17
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12258

Nº reg. oficina: OF002/2021/12092
Fecha: 18/02/2021 08:49:19

 

43 

 

3.4.5. Micromorphology 

The samples analysed are generally composed of the same sedimentological and lithological 

elements, characterised by a locally reworked sandy sediment, with 5-10% subangular to 

angular fine and medium sand, ~30% subrounded coarse sand and gravel, resulting principally 

from the mechanical weathering and decay of the fossiliferous quartz-rich limestone rock 

shelter. The coarse mineral components frequently appear fissured. The sedimentary matrix is 

composed of micritic calcite which, with notable exceptions in S.U. IVb and IVd, generally 

occurs in a good state of preservation with few dissolution features. Clay is present only in 

small quantities, occurring locally as thin coatings, cappings or infilling the interstitial void 

space. Detailed descriptions of each thin section sample are provided in Appendix 1 (Table 5). 

Microfacies types 

Below, we outline the microfacies types identified through micromorphological analyses of 

thin sections by polarised light microscopy. Brief descriptions are included with a 

representative photomicrograph of each of the primary microfacies types (Fig. 3.8). Similar 

features and components are recurrent throughout the sequence (Fig. 3.9 and 3.10) but vary 

considerably in their degree of abundance, reworking or post-depositional alteration. 

1. Microfacies type 1 This microfacies type is characterised by a crumb to granular 

microstructure which is quite open, lithologically composed of fine and medium sand-

sized grains of quartz alongside micritic and micro-sparitic fossiliferous limestone, 

which occurs in sizes ranging from fine sand to coarse gravel. Morphologically this 

fraction appears subrounded to rounded. Frost induced fissuring of larger clasts is 

observed in addition to the presence of platy coarse grains. Dusty clay coatings occur 

throughout, as well as clay cappings. Frequent components include burned and 

unburned angular bone fragments and pieces of both massive and fibrous charcoal, ash 
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rhombs, occasional fat-derived char which occurs as ∼0.5-1.5 mm massive black 

fragments with a vesicular porosity, and rare coprolites. The internal organisation of 

the components is unsorted. This microfacies type is associated with good preservation 

of the calcitic fraction.   

(a) Microfacies type 1a This microfacies type is similar to MF type 1 but with a higher 

degree subrounding and rounding of the coarse mineral elements, Fe-Mn segregation 

and the presence of limpid clay infillings. 

(b) Microfacies type 1b This microfacies type is similar to MF type 1a but exhibits a 

poorer preservation of the calcitic matrix.  

2. Microfacies type 2 This microfacies type is characterised by a weakly expressed 

platy/lenticular microstructure, lithologically very similar to MF type 1. Frost induced 

fissuring of the coarse mineral fraction is again evident. Components include scattered, 

unsorted, unburned angular bone fragments and reworked calcitic wood ash. The 

calcitic fraction is well preserved. 

3. Microfacies type 3 This microfacies type is characterised by a spongy to vughy 

microstructure dominated by a vesicular or vughy porosity. Lithologically this type is 

composed of fine and medium sand-sized grains of quartz, although in lower abundance 

than other MF types, alongside micritic and micro-sparitic fossiliferous limestone 

ranging from fine sand to coarse gravel. Clasts exhibit a high degree of subrounding 

and rounding. Components are unsorted and scattered and include reworked charcoal 

and bone. No calcitic wood ash is observed in this MF type. The calcitic fraction is well 

preserved. 
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4. Microfacies type 4 This microfacies type is characterised by a massive microstructure 

with low porosity, and a lithology of fine and medium sand-sized grains of quartz 

alongside micritic and micro-sparitic fossiliferous limestone ranging in size from fine 

sand to coarse gravel. Clasts occur as sub-angular to angular. Cryofeatures observed in 

the other MF types are not as evident here. Components include reworked calcitic ash 

rhombs and angular unburned bone fragments. The calcitic fraction is well preserved. 

(a) Microfacies type 4a This microfacies type is similar to MF type 4 but with 

subrounded to rounded coarse mineral elements and frost induced fissuring of the 

coarse grains. 

 

Figure 3.8 Photomicrographs of primary microfacies types (scale 500µm) (a) MF type 1 (b) MF type 2 (c) MF Type 3 (d) 

MF Type 4. 
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Stratigraphic description 

 

S.U. I 

This unit is characterised microscopically by MF type 1. The microstructure is crumb to 

granular with coarse sand and gravel occurring as subrounded to rounded. Organisation of the 

components is unsorted with a high porosity generated by channels due to root bioturbation. 

The matrix has a dusty appearance owing to the presence of silt-sized organic matter (humified 

or carbonised plant cells). Terrestrial snail shell, charcoal, bone fragments and coprolites were 

identified throughout. Abundant dispersed faecal spherulites were also identified in the 

uppermost part of this unit.  

S.U. II 

This unit is characterised mainly by MF type 4 but with isolated zones more closely resembling 

MF type 1. It exhibits a slight increase in the relative proportion of fine and medium sized 

quartz sand. Medium and coarse limestone gravel is in a poorer state of preservation than in 

other units. Gravel-sized clasts frequently exhibit dissolution cavities with rounded edges and 

dusty clay coatings. Components include angular bone fragments, both burned and unburned, 

and calcitic wood ash likely resulting from a reworked combustion feature in this unit.  

S.U. III 

This unit, which is composed of a thin cemented carbonate crust yielding very few 

archaeological remains, was represented in a single thin section, characterised by MF type 1. 

Components include bone fragments and rare faecal spherulites. 

S.U. IVa-g 

Subunit IVa is captured in two thin section samples and is predominantly characterised by the 

massive microstructure exhibited by MF type 4a, but also containing MF type 1a and MF type 
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2. The coarse mineral fraction generally occurs as subrounded to rounded and frequently 

fissured. Components include ash and frequent bone fragments.  

Subunit IVb comprises MF type 1b and MF type 3 with a crumb/granular to vughy 

microstructure. The calcitic matrix within this subunit shows slight dissolution and a porosity 

with a horizontal arrangement, indicative of cryoturbation. This subunit also contains a lower 

proportion of gravel relative to the other subunits within S.U IV. The medium and coarse gravel 

in subunit IVb is also more notably angular, regularly occurring with a lenticular or platy 

morphology, typical of frost affected sediments. Impregnation of iron oxides is also frequent 

and occurs both in the matrix and as fine silt sized nodules. The components are very similar 

to IVa. 

Subunit IVc, which is a roof collapse deposit composed of boulders and large angular cobbles, 

due to the absence of fine material has not been included in the micromorphological study. 

Subunit IVd is characterised microscopically by MF type 1a and MF type 3, with a 

crumb/granular to spongy microstructure. A slightly higher proportion of gravel is recorded in 

this subunit relative to the other subunits within S.U IV. Again, clasts with a platy morphology 

are frequent. Dusty clay cappings and fissuring of clasts may be further evidence of mild 

cryoturbation. Components are similar to IVa and IVb but occur in higher abundances. 

Subunits IVe and IVf are represented in two thin sections, characterised by MF type 1 and MF 

type 1a, with an open crumb to granular microstructure. Well-rounded clasts, fissuring and clay 

cappings are frequent. Similar to the other subunits in S.U. IV, components include bone 

fragments, reworked ash and charcoal. 

Subunit IVg is represented in three thin sections and is characterised by MF type 1 with an 

open crumb to granular microstructure. A higher proportion of gravel occurs in this subunit 
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relative to the overlying subunits. Fe and Mn impregnation features were also identified. 

Anthropogenic components, such as ash or charcoal, are greatly reduced in quantity within this 

subunit. 

S.U. V 

This unit is represented in a single thin section characterised by MF type 1. Lithologically this 

unit is very similar to S.U IVa with a calcitic matrix and an open crumb to granular 

microstructure. The matrix is slightly permeated by iron oxides and clay coatings. Components 

include rare charcoal and bone fragments. 

S.U. VI 

This unit is characterised by MF type 1 with an open crumb to granular microstructure which 

is locally compacted. Corroded and fissured clasts in this unit are similar to those recorded in 

S.U II. Anthropogenic components include burned bone, charcoal, calcitic wood ash and fat-

derived char. These occur in much greater abundances than other units. Faecal spherulites are 

recorded here mixed with reworked combustion residues. Dusty clay coatings and infillings 

are common. Needle fibre calcite is also recorded here in-filling the interstitial pore space. 
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Figure 3.9 Micromorphological components and features observed at Abric del Pastor (a) Fresh organic vegetal matter 

associated with root bioturbation (PPL, S.U. IVa, scale 500 μm) (b) Fragment of carbonised vegetal matter (PPL, S.U. II, scale 

500 μm) (c) Dissolution well with fine dusty clay coating in limestone clast (PPL, S.U. II, scale 500 μm) (d) Faecal spherulites 

associated with reworked ashy aggregate (XPL, S.U. VI, 100 μm) (e) Bioturbated matrix with soil fauna excrements (PPL, 

S.U. IVd, 1000 μm) (f) Burnt bone in loose sandy sediment with crumb to granular microstructure, note the fissured clast 

(PPL, S.U. IVd, scale 1000 μm). 
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Figure 3.10 Micromorphological components and features observed at Abric del Pastor (a) Soil crust (PPL, S.U. IVd, scale 

1000 μm) (b) Fragment of fat-derived char (PPL, S.U. VI, scale 1000 μm) (c) Partially carbonised and ashed plant material 

(PPL, S.U. VI, scale 100 μm) (d) Reworked ashy aggregate (XPL, S.U. VI, scale 1000 μm) (e) Fragment of terrestrial snail 

shell (XPL, S.U. I, scale 500 μm) (f) Massive coprolite (PPL, S.U. I, scale 500 μm). 

3.4.6. Anthracological remains 

Anthracological data from Abric del Pastor has been partially published in previous works. 

Here, anthracological data from S.U. IVc, IVd1, IVd2 (Vidal-Matutano et al., 2015) and S.U. 

IVd3 (Vidal-Matutano et al., 2017) is presented together with new anthracological data from 

S.U IVd4 and S.U. IVd5 (Table 3.3). The scattered charcoal assemblages analysed from units 

IVc and IVd (IVd1-5) at Abric del Pastor include a total of 957 charcoal fragments and at least 
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19 taxa have been identified. Despite the small size of most of the wood charcoal remains (1 – 

2 mm) and its scarcity in some units, a high variety of taxa indicating the presence of several 

plant formations in the surroundings can be inferred. Charcoal data from IVd2 and IVd3 has 

been unified here as data for each unit was not statistically representative (< 100 remains). 

The most representative taxa throughout S.U IV from Abric del Pastor is Juniperus sp. (juniper) 

together with xeric taxa (Euphorbiaceae, Ephedra sp., Cistaceae) (Fig. 3.11). This overall 

pattern is seen throughout S.U. IVd and IVc (values of 36 – 58%). Values from Pinus nigra-

sylvestris (black-scots pine) suggest a clear trend decreasing from 29% (S.U. IVd5) to 1% (S.U. 

IVc). In addition to this, Mediterranean mixed forest taxa including evergreen and deciduous 

Stratigraphic Unit IV c IV d 1 IV d 2 IV d 3 IV d 4 IV d 5 

Taxa n % n % n n % n % n % 

Cistaceae 1 0.37 1 0.58 * * * * * * * 

Ephedra sp. 5 1.84 * * * * * * * * * 

Euphorbiaceae 4 1.47 1 0.58 * * * * * * * 

Fabaceae 5 1.84 8 4.62 4 7 7.78 6 3.13 * * 

Fraxinus sp. 1 0.37 * * * 5 5.56   * * 

Juniperus sp. 145 53.31 93 53.76 28 28 31.11 65 33.85 90 54.55 

Labiatae 7 2.57 * * * * * 1 0.52 * * 

Maloideae 3 1.10 13 7.51 * * * 1 0.52 * * 

Monocotyledoneae tp. Poaceae 1 0.37 * * * * * * * * * 

Pinus nigra-sylvestris 4 1.47 8 4.62 3 8 8.89 38 19.79 44 26.67 

Pistacia sp. 39 14.34 20 11.56 23 8 25.56 5 2.60 3 1.82 

Prunus sp. * * * * * * * 2 1.04 * * 

Quercus sp. 10 3.68 11 6.36 6 9 10.00 41 21.35 12 7.27 

Quercus sp. deciduous * * * * * * * 5 2.60 * * 

Quercus sp. evergreen 41 15.07 12 6.94 1 14 15.56 14 7.29 5 3.03 

Rhamnus-Phillyrea * * * * * * * 7 3.65 * * 

Rosa sp. * * 2 1.16 * * * * * * * 

Salix-Populus 2 0.74 2 1.16 * 7 7.78 3 1.56 9 5.45 

Taxus baccata * * 2 1.16 * 4 4.44 4 2.08 1 0.61 

Ulmaceae 4 1.47 * * * * * * * 1 0.61 

Total fragments 272 100 173 100 65 90 100 192 100 165 100 

Total taxa 14  11  6 9  13  7  

Table 3.3 New charcoal data from Abric del Pastor (IVd 4 and IVd5), presented here with S.U. IVc, IVd1, IVd2 (Vidal-

Matutano et al., 2015) and S.U. IVd3 (Vidal-Matutano et al., 2017). Note that data from IVd2 and IVd3 are joined here 

because the total number of wood charcoal fragments for each unit is not statistically representative. 
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Quercus (oaks), Pistacia sp. (terebinth), Rosa sp. (rose), Prunus sp. or Maloideae (Rosaceae 

family) are abundant throughout IVd4 - IVc (38 – 49%). Notably lower proportions of these 

taxa are, however, recorded in IVd5 (12%). Finally, riverine taxa such as Ulmaceae (the elm 

family), Salix-Populus (willow-poplar) and Fraxinus sp. (ash) are present in small amounts 

(values < 7%). We infer two distinct anthracological phases from the analysed remains (AP-1 

and AP-2). Phasing is a preliminary assessment of the data which relies on grouping analytical 

units to infer periods of distinct environmental conditions. 

 

Figure 3.11 Anthracological data (main plant formations) from Abric del Pastor (IVc – IVd5). 

3.4.7. Microvertebrate study (S.U.IVd) 

The small vertebrate assemblage from the S.U. IVd contains 295 dental and bone remains that 

correspond to 33 individuals. The faunal list of this unit contains 3 rodents (Microtus cabrerae, 

Eliomys quercinus and Apodemus sylvaticus), 1 insectivore (Crocidura gr. russula-

gueldenstaedtii), 1 anuran (Pelodytes sp.), 2 lizards (cf. Timon lepidus s. l. and cf. Podarcis 

sp.) and 3 snakes (Colubridae indet., Coronella girondica and Viperidaea indet.) (Appendix 1 

Figure 2). The studied assemblage is characterised by the dominance of Apodemus sylvaticus 

(MNI=15), followed by cf. Podarcis sp. (MNI=8), Eliomys quercinus (MNI=3) and Microtus 

cabrerae, Crocidura gr. russula-gueldenstaedtii, Pelodytes sp., cf. Timon Lepidus s. l., 

Colubridae indet., Coronella girondica and Viperidae indet. (MNI=1) (Table 3.4).  
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Taxon NISP NMI % OD OH OWo Wo R W 

Microtus cabrerae 6 1 3.03 0 0.50 0.50 0.00 0.00 0.00 

Eliomys quercinus 9 3 9.09 0 0.10 0.40 0.30 0.20 0.00 

Apodemus sylvaticus 125 15 45.45 0 0.25 0.50 0.25 0.00 0.00 

Crocidura russula-gueldenstaedtii 2 1 3.03 0.40 0.10 0.40 0.10 0.00 0.00 

Pelodytes sp. 1 1 3.03 0.33 0.16 0.25 0.08 0.16 0.00 

Lacertidae indet. 21 - - - - - - - - 

cf. Timon lepidus s.l. 5 1 3.03 - - - - - - 

cf. Podarcis sp. 16 8 24.24 - - - - - - 

Serpentes indet. 2 - - - - - - - - 

Colubridae indet. 5 1 3.03 - - - - - - 

Coronella girondica 7 1 3.03 0.25 0.05 0.35 0.20 0.15 0.00 

Viperidae indet. 1 1 3.03 - - - - - - 

Total 200 33 100 4 22 47 23 4 0 

          
Table 3.4 Number of Identified Specimens (NISP), Minimum Number of Individuals (MNI) and percentage of representation 

(%) of small vertebrates from the Unit IVd from Abric del Pastor. Distribution by habitat: OWo: Open Woodland, Wo: 

Woodland/Edge-woodland, OD: Open Dry, OH: Open Humid, Wa: Water and R: Rocky. Those species in open nomenclature 

indicate that these taxa could not be classified to the specific habitat level (dashes). 

Palaeoecological reconstruction using the MER method indicates a MAT slightly lower than 

present conditions (-1.48 ºC) (Table 3.5). Other climatic parameters such as MTC (-1.05 ºC) 

and MTW (-0.78 ºC) point to a cooler climate with precipitation values ranging from 411 mm 

to 837 mm (MAP 624.13 mm). As only generalist species have been included in the 

reconstruction, the entire range of possible values should be considered. 

 

Mean SD Max. Min. ∆ Alcoy 

MAT 12.22 2.85 18.3 -0.2 -1.48 13.7 

MTC 0.65 2.88 8.4 -11.4 -1.05 1.7 

MTW 27.72 3.47 35.9 11.8 -0.78 28.5 

MAP 624.13 212.92 1586 220 81.83 542.3 

PWM 77.72 26.25 251 32 3.42 74.3 

PDM 23.02 16.09 101.0 0.0 7.82 15.2 

 

Table 3.5 Values of climatic parameters in the region around Alcoy today based on Hijmans et al. (2005) and those obtained 

through the MER method from the microvertebrate assemblage of S.U. IVd. SD= standard deviation; Max.= maximum; Min.= 

minimum; ∆= difference with present day conditions. MAT= mean annual temperature; MTC= minimum temperature of the 

coldest month; MTW= maximum temperature of the warmest month; MAP= mean annual precipitation; PWM= precipitation 

of wettest month; PDM= precipitation of driest month. 
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3.4.8. Macrofaunal study (S.U. IVd) 

A total of 476 faunal remains has been analysed for this study, 46% of which have been 

taxonomically determined. Artiodactyls, composed at species level by Bos primigenius, Capra 

pyrenaica and Cervus elaphus, are the most frequent group among ungulates (73 NR), while 

perissodactyls are represented only by Equus ferus (1 NR). Testudines are the taxonomic 

category with the greatest number of identified remains in the assemblage (129 NR), all 

attributed to Testudo hermanni. Few remains of rabbit (Oryctolagus cuniculus, 8 NR), 

undetermined birds (2 NR) and small carnivore (1 NR) have also been recorded. The remaining 

54% of the assemblage has not been determined taxonomically but can be associated with a 

weight size category. Medium size is the most abundant category (76 NR), followed by mall 

(23 NR), very small (5 NR) and large (2). A total of 142 NR could not be determined (Table 

3.6). 

Taxa NISP / NR MNE MNI 

Artiodactyla 8 7 - 

Bos primigenius 2 2 1 

Caprinae 16 16 2 

Capra pyrenaica 28 23 2 

Cervidae 5 2 1 

Cervus elaphus 14 9 3 

Equus ferus 1 1 1 

Oryctolagus cuniculus 8 8 2 

Testudinidae 5 5 1 

Testudo hermanni 100 78 4 

Testudo sp. 29 29 2 

Small carnivore 1 1 1 

Birds 2 2 1 

Total NISP 219 183 21 

Large size 2 - - 

Medium size 76 - - 

Small size 32 - - 

Very small size 5 - - 

Undetermined 142 - - 

Total NR 257 - - 

Table 3.6 Faunal remains from S.U. IVd at Abric del Pastor. 
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The fragmentation rate is high, with most of the remains measuring < 2 cm in length. 

Diagenetic alterations were observed throughout the assemblage, with a total of 574 surface 

damage features identified: concretions (42%), manganese oxide staining (29%), root-marks 

(15%), corrosion (8%), weathering (5%) and gnaw marks (1%). The skeletal material contains 

a high quantity of cranial remains, mainly in the form of isolated teeth of Bos primigenius and 

Capra pyrenaica, while long bone fragments occur more frequently among Cervus elaphus. In 

the case of tortoise, backplate fragments and plastron are relatively abundant. Conservation 

analysis by bone density shows a statistically significant positive correlation (p < 0.05) in wild 

goat (0.66) and cervids (0.45), demonstrating an important bias in part of the assemblage. For 

this reason, utility indices were not applied.  

A total of 184 old fractures (fresh and dry) have been identified. They are mainly present in the 

long bones of ungulates, in the medium-weight size category and to a minor extent in cranial 

and coxal fragments, scapulae ribs, and a small quantity of tortoise plates. A large proportion 

of fresh fractures can be clearly linked to anthropogenic activity. See Appendix 1 for additional 

taphonomic data and information on anthropogenic surface alterations.  

Our bioclimatic component calculations (Appendix 1 Figure 4) suggest that the most probable 

biome for the Abric del Pastor Unit IVd faunal assemblage is Type IV (Mediterranean) (Table 

3.7).  

Species I II II/III III IV V VI VII VIII IX Total 

Capra hircus 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 1.000 

Cervus elaphus 0.000 0.000 0.000 0.000 0.333 0.000 0.333 0.333 0.000 0.000 0.999 

Bos frontalis 0.000 0.000 0.000 0.000 0.333 0.333 0.333 0.000 0.000 0.000 0.999 

Equus onager 0.000 0.000 0.000 0.333 0.333 0.000 0.000 0.333 0.000 0.000 0.999 

Vulpes vulpes 0.000 0.000 0.000 0.143 0.143 0.143 0.143 0.143 0.143 0.143 1.001 

O. cuniculus 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 1.000 

Testudo hermanni 0.000 0.000 0.000 0.000 0.500 0.500 0.000 0.000 0.000 0.000 1.000 

P. pyrrhocorax 0.000 0.000 0.000 0.333 0.333 0.333 0.000 0.000 0.000 0.000 0.999 

CRI 0.000 0.000 0.000 0.809 3.975 1.309 0.809 0.809 0.143 0.143 7.997 
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BC 0.000 0.000 0.000 10.116 49.706 16.368 10.116 10.116 1.788 1.788 100 

AAT 17.711           

SD 3.751           

AAP 268.349           

SD 558.709           

 

Table 3.7 Climate restriction index (CRI), bioclimatic component (BC), annual average temperature (AAT) and precipitation 

index (AAP). 

3.5. Discussion 

Leaf waxes derived from terrestrial higher plants are the predominant source of long-chain 

length n-alkanes (nC27– nC35) at Abric del Pastor. Although long-chain homologues (nC27– 

nC35) derived from higher plants dominate through most of the sequence, sediment samples 

collected from S.U IVd and S.U. IVc yielded n-alkane distributions with proportionally 

increased concentrations of mid-chain length homologues (nC18 to C26) which do not display a 

strong odd-over-even predominance. Although microbial degradation can alter the chain length 

distribution of n-alkanes (Brittingham et al., 2017), a more likely explanation here may be the 

incorporation of charred biomass related to anthropogenic combustion activities. Although care 

was taken during sampling to avoid thermally altered sediments, dispersed ash, charcoal and 

burned bone are recorded elsewhere in these units at the microstratigraphic scale. Furthermore, 

at least eight discreet combustion features have been recorded during the excavation S.U. IVd, 

more than in any other unit (Mallol et al., 2019). Studies elsewhere have demonstrated the 

effects of thermal degradation on n-alkane preservation and distributions (Eckmeier and 

Wiesenberg, 2009; Wiesenberg et al., 2009; Diefendorf et al., 2015b; Wang et al., 2017; 

Jambrina-Enríquez et al., 2018). With increasing temperatures, there is a decrease in chain 

length and a modification of the carbon preference from odd to even homologues, lowering 

ACL and CPI values. The n-alkane distributions and observed co-variance of ACL and CPI in 

S.U. IVd and IVc could therefore be explained by the effects of anthropogenic fire.  



73 / 224

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: 3219682				Código de verificación: qNY5nIM9

Firmado por: Rory Connolly . Fecha: 17/02/2021 14:01:27
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:58:12
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:28:17
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12258

Nº reg. oficina: OF002/2021/12092
Fecha: 18/02/2021 08:49:19

 

57 

 

δ13Cwax values are within the expected limits for a predominant contribution from C3 plants 

(Ficken et al., 1998). Through the entire sequence, there is a range of up to 5.6‰ (nC29) and 

6.7‰ (nC31) for carbon isotope values, and up to 41‰ (nC29) and 37‰ (nC31) for hydrogen 

isotope values. δ13Cwax decreases from -32.5‰ to -34.9‰ (nC29) and -34.1‰ to -35.9‰ (nC31) 

between the base and the uppermost part of S.U. IVd, while δ2Hwax decreases from -136‰ to -

152‰ (nC29), and from -149‰ to -159‰ (nC31). Although thermal alteration may have 

contributed to the observed variability (Weisenberg et al., 2009), notably in S.U. Numerous 

factors likely influence IVd and IVc, δ13Cwax and δ2Hwax values through the sequence. Water 

availability, temperature changes and specific plant attributes can affect fractionation of carbon 

isotopes by plants during CO2 uptake and fixation (Δleaf) (Kaplan et al., 2002; Diefendorf and 

Freimuth, 2017). Diefendorf et al. (2010) have demonstrated that MAP is a strong predictor of 

Δleaf, although microclimate and ecosystem structure factors are also likely to influence δ13Cwax. 

Precipitation δ2H, evapotranspiration and vegetation type are considered direct controls δ2Hwax 

values, although other environmental and physiological variables can exert secondary 

controls (Sachse et al., 2006, 2009, 2012; Liu and Yang, 2008; Liu and An, 2018). Changes in 

moisture source (Z. Liu et al., 2008; Tipple et al., 2015) or fluctuations in the intensity of the 

North Atlantic Oscillation (NAO) could play a role in determining precipitation patterns and 

δ2H values (Muñoz-Díaz and Rodrigo, 2004; Brittingham et al., 2019), explaining some of the 

variability observed through the sequence at Abric del Pastor. North Atlantic dynamics have 

been shown to play a significant role in the isotopic composition and variability of precipitation 

(Benetti et al., 2017). These effects have been recorded elsewhere in the Iberian Peninsula 

(Jambrina-Enríquez et al., 2017).  

A negative correlation between monthly precipitation amount and precipitation δ2H recorded 

at GNIP (Global Network for Isotopes in Precipitation; IAEA/WMO 2006) stations in Murcia 

and Valencia suggests that regional δ2Hp values may be influenced to some extent by 
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precipitation amount. Temperature is also likely to have been a significant factor, however, as 

this plays a role in governing soil water evaporation and leaf transpiration, which in turn affects 

the primary signal (Sachse et al., 2012; Kahmen et al., 2013; Wang et al., 2016). Water 

availability is an important control on δ13C in C3 plants, which has also previously been shown 

in certain cases to positively correlate with MAP and relative humidity (RH) (Farquhar et al., 

1989; Diefendorf et al., 2010; Garcin et al., 2014; Diefendorf and Freimuth, 2017). Co-varying 

trends between δ2Hwax and δ13Cwax through the sequence at Abric del Pastor could therefore be 

linked to the combined effects of changes in moisture source, precipitation amount and 

fluctuations in temperature and evaporative stress.   

Evidence of generally cool conditions throughout the sequence are recorded at the 

microstratigraphic level by the occurrence of weakly lenticular and granular microstructures, 

in addition to features such as soil cappings, and frequent platy or fissured clasts characteristic 

of cyclical freeze-thaw processes (Vliet-Lanoë, 2010). The sequence is generally composed of 

laterally discontinuous sands and gravels derived from the collapse and disintegration of the 

limestone conglomerate which makes up the rock shelter. Faecal spherulites recorded in S.U. 

I may be linked to the presence of goats at the site in relatively recent times. In addition to input 

of fresh leaves from the modern trees and vegetation immediately adjacent to the site, this 

probably contributes to the elevated TOC values in S.U. I. Other sources may include the 

frequent occurrence of fresh root-derived OM which has been observed in several thin sections. 

This highlights the effects of active bioturbation, although, it should be noted that this does not 

uniformly affect entire the sequence, being more intense in the uppermost units (S.U. I - IVa). 

Good preservation of the calcitic matrix, sedimentary components, and anthropogenic material 

throughout most of the sequence signal generally high rates of sedimentation. Indicators of 

slower sedimentation rates, increased surface exposure and the presence of moisture also occur, 

however, in the form of redoximorphic features and instances where it is evident that the 
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calcitic matrix has been affected by dissolution processes. This is observed in S.U. IVd, for 

instance, and might partially explain the degree of thermal degradation affecting n-alkane 

distributions as slower sedimentary rates produce a palimpsest effect with the concentration 

and superimposition of materials related to successive combustion events (Bailey, 2007; 

Machado et al., 2015). The occurrence of textural contrasts and sharp contacts between 

depositional facies suggest sedimentary accretion at the site is dynamic and responsive to 

external processes, most likely linked to shifting environmental conditions.  

Cool temperatures are also implied by the charcoal assemblage from S.U. IVc and IVd which 

shows a predominance of juniper (> 50% in some subunits) relative to pine, coherent with the 

establishment of a cold climate during which heliophilous, dought-tolerant plants progressively 

developed, accompanied by a decrease in temperatures throughout the Iberian Peninsula 

(Sánchez-Goñi et al., 1999). Our reconstruction points to dry or semi-arid supramediterranean 

conditions (MAT of 8 – 13 ºC, -4 ºC and MAP of 200 – 600 mm, -80 mm), which is congruent 

with the observed δ2Hwax and δ13Cwax values if we accept that temperature and evaporative 

stress are the dominant controls. Indeed, juniper species show great resistance to changes in 

temperature and humidity, being physiologically adapted to stress tolerance with low demands 

in terms of soil (Costa et al., 2005). The homogenous anatomical structure of Juniperus does 

not allow for the discrimination of the species gathered, which could hypothetically include 

thermophilous species (J. oxucedrus, J. phoenicea) or cryophilous ones (J. communis, J. 

thurifera, J. sabina), whose present-day range covers from thermo-Mediterranean to supra-

Mediterranean bioclimatic belts together with dry or semi-arid conditions (Costa et al. 2005). 

However, carpological data from El Salt, a Middle Palaeolithic site located 4 km away from 

Abric del Pastor, indicate the presence of Juniperus sabina (savin juniper) in the region (units 

VIII – Xa), at least during MIS 3 (Vidal-Matutano et al. 2018a). This taxon is currently 

abundant in the supra-Mediterranean and oro-Mediterranean bioclimatic belts, above 1100 – 
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1200 m a.s.l., occurring together with other species of the same genus (J. communis, J. 

thurifera) (Rivas-Martínez, 1987; Costa et al. 2005). The absence of thermophilous juniper at 

Abric del Pastor would be consistent with an anthracological assemblage reflecting a 

temperature range which is lower than present conditions. The appreciable percentage of mixed 

forest taxa in those units coinciding with decreasing values of juniper might be explained by 

the location of the rock shelter in a narrow ravine, where access to several plant formations is 

possible within a short distance (< 1 km). The presence of these plant formations, with different 

ecological requirements to juniper, point to the existence of a local vegetation refugium, 

composed of several biotopes, facilitated by the orography of the narrow ravine.  

The current spatial distribution of plant taxa recorded in S.U. IV has been obtained for the 

Iberian Peninsula, taking into account Juniperus communis, Juniperus ocycedrus, Juniperus 

phoenicea, Juniperus thurifera, Juniperus sabina, Pinus nigra subsp. salzmanii, Pinus nigra 

subsp. Arnold, Taxus baccata, Pistacia terebinthus, Quercus ilex ballota and Quercus faginea. 

This is presented here alongside the distribution of the microfaunal species recorded in S.U. 

IVd (Fig. 3.12). The Javalambre and Gúdar mountain ranges (Teruel) and the eastern Iberian 

mountain system show the highest proportions of overlapping plant taxa. This mountainous 

region (1000 – 1500 m a.s.l.) is located at the supramediterranean bioclimatic belt with a MAT 

of 8 – 10 ºC and a MAP of 400 – 600 mm (Rivas-Martínez, 1987). Isolated locations are also 

highlighted in the Pyrenees and the Central and Betic mountain systems.  
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Figure 3.12 10 x 10 UTM squares obtained overlapping the distribution areas of the main plant (red squares) and small 

mammal, reptile and amphibian (black squares) species analysed in this study. 

Our palaeoecological reconstruction based on the the microfauna suggests a similar scenario, 

with generally cooler (MAT -1.48 ºC) and possibly drier (411 mm to 837 mm) conditions than 

present. The Habitat Weighting Method indicates a predominance of open woodland 

environments (47%) (Appendix 1 Figure 3), which includes woodland margins and forest 

patches with moderate ground cover, evidenced by the abundance of Apodemus sylvaticus. This 

species is ubiquitous throughout Spain, normally occupying areas with a good shrub or tree 

cover (Palomo et al., 2007). Woodlands and Open Humid habitats are next most-commonly 

represented habitat types in S.U. IVd, although values are only approximately half those 

obtained for Open Woodland habitats, at 23% and 22% respectively. Species linked to rocky 

environments such as Eliomys quercinus, Pelodytes sp., Coronella girondica and Viperidae 

indet. are probably explained by the topographic context of the site, near a cliff. The presence 

of temporary water bodies is indicated by the remains of Pelodytes sp., despite appearing in 
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lower proportions. The probable agent responsible for the accumulation of the assemblage, 

Bubo bubo, is a nocturnal raptor widespread throughout Europe and Asia (see Appendix 1). 

This species depends on a wide range of prey and its associated prey assemblages are 

taxonomically diverse with a high degree of equitability. 

The macrofaunal assemblage from S.U. IVd is characteristic of Mediterranean conditions. 

Climatic reconstruction based on the CRI model yielded an AAP value of 268 mm, which is 

consistent with ranges obtained from other proxies. Variation in the proposed temperature 

values between the different datasets probably reflect the disparate depositional agents 

responsible for their accumulation and the differing spatial resolutions of the proxies. The 

taxonomic composition of the assemblage is potentially congruent with either an MIS 5 setting, 

or a phase of climatic amelioration during MIS 4. As such, the frequent occurrence of 

Mediterranean tortoise (Testudo hermanni) in S.U. IVd is notable. In Pleistocene chronologies, 

there are few archaeological deposits in the Mediterranean area where Testudo hermanni is 

present during MIS 4, limited to Cova Dalt del Tossal de la Font (MIS5d-4) and Abric del 

Pastor (Morales and Sanchis, 2009; Sanchis et al., 2015; Mallol et al., 2019). In fact, a recent 

review of Neanderthal consumption of Testudo hermanni in the Iberian Peninsula by Nabais 

and Zilhão (2019) suggests that the species may have almost completely disappeared from the 

peninsula at the onset of MIS 4 as a result of over-exploitation. It’s presence at Abric del Pastor 

is in agreement with the anthracological data which suggests that the ravine where the site is 

located probably acted as a vegetation refugium, providing sufficient tree and shrub cover for 

this species to thrive, as well as an abundant and diverse source of woody biomass which could 

be exploited as fuel by Neanderthal groups. 

The resolution of the current chronological framework at Abric del Pastor limits the direct 

comparisons which can be drawn between our sequence and other regional palaeoclimate 



79 / 224

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: 3219682				Código de verificación: qNY5nIM9

Firmado por: Rory Connolly . Fecha: 17/02/2021 14:01:27
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:58:12
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:28:17
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12258

Nº reg. oficina: OF002/2021/12092
Fecha: 18/02/2021 08:49:19

 

63 

 

records. Nevertheless, our most complete dataset comes from S.U. IVd, which corresponds 

with an OSL date of 63 kya ± 5000, implying an MIS 4 or possible late MIS 5 setting. During 

the period in question, evidence from the upper Tagus Basin suggests the accumulation of 

significant loess deposits are linked to cool and dry conditions through MIS 4, but perhaps 

began accumulating as early as late MIS 5 (Wolf et al., 2018). This might point to the 

development of adverse environmental conditions in the Iberian interior, with decreasing 

vegetation cover limiting the availability of important resources. In such a scenario, peripheral 

regions along the Iberian coastline may have been more climatically favourable for 

Neanderthal groups. Pollen records from Area Longa (Galicia) in the north-west of the 

peninsula record a stadial vegetation with grassland and heathland through the earliest stages 

of MIS 4 (Gómez-Orellana et al., 2007; Fletcher et al., 2010), while palynological records from 

Abric Romaní, in the north-east, record a predominance of steppe vegetation (Artemisia) 

characteristic of generally dry and cold conditions, interspersed by rapid episodic shifts in 

vegetation structure which led to an increase in grasses (Poaceae) followed by a decline in 

pines and deciduous oaks (Quercus). The presence of Betula with Corylus, Viburnum and 

Mediterranean taxa, suggest that localised glacial refugia persisted during MIS 4 (Burjachs and 

Julià, 1994; Biltekin et al., 2019). This is in keeping with the data presented here from Abric 

del Pastor and taken together could predict similar conditions for MIS 4 throughout the Eastern 

Iberian Peninsula, pointing to a mosaic scenario with different biotopes shaped by local 

geographic factors. 

3.6. Concluding remarks 

Drawing on multiple lines of evidence, we have investigated climatic variability through the 

sequence at Abric del Pastor. Our data points to a generally cold but variable climate through 

the Pleistocene part of the sequence, as evidenced by the persistent presence of cryoturbation 

features in our micromorphological samples. n-Alkane distributions and co-varying CPI and 
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ACL values in S.U. IVc and IVd reflect degradation linked to the probable incorporation of 

charred biomass associated with anthropogenic burning events. This is supported by the 

archaeological evidence at the macroscopic scale where eight combustion features are recorded 

in S.U. IVd, as well as at the microstratigraphic scale where combustion residues are linked to 

microfacies which show signs of slower sedimentary rates. Fluctuations in δ2Hwax and δ13Cwax 

through the sequence can be explained as the combined effects of moisture source changes, 

regional precipitation amount and changes in atmospheric temperatures. This is consistent with 

our anthracological analysis of S.U. IVc and IVd which indicates a prevalence of dry to semi-

arid supramediterranean conditions (MAT -4 ºC and MAP of 200 – 600 mm, -80 mm) and our 

reconstruction based on the small-mammal assemblage (MAT -1.48 ºC, MAP 411 mm to 837 

mm). At this part of the sequence, which corresponds with an OSL date of 63 kya (± 5000 1σ), 

we propose a scenario where open dry woodland formations extended throughout the upper 

reaches of the valley, while Mediterranean mixed forest taxa and riverine species survived 

within the Barranc del Cinc ravine, a vegetation refugium providing adequate tree cover and 

ground shrubs to support species such as Testudo hermanni, which were exploited for 

subsistence by Neanderthal groups. The ravine also provided an abundant fuel source in the 

form of woody biomass. The occupation of the rock shelter may have formed part of a broad 

subsistence and mobility strategy focused on intra-mountainous valleys or ravines, like the 

Barranc del Cinc, which are zones of ecological resilience and biodiversity that provide 

opportunities for the construction of crucial econiches.  

Finally, our results demonstrate the utility of a coupled biomolecular and geoarchaeological 

approach, however, encourage caution for future studies in archaeological contexts where 

microscopic residues, related to anthropogenic fire for instance, can potentially influence the 

molecular or isotopic signal. In such cases, soil micromorphology is a powerful tool for 



81 / 224

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: 3219682				Código de verificación: qNY5nIM9

Firmado por: Rory Connolly . Fecha: 17/02/2021 14:01:27
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:58:12
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:28:17
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12258

Nº reg. oficina: OF002/2021/12092
Fecha: 18/02/2021 08:49:19

 

65 

 

determining the extent of anthropogenic impact on sediments and establishing vital constraints 

for the interpretation of biomolecular data. 
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Chapter 4: Investigating the palaeoenvironmental context for the 

disappearance of Neanderthals in Eastern Iberia: a multiproxy study of 

Stratigraphic Units VIII – V (upper) at El Salt (Alcoy) 

Rory Connolly 1, 2, Cristina Val-Peón 3, Antonio V. Herrera-Herrera 1, Margarita Jambrina-Enriquez 1, 

4, Lucia Leierer 1, 2, Carolina Mallol 1, 2 

1.       Instituto Universitario de Bio-Organica Antonio Gonzalez (IUBO), Universidad de La Laguna, 38206, Canary Islands, Spain. rconnoll@ull.es; 
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2.       Departmento de Geografia e Historia, Universidad de La Laguna, 38200, Canary Islands, Spain. 

3.       Institute of Neotectonics and Natural Hazards, RWTH Aachen University, Lochnerstrasse 4-20, 52056 Aachen, Germany 

4.  Departamento de Biología Animal, Edafología y Geología, Facultad de Ciencias, Universidad de La Laguna, 38200, Canary Islands, Spain. 

 

Abstract 

Here we present a multiproxy palaeoenvironmental study from Stratigraphic Units VIII – V 

(upper) at the Middle Palaeolithic site of El Salt (Alcoy, Spain), which hosts a long sequence 

of Late Pleistocene deposits yielding abundant evidence for recurrent Neanderthal occupations 

through the course of Marine Isotope Stage 3 (MIS 3). Site formation processes have been 

reconstructed through the application of soil micromorphology and the sedimentary sequence 

has been analysed for lipid biomarker n-alkane abundances (CPI, ACL, VPD, LAR, Paq), 

compound-specific isotope analysis (δ2Hwax and δ13Cwax), bulk organic geochemistry (TOC), 

and pollen/non-pollen palynomorphs. Our results are in line with other regional studies and 

support previous palaeoecological research at this site which suggests that the cessation of 

Neanderthal activity in Eastern Iberia c. 45 kya coincides with a scenario of widespread 

aridification. 

4.1. Introduction 

The disappearance of Neanderthals from the archaeological record c. 40 kya, and their 

subsequent placement by anatomically modern humans (AMH) across Europe, is a defining 
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characteristic of the Middle to Upper Palaeolithic transition (MUPT), a process widely 

regarded as amongst the most significant cultural transitions to have occurred in the course of 

human evolution (Blockley et al., 2008; d’Errico and Sánchez Goñi, 2003; Finlayson et al., 

2007; Greenbaum et al., 2018; Mellars, 2004; Morley, 2012; Villa et al., 2018; Villa and 

Roebroeks, 2014; Zilhao, 2006). There remains, however, considerable debate regarding the 

extent to which climatic change should be considered a driving factor in this process (Blain et 

al., 2013; Burke et al., 2014; Defleur and Desclaux, 2019; Finlayson, 2004; Finlayson and 

Carrión, 2007; Jiménez-Espejo et al., 2007; Müller et al., 2011; Roberts and Bricher, 2018; 

Sepulchre et al., 2007; Staubwasser et al., 2018; Wakano et al., 2018; Wolf et al., 2018). Owing 

to its geographical situation and the possible late survival of Neanderthals in this region, the 

Iberian Peninsula has long been considered a key location for understanding Neanderthal 

adaptation to climate. It has been suggested that the southern and eastern margins of the 

peninsula may have provided local refugia with conditions favourable to Neanderthal survival 

during periods of wider global climatic deterioration (Finlayson et al., 2007; Jennings et al., 

2011; Ochando et al., 2019).  

The climatic and environmental framework for Iberia during Marine Isotope Stage 3 (MIS 3) 

(57-29 kya) is largely drawn from off-shore marine cores, peat deposits, and speleothems, 

while palynological, palaeobotanical and palaeontological material recovered from 

archaeological contexts has provided an additional source of information (Burjachs et al., 2012; 

Daura et al., 2017; Esteban et al., 2017; López-García et al., 2014, 2012; Ochando et al., 2019). 

These records indicate highly variable conditions which fluctuated between extremely cold 

episodes with occasionally short-lived warm intervals linked to globally significant Heinrich 

events and Dansgaard-Oeschger (D/O) oscillations (Fletcher et al., 2010; Naughton et al., 2009; 

Roucoux et al., 2001, 2005; Sánchez Goñi et al., 2008; Sanchez Goñi and Harrison, 2010). 

Throughout Heinrich events, mean annual precipitation (MAP) in Iberia is estimated to have 
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been approximately 400 mm less than current values, with winter temperatures between 6 - 13 

°C lower. More temperate climate phases, on the other hand, are marked by MAP values 

between 600 - 800 mm and winter temperatures between 5 - 10 °C, similar to conditions 

experienced throughout the peninsula today (Cacho et al., 1999; d’Errico and Sánchez Goñi, 

2003; Sánchez Goñi et al., 2008). Cold phases with low MAP values resulted in the 

development of large areas dominated by desert-steppe vegetation which saw a reduction in 

vegetation cover to less than 25 % of present-day values (d’Errico and Sánchez Goñi, 2003; 

Sepulchre et al., 2007).  

The final phase of Neanderthal demographic collapse has been attributed by some to an episode 

of abrupt aridification and climatic cooling during Heinrich Event 4 (HE 4) between 39 - 40 

kya (Bradtmöller et al., 2012; e.g. d’Errico and Sánchez Goñi, 2003; Mellars, 2006). There is, 

however, mounting evidence that in several locations the disappearance of Neanderthal groups 

occurred prior to the onset of HE 4 (Higham et al., 2014; Wood et al., 2013). Here, we combine 

a range of palaeoenvironmental techniques to investigate a sedimentary sequence from 

Stratigraphic Units (S.U.) VIII - V (upper) at the Middle Palaeolithic site of El Salt in Eastern 

Iberia, where a recent TL and OSL dating program has indicated the disappearance of the local 

Neanderthal population c. 45 kya (Galván et al., 2014).   

4.2. Materials and methods 

4.2.1. Site background 

El Salt (38˚41’14” N, 0˚30’32” W, 680 a.s.l.) is an open-air Middle Palaeolithic site situated c. 

3 km outside the city of Alcoy, immediately south-east of the Sierra de Mariola in a 

mountainous region of Eastern Iberia’s central Mediterranean coast, close to the Serpis and 

Barxell rivers (Fig. 4.1). Archaeological excavations, which are ongoing since 1986 and led by 
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a multidisciplinary team from the Universidad de La Laguna, have yielded abundant evidence 

for recurrent Neanderthal occupation activity between 60.7 ± 8.9 and 45.2 ± 3.4 ka BP 

(Fagoaga et al., 2018; Galván et al., 2014, 2001; Garralda et al., 2014; Gómez de la Rua et al., 

2010; Leierer et al., 2019; Machado et al., 2017, 2015; Mallol et al., 2013; Rodríguez-Cintas 

and Cabanes, 2017; Sistiaga et al., 2014; Vidal-Matutano et al., 2018b). Activity areas at the 

site are concentrated at the base of a 38 m high Palaeocene limestone cliff which is covered by 

partially active tufa/travertine formation and formed along a thrust fault. Tufa formation is 

driven by an 80 m episodic waterfall which is fed by the Barxell River and Pou del Barxell 

spring (806 m a.s.l.), located 3.6 km upstream (Ordóñez et al., 2016). El Salt is today situated 

in a mesomediterranean bioclimatic belt with MAP values >500 mm and a mean annual 

temperature (MAT) of 14 °C (Rivas-Martınez, 1987).  
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Figure 4.1 El Salt Middle Palaeolithic site: (a) Map showing location of the site on the Iberian Central Mediterranean coast; 

(b) Photograph of site excavation surface. Note the large limestone blocks from the roof collapse; (c) Stratigraphic log showing 

the position of the recovered human remains and absolute dates (after Galván et al., 2014). 

 The sequence hosts a 6.3 m thick deposit which has been divided into thirteen primary 

stratigraphic units (S.U. XIII - S.U. I), broadly grouped according to their macroscopic textural 

characteristics and their archaeological content (Galván et al., 2014):  S.U. XIII at the base of 

the sequence is an archaeologically sterile travertine platform. Dating by U-Th places this 

between 81.5 ± 2.7 kya and 80.1 ± 4 kya (Fumanal, 1994). S.U. XII - S.U. IX (~1.5m) is formed 

by horizontally bedded fine geogenic sands overlaying a clastic facies at the base of this 

segment, which contains a number of considerably large blocks, pointing to a significant 

collapse event. Archaeological material is abundant in this part of the sequence, being 

particularly concentrated in S.U. X, which yielded a large number of simple flat combustion 

structures with associated faunal and lithic assemblages (Leierer et al., 2019; Machado and 

Pérez, 2015; Mallol et al., 2013). S.U. VIII to S.U V (lower) (1.5 - 2.8 m) is composed of 

horizontally bedded geogenic sands, S.U. VI is sealed by large blocks which suggest another 

significant collapse event. The concentration of archaeological material in this part of the 

sequence is marked by a notable decrease both laterally and vertically. S.U. V (upper) (~0.5 

m) is characterised by sandy silt with medium to large gravel in the top 20 cm. Archaeologically 
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only two small flint blades, occasional debitage and a single combustion feature are recorded 

here. S.U. IV - S.U. I (~1.3 m) consist of irregular beds of gravel and cobbles within a silty 

clayey matrix. Stratification is evidently quite disturbed with Neolithic pottery having been 

recovered commingled with late Upper Palaeolithic, Epipalaeolithic and Mesolithic materials.   

A previous study of the small mammal assemblage recovered from S.U. Xb (52.3 ± 4.6 ka) 

indicated relatively cold and humid conditions in an environment composed predominantly of 

open woodlands and a patchwork of dry and humid meadows (Fagoaga et al., 2018), while 

anthracological and carpological analyses of plant remains recovered from S.U. Xb, Xa, IX, 

and XIII (52.3 ± 4.6 ka to 49.2 ± 4.8 ka) pointed to a predominance of sub-humid supra-

Mediterranean conditions (MAT 8–13 °C and MAP 600–1000 mm) (Vidal-Matutano et al., 

2018b). A more recent study of the small mammal assemblage recovered from S.U. V (upper) 

(45.2 ± 3.4 ka to 44.7 ± 3.2 ka) suggests an arid climatic setting at this part of the sequence, 

around the time of the final Neanderthal occupations at the site (Fagoaga et al., 2019). Here, 

we focus on S.U’s VIII – V (upper) (Fig. 4.2). 
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Figure 4.2 Sediment profiles mentioned in this study: (a) Photograph of P.13 with stratigraphic units highlighted and labelled; 

(b) Photograph of P.20 and P.20a which comprise S.U. V (upper). Inset shows a close-up of the fine sediments recorded at this 

part of the sequence; (c) Site orthophotograph with profiles highlighted and numbered. 

4.2.2. Soil micromorphology 

Intact, oriented blocks of sediment from S.U. VIII - S.U. V (upper) were extracted from 

selected profiles (P.1, P.3, P.13, P.21 and P.24) for micromorphological analysis. The goal of 

applying this technique was to characterise site formation processes and the local sedimentary 

context, identifying features at the microstratigraphic scale which may be linked to particular 

environmental conditions.  
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Samples were oven-dried at 60 °C for 48 hours and subsequently impregnated with a mixture 

of polyester resin (Palatal strained resin UN1866, TNK composites), styrene (Styrene 

monomer [CAS: 100-42-5] UN2055, TNK composites) and catalyser (Luperox [CAS: 78-93-

3], TNK composites) in a 7:3:0.1 ratio. After hardening, a Euro-Shatal M31100 radial saw was 

used to cut the blocks into 1 cm-thick slabs. Samples were sent to Spectrum Petrographics 

(Vancouver, WA, USA) for thin section manufacture (7 cm x 5 cm x 30 µm) and 

micromorphological analyses were carried out using a Nikon E200 polarising microscope. 

Descriptions follow the standard guidelines set out in Stoops (2003) and Nicosia and Stoops 

(2017). 

4.2.3. Total Organic Carbon (TOC) 

TOC (%) was analysed with a LECO SC 144DR furnace at the Instituto Pirenaico de Ecología 

(IPE-CSIC), Spain. 

4.2.4. Lipid biomarker analysis (n-alkanes) 

Sediment samples (5-10 g) from S.U. VIII – V (upper) were collected from P.13, P.20, P.20a, 

and P.21 at a 1-5 cm interval. The black layers (BL) at the base of S.U. VIII were not sampled 

for lipids to avoid anthropogenic combustion residues. Lipid biomarker analyses were 

conducted at the Archaeological Micromorphology and Biomarkers Laboratory (AMBI), 

Universidad de La Laguna, Tenerife.   

Samples were oven-dried at a temperature of 60 ºC for 24 h prior to extraction. Extraction of 

the target alkanes from sediments was carried out following the optimised QuEChERS method 

set out by Herrera-Herrera et al. (2020) based on the original methodology proposed by  

Anastassiades et al. (2003). 5 g of sediment was transferred to a 50 mL PTFE tube and one 

spherical glass ball was included. 10 mL of DCM as extraction solvent was added and the 



90 / 224

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: 3219682				Código de verificación: qNY5nIM9

Firmado por: Rory Connolly . Fecha: 17/02/2021 14:01:27
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:58:12
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:28:17
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12258

Nº reg. oficina: OF002/2021/12092
Fecha: 18/02/2021 08:49:19

 

74 

 

mixture was manually shaken for 1 min. IS was added (1 μL 400 mg/L) and the tube was again 

manually agitated for 30 s. 4 g of MgSO4 and 1 g of NaCl were subsequently added. Manual 

agitation was again carried out for a duration of 1 min and the mixture was centrifuged at 4700 

r.p.m. for 5 min using a Mega Star 1.6 from VWR International (Barcelona, Spain). The 

supernatant (approx. 6 mL) was then transferred to another 50 mL PTFE tube containing 150 

mg of MgSO4 and 25 mg of PSA (clean-up sorbent). This was manually agitated for 30 s and 

centrifuged at 4700 r.p.m. for 5 min. The supernatant was collected and evaporated under a 

nitrogen flow using an Organomation evaporator (Massachusetts, USA). The residue was 

reconstituted in 50 μL of hexane prior to injection in the GC-MS system. 

Identification of individual compounds was carried out by comparison of retention times and 

mass spectra to those of reference compounds (mix C8-C40 and 5α-androstane, Supelco) and 

mass spectral library databases (NIST). Quantification of concentrations was achieved using 

calibration curves obtained which plot the ratio Area/AreaIS versus the concentration of 

reference compounds. Correlation coefficients for each sample were higher than 0.995. 

Concentration is expressed here in terms of µg of individual compound per gram of dry sample 

(µg gds-1). Concentration of n-alkanes are calculated using calibration curves following the 

recommendations of Herrera-Herrera et al. (2020). 

The Average Chain Length (ACL) was calculated following Poynter et al. (1989) and Freeman 

and Pancost (2013) using the C18 - C35 interval: ACL18-35 = Σ(Ci × [Ci]) / Σ[Ci]; 18 ≤ i ≤ 35 

The mean annual Vapour Pressure Deficit (VPDav) was calculated following Eley and Hren 

(2018): VPD = 1.3125 - √14.1208 −  0.4629 x 𝐴𝐶𝐿 

The Carbon Preference Index (CPI) value (C18 to C35) follows the equation set out in Bray and 

Evans (1961) and Cooper and Bray (1963): CPI25–33 = [(ΣC25–33odd/ΣC24–32even) + (ΣC25-

33odd/ΣC26–34even)] × 0.5 
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Values > 1 denote an odd over even preference (OEP) while values < 1 are indicative of an 

even over odd preference (EOP). 

The Paq index was calculated following Ficken et al. (2000): Paq = (C23 + C25)/(C23 + C25 + 

C29 + C31) 

The value [Ci] represents the n-alkane concentration where i is the number of carbon atoms. 

The relative contribution of n-alkanes C29 and C31 through the sequence was assessed using 

long-chain n-alkane ratios (LARs): C29 / (C29 + C31) 

4.2.5. Compound specific isotope analysis (CSIA) 

Isotope analysis of individual n-alkanes was carried out using a Thermo Scientific Isotope 

Ratio Mass Spectrometer Delta V Advantage coupled to a GC Trace1310 through a Conflo IV 

interface with a temperature converter GC Isolink II. A Trace Gold 5-MS (Thermo Scientific) 

fused silica capillary column ((5%-diphenyl)-dimethylpolysiloxane, 30 m length x 0.25 mm 

i.d., 0.25 μm film thickness) was used. The helium carrier gas flow rate set was set at 1.5 

mL/min. All measurements were carried out in triplicate. Isodat 3.0 software (Thermo 

Scientific) was employed for data acquisition and processing. 

Here, carbon (δ13C) and hydrogen (δ2H) isotope values are reported for n-alkanes C29 and C31. 

Samples were injected using a Programmed Temperature Vaporising injector (PTV) in splitless 

mode. Temperatures initially increased from 60 °C to 79 °C (held 30 s, rate 10 °C/min) and 

then to 325 ºC (held 3 min, rate 10 ºC/s) and finally to 350 ºC (held 3 min, rate 14 ºC/s). For 

the GC oven, a 2 min isothermal period at 70 ºC increasing to 140 ºC (held 2 min, rate 12 

ºC/min) was followed by an increase to 320 ºC (held 15 min, rate 3 ºC/min). The high-

temperature conversion (HTC) oven was maintained at 1000 ºC during carbon isotope analysis 

and 1420 ºC during hydrogen isotope analysis. Values were normalised to the Vienna Pee Dee 
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Belemnite (VPDB) scale (δ13C) and Vienna Standard Mean Ocean Water (VSMOW) scale 

(δ2H) using an n-alkane Schimmelmann type A6 mixture (nC16 to nC30) of known isotopic 

composition (Arndt Schimmelmann; Biogeochemical Laboratories, Indiana University). 

Reproducibility was greater than ± 0.5‰ for carbon isotope measurements and ± 5.0‰ for 

hydrogen isotope measurements. 

4.2.6. Pollen 

A total of 42 samples were collected from four different profiles: 28 from P.13, 5 from P.20, 6 

from P.20a, and 4 from P.21. P.13 was sampled at 1-5 cm interval, while the other profiles 

were sampled every 10 cm.  

Samples were chemically treated according to the modified Goeury and de Beaulieu (1979) 

methodology described by Burjachs et al. (2003). The treatment includes hydrochloric acid 

(HCl) to remove carbonates, NaOH digestion to remove humic acids, Thoulet heavy liquid (2–

2.1 cm3/g) for densimetric extraction of palynomorphs, and hydrofluoric acid (HF) to destroy 

glass-fibre filters. Palynomorphs were counted in an optical microscope at 40x and 1000x to a 

minimum pollen sum of 150 terrestrial pollen grains. They were identified using published 

keys (e.g. Moore et al., 1991; Reille, 1992, 1995) and a modern pollen reference collection.  

Palynological diagrams were plotted using TiliaIT software, version 2.0.41 (Grimm, 1991–

2015). General pollen results are expressed in percentages, as well as taxonomic variability. 

They are divided into arboreal pollen (AP) and non-arboreal pollen (NAP) to conform to the 

European Pollen Database (EPD) standard (http://www.europeanpollendatabase.net/). 

Different pollen zones are defined using a stratigraphically constrained cluster analysis 

(CONISS) (Grimm, 1987). Although cluster was included, zones were not highlighted in the 

diagram to focus instead on the differences between the different stratigraphic units.   
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To plot a diagram, it was necessary to sum some components. The basis sum includes the 

arboreal and non-arboreal elements (AP/NAP). Some taxa are usually excluded from this sum 

because, due to factors in their production and dispersion, they are overrepresented and can 

distort our results. In archaeological deposits, and more specifically in caves and rock-shelters, 

the presence of entomophilous pollen grains can be related to human or animal activity 

(González Sampériz, 1998); one well-known example is Asteraceae (Bottema, 1975; Carrión, 

1992; Carrión and Munuera, 1997). Sometimes, taxa may occur in lumps, and it is considered 

that a significant portion of these pollen grains may be buried by insects (Bottema, 1975; Davis 

and Buchmann, 1994). For these reasons, the following taxa were excluded from our basis sum 

and included in the total pollen sum: Cyperaceae, Asteraceae (Cardueae, Asteroideae, 

Liguliflorae type, and Centaurea) Apiaceae, and Liliaceae. 

4.2.7. Non-Pollen Palynomorphs (NPPs)  

Non-pollen palynomorphs (NPPs) are microfossils included in sediments that are processed for 

palynological analysis. They are sub-fossil remains of a great variety of organisms that can be 

sensitive to various ecological parameters or to human presence (Miola, 2012). Although some 

NPPs have been identified and related to specific conditions, the origins of most of them remain 

unknown. NPPs were counted under the microscope alongside the identification of pollen 

grains. Diagrams were plotted using TiliaIT software, version 2.0.41 (Grimm, 1991–2015). 

Different zones were defined using a stratigraphically constrained cluster analysis (CONISS) 

(Grimm, 1987). As before, zones were not marked in the diagram to better highlight the 

differences between archaeological levels. 
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4.3. Results 

4.3.1. Soil micromorphology 

Samples are generally composed of similar sedimentological and lithological components, 

although abundances and degree of weathering vary considerably within and between different 

stratigraphic units. This is represented by an organic-rich heterometric mix of quartz sand, 

detritic tufa and travertine from an Upper Pleistocene freshwater spring system, as well as 

micritic peloids and fossiliferous micritic to microsparitic limestone derived from the physical 

weathering and disaggregation of the local bedrock. Here, we have arranged the lithological 

fraction into lithology types A, B, B*, C, D and E (Table 4.1) according to the distribution of 

lithological elements and textural classes. The fine mass throughout the sequence is composed 

of calcitic-crystallitic clayey silt which is locally decalcified (Fig. 4.3) or undifferentiated and 

the predominant microstructure throughout is described here as intergrain microaggregate, 

although locally massive, granular and vughy microstructures are also recorded. The same 

organic components are ubiquitous throughout the sequence; this includes Celtis sp. seed 

coatings, coprolites (massive and fibrous), guano accumulations, bone fragments, charcoal, 

flint debitage, calcitic wood ash, fat-derived char, and microfaunal remains (Table 4.2). 

Detailed descriptions of each thin section sample are provided in Appendix 2. 
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Figure 4.3 Photomicrographs (XPL, cross-polarised; PPL, plane-polarised) of a sedimentary matrix showing the calcified (a. 

PPL; b. XPL) and decalcified (c. PPL; d. XPL) groundmass typical of S.U. V and S.U. VIII respectively. 

 

S.U. VIII 

 

S.U. VIII is characterised by lithology types A and C, composed of diffusely bedded, 

moderately sorted, detrital sand and gravel and decalcified groundmass. The presence of intact 

and fragmented guano crusts is a recurrent feature in this unit. A thin layer of anatomically 

connected phytoliths is also identified here, as well as disarticulated phytoliths scattered 

throughout. Their presence at this part of the sequence is noteworthy as they are typically absent 

or poorly represented in S.U. V, though it is worth noting that a previous study has shown that 

phytoliths are a common feature of unit Xb (Rodríguez-Cintas et al., 2017). Charcoal fragments 

and silt to sand-sized organic particles (black OM) are abundant throughout this unit. Pockets 

V 

VIII 
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of phosphate, massive and fibrous coprolites, authigenic gypsum infillings, fragments of bone 

and shell, Celtis sp. seed coatings and flint debitage also occur. 

S.U. VII 

 

S.U. VII is lithologically very similar to S.U. VIII, being composed of lithology types A and 

C. Here, however, the diffusely bedded detrital sand and gravel appears more poorly sorted. 

This unit is locally bioturbated, as evidenced by the presence of channels and chambers infilled 

by faecal excrements produced by endogeic earthworms or another soil mesofauna. There is a 

reduction in the abundance of organic particles (black OM) relative to S.U. VIII, however, 

biogenic components are also marked by a significant increase in the number of seed coatings, 

charcoal, and large bone fragments (burned and unburned) as well as the presence of calcitic 

wood ash. A black anthropogenic combustion layer is recorded in samples from P.3. Diagenetic 

alteration of this unit is also evidenced by the presence of yellowish phosphatic hypocoatings 

(reaction rims) affecting limestone and travertine gravel, and gypsum is more abundant than 

S.U. VIII. 

S.U. VI 

Lithology type A predominates throughout this stratigraphic unit, which is characterised by 

poorly sorted detrital sands and gravel, dominated by tufa grains showing signs of 

physicochemical weathering. Phosphatic clay, phosphatic grains and guano are recorded 

throughout. The abundance of organic particles, gypsum infillings and biogenic components 

are largely similar to S.U. VII although seed coatings are notably less abundant in samples 

from P.3. Post-depositional bioturbation is very evident in this unit, evidenced by the presence 

of faecal pellets and anorthic clay nodules. A thin black lens linked to anthropogenic 

combustion is recorded in thin sections from P.21, with an abundance of charcoal and burned 
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bone. Clusters of articulated phytoliths are also recorded here. A relatively intact guano crust 

is recorded in the upper part of this unit from P.24. 

S.U. V (lower and upper) 

 

The transition from S.U. VI to S.U. V (lower) is marked by a notable change in the style of 

sedimentation (Fig. 4.4). At the macroscopic scale, this is observed in the field as a shift to 

much finer reddish sediments. At the microstratigraphic scale, this unit is characterised by 

lithology type B, being predominantly composed of diffusely bedded, moderate to well-sorted, 

fine calcitic sand. There is a notable reduction in the abundance of fine organic particles 

throughout these units. An increase in the abundance of gravel is recorded in S.U. V (upper) 

relative to S.U. V (lower). The fresh state of the coarse fraction points to relatively high rates 

of sedimentation, and the abundance of gypsum infillings is markedly increased relative to the 

underlying units. Anthropogenic material, such as charcoal, is relatively rare, and there is an 

observed decrease in the occurrence of Celtis sp. seed coatings. This is detected in samples 

from P.1, P.3 and P.21, suggesting this is not a localised effect and likely reflects a reduction 

in the presence of Celtis sp. in the vicinity of the site. 
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Figure 4.4 Flatbed scan of block sample from P.24 of a sedimentary matrix showing the stratigraphic contact between S.U. 

VI and S.U. V (lower) overlying. Note the presence of a phosphatic crust [Cr] below the level of the contact (a); decayed guano 

[g] mixed with sandy coarse fraction in PPL (b) and XPL (c); Organic and phosphate-rich matrix with abundant seed coatings 

and bone [b] fragments in PPL (d) and XPL (e); Phosphatic crust [Cr] indicating periods of surface stabilisation in PPL (f) and 

XPL (g). Orthophotograph indicates the position of P.24 within the site. 
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4.3.2. TOC (%) and sedimentary n-alkanes 

The results from TOC (%) and analysis of sedimentary n-alkanes are presented in Figure 4.5 

and Table 4.2. TOC ranged from 0.02 to 1.77%, with an average of 0.74%. The highest 

concentration was recorded in S.U. VIII, while the lowest concentration comes from S.U. V.  

The sequence has an average total n-alkane concentration of 0.25 μg/g of dry sediment. 

Quantified samples range between 0.04 and 0.97 μg/g, with higher concentrations generally 

coming from the uppermost part of S.U. V. It was possible to identify n-alkanes in their 

individual chromatograms for two samples from S.U. VII but these occur at concentrations 

below the limit of quantification and so have been excluded. The dominance of odd over even 

long-chain homologues (OEP), typical of terrestrial leaf waxes, is quantified and assessed by 

CPI values which range from a minimum of 2.1 to a maximum of 14.1, with a mean of 5.4, 

indicating that lipids were not subject to significant microbial degradation. The best 

preservation is recorded in S.U. V (upper) (P.21).  

Paq values throughout the sequence generally vary between 0–0.4, which is within the expected 

range for higher order terrestrial plants, except for one sample from S.U. VI which recorded a 

value of 0.5, indicating a mix of terrestrial and aquatic plant input at this part of the sequence. 

ACL values, which reflect broad changes in plant community composition, ranged between a 

minimum of 25.94 and a maximum of 30.10, with higher values also generally recorded 

through S.U. V. ACL values correspond with VPD, which has a mean value of 0.3 kPa through 

the full sequence. VPD reaches its maximum value (0.9 kPa) in S.U. V (upper), with a mean 

value of 0.5 kPa through this unit. 
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4.3.3. Compound specific isotope analysis (CSIA) 

δ13Cwax  

 

C29 and C31 n-alkanes were analysed for δ13Cwax through the sequence (n=32). Reliable values 

(reproducibility greater than ± 0.5‰) were obtained in 28 samples. We have opted to include 

two samples where the standard deviation between replicates was 0.6‰ for δ13Cwax of alkane 

nC29 when the corresponding values from the same sample for nC31 were greater than ± 0.5‰. 

Values for both C29 and C31 n-alkanes displayed a broad fluctuating trend through the sequence. 

For nC29, δ
13Cwax ranges from -32.0‰ to -24.3‰, with a mean of -28.2‰, while nC31 values 

fluctuate between a minimum of -32.0‰ and a maximum of -23.4‰, with a mean of -28.7‰.  

δ2Hwax  

 

C29 and C31 n-alkanes were analysed for δ2Hwax through the sequence (N=32), and reliable 

values (reproducibility greater than ± 5.0‰) were obtained for ten samples. Nine of these come 

from S.U. V (lower and upper) and one from S.U. VIII. The remaining samples did not yield 

sufficient concentrations for obtaining reliable isotope values; therefore, δ2Hwax values are not 

presented for S.U. VII or S.U. VI. For nC29, δ
2Hwax ranges from -176‰ to -124‰. The lowest 

values, -176‰ and -166‰, are recorded in the uppermost part of S.U. V (P.21). For nC31, 

δ2Hwax follows a similar trend, although with more variation. Values range from -171‰ to -

88‰, with the lowest values again clustered in the uppermost part of S.U. V (P.21). 
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4.3.4. Pollen  

Of the 28 samples analysed from S.U. VIII - V (lower) (P.13), 14 were sterile and thus 

discarded. As a result, S.U. V (lower) is not represented in the palynological results. The 

remaining 14 samples (S.U. VIII - VI) yielded a total of 41 taxa (Fig. 4.6). 

S.U. VIII 

This unit is composed of 8 samples in total, from which the three uppermost samples (38-40, 

44-47 and 51-54 cm) were found to be sterile and discarded. Arboreal elements are 

predominant, consistently above 66%, although with notable variability. One remarkable 

aspect is the internal variation of Pinus nigra-sylvestris, from values close to 33% (26-27 cm) 

to values below 8% in the subsequent sample (27-30 cm). Mesic elements, such as Salix, 

Fraxinus, Corylus, Castanea type, Betula, and Celtis, vary from 8.2% (26-27 cm) to 23.8% 

(27-30 cm). Some other Mediterranean taxa are primarily composed of Oleae and Phillyrea, 

with the punctual presence of Cistaceae and Juniperus. The total sum of these components is 

always below 10%, except between 26-27 cm, which is instead closer to 20%. The main non-

arboreal taxon is always A. asteroideae, with values around 48% in samples from 32 to 35 cm 

and 18 to 20 cm, to values near 20% in the other three samples. The sample from 27 to 30 cm 

presents remarkable peaks of Liliaceae (31.9%) and Asteraceae cardueae (16.5%), sometimes 

appearing in lumps. Within the NAP, some other herbs are worth mentioning. Amaranthaceae 

appears between 2% (22-25 cm) and 15% (18-20 and 27-30 cm) and Poaceae ranges from 2.2% 

(27-30 cm) to 8.3% (32-35%). Erica is always present, varying from 1.5% (18-20 cm) to 6.5% 

(27-30 cm), while the presence of Artemisia is intermittent, from being absent (samples 

between 26 and 30 cm) to be c. 7% (the first and last sample of the unit). Cyperaceae shows 

values of 0.7% (27-30 cm) to 4.4% (22-25 cm). 
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S.U. VII 

S.U. VII is composed of four samples. This unit is characterised by an abrupt decrease in 

arboreal pollen, which shows a progressive recovery from 45% in the lower sample to 71% in 

the uppermost part of the unit. The three lower samples are marked by a predominance of 

evergreen Quercus in the arboreal strata (18%, 25%, and 17%), followed by Pinus sylvestris-

nigra (12-14%). Cedrus appears in low percentages c. 2% and deciduous Quercus shows 

similar values in each of the three samples (6%-8%). Other broad-leaf trees disappear in 

samples between 56 and 63 cm, and their values are low (below 2.2%) in samples between 66 

and 73 cm. Other Mediterranean elements are scarce throughout this unit, with the sole 

exception of one sample between 66 and 69 cm. It presents values below 14% but the greatest 

variety of taxa: Oleae, Phillyrea, Ligustrum, Myrtus, and Cistaceae. The most remarkable 

aspect is the presence of Amaranthaceae within the non-arboreal elements, with a maximum of 

45% (56-59 cm), and percentages of 21% and 31% in the other samples. Some other herbs, 

such as Artemisia (3.3% to 8.9%), Poaceae (1.2% to 8.9%), Caryophyllaceae (below 4%), and 

Erica type (1% to 5.4%) appear in low amounts. The inflexion point is constituted by the upper 

sample (70-73 cm), in which the AP is mainly composed of Pinus sylvestris-nigra (30.4%). 

Evergreen Quercus decreases (21.7%), while deciduous Quercus increases (11%). Other mesic 

trees slightly increase (Betula, 2%) and other Mediterranean components decrease (6%) in 

relation to the previous sample (12%). Within the non-arboreal pollen, Amaranthaceae 

decreases (9%) in favour of Asteraceae Liguliflorae type (54%). 

S.U. VI 

S.U. VI is composed of four samples, although one sample was found to be sterile (79-84 cm). 

All of the other samples in this unit exhibit arboreal pollen values above 90%. An abrupt 

increase of Pinus nigra-sylvestris (consistently above 50%) to the detriment of evergreen 
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Quercus (5%-17%) is noteworthy. Pinus pinaster appears, although in low percentages (3%-

6%), as well as Cedrus (1%-3%). Deciduous taxa are present in low amounts, e.g. deciduous 

Quercus (4%-7%), Betula, Castanea type, Corylus, and Salix (all under 3%). Between 76 and 

79 cm, there is a peak in some Mediterranean taxa (Oleae and Phillyrea, 9% and 8%, 

respectively), but they are generally scarce throughout this unit. Non-arboreal values are rather 

low, and their main components are Caryophyllaceae (76-79 cm, 4%), A. asteroideae (84-87 

cm, 28%), and A. Liguliflorae type (89-92 cm, 33%). 

S.U. V (upper) 

A total of 15 samples from S.U. V (upper) were processed (4 from P.21, 5 from P.20, and 6 

from P.20a). All the samples are sterile in terms of their pollen content, with the exception of 

one sample from P.20a. Figure 4.7 presents the palynological results of this sample expressed 

in percentages, together with the percentages of arboreal/non-arboreal pollen. A synthesis of 

the main taxa and ecological groups is presented in Figure 4.8. Arboreal pollen (50.9%) and 

non-arboreal pollen (49.1%) exhibit similar percentages. Evergreen Quercus (14.2%) is the 

most abundant tree, together with Pinus nigra-sylvestris (11.3%). Broad-leaf elements, such as 

deciduous Quercus and Celtis, are close to 10%, while other Mediterranean taxa, mainly 

represented by Phillyrea reach 12%. Cedrus and Erica type appear below 1% each. The most 

abundant herbs are Asteroideae (37.2%), Amaranthaceae (32%), and Caryophyllaceae 

(11.3%). It is possible to infer a patchy/semi-opened landscape alternating with open areas and 

mixed forests, with the punctual presence of deciduous elements. Mediterranean components 

are better represented than the mesic, indicating a temperate climate. The presence of 

xerophytic elements implies increased aridity, reinforced by the presence, albeit slight, of 

Cedrus.
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Figure 4.7 Graph which illustrates the palynological remains recorded in a single sample from P.20a. Results are expressed 

in percentages of taxa and the relative contribution of arboreal/non-arboreal pollen is presented (inset). 

 

 

Figure 4.8 Histogram presenting the most representative taxa and vegetation groups recorded in a single sample from P.20a. 
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4.3.5. Non-pollen palynomorphs 

S.U. VIII – S.U. V (upper) 

Figure 4.9 presents the general results of the non-pollen palynomorphs from S.U. VIII - V 

(lower) (P.13), expressed in percentages, as well as the taxonomic variability. This includes 

the following categories. Pteridophyta-Bryophyta: monolet and trilete spores of mosses and 

ferns; Algae: Spirogyra, Cosmarium, and the cyanobacteria Gloeotrichia; Fungi: Glomus sp., 

HdV 79, Sordariaceae, HdV 200, HdV 462, HdV 463, TM 330 C; Animalia: HdV 52, HdV 36, 

HdV 36c, zoo remains, coleoptera; Planta: phytoclasts and phytoclasts/panal. Pseudoschizaeae 

is of unknown origin and cannot be included in any category. Glomus sp. and HdV 200 are 

plotted against the total sum of fungi to highlight their presence within this category.  

The synthetic diagram (Fig. 4.10) presents the main groups and the most representative taxa 

with known palaeoecological significance. These groups are divided into Pteridophyta, 

Bryophyta, Algae, Fungi, Animalia, and Planta, and conform with different works included in 

van Hoeve and Hendrikse (1998) and the Non-Pollen Palynomorphs Database 

(http://nonpollenpalynomorphs.tsu.ru). 

A synthetic diagram with the most representative taxa and categories of palynomorphs was 

also plotted (Fig. 4.11). It includes the groups presented in both synthetic diagrams of pollen 

and NPPs. Concentrations of pollen, NPPs, and microcharcoal particles were also included. 

They were calculated following the volumetric method described in Loublier (1978) and 

Burjachs (1990).  Results are expressed in grains/gr (pollen), palynomorphs/gr (NPPs), and 

particles/gr (microcharcoal) of dry sediment. 
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4.4. Discussion 

4.4.1. Site-formation at El Salt S.U VIII - S.U. V (upper) 

The coarse lithological fraction observed through the El Salt sequence is largely derived 

from the mechanical weathering and disintegration of the local geology, particularly tufa 

and travertine linked to the nearby spring system and the Palaeocene limestone cliff which 

overlooks the site. The large limestone blocks at the base of S.U. V (lower), which seals 

the lower units, would once have formed the overhanging roof of a substantial rock 

shelter. The collapse of the roof structure corresponds with a notable change in the style 

of sedimentation and an abrupt decrease in evidence for human occupation. Two main 

phases of site formation can therefore be defined: the first phase comprises S.U. VIII - 

S.U. VI and predates the collapse event; and a second phase comprising S.U. V (lower 

and upper) which post-dates the opening up of the shelter. Differences in sediment 

composition and fabric between phases one and two, observable both in the field and at 

the microstratigraphic level, reflect the interplay of different climatic, environmental, 

transport, and deposition processes.  

Post-depositional diagenetic alteration is reflected by the presence of gypsic features 

observed through soil micromorphology. This is notably more frequent in the second 

phase of site formation, gradually decreasing down-profile. Gypsum formation is 

typically linked to evaporative processes in soils under arid or semi-arid climates (Poch 

et al. 2018). Here, the repeated occurrence of gypsum infilling interstitial void space 

suggests that this is likely a secondary and sub-recent process. Decalcification of the 

groundmass during phase one (S.U. VIII - S.U. VI) reflects soil phosphate accumulation 

related to elevated input of guano. Although guano is recorded in S.U. V, it is much less 

abundant, and the matrix appears more calcitic. 
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4.4.2. Environmental and climatic context 

Phase one (VIII - VI) 

Soil micromorphological, palynological and our n-alkane evidence is consistent with 

other regional palaeoclimatic datasets in pointing to broad fluctuations in humidity and 

aridity through the course of MIS 3 (Sánchez Goñi et al. 2008; Daura et al. 2017). All 

samples recorded similar n-alkane distributions dominated by long-chain (C29-C31) 

homologues and an OEP characteristic of terrigenous higher plant input. The δ13Cwax 

values across the whole range, with a mean of 28.2‰ (nC29) and 28.7‰ (nC31), indicate 

a predominant contribution from C3 plants (Diefendorf and Freimuth 2017).  

The presence of guano crusts in soil micromorphology samples from S.U. VIII and S.U. 

VI points to recurrent intervals of stable surface exposure with relatively slow rates of 

sedimentation (Karkanas and Goldberg 2018). It is notable that these crusts were formed 

prior to the collapse of the shelter roof and similar crusts have also been recorded in other 

rock shelter and cave settings such as Blombos Cave (South Africa) and Liang Bua Cave 

(Indonesia) (Haaland et al., 2020; Morley et al., 2017). It has been suggested that the 

presence of guano crusts may be a good indicator of human site abandonment (Karkanas 

2017). It is also interesting to note that fibrous and massive coprolites are a common 

component in thin sections from units deposited during phase one, although these are not 

as prevalent in samples reported by Leierer et al. (2019) for S.U. Xb, who describes a 

coprolitic matrix for that unit. 

Changeable environmental conditions during phase one are reflected by variability in 

arboreal coverture recorded in the pollen data. Internal variation in the presence of Pinus 

nigra is particularly notable in S.U. VIII and has previously been recorded in a study of 

scattered charcoal from this unit by Vidal-Matutano et al. (2018b). The observed 
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fluctuations in Pinus nigra may be explained by relatively short and alternating periods 

of higher humidity. Corresponding fluctuations in δ13Cwax therefore likely reflect the 

combined effects of changes in phylogeny and humidity on δ13C isotopic fractionation, 

which has been shown to record plant water stress in semi-arid and arid environments 

(Struck et al., 2020). Several major parameters drive variability of δ2Hwax; these include 

phylogeny; precipitation amount; atmospheric temperature; evapotranspiration; and 

precipitation source (Sachse et al., 2012; Wirth and Sessions, 2016). Like δ13Cwax, 

fluctuations in δ2Hwax observed in the El Salt sequence reflect a response to phylogeny 

and wáter stress changes. It is known that regional δ2Hprecipitation values are influenced by 

seasonal or longer-term changes in precipitation amount, based on measurements taken 

at nearby GNIP stations (Connolly et al., 2019), although it is important to note that 

several studies have highlighted the importance of precipitation source on δ2H values in 

the Iberian Peninsula, where low values are associated with an increased Atlantic 

precipitation origin, and higher values indicative of a Mediterranean source (Schäfer et 

al., 2018; Schirrmacher et al., 2020; Toney et al., 2020). VPD is an absolute measure of 

past atmospheric moisture relative to the air saturation vapour pressure at a given 

temperature (Eley and Hren, 2018). It is an indicator of the extent to which the atmosphere 

can extract moisture from land surfaces and a robust proxy for investigating evaporative 

demands on vegetation. Higher VPD values correspond with periods associated with 

increased atmospheric demands for water. Where high VPD values correspond with high 

δ2H values, it is reasonable to infer aridity as the primary control on δ2H. Where these 

proxies are decoupled through the sequence, we interpret this as evidence of a change in 

precipitation moisture source or plant phylogeny.  

The main component within the arboreal pollen (AP) is evergreen Quercus (Q. ilex-

coccifera type), followed by Pinus nigra-sylvestris. This mixed forest exhibits episodic 
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competitive displacements, probably related to changes in water availability, soil 

moisture, solar radiation levels, or fire. (Sheffer, 2012). Mediterranean elements generally 

appear in low percentages. This could be considered an indicator of a temperate climate 

at this part of the sequence. The presence of deciduous Quercus is low but constant, as 

well as some other deciduous taxa and hygrophytes, which imply some moisture. Humid 

conditions during phase one are also indicated by Pteridophyta and Bryophyta's presence 

in samples from S.U. VIII and VII. Our n-alkane data also recorded a Paq value of 0.5 in 

S.U. VI, which implies sedimentary input from a mix of terrestrial and aquatic plant 

sources. The presence of mosses or macrophytes growing in a moist environment may 

account for this. In S.U VIII, the presence of Spirogyra, although in low percentages, 

indicates a meso-eutrophic nutrient-rich environment. A reduction in fine organic 

particles from S.U VIII through VII corresponds with an increase in Celtis sp. seed 

coatings in the micromorphological samples and a decrease in arboreal pollen, with the 

three lowest pollen samples from S.U. VII presenting high values of xerophytic elements. 

The decrease and disappearance of hygrophytic elements and some deciduous taxa within 

this unit point to an opening up of the landscape at certain intervals. This is supported by 

the presence of Cedrus, although it appears in low amounts. Some pollen records show 

that Cedrus is occasionally found during abrupt deforestation events in the forest-

dominated periods of the interglacials (Margari, 2002). The fact that Mediterranean 

elements are few may suggest increasing aridity and a decrease in regional temperatures. 

Although characteristic soil frost features are generally absent at the microstratigraphic 

level, it is worth noting that ice-segregation and related soil microstructures depend on 

water supply and may not develop during exceedingly dry and cold periods (Vliet-Lanoë, 

2010).  
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Taxa associated with fire events and increased burning, mainly pyrophytic shrubs that 

sprout after fires, are generally present through the sequence in samples with high 

microcharcoal concentrations. The highest microcharcoal concentrations were identified 

during site formation phase one in S.U. VIII. Although the occurrence of regional fires 

cannot be ruled out, it is logical that the microcharcoal input here is due to anthropogenic 

combustion features recorded during excavation. Abundant black silt-sized particles 

observed in micromorphology samples from S.U. VIII, and to a lesser degree S.U. VII 

and VI, represent partially humified plant-derived OM but may also include small 

amounts of charred particles associated with combustion layers and dispersed residues 

recorded in S.U. VII and VI. It is notable that these features do not include an ash-rich 

lens overlying the charcoal-rich layer, the typical microstratigraphy for undisturbed fires 

recorded by Leierer et al. (2019) in S.U. Xb.  This could indicate post-depositional 

reworking of the original fire context by wind or bioturbation; however, ash dissolution 

is also a likely biasing factor given the decalcification recorded in these units. 

S.U. VII and S. U. VI have been dated to 49.2 ± 4.8 kya and 47.2 ± 4.4 kya, respectively. 

We suggest that the roof collapse blocks which seal the units of phase one correspond 

with GS-13 and the onset of HE 5 (c. 50 - 47 kya) (Rasmussen et al. 2014). Therefore, 

samples from S.U. VI, immediately before this event and composed by high percentages 

of arboreal pollen, likely correspond to GI-13.  

Phase two (V lower - V upper) 

S.U. V (lower and upper) is a polygenetic deposit characterised by a mix of windblown 

very fine sands and silts with coarser well-sorted fine to medium calcitic sands and 

micritic peloids derived from the breakdown of the Palaeocene cliff overlooking the site. 

These sediments are locally reworked and deposited by low-energy processes such as 
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surface runoff, and there is a notable reduction in the presence of tufa and travertine 

(lithology type B) relative to units deposited during phase one. This shift in sedimentary 

dynamics was undoubtedly influenced by the geomorphological restructuring of the 

shelter following the roof collapse, but also reflects changes in regional climatic and 

environmental conditions. For instance, the effects of a reduction in regional vegetation 

cover combined with the opening of the shelter likely account for the observed increase 

in windblown sediments. There is also a marked reduction at the microstratigraphic scale 

in the occurrence of anthropogenic materials such as charcoal or flint microflakes, 

mirroring the reduction in artefactual evidence noted during the excavation of these units. 

Sediment samples collected for pollen analysis from S.U. V (lower) were determined to 

be sterile, however, δ13Cwax confirm the presence of local vegetation cover with a 

predominant contribution from C3 plants during the deposition of this unit.  

Although chronological uncertainties make it difficult to draw robust conclusions from 

comparison in isotopic data between different sites, it is notable that δ2Hwax values for 

nC29 of -135‰ ± 1 and -136‰ ± 4, recorded in S.U. V (upper), are broadly consistent 

with δ2Hwax from S.U. IVb (-129‰ ± 4) at the nearby site of Abric del Pastor, which has 

been dated to around the same time (El Salt S.U. V upper: 45 kya ± 3; Abric del Pastor 

S.U. Vb: 48 kya ± 5) (Connolly et al., 2019). Recurring oscillations observed in VPD 

during the deposition of S.U. V (lower) reflect fluctuations in the hydroclimatic regime. 

Notably, the highest VPD values are recorded in S.U. V (upper), pointing toward 

increased aridification. VPD correlates to ACL, which has also been found to record 

regional aridity under certain conditions, including in Mediterranean settings (Bush and 

McInerney, 2013; Norström et al., 2017). Fluctuating aridity is also indicated by the 

presence of Glomus sp, which varies in abundance throughout the sequence but reaches 

the highest values in S.U. V, particularly toward the top of the unit. This palynomorph is 
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associated with erosive processes affecting soils in dry or desiccated areas, as well as root 

activity (Anderson et al., 1984; van Geel et al., 1989; López-Sáez et al., 2000). It is 

notable that δ2Hwax values are more 2H depleted at the top of S.U. V, which we interpret 

as evidence of a probable change in precipitation moisture source. Taken together, our 

results support the chronostratigraphic model for El Salt put forward by Galván et al. 

(2014) which indicates that the roof collapse corresponds to HE 5, which has been widely 

linked to the onset of regional aridification (Müller et al., 2011; Sánchez Goñi et al., 

2008). Our interpretation also chimes well with previous findings from a recent small 

mammal study of S.U. V (upper) which calculated an average MAP value of 13.13 mm 

less than present-day conditions and point to a transition from a woodland dominated 

environment to more open and arid conditions (Fagoaga et al., 2019). Evidence for similar 

shifts in regional conditions to more open and arid landscapes coincident with 

Neanderthal disappearance have also recently been reported in Central Iberia and the 

Cantabrian region (Wolf et al., 2018; Jones et al., 2018). 

4.5. Concluding remarks 

In order to investigate the palaeoclimatic context for the final Neanderthal occupations at 

the Middle Palaeolithic site of El Salt, the sedimentary sequence has been analysed using 

soil micromorphology, lipid biomarker n-alkane abundances (CPI, ACL, VPD, LAR, 

Paq), compound-specific hydrogen and carbon isotopic records from fossil leaf waxes 

(δ2Hwax and δ13Cwax), bulk organic geochemistry (TOC), pollen, and non-pollen 

palynomorphs. Our multiproxy palaeoenvironmental study of S.U. VIII – S.U. V (upper) 

has allowed us to draw the following conclusions: 

- Two distinct phases of site formation can be distinguished. Phase one, which 

comprises S.U. VIII – S.U. VI, precedes the collapse of the rock shelter roof and 

is characterised at the microstratigraphic scale by lithological coarse fraction 



122 / 224

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: 3219682				Código de verificación: qNY5nIM9

Firmado por: Rory Connolly . Fecha: 17/02/2021 14:01:27
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:58:12
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:28:17
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12258

Nº reg. oficina: OF002/2021/12092
Fecha: 18/02/2021 08:49:19

 

106 

 

dominated by tufa and travertine related to the nearby relict Upper Pleistocene 

freshwater spring system. The palaeoenvironmental setting during this phase is 

characterised by mixed forest vegetation and episodic fluctuations in humidity 

and periods of extended soil surface exposure. Deposits laid down during this 

phase of site formation yield abundant evidence for Neanderthal occupation 

activities, including hearth construction and flint knapping. 

- Phase two, which comprises S.U. V (lower) – S.U. V (upper), immediately 

follows the collapse of the shelter roof. A distinct change in sedimentation style 

characterises this phase with a strong component of wind-blown sediments, a 

marked reduction in fine organic particles, the occurrence of tufa and travertine, 

and anthropogenic components. Our palaeoenvironmental data points to a 

scenario of increasing aridity at this time, between HE 5 and HE 4.  

- This study contributes to a better understanding of the diachronous and regional 

nature of Neanderthal disappearance from the Iberian Peninsula and adds new 

lines of evidence for exploring the role of climate and environmental change in 

driving Neanderthal demographic collapse. 
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Chapter 5: Investigating hydrogen isotope variation during heating of 

n-alkanes under limited oxygen conditions - implications for 

palaeoclimate reconstruction in archaeological settings 
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Abstract 

  

This paper reports on a series of heating experiments that focus on n-alkanes extracted 

from leaf, bark, and xylem tissues of the Celtis australis plant. These lipid biomarkers 

were analysed for their compound-specific hydrogen isotopic composition (δ2Hwax) under 

limited oxygen conditions at 150 °C, 250 °C, 350 °C and 450 °C. Our results reveal 

isotopic variations in wax lipids of different plant organs during short-term low-

temperature combustion. We conclude that, in the absence of a detailed characterisation 

of the depositional environment in advance of sampling, δ2Hwax values in archaeological 

or otherwise highly anthropogenic environments should be interpreted cautiously. In 

addition, we observed that variation is δ2Hwax of leaves is minimal at temperatures ≤ 350 

°C, highlighting the potential for δ2Hwax in thermally altered combustion substrates to 

yield palaeoclimate information, which could allow researchers to investigate links 

between archaeological and climatic records at a high spatial and temporal resolution. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/isotopic-composition
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5.1. Introduction  

5.1.1. Hydrogen isotope composition of plant waxes 

Lipid biomarkers are organic molecules which can be traced to a specific biological 

source (Cranwell et al., 1987; Eglinton and Hamilton, 1967; Evershed, 1993; Evershed et 

al., 1999; Ficken et al., 2000). Compound-specific hydrogen isotope analysis of n-alkanes 

(δ2Hwax) derived from terrestrial and aquatic plant waxes has been shown to record plant 

source water's isotopic composition, most commonly precipitation (Sachse et al., 2012). 

The hydrogen isotopic composition of sedimentary n-alkanes has thus emerged as a 

robust proxy for palaeohydrological reconstruction and in the last decade has been 

increasingly employed in archaeological settings (Brittingham et al., 2019; Diefendorf et 

al., 2010; Diefendorf and Freimuth, 2017; Glauberman et al., 2020; Jordan et al., 2017; 

Magill et al., 2016). Numerous studies have reported on the wide range of environmental 

factors which govern hydrogen isotopic fractionation in plant waxes, which include 

precipitation δ2H, precipitation amount, plant type, plant physiology, temperature, aridity, 

seasonality, and humidity (Gamarra et al., 2016; Liu and An, 2018; Niedermeyer et al., 

2016; Sachse et al., 2012). However, it is notable that despite the recent upsurge in the 

application of this proxy in archaeological settings, little attention has been afforded to 

the potential impacts of human activities on δ2Hwax. Anthropogenic combustion features 

and their associated residues, which are chronologically and geographically ubiquitous in 

archaeological contexts, particularly stand out as an important source of potential bias 

and the effects of short-term low temperature (< 450 °C) combustion on δ2Hwax values are 

not well understood. 

 

https://paperpile.com/c/5oEm8X/pkC5+cozZG+dYHA+xfPAC+B8Zb
https://paperpile.com/c/5oEm8X/pkC5+cozZG+dYHA+xfPAC+B8Zb
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5.1.2. Anthropogenic combustion features 

Anthropogenic combustion features, or hearths, have been the focus of a considerable 

body of archaeological research in recent years using an array of high-resolution 

analytical techniques (Butler et al., 2019; Fernández Peris et al., 2012; Haaland et al., 

2017; Henry, 2012; Mallol and Henry, 2017; Urban et al., 2019; Whitau et al., 2018). The 

processes involved in forming anthropogenic combustion features are complex and 

subject to a considerable range of culturally and environmentally mediated variables. 

However, at the most basic level, these features are composed of a thermally altered 

substrate overlain by a black combustion layer resulting from the deliberate exploitation 

and management of fire by one or more humans in the past. Experimental studies suggest 

that the occupation surface or substrate on which the fire is lit do not typically exceed 

temperatures of 300 °C and may provide preferential conditions for the preservation of 

lipid biomarkers (Mallol et al., 2013; March et al., 2014). The most rudimentary form of 

anthropogenic combustion feature is a simple hearth in which combustion is carried out 

on a horizontal surface. Other common forms include cuvette fires, or pit hearths, in 

which the combustion is carried out in a bowl-like depression. In some instances, pebbles 

or flagstones may be placed around the fire in a horizontal or vertical position and act as 

heat retainers, altering the combustion's archaeological and sedimentary signature 

(Aldeias, 2017; Leierer et al., 2020; March et al., 2014). 

Traditionally, palaeoenvironmental information from combustion features has been 

derived from analyses of the associated charcoal assemblages (e.g. Braadbaart and Poole, 

2008; Vidal-Matutano, 2018a; Vidal-Matutano et al., 2015; Whitau et al., 2018) or 

phytoliths (e.g. Albert and Cabanes, 2007; Allué et al., 2012; Toffolo et al., 2019; Wroth 

et al., 2019), both of which are the product of human activities related to fire. The 

application of lipid biomarker analyses, despite being first approached as early as the 

https://paperpile.com/c/5oEm8X/ao1C7+lNr79+qKbBs+KTJ7Q+8IKAd+5dky+wZBRh+CYqFj
https://paperpile.com/c/5oEm8X/ao1C7+lNr79+qKbBs+KTJ7Q+8IKAd+5dky+wZBRh+CYqFj
https://paperpile.com/c/5oEm8X/qKbBs+h0rZI
https://paperpile.com/c/5oEm8X/QeNZ+NwfJ+5dky+yhbw/?prefix=e.g.,,,
https://paperpile.com/c/5oEm8X/QeNZ+NwfJ+5dky+yhbw/?prefix=e.g.,,,
https://paperpile.com/c/5oEm8X/CbUA+vhun+LGly+KnJx/?prefix=e.g.,,,
https://paperpile.com/c/5oEm8X/CbUA+vhun+LGly+KnJx/?prefix=e.g.,,,
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1980s (Cliquet et al., 1989; March et al., 1989; Rottlander 1989, 1990), is still, however, 

not widely employed for the study of combustion features. In recent years, decreasing 

costs and improved access to instrumental analyses has led to a modest increase in the 

number of studies that have sought to exploit lipid biomarkers' potential and their 

associated compound-specific isotope ratios to investigate both experimentally derived 

and archaeological datasets. To date, however, most of these studies have focused on 

questions related to cooking activities and the identification of potential fuel sources 

(Buonasera et al., 2019; Choy et al., 2016; Crass et al., 2011; Jambrina-Enríquez et al., 

2019; Kedrowski et al., 2009; Lejay et al., 2016; March, 2013).  

Here, we conducted a series of heating experiments to evaluate molecular and isotopic 

changes to plant-derived wax lipids during short duration combustion events under 

limited oxygen conditions using leaves, bark and xylem tissues of Celtis australis. These 

plant organs represent common fuel sources in archaeological settings and are likely to 

be an important source of organic residues in archaeological combustion features. In 

addition, fine charred particles produced during the combustion of these fuel sources are 

likely to be locally dispersed in surrounding sediments and may impact isotopic values, 

leading to incorrect palaeoenvironmental reconstructions. We aimed to assess the degree 

of preservation of climatic signals in δ2Hwax in anthropogenic combustion features and 

account for potential biases that could arise due to the mixing of microscopic fine charred 

particles in the surrounding sediments. 

5.2. Materials and methods 

5.2.1. Sample collection, preparation, and combustion  

Leaf and branch samples of Celtis australis were collected in July 2015 and April 2016 

from the area surrounding the Middle Palaeolithic site of El Salt in Alcoy, Spain (726 m 

https://paperpile.com/c/5oEm8X/3ypL+KT91+4EGi+gjaa
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asl). All samples were rinsed with distilled water to remove potential contaminants and 

oven-dried at 60 °C for 24 h at the Archaeological Micromorphology and Biomarker 

Laboratory (AMBI), Universidad de La Laguna, Tenerife. 

Leaf (4 g; 1 cm length) and branch (20 g; 2 cm diameter) samples were placed in ceramic 

crucibles (4.2 cm x 2.5 cm) and covered with Al foil to limit the supply of O2 during the 

heating process. All samples were heated in a muffle furnace with a ramp rate of 26 

°C/min for a duration of 1 h to temperatures of 150 °C; 250 °C; 350 °C; 450 °C. Following 

this, samples remained in the closed furnace to cool overnight before being homogenised 

into a fine powder using a pestle and mortar. 

5.2.2. Lipid extraction, analysis, and quantification  

All non-volumetric materials were calcined at 450 °C for a duration of 10 h to eliminate 

potential contaminants. Lipids extraction was carried out with dichloromethane/methanol 

(DCM:MeOH, 9:1) (10–20 mL) by ultrasonic extraction (3 × 30 min) at controlled 

temperatures < 30 °C. Samples were subsequently centrifuged (3 × 10 min at 4700 rpm) 

and filtered through annealed glass wool. Solid-phase column chromatography (2 mL 

column with glass wool, 0.1 g quartz sand (50–70 mesh) and 1 g of activated silica (70–

230 mesh) was used to separate the lipid extract into fractions of differing polarity. 

Alkanes were eluted with ⅜ dead volume (DV) n-hexane (DV 1.5 mL, ⅜ DV 562 µL). 

Samples were subsequently dried under a steady stream of N2 in an Organomation 

evaporator, internal standard (IS) 5α-androstane (2000 mg/L in DCM, purity ≥ 99.9%, 

Sigma-Aldrich) 8 mg/L was then added. The compounds were analysed by gas 

chromatography (GC) with a coupled mass-selective detector (GC-Agilent 7890B, MSD 

Agilent 5977A) which was equipped with a HP-5MS capillary column ((5%-phenyl)-

methylpolysiloxane, length: 30m, ID: 250 µm, film thickness 0.25 µm). A temperature 
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program with an initial temperature of 70 °C for 2 min and a heating rate of 12 °C/min to 

140 °C and a final temperature of 320 °C was applied with a heating rate of 3 °C/min for 

3 min and a total run time of 82.83 min, using a Helium carrier gas (2mL/min). The 

multimode injector 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.  

Identification of individual compounds was carried out by comparing retention times and 

mass spectra to those of reference compounds (mix C8-C40 and 5α-androstane, Supelco) 

and mass spectral library databases (NIST). Quantification of concentrations was 

achieved using calibration curves that plot the ratio Area/AreaIS versus the reference 

compounds' concentration. Correlation coefficients for each sample were higher than 

0.995. Concentration is expressed here in terms of µg of individual compound per gram 

of dry sample (µg gds-1). 

5.2.3. Compound-specific hydrogen isotope analysis 

Compound-specific hydrogen isotope analysis was performed using a Thermo Scientific 

Isotope Ratio Mass Spectrometer (IRMS) Delta V Advantage. The IRMS was coupled to 

a GC Trace1310 through a Conflo IV interface with a temperature converter GC Isolink 

II, with a Trace Gold 5-MS (Thermo Scientific) fused silica capillary column ((5%-

diphenyl)-dimethylpolysiloxane, 30 m length x 0.25 mm i.d., 0.25 μm film thickness). A 

helium flow rate of 1.5 mL/min was employed for all measurements carried out in 

triplicate. Data acquisition and processing were carried out using Isodat 3.0 software 

(Thermo Scientific). Hydrogen (δ2H) isotope values are reported for n-alkanes C29 and 

C31. Samples were injected using a Programmed Temperature Vaporising injector (PTV) 

in splitless mode. Temperatures initially increased from 60 °C to 79 °C (held 30 s, rate 

10 °C/min) and then to 325 ºC (held 3 min, rate 10 ºC/s) and finally to 350 ºC (held 3 
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min, rate 14 ºC/s). For the GC oven, a 2 min isothermal period at 70 ºC increasing to 140 

ºC (held 2 min, rate 12 ºC/min) was followed by an increase to 320 ºC (held 15 min, rate 

3 ºC/min). The high-temperature conversion (HTC) oven was maintained at 1420 ºC for 

all samples. Values were normalised to the Vienna Standard Mean Ocean Water 

(VSMOW) scale using an n-alkane Schimmelmann type A6 mixture (n-C16 to n-C31) of 

known isotopic composition (Arndt Schimmelmann; Biogeochemical Laboratories, 

Indiana University). Reproducibility greater than ± 5.0‰ was attained for most samples, 

where reproducibility was less than ± 5.0‰, this is clearly stated.  

5.3. Results and discussion 

5.3.1. Concentration and molecular ratios of n-alkanes 

Fossil leaf waxes ranging from nC18 – nC33 were detected in the leaf samples, and from 

nC16 – nC31 in the bark samples and xylem samples. Total n-alkane concentration (µg/g 

dried sample), Carbon Preference Index (CPI25-33) (Bray and Evans, 1961), and Average 

Chain Length (ACL25-33) (Freeman and Pancost, 2013) have previously been reported in 

Jambrina-Enriquez et al. (2018) and are outlined for comparison in Table 5.1 below. 

Celtis leaves      

 Ref 150 °C 250 °C 350 °C 450 °C 

Total n-alkane (µg/g) 459.1 484.0 360.6 97.0 28.8 

CPI25-33 2.7 3.3 5.6 4.3 1.1 

ACL25-33 30.3  30.4 30.5 30.1  29.7 

 

Celtis branch int. (xylem)      

 Ref 150 °C 250 °C 350 °C 450 °C 

Total n-alkane (µg/g) 0.9  0.9 1.2 1.6 0.1 

CPI25-33 1.3 1.3 1.3 1.5 - 

ACL25-33 26.9  26.9 27.1 26.0 25.0 
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Celtis branch ext. (bark)      

 Ref 150 °C 250 °C 350 °C 450 °C 

Total n-alkane (µg/g) 18.5 4.2 3.5 8.5 0.1 

CPI25-33 3.1 3.4 1.6 1.1 - 

ACL25-33 26.5 26.9 27.9 26.6 - 

Table 5.1 Quantitative results for total n-alkane concentration, Carbon Preference Index (CPI), and Average Chain 

Length (ACL) (table modified after Jambrina-Enríquez et al. 2018). 

 

 

 

Figure 5.1 Compound-specific hydrogen isotope values of individual long-chain n-alkanes in thermally unaltered 

reference samples and heated samples of Celtis australis leaf. δ2Hwax values (y-axis) are expressed in per mil (‰) and 

normalised to the Vienna Standard Mean Ocean Water (VSMOW) standard. 

 

 

 

Figure 5.2 Compound-specific hydrogen isotope values of individual long-chain n-alkanes in fresh and charred 

samples of Celtis australis branch internal tissue (xylem). δ2Hwax values (y-axis) are expressed in per mil (‰) and 

normalised to the Vienna Standard Mean Ocean Water (VSMOW) standard. 
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Figure 5. 3 Compound-specific hydrogen isotope values of individual long-chain n-alkanes in in fresh and charred 

samples of Celtis australis branch external tissue (bark). δ2Hwax values (y-axis) are expressed in per mil (‰) and 

normalised to the Vienna Standard Mean Ocean Water (VSMOW) standard. 

 

Celtis leaves         

 Ref σ 150°C σ 250°C σ 350°C σ 450°C σ 

C27  -106.7 1.2 -94.3 4.3 -122.1 3.2 -120.5 2.9 -73.3 2.1 

C29 -130.7 1.0 -132.0 1.4 -133.9 3.7 -134.8 0.6 -99.5 1.0 

C31 -128.2 0.6 -131.3 0.9 -132.8 3.0 -135.0 1.7 -87.0 6.1* 

 

Celtis branch int. (xylem)        

 Ref σ 150°C σ 250°C σ 350°C σ 450°C σ 

C27  - - -146.8 1.8 -165.4 2.7 - - - - 

C29 - - -188.2 3.5 -222.7 1.3 - - - - 

C31 -193.4 1.1 -273.7 2.4 -241.2 2.2 - - - - 

 

Celtis branch ext. (bark)        

 Ref σ 150°C σ 250°C σ 350°C σ 450°C σ 

C27  -167.3 0.8 -190.8 2.3 -224.3 3.0 -204.5 0.8 - - 

C29 -158.5 4.0 -167.7 1.5 -237.8 5.2* -207.5 4.1 - - 

C31 -151.4 1.3 -141.2 4.2 -235.2 3.3 -224.5 0.9 - - 

Table 5. 2 Hydrogen isotope values of individual long-chain n-alkanes in thermally unaltered reference samples and 

heated samples of Celtis australis leaf, branch interior (xylem) and exterior (bark). The δ2Hwax values are normalised 

to the Vienna Standard Mean Ocean Water (VSMOW) standard. Values are expressed in per mil (‰) with one 

standard deviation. * denotes samples where reproducibility was less than ± 5.0‰ following three replicates. 

5.3.2. Variation in δ2Hwax of thermally unaltered reference samples and heated samples 

of Celtis australis 

Here we measured the hydrogen isotope composition of different plant organs of Celtis 

australis during short-term combustions (1 h) at temperatures of 150 °C, 250 °C, 350 °C 
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and 450 °C under limited oxygen conditions (Fig. 5.1-3). We report only the δ2Hwax of 

nC27, nC29 and nC31 because these long-chain homologues were recovered in sufficient 

concentrations for isotopic determination and because these are the most common 

homologues employed for palaeoecological reconstruction. This data is presented in 

Table 5.2.  

The maximum variation in hydrogen isotope composition observed for each of the sample 

sets was ~49‰ (nC27), ~80‰ (nC31), and ~94‰ (nC31) for leaves, xylem, and bark, 

respectively. Based on the nC31 homologue, for which isotopic determinations could be 

made using unaltered reference samples in all three sample sets, leaves are enriched in 2H 

(-128.2‰) by ~65‰ relative to xylem (-193.4‰) and ~23‰ relative to bark (-151.4‰). 

This variation can be explained by physiological and chemical differences which affect 

alkane biosynthesis and isotopic fractionation in different plant tissues (Post-

Beittenmiller, 1996). Although it has been demonstrated that isotopic fractionation of 

plant xylem water does not occur during root uptake and transport to the leaf, thereby 

ensuring xylem carries the isotopic signature of the source water, significant differences 

in δ2H values have been reported between xylem sap, twigs, roots and wood core (Zhao 

et al., 2016). Sanchez-Bragado et al. (2019) have also demonstrated that hydrogen 

isotopic fractionation is affected by photosynthetic processes, with significant differences 

in δ2H values observed between plant photosynthetic organs and heterotrophic organs. 

δ2H values were beyond the detection limit in unaltered xylem samples for nC27 and nC29 

and corresponding samples heated to temperatures > 350 °C for those homologues. For 

nC29 and nC31, the most common homologues targeted for terrestrial palaeoenvironmental 

reconstruction, δ2H values in leaves was generally minimal at temperatures up to 350 °C, 

with a maximum variation of ~4‰ and ~7‰ respectively, ranging from -131‰ to -135‰ 

and -128‰ to -135‰. This is followed by an increasing trend in 2H values at 450 °C. In 



133 / 224

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: 3219682				Código de verificación: qNY5nIM9

Firmado por: Rory Connolly . Fecha: 17/02/2021 14:01:27
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:58:12
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:28:17
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12258

Nº reg. oficina: OF002/2021/12092
Fecha: 18/02/2021 08:49:19

 

117 

 

xylem samples, there is a decreasing trend toward 2H depleted values between 150 °C 

and 250 °C of ~19‰ (nC27) and ~35‰ (nC29) despite an increase in total n-alkane 

concentration in these samples. Although reliable δ2H values were not obtained for the 

unaltered xylem samples for nC27 and nC29, making it difficult to meaningfully compare 

that sample set, a general decreasing trend is observed for nC31 between the reference 

samples and those heated to 250°C.  It is also notable that bark samples followed a similar 

trend to leaves with more depleted values at 250 °C, followed by a slight increase in δ2H 

values at 350 °C. Total variation in hydrogen isotope composition of the heated bark 

samples was in the range of ~57‰ (nC27), ~79‰ (nC29), and ~94‰ (nC31).  

To summarise, δ2H values in n-alkanes from leaf waxes were unaltered up to 350 °C with 

an increasing trend toward 2H enriched values occurring at 450°C. In contrast, in wood 

tissues (bark and xylem) the original unaltered δ2H signal was lost at 250 – 350 °C. The 

observed variations are similar to those described by Jambrina-Enríquez et al. (2018). 

5.3.3. Implications for the application of compound-specific hydrogen isotope analysis 

of fossil leaf waxes in archaeological settings 

It is widely accepted that long-chain n-alkanes (nC27-nC33), derived from epicuticular leaf 

waxes, represent the dominant source of n-alkanes in sediments (Eglinton and Hamilton, 

1967). However, in archaeological contexts or other anthropogenic settings we should not 

discount the possibility that other plant organs may represent a source of sedimentary n-

alkanes. Well preserved charred plant tissues and fragments of microcharcoal, which are 

not visible at the macroscopic scale of excavation, are frequently observed in soil 

micromorphological samples collected from archaeological sites (Friesem et al., 2014; 

Goldberg et al., 2009; Leierer et al., 2019; Mallol et al., 2013). In occupation horizons, 

these materials may represent fuel residues directly linked to combustion features, or 
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alternatively, they may have been deposited through natural agents. For instance, 

microcharcoal is commonly registered in palynological datasets and has been utilised to 

study the frequency of natural fires linked to climate shifts (Clark, 1988; Swain, 1973; 

Val-Peón et al., 2019). Our findings emphasise the need to carefully consider the 

depositional setting, particularly relating to anthropogenic combustion activities, when 

interpreting molecular or isotopic information from sedimentary n-alkanes in 

archaeological contexts. The unintentional incorporation of fine charred particles within 

sediment samples, which has been subjected to temperatures of 450 °C or greater, could 

lead to misinterpretations of leaf wax δ2H values and molecular ratios such as CPI and 

ACL, with significant implications for palaeoclimatic reconstruction. The application of 

complementary techniques, such as soil micromorphology, can identify charred particles' 

presence and help eliminate potential biases in the molecular and geochemical datasets. 

This approach has already effectively been demonstrated at the Middle Palaeolithic site 

of Abric del Pastor (Alcoy, Spain) (Chapter 4), where abrupt fluctuations in n-alkane 

distribution and compound-specific carbon and hydrogen isotope values through 

stratigraphic units IVd and IVc were interpreted as resulting from the presence of 

microscopic charred fuel residues in the lipid biomarker sediment samples (Connolly et 

al., 2019).  

On the other hand, our results here demonstrate that the change in δ2H values in leaves 

was generally minimal at temperatures up to 350 °C, with a maximum difference of ~4‰ 

and ~7‰ for nC29 and nC31 respectively, ranging from -131‰ to -135‰ and -128‰ to -

135‰. This relatively minor 2H depletion is despite a dramatic decrease (~79%) in total 

n-alkane concentration within this temperature range, from 459.1 µg/g to 97 µg/g. 

Although the effects of short-term low-temperature combustion on n-alkane δ2H values 

have not been widely investigated, our results are broadly consistent with Wang et al. 
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(2017), who observed a maximum difference of ~10‰ in δ2H values of a pure n-alkane 

mixture (nC15 to n-C38) heated at 100–300 °C. However, it is worth noting that their study 

was based on a heating duration of 24 h under oxygen-free conditions. As these do not 

reflect real conditions in the archaeological record, and anthropogenic combustion 

processes are not produced in the total absence of oxygen, there is a need for more studies 

like ours which seek to replicate field conditions in so far as is possible in controlled 

laboratory settings. 

The result from our Celtis australis leaf samples is potentially significant, as it implies 

that low-temperature alteration of fossil leaf waxes within sediments (<350 °C) may not 

eradicate the hydrogen isotope climate signature, opening the door to high-precision 

onsite palaeoclimate records from lipid biomarkers recovered from archaeological 

combustion features. In their microstratigraphic study, Mallol et al. (2013) have drawn 

attention to the potential for thermally altered sedimentary substrates, which underly the 

black layer of flat combustion features, to yield archaeological information about human 

activity preceding the combustion event. These sediments, which represent occupation 

surfaces on which fires were built, do not typically exceed temperatures of 350 °C and 

may therefore be suitable for compound-specific hydrogen isotope analysis. Such an 

approach would allow for well-dated palaeoclimate records directly associated with 

human activities and create a new avenue for exploring human responses to climate 

change at the site-specific scale. A similar approach has recently been developed by 

Roffet-Salque et al. (2018) who demonstrated that δ2H values of lipid residues preserved 

in pottery from Late Neolithic levels at Çatalhöyük carried the climatic signature of the 

North Atlantic abrupt climate event which occurred 8.2 kya. 

Notwithstanding the relatively small number of samples analysed here, our results 

provide the initial steps toward establishing boundary conditions for constraining the 
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maximum potential alteration of fossil leaf waxes in thermally altered sediments. Our 

results are well complemented by Jambrina-Enríquez et al. (2018), who demonstrated that 

the δ13Calkane signature of Celtis australis leaves also remains constant up to 350 °C under 

limited oxygen conditions, which suggests that the thermally altered combustion 

substrates could be targeted for both hydrogen and carbon isotope analysis of individual 

n-alkanes. These isotope signatures respond to different environmental controls and when 

deployed in tandem allow for more robust conclusions than single isotopic analysis (Bi 

et al., 2005; Collins et al., 2017; Wu et al., 2018). 

5.4. Concluding remarks 

Here we investigated the hydrogen isotope composition of thermally unaltered and 

charred Celtis australis leaves, xylem, and bark during short-term combustions (1 h) 

under limited oxygen conditions in a laboratory-controlled setting, at temperatures up to 

450 °C. Our results demonstrate that although significant variation is δ2Hwax is observed 

in the xylem and bark samples, changes in δ2Hwax of leaf samples are generally minimal 

up to 350 °C, however, at temperatures exceeding this, considerable changes in hydrogen 

isotopic composition occur. Our results sound a cautionary note on the application of 

δ2Hwax as a palaeoclimate proxy in archaeological contexts where the depositional 

environment is not well understood. We propose that this proxy be enhanced by a detailed 

characterisation of soil microstratigraphy, which can help eliminate potential isotopic 

biases that arise due to the mixing of charred microscopic particles (≥ 450 °C) in sediment 

samples. Nevertheless, our observations highlight the potential for δ2Hwax to record and 

retain palaeoclimate information at temperatures ≤ 350 °C and could be employed to 

target thermally altered archaeological combustion substrates and link climatic and 

archaeological datasets at a high spatial and temporal resolution. 
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Chapter 6: General discussion and conclusion 

6.1. Discussion 

In this thesis, open questions regarding the application of microscopic and molecular 

methods for providing new sources of information to approach the relationship between 

past peoples and their environments have been addressed, with particular reference to the 

role of climate in Neanderthal social and cultural evolution in Eastern Iberia. Previous 

studies have demonstrated the potential of archaeological soil micromorphology (Aldeias 

and Bicho, 2016; Goldberg et al., 2009; Haaland et al., 2020; Mallol, 2006; Stahlschmidt 

et al., 2018) and compound-specific isotope analysis (Brittingham et al., 2019; Carr et al., 

2014; Collins et al., 2017, 2013; Diefendorf et al., 2008; Wang et al., 2016) to yield high-

resolution site formation and palaeoenvironmental information across multiple spatial 

and temporal scales, however, no study has previously deployed these techniques 

systematically and in tandem for palaeoenvironmental reconstruction in an archaeological 

setting, nor sought to integrate these approaches with traditional palaeoenvironmental 

proxies for archaeological research.  

The preceding chapters have demonstrated that the combined use of archaeological soil 

micromorphology and compound-specific carbon and hydrogen isotope analysis of 

sedimentary fossil leaf waxes can provide additional and complementary information for 

investigating the relationships between past peoples and their environment. In the third 

chapter of this thesis, we applied these techniques to investigate climatic variability 

through Abric del Pastor's sedimentary sequence. This Middle Palaeolithic rock shelter 

has previously been dated between 43 kya and 72 kya, a key chronological interval for 

understanding the potential detrimental role of deteriorating MIS 4 global climate 

conditions on regional Neanderthal populations. Our combined microscopic and 
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molecular approach was complemented by supplementary palaeoenvironmental data 

from other proxy sources, which included anthracology, micro-vertebrate, and macro-

faunal analyses, offering an opportunity to explore the complementarity of our novel 

approach with more traditional archaeological datasets, one of the key objectives (iii) set 

out in chapter 1. The results of this study showed that, at the microstratigraphic scale, 

evidence for cold climate conditions were present in the form of characteristic 

cryoturbation features, which included platy and granular soil microstructures, soil 

cappings, and fissured clasts typical of soils and sediments affected by cyclical freeze-

thaw processes (Vliet-Lanoë et al., 2004; Vliet-Lanoë, 2010). We also observed 

micromorphological evidence for localised variation in sedimentary rates, where 

redoximorphic features and dissolution of the calcitic matrix was interpreted as evidence 

of more prolonged surface exposures. These processes were particularly notable in S.U. 

IVd and was key for interpreting trends in the lipid molecular data at that part of the 

sequence.  

Our results confirmed that compound-specific carbon and hydrogen isotope values of n-

alkanes recovered from Pleistocene sediments at Abric del Pastor record a local 

vegetation and regional climate signal with high fidelity, and we interpret co-varying 

δ2Hwax and δ13Cwax values as primarily responding to the combined effects of changes in 

regional moisture source (i.e. Mediterranean versus Atlantic), precipitation amount and 

fluctuations in temperature and evaporative stress. With the available evidence, it is not 

possible to meaningfully disentangle these processes, however, our interpretation is 

broadly in line with other regional studies in the Iberian Peninsula (Jambrina-Enríquez et 

al., 2017; Muñoz-Díaz and Rodrigo, 2004; Schirrmacher et al., 2020; Toney et al., 2020). 

Co-varying trends in the molecular ratios CPI and ACL in S.U. IVc and IVd were 

interpreted as the result of contamination due to fine charred particles from anthropogenic 
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combustion features being locally dispersed in sediments sampled for lipid biomarkers. 

The accumulation of these fine particles was undoubtedly accentuated by the slowdown 

in sedimentary rates observed at the microstratigraphic scale. These observations urge a 

significant degree of caution in interpreting the lipid molecular and geochemical data at 

this part of the sequence and motivated the experimental study described in chapter 5. 

Supplementary palaeoenvironmental data obtained from anthracological, micro-

vertebrate and macro-faunal analyses allowed us to 'plug the gap' left by the lipid 

molecular data in S.U. IVc and IVd, which demonstrates the clear advantage of 

investigating multiple lines of evidence in parallel. These indicated dry to semi-arid 

supramediterranean conditions where open dry woodland formations characterise the 

upper parts of the Barranc del Cinc. Within the ravine where the site is located, 

Mediterranean mixed forest taxa and riverine species were present in sufficient 

abundance to provide vital resources for local Neanderthal groups in the form of woody 

fuel and a habitat for species such as Testudo hermanni, which were an important 

subsistence source. Notwithstanding archaeological evidence from across Europe through 

MIS 4 which indicates that climatic cooling had detrimental effects on Neanderthal 

populations, leading to population shrinkage or redistribution (van Andel and Davies, 

2003), our results from Abric del Pastor suggest that a mosaic of biotopes likely 

characterised local conditions along the Central Mediterranean coast of Eastern Iberia. 

Even across short distances, local variation in conditions was likely influenced 

significantly by local topographic factors. We have provided evidence for continued 

Neanderthal occupation at Abric del Pastor despite fluctuations in regional climate 

conditions. We propose that c. 63 kya ± 5 the Barranc del Cinc acted as a vegetation 

refugium which may have been crucial for the survival of regional Neanderthal 

populations. Our results highlight the potential for regional and local environmental 
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variability to be masked within large global climatic datasets and call attention to the need 

for more onsite climate records directly correlated with archaeological data. 

In the fourth chapter of this thesis, we provide new insights into site formation and 

palaeoenvironmental conditions during the deposition of stratigraphic units VIII – V 

(upper) from the Middle Palaeolithic site of El Salt, which help establish the 

palaeoclimatic context for the final Neanderthal occupations recorded in the Alcoy region 

of Eastern Iberia c. 45 kya during MIS 3. Here we combined our novel microscopic and 

molecular approach with palaeoenvironmental data derived from a detailed study of 

pollen and non-pollen palynomorphs. We identified two distinct phases of site formation: 

phase one comprised stratigraphic units VIII – VI and precede the collapse of the rock 

shelter roof; phase two is represented by stratigraphic unit V (lower and upper). The 

depositional units of phase one were characterised at the microstratigraphic scale by 

lithological coarse fraction dominated by tufa and travertine related to the nearby relict 

Upper Pleistocene freshwater spring system. The presence of guano crusts in our soil thin 

sections indicates intermittent periods of surface stabilisation of unknown duration, which 

may correspond with the establishment of vegetation and broad fluctuations in regional 

environmental conditions. Our pollen data revealed local vegetation dominated by mixed 

forest taxa which underwent episodic competitive displacements, likely linked to water 

availability changes.  

Our lipid data from phase one shows that n-alkanes were not subject to significant 

microbial degradation. Although δ13Cwax and δ2Hwax results from this phase are too few 

to draw wholesale conclusions from the isotope data, the general "saw-toothed" pattern 

observed in total alkane concentration, as well as in VPD, reflect the same changes in 

vegetation and moisture indicated by the other proxies. The high frequency of 

anthropogenic materials such as charcoal, burned bones, and flint microflakes in our thin 
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section samples from units VIII – VI, in addition to evidence recovered during excavation, 

suggest that Neanderthal occupations during phase one at El Salt were recurrent 

irrespective of persistent environmental oscillations. We propose that S.U. VI (47.2 ± 4.4 

ka BP) corresponds with GS-13, just before the onset of HE 5. The collapse of the rock 

shelter roof marked the beginning of site formation phase two through stratigraphic unit 

V (lower and upper) and the large limestone blocks from this event seal the underlying 

units deposited during phase one. Our data supports the argument put forward by Galván 

et al. (2014) who suggest that the shelter's destabilisation and the roof collapse event 

correspond to changes in regional environmental conditions provoked by HE 5. Our 

microstratigraphic study confirms that phase two is characterised by further 

complexification of the local depositional mechanisms, with a mix of windblown very 

fine sand and silt with coarser (fine and medium sand) sediments derived from the 

breakdown of the Palaeocene cliff overlooking the site, all of it locally and 

syndepositionally reworked and deposited by low-energy processes (runoff). A reduction 

in regional vegetation cover may account for this increase in windblown sand and silt. A 

significant reduction in the presence of tufa and travertine in the coarse fraction of soil 

thin sections representing phase two reflects this shift in transport and deposition 

processes due to the restructuring of the rock shelter and a likely increase in the 

sedimentation rates. Soil samples collected for pollen analysis from S.U. V (lower) were 

found to be sterile, however, despite this, δ13Cwax values at this part of the sequence 

confirm the presence of a C3 vegetation signal. VPD values fluctuate through S.U. V 

(lower) and are generally higher in S.U. V (upper), indicating a high evaporative demand 

of ambient air and a trend toward more arid regional environmental conditions, consistent 

with the presence of the Glomus sp palynomorph, which is common in dry or desiccated 

areas soils and reached the highest values in S.U. V. Our finding also supports the results 
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presented in Fagoaga et al. (2019), which point to arid conditions during the deposition 

of S.U. V (upper) based on analysis of the micro-vertebrate assemblage. Regional 

aridification and climatic deterioration in the area around Alcoy would undoubtedly have 

affected the availability of critical resources that Neanderthal groups depended on for 

their survival. The results of our study add new detail and help frame the abrupt decrease 

in evidence for Neanderthal occupation during phase two at El Salt, adding weight to the 

argument that the breakdown of regional Neanderthal populations in Eastern Iberia 

occurred around the time of HE 5 and before the onset HE 4 (Galván et al., 2014). A 

similar scenario is described by Wolf et al. (2018) who observe that loess deposition and 

regional aridification in the Upper Tagus Basin occurred between HE 5 and HE 4, 

coinciding with the disappearance of Neanderthal populations in Central Iberia.  

In the fifth chapter of this thesis, our experimental study addresses a significant research 

gap by exploring potential biases which could arise when using δ2Hwax as a climatic proxy 

in archaeological contexts affected by anthropogenic combustion activities. Although 

much has been published on the range of environmental and physiological factors 

affecting 2H fractionation in plants (Kahmen et al., 2011; Liu and An, 2018; Sachse et al., 

2009, 2006; Schwab et al., 2015), the potential impact of human activities on δ2Hwax has 

largely been overlooked in previous studies since the development and application of this 

proxy have mostly focused on sediments which are presumed to be unaffected by human 

activities. It is critically important that this gap in our knowledge is addressed, particularly 

as δ2Hwax increasingly comes to be applied in archaeological contexts where combustion 

activities are ubiquitous and the mixing of fine charred particles in sediments is 

commonplace. This study revealed that variation in δ2Hwax with increasing temperature 

differs between plant organs and tissue types, with a high variation corresponding to low 

alkane concentrations in bark and xylem samples. Significantly, changes in δ2Hwax of leaf, 
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which is the predominant source of n-alkanes in sediments, showed a high degree of 

variation at temperatures ≥ 450 °C. This result highlights the importance of first 

characterising the depositional environment before sampling sediments for δ2Hwax. It is 

proposed here that soil micromorphology represents the most robust and comprehensive 

technique for identifying fine charred particles in archaeological deposits and could be 

used to help eliminate potential sources of bias in δ2Hwax and lead to more secure 

palaeoenvironmental interpretations.  

Another significant observation from the fifth chapter results was that variation in δ2Hwax 

from leaf samples at temperatures ≤ 350 °C was generally small. Although further 

analyses are required to investigate whether this result is repeated across different plant 

species, it suggests that δ2Hwax could theoretically be utilised to target thermally altered 

archaeological combustion substrates, providing a new source temporally and spatially 

resolved onsite climate data that can be directly linked to archaeological datasets. 

Considering recent advances in high-precision radiocarbon dating, including ongoing 

developments and improvements in the application of Bayesian statistical analyses 

(Bayliss, 2015; Carleton, 2021; Pettitt and Zilhão, 2015), the potential to yield molecular 

climate data directly from anthropogenic combustion features is significant. This 

approach could offer a powerful means to construct new well-dated onsite paleoclimate 

records against which longstanding deterministic models of human responses to climatic 

change can be tested. These methods would also be well complemented by the analysis 

of δ2H values of lipid biomarkers preserved on other archaeological materials, which has 

recently been investigated by Roffet-Salque et al. (2018). These advances are especially 

pertinent for understanding significant biogeographic, cultural, and evolutionary changes 

of the Pleistocene, such as the demise of Neanderthal populations at the MUPT, where 
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long-term continuous palaeoenvironmental sequences are mostly absent or far removed 

from the relevant archaeological assemblages. 

6.2. Hypotheses 

The hypotheses defined in Section 1.7 are tested against the evidence presented from the 

studies outlined in this thesis. The null hypothesis (H0) is proposed and either retained 

or rejected in favour of an alternative hypothesis (H1). 

6.2.1. Hypothesis I 

H0 - Archaeosediments from Middle Palaeolithic sites in Eastern Iberia do not 

preserve a microscopic and molecular record of Pleistocene climate conditions. 

 Several studies have highlighted the potential to trace climatic and environmental 

signals in soil micromorphological thin sections (Macphail et al., 2010; Macphail and 

Goldberg, 2018; Nicosia and Stoops, 2017; Nieuwendam et al., 2020; Vliet-Lanoë et al., 

2004) and through compound-specific isotope analysis of sedimentary fossil leaf waxes 

(Diefendorf and Freimuth, 2017; Eley et al., 2016; Garcin et al., 2014; Ramos-Román et 

al., 2018; Yamamoto et al., 2010). However, most of these studies have focused on 

Holocene sediments or sites where organic preservation is generally good, limiting our 

understanding of how these signals might present in archaeosediments of Pleistocene age. 

The study sites investigated in this thesis, Abric del Pastor (MIS 5/4) and El Salt (MIS 3), 

are ideal for addressing these issues given their respective chronologies, the generally 

inorganic nature of their sediments, and their geographic setting in Eastern Iberia which 

experiences both Mediterranean and Atlantic climate influences. Data presented in 

chapter 3 and chapter 4 of this thesis demonstrate that sedimentary microstructures and 

fossil leaf waxes are preserved at Abric del Pastor and El Salt and responsive to dynamic 

external environmental and climatic processes. 
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The null hypothesis (H0) is therefore rejected. The following alternative hypothesis (H1) 

is proposed: Archaeosediments from Middle Palaeolithic sites in Eastern Iberia do 

preserve a microscopic and molecular record of Pleistocene climate conditions. 

6.2.2. Hypothesis II 

H0 – Combined microscopic and molecular analyses of sediments at the study sites 

do not allow accurate and precise reconstruction of past climatic and environmental 

conditions. 

 Chapter 3 and chapter 4 combined archaeological soil micromorphology, lipid 

biomarker analyses of sedimentary fossil leaf waxes, and compound-specific isotope 

analyses to investigate past environmental and climatic conditions from Abric del Pastor 

and El Salt. In both cases, these techniques have been applied alongside other 

palaeoenvironmental proxies more traditionally employed in archaeology. Similar to 

other studies which used molecular and isotopic analyses of sedimentary lipid biomarkers 

in the Iberian Peninsula, we conclude changes in precipitation amount, temperature, local 

vegetation structure, water stress, and moisture source are the predominant drivers of 

molecular and isotopic changes (Schäfer et al., 2018; Schirrmacher et al., 2020; Toney et 

al., 2020). It is widely recognised that there are significant challenges disentangling these 

variables (Liu and An, 2018; Sachse et al., 2012), which is greatly exacerbated in older 

archaeological contexts where comparative climate records are typically more 

fragmentary. We have demonstrated in chapters 3 and 4 that soil micromorphology can, 

if somewhat tentatively, contribute supplementary information about the environmental 

and depositional context that can help to resolve this. At Abric del Pastor, cold climate 

conditions throughout the sequence are evidenced at the microstratigraphic level, and 

these conditions are corroborated in S.U. IVc and IVd through comparison with data from 



146 / 224

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: 3219682				Código de verificación: qNY5nIM9

Firmado por: Rory Connolly . Fecha: 17/02/2021 14:01:27
UNIVERSIDAD DE LA LAGUNA

Carolina Mallol Duque 17/02/2021 14:58:12
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 19/03/2021 14:28:17
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro: 2021/12258

Nº reg. oficina: OF002/2021/12092
Fecha: 18/02/2021 08:49:19

 

130 

 

the other palaeoenvironmental proxies. Given the site's chronology, this is also congruent 

with palaeoenvironmental data for the Iberian Peninsula based on marine sediment core 

datasets (Sánchez Goñi et al., 1999).  

Soil micromorphology also highlighted likely changes in sedimentary rates at both Abric 

del Pastor and El Salt, which has significant implications for interpreting sedimentary 

lipid biomarker and compound-specific isotope results. Understanding changes in the 

mode or rate of sedimentation provide clues not only for understanding the duration of 

exposure of human occupation surfaces and activities which occurred thereon but 

critically, this technique helps reduce time-averaging or palimpsest effects and to 

characterise the sensitivity of the sedimentary environment to a range of relevant climatic 

and post-depositional variables (Bailey, 2007; Courty and Vallverdu, 2001). Furthermore, 

the experimental study we present in chapter 5 highlights the importance of identifying 

whether fine charred particles are present in sediments before sampling for lipid 

biomarkers. With this in mind, we propose that the combine application of soil 

micromorphology can contribute to more robust palaeoclimate reconstructions. The 

results presented in chapters 3 and 4 support the notion that sedimentary microscopic and 

molecular evidence from Abric del Pastor and El Salt reflect genuine Pleistocene climatic 

and environmental conditions, though these lines of evidence are no doubt enhanced by 

cross-validation with other palaeoenvironmental proxies.  

The null hypothesis (H0) is therefore rejected. The following alternative hypothesis (H1) 

is proposed: Combined microscopic and molecular analyses of sediments at the study 

sites do allow accurate and precise reconstruction of past climatic and 

environmental conditions. 
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6.2.3. Hypothesis III 

H0 – Sedimentary microscopic and molecular climate proxies cannot be usefully 

compared with traditional palaeoenvironmental proxies used in archaeological 

research. 

 Chapters 3 and 4 provide useful case studies for exploring the ways that 

microscopic and molecular climate proxies can be compared with palaeoenvironmental 

data gleaned from the study of archaeological materials from the same sites, such as 

charcoal and faunal assemblages, as well as other sedimentary proxies such as 

microvertebrate remains and pollen/non-pollen palynomorphs. It is clear from the 

evidence presented in chapter 3 that practical and theoretical challenges exist linking 

palaeoenvironmental proxies which are responsive to climatic and environmental 

variables across different spatial and temporal scales. In practical terms, though our 

microscopic and molecular proxies cover the full sedimentary sequence at the site, the 

other proxy datasets are incomplete and could only be compared for S.U. IVd and, in the 

case of charcoal, also IVc. Also, we must consider that soil microstructures may reflect 

seasonal freeze-thaw processes, molecular and isotopic changes in fossil leaf waxes may 

be controlled by centennial to millennial-scale shifts in precipitation amount or North 

Atlantic Oscillation (NAO), the charcoal assemblage at the site is mostly if not totally the 

result of intermittent Neanderthal occupation activity and no doubt biased toward more 

favourable and available fuel sources. In contrast, the microvertebrate assemblage is 

linked to the Eurasian eagle-owl activities (Bubo bubo) whose range may extend beyond 

the limits of the ravine where the site is located. Emphasis on differences of scale, 

particularly concerning time, has been the focus of much discussion and debate in 

archaeology (Bailey, 2007, 1983; Holdaway and Wandsnider, 2008; Lucas, 2004). By 

combining climatic and environmental proxies which respond to different phenomena 
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and vary in terms of their respective spatial and temporal resolution, archaeologists will 

have the opportunity to address questions about relationships between different kinds of 

processes. The results presented in chapter 3 demonstrate that while inherent uncertainties 

may prevent direct correlations between individual datapoints from different proxies, 

broad relationships and inferences about regional environmental conditions can be 

discerned. Chapter 4 also reveals how our microscopic and molecular approach can 

complement other palaeoenvironmental proxies by overcoming issues surrounding 

preservation—for instance, sediment samples collected for pollen analysis from S.U. V 

(lower) at El Salt were found to be sterile, however, our lipid biomarker and compound-

specific isotope results confirmed the regional presence of C3 vegetation during the 

deposition of this unit, while the presence of local vegetation cover in the immediate area 

around the site was evidenced by the occurrence of Celtis sp. seed coatings in our soil 

micromorphological samples. 

The null hypothesis (H0) is therefore rejected. The following alternative hypothesis (H1) 

is proposed: Sedimentary microscopic and molecular climate proxies can be usefully 

compared with traditional palaeoenvironmental proxies used in archaeological 

research. 

6.2.4. Hypothesis IV 

H0 – Sedimentary microscopic and molecular climate proxies do not indicate 

unstable environmental conditions during MIS 3 in Eastern Iberia. 

 It has been argued that MIS 3 was characterised by abrupt and unstable climatic 

changes marked by significant drops in temperatures and episodes of widespread 

aridification, producing environmental conditions and resource distributions not typically 

found in modern environments (Stewart, 2005). At a global and continental scale, this 
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climatic instability has been recorded by several different proxies, including δ18O of 

Greenland ice-cores (NGRIP), evidence of ice-rafted debris (IRD) from North Atlantic 

marine sediment cores, and isotope records of planktonic and benthic foraminifera, 

among other sources (Adams et al., 1999; Birner et al., 2016; Blockley et al., 2014; Maslin 

et al., 2013; North Greenland Ice Core Project members, 2004; Rasmussen et al., 2014; 

Sánchez Goñi et al., 2008). This has led many researchers to implicate climatic crises 

during MIS 3 in Neanderthal demise in the Iberian Peninsula (Finlayson, 2004; Finlayson 

and Carrión, 2007; Jiménez–Espejo et al., 2007; Müller et al., 2011; Wolf et al., 2018). 

As set out in chapter 1, however, it is unclear the extent to which reconstructions based 

on coarse proxies such as these reflect conditions at a regional scale. Given the large error 

range in the available MIS 3 chronometric dates from the study sites investigated in this 

thesis, attempts to link our microscopic and lipid molecular records with larger climate 

datasets remain speculative. Nevertheless, the results from both sites demonstrate 

millennial scale climatic variability throughout MIS 3. This variability is particularly 

prounounced at El Salt in the observed fluctuations in n-alkane molecular ratios such as 

CPI, ACL, and VPD, as well as in compound-specific carbon and hydrogen isotope 

values. The formation of phosphatic crusts, observed in our micromorphological samples, 

are also interpreted as evidence of intermittent surface stabilisation linked to broad 

changes in regional environmental conditions and vegetation structure.  

The null hypothesis (H0) is therefore rejected. The following alternative hypothesis (H1) 

is proposed: Sedimentary microscopic and molecular climate proxies do indicate 

unstable environmental conditions during MIS 3 in Eastern Iberia. 
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6.2.5. Hypothesis V 

H0 – There is no consistent relationship between climate change or abrupt climate 

events and Neanderthal activity at the selected study sites. 

 Global cooling during MIS 4, climatic instability and rapid ecological turnover 

during MIS 3, and abrupt climate events such as HE 5 (c. 50 - 47 kya) and HE 4 (c. 39 

kya) have long been implicated in the demise of Neanderthal populations in the Iberian 

Peninsula (Finlayson, 2004; Finlayson and Carrión, 2007; Mallol et al., 2019; Mellars, 

2006; Müller et al., 2011; Sepulchre et al., 2007). In chapter 3 and chapter 4 of this thesis, 

we have provided new lines of evidence for investigating the relationship between 

Neanderthal occupations in the Alcoy region of Eastern Iberia and fluctuations in 

environmental conditions through the course of MIS 4 and MIS 3. The results of our 

multiproxy study presented in chapter 3 indicate regional climatic and environmental 

fluctuations through the sedimentary sequence at Abric del Pastor, despite which there is 

abundant evidence for repeated short-term Neanderthal occupation events dated between 

48 kya ± 5 (MIS 3) and 62 kya ± 12 (MIS 4). Recent technical and spatial studies of lithic 

refits from S.U. IV (IVb, IVc, IVd) at the site indicate a minimum of 9 distinct 

Neanderthal occupation episodes, represented by broadly similar hearth-related 

assemblages (Machado et al., 2019, 2013). Although the overall number of occupation 

events is too low to meaningfully discern causal or correlative relationships between the 

palaeoenvironmental and archaeological records, it is notable that the most intense 

occupation activity is recorded in S.U. IVd, which is dated by OSL to 63 kya ± 5. This 

may be pronounced by palimpsest effects due to a slowing down in the rates of 

sedimentation at this part of the sequence, as indicated by our soil micromorphology 

samples. Alternatively, this may reflect a real, if somewhat modest, increase in human 
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occupation of the rock shelter linked to a downturn in wider regional environmental 

conditions.  

It is also noteworthy that the last chronometric dates for Neanderthal activity at Abric del 

Pastor, 48 kya ± 5 (S.U. IVb), overlap with the dates from the nearby site of El Salt where 

the final Neanderthal occupations are recorded c. 45 kya (Galván et al., 2014). There, our 

palaeoenvironmental results point to unstable environmental conditions in S.U. VIII - VI, 

with turnover in local vegetation structure linked to episodic fluctuations in humidity and 

intermittent periods of soil surface stabilisation. During this time, evidence for 

Neanderthal occupation activities is abundant both at the microscopic scale through soil 

micromorphology and at the macroscopic scale of excavation. However, our results 

reveal that the final Neanderthal occupations at El Salt are coincident with an abrupt 

change in sedimentary dynamics recorded in S.U. V and the onset of regional aridification 

following HE 5 but prior to the commencement of HE 4, in line with previous studies 

from this site and elsewhere (Fagoaga et al., 2019; Galván et al., 2014; Kehl et al., 2013; 

Wood et al., 2013). 

The palaeoclimate and palaeoenvironmental records for both Abric del Pastor and El Salt 

exhibit high variability. Despite evidence for aridification at El Salt around the time of 

the final Neanderthal occupations, and the disappearance of Neanderthals from Abric del 

Pastor around the same time, the evidence presented in this thesis does not provide 

sufficient grounds in and of itself to support arguments in favour of a consistent 

relationship between climate change or abrupt climate events and Neanderthal activity at 

the selected study sites. The evidence presented here certainly does not preclude such 

relationships, or otherwise suggest that Neanderthal activity at the sites is unconnected to 

climatic processes. However, there are confounding differences in resolution and 

completeness between archaeological and palaeoclimatic datasets that demand further 
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evidence to meaningfully link local environmental conditions and Neanderthal social and 

cultural processes through time. 

The null hypothesis (H0) is therefore retained. 

6.3. Conclusion 

The work presented in this thesis has highlighted the applicability and potential value of 

systematically combining archaeological soil micromorphology and compound-specific 

isotope analysis of sedimentary lipid biomarkers for reconstructing palaeoenvironmental 

conditions from well-described archaeological contexts and providing new lines of 

evidence for investigating the relationship between past peoples and their environments. 

The results presented here have also added new levels of detail to our understanding of 

the regional palaeoclimatic and environmental variability of MIS 4 through MIS 3, which 

framed the disappearance of Neanderthals in the Alcoy region of Eastern Iberia. 

Combined microscopic and molecular approaches such as this present an opportunity to 

not only enhance existing onsite palaeoenvironmental records but crucially, to reconstruct 

conditions even in archaeological contexts where post-depositional disturbance or poor 

preservation renders other proxies such as charcoal or pollen obsolete. Chapter 1 argued 

reconstructions based on ice-core and deep-sea sediments, or discontinuous terrestrial 

palynological sequences, lack the spatio-temporal resolution to meaningfully investigate 

the role of climate in Neanderthal social and cultural evolution at a regional scale. As 

demonstrated in chapter 3 and chapter 4, regional and local variability is an important 

feature of Abric del Pastor and El Salt's palaeoenvironmental records. Despite our 

microscopic and molecular approach, there are still significant challenges linking 

palaeoenvironmental and archaeological records due to spatial or temporal resolution 

differences and inherent chronological uncertainties.  
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It is anticipated that archaeological soil micromorphology and compound-specific isotope 

analysis of lipid biomarkers will increasingly be utilised to investigate archaeosediments 

to elucidate links between past climate changes and trends in human cultural evolution. 

Based on this thesis's results, the combined future application of these techniques should 

focus on integrating methods or approaches for establishing improved chronologies and 

spatial resolution. To this end, researchers will no doubt benefit from recent advances in 

Bayesian statistical analysis of high-precision radiocarbon dates, as well as recent 

breakthroughs in compound-specific radiocarbon analysis (CSRA) of individual lipid 

compounds (Casanova et al., 2020; Deviese et al., 2018; Smyth et al., 2019). Recent 

research has also revealed exciting possibilities for targeted molecular and isotopic 

analysis of lipid biomarkers from polyester resin-impregnated soil micromorphology 

sediment slabs (Rodríguez de Vera et al., 2020). Future work that combines these 

advances with the approach set out in this thesis has the potential to provide 

unprecedentedly detailed reconstructions of regional and local climatic variability from 

onsite records and facilitate robust explorations of links between palaeoenvironmental 

and archaeological records. Developments in this direction will offer exciting new 

avenues for investigating the complex mechanisms that underpin how past societies 

responded to environmental or climatic changes, helping researchers gain a more nuanced 

understanding of the role of climate in Neanderthal social and cultural evolution. 
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APPENDIX 1 

Supplementary Material  

for 

Chapter 3: A multiproxy record of palaeoenvironmental conditions at 

the Middle Palaeolithic site of Abric del Pastor (Eastern Iberia) 

 

Contents: 

1. Chapter 3: Material and methods (extended) 

2. Chapter 3: Results (extended) 
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Chapter 3: Material and methods (extended) 

 

Dosimetry on site 

10 Al2O3:C dosimeters were inserted (S.U. I to VI) and remained in place for a duration 

of five months. Doses were measured following Kreutzer et al. (2018). Obtained dose 

rates (gamma + cosmic) are low and do not show significant variation through the 

stratigraphic sequence (from 317 to 388 µGy/a). This likely corresponds with the 

calcareous nature of the sediments. These external dose rates were used for calculating 

the ages of both the tooth and sediment samples. 

Dated sediment samples  

Sediment was collected from S.U. IVd in absolute darkness and dated using Optically 

Stimulated Luminescence (OSL). Quartz grains (60-80µm) were extracted by sieving and 

subsequently purified using acids (HCl and H2SiF6). The Single Aliquot Regenerative 

(SAR) dose protocol (Wintle and Murray, 2000) was applied to large aliquots (6mm in 

diameter) for measuring the fast component of the OSL signal. A preheating plateau test 

was carried out, which indicated no dependence of the equivalent doses (De) on 

temperature (200 - 260°C). Following this, a dose recovery test was conducted and 

yielded a value close to one (1.02 ± 0.02). A series of 20 aliquots were then analysed and 

the representative De was calculated using the Central Age Model (Galbraith et al., 1999). 

Determination of U, Th, K contents in the sediment was carried out by gamma 

spectrometric analysis, allowing for the alpha and beta external dose rates received by the 

60-80µm grains to be calculated. 
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Dated Teeth 

Two herbivore teeth were selected for combined ESR / U-series dating. An Equidae 

premolar recovered from S.U. IVb (sample AP1601) and a Bovinae tooth recovered from 

S.U. VI (sample AP1602). Enamel, dentin and cement in AP1601 were separated 

mechanically. Alpha-ray spectrometry was used to measure the radio-isotope content in 

the dentin and cement following standard methods (Bischoff et al., 1988), and by gamma-

ray spectrometry (Yokoyama, and Nguyen, 1980). Analysis was carried out at the Institut 

de Paléontologie Humaine (IPH), Paris.  

ESR measurements were carried out using an EMX Bruker ESR spectrometer applying 

the following parameters: 1mW microwave power, 0.1mT modulation amplitude, room 

temperature (19°C), 10mT scan range, 4min scan time and 100kHz frequency 

modulation. A minimum of three measurements was recorded for each dose on different 

days. The equivalent doses (DE) were determined from the asymmetric enamel T1-B2 

signal at g = 2.001853 and fitted from the experimental data using an exponential function 

(SSE) with Microcal Origin Pro 8 software with 1/I² weighting. The DE were calculated 

from mean values obtained from three repeated measurements for each aliquot. ESR age 

calculations were achieved using the ESR-DATA program (Grün, 2009), which utilises 

an alpha efficiency of 0.13 ± 0.02 (Grün and Katzenberger-Apel, 1994) and Monte-Carlo 

beta attenuation factors (Brennan et al., 1997) determined by the thickness of the tooth 

enamel and outer layers removed. The analysis was carried out at the Institut de 

Paléontologie Humaine (IPH), Paris. 

Microvertebrate study (IVd) 

The minimum number of individuals (MNI) was calculated to establish the abundance of 

each species in the fossil assemblage. In order to reconstruct the palaeoenvironmental 
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context of S.U. IVd from Abric del Pastor, the Habitat Weighting method developed by 

Whittaker (1948), Rowe (1956) and Gauch (1989) was employed. This procedure consists 

of defining a value, in a range between 0 and 1, for each species in each habitat where it 

is found. Following Cuenca-Bescós et al. (2005), the habitats considered in this work are: 

Open dry (OD), meadows under seasonal climate change; Open humid (OH), evergreen 

meadows with dense pastures and suitable topsoil; Woodland (W), mature forest; Open 

Woodlands (OWo), woodland margins and forest patches, with moderate ground cover; 

Rocky (R), areas with a suitable rocky or stone substratum and Water (Wa), areas along 

streams, lakes and ponds. The ecological preferences of the different taxa described in 

the present work have been taken from Pleguezuelos et al. (2002), Palomo et al. (2007), 

Bencatel et al. (2017) and López and Martín (2018).  

Prior to palaeoclimatic and palaeoenvironmental interpretation it is necessary to conduct 

a taphonomic study to identify predator(s) species responsible for the small mammal 

assemblage (e.g. Andrews, 1990; Vigne and Valladas, 1996; Pokines, 2000). Predation is 

the main factor involved in the accumulation of small mammal assemblages (Dodson and 

Wexlar, 1979; Korth, 1979; Andrews and Evans, 1983; Andrews, 1990; Kusmer, 1990; 

Stahl, 1996 amongst others) and it can be recognised by the presence of fossil digested 

remains (Raczyński and Ruprecht, 1974; Mellet, 1974; Mayhew, 1977; Andrews, 1990; 

Fernández-Jalvo and Andrews, 1992; Lloveras et al., 2014; Fernández-Jalvo et al., 2016). 

In this preliminary taphonomic study, the degree and frequency of digestive corrosion on 

both bones and dental elements have been examined. For the identification of the source 

of taphonomic information we used the criteria provided by Andrews (1990), Fernández-

Jalvo and Andrews (1992) and Fernández-Jalvo et al. (2016). 
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Macrofaunal study (IVd) - Material and methods (extended) 

All remains were analysed taphonomically using macroscopic and microscopic 

techniques (Leuchtturm hand lens up to 20x and Leica M165C stereo light, magnification 

ranging from 10x to 120x) to identify biostratinomic and diagenetic modifications. In the 

fracture analysis, we classified all of the fragments by fracture type following the criteria 

established by Villa and Mahieu (1991) and the morphotypes created by Real (2012; 

2016). All dimensions were measured for each bone fragment. Bone surface 

modifications were observed and quantified to identify damage caused by anthropogenic 

activity (thermal alteration, percussion and butchering marks) or predator damage (tooth 

marks, digestion), as well as the diverse diagenetic processes that produce alterations on 

bone surfaces (erosion, sediment concreteness, roots marks, weathering, pigmentation, 

trampling) (Binford, 1981; Shipman, 1981; Shipman and Rose, 1983; Lyman, 1994; Reitz 

and Wing, 2008; Domínguez Rodrigo and Yravedra, 2009; Denys and Patou-Mathis, 

2014; Fernandez-Jalvo and Andrews, 2016). 
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Taphonomic remarks on the microfaunal assemblage 

Evidence of digestion damage is detected in cranial and postcranial elements indicating 

that the fossil assemblage is produced by predation. The total percentage of digested 

incisors is close to 31% while in molars it is around 19%. The most frequent degree of 

digestion observed is light followed by moderate. Samples with a heavy degree of 

digestion were scarce and only detected in molars. No evidence of extreme degree was 

observed either on molars or on incisors. Digestion of long bones on proximal ends of 

femurs and distal ends of humeri affects 38% and 36% of the assemblage, respectively. 

Based on the overall results, the evidence from S.U. IVd at Abric del Pastor points to 

category 3 digestion (Andrews, 1990; Fernández-Jalvo and Andrews, 1992; Fernández-

Jalvo et al., 2016) in which the Eurasian eagle-owl (Bubo bubo) and the tawny owl (Strix 

aluco) are the most probable predators. Both predators fall under “intermediate 

modification” according to Andrews (1990), although Bubo bubo may fit better with data 

obtained from Abric del Pastor for the present study.  

Taphonomic data and anthropogenic alterations - macrofaunal assemblage 

Regarding surface features informative of anthropogenic activities, anthropogenic marks 

are sparse. They were identified on 26 bones or fragments (5.4% NR). Slicing marks and 

notches prevail, followed by scraping marks and a few cases of crenulated edges and 

peeling (Table 4). These features are concentrated on bones of Capra pyrenaica, Cervus 

elaphus, Testudo hermanni and medium-weight animals. Nevertheless, the distribution 

and nature of the marks suggest on-site butchering activity, including disarticulation, 

evisceration, defleshing, periosteum removal, percussion, and flexion. Thermally altered 

bone remains are common (14.7% NISP), particularly Mediterranean tortoises and 

undetermined bone fragments. These mainly exhibit incipient alteration and carbonisation 
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(200-400ºC), although some are strongly burned and calcined (600-700ºC). None of the 

remains shows burning over the entire surface. In the tortoise, thermal alteration is present 

mainly on the exterior face of plates. This relates to cooking practices and has been 

demonstrated in others works from Abric del Pastor (Sanchis et al., 2015), Gruta da 

Figueira Brava and Gruta da Oliveira (Nabais and Zilhão, 2019). Finally, lagomorphs, 

carnivores and birds within the assemblage do not appear to be associated with human 

activity, based on the absence of anthropogenic features. 

 

Taxa Slicing marks Scraping marks Notches Crenulated edge Peeling Thermal Alteration 

Capra pyrenaica 2  1   1 

Cervidae   1    

Cervus elaphus 1 1 1    

Testudo hermanni 5 2 1 1 1 33 

Testudo sp.      1 

Birds           1 

Total NISP 8 3 4 1 1 36 

Medium size 5  1   6 

Small size 1    1 2 

Undetermined 1     26 

Total NR 7 0 1 0 1 34 

 

Table 4 Quantity and taxa distribution of the determined biostratinomic alteration.
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Figure 2 Small mammal remains from S.U. IVd of Abric del Pastor. A) Apodemus sylvaticus, AP-IVd-x-35, M1 left; 

B) Apodemus sylvaticus, AP-IVd-x-47, M2 right; C) Eliomys quercinus, AP-IVd-x-126, M1-2 right; D) Eliomys 

quercinus, AP-IVd-x-122, M3 left; E) Crocidura gr. russula-gueldenstaedtii AP-IVd-x-143, M1 right; F) Microtus 

cabrerae. AP-IVd-x-130, M3 right; G) Microtus cabrerae, AP-IVd-x-134, m3 left.
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Figure 3 Percentage of the different habitats with a representation in the surroundings of the site at the time of the formation 

of Abric del Pastor S.U. IVd, based on analysis of the microvertebrate assemblage. OH: Open Humid; OD: Open Dry; R: 

Rocky; Wo: Woodland; OWo: Open Woodland. 

 

 

 

Figure 4 Chart displaying bioclimatic component (BC) values from Abric del Pastor S.U. IVd. 
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APPENDIX 2 

Supplementary Material  

for 

Chapter 4: Investigating the palaeoenvironmental context for the 

disappearance of Neanderthals in Eastern Iberia: a multiproxy study of 

Stratigraphic Units VIII – V (upper) at El Salt (Alcoy) 

 

Contents: 

1. Chapter 4: Soil micromorphology results (extended) 
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