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Abstract 

 

Cuncaicha rock shelter and Quebrada Jaguay-280 are pivotal sites for understanding 

the initial settlement of the southern Peruvian Andes and coast during the Terminal 

Pleistocene and Early Holocene. Prior to this dissertation, no detailed 

geoarchaeological study focused on site formation processes at sites dated to the 

period of initial settlement of the region, leaving critical questions unresolved regarding 

the formation history of deposits, the preservation and interpretation of anthropogenic 

materials, and the nature of occupation and inter-site relations between the coast and 

the high Puna. 

This study establishes a microcontextual framework for understanding site formation 

processes, (micro-) stratigraphy, and human-environment interactions at Cuncaicha 

rock shelter and Quebrada Jaguay-280. Through an integrated analytical approach 

combining soil and sediment micromorphology, micro-Fourier Transform Infrared 

Spectroscopy (µFTIR), and micro-X-Ray Fluorescence (µXRF), this research 

characterises the (micro-) stratigraphic sequences and depositional histories of both 

localities. Complementary experimental studies examining fuel resource exploitation 

in the high Puna environment provide reference data for identifying and interpreting 

anthropogenic activities preserved in the stratigraphic record. 

The resulting high-resolution stratigraphic framework provides the contextual 

foundation necessary for interpreting archaeological assemblages, refining 

radiocarbon-based chronologies, and directing future geoarchaeological research at 

these sites. This microcontextual methodology enables precise documentation of 

anthropogenic and natural depositional processes, offering critical insights into the 

temporal and spatial patterning of human occupation and paleoenvironmental 

conditions. 

By addressing these issues, this dissertation not only advances our understanding of 

the early human occupation of the region but also proposes an advanced 

methodological approach for interpreting complex archaeological sites in contrasting 

environmental contexts. 
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Zusammenfassung 

 

Cuncaicha und Quebrada Jaguay-280 stellen Schlüsselfundstätten für die Erforschung 

der initialen Besiedlung der südperuanischen Anden und Küstenregion im späten 

Pleistozän und frühen Holozän dar. Bis zur vorliegenden Dissertation fehlte eine 

detaillierte geoarchäologische Untersuchung der Fundplatzgenese in dieser frühesten 

Besiedlungsphase, sodass wesentliche Fragen zur Sedimentationsgeschichte, zur 

Erhaltung und Interpretation anthropogener Hinterlassenschaften sowie zu 

Besiedlungsmustern und den Beziehungen zwischen Küsten- und Puna-Fundstätten 

in der Region unbeantwortet blieben. 

Die vorliegende Arbeit entwickelt einen mikrokontextuellen Analyserahmen zur 

Erfassung von Fundplatzgenese, (Mikro-)Stratigraphie und Mensch-Umwelt-

Interaktionen in Cuncaicha und Quebrada Jaguay-280. Mittels eines integrativen 

analytischen Ansatzes, der Boden- und Sedimentmikromorphologie, Mikro-Fourier-

Transform-Infrarotspektroskopie (µFTIR) und Mikro-Röntgenfluoreszenz (µXRF) 

verbindet, charakterisiert diese Forschung die (mikro-)stratigraphischen Sequenzen 

und Ablagerungsgeschichten beider Fundplätze. Eine ergänzende 

experimentalarchäologische Studie zur Nutzung von Brennstoffressourcen in der 

Puna-Landschaft liefert Referenzdaten für die Identifizierung und Interpretation 

anthropogener Aktivitäten im stratigraphischen Befund. 

Das hieraus resultierende hochauflösende stratigraphische Modell bildet die 

kontextuelle Basis für die Interpretation archäologischer Funde, die Präzisierung von 

Radiokarbon-Chronologien und die Ausrichtung zukünftiger geoarchäologischer 

Forschungen an diesen Fundstätten. Der mikrokontextuelle Ansatz ermöglicht eine 

präzise Dokumentation anthropogener und natürlicher Sedimentationsprozesse und 

liefert wesentliche Erkenntnisse zu den zeitlichen und räumlichen Mustern 

menschlicher Besiedlung sowie zu paläoökologischen Rahmenbedingungen. 

Durch die Bearbeitung dieser Fragestellungen leistet die Dissertation nicht nur einen 

Beitrag zum vertieften Verständnis der frühen menschlichen Besiedlung der Region, 

sondern entwickelt zugleich einen fortgeschrittenen methodischen Ansatz für die 

Interpretation komplexer archäologischer Fundstätten in heterogenen 

Umweltkontexten.  
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Resumen 

 

El abrigo rocoso de Cuncaicha y Quebrada Jaguay-280 son contextos arqueológicos 

claves para la comprensión del poblamiento inicial de los Andes y la región costera 

del sur de Perú, durante el Pleistoceno Final y el Holoceno Temprano. Hasta la 

publicación de esta tesis doctoral, no existía un estudio geoarqueológico enfocado en 

los procesos de formación de sitios datados para el periodo de poblamiento tempranos 

en esta región, quedando sin respuesta cuestiones fundamentales sobre la historia de 

la formación de los depósitos, la conservación e interpretación de los materiales 

antropogénicos, la naturaleza de la ocupación y las relaciones entre los yacimientos 

costeros y los de la alta Puna. 

La presente investigación establece un marco de análisis microcontextual para la 

comprensión de los procesos de formación de sitios, la (micro)estratigrafía y las 

interacciones desarrolladas entre el ser humano y el ambiente en Cuncaicha y 

Quebrada Jaguay-280. Mediante un enfoque analítico integrador que combina 

micromorfología de suelo y sedimentos, espectroscopía infrarroja por transformada de 

Fourier (µFTIR) y fluorescencia de rayos X (µXRF), este trabajo caracteriza las 

secuencias (micro)estratigráficas y las historias deposicionales de ambos sitios.  s. Un 

estudio arqueológico experimental complementario examina el uso de recursos 

combustibles en el paisaje de la alta Puna, proporcionando datos de referencia para 

la identificación e interpretación de las actividades antropogénicas en el registro 

estratigráfico de Cuncaicha. 

El resultado de este modelo estratigráfico de alta resolución constituye una base 

contextual para la interpretación de conjuntos arqueológicos, precisando las 

cronologías de radiocarbono y orientando las futuras investigaciones 

geoarqueológicas en estos yacimientos. La metodología microcontextual permite 

precisar el registro de los procesos de depositación antropogénicos y naturales, 

ofreciendo información crítica sobre los patrones temporales y espaciales de 

ocupación humana y sobre las condiciones paleoecológicas. 

Al abordar estas temáticas, esta tesis doctoral no solo profundiza en la comprensión 

de los primeros asentamientos humanos de la región, sino que también propone un 

enfoque metodológico avanzado para la interpretación de sitios arqueológicos 

complejos en contextos ambientales contrastantes.
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Chapter 1: Introduction  

 

This doctoral thesis presents the first systematic geoarchaeological investigation of 

two interconnected sites in the Central Andes of southern Peru, both of which date to 

the period of initial peopling of the region. The geoarchaeological work focuses on the 

sites of Cuncaicha rock shelter in the high Andes, and Quebrada Jaguay-280 which 

lies on the arid Pacific coast. These studies are complemented by an experimental 

study that furthers our understanding of the (paleo-)landscape and resources therein. 

Although – or perhaps precisely because - Cuncaicha rock shelter and Quebrada 

Jaguay-280 occupy opposite ends of a challenging environmental spectrum, their 

connection provides a unique framework for examining early settlement systems 

during the first human dispersals across South America. 

Initial Human Settlement 

The initial human settlement of South America remains a central topic in archaeological 

research, particularly in the Andes region, with increasing evidence supporting a Late 

Pleistocene occupation dating to after 13 ka, despite ongoing debate over exact 

chronologies, with some earlier dates (Borrero, 2016; Borrero & Santoro, 2022a; 

Goebel et al., 2008; Pitblado & Rademaker, 2024; Politis et al., 2016; Prates et al., 

2020; Rademaker, 2024; Steele & Politis, 2009; Waters, 2019). 

A recent comprehensive study of radiocarbon chronologies demonstrates that during 

the period of initial occupation, the Terminal Pleistocene (>11.7 ka) and the first two 

millennia of the Early Holocene (11.7-8.8 ka), archaeological evidence in Peru is 

clustered in two groups: 1) Archaeological sites along the Pacific coast, and 2) 

archaeological sites in the Andean highlands above 2,500 masl (Rademaker, 2024). 

In the Pacific coastal and Central Andean regions of South America, early human 

settlers were confronted with exceptionally diverse and often extreme environmental 

conditions, ranging from hyperarid coastal deserts and to high elevation zones 

exceeding 4,000 masl (Pulgar Vidal, 1987; Troll, 1958, 1968) (Figure 1). 

Those environments pose specific frame conditions to human lifeways. 
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Figure 1: A: Map of the Central Andes with ecoregions after Dinerstein et al. (2017) and archaeological sites 
named in the following section. 1 – Las Vegas, 2 – Siches sites, 3 – Paiján sites, 4 – Huaca Prieta, 5 – Guitarrero 
Cave, 6 – Lauricocha,, 7 – Pachamachay, 8 – La Yerba, 9 – Cuncaicha, 10 – Soro Mik’aya Patjxa, 11 – Quebrada 

Jaguay-280, 12 – Asana, 13 – Ring Site, 14 – Quebrada Tacahuay, 15 – La Chimba 13, 16 – Quebrada Santa 
Julia. B: Vertical ecoregions of Peru after Pulgar Vidal (1987). Transect between Quebrada Jaguay-280 and 

Cuncaicha, summit of Nevado Coropuna shown. 
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The distribution and the chronology of early sites prompt key questions regarding 

human adaptation to diverse environments and the extent to which coastal and 

highland sites formed components of local, broader, and contemporaneous settlement 

networks (Santoro et al., 2019; Santoro & Núñez, 1987). These issues fundamentally 

concern subsistence, mobility, and interzonal connectivity at the landscape level 

(Santoro et al., 2019; Santoro & Núñez, 1987). 

Theories on Subsistence and Adaptation 

Several hypotheses regarding human adaptation to coastal versus highland settings, 

and the links between these zones, have previously been proposed in the 

archaeological literature. 

Along the Pacific coast in South America, early coastal adaptations have been 

understood largely in terms of reliance on maritime resources, as evidenced by the 

faunal remains at early coastal sites (Engel, 1957, 1970; Prieto & Sandweiss, 2020; 

Sandweiss, 2014). 

Maritime subsistence has been argued to have played a critical role in laying the 

groundwork for the development of Andean civilisations (Maritime Foundations of 

Andean Civilization (MFAC)) (Moseley, 1975), though recent investigations have 

reevaluated the degree of dietary dependence on maritime resources. 

While marine resource exploitation appears widespread and the primary dietary 

resource across some early coastal sites such as Quebrada-Jaguay-280 (Sandweiss 

et al., 1998), Quebrada Tacahuay (deFrance, 2009; Keefer et al., 1998), the Ring Site 

(Sandweiss et al., 1989) and La Chimba 13 (Llagostera et al., 2000), certain locations 

exhibit divergent or more heterogeneous patterns of subsistence strategies during the 

early preceramic (sensu Sandweiss (2014), ~TP-EH), such as Las Vegas (Stothert, 

1985; Stothert et al., 2003), the Paiján sites (Chauchat, 1988; Dillehay et al., 2003), 

Huaca Prieta (J. B. Bird et al., 1985; Dillehay et al., 2012), the Siches sites (Piperno, 

2011), and during later preceramic periods, e.g. at La Yerba (Beresford-Jones et al., 

2018). The archaeological assemblage from Quebrada Santa Julia, located further 

south along the coast of Chile, notably lacks indicators of maritime subsistence 

exploitation (Jackson et al., 2007). This absence stands in contrast to the maritime 

adaptations documented at other sites within the same coastal region (Jackson et al., 

1999, 2007). 
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So, while the MFAC theory has been nuanced, the viability of fisher-(hunter-gatherer) 

subsistence strategies in early coastal environments as a successful adaptation to the 

coast is broadly acknowledged. 

Highland adaptations and subsistence strategies of early Andean hunter-gatherers, on 

the other hand, have been examined through multiple, occasionally conflicting, 

theoretical perspectives, centring on whether highland occupations were 

contemporaneous with, or subsequent to lowland sites. Underlying this debate is the 

dichotomy of the presumed (in)habitability of the highlands, given the ecological and 

biological constraints of life at high-elevation (Aldenderfer, 1998), versus the resource 

richness of the Dry Puna (Núñez & Santoro, 1988; Osorio et al., 2017) and the Wet 

Puna (Rick, 1980). 

It has been suggested that highland settlement followed lowland occupations, 

proceeding slowly as populations adapted biologically to the new environment as 

suggested from sites like Asana and Soro Mik'aya Patjxa (Aldenderfer, 1998, 2006; 

Haas et al., 2017). Others have proposed that highland habitation occurred gradually, 

reflecting a process of landscape learning for early sites in the south-central Atacama 

(Loyola et al., 2019), or following climatic shifts that created more favourable conditions 

but then was persistent in the Argentinian Puna (Yacobaccio, 2017). Further, 

transhumance with seasonal, high residential mobility between low and high elevation 

zones has been suggested especially for Central Peruvian site complexes, among 

those for example Guitarrero Cave (Lanning, 1967; Lavallée, 2000; Lynch, 1971). 

Some researchers have anticipated an immediate and continuous use of the highlands 

in Peru at sites such as Lauricocha and Pachamachay (Cardich, 1964; Rick, 1980), 

enabled by rich resource availability, especially in terms of food (“virtual meat larder” 

(Rick, 1980, p. 3)), with only shelter and fuel (Author’s note: keep in mind for later) 

being argued to be scarce (Rick, 1980, p. 25). 

Although no consensus exists regarding the most probable model, it is anticipated that 

early populations employed a complex mobility system incorporating both inter- and 

intra-zonal connections (Borrero & Santoro, 2022; Osorio et al., 2017; Santoro & 

Núñez, 1987). 

The issue is exacerbated by a persistent research bias favouring coastal over highland 

excavations (Santoro & Núñez, 1987; Schiappacasse & Niemeyer, 1975), though at 
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the same time, some coastal sites may have been subjected to fluctuating 

paleoshorelines (Richardson, 1981). 

Additionally, it remains unclear whether comparable adaptive strategies should be 

expected across such a wide latitudinal span as the Andes, or even just the Central 

Andean Puna(s), or whether such generalisations obscure important ecological and 

cultural differences and more regional approaches are sensible (López Mendoza et al., 

2024). 

Core Research Objectives 

To better understand these processes – at least in the Central Andes of southern Peru 

– a twofold archaeological approach is required: 

1) Site-level investigations, which generate high-resolution data necessary for 

constructing reliable radiocarbon chronologies and for obtaining detailed 

information on site formation processes and functional site use 

2) Inter-site-level investigations, which examine networks of contemporaneous 

early sites across coastal and highland regions 

By applying a geoarchaeological approach to the deposits at Quebrada Jaguay-280 

and Cuncaicha rock shelter, we aim to generate high-resolution, contextual data to 

clarify the contexts of the deposits and within their respective environmental settings, 

as well as to situate them within broader temporal and spatial patterns of human 

occupation. 

 

1.1 Case Studies: Quebrada Jaguay-280 and Cuncaicha rock shelter 

 

1.1.1 Quebrada Jaguay-280 

 

Quebrada Jaguay-280 (QJ-280), a multicomponent site on the hyper-arid southern 

Peruvian coast (Figure 2), has been a key site for understanding Terminal Pleistocene–

Early Holocene maritime adaptations and early coastal settlement in South America 

(Sandweiss et al., 1998). The site has produced data that document early coastal 

resource use, lithic technology, and interzonal connections to the highlands 

(Sandweiss et al., 1998). 
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Figure 2: Map of southern Peruvian coast with location of Quebrada Jaguay-280 and perennial and 
intermittent/ephemeral stream systems in the region (top). Photograph of the site (bottom). 
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Excavations and chronology 

Excavations at QJ-280 during the 1990s were organised into four sectors (I–IV), with 

primary investigations focused on Sectors I and II (Sandweiss et al., 1998; Tanner, 

2001). Sector I is characterised mainly by shell midden deposits that overlie and fill a 

circular, semi-subterranean Early Holocene house structure that intrude into an earlier 

Terminal Pleistocene midden (Tanner, 2001). Sector II consists of shell midden 

deposits with pit features and postholes, which may represent a rectangular structure 

dating to the Terminal Pleistocene (Tanner, 2001). 

Sandweiss et al. (1998) identified a Terminal Pleistocene (13–11 ka), an Early 

Holocene I (10.6–10 ka), and an Early Holocene II (~8.7–8.2 ka) component at QJ-280 

based on conventional radiocarbon ages. Later, Jones et al. (2019) documented an 

additional mid-Holocene component. 

Subsistence and seasonality 

The interpretation of a maritime adaptation at QJ-280 derives from the scarcity of 

terrestrial fauna and the abundance of marine remains (McInnis, 1999; Reitz et al., 

2016, 2017; Sandweiss et al., 1998). Analysis of these faunal remains by Reitz et al. 

(2016, 2017) indicates that specialised fishing practices were in place from the site’s 

earliest occupations. Sandweiss et al. (1998) proposed a seasonal occupation of QJ-

280 during the Terminal Pleistocene and Early Holocene, linked to the availability of 

water during the austral summer. 

Recent studies of marine shell isotopes narrow the timing of occupation to February 

and March (Gruver, 2018). A recent study of macrobotanical remains at the site by 

Furlotte (2024) suggests that the occupants of the site broadened their subsistence 

strategy by incorporating plants into their diets, some of which suggest site visits 

beyond the previously proposed season due to plant part seasonality. 

Lithics, cacti, and interzonal connection 

Finds of non-coastal materials at QJ-280 indicate links with regional, intermediate, and 

highland zones as early as the Terminal Pleistocene (Sandweiss et al., 1998; 

Sandweiss & Rademaker, 2011). The macrobotanical study at QJ-280 (Furlotte, 2024) 

finds connections to the lomas zone between 200-1000 masl that provides plant 

resources during the austral winter (July-September), when the coastal fog (garúa) is 
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most prominent (Dillon et al., 2003, 2011). Further, Opuntia sp. (prickly pear cactus) 

seeds, a plant that in Peru grows above 2,000 meters, have been found at the site, 

strengthening the intermediate elevation inland connections (Sandweiss & 

Rademaker, 2011). 

In addition, the earliest deposits contain tools made from Alca-1, Alca-4, and Alca-5 

obsidian, which is sourced from the highlands (Rademaker et al., 2013, 2022). 

New excavations 

Fieldwork in 2017 revisited intact deposits and old excavation profiles. Besides the 

novel macrobotanical evidence from QJ-280, and the occupational seasonality study 

based on mesodesma donacium geochemical analysis (Gruver, 2018), the most recent 

fieldwork aimed at a new radiocarbon chronology based on short-lived botanical 

remains (Furlotte, 2024). Beyond redating the site, another goal of the 2017 fieldwork 

was to better understand the stratigraphy and micro-context of QJ-280. 

Critiques and Debates 

QJ-280 is a renowned site supporting an early (TP-EH) maritime adaptation during the 

time of initial settlement of the continent, along with other sites along the Pacific coast 

in Peru (e.g., Huaca Prieta, Ring site, Quebrada Tacahuay, Quebrada de los Burros) 

and Chile (e.g., La Chimba 13 and Punta Ñagué) (deFrance, 2009; Dillehay et al., 

2012, 2017; Jackson & Méndez, 2005; Keefer et al., 1998, 2003; Lavallée et al., 2011; 

Llagostera et al., 2000; Reitz et al., 2016). 

However, a recent review of radiocarbon chronologies in Peru has highlighted the dire 

need to redate early coastal sites due to general issues with the dating materials and 

methods, number of ages obtained, and the high chance of a severe old wood effect 

(Rademaker, 2024), applying to some sites more (Dillehay et al., 2012, 2017) than to 

others. 

Further, no geoarchaeological investigation at QJ-280 focusing on site formation and 

micro-context has been conducted yet. However, a study of the site stratigraphy and 

stratigraphic integrity is a necessary first step to obtain any reliable material for dating 

– at QJ-280, as well as at other sites. Further, many of the previous interpretations at 

QJ-280 rely on stratigraphic field observations (Sandweiss et al., 1998; Tanner, 2001). 

These interpretations require a more detailed, microcontextual investigation to verify. 
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1.1.2 Cuncaicha rock shelter 

 

Cuncaicha Rockshelter, located at 4,480 masl in the Pucuncho Basin in the Dry Puna 

of the southern Peruvian Andes (Figure 3), is one of the highest known Pleistocene 

archaeological sites in the world (Rademaker, 2014; Rademaker et al., 2014). 

Excavations at Cuncaicha have yielded compelling evidence of early high-altitude 

human occupation, beginning as early as 12.4 ka, challenging long-standing 

assumptions about the timing and nature of the initial human settlement of high Andean 

environments (Rademaker et al., 2014). 

Early Occupation 

Rademaker et al. (2014) reported more than 20 radiocarbon dates older than 11.5 ka 

from Cuncaicha. Continuous refinement of the original radiocarbon chronology 

(Rademaker & Hodgins, 2018) of the site yielded 23 ages dating to the Late 

Pleistocene (>11.7 ka), eleven ages dating to the Early Holocene (11.7-8.8 ka), three 

ages dated to the Early to Early-Middle Holocene (8.8-7.8 ka), six ages dating to the 

Late-Middle-Holocene (5.5-4.2 ka), and an additional two ages dating to the Late 

Holocene (<4.2 ka) (Rademaker, 2024; Rademaker & Hodgins, 2018). The thorough 

dating of ultra-filtered and XAD-purified faunal bone collagen creates one of the most 

robust radiocarbon chronologies in Peru, especially for the Late Pleistocene and Early 

Holocene occupations (Rademaker, 2024). 

Technology, Subsistence, and High-Elevation Adaptation 

While the location of the site in the Puna >4000 masl has repeatedly been claimed 

harsh and inhospitable (Capriles et al., 2016), analysis of the extensive archaeological 

record at Cuncaicha—particularly comparisons of its lithic and faunal assemblages 

with those from other high-altitude Andean sites—suggests that the location may have 

functioned as a residential base camp as early as the Terminal Pleistocene 

(Rademaker & Moore, 2019). On-going analyses focus on lithic technologies (Osorio 

et al., in prep.). Mobility and subsistence studies based on stable isotope analyses 

have been conducted (Chala-Aldana et al., 2018; Haller von Hallerstein, 2017), and 

have been refined and corrected in recent years, indicating a subsistence based on 

highland resources and mobility within the high-elevation landscape (>4,000 masl) 

(Milton et al., 2022, in prep.). 
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Figure 3: Map of the Pucuncho Basin in the Central Andes of southern Peru with location of Cuncaicha rock 
shelter, perennial and intermittent/ephemeral stream system, and high-elevation wetland ecosystems (bofedal) 

(top). Photograph of the site (bottom). 
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Human Skeletal Remains 

Cuncaicha also contains some of the oldest human skeletal remains known from the 

Andean highlands, with five individuals buried at the site, dating to the Early Holocene 

(n=3) and Late Holocene (n=2) (Francken et al., 2018; Rademaker & Hodgins, 2018). 

Francken et al. (2018) conducted a comprehensive osteological analysis of these 

remains, which span from the Early to the Late Holocene. The study documented 

variation in cranial and post-cranial morphology, indicators of habitual activity (e.g., 

osteoarthritis), and general health status (Francken et al., 2018). The remains suggest 

a physically active lifestyle consistent with high-altitude foraging and mobility 

(Francken et al., 2018). The mortuary contexts, though simple, are significant for their 

antiquity and provide rare insight into early Andean lifeways (Francken et al., 2018). 

Further studies focus on manual activities hinting at habitual and forceful precision 

grasping tasks (Karakostis et al., 2021), as well as a cranial study of one of the Early 

Holocene individuals comparing east-west skull patterns in South America (Menéndez 

et al., 2019). 

Ancient DNA and Population History 

Cuncaicha has also contributed to the emerging picture of South American population 

history through ancient DNA studies. Samples from the site were included in Posth et 

al. (2018) and subsequent studies (Nakatsuka et al., 2020), which examined genomic 

data from nearly 50 ancient individuals across Central and South America. These 

studies found that early individuals at Cuncaicha and elsewhere in the Andes carry 

ancestry closely related to early North American, before populations were replaced or 

admixed with other lineages across much of the continent, although the high Andes—

including Cuncaicha—may have retained greater genetic continuity (Nakatsuka et al., 

2020; Posth et al., 2018). The genetic data also support the emergence of Andean-

specific genetic structure by the mid-Holocene, with evidence of long-term continuity 

and gene flow within the highlands and between the highlands and Pacific coast 

(Nakatsuka et al., 2020; Posth et al., 2018). 

Critiques and Debates 

Despite its robust dataset, Cuncaicha has not been without critique. Capriles et al. 

(2016) have argued for more conservative interpretations of high-altitude Pleistocene 

occupation, emphasising the extreme physiological and ecological constraints of these 
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environments, which is directly related to contrasting theories about the initial 

settlement process (Aldenderfer, 1998). While the proposed consistent and diverse 

use of local resources and residential features at Cuncaicha argue against a purely 

short-term occupation, this remains an open question warranting further studies at 

Cuncaicha. 

What remains lacking to date in support of this argument are a comprehensive analysis 

of the deposit, the stratigraphic integrity, and site formation. Further studies concerning 

lithic technology, the faunal remains, provenance of materials, and an integrated 

synthesis of the archaeological assemblage will contribute greatly to our understanding 

of Pleistocene peopling of the Puna. 

 

1.2 Geoarchaeology: Site Formation Processes, Anthropogenic Features, 

Micro-Context, and Experimental Geoarchaeology 

 

This thesis aims to contribute to the above questions pertaining to the initial settlement 

of the southern Peruvian Andes, by using a geoarchaeological approach to study the 

site formation at Cuncaicha rock shelter and Quebrada Jaguay-280. 

Geoarchaeology, in general, tries to answer archaeological questions by applying 

concepts and methods from the geosciences (Miller, 2011). It is a very broad field, 

people have tried to narrow down the definition and name, but ultimately we are always 

linking some kind of geo-data to past human activities (Goldberg & Macphail, 2006; 

Pollard, 1999; Rapp & Hill, 2006). 

As befits any geoarchaeological thesis - and at the risk of disciplinary cliché - I 

reference Renfrew's (1976) foundational observation that "every problem in 

archaeology starts as a problem in geoarchaeology." – a maxim as frequently quoted 

as it is valid. This principle calls for a methodological shift from material culture studies 

to holistic examination of the stratigraphic matrix, “the deposit”, and its inherent 

complexities. 
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1.2.1 Site Formation Processes 

 

Understanding the deposit as part of the archaeological record (Miller, 2011), is tightly 

linked to questions of site formation processes, including depositional and post-

depositional processes (Goldberg et al., 1993; Karkanas & Goldberg, 2018; Schiffer, 

1972, 1987; Stein, 1987, 2001). 

Michael B. Schiffer established the fundamental distinction between cultural formation 

processes (c-transforms), and natural formation processes (n-processes) (Schiffer, 

1972, 1987). The objective of c-transforms is to understand the processes through 

which artefacts were incorporated into the depositional context in which they are found, 

differentiating between primary (where used) and secondary (moved from location of 

use) deposition, systemic (active use) and archaeological (deposited) context (Schiffer, 

1972, 1987). The objective of n-transforms is to understand the processes that affect 

the artefacts after deposition, through post-depositional modifications by natural 

agents, such as bioturbation, pedogenesis, erosion, chemical weathering and 

trampling (Schiffer, 1972, 1987). 

The study of site formation processes were expanded by integrating soil and sediment, 

aka the entire deposit (aside from classical “artefacts”) into considerations (Stein, 

1987, 2001). A key aspect of this work involves distinguishing between natural and 

cultural sediment inputs, adopting a multi-scalar approach to the study of deposits, and 

recognizing that deposits are dynamic systems shaped by the ongoing interaction of 

both natural and cultural processes (Stein, 1987, 2001). 

Advocating a holistic approach to the archaeological deposit, the systematic 

application of micromorphology has become a key method to study the deposit – with 

foundational work by Cornwall (1953) and Dalrymple (1958) in the 1950s. 

Micromorphology as a primary analytical approach for examining site formation 

processes (depositional and post-depositional) at the microscopic level, providing 

critical insights into stratigraphic preservation, the origin of, and the integrity within 

deposits has become more established in Prehistoric archaeology since the 1980s 

(Goldberg, 1979; Goldberg et al., 1993). A comprehensive discussion of 

micromorphological methodology and its foundational applications in archaeological 

research is provided in Chapter 3.2.1 Micromorphology. 
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1.2.2 Anthropogenic Features 

 

Aside from understanding “natural” processes of deposition and post-deposition that 

affect the deposit and artefacts therein, another focus of geoarchaeological studies of 

site formation is the examination of features, i.e. horizontally and vertically constrained, 

depositional or erosional contexts (Eggert, 2008; Miller, 2011). Anthropogenic features 

are part of the deposit and site formation, and connect natural and cultural processes 

as they relate to human activities, in which human (= anthropogenic) agency is the 

main driver of deposition (or erosion), allowing for inferences about human behaviour 

(Courty, 2001; Miller, 2011). Anthropogenic features relate to a variety of human 

behaviours, e.g. middens and dumping (Schiegl et al., 2003; Shillito et al., 2011), 

bedding (Goldberg et al., 2009), trampling (Banerjea et al., 2015; Marcazzan et al., 

2023; Rentzel et al., 2017), and combustion (Goldberg et al., 2009; Haaland et al., 

2021; Leierer et al., 2020; Mallol et al., 2013a; Marcazzan et al., 2022, 2023; Meignen 

et al., 2007). 

Given the central role of fire in human evolution and archaeological research (Chazan, 

2017; Clark & Harris, 1985; Karkanas et al., 2007; Kuhn & Stiner, 2019; Murphree & 

Aldeias, 2022; Sandgathe, Dibble, Goldberg, McPherron, & Hodgkins, 2011; 

Sandgathe, Dibble, Goldberg, McPherron, Turq, et al., 2011; Sandgathe & Berna, 

2017; Shimelmitz et al., 2014; Sorensen, 2017, 2019), fire and its recognition has 

received considerable attention in geoarchaeological research (Canti, 2025; Goldberg 

et al., 2017; Stahlschmidt et al., 2020). The microanalytical identification and 

classification of combustion features reveals complexity and variability in combustion 

signatures and fire residues, related to burning conditions, fuel sources, and post-

depositional modifications (Aldeias, 2017; Goldberg et al., 2017; Mallol et al., 2013a; 

Mallol et al., 2017; Mentzer, 2012; Miller et al., 2010; Théry-Parisot, 2002). 

 

1.2.3 Micro-Context 

 

A main goal of this thesis is to generate contextual information, or - shifting to the 

microscopic scale – microcontextual information. The microcontextual approach 

combines micromorphology, a method to allow analysis of an artefact/ feature/ deposit 

in its association with its provenience and surrounding matrix, with other high-
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resolution micro-analytical techniques, such as e.g. µFTIR, µXRF, SEM, phytoliths and 

organic petrology, in which the results of those additional analyses directly link to the 

contextual frame provided by micromorphology (Goldberg et al., 2017; Goldberg & 

Berna, 2010; Mentzer & Quade, 2013). The microcontextual approach is implemented 

across a diverse array of archaeological sites spanning different chronological and 

geographical contexts, yielding a wealth of information about site formation, and on 

combustion features in particular (Berna et al., 2012; Goldberg et al., 2001, 2017; 

Haaland et al., 2021; Karkanas et al., 2007; Leierer et al., 2020; Marcazzan et al., 

2022, 2023; Miller et al., 2013; Shahack-Gross et al., 2014; Stahlschmidt et al., 2015; 

Villagran et al., 2017; Wadley et al., 2011). 

 

1.2.4 Experimental Geoarchaeology 

 

The use of experimental frameworks to generate comparative reference data for 

identifying anthropogenic signatures within sedimentary sequences is a widely 

adopted methodological approach in geoarchaeological research. Experimental 

geoarchaeological research has addressed diverse topics, including for example 

identifying activity areas (Banerjea et al., 2015), examining the effect of animal 

trampling (Eren et al., 2010), lime plaster identification (Karkanas, 2007), stabling 

deposits (Macphail et al., 2004), bedding constructions (Miller & Sievers, 2012), ash 

composition (Shahack-Gross & Ayalon, 2013), and shell midden deposits (Villagran et 

al., 2011a). 

Fire has emerged as a focal topic in experimental geoarchaeology as well, with studies 

aimed at characterising combustion signatures, understanding the formation, and 

taphonomic processes governing their expression and preservation in archaeological 

deposits (Aldeias, 2017). Mallol et al. (2013) and Miller et al. (2010) have studied the 

effect of different human actions on combustion structures. Aldeias et al. (2016) 

examined how heat alters underlying deposits. Aldeias et al. (2019) investigate the 

microarchaeological record of shellfish roasting. Haaland et al. (2017) show how 

experimental burning of glauconite minerals can be employed as a proxy for heat 

distribution in a deposit. 
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Considerable research effort has centred specifically on experimental studies 

examining different fuel sources and their resulting combustion residues (for example 

(Buonasera et al., 2019; Costamagno et al., 2005; Mentzer, 2009; Théry-Parisot et al., 

2005). 
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Chapter 2: Objectives of the Study 

 

Cuncaicha rock shelter and Quebrada Jaguay-280 are key sites for understanding the 

initial settlement of the southern Peruvian Andes. 

No detailed geoarchaeological study focused on site formation processes has been 

conducted before, leaving open key questions concerning the formation history of the 

deposits, the presence, preservation, and interpretation of anthropogenic materials 

and features, and the type of occupation and inter-site relations. 

The aim of this doctoral dissertation is to provide basic yet crucial information about 

the (micro-) stratigraphy, site formation, and human-environment dynamics for both 

sites. Through this, I aim to establish a foundational framework to guide subsequent 

analyses of archaeological materials, the development of accurate radiocarbon 

chronologies, and future geoarchaeological investigations. 

 

Objective 1 

 

How did the archaeological sites form? 

Objective 1 addresses the investigation of site formation processes, focusing on the 

natural and cultural factors that shape the formation and preservation of archaeological 

deposits. Cuncaicha rock shelter and Quebrada Jaguay-280 represent distinctly 

contrasting sites, suggesting different processes affecting the sites. The 

methodological framework however remains consistent: 

• First, each site is situated within its geomorphological and ecological 

contexts to establish the broader environmental framework of occupation, 

deposition, and preservation 

• Subsequently, the stratigraphic sequences are examined in detail, with attention 

to the identification of strata, micro-units, and constituent components 

• The following step involves the characterisation of depositional processes 

responsible for the accumulation of sediments and anthropogenic materials 

• Finally, post-depositional processes are identified and evaluated, providing 

insight into the integrity and taphonomic history of the deposits 
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Objective 2  

 

What was the sites’ function? 

This objective engages with the broader archaeological discourse on the routes and 

dynamics underlying the initial human settlement of the Andes. Positioned at opposite 

extremes of an altitudinal transect from the Pacific coast to the high Andes, Quebrada 

Jaguay-280 and Cuncaicha rock shelter offer a unique opportunity to investigate 

variability in site function across distinct ecological zones. The geoarchaeological 

analysis centres on the identification of sedimentary signatures that inform 

interpretations of site function: 

• At both sites, I investigate the presence of anthropogenic components and 

features, assess their state of preservation, and evaluate their association with 

specific human activities 

• I evaluate whether based on the presence and spatial distribution of 

anthropogenic features, the arrangement and variability of components, their 

spatio-temporal dynamics, and the inferred human actions behind deposition 

inferences can be drawn regarding patterns of site use and occupation 

intensity 

 

Objective 3  

 

How did early settlers use locally available resources and how did that affect the 

settlement process? 

Successful human settlement is contingent upon the availability and strategic utilisation 

of local resources. Quebrada Jaguay-280 and Cuncaicha rock shelter occupy 

particularly challenging environments: one situated on the hyperarid coast, and the 

other positioned above 4,000 meters in the high Andes, providing contrasting contexts 

to examine adaptive strategies. At Quebrada Jaguay-280, the exploitation of maritime 

resources for subsistence has been a central focus and recent studies explore the use 

of plant resources. At Cuncaicha, the high-elevation Puna environment is frequently 

depicted as an inhospitable environment, purportedly challenging human settlement 

through resource scarcity. Investigating this perception provides an opportunity to 
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assess adaptive strategies in highland contexts. Our geoarchaeological investigation 

focuses on fuel as a critical resource enabling the use of fire at high elevation. 

• First, this study aims to investigate the range of fuel resources potentially 

available within the Puna landscape surrounding Cuncaicha that are then 

systematically compared with combustion remains recovered at the site 

• This approach aims at the identification of resources exploited by early 

occupants, providing first insights into strategies of resource selection, 

procurement, and management within a high-altitude environment 

• Lastly, we explore whether a potential variability in successful resource 

exploitation yields divergent theoretical explanations for patterns of site 

occupation between the two sites 
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Chapter 3: Material and Methods 

 

3.1 Field Methods and Materials 

 

A significant part of the work for this doctoral thesis was the participation in fieldwork 

over several years (2017, 2019, 2021-2022, 2022) during the term of the overarching 

projects (www.paleoandes.com). Fieldwork focussed on 1) excavation, 2) 

archaeological and geological survey, and 3) assemblage work. 

While a lot of time, work, and effort has been invested in the general fieldwork, here I 

focus on fieldwork, -methods, and samples specific to the geoarchaeological 

investigations, and I provide a documentation of all sediment samples for future 

reference and studies (Appendix I). 

 

3.1.1 Sediment Sampling 

 

Sediment sampling focused on the collection of oriented block samples for 

micromorphology. Sampling strategy followed a combined approach 1) to cover the 

whole stratigraphic sequence and all archaeological strata present in the excavated 

units at the sites, and 2) to focus on special features identified in the field during 

excavation. Samples for micromorphology were either placed in the excavation profiles 

or sampled as a monolith within the excavation unit. For sampling, we used plaster 

bandages, as this allows us to adjust to challenging deposits at archaeological sites, 

unlike the use of a Kubiëna box (Karkanas & Goldberg, 2018). Block samples are 

annotated with a site abbreviation, followed by the year of sampling (short year), and 

a serial number. 

In addition, we collected loose samples of bulk sediment. On the one hand, loose 

samples were collected surrounding the sites for reference of geological components, 

on the other hand, some loose samples were collected from the back of the 

micromorphological samples to allow for microarchaeological analyses linking to 

specific micro-units and layers within the block sample (Karkanas & Goldberg, 2018). 

Those bulk samples are annotated with the block sample ID, followed by a lower-case 

letter in alphabetical order (top to bottom). 

http://www.paleoandes.com/
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Sediment samples analysed in Paper I all derive from field seasons in 2012, 2014, and 

2015, preceding the work of this thesis. Meinekat et al. (2021) provide an overview of 

samples from Cuncaicha rock shelter in the paper. 

In 2017, our team excavated Quebrada Jaguay-280. All samples presented in Paper 

III were collected during that field season. Beyond the two block samples that are the 

subject of Paper III, additional samples were collected for future studies and are hosted 

in the Geoarchaeology Working Group, Institute for Archaeological Sciences, 

University of Tübingen (Appendix I, Table 3). 

Samples for geoarchaeological investigations deriving from fieldwork in 2019 

(Excavations at Pachamachay and Panaulauca, Appendix I, Table 4 and Table 5) are 

not part of this thesis. All block samples for micromorphology from these sites from the 

year 2019 were sampled, documented, and partially processed in the laboratory by the 

author. All samples are hosted in the Geoarchaeology Working Group, Institute for 

Archaeological Sciences, University of Tübingen for future studies. 

In 2022, our team conducted an archaeological and geological survey for provenance 

studies. Further, we conducted a combustion experiment. The results of the 

experiment are summarized in Paper II. After the experimental combustion, we 

sampled ash and charcoal of each of the fires. Ash smear slides, as well as bulk ash 

and charcoal samples that were not use during the analysis for Paper II, are hosted in 

the Geoarchaeology Working Group, Institute for Archaeological Sciences, University 

of Tübingen for future studies (Appendix I, Table 6). 

 

3.2 Laboratory methods 

  

3.2.1 Micromorphology 

 

Micromorphology is a method deriving from the soil sciences, in particular from the 

field of micropedology (Kubiëna, 1938, 1956, 1967, 1970). In the soil sciences, 

Kubiëna’s micromorphology concept was adapted and further developed (Bullock et 

al., 1985; Fitzpatrick, 1993; Stoops, 2021). 
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Micromorphology, a method to study undisturbed, oriented soil and sediment block 

samples in thin sections, was soon applied in archaeology, as it allows for investigation 

of the context of an archaeological deposit under the microscope (Courty et al., 1989). 

Micromorphology is an integral part within geoarchaeology (Goldberg & Macphail, 

2006; Karkanas & Goldberg, 2018; Macphail & Goldberg, 2018). In geoarchaeology, 

and archaeology in general, micromorphology is used to disentangle complex 

depositional and post-depositional processes that lead to site formation, and the 

contextual nature of the method is what may allow us to reconstruct the archaeological 

site (Karkanas & Goldberg, 2018). 

For micromorphological analyses, thin sections are produced by mounting an 

undisturbed, dried, then resin-impregnated sediment sample on a slide and grinding 

the sample down to 30µm thickness. The thin section is then studied using a 

petrographic microscope, in this case a Zeiss Axio Imager petrographic microscope 

and a Motic petrographic microscope, with at least plane‐polarized light (PPL), and 

cross‐polarized light (XPL), and in with addition oblique incident light (OIL), and 

fluorescence (blue light and ultraviolet). 

The analysis of thin sections follows the descriptive terminology and interpretations of 

several publications (Bullock et al., 1985; Courty et al., 1989; Nicosia & Stoops, 2017; 

Stoops et al., 2010; Stoops, 2021). Marcazzan and Meinekat (2022) created a 

description template to facilitate documentation of mostly qualitative thin section data 

in archaeology in a reproducible way. 

 

3.2.2 Sediment Smear Slides 

 

Smear slides are a fast way to analyse the microscopic composition of loose samples, 

e.g. ash samples (Martinez Dyrzo & Mentzer, in prep.; Rothwell, 1989). Smear slides 

are produced by using a covering agent, like Entellan®, on a slide with a very small 

amount of sample (Rothwell, 1989). The sample is dispersed with the mounting agent 

and then covered with a cover slip (Rothwell, 1989). If too many components above 

silt size are included, air bubbles impede analysis (Rothwell, 1989). After drying, the 

slides are analysed using - in this case - a Zeiss Axiometer petrographic microscope 
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using 10x, 20x, and 40x magnification under plane-polarized and crossed-polarized 

light. 

 

3.2.3 (µ)FTIR 

 

Fourier Transform Infrared Spectroscopy (FTIR) is a technique for mineral 

identification that is based on the identification of functional groups in organic and 

inorganic compounds (Berna, 2017; Toffolo, 2025). 

Infrared radiation is a type of electromagnetic radiation, either presented with the 

wavelength (length of wave in nm or µm) or with its wavenumber (number of waves 

per centimetre in cm-1) (Toffolo, 2025). Infrared radiation ranges between 700nm and 

1nm, sub-divided into the near-infrared (NIR) range (700-2,500nm / 14,000-4,000cm-

1), the mid-infrared (MIR) range (2,500-25,000nm / 4,000-400cm-1), and the far-infrared 

(FIR) range (25,000-100,000nm / 400-10cm-1) (Mentzer, 2022; Toffolo, 2025). 

The infrared absorption in a sample reflects interactions between the molecular bonds 

and infrared radiation (vibrations); mostly the MIR range is used as it is suited for 

investigation of molecular vibrations across a broad spectrum of organic and inorganic 

compounds (Mentzer, 2022; Toffolo, 2025). Vibrations of functional groups in 

molecules have different modes (vibrational modes) (Toffolo, 2025). 

Infrared absorption is measured over a range of wavelengths, resulting in an 

interferogram (Berna, 2017; Toffolo, 2025). In a second step, the interferogram are 

then transformed with a mathematical algorithm, the Fourier transform, into the infrared 

spectrum (Berna, 2017; Toffolo, 2025). The spectrum shows the relative amount of 

infrared energy that is absorbed by the sample at each wavelength (Mentzer, 2022). 

As different minerals have unique spectra, or fingerprint, regions, these spectra can 

then be used for mineral identification, by comparing the sample spectra to reference 

spectra, for example from an online spectral database (Mentzer, 2022). For an 

overview of online available spectral databases see Mentzer (2022). 

One way of conducting FTIR analyses in archaeology is by using a bench instrument 

on a loose sample (Berna, 2017; Mentzer, 2022; Weiner, 2010). A second way for 

FTIR analyses is micro-FTIR or µFTIR analysis (Berna, 2017; Mentzer, 2022). Here, 
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measurements can be conducted on a thin section directly and non-destructively 

(Berna, 2017; Mentzer, 2022). 

In (geo-)archaeology, the use of FTIR as a quantitative method of distinguishing 

mineralogical compositions of archaeological sediments and materials is widespread 

(Toffolo, 2025; Weiner, 2010; Weiner et al., 2007), though the application of FTIR in 

archaeology bears potential beyond mineral identification (Lebon et al., 2010; Pothier 

Bouchard et al., 2019; Pucéat et al., 2004). 

 

3.2.4 µXRF 

 

X-ray fluorescence (XRF) spectroscopy is a technique used to analyse the elemental 

composition of materials by measuring the intensity and energy of characteristic 

radiation emitted when the sample is exposed to X-rays (Mentzer, 2017). When high-

energy X-ray radiation excites atoms within a sample, electrons are shot from the inner 

oribtals (Mentzer, 2017). Outer electrons, from a higher energy level, fill the inner shell 

vacancies, emitting X-ray fluorescence radiation (photons) in the process (Mentzer, 

2017). This radiation is specific to an element, allowing for elemental identification 

(Mentzer, 2017). 

Microscopic X-ray fluorescence spectroscopy (micro-XRF/µ-XRF) focuses the X-rays 

on a limited spatial area of a sample, enabling analysis on thick and thin sections and 

block samples (Mentzer, 2017; Mentzer & Quade, 2013). 

Besides XRF spectra that include information about elemental abundance through 

relative peak intensity, elemental distribution maps are another valuable output of the 

method (Mentzer, 2017). These results can be compared to micromorphological 

observations directly, making it especially useful in a microcontextual approach. 

Recently, XRF data processing utilising vector based graphic software for visualisation 

of archaeological information has opened a new perspective in µXRF application in 

archaeology. 

  



25 
 

Chapter 4: Results and Discussion 

 

This cumulative dissertation is based on three distinct studies. 

The first study, Meinekat et al. (2021), follows a multi-method geoarchaeological 

approach to investigate the stratigraphy and site formation at Cuncaicha rock shelter 

(Paper 1). 

The second study, Meinekat et al. (2023), follows up on the first paper and investigates 

resource availability and use. We apply an experimental approach to understand 

combustion practices at Cuncaicha rock shelter with a focus on fuel (Paper 2). 

The third study, Meinekat et al. (subm.), shifts the regional focus to the coast of Peru. 

We apply a micro-contextual approach to investigate the micro-stratigraphy and site 

formation at Quebrada Jaguay-280 (Paper 3). 

The papers are attached as Appendix II, III, and IV. 

 

Paper 1 - A site formation model for Cuncaicha rock shelter 

 

Title A site formation model for Cuncaicha rock shelter: Depositional 
and postdepositional processes at the high‐altitude keysite in 
the Peruvian Andes 

First Author Sarah A. Meinekat 
Co-authors Christopher E. Miller, Kurt Rademaker 
DOI 10.1002/gea.21889 
Journal Geoarchaeology 
Status published 

 

We study the deposit at the Cuncaicha rock shelter (4480 masl) in the southern 

Peruvian Andes, focusing on how depositional and post-depositional processes have 

shaped the sedimentary and archaeological record at the site. 

The aim of the study is to formulate a site formation model that disentangles natural 

versus anthropogenic contributions, to evaluate preservation and stratigraphic 

integrity, and thus inform interpretation of occupation and behaviour in this high-altitude 

environment. In addition, we investigate if the deposit at the site may yield links to 

paleoenvironmental changes. 
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Stratigraphy and sedimentary components (Objective 1) 

We identify five archaeological strata and a sterile substratum with sedimentary and 

occupational hiatuses evident between stratigraphic units. Stratum VI is the 

archaeologically sterile substratum, Stratum V corresponds to the Terminal 

Pleistocene occupation phase (~12.3 – 11.1 ka, n=23), Stratum IV comprises the Early 

Holocene occupation phase (~9.6 – 9.2 ka, n=7), Stratum III encompasses the Late-

Middle-Holocene occupation phase (~5.9 – 4.8 ka, n=6), and Stratum II (~2.1 – 1.9 ka, 

n=1) and Stratum I (~0.8 – 0.6 ka, n=1) link to Late Holocene occupations, see also 

Rademaker and Hodgins (2018). Human burials date into the Early Holocene hiatus 

and the hiatus following the Late-Middle-Holocene occupation (Rademaker & Hodgins, 

2018). 

The Cuncaicha deposit comprises decimetre-scale strata that were differentiated 

during excavation based on field observations of chromatic variation and 

anthropogenic inclusion type and density. The present study enables refined 

distinctions: 

We observe a mix of geogenic, biogenic and anthropogenic components, forming the 

deposit at the site. The predominant geogenic components shift from tufa-related 

carbonate precipitation during the Terminal Pleistocene to aeolian deposited 

sediments during the Holocene. The biogenic components, humified organic matter, 

peak in the Middle Holocene, where we identify the formation of a soil A-horizon. The 

anthropogenic components interbedded with these natural sediments reflect the 

macroscopic archaeological findings on a micro-scale, with high abundance of lithic 

debitage and bone fragments. 

Moreover, micromorphological analysis has enabled the identification of anthropogenic 

inputs that remain archaeologically invisible at macroscopic scales, particularly 

microscopic ash remains. 

Post-depositional Processes (Objective 1) 

Micromorphological analysis revealed several processes that have modified the 

deposits after initial deposition. Such processes are the weathering of bone, dissolution 

of carbonates and precipitation of secondary carbonates, and the recrystallization of 

tufa into a phosphatic mineral, which we relate to the formation of a soil A-horizon 

during the Mid-Holocene. 



27 
 

Further, we identify localized mixing of sediments due to bioturbation. Larger-scale 

bioturbation, such as krotovinas, were identified during excavation and material 

separated for analysis and interpretation. Other intrusive features impacting the 

stratigraphic sequence are related to burial pits linked to the presence of five human 

interments at the site. 

We observe variation in the presence of post-depositional processes that relate to 

changing paleoenvironmental conditions through time. 

Paleoenvironmental Links (Objective 1) 

The data demonstrate a positive correspondence between paleoenvironmental 

dynamics and sedimentary accumulation processes at the archaeological site. 

During the Terminal Pleistocene we identify tufa formation that is related to moist 

conditions at the site. Contemporaneously, a wet phase (CAPE II) has widely been 

recognised in the region (Baker et al., 2001; Baker & Fritz, 2015; Betancourt et al., 

2000; Maldonado et al., 2005; Nunnery et al., 2019; Pfeiffer et al., 2018; Placzek et al., 

2006; Pueyo et al., 2011; Quade et al., 2008). As the CAPE II event coincides with the 

Terminal Pleistocene occupation documented in the Cuncaicha deposit, we propose 

that enhanced moisture regimes during this interval generated exceptionally 

favourable ecological conditions around Cuncaicha rock shelter, thereby promoting 

Terminal Pleistocene settlement at the site. 

A documented shift to drier conditions with the beginning of the Holocene (Baker & 

Fritz, 2015; B. W. Bird et al., 2011; Bush et al., 2005; Bustamante et al., 2016; Cheng 

et al., 2013; Ekdahl et al., 2008; Hillyer et al., 2009; Ramirez et al., 2003; Seltzer et al., 

2000; Thompson et al., 1995, 1998; van Breukelen et al., 2008), is coeval with an 

occupation hiatus at the site, dated from 11.1 – 9.6 ka. 

The deposit continues with the Early Holocene occupation in which – with prevailing 

drier conditions - we observe a reduction in tufa formation and increase in aeolian 

deposition at Cuncaicha rock shelter, representative of the climatic shift. 

Another occupation hiatus is dated to ~9.2 – 5.9 ka, coinciding with the driest period 

documented in the region (Abbott et al., 2003; Baker et al., 2001; Bush et al., 2005; 

Moreno et al., 2009; Pueyo et al., 2011; Rigsby et al., 2005; Seltzer et al., 2000; 

Thompson et al., 1998; Vining et al., 2019). 
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During the Late-Middle Holocene, another wet phase, around the time of termination 

of LMH occupation, has been identified in the Andes region (Abbott et al., 2003; B. W. 

Bird et al., 2011; Bustamante et al., 2016; Cross et al., 2000; Ekdahl et al., 2008; Hillyer 

et al., 2009; Vining et al., 2019). We propose this shift towards wetter conditions in 

combination with a thick deposit triggered the formation of a soil A-horizon in the site. 

We do not observe archaeologically sterile strata that deposited during the times of 

non-occupation. Erosion could explain occupation hiatuses with unconformity in 

deposition, however, no indicators for erosional events were detected at the site. 

The repetitive pattern of paleoclimatic change and occupation cessation may suggest 

that the micro-regional ecosystem was – and likely is - highly sensitive to climatic 

variability, thereby significantly affecting human settlement patterns in the region, 

though the burials at the site, and subsequent analysis demonstrating highland locality 

of the humans (Milton et al., in prep.), indicate that the broader Puna region remained 

hospitable. 

Anthropogenic Features (Objective 2) 

Analysis of anthropogenic features at Cuncaicha rock shelter prioritised the 

identification and characterisation of combustion features, given the prevalence of 

thermally altered materials throughout the stratigraphic sequence. (Almost) Intact, 

constrained combustion features are limited to the Late Holocene strata, in which we 

observe stacked combustion features. 

Stacked combustion features, as seen in Strata I and II, exhibit superimposed layers 

of rubified sediment, charcoal, and ashes. These features are indicative of multiple 

burning events in the same place, i.e. when a new fire is built on top of the remains of 

a previous fire (Mentzer, 2012). 

The other strata do not exhibit such preserved constrained combustion features. 

However, that does not signify lack of combustion. In contrast, human fire making is 

evidenced throughout the occupation sequence, as all strata contain burnt bones, 

charred organic matter, and ashes. The general mixing of components, also with 

unburnt materials, as well as the loss of the original combustion morphology, are 

indicative of reworking (Mentzer, 2012). Further, the identified plant ash remains are 

ash oxalate pseudomorphs, a common component in plant ashes (Canti, 2003; Canti 

& Brochier, 2017). Now, while ash oxalate pseudomorphs are not taxon-specific 
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(Aldeias, 2017; Canti & Brochier, 2017), the distinctive round shape of the 

pseudomorphs discovered in the Cuncaicha ashes suggests at least some species 

specific links. 

Occupation Intensity and Site Use (Objective 2) 

The question of occupation intensity and site use at Cuncaicha cannot be answered 

by geoarchaeology alone. Yet, feature preservation – or lack thereof – is able to tell us 

something about site use and occupation intensity. 

Miller et al. (2013) and Karkanas et al. (2015) correlate the presence of single, 

preserved hearths to low-intensity occupation, or short-term site visits, during which no 

maintenance practices took place. Given the lack of microstratigraphic resolution and 

the remaining insecurities concerning sedimentary hiatuses at Cuncaicha, this is a 

tentative comparison. 

However, in the Andes, the comprehensive comparison of occupation intensity through 

artefact density between early sites (Rademaker & Moore, 2019), together with 

reviewing combustion evidence at early sites above 2,500 masl (Meinekat et al., 2023) 

similarly suggests that combustion features tend to be preserved at sites indicating 

short-term, or ephemeral occupations. Rick (1980, p. 80) explicitly suggests, that the 

absence of hearths in the lower part of the sequence at Pachamachay may be related 

to dispersal “by intensive human activity in the site.” 

Archaeological Implications 

Our investigations at Cuncaicha rock shelter provide the framework for subsequent 

artefact analyses by identifying archaeological strata, phases of deposition and stasis, 

and the impact of bioturbation and resulting material mixing. 

Beyond that, our study highlights that the archaeological site also serves as a 

paleoenvironmental archive, linking to significant paleoclimatic events. 

Further, our findings relate to overall questions of intensity of site occupation and can 

(should) be integrated with the results of material studies relating to the proposed 

residential use of the site. 
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Paper 2 - Fire as high-elevation cold adaptation 

 

Title Fire as high-elevation cold adaptation: An evaluation of fuels 
and Terminal Pleistocene combustion in the Central Andes 

First Author Sarah A. Meinekat 
Co-authors Emily B.P. Milton, Brett Furlotte, Sonia Zarrillo, Kurt Rademaker 
DOI https://doi.org/10.1016/j.quascirev.2023.108244 
Journal Quaternary Science Reviews 
Status published 

 

In this paper, we explore how fire use functioned as an adaptive strategy in high-

elevation Andean environments during the Terminal Pleistocene, focusing especially 

on how proposed resource constraints at altitude influence fuel selection, combustion 

performance, and the archaeological visibility of combustion residues and features. 

Through a combination of a thorough literature review, experimental combustions and 

residue analyses, and comparison to an archaeological case study (Cuncaicha rock 

shelter), we test whether multiple fuel types could have supported effective fire in the 

Puna, and how that may shape our interpretations of past human occupations at high 

elevation. 

Fire up high (Objective 3) 

In a first step, we compiled all accessible evidence for fire use and fuel identification at 

Terminal Pleistocene and Early Holocene (first millennium) sites in the Andes at sites 

above 2,500 masl (Table 1 and Table 2). 

Table 1: Archaeological sites >2500 masl from the central and southern Andes radiocarbon dated to the Terminal 
Pleistocene (TP). Summarized, for full table see Meinekat et al. 2023. 

Site Elevation 
(masl) 

14C BP SHCal20  

95% cal 
BP 

Dated 
material 

Combustion Combustion 
features / 
description 

Fuel ID 

Guitarrero 
Cave 

2580 10,240 
± 45 

12,013-
11,648 

cordage, 
wood 
artifacts, 
charcoal 

yes no no 

Tres 
Ventanas 

3810 10,030 
± 170 

12,432-
10,879 

charcoal yes no no 

Jaywamachay 3350 10,280 
± 170 

12,600-
11,319 

charcoal yes Hearth and 
charcoal floor 
at base of 
Stratum J3 

no 

Cuncaicha 4480 10,380 
± 100 

12,603-
11,786 

ultrafiltered 
bone 

yes no present 
study 
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collagen; 
charcoal 

Cueva 
Bautista 

3935 *10,917 
± 69 

12,972-
12,729 

dispersed 
charcoal. 
bone 
collagen 

yes two shallow 
hearths in 
Zone O 

no 

Alero El 
Pescador 

3300 10,310 
± 130 

12,606-
11,349 

charcoal yes yes no 

San Lorenzo 
1 

2950 *10,400 
± 130 

12,683-
11,728 

charcoal yes no no 

Salar de 
Punta Negra 6 

2975 10,260 
± 60 

12,432-
11,638 

charcoal yes no no 

Tulan 109 2950 *10,590 
± 150 

12,751-
11,953 

charcoal yes no no 

Cueva de 
Yavi 

3430 *10,450 
± 55 

12,598-
12,019 

charcoal yes no no 

Pintoscayoc 1 3780 *10,720 
± 150 

12,969-
12,090 

charcoal yes no no 

Inca Cueva 4 3650 *10,620 
± 140 

12,760-
11,999 

uncarbonized 
Hypsocharis 
sp. leaves 

yes hearths in 
Layer 2 

Polylepis 
sp. 

Peña de las 
Trampas 

3580 10,190 
± 190 

12,142-
11,289 

charcoal yes yes no 

Agua de la 
Cueva 

2905 *10,950 
± 90 

13,070-
12,736 

charcoal yes hearths in 
Subunit 2b 

no 

 

Table 2: Archaeological sites >2500 masl from the central and southern Andes radiocarbon dated to the first 
radiocarbon millennium of the Early Holocene (EH). Summarized, for full table see Meinekat et al. 2023. 

Site Elevation 
(masl) 

14C BP SHCal20    
95% cal 
BP 

Dated 
material 

Combustion Combustion 
features / 
description 

Fuel ID 

Lauricocha (L-
2) 

3930 9525 ± 
260 

11,629-
9975 

charcoal 
mixed 
with 
burned 
and 
unburned 
bone 

yes no no 

Pachamachay 4300 9010 ± 
285 

11,066-
9429 

charcoal yes no various 

Panaulauca 4150 9650 ± 
145 

11,261-
10,513 

charcoal yes no no 

Quiqche 3600 9940 ± 
200 

12,087-
10,706 

charcoal yes no no 

Asana 3435 9820 ± 
150 

11,715-
10,704 

charcoal yes yes no 

Toquepala 2800 9490 ± 
140 

11,175-
10,304 

charcoal yes no no 

Hakenasa 4100 9980 ± 
40 

11,622-
11,239 

charcoal yes yes no 
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Las Cuevas 4485 10,070 
± 30 

11,715-
11,314 

charcoal yes no no 

Pampa el 
Muerto 15 

3175 9510 ± 
95 

11,143-
10,500 

burned 
bone 

yes no no 

Quebrada 
Blanca 

4500 9510 ± 
70 

11,083-
10,512 

charcoal yes no no 

Tuina 1 3160 9080 ± 
130 

10,554-
9726 

charcoal yes no no 

Tuina 5 3810 10,060 
± 70 

11,830-
11,259 

charcoal yes yes no 

Chulqui 1A 3280 9590 ± 
60 

11,161-
10,684 

charcoal yes yes no 

Salar de Imilac 
7 

3020 9960 ± 
50 

11,623-
11,216 

charcoal yes yes no 

Salar de Punta 
Negra 1 

2975 9230 ± 
50 

10,500-
10,241 

peat no no not 
applicable 

Salar de Punta 
Negra 17 

2960 9260 ± 
40 

10,509-
10,247 

charcoal yes yes no 

Salar de Punta 
Negra 19 

2960 9460 ± 
50 

11,062-
10,502 

charcoal yes yes no 

Salar de Punta 
Negra 20 

2960 9480 ± 
50 

11,066-
10,509 

charcoal yes yes no 

Hornillos 2 4020 9710 ± 
270 

11,870-
10,252 

charcoal yes no Parastrephia 
spp., 
Baccharis 
incarum 

Huachichocana 
3 

3400 9620 ± 
130 

11,229-
10,571 

charcoal yes charcoal 
lenses 
(hearths?) in 
Layer E3 

no 

Alero Cuevas 4400 9880 ± 
100 

11,713-
10,819 

charcoal yes no no 

Quebrada Seca 
3 

4050 9410 ± 
120 

11,073-
10,248 

charcoal yes no Parastrephia 
spp., 
Baccharis 
incarum,  

Adesmia 
horrida 

 

Our review indicates that though evidence for fire at those high elevation sites is 

ubiquitous, little is known about the fuel used to produce the fires. If identifications were 

made, those rely on macrobotanical evidence. 

Experimental combustion (Objective 3) 

Through informed selection of various identified regionally available fuel sources, we 

chose three distinct fuels for the experimental combustion: Polylepis rugulosa 

(queñua), Parastrephia spp. (tola), and Azorella compacta (llareta or yareta). We 
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observe differences in combustion behaviour, burn duration, and residue formation 

among fuel types, indicating that fuel selection will influence the archaeological 

signature (e.g. charcoal and ash presence and morphology). Llareta showed the 

qualitatively “best” combustion characteristics. 

Comparison to Cuncaicha (Objective 3) 

We microscopically compare the ash of the three plant species to ash previously 

identified at Cuncaicha rock shelter in thin section. Llareta ash components (ash 

oxalate pseudomorphs) display a distinctive shape that we also identify in the deposit 

at Cuncaicha. Llareta presents the most likely primary fuel source identified at 

Cuncaicha, though charred organic remains (charcoal) of the other two species have 

also been identified macrobotanically at the site – though in very small quantities, 

contrasting the high amounts of charcoal produced by those species in the 

experimental fires. 

Resource use and successful habitation (Objective 3) 

While critical resources—including water, shelter, fuel, food, and lithic raw materials—

have been documented at both Cuncaicha and Quebrada Jaguay-280, the degree of 

investigation varies considerably across sites and resource types. At QJ-280, 

zooarchaeological analyses by Reitz et al. (2016, 2017) have elucidated the 

significance of marine dietary resources, while Furlotte (2024) complements this work 

by demonstrating the contribution of plant resources to subsistence strategies and 

identifying taxa likely exploited as fuel. Provenance studies of lithic raw materials by 

Tanner (2001) and first insights by Sandweiss et al. (1998) reveal raw material 

procurement from multiple sources at varying distances from the site, indicating 

diverse patterns of landscape use. 

Early work at Cuncaicha examined lithic materials and zooarchaeological remains, 

providing initial insights into dietary and raw material resources. (Rademaker et al., 

2014, 2016), though detailed investigations are pending. The nature of fuel resources 

utilised at Cuncaicha had remained uncertain in previous research. The present study 

not only identifies the most probable fuel source employed at the site but also 

demonstrates the availability of numerous alternative fuel resources. These findings 

indicate substantial resource abundance and diversity within the Dry Puna ecosystem 

surrounding Cuncaicha. 
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Yet, a systematic comparative examination of the spatial distribution of critical 

resources relative to site-specific foraging radii remains to be undertaken and may 

elucidate aspects of site function and mobility organisation. 

Archaeological Implications 

With our study we argue that fire likely played an important adaptive role in high-

elevation Andean settings, but the archaeological visibility of burning depends strongly 

on fuel source, combustion parameters, and post-depositional preservation. Without 

accounting for these factors, archaeologists may under-detect fire use in cold, extreme 

environments. 

Our experimental–archaeological framework helps recalibrate how we interpret fire 

traces (or apparent absence thereof) in high-altitude contexts and emphasizes the 

need for microanalytical techniques to complement established methods. 

Lastly, we highlight that the local high-elevation Puna is a place of relative resource 

richness and diversity, in regard to lithic raw materials, prey, and - as we have now 

shown - also fuel, creating a well-suitable habitat for hunter-gatherers. 

 

Paper 3 - Microstratigraphy and site formation processes at Quebrada Jaguay 

280 (Peru) 

 

Title Microstratigraphy and site formation processes at Quebrada 
Jaguay 280 (Peru) 

First Author Sarah A. Meinekat 
Co-authors Emily B.P. Milton, Daniela P. Osorio, Susan M. Mentzer, Christopher 

E. Miller, Daniel Sandweiss, Kurt Rademaker 
DOI 10.1002/gea.70054 
Journal Geoarchaeology 
Status published 

 

In this study, we examine the microstratigraphy and site formation at Quebrada 

Jaguay-280 from a micro-contextual and multi-methodological perspective. The 

combination of different micro-analytical techniques (micromorphology, µFTIR µXRF), 

which have not been applied at the site before, allows us to address questions of the 

site setting, deposition, and post-depositional processes. Further, we discuss the 

nature and formation of the previously described induration and evaluate the extent of 
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bioturbation at the site. Our approach integrates insights from the landscape scale 

down to the elemental level. 

Geomorphology and Site Setting (Objective 1) 

During the Terminal Pleistocene (~12 ka), the paleoshoreline was approximately eight 

km from the site (versus 2.5 km today). Before human occupation, the location was 

within an active alluvial fan system characterized by high-energy deposition. During 

occupation, the active channel had likely shifted away from the site, creating more 

stable conditions that favoured archaeological preservation. However, modern mining 

has severely disturbed the surrounding landscape, limiting broader geomorphological 

interpretations. 

Induration (Objective 1) 

One of our study’s most significant finding concerns the indurated sediment. Rather 

than representing a specific occupation layer or surface, we find that the induration 

results from paedogenic salt formation—primarily halite (NaCl) and gypsum 

(CaSO₄·2H₂O). µXRF mapping reveals that the impregnation doesn't correlate with 

specific microstratigraphic units but formed through post-depositional processes, such 

as coastal fog (garúa) depositing salts on the surface and subsequent percolation and 

translocation moving salts through the sediment. The induration is not recommended 

as a chronostratigraphic marker as it cuts across occupation layers and results from 

complex soil formation processes unrelated to specific human activities. 

Taphonomy and Preservation (Objective 1) 

We observe salt crystal formation significantly impacting the archaeological 

preservation. µXRF mapping shows halite and gypsum growing within cracks of shells, 

bones, and charcoal, causing in situ fragmentation. This process breaks and weathers 

faunal remains, impregnates charcoal, causing disintegration upon dissolution. 

Further, the extremely indurated sediment is complicate to excavate, impacting the 

archaeological work and causing (if work is continued) reduced artefact provenience 

resolution. 

Bioturbation is also evident at QJ-280, including a large krotovina (animal burrow) that 

moved sediment through deposits. We highlight the risk that such features can 
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potentially mimicking anthropogenic features like postholes – that have previously 

been reported at the site. 

Human Behaviour and Occupation (Objective 2) 

Microstratigraphic analysis revealed spatial and temporal variation in site use. 

We propose that Area 1 initially served as a peripheral refuse area with low-density, 

horizontally oriented, unburnt shell fragments (Balbo et al., 2010; Villagran, 2019; 

Villagran et al., 2011b). 

Later periods show increased inclusion of anthropogenic components, mostly small, 

completely burned fragments of shell and fine charred organic matter and larger 

charcoal pieces, suggesting a shift toward living space or habitation area with 

maintenance and/ or reworking taking place (Aldeias et al., 2019; Aldeias & Bicho, 

2016; Miller et al., 2010; Villagran et al., 2011b). 

Eventually that deposit was cut and capped by a shell-supported deposit with 

interconnected shells, indicative of dumping or tossing into a midden, representing a 

fast-deposition event (Aldeias & Bicho, 2016; Duarte et al., 2019; Miller et al., 2010; 

Shillito et al., 2011; Villagran, 2019). 

Any deposits above this level have been lost due to modern disturbance. 

For Area 2, we suggest that it functioned first as a living space with evidence of fire 

maintenance (small, completely burned shell fragments and dispersed charcoal) and 

site cleaning, indicating maintenance practices (Aldeias et al., 2019; Aldeias & Bicho, 

2016; Miller et al., 2010; Villagran et al., 2011b). 

The site's use transitioned to refuse disposal in later periods, resulting in shell-

dominated deposits that overlie earlier occupation layers, a pattern consistent with 

Area 1 (Aldeias & Bicho, 2016; Duarte et al., 2019; Miller et al., 2010; Shillito et al., 

2011; Villagran, 2019). 

Also in this area, any deposits above this level have been lost due to modern 

disturbance. 

One notable observation is that, at first glance contrary to proposed early maritime 

adaptations and specialized fishing strategies during the site's initial occupation (Reitz 

et al., 2016, 2017; Sandweiss et al., 1998), the lowest microstratigraphic units - 
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representing the earliest deposits - contain minimal marine shell in our samples. While 

this pattern may reflect a diachronic change in shellfish exploitation, Villagran et al. 

(2011b) demonstrate a high lateral variability in shell distribution within a deposit that 

can explain the spatial heterogeneity. 

With regard to occupation intensity, the microstratigraphic evidence is consistent with 

rapid depositional processes and/or punctuated, single-event accumulations rather 

than sustained occupations. 

Archaeological Implications 

Our study suggests that QJ-280 functioned as a repeatedly used, short-term camp 

within a broader mobility system rather than a permanent settlement. The combination 

of microcontextual analysis with landscape-scale observations thereby provides new 

perspectives on early coastal lifeways in western South America. 

The research also has methodological implications for other hyperarid coastal sites 

across South America (Peru, Chile) where similar salt formation affects archaeological 

deposits and complicates archaeological excavation and interpretation. To better 

understand the paedogenic processes at the site, and the relationship in the formation 

of different salt minerals, we propose a landscape scale investigation of soluble salts 

and pedogenesis in the study region as a field for future research. 

Our present study further shows that features previously interpreted as anthropogenic 

features may instead reflect bioturbation and require careful, microcontextual analysis 

focussed on samples from proposed features. 
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Chapter 5: Concluding Remarks and Future Directions 

 

Fundamental questions had remained unresolved at Cuncaicha rock shelter and 

Quebrada Jaguay-280, including the contemporaneity of earliest occupation deposits, 

the degree of seasonality and occupation intensity during initial settlement, and 

adapted resource procurement. 

The present dissertation addresses some of these gaps through multiple 

complementary approaches. The geoarchaeological investigations at both sites 

validate stratigraphic integrity, assess the degree of bioturbation, and evaluate its 

impact on depositional contexts. Additionally, otherwise invisible depositional 

components and post-depositional processes affecting site formation are revealed. 

Furthermore, this work advances our understanding of resource availability and 

exploitation by identifying fuel sources in the Puna. 

The preservation contexts at these sites present both opportunities and analytical 

challenges. At Cuncaicha, the absence of microstratigraphic resolution limits 

interpretations of occupation intensity based on geoarchaeology alone. QJ-280's 

preserved microstratigraphy is consistent with seasonal occupation patterns. Yet the 

open-air configuration of QJ-280, where spatial expansion was readily available, 

contrasts fundamentally with the spatially constrained rock shelter environment at 

Cuncaicha, raising questions about the direct comparability of their depositional 

records. While it is essential to consider these differences, this dissertation also 

demonstrates the efficacy of a microcontextual, geoarchaeological approach across 

fundamentally different site contexts, revealing the analytical power regardless of 

environmental setting or depositional regime. 

At Cuncaicha, integration of these geoarchaeological findings with future material 

culture studies—particularly analyses of lithic and faunal assemblages—will enhance 

interpretations of site use and occupation intensity at Cuncaicha. The fuel resource 

data contribute to broader questions of resource availability and exploitation in the 

Puna environment and should be synthesized with provenance studies of locally 

available resources, potentially revealing additional suitable micro-regions within the 

high-elevation Puna landscape. 
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At Quebrada Jaguay-280, the present results establish a foundation for subsequent 

geoarchaeological investigations, including detailed analysis of potential 

anthropogenic features in relation to documented bioturbation and paedogenic 

alterations, and potential application of a microfacies concept. Furthermore, this study 

provides the stratigraphic context necessary for future archaeological analyses and 

establishes a framework for developing a refined radiocarbon chronology. In addition, 

future integration of this work with the field notes from 2017 together with information 

from the 1990s yields a unique opportunity to tie together contextual information on an 

archaeological deposit through decades of archaeological fieldwork. This integration 

underscores a fundamental methodological principle: rigorous geoarchaeological 

inquiry necessarily originates from comprehensive field-based observation and 

meticulous stratigraphic recording. 

The scope of inquiry must extend beyond the present sites to consider differential 

archaeological signatures and settlement processes across regions, with explicit 

attention to latitudinal patterns as outlined in the preceding review. Geoarchaeological 

research at Pachamachay and Panaulauca from previous fieldwork is particularly 

relevant in this context. Recent studies at Telarmachay (Le Neün et al., 2023), and the 

wider Junín region (Marsh & Rademaker, 2025; Rozas-Davila et al., 2023) have 

intensified interest in this area, and geoarchaeological samples from Pachamachay 

and Panaulauca will aid in contextualising these sites within regional settlement 

patterns. 

Future investigations must continue this interdisciplinary integration, as well as 

combining detailed site-level analyses with regional-scale comparative frameworks 

with latitudinal variation to better comprehend the complexity and success of early 

human settlement of the Americas' most extreme environments. 
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Table 3: Sample list of geoarchaeological investigation at Quebrada Jaguay-280 in 2017. QJ: Quebrada Jaguay; 
A: Area; U: Unit; N: North, S: South, W: West; SW: Southwest; SE: Southeast; OS: Off-Site; ref: reference. 

Sample number Type Location 

QJ16-17-01 Block QJ-16, U1 

QJ16-17-02 Block QJ-16, U2 

QJ16-17-03 Block QJ-16, U2 

QJ-17-01 Block QJ-280, Sector1, N wall 

QJ-17-02 Block QJ-280, Sector1, W wall 

QJ-17-03 Block QJ-280, Sector1, S wall 

QJ-17-04 Block QJ-280, Sector1, W wall 

QJ-17-05 Block QJ-280, Sector1, W wall 

QJ-17-06 Block QJ-280, Area2, U10, SE corner 

QJ-ref-17-04 Block QJ-280, OS, outcrop1 

QJ-ref-17-08 Block QJ-280, OS, outcrop2 

QJ-ref-17-13 Block QJ-280, OS, outcrop3 

QJ-ref-17-15 Block QJ-280, OS, outcrop3 

QJ-17-15 Block QJ-280, S1 west wall, U3B (Sandweiss) 

QJ-17-16 Block QJ-280, A1, U2 south wall/ U1 north wall 

QJ-17-11 Block QJ-280, A1, U2 south wall/ U1 north wall 

QJ-17-12 Block QJ-280, A1, U2, sw corner 

QJ-17-13 Block QJ-280, A1, U4 

QJ-17-14 Block Qj-280, A1, U4 

QJ-17-15 Block QJ-280, A2, west wall, U3b (sandweiss) 

QJ-17-16 Block QJ-280, A1, U1 north wall 

QJ-17-17 Block QJ-280, A2, U12, SW corner 

QJ-17-18 Block QJ-280, A2, U10 

QJ16-17-01a Bulk QJ-16, U1 

QJ16-17-01b Bulk QJ-16, U1 

QJ16-17-01c Bulk QJ-16, U1 

QJ16-17-01d Bulk QJ-16, U1 

PC343-17-01 Bulk Pampa Colorada 

QJ16-17-02a Bulk QJ-16, U2 

QJ16-17-02b Bulk QJ-16, U2 

QJ16-17-02c Bulk QJ-16, U2 

QJ16-17-03a Bulk QJ-16, U2 

QJ-17-02a Bulk QJ-280, Sector1, W wall 

QJ-17-02b Bulk QJ-280, Sector1, W wall 

QJ-17-02c Bulk QJ-280, Sector1, W wall 

QJ-17-02d Bulk QJ-280, Sector1, W wall 

QJ-17-03a Bulk QJ-280, Sector1, S wall 

QJ-17-03b Bulk QJ-280, Sector1, S wall 

QJ-17-03c Bulk QJ-280, Sector1, S wall 

QJ-17-03c.1 Bulk QJ-280, Sector1, S wall 

QJ-17-03d Bulk QJ-280, Sector1, S wall 

QJ-17-03e Bulk QJ-280, Sector1, S wall 

QJ-17-05a Bulk QJ-280, Sector1, W wall 

QJ-17-05b Bulk QJ-280, Sector1, W wall 

QJ-17-05c Bulk QJ-280, Sector1, W wall 
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QJ-17-05d Bulk QJ-280, Sector1, W wall 

QJ-17-07 Bulk QJ-280, Area2, U10, SE corner 

QJ-17-08 Bulk QJ-280, Area2, U10, SE corner 

QJ-17-09 Bulk QJ-280, Area2, U10, SE   

QJ-17-10 Bulk QJ-280, Area2, U10, SE   

QJ-ref-17-01 Bulk QJ-280. Sector1, N wall profile 1A 

QJ-ref-17-02 Bulk QJ-280, OS, outcrop1 

QJ-ref-17-03 Bulk QJ-280, OS, outcrop1 

QJ-ref-17-04a Bulk QJ-280, OS, outcrop1 

QJ-ref-17-05 Bulk QJ-280, OS, outcrop1 

QJ-ref-17-06 Bulk QJ-280, OS, outcrop2 

QJ-ref-17-07 Bulk QJ-280, OS, outcrop2 

QJ-ref-17-08a Bulk QJ-280, OS, outcrop2 

QJ-ref-17-09 Bulk QJ-280, OS, outcrop2 

QJ-ref-17-10 Bulk volcanic ash outcrop, OS 

QJ-ref-17-11 Bulk QJ-280, OS, outcrop3 

QJ-ref-17-12 Bulk QJ-280, OS, outcrop3 

QJ-ref-17-13a Bulk QJ-280, OS, outcrop3 

QJ-ref-17-14 Bulk QJ-280, OS, outcrop3 

QJ-ref-17-15a Bulk QJ-280, OS, outcrop3 

QJ-ref-17-16 Bulk QJ-280, OS, outcrop3 

QJ-ref-17-17 Bulk base of QJ-1 

QJ-17-15a Bulk QJ-280, S1 west wall, U3B (Sandweiss) 

QJ-17-15b Bulk QJ-280, S1 west wall, U3B (Sandweiss) 

QJ-17-15c Bulk QJ-280, S1 west wall, U3B (Sandweiss) 

QJ-17-15d Bulk QJ-280, S1 west wall, U3B (Sandweiss) 

QJ-17-15e Bulk QJ-280, S1 west wall, U3B (Sandweiss) 

QJ-17-15f Bulk QJ-280, S1 west wall, U3B (Sandweiss) 

QJ-17-16a Bulk QJ-280, A1, U2 south wall/ U1 north wall 

QJ-17-16b Bulk QJ-280, A1, U2 south wall/ U1 north wall 

QJ-17-11a Bulk QJ-280, A1, U2 south wall/ U1 north wall 

QJ-17-11b Bulk QJ-280, A1, U2 south wall/ U1 north wall 

QJ-17-11c Bulk QJ-280, A1, U2 south wall/ U1 north wall 

QJ-17-11d Bulk QJ-280, A1, U2 south wall/ U1 north wall 

QJ-17-11e Bulk QJ-280, A1, U2 south wall/ U1 north wall 

QJ-17-11f Bulk QJ-280, A1, U2 south wall/ U1 north wall 

QJ16-ref-17-01 Plant QJ-16, N slope 

 

Table 4: Sample list from geoarchaeological investigation at Pachamachay in 2019. PAX: Pachamachay; U: Unit; 
N: North; W: West. 

Sample number Type Location 

PAX-19-1 Block U10 Nwall 

PAX-19-2 Block U10 Nwall 

PAX-19-3 Block U10 Nwall 

PAX-19-4 Block U10 Nwall 

PAX-19-5 Block U10 Wwall 

PAX-19-6 Block U10 Wwall 

PAX-19-1a Bulk U10 Nwall 
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PAX-19-1b Bulk U10 Nwall 

PAX-19-2a Bulk U10 Nwall 

PAX-19-2b Bulk U10 Nwall 

PAX-19-2c Bulk U10 Nwall 

PAX-19-3a Bulk U10 Nwall 

PAX-19-3b Bulk U10 Nwall 

PAX-19-4a Bulk U10 Nwall 

PAX-19-4b Bulk U10 Nwall 

PAX-19-4c Bulk U10 Nwall 

PAX-19-4d Bulk U10 Nwall 

PAX-19-5a Bulk U10 Wwall 

PAX-19-5b Bulk U10 Wwall 

PAX-19-5c Bulk U10 Wwall 

PAX-19-5d Bulk U10 Wwall 

PAX-19-6a Bulk U10 Wwall 

PAX-19-6b Bulk U10 Wwall 

 

Table 5: Sample list of geoarchaeological investigation at Panaulauca in 2019. PAN: Panaulauca; U: Unit; N: 
North. 

Sample number Type Location 

PAN-19-1 Block natural profile along road, for reference 

PAN-19-2 Block U1 Nwall 

PAN-19-3 Block U1 Nwall 

PAN-19-4 Block U1 Nwall 

PAN-19-5 Block U1 Nwall 

PAN-19-6 Block U1 Nwall 

PAN-19-7 Block U1 Nwall 

PAN-19-8 Block U1 Nwall 

PAN-19-9 Block U1 Nwall 

PAN-19-10 Block U1 Nwall 

PAN-19-11 Block U1 Nwall 

PAN-19-1a Bulk natural profile along road, for reference 

PAN-19-1b Bulk natural profile along road, for reference 

PAN-19-2a Bulk U1 Nwall 

PAN-19-2b Bulk U1 Nwall 

PAN-19-2c Bulk U1 Nwall 

PAN-19-2d Bulk U1 Nwall 

PAN-19-2e Bulk U1 Nwall 

PAN-19-3a Bulk U1 Nwall 

PAN-19-3b Bulk U1 Nwall 

PAN-19-4a Bulk U1 Nwall 

PAN-19-4b Bulk U1 Nwall 

PAN-19-4c Bulk U1 Nwall 

PAN-19-4d Bulk U1 Nwall 

PAN-19-5a Bulk U1 Nwall 

PAN-19-5b Bulk U1 Nwall 

PAN-19-5c Bulk U1 Nwall 
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PAN-19-6a Bulk U1 Nwall 

PAN-19-6b Bulk U1 Nwall 

PAN-19-6c Bulk U1 Nwall 

PAN-19-6d Bulk U1 Nwall 

PAN-19-6e Bulk U1 Nwall 

PAN-19-7a Bulk U1 Nwall 

PAN-19-7b Bulk U1 Nwall 

PAN-19-7c Bulk U1 Nwall 

PAN-19-8a Bulk U1 Nwall 

PAN-19-8b Bulk U1 Nwall 

PAN-19-8c Bulk U1 Nwall 

PAN-19-9a Bulk U1 Nwall 

PAN-19-9b Bulk U1 Nwall 

PAN-19-9c Bulk U1 Nwall 

PAN-19-10a Bulk U1 Nwall 

PAN-19-10b Bulk U1 Nwall 

PAN-19-10c Bulk U1 Nwall 

PAN-19-11a Bulk U1 Nwall 

PAN-19-11b Bulk U1 Nwall 

 

Table 6: Sample list of combustion experiment in Pucuncho in 2022. 

Sample name Type 
Llareta ash Bulk 
Llareta charcoal Bulk 
Llareta-1 Smear Slide 
Llareta-2 Smear Slide 
Tola ash Bulk 
Tola charcoal Bulk 
Tola-1 Smear Slide 
Tola-2 Smear Slide 
Queñua ash Bulk 
Queñua charcoal Bulk 
Queñua -1 Smear Slide 
Queñua -2 Smear Slide 
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Abstract

We report results from geoarchaeological investigations at Cuncaicha rock shelter

(4480m above sea level) in the high Andes of southern Peru. Using field observations,

geomorphological, micromorphological, micro‐Fourier transform infrared spectroscopy,

Bayesian modeling of radiocarbon ages, and archaeological data, we analyzed the entire

stratigraphic sequence to determine depositional and postdepositional processes and

agents to assess the impact of bioturbation and to correlate the deposits with regional

paleoenvironmental information. The archaeological record is represented well on a mi-

croscale, and bioturbation has not destroyed the stratigraphic integrity. The Terminal

Pleistocene sediments that contain the oldest archaeological material at the site, dating to

~12.3–11.1 ka, are especially well preserved and capped by a layer of tufa. Depositional

changes from autochthonous carbonate precipitation during the Terminal Pleistocene

toward allochthonous aeolian sedimentation in the Early Holocene reflect changing en-

vironmental and climatic conditions. Formation of a soil during the Late‐Middle Holocene

caused postdepositional alterations and likely correlates to variable environmental con-

ditions. We use these results to formulate a site formation model for Cuncaicha rock

shelter that integrates archaeological, chronological, and paleoenvironmental data.

K E YWORD S

Andes, Bayesian modeling, geoarchaeology, micromorphology, site formation processes,
Terminal Pleistocene

1 | INTRODUCTION

The high Central Andes was one of the most extreme environments

colonized by hunter‐gatherers during the peopling of the Americas

(Osorio et al., 2017; Rademaker & Moore, 2018). Excavations at the

rock shelter site of Cuncaicha (4480m above sea level [masl]) in the

Pucuncho Basin of southern Peru have revealed evidence of an initial

residential occupation during the Terminal Pleistocene 12.3–11.1 ka1

(Rademaker & Hodgins, 2018; Rademaker et al., 2014, 2016). Glacial

geologic data generated locally (Bromley et al., 2009, 2011) and
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paleoenvironmental records throughout the central Andes (e.g., Baker

& Fritz, 2015; Blard et al., 2011; Moreno et al., 2009; Quade

et al., 2008) indicate that high‐elevation Andean environments 12,500

years ago and earlier were favorable for human settlement. Archae-

ological sites in the high Andes from Ecuador to Argentina show that

early South Americans were already familiar with and successfully ex-

ploiting high‐elevation resources and landscapes in the Terminal Pleis-

tocene (Capriles et al., 2016; Jolie et al., 2011; Loyola et al., 2017, 2020;

Nami & Stanford, 2016; Núñez et al., 2002; Rademaker et al., 2014;

Santoro et al., 2019; Yacobaccio, 2017; Yataco Capcha & Nami, 2016).

Together, these lines of environmental and archaeological evidence

indicate remarkable adaptive abilities of late ice‐age hunter‐gatherers

and suggest the possibility that an Andean megapatch formed a mi-

gration corridor through western South America (Osorio et al., 2017).

The key goals of this study are to develop a site formation model

for Cuncaicha rock shelter, to assess the stratigraphic integrity of the

site, and to assess the geochronological model proposed by Rademaker

and Hodgins (2018). Bayesian modeling identifies distinct occupation

phases, whereas the archaeological stratigraphy is continuous without

apparent unconformities. Using a multimethodological geoarchaeolo-

gical approach, we analyzed the formation history of the deposits in

Cuncaicha rock shelter. A detailed analysis of the stratigraphic

sequence identified the sedimentary components and depositional

agents and allowed the construction of a site formation model.

The impact of bioturbation was examined, as this process can impact

the archaeological record. Especially in the oldest deposits, it is important

to investigate whether the anthropogenic material is in situ or has been

translocated. Disturbance of sediment in Andean caves and rock shelters

is known from many sites—oftentimes caused by modern‐day use of the

sites or looting activities (Engel, 1981; Lynch, 1980). Bioturbation is

another important factor for such movements and has been documented

in other Andean sites, such as Guitarrero Cave (Lynch, 1980). However,

no targeted approach to study bioturbation specifically or site formation

processes in general was applied at these sites.

Specific questions regarding Cuncaicha's formation during the

Terminal Pleistocene and Mid‐Holocene arose during excavation,

which we have addressed in the study presented here. Additionally,

we were able to not only establish the stratigraphic context of the

earliest occupation but also investigate varying patterns of human

occupation at Cuncaicha from the Terminal Pleistocene through the

Holocene, and the relationship of the site to environmental change

over time. The presence of paleoenvironmental signatures within

the Cuncaicha deposits presents an opportunity to explore

human–environment dynamics over thousands of years and to use

this exceptional archaeological sequence as a unique source of

paleoenvironmental information for the west Central Andes.

1.1 | Site setting

Cuncaicha rock shelter is situated in the Pucuncho Basin

(4300–4600masl) of southern Peru, which is located approximately

160 km northwest of the city of Arequipa by linear distance (Figure 1A).

Three of the tallest summits in the region define the basin: Nevado

Firura (5500masl) to the north, Nevado Solimana (6095masl) to the

west, and Nevado Coropuna (6375masl) to the south.

F IGURE 1 (A) Satellite image showing the location of Cuncaicha rock shelter in the Andes of southern Peru. (B) Detailed satellite image of
project area. The white line defines the approximate limits of the Pucuncho Basin using the 4500m topographic contour. Wetlands are digitized
in green. Data sources: Satellite imagery (ESRI, Maxar, GeoEye, Earthstar Geographic, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, GIS User
Community), Digital Elevation Model ALOS PALSAR 15‐m (de Lima Moraes, 2018), Cotahuasi and Chuquibamba topographic quadrangles
(Instituto Geográfico Nacional, 1990, 1995) [Color figure can be viewed at wileyonlinelibrary.com]
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The Pucuncho Basin is located in the Dry Puna, an ecological

zone of grasslands, shrub lands, lakes, and wetlands (Troll, 1968). It is

characterized by a wet (January–March) and a dry (April–December)

season. The overall climate is semiarid with low mean annual pre-

cipitation (600–800mm), primarily driven by snow during the wet

season (Dornbusch, 1998; Fick & Hijmans, 2017; Instituto Geográfico

Nacional, 1990, 1995).

The basin was formed by successive periods of volcanic activity

and contains ignimbrites of Miocene to Pliocene age overlain by

Quaternary stratovolcanoes and andesitic lava flows of Pliocene to

Holocene age (Figure 2) (Lajo Soto et al., 2001; Olchauski & Dávi-

la, 1994; Thouret et al., 2002). Ignimbrites mapped in the basin are

generally fine‐grained and result in a gentle topography with little to

no soil formation and sparse vegetation cover outside of wetlands.

Aeolian deflation of some surfaces has created desert pavements.

These volcanic deposits have been subject to glaciations of various

extents, though ice limits from the Last Glacial Maximum and later

remained well above the elevation of the basin and Cuncaicha rock

shelter (Bromley et al., 2009, 2011; Rademaker et al., 2014; Úbeda

et al., 2018). Glaciofluvial deposits mantle ignimbrites along stream

courses and on outwash fans. Especially interesting for the early

human settlement of the region, the Pucuncho Basin is located within

the Alca obsidian source, and obsidian crops out in Pliocene‐age

Sencca/Arma Formation (Np‐ar) ignimbrites exposed throughout the

basin (Figure 2; Rademaker et al., 2013). Grasslands and wetland

peat‐bogs, that is bofedales, are extensive within the basin (Figure 1B)

and serve as a habitat to camelid herds.

Cuncaicha rock shelter is located at the eastern margin of the

Pucuncho Basin, where the Quebrada Cuncaicha perennial stream

enters the basin from a west‐draining valley. The rock shelter opens to

the north, overlooking the eastern side of the Pucuncho Basin and

Nevado Firura. A steep hillslope, covered by andesite slabs and

boulders and the spiky Stipa ichu and Opuntia spp., leads down to the

Sencca/Arma Formation alluvial fan surface, which is cut by Quebrada

Cuncaicha (Figure 3). The fan is less steep than the slope leading up to

the rock shelter. The alluvial fan has only little surface vegetation and is

made up of ignimbrite and grus. Along the northern edge of the fan, the

sediment shifts to the alluvial deposits of Quebrada Cuncaicha.

The rock shelter, formed by slab exfoliation processes at the

northern edge of an andesite flow of the Pliocene Barroso Group

(Olchauski & Dávila, 1994), is 14m wide and shallow, with a max-

imum depth of 6m from the drip line to the rear wall. Large slabs of

collapsed shelter roof form a low berm at the present drip line and in

front of the shelter, indicating that the shelter was larger previously.

Glacially rounded andesite boulders found atop the shelter were

likely deposited during the penultimate or earlier glacial period before

formation of the rock shelter.

Inside the shelter, the walls show signs of weathering. Water

may be observed seeping down with calcareous minerals precipitat-

ing, especially along the bedrock joints, though the rock shelter se-

diments are dry from the surface to the base of the sequence. We

have observed these processes at other rock shelters in the area as

well. Rodent dung is abundant on the modern surface of the shelter

floor; there is no notable deposition of bat or bird guano. Today,

while abandoned, the surface of the rock shelter is vegetated by

grassy and weedy species. There is no evidence for modern‐day use

of the rock shelter as a campsite or animal corral, though the latter

would not be expected, given the shelter's location near the top of a

F IGURE 2 Geologic map of the project area. The legend shows major geologic formations. Data sources: Cotahuasi geologic quadrangle
(Lajo Soto et al., 2001; Olchauski & Dávila, 1994), Digital Elevation Model ALOS PALSAR 15‐m (de Lima Moraes, 2018) [Color figure can be
viewed at wileyonlinelibrary.com]
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25‐m hillslope ~300m from Quebrada Cuncaicha and preferred

pasturage (Figure 3). Dozens to hundreds of camelid corrals are found

throughout the Pucuncho Basin, visible as round and rectangular

dry‐laid stone enclosures.

1.2 | Archaeological record at Cuncaicha

Cuncaicha rock shelter was excavated in 2010, 2012, 2014, and

2015. A combined total of 12.5 m2 of excavations within the over-

hang uncovered a rich archaeological record of episodic occupations

spanning from the Terminal Pleistocene through the Late Holocene.

The excavation primarily focused inside of the rock shelter, where

deposits were less affected by massive slabs of roof fall. Within the

shelter, 17 excavation units were opened up over the four excavation

seasons (Figure 4). Units 1–2 were excavated in 2010, Units 3–8

were excavated in 2012, Units 9–10 were excavated in 2014, and

Units 9–13s and Units 19–21 were excavated in 2015 (Rademaker &

Hodgins, 2018). The phased excavation allowed for different profiles

to be studied for the geoarchaeological investigation and to be

sampled for micromorphology. The main profiles that were sampled

are located in Units 2, 9, 10, 11, 12, and 13. The cultural deposits in

these units are up to 130 cm deep. The burials at Cuncaicha rock

shelter were found in Units 9, 11/19, 13, and 13s. The pit features

related to the burials are separated from the general discussion of the

stratigraphic sequence.

Five archaeological strata (I–V) and an underlying sterile

stratum (VI) were identified (Rademaker et al., 2014). However,

most of the strata appear lithologically similar and consist largely

of decimeter‐thick, homogeneous layers without distinctive

F IGURE 3 (A) Photo of Cuncaicha rock shelter (1) and the Pucuncho Basin, facing west. (2) The closest point of the Quebrada Cuncaicha to
the rock shelter. In the background, Nevado Solimana (6095masl), which constitutes the western border of the basin, is visible. (B) Satellite
image of area with the location of (1) Cuncaicha rock shelter and (2) Quebrada Cuncaicha. The location of the elevation profile (C) is indicated, as
well as the course of the modern road, and the pre‐Columbian Inca road. The vantage point of the photograph (A) is shown. Note that on the
satellite image, the increased vegetation along the quebrada is visible. Cuncaicha rock shelter is situated in a Barroso andesite lava formation.
Sencca/Arma formation ignimbrites dominate the surface of the Pucuncho Basin in this area. East of the rock shelter, a weakly developed alluvial
fan can be seen. On the northern side of the quebrada bed, gullies incise the slope surface and form small fans toward the river. (C) Elevation
profile produced using ArcGIS 3D Analyst. Surface elevations are derived from corrected GPS and the total station survey of the project area
[Color figure can be viewed at wileyonlinelibrary.com]
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microstratigraphic units (Figure 4C). No sterile sediment layers are

present between the archaeological strata. The sediment shows

slight color differences as well as differences in the amount of

coarse components, which led to the initial differentiation of the

strata. Aside from color differences, a cemented mineral formation

between Strata V and IV was used as a chronostratigraphic marker,

and the presence of ash lenses and charcoal accumulations in the

upper two strata allowed distinction from the lower strata. Thirty‐

eight accelerator mass spectrometry (AMS) radiocarbon ages were

obtained on bone collagen from large herbivore bones in direct

association with abundant anthropogenic artefacts (Table S1;

Rademaker & Hodgins, 2018; Rademaker et al., 2014). The ages

correspond with distinct episodes of occupation during the Term-

inal Pleistocene, Early Holocene, Late‐Middle Holocene, and Late

Holocene (Table 1). The relationship between ages and strati-

graphy, which will be examined in detail in this paper, highlights

several temporal and depositional hiatuses during which no natural

or anthropogenic sediments have been detected.

Eleven more collagen AMS ages were obtained on human

burials encountered during the 2014 and 2015 excavations

(Table S1). Bayesian modeling indicates that site occupations and

interment events did not overlap (Rademaker & Hodgins, 2018).

Stable isotope analyses revealed that all people buried at

Cuncaicha, including the most ancient three burials from the

Early Holocene (~9.3–8.8, ~9.0–8.6, and ~8.5–8.4 ka), spent

their formative years at high altitude (Chala‐Aldana et al., 2018)

and procured their diet from the highlands (Haller von

Hallerstein, 2017).

Analysis of the rich archaeological record, first focusing on

comparison of the lithic and faunal assemblages to those from

other high‐altitude Andean sites, hints at Cuncaicha being used

as a residential base camp as early as the Terminal Pleistocene

(Rademaker & Moore, 2018). Furthermore, preliminary analysis of

the faunal assemblage has suggested that the site was occupied

during the wet season at minimum (Moore, 2016). Ongoing

analyses of Cuncaicha's material assemblages are focusing on the

provenance of lithic raw materials, lithic technology and morphol-

ogy, tool uses, and mobility indicators, plant and animal subsistence

remains, domestic activities including food processing and com-

bustion, use and manufacture of special objects, such as bone and

shell beads and ochre, association of artefacts with individual

burials, and cultural connections with related archaeological sites in

other ecological zones. All of these analyses provide information on

the function of Cuncaicha within larger settlement systems and the

evolution of Andean biocultural adaptations. Geoarchaeological

data are essential for contextualizing inferences made from mate-

rial assemblage patterns and linking the site to its surrounding

landscape.

F IGURE 4 (A) Planview of Cuncaicha rock shelter with excavated units. Profiles sampled for micromorphology (MM) are highlighted in red.
(B) Photograph of Cuncaicha rock shelter. Andesite slabs have deposited in front through ongoing slab exfoliation processes. On top, rounded
glacial boulders are visible. (C) Profile photo showing deposits at Cuncaicha rock shelter, taken from the south wall in Unit 7. The deposits consist
of 6‐dm‐thick strata that show subtle changes. In this photo, Stratum I shows the most significant features with distinctive ash lenses. For
information on the field description of each stratum, including Munsell colors, the reader is referred to Table 3 [Color figure can be viewed at
wileyonlinelibrary.com]
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2 | METHODS

2.1 | Bayesian modeling of occupation chronology

We used Bayesian modeling of the Terminal Pleistocene, Early

Holocene, and Late‐Middle Holocene radiocarbon ages (n = 35) to

examine occupation spans and the duration of hiatuses between

occupation components. The Late Holocene portion of the sequence

is not yet well dated, so it is omitted here.

Using OxCal 4.4 (Bronk Ramsey, 2009), AMS ages were struc-

tured within a stratigraphic model taking into account the excavated

contexts providing dated samples. The structure of the model used

occupation boundaries, phases (sets of unordered ages), and se-

quences (sets of ordered ages). Phases were defined as clusters of

radiocarbon ages obtained from distinct strata. We experimented

with various model structures to compare outputs. This sensitivity

test revealed relatively low variance in outputs, suggesting that the

results are reliable. Occupation spans calculated the maximum

duration of distinct occupation components, and intervals calculated

the duration of radiocarbon hiatuses between occupation compo-

nents. Spans and intervals were calculated at the 68.3% and 95.4%

probability ranges using the SHCal20 calibration (Hogg et al., 2020).

2.2 | Sediment micromorphology

The present study follows a multidisciplinary approach, combining

different geoarchaeological methods. Studies like Ozán et al. (2019) at

Baño Nuevo cave in Chilean Patagonia have shown this to be a promising

approach to understand early South American sites in a broader context.

The main geoarchaeological method used in this study is micro-

morphology, which is the study of oriented, intact sediment using in-

durated blocks and thin sections. The samples presented in this paper

derive from 3 years of excavation at Cuncaicha rock shelter, in 2012,

2014, and 2015. During all field seasons, block samples for micro-

morphological studies were taken together with loose sediment samples.

All samples were transferred to the University of Tübingen, Institute for

Archaeological Sciences, Geoarchaeology Working Group, for processing

and analysis. During the 2012, 2014, and 2015 field seasons, C. E. Miller

and S. A. Meinekat collected block samples from the main profiles in the

rock shelter, spanning the whole stratigraphic sequence—from the sterile

basal layer, StratumVI, to the most recent Holocene one, Stratum I. These

micromorphological blocks are denoted with a prefix CUN‐xx. The block

samples were cut from the profiles or within the unit as monoliths using

plaster bandages to preserve their integrity (Figure 5).

For processing, the samples were first dried in an oven at 50°C.

After drying, the samples were indurated under vacuum in polyester

resin, styrene, and methylethelketone peroxide (MEKP)‐hardener. Once

the blocks were hardened, they were sliced and subsampled for thin‐

section production using a diamond blade rock saw. The thin sections

were produced by grinding the samples to 30µm thickness. In total, 26

archaeological thin sections were produced and analyzed for this study,

providing a complete coverage of the archaeological sequence (Tables 2

and S3). The thin sections were observed by the naked eye and under

magnification using a Zeiss Axio Imager petrographic microscope with

plane‐polarized light (PPL), cross‐polarized light (XPL), oblique incident

light (OIL), and fluorescence (both blue light and ultraviolet). The analysis

and description of the thin sections followed the terminology and

protocols established by Stoops (2003) and Courty et al. (1989).

2.3 | Fourier transform infrared

spectroscopy (FTIR)

While the main method used was micromorphology, we also integrate

data obtained through FTIR and micro (µ‐)FTIR analyses, to complement

field and micromorphological analyses and to identify mineral compo-

nents. FTIR analyses were conducted on sediment samples from the

2015 excavation using the Agilent Technologies Cary 660 FTIR spec-

trometer at the Geoarchaeology Laboratory at the University of Tübin-

gen. Samples were ground using an agate mortar and pestle. The ground

samples were analyzed with the FTIR spectrometer using an Attenuated

Total Reflectance (ATR) crystal, with 32 co‐added scans at 4 cm−1 re-

solution over a spectral range of 400–4000 cm−1. The Essential FTIR and

TABLE 1 Bayesian modeled occupation spans in cal BP and intervening hiatuses in years using OxCal 4.4 (Bronk Ramsey, 2009) and
SHCal20 (Hogg et al., 2020)

Component

Starting date (68.3%) Ending date (68.3%) Max span (68.3%) Starting date (95.4%) Ending date (95.4%) Max span (95.4%)

cal BP cal BP years cal BP cal BP years

LMH II 5440–5110 145 5455–4845 320

LMH I 5665–5490 80 5875–5330 185

EH‐LMH hiatus 3665–3915 3420–4140

EH 9535–9340 9460–9290 90 9580–9300 9480–9210 210

TP‐EH hiatus 1825–2490 1535–2530

TP II 11,830–11,350 150 11,840–11,060 350

TP I 12,045–11,840 215 12,275–11,780 435

Abbreviations: Amodel = 157.9; Amodel overall = 141.3; EH, Early Holocene; LMH, Late‐Middle Holocene; TP, Terminal Pleistocene.
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Resolutions Pro software packages were used for mineralogical identi-

fication. Alongside this, µFTIR analyses were conducted on selected thin

sections (CUN‐12‐09, CUN‐15‐14) to identify mineral compositions,

possible products of postdepositional chemical alteration, and heating

processes of components observed under the microscope, using the

Agilent Technologies Cary 610 FTIR microscope, with 32 coadded scans

at 4 cm−1 resolution between 4000 and 570 cm−1. The data were col-

lected as individual point measurements, with a sampling area of

~50–70µm diameter. For interpretation of the obtained spectra,

reference databases were used, mainly the databases generated

by S. Weiner (http://www.weizmann.ac.il/kimmel-arch/infrared-spectra-

library), the RRUFF project (www.RRUFF.info; Lafuente et al., 2015), and

the mineral collection of Dr. S. Mentzer from the Geoarchaeology

Working Group in Tübingen.

3 | RESULTS

3.1 | Bayesian modeling of occupation chronology

All except 1 of the 23 Terminal Pleistocene faunal ages were included

in the model. The one omitted age is Beta‐297423, an AMS

measurement on non‐ultra‐filtered (UF) collagen. A split of this

sample (AA94254) was dated at the Arizona AMS Lab using collagen

ultrafiltration. A χ
2 test indicated that the two measurements are

statistically different. The Arizona measurement on UF collagen is

considered the more reliable, so it was retained for the model, and

the Beta Analytic measurement was discarded. Three Terminal

Pleistocene faunal specimens were split and dated at the Arizona

AMS Lab using collagen UF and at the PaleoResearch Institute

using XAD purification. χ
2 tests indicated statistical similarity for

measurements generated by both labs on all three specimens (see

Table S1), weighted means of the splits were calculated, and these

were used in Bayesian models. Details of the Bayesian model

structure and plots of modeled ages and components are provided in

the Supporting Information.

We first attempted to group the 19 Terminal Pleistocene in-

dividual and weighted mean ages into a single occupation phase.

However, this produced poor agreement and convergence indices,

with flags on the oldest and youngest ages. Cuncaicha's Terminal

Pleistocene occupation coincides with a segment of the SHCal20

radiocarbon calibration curve where calibrated ages are difficult to

resolve. The ages cluster on two distinct plateau segments and an

intervening slope (Figure S1). To explore the spread of the Terminal

F IGURE 5 Sampling of profiles in Cuncaicha rock shelter for micromorphological block samples. The fine, dry, and very loose sediment with
many large bedrock, lithic, and bone fragments impeded the use of Kubiena boxes for sampling. Block samples for thin‐section production were
taken by (1) photographically documenting the intact profile; (2) carving the sides of the block; (3) placing plaster bandages around the sediment
block; (4) documenting the sample in profile with photographs, marking orientation, and labeling; (5) carefully breaking the sample from the
profile; and (6) covering the backside of the sample with plaster bandages. (A) Sampling of CUN‐15‐122 by SAM in 2015. The inset (red box)
shows the frontal photograph of the sample that is being taken in the photo. The sample was placed at the contact between Stratum II and
Stratum III. White boxes show where samples CUN‐15‐125, CUN‐15‐126, and CUN‐15‐127 (left to right) were taken. (B) South profile of Unit 2
during the 2012 excavation with sample CUN‐12‐02 still in profile. White boxes show the position of samples CUN‐12‐01 (top) and CUN‐12‐03
(bottom) [Color figure can be viewed at wileyonlinelibrary.com]
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Pleistocene ages, we modeled the ages as two contiguous early (TP I)

and late (TP II) phases and then as two sequential phases. The

contiguous‐phase model inserts an additional “transition” boundary

between an early group and late group of ages, assuming quasi‐

continuous occupation activity between the two distinct phases. The

sequential‐phase model inserts two internal boundary commands

between groups of ages and allows for the possibility of two distinct,

ordered occupation phases separated by a hiatus.

Comparison of these two‐phase models showed highly con-

sistent results, with the contiguous‐phase model having a slightly

better agreement index (Amodel = 158.9) than the sequential‐phase

model (Amodel = 152.5). No gap between modeled early and late

Terminal Pleistocene phases is indicated (Figures 6 and S2), sug-

gesting that the difficulty in modeling the Terminal Pleistocene oc-

cupation as a single phase is likely an artefact of the irregular

SHCal20 calibration curve during this period of time. A statistically

similar, continuous but time‐transgressive accumulation of Terminal

Pleistocene occupation evidence is supported by both models

and consistent with original interpretations of unmodeled ages

(Rademaker et al., 2014).

Considering the contiguous‐phase model and both Terminal Pleis-

tocene phases together, the Terminal Pleistocene occupation of Cun-

caicha is constrained to a shorter maximum time period (785 years at

the 95.4% confidence interval) (Table 1, Figure S3) than suggested by

the calibrated age ranges of the individual faunal ages. Separating the

Terminal Pleistocene occupation from the subsequent Early Holocene

occupation, a hiatus of 1535–2530 years (95.4% range) or 1825–2490

years (68.3% range) is indicated—about two millennia.

The seven Early Holocene AMS ages were modeled as a single

phase. The Early Holocene occupation spans a maximum of 210 years

(95.4% range) or a maximum of 90 years (68.3% range). Whether the

Early Holocene component lasted one or two centuries, it was much

shorter than the preceding Terminal Pleistocene occupation.

Following the end of the Early Holocene occupation, a hiatus of three

to four millennia is indicated before the start of the Late‐Middle

Holocene occupation.

Modeling the six Late‐Middle Holocene ages as a single phase

did not produce good agreement or convergence indices. Rademaker

TABLE 2 List of archaeological thin sections from Cuncaicha
rock shelter with provenience information

Sample ID Stratum Component Unit Profile/feature

CUN‐12‐01A 1 LH 2 South

CUN‐12‐01B 1 → 2 LH 2 South

CUN‐12‐01C 2 LH 2 South

CUN‐12‐02A 2 LH 2 South

CUN‐12‐02B 2 → 3 LH → LMH 2 South

CUN‐12‐02C 3 LMH 2 South

CUN‐12‐03 3 → 4 LMH → EH 2 South

CUN‐12‐09 5 → 6 EH → TP 2 South

CUN‐12‐06A 5 TP 9 Feat. 12‐04 (base)

CUN‐12‐06B 5 TP 9 Feat. 12‐04 (base)

CUN‐12‐07 4 EH 9 Feat. 12‐04 (top)

CUN‐15‐117 5 TP 9 North

CUN‐14‐01 5 TP 10 North

CUN‐15‐116 5 TP 10 North

CUN‐12‐08 5 TP 11 East

CUN‐15‐118 5 TP 11 East

CUN‐15‐14 4 → 5 EH → TP 12 Center of unit

CUN‐15‐120 5 TP 12 North

CUN‐15‐128 2 → 3 LH → LMH 12 North

CUN‐15‐122 2 → 3 LH → LMH 13 South

CUN‐15‐125A 2 LH 13 East

CUN‐15‐125B 2 LH 13 East

CUN‐15‐126A 2 → 3 LH → LMH 13 East

CUN‐15‐126B 3 LMH 13 East

CUN‐15‐127A 3 LMH 13 East

CUN‐15‐127B 3 → 4 LMH →EH 13 East

Abbreviations: EH, Early Holocene; LH, Late Holocene, LMH, Late‐Middle

Holocene; TP, Terminal Pleistocene.

F IGURE 6 Bayesian model plot of boundaries, with two Terminal Pleistocene contiguous phases (TP I and TP II), a single Early Holocene
phase, and two Late‐Middle Holocene contiguous phases (LMH I and LMH II). No gaps are indicated either between TP I and TP II or between
LMH I and LMH II. This suggests quasi‐continuous but time‐transgressive accumulation of occupation evidence in both periods. C, convergence
indices
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and Hodgins (2018) identified the likely reason for this issue, a lower

than optimal dating density for this occupation component. The six

Late‐Middle Holocene ages form distinct early and late clusters of

three ages each. Using a sequential two‐phase model, the Late‐

Middle Holocene occupation spans a maximum of 505 years (95.4%

range) or 225 years (68.3% range).

3.2 | Field observations and sediment

micromorphology

Here, we provide a detailed description of the strata at Cuncaicha for

the first time, combining field observations with those made under

magnification. Table 3 provides specific remarks on the sedimentary

components, noting whether they are geogenic, biogenic, or an-

thropogenic. The micromorphological analysis confirms that the se-

dimentary components are largely similar across the different strata;

however, their frequency and occurrence in the different strata allow

for further differentiation.

3.2.1 | Stratum VI

Stratum VI is the anthropogenically sterile sediment that pre‐dates

StratumV at >12.3 ka. Micromorphology block CUN‐12‐09, collected

from the south profile of Unit 2, captures the subtle transition from

Stratum V to Stratum VI in the bottom left corner. In general, the

StratumVI sediment is of light brownish color and compact (Figure 7).

Aside from the absence of anthropogenic material, the Stratum VI

groundmass resembles the groundmass in the overlying Stratum V.

3.2.2 | Stratum V

Stratum V is associated with the earliest Terminal Pleistocene

occupation at the site (~12.3–11.1 ka), with 23 ages from Units 1, 2,

7, 9, and 13s (Tables 1 and S1). Thin sections were produced from

micromorphological block samples from Units 2 (CUN‐12‐09),

9 (CUN‐12‐06, CUN‐15‐116), 10 (CUN‐14‐01, CUN‐15‐117), 11

(CUN‐12‐08, CUN‐15‐118), and 12 (CUN‐15‐120) (see Tables S2

and S3). Generally, Stratum V sediment has fewer coarse inclusions

than the overlying strata. Under the microscope, a further differ-

entiation is possible (Figure 8). Stratum V sediment is quite homo-

geneous in the sheltered and undisturbed part of the rock shelter

(Units 2, 11, 12). StratumV is defined by a highly calcareous, compact

groundmass with moderate inclusions of burned bone and bedrock

fragments, as well as microdebitage. In contrast to the general

findings from StratumV based on samples from Units 2, 11, and 12, in

the thin sections from pit feature 12‐04 in Unit 9 (CUN‐12‐06,

CUN‐14‐01), the microstructure is considerably more disintegrated

and looser than StratumV (Table S2). Furthermore, in the feature thin

sections CUN‐14‐01 and CUN‐12‐06 A and B and CUN‐15‐116,

sediment is decalcified.

Burning of bones as an indicator for anthropogenic activity has

been tested with µFTIR analyses (Figure 9). Analyses were performed

on bone fragments included in CUN‐12‐09, originating from the

Strata V–VI contact in Unit 2. The µFTIR spectra from the bone

fragments indicate that the bones have been burned, matching the

spectra from the burned bone reference collections.

3.2.3 | Transition V–IV

At the transition from Stratum IV to Stratum V, a compact mineral

layer was identified. One fragment of the mineral layer, deriving from

the Unit 13 north wall, has been directly dated (see Section 4.2,

Tables 1 and S1). Another fragment of this layer from Unit 12 was

processed into a thin section (CUN‐15‐14) (Tables S2 and S3).

Macroscopically, the layer appears to be cementing Terminal Pleis-

tocene sediment. The overall structure shows biomorphic forms with

some vegetal voids visible with the naked eye. Macroscopically, the

layer appears to be tufa, a calcareous spring deposit forming under

ambient wet conditions.

Microscopically, the overall appearance, the microstructure, and

the voids resemble normal, calcareous tufa. Compositionally, how-

ever, alterations are visible. The sediment in the mineral layer appears

to be cemented, and the matrix is completely composed of a con-

creted mineral formation. The mineral is beige in plane‐polarized light

(Figure 10B) and under cross‐polarized light, the layer appears almost

entirely isotropic, except for some inclusions of anisotropic mineral

grains (mostly plagioclase from the bedrock). This suggests the pre-

sence of a phosphatic mineral instead of a calcareous one. The se-

diment directly below this layer in Unit 12 (CUN‐15‐120) is

decalcified as well (Table S2).

We analyzed the layer in thin section (CUN‐15‐14) using fluor-

escence microscopy. Under blue light, the amorphous mineral is

highly fluorescent (Figure 10B), supporting the identification of a

phosphatic mineral phase. Adding UV light to the blue light, sec-

ondary mineral formations were additionally visible. We also con-

ducted FTIR analysis on a loose sample from the Unit 12 north

profile. The FTIR spectrum matches with apatite spectra from the

reference spectral library (Figure 10A). Furthermore, µFTIR analyses

were performed on the CUN‐15‐14 thin section. In the thin section,

domains composed almost exclusively of the suspected apatite were

selected, before collecting spectra on these points. The µFTIR

spectrum also matches apatite spectra from the reference spectral

library. All of these observations support the identification of the

mineral layer at the Stratum V/IV contact as tufa that underwent

diagenetic transformation into apatite.

3.2.4 | Stratum IV

Stratum IV dates to the Early Holocene (~9.6–9.2 ka) based on

seven AMS ages from Units 1, 2, 7, and 13 (Tables 1 and S1). This

stratum is laterally extensive, homogeneous, and about 30 cm thick.

MEINEKAT ET AL. | 9



T
A
B
L
E

3
R
es
u
lt
s
fr
o
m

th
e
ge

o
ar
ch

ae
o
lo
gi
ca
l
sa
m
p
le
s
an

d
th
in
‐s
ec

ti
o
n
an

al
ys
es

p
er

st
ra
tu
m

S
tr
a
tu
m

F
ie
ld

o
b
se
rv
a
ti
o
n
s

M
a
cr
o
sc
o
p
ic

th
in
‐
se
ct
io
n

o
b
se
rv
a
ti
o
n
s

(s
e
e
a
ls
o
T
a
b
le

S
3
)

M
ic
ro
sc
o
p
ic

th
in
‐
se
ct
io
n
o
b
se
rv
a
ti
o
n
s
(s
e
e
a
ls
o
T
a
b
le

S
2
)

In
te
rp
re
ta
ti
o
n

G
e
o
g
e
n
ic

B
io
g
e
n
ic

A
n
th
ro
p
o
g
e
n
ic

V
I
(F
ig
u
re

7
)

D
ep

th
:
>
1
2
0
–
1
3
0
cm

b
el
o
w

su
rf
ac
e

H
an

d
co

ri
n
g
to

1
5
0
cm

en
co

u
n
te
re
d
co

ar
se

cl
as
ti
c
m
at
er
ia
l

in
cr
ea

si
n
g
w
it
h
d
ep

th

u
n
ti
lr
ef
u
sa
lo

n
b
ed

ro
ck

sl
ab

s

M
u
n
se
ll
1
0
Y
R
4
/3

B
ro
w
n

co
m
p
ac
t
sa
n
d
y
si
lt

Si
m
ila
r
to

St
ra
tu
m

V
T
u
fa
‐r
el
at
ed

ca
rb
o
n
at
es

P
re
d
o
m
in
an

ce
o
f
m
ic
ri
ti
c

ca
rb
o
n
at
es

w
it
h
fe
w

co
ar
se

in
cl
u
si
o
n
s,
i.e
.,
an

d
es
it
e

ro
ck
fa
ll,

re
su
lt
s
in

h
o
m
o
ge

n
eo

u
s,
co

m
p
ac
t

gr
o
u
n
d
m
as
s
in
te
rr
u
p
te
d
b
y

vo
id
s

O
rg
an

ic
m
at
te
r
vi
si
b
le

as

am
o
rp
h
o
u
s
o
rg
an

ic
fi
n
e

m
at
er
ia
l

So
m
e
ch

an
n
el
s,
p
ro
b
ab

ly
b
y

ro
o
t
o
r
m
ic
ro
fa
u
n
a

ac
ti
vi
ty

N
o
n
e

A
rc
h
ae

o
lo
gi
ca
lly

st
er
ile

su
b
st
ra
tu
m

V
(F
ig
u
re

8
)

D
ep

th
:
~
8
0
to

~
1
2
0
–
1
3
0
cm

b
el
o
w

su
rf
ac
e

~
4
0
–
5
0
cm

th
ic
k,

la
te
ra
lly

ex
te
n
si
ve

M
u
n
se
ll
1
0
Y
R
3
/2

‐4
/2

V
er
y
d
ar
k
gr
ay

is
h

b
ro
w
n
to

d
ar
k
gr
ay

is
h

b
ro
w
n
si
lt

F
ew

er
co

ar
se

in
cl
u
si
o
n
s
th
an

th
e
o
ve

rl
yi
n
g
st
ra
ta

G
ro
u
n
d
m
as
s
co

n
si
st
s
o
f
m
ic
ri
ti
c

ca
lc
it
e,

re
la
te
d
to

tu
fa

fo
rm

at
io
n

B
io
m
o
rp
h
ic

tu
fa

fo
rm

s
w
it
h
in

a

m
at
ri
x
o
f
m
ic
ri
ti
c
tu
fa
‐

re
la
te
d
ca
rb
o
n
at
es

So
m
e
la
m
in
at
io
n
s
w
it
h
d
ia
to
m
s

w
it
h
in

th
e
tu
fa
‐r
el
at
ed

ca
rb
o
n
at
es

H
ig
h
ca
rb
o
n
at
e
am

o
u
n
t

co
n
d
en

se
s
th
e
gr
o
u
n
d
m
as
s

an
d
le
ad

s
to

a
co

m
p
ac
t

m
ic
ro
st
ru
ct
u
re

G
eo

ge
n
ic

m
at
er
ia
l
o
th
er

th
an

ca
rb
o
n
at
es
,
su
ch

as
n
at
u
ra
l

vo
lc
an

ic
gl
as
s,
is
p
re
se
n
t
b
u
t

is
le
ss

fr
eq

u
en

t
th
an

in
th
e

H
o
lo
ce

n
e
st
ra
ta

A
u
to
ch

th
o
n
o
u
s
an

d
es
it
e

fr
ag

m
en

ts
p
re
se
n
t,
w
it
h
o
n
ly

m
in
o
r
w
ea

th
er
in
g
p
ro
ce

ss
es

A
m
o
rp
h
o
u
s
o
rg
an

ic
fi
n
e

m
at
er
ia
la
ss
o
ci
at
ed

w
it
h

m
ic
ri
ti
c
ca
rb
o
n
at
e

So
m
e
ch

an
n
el
s
in
te
rr
u
p
t

th
e
gr
o
u
n
d
m
as
s
an

d

re
w
o
rk

m
at
er
ia
l
lo
ca
lly
,

as
se
en

in
m
ic
ro
gr
an

u
la
r

in
fi
lli
n
gs

C
o
m
p
ar
ed

to
St
ra
tu
m

V
I,

th
e
gr
o
u
n
d
m
as
s
is
m
o
re

m
ic
ro
gr
an

u
la
r

A
sh
‐d
er
iv
ed

ca
rb
o
n
at
es

p
re
se
n
t

Si
n
gl
e
as
h
o
xa
la
te

p
se
u
d
o
m
o
rp
h
s,
ar
ti
cu

la
te
d

as
h
o
xa
la
te

p
se
u
d
o
m
o
rp
h
s

Sm
al
l
am

o
u
n
ts

o
f
ch

ar
co

al

p
re
se
n
t

Li
th
ic

m
ic
ro
d
eb

it
ag

e
o
f
a

va
ri
et
y
o
f
ra
w

m
at
er
ia
ls

(r
ed

ja
sp
er
,
q
u
ar
tz
it
e,

o
b
si
d
ia
n
)

B
o
n
e
fr
ag

m
en

ts
,
m
o
st

o
f

w
h
ic
h
ex

h
ib
it
si
gn

s
o
f

h
ea

ti
n
g

F
ir
st

h
u
m
an

o
cc
u
p
at
io
n
in

T
er
m
in
al

P
le
is
to
ce

n
e

an
d
tu
fa

fo
rm

at
io
n

T
ra
n
si
ti
o
n
V
–
IV

(F
ig
u
re

1
0
)

D
ep

th
:
~
8
0
cm

b
el
o
w

su
rf
ac
e

~
5
–
1
0
cm

th
ic
k,

d
is
co

n
ti
n
u
o
u
s

M
u
n
se
ll
1
0
Y
R
3
/2

d
ar
k

b
ro
w
n
an

d
1
0
Y
R
4
/2

d
ar
k
gr
ay

is
h
b
ro
w
n

M
in
er
al

la
ye

r
ap

p
ea

rs
to

b
e

ce
m
en

ti
n
g
T
er
m
in
al

P
le
is
to
ce

n
e
se
d
im

en
t

C
o
ar
se

in
cl
u
si
o
n
s
o
f
p
o
ss
ib
ly

b
u
rn
t
b
o
n
e
an

d
b
ed

ro
ck

fr
ag

m
en

ts

F
in
e
o
rg
an

ic
sp
ec

kl
es

fr
eq

u
en

t
an

d
in
cr
ea

se

T
h
e
se
d
im

en
t
in

th
e
m
in
er
al

la
ye

r
ap

p
ea

rs
to

b
e
ce

m
en

te
d
,
an

d
th
e
m
at
ri
x
is

co
m
p
le
te
ly

co
m
p
o
se
d
o
f
a
co

n
cr
et
ed

m
in
er
al

fo
rm

at
io
n

M
ic
ro
cr
ys
ta
lli
n
e
m
in
er
al

fo
rm

at
io
n
is

in
te
rm

ix
ed

w
it
h
ty
p
ic
al

si
lt
y
gr
o
u
n
d
m
as
s

P
h
o
sp
h
at
iz
ed

tu
fa

la
ye

r

10 | MEINEKAT ET AL.



T
A
B
L
E

3
(C
o
n
ti
n
u
ed

)

S
tr
a
tu
m

F
ie
ld

o
b
se
rv
a
ti
o
n
s

M
a
cr
o
sc
o
p
ic

th
in
‐
se
ct
io
n

o
b
se
rv
a
ti
o
n
s

(s
e
e
a
ls
o
T
a
b
le

S
3
)

M
ic
ro
sc
o
p
ic

th
in
‐
se
ct
io
n
o
b
se
rv
a
ti
o
n
s
(s
e
e
a
ls
o
T
a
b
le

S
2
)

In
te
rp
re
ta
ti
o
n

G
e
o
g
e
n
ic

B
io
g
e
n
ic

A
n
th
ro
p
o
g
e
n
ic

m
o
tt
le
d
,
co

m
p
ac
t,

gr
av

el
ly

M
in
er
al

la
ye

r
an

d

co
n
cr
et
io
n
s
id
en

ti
fi
ed

as
tu
fa

to
w
ar
d
th
e
u
p
p
er

ri
m

o
f

th
e
th
in

se
ct
io
n

O
ve

ra
ll
st
ru
ct
u
re

sh
o
w
s

b
io
m
o
rp
h
ic

fo
rm

s
w
it
h

so
m
e
vo

id
s

IV
(F
ig
u
re

1
1
A
,B
)

D
ep

th
:
~
5
0
to

~
8
0
cm

b
el
o
w

su
rf
ac
e

~
3
0
‐c
m

th
ic
k,

la
te
ra
lly

ex
te
n
si
ve

M
u
n
se
ll
1
0
Y
R
3
/2

V
er
y

d
ar
k
gr
ay

is
h
b
ro
w
n
,

h
o
m
o
ge

n
eo

u
s
fi
n
e
si
lt

R
es
em

b
le
s
St
ra
tu
m

II

T
h
e
gr
ay

co
lo
r
an

d
co

ar
se

in
cl
u
si
o
n
s
o
f
b
ed

ro
ck

fr
ag

m
en

ts
,
b
o
n
e,

an
d

ch
ar
co

al
ar
e
o
b
se
rv
ab

le

w
it
h
th
e
n
ak

ed
ey

e
in

th
in

se
ct
io
n
an

d
ar
e
co

n
si
st
en

t

in
al
l
o
f
th
e
th
in

se
ct
io
n
s

fr
o
m

St
ra
tu
m

IV

M
o
d
er
at
el
y
ca
lc
ar
eo

u
s

gr
o
u
n
d
m
as
s,
b
u
t
a

d
ec

re
as
e
in

m
ic
ri
ti
c

ca
rb
o
n
at
es

co
m
p
ar
ed

to

St
ra
tu
m

V

F
ew

tu
fa
‐r
el
at
ed

ca
rb
o
n
at
es

p
re
se
n
t

Si
lt
an

d
fi
n
e
sa
n
d
‐s
iz
ed

m
at
er
ia
l
p
re
va

le
n
t,
in
cl
u
d
in
g

p
la
gi
o
cl
as
e
m
in
er
al

gr
ai
n
s,
as

w
el
l
as

co
m
m
o
n
in
cl
u
si
o
n
o
f

n
at
u
ra
l
vo

lc
an

ic
gl
as
s

R
el
at
iv
el
y
u
n
w
ea

th
er
ed

an
d
es
it
e

b
ed

ro
ck

fr
ag

m
en

ts
co

m
m
o
n

A
m
o
u
n
t
o
f
b
io
ge

n
ic
,

am
o
rp
h
o
u
s
p
la
n
t
ti
ss
u
e

is
ve

ry
lo
w

A
si
d
e
fr
o
m

th
e

m
ic
ro
gr
an

u
la
r

m
ic
ro
st
ru
ct
u
re
,

ch
an

n
el
s
p
ro
vi
d
e

ev
id
en

ce
fo
r
lo
ca
liz
ed

m
ix
in
g
o
f
m
at
er
ia
l
b
y

in
se
ct
s
o
r
ro
o
ts

Sa
n
d
‐s
iz
ed

b
o
n
e
fr
ag

m
en

ts
ar
e

ei
th
er

ca
lc
in
ed

,
o
r
o
f

b
ro
w
n
is
h
co

lo
r,
su
gg

es
ti
n
g

b
u
rn
in
g

B
o
n
e
fr
ag

m
en

ts
d
o
n
o
t
sh
o
w

si
gn

s
o
f
w
ea

th
er
in
g

Sa
n
d
‐s
iz
ed

ch
ar
co

al
fr
ag

m
en

ts

m
o
re

co
m
m
o
n
th
an

h
u
m
if
ie
d
o
rg
an

ic
m
at
te
r

Li
th
ic

m
ic
ro
d
eb

it
ag

e

re
p
re
se
n
te
d
b
y

sa
n
d‐
si
ze
d
fl
ak

es
o
f

o
b
si
d
ia
n

E
ar
ly

H
o
lo
ce

n
e

o
cc
u
p
at
io
n

In
cr
ea

se
o
f

al
lo
ch

th
o
n
o
u
s
si
lt
‐

si
ze
d
,
ae

o
lia
n

p
ar
ti
cl
es

re
fl
ec

ts

ch
an

ge
in

th
e

d
ep

o
si
ti
o
n
al

en
vi
ro
n
m
en

t

II
I
(F
ig
u
re

1
1
C
–
H
)

D
ep

th
:
~
3
0
–
4
0
to

~
5
0
cm

b
el
o
w

su
rf
ac
e

V
ar
ia
b
ly

th
ic
k,

1
0
–
2
0
cm

w
h
er
e
p
re
se
n
t,
n
o
t

la
te
ra
lly

ex
te
n
si
ve

ac
ro
ss

th
e
en

ti
re

ex
ca
va

ti
o
n
ar
ea

M
u
n
se
ll
1
0
Y
R
2
/1

‐2
/2

b
la
ck

to
ve

ry
d
ar
k

b
ro
w
n
h
o
m
o
ge

n
eo

u
s

si
lt
y
sa
n
d
w
it
h
h
ig
h

ch
ar
co

al
co

n
te
n
t

N
o
t
vi
si
b
le

m
ac
ro
sc
o
p
ic
al
ly

in

sa
m
p
le
s
C
U
N
‐1
5
‐1
2
8
an

d

C
U
N
‐1
5
‐1
2
2

M
ic
ro
st
ru
ct
u
re

is
m
ic
ro
gr
an

u
la
r,

ve
ry

o
p
en

,
an

d
co

ar
se

fr
ag

m
en

ts
ar
e
co

m
p
le
te
ly

u
n
o
ri
en

te
d

D
o
es

n
o
t
co

n
ta
in

tu
fa
‐r
el
at
ed

ca
rb
o
n
at
es

U
n
d
er

cr
o
ss
ed

p
o
la
ri
ze
d
lig
h
t,

th
e
gr
o
u
n
d
m
as
s
is

ge
n
er
al
ly

n
o
n
ca
lc
ar
eo

u
s
H
o
w
ev

er
,

se
co

n
d
ar
y
ca
rb
o
n
at
e

fe
at
u
re
s
ar
e
p
ro
m
in
en

t

A
ro
u
n
d
vo

id
s,
m
o
st
ly

ch
an

n
el
s,

co
at
in
gs
,
an

d
h
yp

o
co

at
in
gs

o
f
se
co

n
d
ar
y
ca
lc
it
e
ar
e

p
re
se
n
t

Si
lt
y
ca
p
p
in
gs

an
d
co

at
in
gs

o
n

th
e
co

ar
se

fr
ac
ti
o
n

co
m
p
o
n
en

ts
ar
e
ev

id
en

t

Si
gn

if
ic
an

t
in
cr
ea

se
in

am
o
rp
h
o
u
s
p
la
n
t

m
at
er
ia
lv

is
ib
le

in
p
la
n
e‐

p
o
la
ri
ze
d
lig
h
t

H
u
m
if
ie
d
,
fi
n
el
y

co
m
m
in
u
te
d
o
rg
an

ic

m
at
te
r
ex

p
la
in
s

d
is
ti
n
ct
iv
e
d
ar
ke

r
co

lo
r

C
h
an

n
el
s,
so
m
e
w
it
h

in
fi
lli
n
gs
,s
o
m
e
o
f
w
h
ic
h

ar
e
cr
es
ce

n
t‐
sh
ap

ed
,

ar
e
fr
eq

u
en

t

H
ig
h
b
o
n
e
fr
ag

m
en

t
an

d

ch
ar
co

al
co

n
te
n
t
co

m
p
ar
ed

to
th
e
o
th
er

st
ra
ta

F
re
q
u
en

t
sa
n
d
‐s
iz
ed

an
d
la
rg
er

gr
av

el
‐s
iz
ed

b
o
n
e

fr
ag

m
en

ts
ex

h
ib
it
si
gn

s
o
f

h
ea

ti
n
g.

B
o
n
e
fr
ag

m
en

ts
in

th
in

se
ct
io
n
s
ap

p
ea

r
to

b
e

la
rg
er

th
an

in
th
e

u
n
d
er
ly
in
g
st
ra
ta
,m

at
ch

in
g

th
e
fi
el
d
o
b
se
rv
at
io
n
s.

A
lo
n
gs
id
e
h
ea

ti
n
g

p
ro
ce

ss
es
,
so
m
e
b
o
n
e

fr
ag

m
en

ts
d
is
p
la
y
si
gn

s
o
f

w
ea

th
er
in
g

F
ew

to
n
o
as
h
o
xa
la
te

p
se
u
d
o
m
o
rp
h
s
ar
e
p
re
se
n
t.

In
th
e
th
in

se
ct
io
n
s
fr
o
m

U
n
it
2
,
so
m
e
si
n
gl
e
as
h

o
xa
la
te

p
se
u
d
o
m
o
rp
h
s
ar
e

La
te
‐M

id
d
le

H
o
lo
ce

n
e

o
cc
u
p
at
io
n

F
o
rm

at
io
n
o
f
an

A
‐h
o
ri
zo

n

(C
o
n
ti
n
u
es
)

MEINEKAT ET AL. | 11



T
A
B
L
E

3
(C
o
n
ti
n
u
ed

)

S
tr
a
tu
m

F
ie
ld

o
b
se
rv
a
ti
o
n
s

M
a
cr
o
sc
o
p
ic

th
in
‐
se
ct
io
n

o
b
se
rv
a
ti
o
n
s

(s
e
e
a
ls
o
T
a
b
le

S
3
)

M
ic
ro
sc
o
p
ic

th
in
‐
se
ct
io
n
o
b
se
rv
a
ti
o
n
s
(s
e
e
a
ls
o
T
a
b
le

S
2
)

In
te
rp
re
ta
ti
o
n

G
e
o
g
e
n
ic

B
io
g
e
n
ic

A
n
th
ro
p
o
g
e
n
ic

B
ed

ro
ck

fr
ag

m
en

ts
ar
e
p
re
se
n
t

an
d
sh
o
w

si
gn

s
o
f

w
ea

th
er
in
g

in
cl
u
d
ed

.
In

U
n
it
s
1
2
an

d

1
3
,a

sh
o
xa
la
te

cr
ys
ta
ls
ar
e

co
m
p
le
te
ly

ab
se
n
t

M
ic
ro
d
eb

it
ag

e
o
f
o
b
si
d
ia
n
,

m
ic
ro
cr
ys
ta
lli
n
e
vo

lc
an

ic

ro
ck
,
an

d
ja
sp
er

is

p
re
va

le
n
t

O
ch

re
is

in
d
ic
at
ed

in
th
e
th
in

se
ct
io
n
C
U
N
‐1
2
‐0
2
C

II
(F
ig
u
re

1
2
)

D
ep

th
:
~
1
5
–
2
5
to

~
3
0
–
4
0
cm

b
el
o
w

su
rf
ac
e

1
5
cm

th
ic
k,

o
b
se
rv
ed

ac
ro
ss

th
e
en

ti
re

ex
ca
va

ti
o
n
ar
ea

M
u
n
se
ll
1
0
Y
R
3
/2

V
er
y

d
ar
k
gr
ay

is
h
b
ro
w
n
,

h
o
m
o
ge

n
eo

u
s
fi
n
e
si
lt

C
er
am

ic
sh
er
d
s
d
ia
gn

o
st
ic

to
<
4
ka

in
al
l
u
n
it
s

B
ed

ro
ck

fr
ag

m
en

ts
,
b
u
rn
t

b
o
n
e,

an
d
ch

ar
co

al

Si
m
ila
r
to

St
ra
tu
m

IV

T
h
e
fi
n
e
fr
ac
ti
o
n
is

m
ai
n
ly

co
m
p
o
se
d
o
f
si
lt
‐s
iz
ed

p
ar
ti
cl
es

m
ix
ed

w
it
h
so
m
e

cl
ay

an
d
fi
n
e
sa
n
d

N
at
u
ra
l
vo

lc
an

ic
gl
as
s
sh
ar
d
s

an
d
sm

al
l
fr
ag

m
en

ts
o
f

p
u
m
ic
e
ar
e
in
cl
u
d
ed

in
th
e

gr
o
u
n
d
m
as
s

C
ar
b
o
n
at
es

ar
e
an

im
p
o
rt
an

t

co
m
p
o
n
en

t.
P
ri
m
ar
y

ca
rb
o
n
at
es

m
o
re

fr
eq

u
en

t

th
an

se
co

n
d
ar
y
ca
rb
o
n
at
es
.

F
o
rm

at
io
n
o
f
se
co

n
d
ar
y

ca
rb
o
n
at
e
fe
at
u
re
s
ar
o
u
n
d

ch
an

n
el
s,
as

co
at
in
gs

an
d

h
yp

o
co

at
in
gs

T
u
fa
‐f
o
rm

in
g
p
ro
ce

ss
es
.
Sm

al
l

tu
fa

ag
gr
eg

at
es
,e
it
h
er

in
si
tu

o
r
re
w
o
rk
ed

th
ro
u
gh

o
u
t
th
e

ex
ca
va

ti
o
n
ar
ea

.
In

U
n
it
1
3
,

th
er
e
is

an
in
cr
ea

se
in

tu
fa

ag
gr
eg

at
es
,
so
m
e
re
w
o
rk
ed

G
ro
u
n
d
m
as
s
in
si
d
e
th
es
e

ag
gr
eg

at
es

is
si
m
ila
r
to

th
e

su
rr
o
u
n
d
in
g
gr
o
u
n
d
m
as
s,

in
d
ic
at
in
g
o
n
ly

lo
ca
liz
ed

re
w
o
rk
in
g

F
u
rt
h
er

m
at
er
ia
l
m
ix
in
g
is

ev
id
en

ce
d
b
y
si
lt
co

at
in
gs

o
f

th
e
co

ar
se

fr
ac
ti
o
n

M
ic
ro
st
ru
ct
u
re

is

m
ic
ro
gr
an

u
la
r
an

d

ra
th
er

lo
o
se
ly

p
ac
ke

d

F
u
rt
h
er

m
at
er
ia
l
m
ix
in
g
in

St
ra
tu
m

II
is

ev
id
en

ce
d

b
y
th
e
p
re
se
n
ce

o
f

ch
an

n
el
s,
so
m
e
o
f

w
h
ic
h
ar
e
in
fi
lle
d

B
io
ge

n
ic

co
m
p
o
n
en

ts

d
ec

re
as
e
si
gn

if
ic
an

tl
y

co
m
p
ar
ed

to
th
e

u
n
d
er
ly
in
g
St
ra
tu
m

II
I.

O
n
ly

so
m
e
h
u
m
if
ie
d

p
la
n
t
m
at
te
r
ca
n
b
e

o
b
se
rv
ed

C
o
ar
se

co
m
p
o
n
en

ts
ar
e

d
o
m
in
at
ed

b
y
sm

al
l
sa
n
d
‐

si
ze
d
b
o
n
e
fr
ag

m
en

ts
.

So
m
e
b
o
n
e
fr
ag

m
en

ts
ar
e

la
rg
er
,
an

d
m
o
st

o
f
th
em

in
d
ic
at
e
h
ea

ti
n
g
p
ro
ce

ss
es

C
h
ar
co

al
fr
ag

m
en

ts

M
ic
ro
d
eb

it
ag

e
o
f
o
b
si
d
ia
n
,r
ed

,

an
d
ye

llo
w

ja
sp
er

is

fr
eq

u
en

t

A
sh
‐d
er
iv
ed

ca
rb
o
n
at
es

co
n
tr
ib
u
te

to
th
e

gr
o
u
n
d
m
as
s.

M
an

y
si
n
gl
e

o
r
ar
ti
cu

la
te
d
ro
u
n
d
as
h

o
xa
la
te

p
se
u
d
o
m
o
rp
h
s

La
te

H
o
lo
ce

n
e

o
cc
u
p
at
io
n

M
ix
ed

si
gn

al
s
in
d
ic
at
e

le
ss

u
n
id
ir
ec

ti
o
n
al

tr
en

d
s

12 | MEINEKAT ET AL.



T
A
B
L
E

3
(C
o
n
ti
n
u
ed

)

S
tr
a
tu
m

F
ie
ld

o
b
se
rv
a
ti
o
n
s

M
a
cr
o
sc
o
p
ic

th
in
‐
se
ct
io
n

o
b
se
rv
a
ti
o
n
s

(s
e
e
a
ls
o
T
a
b
le

S
3
)

M
ic
ro
sc
o
p
ic

th
in
‐
se
ct
io
n
o
b
se
rv
a
ti
o
n
s
(s
e
e
a
ls
o
T
a
b
le

S
2
)

In
te
rp
re
ta
ti
o
n

G
e
o
g
e
n
ic

B
io
g
e
n
ic

A
n
th
ro
p
o
g
e
n
ic

I
(F
ig
u
re

1
3
)

D
ep

th
:
0
to

1
5
–
2
5
cm

b
el
o
w

su
rf
ac
e

1
5
–
2
5
cm

th
ic
k
an

d

ex
te
n
si
ve

th
ro
u
gh

o
u
t

th
e
ex

ca
va

te
d
ar
ea

M
u
n
se
ll
1
0
Y
R
6
/1

b
la
ck

fi
n
e
o
rg
an

ic
si
lt
w
it
h

h
ig
h
ch

ar
co

al
co

n
te
n
t,

1
0
Y
R
3
/2

ve
ry

d
ar
k

gr
ay

is
h
b
ro
w
n
fi
n
e
si
lt
,

1
0
Y
R
8
/1

w
h
it
e
as
h

le
n
se
s

<
4
ka

d
ia
gn

o
st
ic

ce
ra
m
ic

in

al
l
u
n
it
s

C
o
ar
se

in
cl
u
si
o
n
s
m
o
st
ly

co
n
si
st

o
f
b
u
rn
t
b
o
n
e

fr
ag

m
en

ts
an

d
ch

ar
co

al

B
ed

ro
ck

fr
ag

m
en

ts
an

d

ce
ra
m
ic

sh
er
d
s

C
o
m
b
u
st
io
n
‐r
el
at
ed

m
at
er
ia
l

d
is
p
la
ys

ty
p
ic
al

re
p
et
it
iv
e

se
q
u
en

ci
n
g
o
f
in
ta
ct
,

st
ac
ke

d
co

m
b
u
st
io
n

fe
at
u
re
s
o
f
ru
b
ef
ie
d

se
d
im

en
t,
ch

ar
co

al
,
an

d

as
h
la
ye

rs

Lo
ca
liz
ed

m
ix
in
g
o
f
m
at
er
ia
ls
.

C
o
n
ta
ct
s
b
et
w
ee

n
la
ye

rs

ar
e
u
n
d
u
la
ti
n
g
an

d
n
o
t

al
w
ay

s
sh
ar
p
.
A
gg

re
ga

te
s

in
cl
u
d
in
g
d
if
fe
re
n
t

m
at
er
ia
l
th
an

th
e

su
rr
o
u
n
d
in
g
gr
o
u
n
d
m
as
s

ar
e
vi
si
b
le

C
h
an

n
el
s
cu

t
th
ro
u
gh

d
is
ti
n
ct

la
ye

rs
,r
es
u
lt
s
in

m
ix
in
g
o
f

th
es
e
la
ye

rs

A
llo

ch
th
o
n
o
u
s
ge

o
ge

n
ic

m
at
er
ia
l
le
ss

co
m
m
o
n
th
an

in
th
e
o
th
er

st
ra
ta

an
d

co
n
ce

n
tr
at
ed

in
sp
ec

if
ic

la
ye

rs
,
w
h
ile

o
th
er

m
ic
ro
la
ye

rs
ar
e
al
m
o
st

p
u
re
ly

an
th
ro
p
o
ge

n
ic
,
e.
g.

in

as
h
la
ye

rs

A
m
o
u
n
t
o
f
ge

o
ge

n
ic

se
d
im

en
t

re
d
u
ce

d
b
y
th
e
p
re
va

le
n
ce

o
f
an

th
ro
p
o
ge

n
ic
‐d
er
iv
ed

m
at
er
ia
ls
,
su
ch

as
as
h
es

Se
co

n
d
ar
y
ca
rb
o
n
at
es

p
re
se
n
t

as
co

at
in
gs

an
d

h
yp

o
co

at
in
gs

ar
o
u
n
d
vo

id
s,

as
in
fi
lli
n
gs

in
ch

an
n
el
s,
o
r
as

im
p
re
gn

at
io
n
in

th
e

gr
o
u
n
d
m
as
s,
m
o
st
ly

sp
ar
it
ic
,

w
it
h
h
ig
h
er

b
ir
ef
ri
n
ge

n
ce

R
el
at
iv
e
to

p
ri
m
ar
y
ca
rb
o
n
at
es
,

se
co

n
d
ar
y
ca
rb
o
n
at
es

ar
e

m
in
o
r

F
o
rm

at
io
n
o
f
ge

o
ge

n
ic

tu
fa

In
ca
lc
ar
eo

u
s
gr
o
u
n
d
m
as
s,

fo
rm

at
io
n
o
f
ca
lc
if
ie
d
p
la
n
t

ti
ss
u
e,

re
su
lt
in
g
in

tu
fa

n
o
d
u
le
s.

So
m
e
tu
fa
‐f
o
rm

in
g

p
ro
ce

ss
es

re
su
lt
in

m
ic
ri
ti
c

la
ye

rs
o
f
la
m
in
at
ed

tu
fa
.
N
o

la
te
ra
lly

ex
te
n
si
ve

tu
fa

la
ye

r

is
p
re
se
n
t

So
m
e
re
w
o
rk
ed

tu
fa

fr
ag

m
en

ts

B
io
ge

n
ic

in
p
u
t
lim

it
ed

to

sp
o
ra
d
ic

in
cl
u
si
o
n
s
o
f

u
n
ca
rb
o
n
iz
ed

p
la
n
t

ti
ss
u
e

A
m
o
u
n
t,
si
ze
,
an

d
ty
p
e
o
f

ch
ar
co

al
fr
ag

m
en

ts
va

ri
es

b
et
w
ee

n
d
if
fe
re
n
t

m
ic
ro
la
ye

rs

F
o
rm

at
io
n
o
f
as
h
o
xa
la
te

p
se
u
d
o
m
o
rp
h
s
o
b
se
rv
ed

in

ch
ar
co

al
.S

o
m
e
as
h
o
xa
la
te

p
se
u
d
o
m
o
rp
h
s
st
ill

in

ar
ti
cu

la
ti
o
n
o
r
in

d
is
ti
n
ct

as
h
la
ye

rs

A
m
o
u
n
t
o
f
ca
rb
o
n
at
es

in
th
e

gr
o
u
n
d
m
as
s
d
ec

re
as
es

in

th
e
ch

ar
co

al
‐r
ic
h
la
ye

rs

an
d
m
o
st
ly

co
n
ce

n
tr
at
ed

o
n
as
h
o
xa
la
te

p
se
u
d
o
m
o
rp
h
s

La
te

H
o
lo
ce

n
e/
M
o
d
er
n

o
cc
u
p
at
io
n

M
ix
ed

si
gn

al
s
in
d
ic
at
e

le
ss

u
n
id
ir
ec

ti
o
n
al

tr
en

d
s

St
ac
ke

d
co

m
b
u
st
io
n

la
ye

rs
re
su
lt
in
g
fr
o
m

m
u
lt
ip
le

b
u
rn
in
g

ev
en

ts

MEINEKAT ET AL. | 13



Thin sections containing Stratum IV sediment were produced from

micromorphological block samples deriving from the south wall of

Unit 2 (CUN‐12‐03), as well as from the top of the pit feature

12‐04 from the north profile in Unit 9/10 (CUN‐12‐07) (Tables S2

and S3). Macroscopically, Stratum IV resembles Stratum II. Stratum

IV contains carbonates, especially in the form of anthropogenically

derived ashes, but in comparison to Stratum V, the amount of al-

lochthonous silt‐sized particles in relation to primary carbonates

increased. Sediment from the top of pit feature 12‐04 in Unit 9

is noncalcareous and shows increased weathering processes

(Figure 11A,B).

3.2.5 | Stratum III

Stratum III dates to the Late‐Middle Holocene (~5.9–4.8 ka) based on

six ages from Units 2, 6, and 7 (Tables 1 and S1). Thin sections from

Stratum III derive from micromorphology blocks in Units 12 and 13

(CUN‐15‐122, CUN‐15‐126, CUN‐15‐127, CUN‐15‐128), as well as

from the south wall of Unit 2 (CUN‐12‐02, CUN‐12‐03) (Tables S2

and S3). Stratum III was not visible in the field in samples CUN‐15‐

128 and CUN‐15‐122, but there is a clear transition from Stratum II

to III visible under the microscope (Figure 12B). The most distinctive

characteristic of this stratum is a homogeneous dark color and high

bone fragment and charcoal content. Under the microscope, differ-

ences between Stratum III and the other strata are more readily

visible. The microstructure in Stratum III is more granular, very open,

and coarse fragments are completely unoriented; channels, some

with infillings and some of which are crescent‐shaped, are frequent

(Figure 11C–H). Stratum III is also characterized by the presence of

abundant, finely comminuted organic material and weathering of

bone and andesite. The groundmass of Stratum III is noncalcareous,

but shows prominent secondary carbonate features.

3.2.6 | Stratum II

Stratum II dates to the Late Holocene, based on one AMS age from

Unit 2 (~2.1–1.9 ka) and ceramic sherds diagnostic to <4 ka in all units

(Tables 1 and S1). Thin sections from Stratum II derive from block

samples from the south wall of Unit 2 (CUN‐12‐02), Unit 12

(CUN‐15‐128), and Unit 13 (CUN‐15‐122, CUN‐15‐125) (Tables S2

and S3). Under the microscope, Stratum II shows some diagnostic

characteristics, which can be observed in all of the thin sections

deriving from this stratum. These include a rather uniform ground-

mass, characterized by small sand‐sized bone fragments and mod-

erate carbonate content, indicating frequent combustion activity as

well as small‐scale tufa formation, similar to Stratum I (Figure 12).

3.2.7 | Stratum I

Stratum I dates to the Late Holocene based on one AMS age from

Unit 7 (0.8–0.6 ka), the presence of <4 ka diagnostic ceramic in all

units, and occasional historic artifacts (Tables 1 and S1). In the field, it

appeared less homogeneous than Stratum II, with stacked charcoal

and ash lenses.

Three thin sections (CUN‐12‐01A, B, C) from Stratum I were

produced out of block sample CUN‐12‐01 from the Unit 2 column

(Tables S2 and S3). The different layers are defined by a change in the

main components from ash‐rich to charcoal‐rich to rubefied sediment

layers. The lowest thin section of Stratum I, CUN‐12‐01C, captures

the transition to Stratum II. In the upper 2/3 of the thin section,

the distinctive layering of sediment is evident (Figure 13).

Combustion‐related material displays the typical sequencing of intact

combustion features of rubefied sediment, charcoal, and ash layers

(Mentzer, 2014). This sequence is repetitive, displaying stacked

combustion features resulting from multiple burning events.

F IGURE 7 Photomicrographs of the archaeologically sterile Stratum VI, taken from CUN‐12‐09. (A) and (B) The typical massive groundmass
of Stratum VI dominated by micritic carbonates in plane‐polarized light (A) and cross‐polarized light (B). The groundmass is interrupted by some
voids (v), mostly vughs. Two tufa aggregates are visible (T). Tufa aggregates are composed of micritic calcite. Fine organic matter (o) is visible in
the form of amorphous organic material. Note that there is more organic matter included [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 8 (See caption on next page)
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4 | DISCUSSION

4.1 | Stratigraphic integrity and bioturbation

We used the results from the micromorphological investigation to

assess the role of bioturbation at Cuncaicha. Potential causes of

bioturbation can include krotovinas, microfaunal reworking and

passages, pedogenesis, and trampling. Bioturbation can occur as a

postdepositional or syndepositional process.

In thin section, many channels indicative of root activity and

microfauna passage (Stoops, 2010) were identified. The infillings in

some of these channels display a crescent‐shaped microstructure,

typical for bioturbation caused by soil microfauna. These features are

in the range of millimeters to centimeters. In the most recent strata,

such cuts by channels are best preserved. The prevalent micro-

structure in Cuncaicha rock shelter is microgranular. This micro-

structure can be caused by root and microfauna activity including

small mammals such as rodents. Reworking of sediment in the active

zone during occupation can also cause this structure (Stoops, 2010).

This type of microstructure is most developed in Stratum III.

The bioturbation that we observe in thin section at Cuncaicha

rock shelter most likely represents syndepositional mixing of sedi-

ments that can also be caused by human activity, including, for ex-

ample trampling, on the surface during or shortly after the deposition

of sediment. Even though almost all the sediment is reworked, the

different strata are distinctive and well separated. The integrity of the

stratigraphic sequence is best illustrated by very distinct contacts

between different strata, as observed in thin section (Figure 12B).

The bioturbation processes seem to be ubiquitous but localized in the

sense that material is not transported over large distances. Suspected

rodent burrows were also excavated separately from the intact ma-

trix. Large‐scale disturbances, such as burial‐related pit features, are

well defined and were separated from the matrix during excavation.

Geoarchaeological evidence for only centimeter‐scale bio-

turbation fits with the assemblages of chronologically diagnostic

ceramics and projectile points and the AMS chronology. Thirty AMS

ages obtained from multiple areas of the site for the Terminal

Pleistocene (n = 23) and Early Holocene (n = 7) components show

no inversions.

4.2 | Terminal Pleistocene tufa formation

The oldest deposits at Cuncaicha that show signs of anthropogenic

activity are fromTerminal Pleistocene StratumV. StratumV is dominated

by carbonates that are anthropogenically and geogenically derived.

Anthropogenic‐derived carbonates are from ashes, some of which are

still articulated ash oxalate pseudomorphs. The geogenic‐derived car-

bonates are related to tufa formation. Thin‐section analyses illustrate

that theTerminal Pleistocene deposits are defined by micritic carbonates,

capped by the formation of a tufa layer at the transition to Stratum IV.

The andesite bedrock is noncalcareous and so is the allochthonous

geogenic sediment. Weathering products of the andesite bedrock are

not carbonate‐rich, but the included plagioclase provides a source of

calcium. Calcium carbonate (CaCO3) has been identified in Cuncaicha,

mainly in the form of tufa deposits. Tufa is a calcium carbonate deposit

that develops “under ambient temperature conditions by biomediation

and/or physico‐chemical processes associated with freshwater dis-

charge” (Pedley et al., 2003, p. 23). Biomediation and related metabolic

processes linked to microbial activity, including, for instance, biofilms,

diatoms, and cyanobacteria, are an important source for calcium

carbonate precipitation (Ford & Pedley, 1996; Goudie et al., 1993;

Pedley et al., 2003; Riding, 2000). Diatoms are present in the deposits at

Cuncaicha rock shelter in theTerminal Pleistocene sediment (Figure 8E).

The fabric of the resulting carbonates can vary to a great degree.

Micrite and sparite are common (Ford & Pedley, 1996; Riding, 2000).

Within thrombolytic tufa, forms can vary, but as seen in AlShuaibi

et al. (2015), biomorph forms as observed in Cuncaicha are common.

Tufa aggregates in Cuncaicha sediment are dominated by biomorph

formations, as identified in thin sections of Strata I, II, and V, which is

indicative of calcification of plants and related microorganisms.

Micritic tufa‐related carbonates within the groundmass are pre-

dominantly present in Stratum V but can also be found in Strata II

and I. The geogenic carbonate formations in Stratum V decrease

F IGURE 8 Stratum V micrographs. Note the change to a more microgranular microstructure compared to Stratum VI, while some
microlaminations are preserved (e.g., in E). (A) and (B) Overview of the microgranular, calcareous groundmass of Stratum V in plane‐polarized
light (PPL) (A) and cross‐polarized light (XPL) (B). In the groundmass, fragments of bones are visible (b). The yellow color in PPL and gray brown
color in XPL suggest low‐temperature burning (~300°C) according to Villagrán et al. (2017). Mostly rounded bedrock fragments of the local
andesite are included. (C) and (D) Microdebitage flake (f) of microcrystalline lithic raw material in PPL (C) and XPL (D) identified using the criteria
by Angelucci (2017, 2010). In this stratum, obsidian, jasper, and quartzite micro‐debitage could be identified in thin section. (E) Close‐up of tufa‐
related micritic groundmass with microlaminations in which a diatom (d) is visible in PPL. (F) Tufa fragment (center) in calcareous groundmass.
The tufa fragment itself is composed of micritic calcite, often with a cloudy, clotted appearance, with sparitic rims that microscopically display a
biomorphic fabric reminiscent of the biological agents contributing to the formation of the tufa. (G) Ash oxalate pseudomorphs in Stratum V in
XPL. Ash oxalate pseudomorphs are the result of burning of calcium oxalate crystals that are present in plants and upon combustion, they
recrystallize as micritic calcite crystals holding the shape of the original oxalates that, in most species, is rhombic (Canti, 2003; Canti &
Brochier, 2017; Mentzer, 2014). Note here the distinctive round shape of the micritic ash oxalate pseudomorphs. (H) Photomicrograph of
experimentally burned Azorella compacta in XPL. Arrows point to the accumulation of round ash oxalate pseudomorphs. Experimental burning of
local puna taxa show that different taxa show this distinctive shape of ash oxalate pseudomorphs, out of which A. compacta is most suitable for
fuel [Color figure can be viewed at wileyonlinelibrary.com]
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drastically with the shift to the Early Holocene Stratum IV. Evidence

for tufa formation only appears again in the Late Holocene strata

(I and II), but it is more limited than in the Terminal Pleistocene.

The transition from the Terminal Pleistocene to the Early Holocene

indicates a shift away from autochthonous carbonate formations

toward the deposition of allochthonous aeolian material.

4.3 | Late‐Middle Holocene pedogenesis

Stratum III was recognized by its distinctive features in the field, as

well as under the microscope. The dark color is caused by an in-

creased amount of finely comminuted humified organic matter as

evidenced by the micromorphology results. But how did the plant

F IGURE 9 Zoom on the double bond and fingerprint region of absorbance µFTIR spectra of three bone fragments from the lowest Stratum
V deposit from CUN‐12‐09 that have been burned to different degrees: not burned (black‐bottom), burned at a low temperature (yellow‐

middle), and burned at a high temperature (red‐top). Gray shading indicates the relevant peaks discussed here. To the right, photomicrographs of
the analyzed bone fragments are shown. Colors of frames correspond to the colors of spectra. Description of spectra and photomicrographs
after Ellingham et al. (2015) and Villagrán et al. (2017). The unburned bone (black) has collagen preserved as indicated by the amide peaks. There
are no peaks present that indicate burning. There is no peak or shoulder at 1080 cm−1; at 960 cm−1, the spectrum shows a shoulder. There is no
peak at 630 cm−1. The photomicrographs show a translucent bone in plane‐polarized light (PPL) and a bone that shows strong low‐order
interference colors in cross‐polarized light (XPL). The low‐temperature burned bone (yellow) displays a strong decrease in absorbance for the
amide bonds. The unburned bone shows that the presence of collagen peaks is not a question of preservation; when unburned, preservation of
collagen is good even in the lowest Stratum V. Hence, the absence of amide peaks in this context suggests that this is a result of burning. No
peaks indicative of high‐temperature burning (>600°C) are present, but at 1080 cm−1, a shoulder starts to form and at 960 cm−1, the shoulder
developed into a peak. Therefore, the spectrum suggests low‐temperature burning. This is supported by the photomicrographs that show a light
brown‐yellow bone fragment in PPL and weaker gray interference colors with a hint of brown (for this, see also Figure 8A,B) in XPL. This color
scheme, together with the lack of high‐temperature peaks, suggests that the bone was burned at approximately 200–300°C. The high‐
temperature burned bone (red) shows peaks indicative of burning >600°C. Also, here, no collagen peaks are present. At 1080 cm−1, a well‐
expressed peak is visible. Additionally, a peak at 630 cm−1 appeared. In PPL, the photomicrograph shows a bone fragment that is not as
translucent as the unburned bone but has a hint of light gray color and it looks distressed with many small fissures. In XPL, the bone fragment
shows a moderate bluish gray interference color with a subtle cloudy appearance. The spectrum and the micrographs together suggest burning
at >600°C. In general, these measurements further illustrate: (1) the exceptional bone and collagen preservation at the site in the Terminal
Pleistocene deposits and (2) the side by side unburned bone and bone burned to different temperatures indicates once more that these are not
in situ hearths [Color figure can be viewed at wileyonlinelibrary.com]
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material get introduced to the site? Its presence, together with

the decalcification processes, secondary carbonate features, intense

bioturbation, an increase in weathering of bone, artefacts, and

andesite bedrock eboullís (hinting at higher soil acidity), indicates the

formation of a soil A‐horizon in the sediment of Stratum III. This led

to secondary carbonate features precipitated in voids that are

indicative of pedogenesis and demonstrate downward percolation

processes of water with carbonates in solution (Goldberg &

Macphail, 2006). This process is still ongoing as indicated by similar

formations in Strata II and I. Homogenization, weathering, humifica-

tion, and calcium carbonate movement, all typical for the formation

of a soil A‐horizon (Goldberg & Macphail, 2006), are indicated. The

pedogenesis in Stratum III contributes to the bioturbation processes

in this stratum.

The decalcification goes deeper than the stratum in which or-

ganic material accumulated, partly decalcifying Stratum IV in some

parts of the rock shelter and even reaching down to Stratum V, for

example as seen in the thin section from the Unit 12 north wall

(CUN‐15‐120). This is associated with a postdepositional process

linked to increased soil acidity. Not only carbonates were dissolved

but also all of the sedimentary components that react to acidity. A

large in situ fragment of the tufa sampled from Unit 13 was dated at

the Arizona AMS Laboratory (AA 107848) (Table S1). Two AMS

measurements obtained are 4031 ± 28 BP (4.6–4.3 ka) and 4598 ± 23

BP (5.4–5.1 ka). These ages do not agree with the stratigraphic

location of the tufa between Terminal Pleistocene Stratum V and

Early Holocene Stratum IV. No large‐scale turbation processes are

present that could explain the young ages. However, considering that

the tufa was recrystallized sometime after its original deposition, the

AMS ages probably constrain the recrystallization process and not

the original tufa formation. The age of original deposition of the tufa

layer can be bracketed by underlying Terminal Pleistocene and

overlying Early Holocene AMS ages, which suggest tufa formation

during the radiocarbon hiatus between ~11.1 and 9.6 ka.

F IGURE 10 Mineral formation at the transition from StratumV to Stratum IV. (A) Absorbance µFTIR spectrum of mineral in CUN‐15‐14 (top)
together with the spectrum of apatite standard (bottom). (Apatite standard used in the Geoarchaeology Laboratory, University of
Tübingen; apatite source: bone.) Zoom on fingerprint region. Note how the sample matches the apatite spectrum, especially the typical
phosphate peaks (gray shading). (B) Fragment in the lab before processing. This fragment derives from Unit 13 and was used for the AMS
dating. The piece processed into thin section derives from Unit 12. (C) Scan of the thin section CUN‐15‐14. The sample shows a beige
groundmass that is a mix of silty material and coarse fragments of andesite bedrock (a) and bone (b) that is cemented by a mineral formation.
Organic fine material is commonly included throughout the sample and accumulated on the upper rim (arrow, o). (D) and (E) Micrograph of
CUN‐15‐14 in plane‐polarized light (PPL) (D) and cross‐polarized light (XPL) (E). Note the amorphous mineral with humified, amorphous
organic fine material (o) that is beige in PPL and almost completely isotropic in XPL. (F) Micrograph from the same slide under blue light and UV
light. The mineral shows autofluorescence. Many phosphate as well as some calcium carbonate minerals are fluorescent (Stoops, 2017). In the
micrograph, different shades of fluorescence are visible, suggesting a secondary mineral formation [Color figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 11 (See caption on next page)
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4.4 | Site formation model and paleoenvironmental

history

Beyond providing behavioral information on some of the Andes' first

residents, the geoarchaeological record from Cuncaicha constitutes a

unique and long‐term archive of paleoenvironmental information

from the Central Andes over the past ~12,000 years. Two important

questions are when and why different formation and postdeposi-

tional processes commenced. By combining Bayesian modeling of

AMS ages with the results from the geoarchaeological analyses, we

are able to link the local paleoenvironmental and human occupational

record from Cuncaicha with broader, regional trends in the climate of

the high Andes.

4.4.1 | Terminal Pleistocene

Based on abundant glacial geologic data generated locally at Nevado

Coropuna (Bromley et al., 2009, 2011; Úbeda et al., 2018) and

throughout the central Andes (Bromley et al., 2016; Jomelli

et al., 2014; Kelly et al., 2015; Rodbell & Seltzer, 2000; Stansell

et al., 2015), Andean glaciers were retreating from their Antarctic

Cold Reversal maxima after 13.2 ka, and the climate was warming

well before the initial occupation of Cuncaicha at ~12.3 ka.

The initial formation of Stratum V began with human occupation

of Cuncaicha rock shelter. Anthropogenic activity deposited ashes,

charcoal, burned bone fragments, and lithic microdebitage, as

indicated by micromorphological analysis of the sediments. This

geoarchaeological evidence is fully consistent with insights from

the Terminal Pleistocene “macro‐scale” artifact, faunal, and paleo-

botanical assemblages. Together, these lines of evidence suggest

combustion of local plants, such as Azorella compacta cushion plants

and woody shrubs, extensive processing of hunted herbivores

(Moore, 2016), food preparation, and the production, maintenance,

use, and discard of lithic tools fashioned from a variety of local raw

materials for various activities. Anthropogenic sediments accumu-

lated for up to ~785 years, though the cumulative occupation span in

the Terminal Pleistocene could have been briefer.

During the Terminal Pleistocene occupation, tufa also was

forming in the rock shelter. Tufa as a spring deposit requires wet

conditions to form. In fact, the most prominent tufa formations, that

is in Strata VI, V, and in the tufa layer at the Stratum V/IV contact,

coincide with the Central Andean Pluvial Event (CAPE) II. The CAPE

was first identified in paleowetlands in the Salar de Punta Negra in

the Chilean Atacama Desert, with CAPE I dating to 15.9–13.8 ka and

CAPE II dating to 12.7–9.7 ka (Quade et al., 2008). Since their iden-

tification, numerous proxy records from the Chilean Atacama

(Betancourt et al., 2000; Maldonado et al., 2005; Nester et al., 2007;

Pfeiffer et al., 2018; Pueyo et al., 2011) have further confirmed the

timing of these wet phases.

Well‐developed paleohydrologic proxy records from Lake

Titicaca (Baker & Fritz, 2015; Baker, Rigsby, et al., 2001;

Baker, Seltzer, et al., 2001; Nunnery et al., 2019; Placzek et al., 2006;

Sylvestre et al., 1999) at the same latitude as Cuncaicha also indicate

that these two periods of greatly increased moisture were the most

significant within the past 20,000 years. The Tauca and Coipasa

highstands, dated, respectively, to 18.0–14.5 and 12.5–11.9 ka, are

teleconnected with the northern hemisphere Heinrich Stadial 1 and

Younger Dryas (Blard et al., 2011).

At Cuncaicha, the Terminal Pleistocene occupation was coeval

with the CAPE II/Coipasa highstand period of increased moisture,

which would have favored productivity of highland habitats such as

the Pucuncho Basin. The culmination of this wet phase likely resulted

in the formation of the tufa layer at the final occupation surface of

Stratum V. The formation of the tufa might also be linked to the

abandonment of the site, as it suggests a relatively stable surface.

However, sporadic or seasonal visits of the site cannot be excluded

based on the tufa formation alone.

4.4.2 | Early Holocene

A hiatus in occupation of Cuncaicha rock shelter is registered between

~11.1 and 9.6 ka, possibly a response to a severe arid climate phase. Ice

cores (Ramirez et al., 2003; Thompson et al., 1995, 1998), speleothems

(Bustamante et al., 2016; Cheng et al., 2013; Van Breukelen

F IGURE 11 Strata IV and III micrographs. (A) and (B) Stratum IV in plane‐polarized light (PPL) (A) and cross‐polarized light (XPL) (B) sediment
in CUN‐12‐03. The groundmass is calcareous, but compared to Stratum V, a decrease in micritic carbonates in the groundmass can be observed.
The coarse fraction here contains andesite bedrock fragments (a) and bone fragments (b). The microstructure is microgranular and quite open,
interrupted by channels (ch), likely produced by microfauna activity. (C) and (D) Micrographs from Stratum III in PPL (C) and XPL (D) in CUN‐15‐
127A. Note the increase in (burned) bone fragments (b) of medium to coarse sand size, the reworked microstructure and in XPL the absence of
carbonates in the groundmass. (D) A completely decalcified groundmass with no birefringence. The birefringent particles are mostly plagioclase
mineral grains. (E) and (F) Also come from Stratum III sediment in CUN‐15‐127A. Here, there is a prominent obsidian flake (ob) in the middle that
is translucent in PPL (E) and opaque in XPL (F) that is coated by silt. Above the flake, a large bone fragment (b) is visible that show signs of
weathering as also seen in some of the bones (b) in (C)/(D) and the bone fragment (b) in (G)/(H). Note that the groundmass is characterized by
finely comminuted organic material and also in this micrograph, it is completely decalcified. (G) and (H) show Stratum III sediment in CUN‐12‐
02B. Note here the inclusion of an ochre piece (oc). In (G), the inset of the same ochre piece under oblique incident light is shown. In XPL (H),
secondary carbonate formation becomes apparent (arrows). Around a loose continuously infilled channel, a calcareous hypocoating formed,
which is sparitic at the rim, and at the bottom, an impregnation of the groundmass with calcite is visible [Color figure can be viewed at
wileyonlinelibrary.com]
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et al., 2008), and lakes (Baker & Fritz, 2015; Bird et al., 2011; Bush

et al., 2005; Cross et al., 2000; Ekdahl et al., 2008; Hillyer et al., 2009;

Seltzer et al., 2000) from throughout the central Andes and western

Amazonia indicate a major shift to drier climate during this interval.

Together with the hiatus in the archaeological AMS chronology, this

represents a chronological and depositional unconformity, suggesting a

cessation in sedimentation and absence of human presence. Two

possible scenarios during that time are (1) erosion, which implies the

transport of sediment out of the site, or (2) stasis, where there

was no accumulation or erosion, or where deposition and erosion

F IGURE 12 Stratum II micrographs. (A) and (B) The contact of Stratum III to Stratum II (arrow) in CUN‐15‐126A. The contact is defined by
the transition of the calcareous, birefringent groundmass of Stratum II to a decalcified groundmass of Stratum III. A large andesite fragment (a)
protrudes into Stratum III. (C) and (D) Typical Stratum III sediment in plane‐polarized light (PPL) (C) and cross‐polarized light (XPL) (D) in CUN‐15‐
125B. In the middle of the photomicrographs, a microcrystalline flake of yellow jasper (f) is included. Note the loosely packed, microgranular
microstructure. In the groundmass, many small, down to fine sand sized, bone fragments (e.g., b, arrows) are included. Under crossed polarizers, a
moderately micritic groundmass is visible. Under higher resolution, it shows that part of the carbonates derives from ashes, a smaller fraction
from some tufa forming. (E) and (F) A hypocoating of secondary carbonates with a sparitic rim (arrow) around a loose discontinuously infilled
channel in PPL (E) and XPL (F) in CUN‐12‐02B surrounded by a moderately calcareous groundmass [Color figure can be viewed at
wileyonlinelibrary.com]
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were in equilibrium. Unfortunately, the geoarchaeological and micro-

morphological data do not provide clear evidence either way.

However, because the Titicaca record indicates much drier condi-

tions after ~11.9 ka relative to the preceding millennium, any removal

of rock shelter sediments through water action in the Early to Middle

Holocene would be inconsistent with regional paleoclimate data. Al-

though removal of fine sediments by wind (deflation) is a possibility, this

removal would have left larger clasts, such as lithic and faunal remains,

F IGURE 13 Stratum I scan and micrographs. (A) Scan of CUN‐12‐01B. Different microlayers are visible, with rubefied and charcoal‐rich layers
alternating in this thin section, suggesting the preservation of intact combustion features and multiple burning events (Mentzer, 2014)
(see also SI2, CUN‐12‐01A to CUN‐12‐01C). For the coarse fraction, ceramic sherds (c) are included in this stratum, as well as charcoal and bone pieces.
The white rectangle indicates the location of (B). (B) A micrograph in plane‐polarized light (PPL) from the bottom of CUN‐12‐01B. Note how the layer of
rubefied sediment has been interrupted in this location by two channels (ch). Compact, rubefied sediment with few coarse inclusions is cut into and filled
with material from the upper, charcoal‐rich layer with an open microstructure and completely unoriented coarse inclusions of charcoal and bone
fragments. (C) and (D) are taken from an ash layer in CUN‐12‐01A in PPL (A) and cross‐polarized light (XPL) (D). Micritic, round ash oxalate pseudomorphs
are a main component of the groundmass in this layer. In the upper right corner of the thin section, laminated ashes are preserved that are phosphatic in
parts. Charred organic matter is visible. (E) and (F) derive from a rubefied layer in CUN‐12‐1B and show the groundmass in PPL (E) and XPL (F).
Note how there is a reddish color to the groundmass that is a result of oxidization of iron‐containing components upon burning (see Mentzer, 2014)
[Color figure can be viewed at wileyonlinelibrary.com]
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present in sediments, and faunal remains deposited during the

~11.1–9.6 ka interval would have been detected by our dating pro-

gram. Sedimentological stasis might therefore be the more likely sce-

nario, underscoring the importance of anthropogenic sedimentation for

accumulation in rock shelters in this region.

Occupation and anthropogenic sedimentation at Cuncaicha re-

sumed beginning ~9.6 ka, coeval with a shift in geogenic sediment

source. With a decline in tufa formation, aeolian sediments from

outside the rock shelter became more frequent, consistent with a

more arid Early Holocene climate. Anthropogenic material, such as

ashes, charcoal, burned bone fragments, and lithic microdebitage

seen in thin section, is more abundant compared to the Terminal

Pleistocene deposits, consistent with relatively higher content of

Cuncaicha's Early Holocene material assemblages recovered in

excavation (Rademaker & Moore, 2018).

Following abandonment of the site by ~9.2 ka, at least three

human burials were emplaced into Cuncaicha shelter along the rear

wall. These were dated ~9.3–8.8, 9.0–8.6, and 8.5–8.4 ka. Bayesian

modeling reveals that the lifetimes of these three individuals likely did

not overlap (Rademaker & Hodgins, 2018). Thus, although Cuncaicha

rock shelter was not used as a residence during this time, highlanders

were likely living elsewhere on the plateau (Chala‐Aldana et al., 2018;

Haller von Hallerstein, 2017), and the shelter became a place to

inter the dead.

4.4.3 | Early to Middle Holocene

Cuncaicha's Early to mid‐Holocene occupation hiatus between ~9.2

and 5.9 ka corresponds to the generally driest period of the Holocene

documented in many paleohydrologic records throughout the central

Andes (Abbott et al., 2003; Baker, Rigsby, et al., 2001; Bush et al., 2005;

Moreno et al., 2009; Pueyo et al., 2011; Rigsby et al., 2005; Seltzer

et al., 2000; Thompson et al., 1998; Vining et al., 2019), though there is

substantial variation in the timing of peak aridity among records. Per-

haps under an arid climatic regime, the amount of freshwater in

Quebrada Cuncaicha was insufficient to make Cuncaicha a feasible

campsite. If so, hunter‐gatherers would have moved to better watered

locations in the Pucuncho Basin or beyond. This fits a pattern observed

in the archaeological record of the Chilean Atacama, with consequent

migration to more suitable eco‐refuges (Grosjean et al., 1997; Núñez

et al., 2002, 2013). Depositionally, the question remains—what hap-

pened at the site during this period of nonoccupation? Since there is no

sterile deposit between the Early and Middle Holocene occupation

layers, either the deposits were eroded away, or they were never

deposited in the first place.

Beginning as early as 5.9 ka and lasting possibly until 4.8 ka,

Cuncaicha was reoccupied and Stratum III accumulated. Geogenic

material from the Pucuncho Basin, and especially anthropogenic

material, mostly sand‐sized burned bone fragments, combustion‐

related charcoal, microdebitage, and ochre, were deposited in Stra-

tum III during the occupation of the site. The formation of a soil

increased the amount of humified organic matter and initiated

decalcification processes in the sediment. Soil formation may have

started during the Late‐Middle Holocene occupation, but as soil

formation is usually tied to sedimentary stasis (Karkanas &

Goldberg, 2018), a stronger development during the subsequent

occupation hiatus is likely.

But why did a soil form during a possible period of stasis during

the Late‐Middle Holocene, when other, earlier periods of possible

stasis show no evidence of soil formation? During the Late‐Middle

Holocene, increasing South American Summer Monsoon intensity

raised lake levels in the Atacama and Central Andes after ~6 ka

(Baker, Rigsby, et al., 2001; Fornace et al., 2014; Moreno et al., 2009;

Pueyo et al., 2011), with different lakes and proxies variously re-

gistering this return to wetter conditions at ~5.5 ka (Ekdahl

et al., 2008), at ~5 ka (Bird et al., 2011; Bustamante et al., 2016;

Hillyer et al., 2009), at ~4.5 ka (Vining et al., 2019; Weide

et al., 2017), at ~4 ka (Cross et al., 2000), and later (Abbott

et al., 2003). This climatic shift can explain the formation of the soil

A‐horizon in Cuncaicha Stratum III that, just like the tufa, would have

preferentially formed under wetter conditions. Whereas in the

Terminal Pleistocene the sediment overlying bedrock was relatively

thin, allowing tufa formation, by the time Stratum III had formed, a

much thicker layer of organic‐rich sediments had accumulated. This

promoted percolation processes rather than the through‐flow that

caused the tufa layer to form at the Stratum V/IV contact. Phos-

phatization of the tufa layer at the Stratum V/IV contact was prob-

ably triggered by the soil formation processes and leaching of

anthropogenic‐rich deposits below the surface horizon. These pro-

cesses likely began at least by 4.8 ka and likely continued beyond the

end of the Late‐Middle Holocene occupation.

4.4.4 | Late Holocene

Following another abandonment of the site by ~4.8 ka, at least two

more burials were emplaced near the rear wall of Cuncaicha. An

individual was placed as a seated burial in the southeast corner of the

rock shelter at ~4.3–4.0 ka, followed by the interment of an individual

in the southwest corner another millennium later (Rademaker &

Hodgins, 2018).

Dating of the Late Holocene portion of the Cuncaicha sequence is

incomplete, and it is unknown when reoccupation and deposition of

Stratum II began. Moreover, based on the current density of dates for

the Late Holocene strata, it is not possible to say whether occupation of

Cuncaicha in the Late Holocene was relatively continuous (to the degree

that radiocarbon dating can resolve it) or punctuated with hiatuses.

Ongoing work on lithic and also ceramic typology may yield insights into

this matter through a relative chronology. Aside from ceramics and

lithics, the Late Holocene Stratum I contains stacked combustion

features. The more distinctively expressed layers in this stratummay be a

result of its relatively young age and better preservation.

In the Late Holocene strata postdating ~4.8 ka, we observe more

mixed signals in the sediment at Cuncaicha. Less humified organic

material became incorporated than in the preceding Late‐Middle
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Holocene, but it was more than in theTerminal Pleistocene and Early

Holocene deposits. Some tufa formation was present but was very

localized. Aeolian material remained a significant geogenic sediment

source. These mixed signals match with the less unidirectional re-

gional climatic trend in the Late Holocene. Especially the most recent

two millennia, after 2 ka, are dominated by a somewhat higher degree

of climatic variability documented in high‐resolution lake and spe-

leothem records (Bird et al., 2011; Bustamante et al., 2016; Hillyer

et al., 2009; Kanner et al., 2013; Van Breukelen et al., 2008).

5 | CONCLUSIONS

This geoarchaeological work at Cuncaicha rock shelter provided new

insights into the deposits at the site and clarified some open ques-

tions that arose during the field seasons and some that were raised

by peers (e.g., Capriles et al., 2016; Rademaker et al., 2016).

In general, (bio)turbation in the deposits at Cuncaicha appears to

have been ubiquitous, but small (cm) in scale in terms of translocation

of sediment, which suggests that it occurred syndepositionally or

shortly after accumulation. Large, whole‐scale mixing between strata

is not evident, as seen in the distinct contacts between strata, by the

absence of inversions in the AMS dates, and by stratigraphically

consistent distributions of diagnostic lithic and ceramic artifacts.

Features indicating large‐scale turbation, such as pit features and also

krotovinas and burrows, could be readily identified in the field and

were carefully separated from the matrix during excavation.

The deposits contain a significant amount of anthropogenic

materials and combustion‐derived residues, such as charcoal and

burned bone, which are particularly abundant. The geoarchaeological

evidence for extensive burning is also supported by analysis of the

faunal and botanical assemblages. One of the most important an-

thropogenic contributions to the deposits are ashes, in the form of

round oxalate pseudomorphs. This distinctive form was found in taxa

local to the Pucuncho Basin, out of which A. compacta is most sui-

table as fuel. Hearths (sensu Mentzer, 2014) are not preserved, ex-

cept for in the latest stratum, in which stacked combustion features

were identified.

Bayesian modeling of an extensive radiocarbon chronology in-

dicates that there are at least two occupational hiatuses at Cuncai-

cha. However, we find no evidence of sterile deposits at the site and

we find no evidence for erosion. It is possible that any micro-

morphological evidence for erosion would have been erased by the

small‐scale bioturbation. However, it is also possible that during

periods of nonoccupation, stasis was the prevailing condition. Al-

though some periods of stasis have been identified geoarchaeologi-

cally at Cuncaicha, such as soil formation during the Late‐Middle

Holocene, other hypothesized periods of stasis do not provide any

clear evidence.

Excavations at Cuncaicha show that apart from the deposition of

StratumVI, all other deposits contain evidence for human occupation.

At the microscopic scale, we also see a close association of geogenic

and anthropogenic materials, so that despite a significant presence of

nonanthropogenic components in all strata (e.g., aeolian volcanic silt,

tufa, rockspall), anthropogenic components (e.g., bone, charcoal, ash)

are found throughout the sequence. Furthermore, we note that al-

though there are apparent hiatuses in use of the site for occupation,

several of these hiatuses are marked by periods when the site was

used for interment of the dead. Use of the site for burial is not

associated with deposition, but rather with the formation of burial

pits, that is, negative features excavated into existing strata.

One possible explanation for the pattern of site use and sedi-

mentation at Cuncaicha is that occupation was more frequent than

suggested by the current radiocarbon stratigraphy. However, hy-

pothetical subsequent erosive episodes—which did not leave behind

any clear geoarchaeological signature—also must have removed any

evidence for human presence, except for the burial pits. We find no

evidence of concomitant use of the site for occupation and burial

(Rademaker & Hodgins, 2018). Another possibility is that human

occupation provides a type of trigger that shifts the depositional

regime within the shelter from one of stasis toward one of net ac-

cumulation, so that nonanthropogenic sediments only build up when

humans provide some input of sediment through combustion and

waste disposal. Ultimately, the record at Cuncaicha does not allow us

to resolve this issue. Despite the remaining ambiguity of the link

between human occupation, sediment accumulation and apparent

occupational and stratigraphic “gaps,” our geoarchaeological study

provides some useful observations that suggest that sediment ac-

cumulation and human occupation are closely linked at Cuncaicha.

Although anthropogenic components are ubiquitous at Cuncaicha,

geogenic components are variable and likely serve as proxies for changing

environmental conditions. Tufa, indicating moist conditions at the site,

formed mostly during the Pleistocene as a result of groundwater seeping

through the bedrock in the back of the shelter. The formation of a tufa

crust capping the Terminal Pleistocene deposits may be a sign of stasis

during the occupational hiatus postdating the Terminal Pleistocene oc-

cupation. The tufa was phosphatized at some point later in time, likely

triggered by a wet phase during the Late‐Middle Holocene. The variable

formation of tufa at Cuncaicha, together with the transition to a more

aeolian depositional regime during the Early Holocene, as well as the

formation of a soil horizon during the Late‐Middle Holocene, indicate that

Cuncaicha rock shelter preserves a number of paleoenvironmental sig-

natures that correspond with well‐documented, regional climatic events,

such as CAPE II/Coipasa highstand, an Early to Middle Holocene arid

period, and a subsequent Late‐Middle Holocene wet period. The in-

tegration of high‐resolution AMS chronology and micromorphology at

Cuncaicha reported here contributes a 12,000‐year archive of human

behavior and paleoenvironmental change from the Andes of southern

Peru. This approach will be further developed at other Andean archae-

ological sites to study long‐term human–environment dynamics.
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A B S T R A C T   

The use of /re constitutes an essential cultural adaptation to cold, and archaeological evidence for /re can be 
expected in high-latitude and high-elevation regions successfully inhabited by modern humans. At Cuncaicha 
rockshelter (4480 m above sea level, or masl) in the southern Peruvian Andes, evidence for /re is present from 
the earliest occupation, dating to the Terminal Pleistocene (~12,500–11,200 cal BP). Yet, the site contains 
relatively few identi/able carbonized macrobotanical remains useful for identifying plants employed as 
combustible fuel. Based on a comprehensive review of nearly 40 early Andean archaeological sites above 2500 
masl, little is known about fuels used for combustion. To understand fuel selection strategies at Cuncaicha, we 
conducted a combustion /eld experiment, evaluating the three highland plant taxa most likely to have been used 
as combustible fuels: Polylepis rugulosa (queñua) tree branches, Parastrephia spp. (tola) woody shrubs, and 
Azorella compacta (yareta) cushion plants. Temperature measurements informed on the combustion character
istics and ef/ciency of each fuel. We then compared the experimentally-produced /re residues to the geo
archaeological evidence from Cuncaicha. The resinous cushion plant yareta, endemic to the high Andes, may 
have been the primary fuel used at Cuncaicha based on the experiment outcome and the geoarchaeological 
evidence. Due to its high-temperature and complete combustion, yareta leaves little to no macrobotanical evi
dence, thus its identi/cation at other Andean sites may require a multi-methodological approach. Because the 
geographic range of this plant corresponds with most early archaeological sites in the high Andes, yareta may 
have been a key resource enabling early settlement throughout the region.   

1. Adaptation to high-elevation cold environments: the dry 
puna of the central Andes 

The peopling of the Americas represents one of the /nal, large-scale 
migratory expansions of humans across the globe. In the Terminal 
Pleistocene, the /rst peoples entering the American continents 
encountered an extraordinary range of diverse environments, from 
rugged coasts to vast plains and forests, to some of the world’s highest- 
elevation landscapes (Dillehay, 2009; Meltzer and Holliday, 2010; Pit
blado, 2017). 

In western South America recent discoveries of early archaeological 

sites in remote landscapes traditionally considered marginal (Méndez 
et al., 2018) have prompted a re-evaluation of long-standing settlement 
models. Terminal Pleistocene sites have been documented in the now 
hyper-arid core of the Atacama Desert in northern Chile (Latorre et al., 
2013; Santoro et al., 2019), the Arid Diagonal in Bolivia (Capriles et al., 
2016), and the high-elevation Andes of southern Peru (Rademaker et al., 
2014). These sites provide evidence for an array of effective adaptation 
strategies. 

Archaeological sites from Peru, Bolivia, Chile, and Argentina dated 
to the Terminal Pleistocene and Early Holocene attest to widespread, 
early human use of the high Andes (Fig. 1). Sauer (1944), Cardich 
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(1958), and Lynch (1983) proposed that initial entry into the Andes 
could have occurred via relatively low-elevation north-south oriented 
cordilleras and inter-montane valleys of Colombia, then migration south 
through the highlands. The earliest sites known throughout the Andean 
puna (high-elevation grassland ecoregion extending from Peru to Chile 
and Argentina) share many characteristics. This led Osorio et al. (2017) 
to propose that the puna constituted an ecological megapatch, facilitating 

rapid southward exploration and settlement. 
Unlike alpine mountain and plateau environments in high and 

temperate latitudes, which have strong temperature seasonality, low- 
latitude tropical mountains and plateaus, such as the central Andes in 
Peru, are characterized by small seasonal Kuctuations in temperature 
but pronounced diurnal temperature variation. This tropical pattern can 
involve diurnal temperature ranges of 10◦ (Ecuador) to ca. 49 ◦C (Chile) 

Fig. 1. Map of the central and southern Andes with all archaeological sites >2500 masl radiocarbon dated to the Terminal Pleistocene and /rst millennium of the 
Early Holocene. Chronological and combustion evidence for the archaeological sites including references is provided in Table 1. Further details are provided in the 
Supplemental Materials. Satellite image: ESRI, Maxar, Geoeye, Earthstar Geographics, Centro Nacional de Estudios Espaciales/Airbus Defence and Space, U.S. 
Department of Agriculture, AeroGRID, Instituto Geográ/co Nacional del Perú, GIS User Community. 
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(Troll, 1968, p. 38), nights with temperatures below 0 ◦C throughout the 
year, and, though offset by warm days, low mean annual temperatures. 
For example, the cold nighttime temperatures at ca. 4500 masl in the 
Andes of southern Peru can reach below −10 ◦C, while during the day, 
temperatures above 10 ◦C are possible. These climatic features place 
important limits on biota and primary production. 

The puna (3800–4800 masl) is the highest Andean landscape regu
larly inhabited by humans. Geomorphologically, the puna is de/ned as a 
highland plateau area where the peaks of volcanoes, some of which 
reach well over 6000 masl, present impressive landmarks on the hori
zon. Troll (1968) and Cabrera (1968) de/ned ecological sub-divisions 
for the puna - Wet, Dry, and Salt - in order of decreasing precipitation 
from north to south and from east to west (Fig. 1). This spatial pattern is 
determined by distance from the Atlantic source of Andean precipitation 
and the reach of the South American Summer Monsoon (Baker and Fritz, 
2015). The dry puna is situated between 16◦ and 20◦S and exhibits 
abundant perennial streams, wetlands, and lakes. Extensive grasslands, 
woody shrubs, limited groves of small trees, and cushion plants repre
sent some of the plant life. Andean peat wetlands (bofedales) provide 
year-round freshwater, edible algae, and excellent habitat for wild 
camelids and birds (Squeo et al., 2006). The puna has higher herbivore 
density relative to all lower-elevation ecozones (Koford, 1957; Franklin, 
1982). 

However, above 2500 masl environmental parameters pose a unique 
set of adaptive conditions for the human body (Baker, 1978). Challenges 
to human physiology include cold temperatures, low humidity, high 
solar radiation, and hypoxia (Frisancho, 2013; Moore, 2017). While 
recent research has focused on understanding functional and genetic 
responses to altitude-induced hypoxia (Crawford et al., 2017; Eichstaedt 
et al., 2017; Jacovas et al., 2018; Brutsaert et al., 2019; Storz, 2021; 
Sharma et al., 2022), cold is a lesser-studied but critical biological 
stressor in high-elevation and high-latitude environments (Castellani 
and Young, 2016). Human adaptation to cold comprises both physio
logical and technological adjustments. Pertinent to understanding initial 
human exploration and settlement of cold environments is (1) the 
duration and severity of cold temperatures and precipitation, (2) the 
capacity to mitigate cold stress through technologies such as clothing, 
shelter, and use of /re, and (3) landscape characteristics such as shelter 
and resource availability. 

In this paper we examine the adaptive role of /re for hunter- 
gatherers in the puna during the Terminal Pleistocene and Early Holo
cene. We review evidence for combustion in the early archaeological 
record focusing on Cuncaicha rock shelter, one of the highest-elevation 
Pleistocene sites known in the world. Building on previous geo
archaeological analyses, we present results from an experiment to 
evaluate the combustion characteristics of local puna fuels. Experi
mentally produced residues are then formally compared to archaeo
logical evidence from Cuncaicha using a geoarchaeological approach. 
Finally, we discuss fuel selection and use at Cuncaicha and their impli
cations for initial human dispersal and settlement in the high Andes. 

1.2. Fire in the archaeological record – potentials and challenges 

The evolution of /re (e.g., Sorensen, 2019; Chazan, 2017; Sandgathe 
and Berna, 2017) presents a complex course of interactions between /re 
and the genus Homo. Consistent use of /re (MacDonald et al., 2021) 
dates back at least into the Middle Pleistocene, if not earlier (e.g., 
Goldberg et al., 2017; Berna et al., 2012). Use of /re has been central (e. 
g., Kuhn and Stiner, 2019; Binford, 1978) in human lifeways and reoc
curred ever since (e.g., Murphree and Aldeias, 2022; Clark et al., 2022; 
Sorensen, 2019; Sandgathe and Berna, 2017; Shimelmitz et al., 2014; 
Sandgathe et al., 2011a; Sandgathe et al., 2011b, Roebroeks and Villa, 
2011). 

Fire has been described as the “ultimate range expander” (Sorensen, 
2019), especially regarding human dispersals into high latitudes and 
high elevations. Fire holds a unique adaptive role in mitigating cold 

because of its multifaceted technological and social uses (Clark and 
Harris, 1985). Beyond warmth, /re supports cooking, tool alterations, 
and waste disposal; it provides light, distance signaling, land manage
ment, and protection against animals (Clark and Harris, 1985). Fire also 
centers many social activities, including meal preparation and con
sumption, gathering for warmth, spiritual activities, storytelling, and 
cremation (Kuhn and Stiner, 2019). As such /re, and the fuel to create it, 
constitute critical resources for people (Binford, 1980). 

Recently, archaeologists have advocated that /re remains should be 
considered as artifacts in their own right (Stahlschmidt et al., 2020). In 
the archaeological record, charcoal, heat-treated and heat-damaged 
artifacts, /re-cracked rock, materials and tools representative of /re 
starting, or thermal modi/cations all provide evidence of pyrotechnol
ogy (Bellomo, 1993). Evidence of pyrotechnology at the microscopic 
scale includes a variety of features and residues, which can provide 
valuable information on site formation, post-depositional processes, 
human behavior, and occupation intensity (e.g., Karkanas, 2021; Mallol 
et al., 2017). 

Identi/cation and interpretation of combustion features pose speci/c 
challenges to the archaeologist and require careful analysis beyond /eld 
annotations (e.g., Goldberg et al., 2017; Aldeias et al., 2016; Mentzer, 
2012; Mallol et al., 2013). The differentiation between various com
bustion features, and hearth features especially, should be highlighted, 
as this forms the basis to any follow-up interpretations. A hearth feature 
is a speci/c contained primary combustion feature with evidence for in 
situ /re (Mentzer, 2017). Combustion feature is a more descriptive term 
that encompasses many different features related to burning (e.g., but 
not exclusively: hearths, fumiers, conKagrations, /re installations, 
burning surfaces), and the term also includes contained secondary 
combustion features like rake-outs and dumps that can be dif/cult to 
distinguish from hearth features in the /eld (Mentzer, 2012, 2017; 
Mallol et al., 2017). 

1.3. Early archaeological evidence for combustion and fuel use in the 
Andes 

Table 1 lists all archaeological sites >2500 masl from the central and 
southern Andes radiocarbon dated to the Terminal Pleistocene (n = 14) 
and /rst millennium of the Early Holocene (n = 22), the material dated 
at each site, whether combustion features were documented, and the 
identi/cation of fuel taxa. Thirty-four sites have ages on charcoal, and 
one site is dated with burned bone. These dated plant and animal ma
terials are arguably burned due to anthropogenic activity, thus nearly all 
early Andean sites >2500 masl have evidence of anthropogenic com
bustion. The ubiquity of combustion evidence is unsurprising, given the 
need to mitigate cold nighttime temperatures and other potential social 
and subsistence bene/ts of congregating around a hearth (Kuhn and 
Stiner, 2019). The latter is suggested by the presence of subsistence 
remains in all, or nearly all, of the sites considered in Table 1. 

Combustion features are documented in six of 14 Terminal Pleisto
cene components (42.8%) and nine of 22 Early Holocene components 
(40.9%). In most cases, these are described as discrete charcoal lenses or 
“Koors,” or charcoal and ash concentrations, sometimes accompanied by 
burned animal bones, lithics, or sediment (Table 1). 

The earliest features described as hearths are reported from Cueva 
Bautista in Bolivia (Capriles et al., 2016) and Agua de la Cueva in 
northwest Argentina (García et al., 1999). These sites were extensively 
excavated to expose potential activity areas. Cueva Bautista has nine 
Terminal Pleistocene radiocarbon ages on dispersed charcoal (n = 5) 
and faunal bone collagen (n = 4) from Layers O and P (Capriles et al., 
2016). Ages from basal Level P are signi/cantly older than those from 
Level O. The oldest age from Level P is 10,917 ± 69 BP (13.0-12.7 ka1). 

1 ka = thousands of calibrated years ago using complete 95% ranges, ob
tained with the SHCal20 calibration curve (Hogg et al., 2020). 
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Table 1 
Archaeological sites >2500 masl from the central and southern Andes radiocarbon dated to the Terminal Pleistocene (TP) and /rst radiocarbon millennium of the Early Holocene (EH).  

# in  
Fig. 1 

Site Country Elevation 
(masl) 

Ecoregion 14C BP SHCal20 
95% cal BP 

Dated material Combustion TP/EH combustion 
features/description 

Fuel ID References 

Terminal Pleistocene sites 
1 Guitarrero Cave Peru 2580 Sechura 

desert 
10,240 ±
45 

12,013–11,648 cordage, wood artifacts, 
charcoal 

yes no no Lynch, 1980; 
Jolie et al., (2011) 

2 Tres Ventanas Peru 3810 wet puna 10,030 ±
170 

12,432–10,879 Charcoal yes no no Engel (1970) 

3 Jaywamachay Peru 3350 Peruvian 
yungas 

10,280 ±
170 

12,600–11,319 Charcoal yes Hearth and charcoal 
Koor at base of 
Stratum J3 

no Garcia Cook, 1981 

4 Cuncaicha Peru 4480 dry puna 10,380 ±
100 

12,603–11,786 ultra/ltered bone 
collagen; charcoal 

yes no present study Rademaker et al., (2014) 

5 Cueva Bautista Bolivia 3935 salt puna *10,917 
± 69 

12,972–12,729 dispersed charcoal. 
bone collagen 

yes two shallow hearths in 
Zone O 

no Capriles et al., (2016) 

6 Alero El Pescador Chile 3300 salt puna 10,310 ±
130 

12,606–11,349 charcoal yes yes no DeSouza (2004) 

7 San Lorenzo 1 Chile 2950 salt puna *10,400 
± 130 

12,683–11,728 charcoal yes no no Núñez (1983) 

8 Salar de Punta 
Negra 6 

Chile 2975 salt puna 10,260 ±
60 

12,432–11,638 charcoal yes no no Grosjean et al., (2005) 

9 Tulan 109 Chile 2950 salt puna *10,590 
± 150 

12,751–11,953 charcoal yes no no Núñez et al., 2002, 2005 

10 Cueva de Yavi Argentina 3430 dry puna *10,450 
± 55 

12,598–12,019 charcoal yes no no Kulemeyer et al., (1999) 

11 Pintoscayoc 1 Argentina 3780 dry puna *10,720 
± 150 

12,969–12,090 charcoal yes no no Hernández Llosas, 2000 

12 Inca Cueva 4 Argentina 3650 dry puna *10,620 
± 140 

12,760–11,999 uncarbonized 
Hypsocharis sp. leaves 

yes hearths in Layer 2 Polylepis sp. Aschero (1984); Aschero 
and Podesta (1986);  
Aschero (2010) 

13 Peña de las 
Trampas 

Argentina 3580 dry puna 10,190 ±
190 

12,142–11,289 charcoal yes yes no Martínez, 2012 

14 Agua de la Cueva Argentina 2905 southern 
Andean 
steppe 

*10,950 
± 90 

13,070–12,736 charcoal yes hearths in Subunit 2 b no García et al., 1999 

# in  
Fig. 1 

Site Country Elevation 
(masl) 

Ecoregion 14C BP SHCal20 95% 
cal BP 

Dated material Combustion TP/EH combustion 
features/description 

Fuel ID References 

Early Holocene sites 
15 Lauricocha (L-2) Peru 3930 wet puna 9525 ±

260 
11,629-9975 charcoal mixed with 

burned and unburned 
bone 

yes no no Cardich (1964) 

16 Pachamachay Peru 4300 wet puna 9010 ±
285 

11,066-9429 charcoal yes no various Rick (1980); 
Pearsall (1980) 

17 Panaulauca Peru 4150 wet puna 9650 ±
145 

11,261–10,513 charcoal yes no no Rick and Moore (1999) 

18 Quiqche Peru 3600 wet puna 9940 ±
200 

12,087–10,706 charcoal yes no no Engel and Genoves, 1969;  
Engel, 1970 

19 Asana Peru 3435 Sechura 
desert 

9820 ±
150 

11,715–10,704 charcoal yes yes no Aldenderfer (1998) 

20 Toquepala Peru 2800 Sechura 
desert 

9490 ±
140 

11,175–10,304 charcoal yes no no Ravines 1964, 1967a, 
1972 

21 Hakenasa Chile 4100 salt puna 9980 ± 40 11,622–11,239 charcoal yes yes no Moreno et al., (2009) 
22 Las Cuevas Chile 4485 salt puna 10,070 ±

30 
11,715–11,314 charcoal yes no no Santoro and Chacama 

Rodríguez, 1984 
23 Pampa el Muerto 

15 
Chile 3175 salt puna 9510 ± 95 11,143–10,500 burned bone yes no no Osorio et al., (2016) 

(continued on next page) 
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Table 1 (continued ) 
# in  
Fig. 1 

Site Country Elevation 
(masl) 

Ecoregion 14C BP SHCal20 
95% cal BP 

Dated material Combustion TP/EH combustion 
features/description 

Fuel ID References 

24 Quebrada Blanca Chile 4500 salt puna 9510 ± 70 11,083–10,512 charcoal yes no no Grosjean et al., (2007) 
25 Tuina 1 Chile 3160 salt puna 9080 ±

130 
10,554-9726 charcoal yes no no Núñez et al., 2005 

26 Tuina 5 Chile 3810 salt puna 10,060 ±
70 

11,830–11,259 charcoal yes yes no Núñez et al., 2005 

27 Chulqui 1 A Chile 3280 salt puna 9590 ± 60 11,161–10,684 charcoal yes yes no Sinclaire A. 1985 
28 Salar de Imilac 7 Chile 3020 salt puna 9960 ± 50 11,623–11,216 charcoal yes yes no Cartajena et al., (2014) 
29 Salar de Punta 

Negra 1 
Chile 2975 salt puna 9230 ± 50 10,500–10,241 Peat no no not applicable Grosjean et al., (2005),  

deSouza et al., 2021 
30 Salar de Punta 

Negra 17 
Chile 2960 salt puna 9260 ± 40 10,509–10,247 charcoal yes yes no deSouza et al., 2021 

31 Salar de Punta 
Negra 19 

Chile 2960 salt puna 9460 ± 50 11,062–10,502 charcoal yes yes no Cartajena et al., (2014) 

32 Salar de Punta 
Negra 20 

Chile 2960 salt puna 9480 ± 50 11,066–10,509 charcoal yes yes no Cartajena et al., (2014) 

33 Hornillos 2 Argentina 4020 dry puna 9710 ±
270 

11,870–10,252 charcoal yes no Parastrephia spp., 
Baccharis incarum 

Yacobaccio et al., (2014) 

34 Huachichocana 3 Argentina 3400 dry puna 9620 ±
130 

11,229–10,571 charcoal yes charcoal lenses 
(hearths?) in Layer E3 

no Aguerre et al., (1975);  
Fernández Distel, 1986 

35 Alero Cuevas Argentina 4400 dry puna 9880 ±
100 

11,713–10,819 charcoal yes no no López and Restifo, 2017 

36 Quebrada Seca 3 Argentina 4050 dry puna 9410 ±
120 

11,073–10,248 charcoal yes no Parastrephia spp., 
Baccharis incarum, 
Adesmia horrida 

Rodríguez, 2000; 
Pintar (2008) 

All ages calibrated using Calib 8.1.0 (Stuiver and Reimer, 2020) and the SHCal20 calibration (Hogg et al., 2020). The entire 95% calibrated ranges are reported. TP-Terminal Pleistocene, EH-Early Holocene. * indicates 
singular, unreplicated age. 
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Level O includes two hearth features, directly dated with unidenti/ed 
charcoal to 10,336 ± 63 BP (12.5–11.8 ka) and 10,412 ± 60 BP 
(12.6–12.0 ka), and 10,433 ± 67 BP (12.6–12.0 ka). The three hearth 
ages are statistically indistinguishable and provide a pooled mean age of 
10,393 ± 36 BP (12.5–12.0 ka). Given the possibility of old wood and 
non-human introduction of some of the dated faunal remains, the dated 
hearths may provide the most reliable age for initial human use of Cueva 
Bautista. 

Subunit 2 b in Agua de la Cueva has /ve radiocarbon ages on char
coal spanning from 9210 ± 70 BP (10.6–10.2 ka) to 10,350 ± 220 BP 
(12.7–11.3 ka). A sixth age much older than the others, 10,950 ± 90 BP 
(13.1–12.7 ka), came from the base of the 2 b stratum (García et al., 
1999). Hearths were identi/ed based on thin, lens-shaped charcoal 
concentrations within the 2 b stratum, associated with lithics and 
burned animal bones. García (2010) also notes banding within the 2 b 
sediment, interpreted as the result of thermal alteration by hearths that 
were cleaned and no longer preserved. 

Four other Terminal Pleistocene sites have features described as 
hearths - Jaywamachay in southern Peru (García Cook, 1982), Alero El 
Pescador in northern Chile (DeSouza, 2004), and Inca Cueva-4 and Peña 
de las Trampas in northwest Argentina (Aschero and Podestá, 1986; 
Martínez, 2012). Calibrated ages for all three sites are ~12.6–11.3 ka 
(Table 1). Importantly, most early Andean sites do not have preserved 
hearths, similar to the situation among contemporary sites in North 
America (Surovell and Waguespack, 2007). However, a lack of pre
served hearths does not equate with ephemeral occupation evidence, as 
some of the most intense Andean occupations – as suggested by artifact, 
faunal, and paleobotanical material amounts – are also some of the ones 
lacking intact hearth features. Conversely, some of the sites with pre
served hearths contain relatively few cultural materials (Rademaker and 
Moore, 2018). Intense, repeated longer-term occupations (in contrast to 
brief, short-term site visits) of relatively small interior spaces may work 
against the preservation of early combustion and other features (Rick, 
1980; for a broader perspective, also see Miller et al., 2013; Karkanas 
et al., 2015). 

Plant taxa used as fuel were securely identi/ed at only four of 36 
early Andean sites (~11%). These include Pachamachay in the wet puna 
of central Peru and Inca Cueva-4, Hornillos-2, and Quebrada Seca-3 in 
the dry puna of northwest Argentina (Table 1, Fig. 1). 

In Early Holocene Kotation samples (Levels 28 and below) from 
Pachamachay (4310 masl), Pearsall (1980) identi/ed carbonized frag
ments of woody shrubs Margyricarpus strictus (Rosaceae), Chuquiraga 
huamanpinta/Ribes (Compositae/Saxifragaceae), Proustia pungens 
(Compositae), and Polylepis spp. (Rosaceae) trees, all located on the 
puna above 4000 masl, as well as Dodonaea viscosa (L.) Jacq. (Sapin
daceae) from high valleys below the puna zone. These contexts have a 
single radiocarbon age on unidenti/ed charcoal, 9010 ± 280 BP, (11, 
066–9429 cal BP). Some carbonized camelid dung also was found in 
early levels, though it is unclear whether the dung was used as fuel or 
deposited by animals and burned inadvertently. 

Inca Cueva-4 (3650 masl) is located in a grove of Polylepis tomentella 
trees (queñua). Extensive excavation exposed a variety of features in 
Layer 2, including two small hearths, nearby uncarbonized queñua 
trunks, and uncarbonized queñua bark in a separate midden feature 
(Aschero, 1984). A single radiocarbon age of 9230 ± 70 BP (10.6–10.2 
ka) was obtained on unidenti/ed charcoal from one of the hearths. 
Aschero and Podestá (1986) reported three additional radiocarbon ages 
for Layer 2, including a singular, unreplicated Terminal Pleistocene age 
of 10,620 ± 40 BP (12.7–12.5 ka) on uncarbonized Hypsocharis spp. 
leaves and stems. 

Formal anthracological analyses were carried out at the Early Ho
locene site Hornillos-2 (4020 masl). The oldest radiocarbon age of 9710 
± 270 BP (11.9–11.3 ka) comes from the basal Level 6 d, though the 
analyzed Early Holocene carbonized botanical sample came from Layer 
6a, higher up in the stratigraphic sequence. Two radiocarbon ages of 
9590 ± 50 BP (11.1–10.7 ka) on uncarbonized wood and 9150 ± 50 BP 

(10.5–10.2 ka) on charcoal from the immediately overlying Level 6 
provide an approximate age for the analyzed anthracological sample. 
Charcoal identi/ed as Parastrephia, and Baccharis incarum indicate a 
reliance on resinous shrubs as combustion fuel (Yacobaccio et al., 2014). 

Rodríguez (2000) carried out detailed paleoethnobotanical and 
anthracological analyses at Quebrada Seca-3 (4050 masl). From a 
context dated to 9410 ± 120 BP (11.1–10.2 ka), three identi/ed taxa 
included Parastrephia spp., Baccharis incarum, and Adesmia horrida. 
These resinous shrubs are ranked among the best fuel sources by modern 
indigenous pastoralists in the region according to ethnographic in
terviews, and woody shrubs are the only source of /rewood available in 
the salt puna ecoregion (Rodríguez, 2000). 

1.4. Combustion evidence from the dry puna: Cuncaicha rock shelter 

Cuncaicha rock shelter (4480 masl) in the dry puna ecoregion of 
southern Peru contains occupations dating to the Terminal Pleistocene 
(12.5–11.2 ka), Early Holocene (9.6–9.2 ka), Late-Middle Holocene 
(5.9–4.8 ka), and Late Holocene (<2.1 ka) (Rademaker et al., 2014; 
Meinekat et al., 2021). 

Evidence for combustion is present throughout the occupation 
sequence (Meinekat et al., 2021). Intact combustion features are only 
observed in the Late Holocene strata and composed of superimposed 
lenses of charcoal-rich, ash-rich, and some rubi/ed layers, resulting in 
stacked combustion features (Mentzer, 2012). In the other strata, the 
combustion features have been reworked, probably by a mix of 
anthropogenic and natural processes. Yet all strata contain various lines 
of evidence for /re use in the rock shelter. 

Evidence of /re in the Terminal Pleistocene component (12.5–11.2 
ka) includes highly abundant thermally altered and calcined herbivore 
bone, heat damaged and altered lithics, carbonized macrobotanical re
mains, and /re-cracked rock. A micro-analysis using micromorphology 
and (μ)FTIR provided further evidence of /re throughout all time pe
riods, based on the identi/cation of plant ashes and presence of the 
macro-evidence reKected on the micro-scale, such as burned bones 
(Meinekat et al., 2021). 

The Cuncaicha sediments contain ash oxalate pseudomorphs, the 
heat-altered derivatives of calcium oxalates that are especially present in 
woody species such as trees and shrubs but not common in grasses (Canti 
and Brochier, 2017). Therefore, the presence of such ash components 
hints at some use of woody plant fuels as fuel by the Cuncaicha 
occupants. 

Despite anthropogenic ash content, there are relatively few carbon
ized plant macro-remains in the rockshelter sediments. Table S1 sum
marizes the identi/able wood macrobotanical remains recovered via 
water Kotation from a sample of Terminal Pleistocene (3.0 m2) and Early 
Holocene (2.5 m2) contexts excavated within the shelter. Two taxa were 
identi/ed in both components. Parastrephia spp. is ubiquitous in all 
contexts, and Polylepis rugulosa is in most contexts, with 50% ubiquity 
for both the Terminal Pleistocene and Early Holocene contexts. Para
strephia shrubs (which we refer to generally as tola) are found in the 
immediate vicinity of Cuncaicha, whereas the closest modern Polylepis 
tree (queñua) groves are 30 km southwest of the site, occurring below 
4200 masl (Fig. 2). 

Macrobotanical remains of both taxa are present in the Cuncaicha 
sediments in small amounts, though, in comparison, the weights and 
densities of Parastrephia are greater than Polylepis in both components. 
Parastrephia density does not generally exceed 0.5 g/L of sediment, and 
Polylepis density does not exceed 0.03 g/L. While carbonized woody 
macroremains are ubiquitous in the site’s early deposits, clearly indi
cating that anthropogenic combustion took place in both the Terminal 
Pleistocene and Early Holocene, the small amounts of carbonized mac
roremains are inconsistent with the use of either taxon as a primary 
combustion fuel. Although only a small number of samples were 
analyzed, densities of the wood charcoal and species used do not appear 
to change in the subsequent Middle and Late Holocene occupation 
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components, indicating that taphonomic factors are not likely a factor 
for the paucity of wood charcoal in the Terminal Pleistocene and Early 
Holocene components. 

Site cleaning does not explain the relative absence of macrobotanical 
remains, because these same Kotation samples yielded substantial 
quantities of lithic microdebitage, faunal bone fragments, and other 
micro-artifacts, such as ochre, which also would have been removed if 
cleaning had taken place. Because geoarchaeological analyses securely 
identi/ed anthropogenic ash content in the site sediments, some un
identi/ed site formation process must explain the relative absence of 
carbonized woody macro-remains preserved in Cuncaicha’s early sedi
ments. A microcontextual approach and additional lines of evidence are 
therefore required to identify the most likely fuel(s) used by the in
habitants of Cuncaicha. 

1.5. Fuel selection strategies and previous experimental work in the Andes 

Any burned remains at an archaeological site are linked to both /re 
and fuel. Therefore, the question of fuel selection is essential to inter
preting the archaeological record. Fuel selection strategies depend on 
the environmental conditions, but fuel selection is also inKuenced by the 
people who inhabit the site, group size, site function, occupation dura
tion, and the purpose of the /re (Théry-Parisot et al., 2010; Théry-Par
isot, 2002a). Studies of combustion features and fuel selection show how 
the selected fuel inKuences the archaeological remains, the site forma
tion, and how it ultimately links to past human behavior, occupation 
intensity, and mobility (e.g., Marcazzan et al., 2023, 2022; Tomé et al., 

2022; Caruso Fermé and Civalero, 2019; Théry-Parisot, 2002a, 2002b). 
Two theoretical approaches may support a test of fuel selection 

strategies: The Principle of Least Effort (PLE) and Optimal Foraging Theory 
(OFT). As proposed by Joly et al. (2017) and Théry-Parisot et al. (2010), 
the former would predict fuels will occur in proportion to their fre
quency in the immediate site environment– with deviations indicating 
preferential decision making. In the case of the latter scenario, OFT 
might be considered. 

Optimal Foraging Theory would favor those fuels that maximize net 
energy gain. To determine the optimal solution among a set of alterna
tive candidates, one must consider the bene/ts of each fuel relative to 
the costs of procurement (Kelly, 2013; Bettinger et al., 2015). Optimal 
Foraging Theory is most often applied in subsistence studies; therefore, a 
fuel-focused study requires special considerations of fuel qualities. 
Although we cannot know which attributes would have been preferable 
to humans during the Terminal Pleistocene (Théry-Parisot et al., 2010), 
it is possible to examine fuel ef/ciency using an experimental approach. 
Important aspects of fuel ef/ciency include energy or time invested in 
transport, processing, /re making and maintenance, as well as com
bustion qualities including high temperature and long burn duration. 
Many experimental studies have focused on combustion practices and 
fuel selection during the Paleolithic (Aldeias, 2017 and references 
therein). Also in the Andes, there have been previous experimental, 
ethnographic, and archaeological studies focused on the identi/cation 
of fuel and fuel selection strategies, with a regional emphasis on 
Argentina and Chile, and methodological emphasis on anthracological 
analyses. 

Fig. 2. Map of the study area showing Cuncaicha archaeological site and where the experiment was conducted. The map shows the vegetation zones that are habitat 
to the fuel species used for the experiment. The high Andean relict forest (i.e., bosque relicto alto andino) is habitat to queñua (Polylepis spp.), whereas yareta (Azorella 
compacta) and tola (Parastrephia spp.) are mostly found in the high Andean grasslands (i.e., pajonal alto andino). The Bofedal is high-elevation peatland. Circles 
indicate where the fuel was collected: Yareta and tola were collected next to Cuncaicha, Queñua was collected south-west of Nevado Coropuna. Ecosystem data 
obtained from Ministerio Ministerio del Ambiente, 2015, Ministerio del Ambiente, 2018. 
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Joly et al. (2017) conducted a combustion experiment in the Pampa 
del Tamarugal in northern Chile, performed anthracological analyses, 
and compared the results to the anthracological record of the Terminal 
Pleistocene archaeological site Quebrada de Maní 12 (1240 masl). The 
experiment identi/ed available woody plant fuel resources, recorded the 
combustible qualities of the tested fuels (temperature and burn dura
tion), and tested the results against the PLE. They conclude that the 
anthracological evidence does not support PLE, but that Schinus molle 
trees and Myrica pavonis shrubs were actively selected as fuel and as 
tinder, respectively. 

Aguirre (2020) compiled ethnographic data on 16 woody plant 
species available in the region of Antofagasta de la Sierra, Catamarca, 
Argentina. This study highlights the variability and richness of fuel re
sources in the area and the potential of diachronic and technological 
changes of fuel selection. Aguirre and Rodríguez (2013) conducted a 
combustion experiment in the same region. Based on bibliographic and 
ethnobotanical research, they evaluated eight woody plant species, 
building experimental hearths at a locality of 3600 masl, recording 
temperature and time as well as starting/resulting weight (wood/
charcoal), and performing subsequent anthracological analyses. They 
observed that combustion of the three “best” species (based on 
ethnography and experiment), Parastrephia lucida, Ephedra breana and 
Fabiana bryoides, results in a relatively minor anthracological signal in 
the experimental setting, as well as in local archaeological sites. 

Rodríguez et al. (2022) aimed to understand combustion practices at 
the Late Holocene Punta de la Peña 9 site by applying the results from 
Aguirre and Rodríguez (2013) and not only identifying 13 species that 
were used, but also calculating how much fuel was needed to create the 
combustion structure, taking the interpretation beyond fuel selection 
towards /re management practices. 

Another case study from Antofagasta de la Sierra comes from Escola 
et al. (2013). They conducted anthracological studies at the Late Holo
cene archaeological site Alero sin Cabeza, using previous experimental 
anthracology studies by Rodríguez (1999, 2000, 2004a, 2004b) and 
Aguirre (2007, 2012). They identi/ed local plant taxa, conducted sam
pling for anthracological analyses during the excavation (noting the lack 
of preserved combustion structures and hearth features), and identi/ed 
the charcoal from the site. They carefully evaluated the combustion 
qualities and bene/ts of identi/ed taxa against the presence in their 
samples, taking into account considerations from OFT and PLE. Further, 
they interpreted their results regarding seasonality and resource pres
sure through (over)use, which impacts fuel selection. 

Among others, Joly (2008) conducted an experiment with three 
plant species, Adesmia spp., Fabiana densa, and Parastrephia lepidophylla, 
local to the Puna de Jujuy, Argentina. They evaluated the fuel quality 
regarding temperature and especially burn duration in relation to 
amount of invested fuel. Adesmia spp. and Parastrephia sp. showed better 
characteristics than Fabiana densa. Joly et al. (2009) combined ethno
graphic and archaeological study in the same region. They analyzed the 
anthracological record of Hornillos 2, an Early to Late Holocene 
archaeological site at 4020 masl. Ethnographic information on fuel was 
obtained from families in the village of Susques, resulting in a list of 19 
plant species that were rated for combustion quality. Ethnographically, 
Parastrephia spp. was the preferred fuel. The anthracological analysis of 
archaeological charcoal from Hornillos 2 showed that Parastrephia spp 
and Baccharis spp. are the predominant taxa, with some other taxa like 
Adesmia sp. and Fabiana spp. also represented. They noted some 
diachronic changes as well as variation between different areas in which 
fuels were selected. However, Parastrephia spp. is represented consis
tently in the archaeological record and mentioned most frequently in the 
ethnographic record, highlighting its role as local fuel. 

Caruso Fermé and Théry-Parisot (2011) conducted a combustion 
experiment with woody plant species local to the Patagonian Andean 
Forest, recording maximum temperature, combustion duration, Kame 
duration, and amount of residues, with special focus on charcoal char
acteristics. Caruso Fermé (2012), Caruso Fermé and Théry-Parisot 

(2020), and Caruso Fermé and Civalero (2019) conducted various 
anthracological studies in Patagonia, Argentina, at the archaeological 
sites of Cerro Pintado, Paredón Lanfré, Orejas de Burro, Cerro Casa de 
Piedra 5, and Cerro Casa de Piedra 7. They studied the locally available 
plant fuels and compared them against the taxa represented in the 
archaeological records, and they also approached the question of fuel 
acquisition and transport. 

These previous studies highlight the importance of identifying and 
testing local fuel resources around archaeological sites. A thorough 
understanding of resource diversity and richness in the study area re
quires /eld observations, ethnographic information, or both. Further, as 
the combustion of various fuels may result in different residue classes 
and preservation may affect residues differentially, various analytical 
methods can provide multi-level insights into site combustion behaviors. 
While most previous studies have focused on the anthracological record, 
the archaeological deposits at Cuncaicha and some sites in Argentina 
(Aguirre and Rodríguez, 2013) may require different approaches due to 
the relatively small amount of charcoal. Finally, interpretations of these 
analyses may bene/t from either PLE or OFT, as both concepts point to 
optimal solutions. 

1.6. Fuel selection for the combustion experiment 

To understand fuel selection at Cuncaicha, we must evaluate 
resource availability, diversity, and richness in the Pucuncho Basin. 
Besides woody plant species, other potential types of fuel in the dry puna 
include dung, animal bones, and Distichia muscoides peat in bofedales. 
After reviewing the different fuel types and ethnographic and archaeo
logical literature reporting their use for combustion, we will discuss our 
selection of three fuel types for our experiment. 

1.6.1. Plants 
The local dry puna habitat surrounding Cuncaicha contains many 

potential plant fuel sources, including Stipa ichu grasses, numerous small 
herbs and forbs, woody Parastrephia spp., Tetraglochin cristata, and 
Baccharis spp. shrubs, low-growing Opuntia spp. cacti, and cushion 
plants such as Azorella compacta and Distichia muscoides in respective 
terrestrial and wetland moor habitats. Occurring below 4200 masl, some 
30 km southwest of Cuncaicha, are the only trees on the high-elevation 
plateau – small groves of Polylepis rugulosa trees. 

Use of queñua wood is reported for the Awatimarka village in
habitants in Moquegua, southeast of our study area (Kuznar, 1995). 
Polylepis spp. was also used at Chinchero, an agricultural community 
located near Cuzco between 3000 and 5000 masl (Franquemont et al., 
1990). At Panaulauca and Pachamachay, Pearsall (1980, 1988) identi
/ed Umbelliferae seeds in Late Holocene levels containing ceramics and 
hypothesized the use of yareta for on-site /ring of pottery. Azorella 
compacta does not grow in the Junín department, where both Pacha
machay and Panaulauca are located. In this case, the common name 
yareta is referring to the local Azorella diapensiodes, a low polster, mat 
forming plant. 

While grasses have been suggested as a potential fuel in other loca
tions (Lavallée et al., 1995; Pearsall, 1988), ichu is not considered for 
this study because it is not likely to be the most ef/cient fuel for the 
region. Furthermore, the presence of ash oxalate pseudomorphs in the 
Cuncaicha sediments does not suggest grassy species, but rather hints at 
the use of woody plant species. 

1.6.2. Dung 
Dung has been proposed as an important fuel in settings lacking 

trees, such as cold steppe and tundra environments (Rhode et al., 2003). 
In the Andes small dung pellets from wild and domesticated camelids 
could constitute a potential fuel source (Pearsall, 1980, 1988). Ethno
graphic studies of indigenous Andeans have contributed insights into the 
traditional use of plants as combustive fuel. Winterhalder et al. (1974) 
studied the Nuñoa pastoralist community in the department of Puno. 

S.A. Meinekat et al.                                                                                                                                                                                                                            



Quaternary Science Reviews 316 (2023) 108244

9

Despite the presence of Polylepis groves as high as 4250 masl near Nuñoa 
and the acknowledgment that the wood provided a good /re, most in
habitants preferred to use readily available cattle or llama dung because 
of the greater effort required to access the limited groves of Polylepis, far 
from households. Formal comparison of energetic ef/ciency among the 
possible fuels indicated a higher heat value (kcal/kg of fuel) for queñua 
wood relative to sheep, cattle, and llama dung. However, when dung 
was gathered from corrals adjacent to houses, a low collection cost (in 
kcal/kg) resulted in a higher energetic ef/ciency (kcal heat obtai
ned/kcal energy expended in gathering) of dung relative to queñua 
wood. 

Use of camelid dung as fuel was reported in Paratía in Puno (Flores 
Ochoa, 1968), Hualcán in Cuzco (Stein, 1961), and Awatimarka in 
Moquegua (Kuznar, 1995). At Chinchero, the inhabitants relied on 
guinea pig droppings as the primary traditional cooking fuel, along with 
Polylepis spp. (Franquemont et al., 1990). Local herders near Cuncaicha 
do not use dung as a primary fuel source. Furthermore, if dung pellets 
were used as fuel, we would expect burned dung pellets to be a notable 
component in the archaeobotanical record of the site, as described by 
Pearsall (1980, 1988) for Pachamachay and Panaulauca. However, we 
do not observe burned dung pellets in the archaeological deposit at 
Cuncaicha. Hence, we did not select dung for our experimental 
combustion. 

1.6.3. Bone 
Evidence for bone fuel comes from various regions, often where plant 

fuel is limited due to cold temperatures (Buonasera et al., 2019; Miller, 
2015) such as Arctic environments (Vanlandeghem et al., 2020; Vil
lagran et al., 2013). Various studies show that using bone as a fuel ad
ditive has a positive effect on the burn duration and fuel consumption 
(Mentzer, 2009; Théry-Parisot et al., 2005; Costamagno et al., 2005; 
Théry-Parisot, 2002b). From the broader study area for example, Joly 
(2008) and Joly (2009) mention the presence of burned bones. Today, 
bones are not used as fuel in the study area. However, bones burned to 
varying degrees are common in the Terminal Pleistocene and later de
posits of Cuncaicha and in other early archaeological sites of the Andean 
puna, such as Hakenasa in northern Chile (LeFebvre (2004). 

1.6.4. Peat 
Pearsall (1988) suggests the use of Distichia muscoides polsters for 

combustion in the Late Holocene. Further, Flannery (1989) reports that 
at /ve puna communities located between 4200 and 4500 masl in 
Ayacucho, herders cut and dried blocks of Distichia muscoides peat to use 
as fuel. There are no documented instances of peat used for fuel in our 
study region, nor evidence from the deposits of Cuncaicha. 

1.6.5. The chosen fuels 
After reviewing the available local fuel resources, ethnographic 

literature, observations of local pastoralists (Fig. S1), personal experi
ence camping on the plateau and making camp/res, and previous 
macrobotanical and geoarchaeological insights, we selected the three 
most likely plateau fuels for our experiment: local Azorella compacta 
cushion plants (yareta), local woody Parastrephia spp. shrubs (tola), and 
non-local Polylepis rugulosa tree branches (queñua). 

Queñua is found in all puna ecozones, between 9◦ and 32◦S and can 
grow above 3500 masl (Gareca et al., 2010). In Peru, queñua trees are 
especially found in the ecosystem of the high Andean relic forest though 
they may also occur in the grasslands of the wet puna (i.e., pajonal de 
puna húmeda) (Ministerio del Ambiente, 2015, 2018). It is an evergreen 
tree species that grows along rocky slopes and streams (see Fig. 2). Based 
on extensive botanical survey of the Peruvian highlands, Mendoza and 
Cano (2011) documented three Polylepis species in the department of 
Arequipa (where the study area is located), with an upper elevation limit 
of 4600 masl. However, locally, Kuentz et al. (2007) identi/ed pollen of 
Polylepis rugulosa only up to 4250 masl west of Nevado Coropuna. This 
upper elevation limit is consistent with large-scale paleoecological 

studies by Gosling et al. (2009) and with our /eld observations of the 
highest Polylepis groves at ~4250 masl in the study region. Polylepis is 
used for fuel due to its high resin content that allows it to burn easily 
under wet-season conditions (MacBride, 1936:29), but medicinal uses 
also have been reported (Bussmann et al., 2016; Ardiles et al., 2018). 

Tola is a resinous shrub that can grow up to 2 m high. In Peru it is 
typical for the ecosystems of the Andean scrublands (i.e., matorral 
andino) and the grasslands of the dry puna (i.e., pajonal de puna seca), 
though it can also occur in the high Andean relic forest (Ministerio 
Ministerio del Ambiente, 2015; Ministerio del Ambiente, 2018) (see 
Fig. 2). It is used for fuel due to its high resin content that allows it to 
burn easily under wet season conditions (MacBride, 1936:29), but also 
medicinal uses have been reported (Bussmann et al., 2016; Ardiles et al., 
2018). 

Yareta is documented in the dry and salt puna ecoregions and can 
grow at elevations between 3800 and 5200 masl. In Peru, it is not only 
typical for the dry puna but is also found in the periglacial zone (i.e., 
zona periglaciar) (Pugnaire et al., 2020; Ministerio del Ambiente, 2015, 
2018). Yareta is a slow-growing cushion plant that grows on north slopes 
in arid and cold climates in volcanic landscapes and can reach thousands 
of years of age2 (Pugnaire et al., 2020; Kleier et al., 2015; Kleier and 
Rundel, 2004; Ralph, 1978). The cushion itself is made up of a central 
root system with a resinous parachute-like branch system of stems and 
leaves forming a hard canopy that can grow extensively, up to 20 m, 
where size classes depend on the elevation (Pugnaire et al., 2020; Kleier 
et al., 2015) (see also Fig. 2). Use of yareta as fuel has been reported, but 
it is also used for its medicinal properties (Hodge, 1946, 1960). 

How comparable is today’s vegetation distribution relative to the 
Terminal Pleistocene and Early Holocene? Lake and wetland sediment 
cores from the dry puna of northern Chile and southern Peru, including a 
site just 30 km southwest of Cuncaicha, contain Apiaceae (Azorella), 
Asteraceae (including shrubs Parastrephia, Baccharis, Chuquiraga, Sene
cio) and Rosaceae (Polylepis) pollen throughout their sequences, to 
>13,000 years ago (Baied and Wheeler, 1993; Kuentz et al., 2012). A 
synthesis of pollen and charcoal records from Ecuador and Peru in
dicates that patchy Polylepis woodlands have been distributed in the 
Andes from 2◦ to 18◦ S over at least the past 20,000 years (Valencia 
et al., 2018). Longer pollen records from the Huiñaimarca sub-basin of 
Lake Titicaca contain Apiaceae pollen (Azorella) over at least the past 60, 
000 years (Gosling et al., 2009). Apiaceae, Asteraceae, and Polylepis were 
all present 136,000 years ago (Marine Oxygen Isotope Stage 5e) in a 
Lake Titicaca core (Hanselman et al., 2005). All three of these plant 
types have likely been present in the Andean puna throughout the 
Quaternary. Yet, the occurrence of Polylepis trees and Azorella compacta 
cushion plants may have been reduced or eliminated in some areas of the 
Andes due to overharvesting in the Late Holocene (Gosling et al., 2009). 

2. Methods 

2.1. Fuel collection and experiment setup 

On January 19th, 2022, we collected queñua, yareta and tola from 
three distinct locations on the plateau (Fig. 2). To compare the time 
invested collecting and quantity gathered among the three fuel types, we 
standardized the estimated volume of fuel per person-hour of gathering 
time. 

For all three fuels, we collected only dead vegetation from the 
ground and only what was needed for the experiment. We selected the 
driest material possible, though some of the queñua and especially the 

2 Therefore, considering the age of the plants and that only dead parts of the 
plants are suitable as fuel, we should be aware of a potential old-wood effect if 
carbonized yareta was used to date an archaeological site, though Harpel et al. 
(2021) also highlight the potential of dating yareta and using it as a geochro
nological resource. 
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yareta were somewhat damp from recent rain and snow. However, early 
wet-season conditions did not greatly impact the ignition or mainte
nance of the /res. We transported the fuels to the experiment site on the 
north terrace of Quebrada Cuncaicha, a perennial stream ~300 m north 
of Cuncaicha rock shelter. 

Currently the nearest Polylepis groves are found on the plateau ~30 
km southwest of Cuncaicha. At a grove along the Chuquibamba- 
Cotahuasi highway, we collected dead branches from the ground in a 
75-m radius around the /eld vehicle for ~15 min each or 45 person- 
minutes. Queñua branches and twigs of 5–10 cm diameter are light
weight, with papery, exfoliating bark and few leaves. This collection 
yielded approximately 0.33 m3 of fuel. 

Azorella compacta is widespread on the high-elevation volcanic 
plateau between the Majes and Ocoña rivers. These plants are especially 
numerous covering the Barroso Formation andesite lava Kows that form 
the hillslopes surrounding the Pucuncho Basin, including the landform 
containing Cuncaicha rock shelter. One person collected dead cushions 
of yareta from the hillside just east of Cuncaicha shelter for ~20 min. 
Dead, gray-brown portions of the yareta mounds are easily identi/ed 
relative to the vibrant green living cushions. The driest blocks are har
vested from cushions growing against large rocks, and the dead cushions 
are easily dislodged from the substrate or from the living portion of the 
plant. Collection involves harvesting relatively few but large fragments, 
each of which can be split into multiple, smaller cone-shaped portions. 
Blocks composing a volume of ca. 0.25 m3 were carried back to the 
experiment site. 

Parastrephia spp. shrubs are widespread in the Pucuncho Basin and 
especially abundant along river terraces. Dead tola branches and roots 
are easily recognized by a white-gray color relative to the living brown 
stems and branches. Two people collected dried tola from the terrace 
adjacent to the experiment site for ~45 min. Collection involves har
vesting small, twisted fragments of dead tola from many different plants. 
During the experiment, we ran out of fuel, and two people collected 
additional tola branches for ~15 min. We collected an estimated total 
volume of approximately 0.2 m3. 

Because burned bones are one of the main indicators of anthropo
genic /re at Cuncaicha, we chose to add fresh bones to our experimental 
/res to produce residues. For bone material we collected a llama (Lama 
glama) carcass along the road on the west side of the Pucuncho Basin. 
This sample was relatively fresh, with green bone and some dried soft 
tissue and fur preserved. We selected a tibia and a femur. A second 
camelid carcass was collected approximately 25 m upstream from the 
experiment site. It was of similar state as the /rst specimen, but with less 
soft tissue. The last bone sample included two single dried and sun- 
bleached bones, a humerus and a radius, collected within 20 m of the 
experiment site. We dismembered the carcasses by hand to add limb 
bones to the /res during combustion. 

In the Pucuncho Basin prevailing afternoon winds are from the west. 
We constructed a north-south rock wall to act as a windbreak and built 
the /res on the east, leeward side of the wall. West-east stone partitions 
separated the /res (Fig. 3). Queñua and tola /res were built against the 
rock windshield using a lean-to or pyramid construction. Following the 

Fig. 3. Gathered fuel and set-up of experimental /res. Top: A rock dry wall was built as a windbreak with dividers between the three different /res adjacent to the 
riverbed of the Cuncaicha stream. Fires, left to right: queñua, yareta, tola. Bottom: Close-up photographs of the three fuels (Left to right: queñua, yareta, tola). Note 
the characteristics of each fuel: Queñua has long branches that are covered in paper-like, thin sheets of bark. Yareta fuel pile is comprised of dead chunks of the 
densely packed stems of the compact cushion mounds. Tola has short, woody branches that stem from the bottom part of the plant. 
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method used by local herders, the yareta /re was constructed as a 
beehive-shaped chamber using ~25 cone-shaped pieces of 10–20 cm, 
with the pointed ends of the cones toward the center. This structure 
effectively places the smallest, driest, and most resinous interior por
tions of the cushions near the central ignition point. The outer portions 
of the cushions can then progressively release water vapor during the 
burn. The /res were ignited sequentially in 10-min intervals to keep 
environmental conditions consistent among burns. Fires were started in 
sequential order from south to north, beginning with queñua (1), then 
yareta (2), and /nally, tola (3). Ignition for all three /res used a small 
wad of dry paper and a match, then small twigs of tola for kindling. The 
queñua and tola /res required only a single ignition. 

2.2. Combustion and temperature measurement 

Throughout the experimental burn, temperature measurements for 
each /re were taken at regular intervals using an Omega® OS768-LS 
non-contact infrared thermometer (100◦C–1800 ◦C range, accuracy 
±2% of measured value) with a standard emissivity setting of 0.95. We 
did not use the thermocouple extension due to the dif/cult /eld situa
tion and setup. Potential device measurement biases are equal for all 
three /res. Temperature readings were collected by holding the py
rometer approximately 50 cm from the /re and aiming the device be
tween the base and center of the /re for 15 s until consistent readings 
were returned. Minimum, maximum, and average temperatures were 
recorded. 

The /rst measurement for each /re was taken approximately 5 min 
after the /re was started. We then collected recurrent measurements on 
each /re every 10 min for the duration of the burn. Throughout the 
experiment, we maintained each /re at its original size by adding fresh 
fuel or modifying the /re structure to encourage the complete con
sumption of all fuel. Fires were sustained for approximately 90 min, 
after which /res were allowed to burn out. Two /nal temperature 
measurements on each /re were taken: (1) 5 min after the Kames 
extinguished, and (2) 30 min following the /nal-Kame measurement. 

Although we used the added bone to provide a secondary tempera
ture estimate (Ellingham et al., 2015; Stiner et al., 1995), and to create a 
reference collection, bones are also another potential fuel source, and 
their addition impacts the burning process (e.g., Mentzer, 2009; 
Théry-Parisot et al., 2005). Therefore, we kept bone additions similar in 
all three /res. We added one sun-bleached and three freshly dis
articulated camelid long bones to the coals in each /re approximately 
30 min after ignition, when /res were well established. These bones 
were repositioned within the coals only during /re maintenance, and 
left within the coals to cool overnight. 

2.3. Residue collection 

The day following combustion, we returned to the experiment site 
and collected the different /re residues (charcoal, bones, and ashes) for 
further analyses. Both the queñua and tola /res were cold, but the yareta 
/re had retained hot coals, about 20 h after the /nal temperature 
measurements were taken the previous day. We raked out the /re con
tents to allow the remaining materials to cool before collection. We 
separated ashes and charcoal to estimate the relative amounts produced 
by the different /res. Ash samples, representative charcoal pieces, and 
all bone pieces were collected from all three /res. Every bone fragment 
(Figs. S2a–c) was macroscopically examined to provide a rough estimate 
of burning temperature and calcination stage, according to Stiner et al. 
(1995) and Ellingham et al. (2015). 

2.4. Laboratory: Ash smear slides 

The ash samples were transferred to the Geoarchaeology Laboratory 
of the Geoarchaeology Working Group at the Institute for Archaeolog
ical Sciences, Department of Geosciences at the University of Tübingen. 

A small amount of the samples was processed into smear slides. For 
smear slide production, 2–4 drops of Entellan® were placed on a slide 
using a glass pipette before adding 1–2 mg of sample with a scoop. The 
sample was dispersed with the Entellan® and then covered with a cover 
slide. After drying, the slides were analyzed using a Zeiss Axiometer 
petrographic microscope using 10x, 20x, and 40x magni/cation under 
plane-polarized and crossed-polarized light. Two slides were produced 
of each /re sample. 

3. Results 

3.1. Gathering time for fuels 

Gathering yareta for one person-hour will result in the largest fuel 
volume (0.75 m3), followed by queñua (0.44 m3), and tola (0.20 m3). 
These are rough estimates, but they allow us to rank the three fuels in 
terms of their gathering time, which we compare to fuel performance 
evaluated experimentally in the next section. The gathering time esti
mates do not include any time of transport that would be involved in 
transferring Polylepis wood from distant groves to Cuncaicha. Transport 
time for yareta and tola to the experiment site is negligible. 

3.2. Temperature and duration of >res 

We compare the combustion process among the fuels using a series of 
temperature measurements (Fig. 4, Table S2). The queñua and tola /res 
reached temperatures of over 700 ◦C 10 min after starting the /res. 
Yareta did not produce a temperature of over 700 ◦C until 20 min after 
ignition. This is explained by the dampness of the fuel, as the /re faltered 
and had to be restarted approximately 10 min after the original ignition. 

Temperatures over 800 ◦C were measured after 40 min in the yareta 
/re and after 60 min in the queñua and tola /res. The maximum tem
peratures measured in the yareta /re were 895.2 ◦C and 887.6 ◦C, 
recorded after 80 and 90 min, respectively. The tola /re reached a 
similar temperature (882.3 ◦C) after 70 min. The queñua /re reached its 
maximum temperature of 853.1 ◦C at the 60-min mark. 

While actively fed, all /res maintained temperatures between 650 ◦C 
and 900 ◦C. Declines in temperature were recorded directly after fuel 
additions, followed by increases in temperature. The yareta /re main
tained the most consistent temperature throughout the burn. 

Ninety minutes after ignition, we stopped adding fuel to the /res. 
Temperature measurements were 843.0 ◦C in the queñua /re, 887.6 ◦C 
in the yareta /re, and 857.3 ◦C in the tola /re. The most distinctive 
differences among the taxa were observed after the cessation of fuel 
addition. 

For queñua, the open Kame extinguished 20 min after we stopped 
adding fuel, at which time we recorded 802.6 ◦C. Five minutes later we 
opened the /re and took a measurement of 631.9 ◦C on exposed coals. 
Thirty minutes later we took the /nal queñua /re measurement of 
443.5 ◦C, a decrease of 188◦ (30%) from fuel cessation. 

Following the 90-min mark the yareta /re maintained Kames for 
another 70 min. During this period, the temperature Kuctuated between 
ca. 670 ◦C and 800 ◦C. We took a measurement of 673.9 ◦C just before 
the open Kames extinguished completely. Five minutes after the /nal 
Kames we measured 611.3 ◦C on open coals. We recorded a /nal tem
perature measurement of 521.1 ◦C 30 min later. Yareta presented the 
smallest temperature decrease (90 ◦C, or 15%) among the fuels for this 
time interval. 

In the tola /re, the open Kame disappeared almost immediately after 
fuel cessation. We exposed the coals and took a temperature measure
ment of 713.9 ◦C 5 min after Kames disappeared. Thirty minutes later we 
took the /nal measurement of 523.1 ◦C. Tola presented the most rapid 
temperature decrease (191 ◦C, or 27%) in just 30 min, as shown in Fig. 4. 

We returned to the experiment site 20 h later. The yareta /re residues 
were still smoldering with hot live coals. The other two /res were 
extinguished but slightly warm to the touch. 
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3.3. Analysis of >re residues 

Burned bone, charcoal, and ashes were the main /re residues 
observed and sampled. The state of the bones yields information per
taining to burn temperatures. Charred organic matter and ashes on the 
other hand are directly linked to the fuel type and the combustion 
characteristics. 

3.3.1. Burned bones 
Macroscopically, the bones added to the /res all appear similar and 

were fragmented through the combustion process (Fig. 5, Figs. S2a–c). 
Fig. 5 shows the /res at the stage where bones were added, the unburned 
bones, as well as a bone example for each burning state. Because of /re 
maintenance, the fragments within each /re were mixed. Some frag
mentation and the resulting difference in the number of bone pieces 
between /res must be attributed to breakage post-recovery due to 
transport. The burned bones from the three /res all exhibit similar 
burning and calcination stages. This is fully consistent with the >700 ◦C 
temperatures measured on all three /res. 

3.3.2. Carbonized organic matter 
The carbonized organic matter constitutes the remains of incomplete 

combustion. The three fuels exhibit large differences in the amount 
produced through the combustion of the fuels, shown in Fig. 6. Of the 
three /res, queñua produced by far the largest amount of charcoal, 
mostly elongated wood chunks, indicating incomplete combustion. This 
residue is consistent with the rapid decrease in temperature we observed 
after we stopped adding fuel. The yareta /re left behind the least charred 
organic matter of the three fuels. The few charred pieces were either 
very fragile fragments of the compacted top of the branches of the 
cushion plant (Fig. 6, top) or more woody pieces from the lower, twisted 
stem part of the cushion (Fig. 6, bottom). The extremely sparse charcoal 
that we encountered after burning the yareta indicates almost complete 
combustion of this fuel. Burning tola produced many pieces of carbon
ized organic matter. The carbonized pieces mostly consist of either 
twisted or elongated pieces of wood charcoal. 

3.3.3. Ashes 
The ash constitutes the remains of complete combustion and there

fore loss of (almost) all organic matter. In general, the ashes contain a 
mix of components that, besides some leftover organic tissue and char
coal, may include siliceous aggregates, phytoliths, starch, amorphous 
sintered ashes, and ash oxalate pseudomorphs (i.e., woody-plant derived 
ashes or calcium carbonate polycrystals) (Martinez Dyrzo and Mentzer, 
in prep; Canti, 2003). Out of these components, phytoliths and pseu
domorphs are the most distinctive, though not identi/able to species 
level. In fact, ashes produced by the three fuels do exhibit differences 

which become apparent under the microscope, shown in Figs. 7–9. 
Ash production is a process of recrystallization of different minerals 

(mainly calcium oxalates [whewellite/weddellite] - calcium oxide - 
calcium carbonate) included in the plant material (Canti and Brochier, 
2017; Canti, 2003). The recrystallization process is inKuenced by time. 
As we are looking at very fresh, experimentally produced ashes that 
were analyzed within a month of combustion and not exposed to fresh 
air for long, recarbonization with atmospheric CO2 is not always 
completed (Canti and Brochier, 2017). That means, in all three samples, 
we are observing some original oxalate crystals (e.g., by exposure to low 
temperatures only), some micritic (i.e., microcrystalline calcium car
bonate) polycrystals that directly recrystallized into calcium carbonates 
and hold the shape the original oxalates (i.e., ash oxalate pseudo
morphs), and some mixed stages (mainly calcium oxide) in the process 
of recrystallization (Canti and Brochier, 2017; Canti, 2003). These 
different minerals are observable in the varying crystallinity, as well as 
in differences of the birefringence and interference colors with high 
birefringence in the original oxalates, and lower birefringence in the 
pseudomorphs. This might pose a difference to the comparison with 
archaeological material that had time to completely undergo recrystal
lization (and other, subsequent post-depositional processes), though the 
habit, shape, and general type of component are well comparable. 

In describing the ashes, we will follow the description points from 
the “Woody-plant derived ashes grain mount database” (online soon) of 
the University of Tübingen, Institute for Archaeological Sciences, and 
the Senckenberg Center for Human Evolution and Paleoenvironment 
(Martinez Dyrzo and Mentzer, in prep). 

Under the microscope we could identify a mix of different ash 
components, with two distinctive components of queñua ash (Fig. 7). 
The /rst is calcareous ash oxalate pseudomorphs that appear similar in 
size, depending on shape between 5 × 5 μm and 5 × 10 μm. They exhibit 
a cuboid or cubic ash habit. Some of the ash oxalate pseudomorphs are 
still articulated and visible as clusters in anatomical position. There are 
some clusters of random orientation. Some of the ash oxalate pseudo
morphs seem to be calcium oxide, and are therefore not pseudomorphs 
sensu stricto, but rather appear to be the original calcium oxalates. Others 
have undergone recrystallization into micrite and are actual pseudo
morphs. Some amorphous sintered ashes are also included in the queñua 
ash. The second distinctive feature in the queñua ash is phytoliths that 
are also often still articulated in anatomical connection. The phytoliths 
are mostly irregular, elongated, or blocky in shape. Some organic ma
terial is included, mostly as elongated fragment of charcoal, some 
amorphous organic tissue is also present. 

The yareta ash also exhibits some distinctive characteristics (Fig. 8). 
Yareta burned almost completely down to ash. Some ashes were still 
holding the original shape of the cushion plant stems the next day 
(Fig. S3). This indicates that even after we abandoned the experiment 

Fig. 4. Graph showing burning time-temperature curves of the three /res with times of bone addition and cessation of fuel addition indicated.  
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site, the remaining fuel continued to combust. The ash composition of 
yareta is somewhat diverse, with different components. Under the mi
croscope we saw that yareta ash, too, contains ash oxalate pseudo
morphs. In contrast to the queñua pseudomorphs, yareta ash oxalate 
pseudomorphs are round or spherical and are micritic. The size of the 
pseudomorphs varies greatly in diameter (ca. 10–30 μm). There are also 
other spherulites that display an extinction cross and are not completely 
micritic. Some druse-like formations that appear rounded with an un
even rim and are bigger than the spherical oxalate pseudomorphs are 

present and either micritic or as oxalate. We observe little organic tissue 
and some amorphous sintered ashes. The amorphous sintered ashes 
sometimes display a range of typical brownish tones to slightly blueish 
hues in XPL. We did not encounter phytoliths. 

The tola ash has a mixed composition with some calcareous forma
tions, organic matter, single mineral grains, and some phytoliths 
(Fig. 9). Very few ash oxalate pseudomorphs were observed and they are 
not distinctive in shape. We encountered a calcareous cluster of 
pseudomorph-like micritic formations (340 × 180 mm) that held cell 

Fig. 5. Camelid bones added to the three /res. For 
each fuel: Left: Unburned bones in front of the 
respective /res. Three fresh bones and one dried and 
sun-bleached bone were added to each /re. Right top: 
Close-up of unburned bones. Right bottom: Close-up 
of one exemplary bone of each burning stage cate
gory (top: fully calcined, left bottom: partially 
calcined, right bottom: carbonized). Codes after 
Stiner et al. (1995, Table 3), temperature estimates 
after Ellingham et al. (2015, Table 2). For overview of 
all bone pieces recovered from the /res, see 
Figs. S2a–c.   
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skeleton position. The single pseudomorph habit is dif/cult to observe, it 
appears to be rather rhombic or cuboid (10 × 10 μm). In general, the tola 
ash samples are only moderately calcareous, though we observe 
frequent amorphous sintered ashes that display a brownish color. No 
large multi-cell phytolith clusters were encountered in the smear slides. 
Single cell phytoliths of varying shapes are observable in the tola ash. 
Some organic matter is still visible and mixed with the ash matrix. It is 
mostly /brous charcoal or rather amorphous organic tissue. 

4. Discussion 

4.1. Evaluation of the experimental results 

We will evaluate the different fuels regarding the aforementioned 
concepts, the Principle of Least Effort (PLE) and Optimal Foraging 
Theory (OFT). Fuel selection according to PLE would result in presence 
of immediately available, easy to collect fuel species. Prevalence of a 
speci/c fuel in favor of its ef/ciency and combustion qualities, would 
suggest fuel selection based on OFT. 

4.1.1. Procurement effort 
In terms of required gathering time, yareta is the most ef/cient fuel. 

A large volume of yareta can be harvested and processed quickly; 
further, transport costs are minimal because yareta is abundant in the 
immediate vicinity of the site. While tola shrubs are also close to Cun
caicha, they require a substantially greater time investment to gather 
because of the small size and dispersed distribution of the plant. As 
immediately available fuel resources, both yareta and tola could be 
gathered by any member of a co-residential group. In terms of pro
curement and transport costs, queñua requires the most investment. A 
large volume can be harvested quickly, but the closest extant groves are 
a ~60 km roundtrip walk from/to Cuncaicha. Therefore, gathering 
queñua would be much costlier with respect to time and energy than the 
local fuel alternatives. 

It is unknown whether the ~4250 masl maximum elevation for 
Polylepis was the same in the Terminal Pleistocene and Early Holocene. If 
Polylepis groves had a more extensive distribution and occurred closer to 
the site, during the wetter Terminal Pleistocene, the transport cost for 
queñua wood could have been substantially lower. However, we assert it 

Fig. 6. Left: Fires after extinction with charcoal and ashes roughly separated by raking charcoal to the outside border of the /res. Note the relatively large amount 
and size of charcoal produced by the queñua /re, intermediate amount and size of charcoal produced in the tola /re, and relatively small amount and size of 
carbonized remains produced in the yareta /re. Right: Exemplary pieces of carbonized remains of each fuel. 
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was not used as a primary fuel source as experimental studies revealed 
queñua wood does not combust as completely as tola, and relatively 
small densities of queñua wood were recovered from the archaeological 
Kotation. 

4.1.2. Combustion quality 
All fuels achieved temperatures exceeding 700 ◦C, so burning any of 

them in modest-sized /res could produce the fully calcined herbivore 
bone present in Cuncaicha’s occupation components. The resinous tola 
and yareta (Hodge, 1946, 1960), reached slightly higher maximum 
temperatures (~900 ◦C) than queñua (max temp 853.1 ◦C). Increasing 
the fuel quantity and burn duration may have produced hotter tem
peratures. The goal of our experiment was not to /nd the maximum 
possible temperature, but the maximum temperature produced and 
sustained by a modest-sized camp/re. 

While we did not record /re temperatures continuously overnight, 
both queñua and tola last only a few hours. On the other hand, a rela
tively small yareta /re produced substantial heat and was still too hot to 
touch 20 h following the extinction of the Kames. Once coals are 
established, a yareta /re will burn unattended for many hours. This fuel 
characteristic would provide clear bene/ts to foragers camping over
night and conducting various tasks around the camp during the daytime. 
Multiple authors report that dry yareta produces at least half the heat of 
an equal weight of bituminous coal (Perry Vega, 1946; Hodge, 1960; 
Marshall, 1971, p.276; Ralph, 1978; Wickens, 1995). 

Given the ease of collection, high performance per yield, and 

proximity and abundance of yareta to Cuncaicha, we propose this taxon 
is the optimal choice for combustion out of the three fuels evaluated. 
According to PLE we would expect representation of yareta as well, 
together with tola. It is very likely that fuels were combined to produce 
/res. According to local practice and our own experience, a yareta 
beehive-shaped /re structure is best started with tola kindling and an 
even /ner organic substance as tinder. We used paper, though ichu grass 
may have served this function in the past. While the experimental 
foraging and /re experiment data suggest which fuels would be opti
mally used for combustion at Cuncaicha, they do not tell us which fuels 
actually were used in the past. For this, we compare the experimentally 
produced /re residues to the archaeological remains from Cuncaicha. 

4.2. Fuel at Cuncaicha – parallels between archaeological evidence and 
experimental results 

4.2.1. Burned bones 
Ethnoarchaeological studies show that common cooking practices do 

not visually alter or calcine bone, whereas repetitive burning of bones, 
for example by surface burning linked to site maintenance activities 
(Moore, 2016), can produce visual alterations and calcination (Moore 
et al., 2010). Looking at the use of bones as fuel, other studies (Stiner 
et al., 1995) indicate that bones directly introduced to /re as fuel will 
likely carbonize completely or calcine, whereas bone that was only 
subjected indirectly to /re will carbonize partially (see also Mentzer, 
2009). In line with those observations, the bones added directly to the 

Fig. 7. Photomicrographs of queñua ash. A and B: 
Non-articulated, randomly oriented ash oxalate 
pseudomorphs after calcium oxalate crystals that are 
in varying stages of recrystallization in plane- 
polarized light (PPL) (A) and cross-polarized light 
(XPL) (B) displaying a cubic or cuboid habit. C and D: 
Close-up of cubic ash oxalate pseudomorphs [P] ar
ticulated aligned along the cell skeleton in PPL (C) 
and XPL (D). In PPL, articulated phytoliths [Ph] are 
visible, which become opaque in XPL. In XPL, the ash 
oxalate pseudomorphs are visible; here they do not 
seem to have undergone recrystallization into micrite 
but are closer to the original calcium oxalate crystals, 
as indicated by the high birefringence, /rst order 
interference colors, and larger crystal size. E and F: 
The phytoliths are irregular, mostly elongated, or 
blocky, and articulated along the cell skeleton [Ph]. 
They are visible in PPL (E) and invisible in XPL due to 
the silica composition (F).   
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experimental /res became fully carbonized or calcined. We can hy
pothesize that if bone was regularly used as fuel at Cuncaicha, we would 
predominantly encounter fully carbonized or calcined bone at the site. 
In a preliminary analysis of faunal remains of Cuncaicha, 4.4% of the 
Terminal Pleistocene bone fragments by weight are calcined, 11.4% are 
fully charred, 0.8% are partially charred or heat-altered, and 83.5% are 
not visibly thermally altered (Moore, 2016). Based on these observa
tions, we conclude that bone was not the primary fuel source at 
Cuncaicha. 

4.2.2. Carbonized organic matter 
The most signi/cant difference among the carbonized botanical re

mains from each experimental /re was the amount of the carbonized 
material. Queñua as well as tola produced relatively large amounts of 
wood charcoal fragments, whereas yareta left very few carbonized re
mains. Therefore, we would expect to /nd similarly larger quantities of 
queñua or tola charcoal if either was a primary fuel source. These ob
servations are consistent with the archaeobotanical results based on 
sediment Kotation, which yielded very few carbonized macroremains of 
wood or woody taxa in all occupation components (Table S1). Based on 
our experimental results, the small amounts of tola and queñua charcoal 
in the archaeological site sediments are inconsistent with use of either as 
a primary fuel. Tola macroremains are present in all early contexts, but 
they occur in such small amounts (<4 g per occupation component) that 
tola could not have served as the single primary combustion fuel. The 
extremely small amount of carbonized queñua macroremains (<0.2 g 

per occupation component) is consistent with a distant location of 
queñua groves from Cuncaicha and high transport cost making it a 
relatively less attractive fuel resource. The carbonized queñua macro
remains that are present may be the result of inadvertent or purposeful 
burning of wooden tools or crafts. 

4.2.3. Ashes 
The ash oxalate pseudomorphs are the most distinctive ash compo

nents identi/able with the methods we applied. Ashes were previously 
identi/ed in the archaeological strata in Cuncaicha, including the Ter
minal Pleistocene (Meinekat et al., 2021). The ash oxalate pseudo
morphs in the Cuncaicha sediments exhibit a distinctive spherical shape 
(Fig. 10). Looking speci/cally at the Pleistocene sediments at Cuncaicha, 
we observe ash oxalate pseudomorphs as clusters of many, as well as 
single ash oxalate pseudomorphs. All of these pseudomorphs display a 
spherical habit. Because of the generally calcareous groundmass in the 
Pleistocene sediments, clusters of many pseudomorphs are easier to 
recognize than single pseudomorphs, though we also identi/ed some 
single pseudomorphs in the calcareous groundmass (Fig. 10). 

Out of the experimentally produced ashes, only ash oxalate pseu
domorphs of yareta are similar in shape to the ash oxalate pseudo
morphs in the archaeological sediments (Fig. 10). The combustion of 
queñua resulted in cubic and cuboid ash oxalate pseudomorphs dis
similar to those in the archaeological sediments. Although only a small 
sample of the Cuncaicha sediment has been analyzed, we would expect 
at least some cuboid ash oxalate pseudomorphs between the round 

Fig. 8. Photomicrographs of yareta ash. Overall ash 
composition with distinctive round shaped ash oxa
late pseudomorphs [P] in plane-polarized light (PPL) 
(A) and cross-polarized light (XPL) (B). Spherulitic 
aggregates [S] were also visible. C and D: Micro
crystalline calcium carbonate ash oxalate pseudo
morphs that are aligned along the cell skeleton in PPL 
(C) and XPL (D). Also here, the distinctive round 
shape of the single pseudomorphs is visible. E and F: 
Close-up of spherulites. In PPL (E) rounded shapes of 
varying sizes of a light brown color are visible. In XPL 
(F) a higher birefringence, and /rst order interference 
colors in combination with the typical extinction 
cross are visible.   
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pseudomorphs if mainly queñua was used for combustion. The experi
mental tola ash is rather generic, with very few, non-spherical pseudo
morphs. It is very possible that tola ash is present at Cuncaicha rock 
shelter, but given the absence of highly diagnostic morphologic features, 
tola is impossible to identify with present methods. Here, the above- 
mentioned archaeobotanical record gives insights. 

Out of the three fuel sources that we evaluated, only the 
experimentally-produced yareta ash matches the morphology of the 
ashes in Cuncaicha sediments. However, this cannot be considered un
equivocal evidence for the combustion of yareta at Cuncaicha. Ash ox
alate pseudomorphs cannot be used independently to identify a fuel, as 
pseudomorphs are not taxon-speci/c. Previous attempts to link ash 
pseudomorph morphologies to speci/c fuel species in other regions have 
been unsuccessful (Aldeias, 2017; Canti and Brochier, 2017). An un
published controlled combustion experiment in 2016 by the /rst author 
indicates that the ash oxalate pseudomorphs of Opuntia spp. cacti from 
adjacent to the site are similar to the round ash oxalate pseudomorphs 
identi/ed in the Cuncaicha sediments (Fig. 10). However, Opuntia spp. is 
unlikely to have been used as fuel at Cuncaicha because of its poor 
combustion characteristics. Unlike some large cacti found at lower ele
vations, such as Trichocereus sp., that are known to make ef/cient fuel 
when dead and dried, the local Opuntia spp. is a non-woody cactus with 
small and juicy cladodes, growing close to the ground (Fig. 10). 

4.3. Implications for early human settlement of the high Andes 

Considering experimental and archaeological lines of evidence, the 
most parsimonious explanation for fuel use at Cuncaicha is that the 
Terminal Pleistocene and Early Holocene residents used locally avail
able and highly combustible yareta as the main fuel to produce and 
maintain /res and tola as kindling. 

These /res would have served multiple functions – for cooking, light, 
and warmth. Maintaining regular /res in Cuncaicha would have created 
a suitable micro-climate within the rock shelter, with the enclosing rock 
surfaces of the shelter retaining and radiating heat, providing a sub
stantial advantage over alternative exposed, open-air locations. Regular 
/res in Cuncaicha would center social interactions among the group, 
concentrating activities within a protected and ultimately more 
comfortable setting. 

The three tested plants’ geographic ranges overlap in the Andean dry 
and salt puna ecoregions, and all three co-occur in the study area be
tween 3800 and 4200 masl. Above 4200 both tola and yareta co-occur 
up to 4800 masl, with only yareta found up to 5200 masl (Kuentz 
et al., 2007). There is no area of the plateau containing archaeological 
sites, at least in the study region, where at least two of these combustible 
plant taxa are not available. 

An important consideration for the Terminal Pleistocene habitation 
of the high-elevation puna is the availability of multiple fuels. Resource 

Fig. 9. A and B: Photomicrographs of tola ash. Overall ash composition in plane-polarized light (A) and cross-polarized light (B) with some amorphous organic 
material, elongated pieces of charcoal, and mineral grains. C and D: Photomicrographs in PPL (C) and XPL (D) that show amorphous sintered ashes [ASA]. E and F: 
Photomicrographs of micritic cluster of articulated pseudomorphs [P] in PPL (E) and XPL (F). 
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diversity, abundance, and richness have important implications for 
landscape use. Even though based on the experiment yareta presents the 
most likely fuel used at Cuncaicha, there are suitable alternatives, such 
as tola and queñua, in the same ecoregion that could have been used for 
different purposes and depending on their availability. Though our 
experiment focused on three well-known plant species, the use of further 
notable alternatives (e.g., dung, peat, ichu, bones) have been docu
mented in the central Andes in later periods. 

The range of Azorella compacta throughout the dry and salt puna 
ecoregions of southern Peru, western Bolivia, northern Chile, and 
northwest Argentina (Mathias and Constance, 1962; Martinez, 1993; 
Wickens, 1995) also contains the highest concentration of Terminal 
Pleistocene and Early Holocene archaeological sites in western South 
America (Fig. 1). Given this geographic correspondence, use of yareta as 

combustible fuel at other early Andean puna sites is expected and should 
be tested. Yet yareta has not been identi/ed in any Andean puna site. 
Cuncaicha presents the most secure evidence to date for the early 
archaeological use of yareta as combustion fuel. Further paleo
ethnobotanical and geoarchaeological study of other early Andean sites 
should reveal whether use of yareta for combustion was part of a broadly 
applied adaptive strategy or presents a specialized behavior in the study 
area. 

5. Conclusions 

Archaeological evidence for fuel selection during the early occupa
tion phases of the Andean puna is scarce, though the harvesting of 
woody material from locally available Polylepis spp. trees and 

Fig. 10. A and B: Photomicrographs of ash oxalate 
pseudomorphs from the Terminal Pleistocene 
component at Cuncaicha rock shelter (sample CUN- 
12-09), with distinctive spherical habit, in PPL (A) 
and in XPL (B). C and D: Another example of spherical 
ash oxalates pseudomorphs from the Terminal Pleis
tocene components from Cuncaicha rock shelter 
(sample CUN-15-118) in PPL (C) and XPL (D) but 
here as single pseudomorphs [P] in the groundmass. 
For context information of samples CUN-12-09 and 
CUN-15-118 the reader is referred to Meinekat et al. 
(2021): Table 2 and Table S2. E and F: Spherical ash 
oxalate pseudomorphs in yareta ash from the present 
experiment in PPL (E) and XPL (F). G and H: Exper
imentally (unpublished experiment by /rst author, 
2016) produced ash of Opuntia spp. in PPL (E) and 
XPL (F) that exhibits a spherical ash habit, too. (I) 
Photograph of Opuntia spp. growing close to the site.   
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Parastrephia spp. shrubs has been suggested (Pearsall, 1980; Aschero and 
Podestá, 1986; Rodríguez et al., 2000; Pintar, 2008; Yacobaccio et al., 
2014). Based solely on macrobotanical evidence from Cuncaicha rock 
shelter, it was unclear which fuels the /rst inhabitants used. To under
stand early combustion at Cuncaicha rock shelter, we identi/ed possible 
fuels for evaluation in a formal combustion experiment and to generate 
residues for comparison with the archaeological sediments. All three 
fuels tested produced hot /res that can calcine bone and alter lithics. 
Yareta represents the optimal fuel based on local availability and 
abundance, high yield per foraging time, and high-performing com
bustion characteristics. When compared to the archaeological evidence 
at Cuncaicha, yareta ashes, with their distinctive round ash oxalate 
pseudomorphs, match the ashes in Terminal Pleistocene and Early Ho
locene sediments. 

The experiment emphasizes the importance of multiple lines of evi
dence. If the interpretations of fuel use at Cuncaicha were based only on 
the anthracological record, yareta would go undetected because its 
complete combustion leaves no or almost no carbonized residues. This is 
the likely explanation for the absence of carbonized yareta remains in 
the sediments at Cuncaicha, despite an extensive program of /ne 
screening and sediment Kotation. In other Andean puna archaeological 
sites, yareta may act as a “ghost fuel,” leaving behind material residues 
that have previously gone undetected by commonly employed archae
ological recovery methods, including screening and water Kotation to 
recover organic macroremains. A micro-contextual approach is probably 
required to detect the combustion products of yareta. 

The suggested use of yareta as a primary fuel by the Terminal 
Pleistocene and Early Holocene occupants of Cuncaicha implies 
considerable knowledge about high Andean plant resources by 
12.5–12.0 ka. Moreover, it bears noting that use of yareta as combustible 
fuel in the Terminal Pleistocene, as well as today, suggests that this 
resource has been used by Andean people for over 12,000 years. 
Availability of this key resource throughout the dry and salt puna 
ecoregions supports the hypothesis of the puna as a megapatch (Osorio 
et al., 2017), an area of similar resources that facilitated human dis
persals through the central Andes. With abundant and critical resources 
such as herds of camelids, deer, rodents, and birds, high-quality and 
diverse lithic raw materials, natural shelters, and highly combustible 
wood and woody fuels, the central Andean puna presents an excellent 
habitat for hunter-gatherers. While the Pucuncho Basin area may be 
exceptional in its combination and abundance of those resources, similar 
studies in other areas of the Andean puna will be needed to characterize 
overall resource availability and human adaptive strategies. Under
standing the role of the puna in the settlement of South America will 
require more studies focused on the potential for resources to support 
effective cultural adaptations to high elevation, and cold in particular, 
such as /re, shelter, and clothing. 
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ABSTRACT

This study presents a microanalytical, geoarchaeological study of Quebrada Jaguay (QJ)‐280, a Terminal Pleistocene–Holocene 

coastal site in southern Peru. Combining micromorphology, µXRF and µFTIR, we develop a site formation model that also 

reassesses site use and forager behaviour. Micro‐contextual data provide new insights into sedimentation, taphonomy and 

human activity, revealing short‐term, seasonal occupations with evidence of spatial shifts in site function and maintenance. 

Geomorphological observations indicate that the site, originally part of an active alluvial fan, became more stable during times 

of human occupation. Preservation, however, is compromised by several post‐depositional processes. We observe bioturbation, 

as well as diagenesis of the faunal and botanical remains by mineral formations, highlighted by the combined contextual 

application of micromorphology and µXRF mapping. A notable stratigraphic feature, the ‘indurated layer’, is shown to result 

from salt action. The salt formation is a product of the setting on the arid coast and pedogenic processes, challenging its use as a 

chronological marker in the areas preserved for our study. Lastly, our findings suggest QJ‐280 functioned as a repeatedly used, 

short‐term camp within a broader mobility system, contributing new perspectives to early coastal lifeways in western South 

America.

1 | Introduction 

On the Pacific coast of South America, various sites indicate 

that coastal landscapes played an important role for hunter– 
gatherer–fisher societies during the early occupation of the 

continent. Archaeological evidence dates to the Terminal 

Pleistocene (> 11.7 ka)—including, for example, sites in 

Ecuador (Stothert 1985), Peru (Chauchat 2006; Dillehay 

et al. 2003, 2012; Keefer et al. 1998; Maggard 2010; Sandweiss 

et al. 1998; Stackelbeck 2008) and Chile (Jackson et al. 2007; 

Llagostera et al. 2000; Salazar et al. 2013, 2018) (Figure 1). 

While these mostly site‐level investigations have provided a 

wealth of information on adaptations to the coast, information 

is lacking on landscape‐scale patterns of mobility, settlement 
and inter‐site connections. Further, Rademaker (2024) shows 

that radiocarbon chronologies along the Pacific coast may 

require careful re‐evaluation due to methodological issues. 

Therefore, we carried out new excavations of Quebrada‐Jaguay 

280 in 2017. Specific aims were to improve the site chronology, 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided 

the original work is properly cited. 
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investigate occupation seasonality and understand site 

formation processes.

1.1 | Quebrada Jaguay 280: State of the Art and 
Previous Excavations 

Quebrada Jaguay 280 (QJ‐280), named after the adjacent 

stream, is a Terminal Pleistocene–Early Holocene archaeologi

cal site in southern Peru. It is renowned for contributing to our 

understanding of early marine resource subsistence strategies 

and for evidence of connections with the Andean highlands 
during the initial phase of occupation (Sandweiss 2008; 

Sandweiss et al. 1998; Sandweiss and Rademaker 2011).

The proposed maritime adaptation at QJ‐280 is based on the 
absence of terrestrial faunal remains and abundance of pre

served marine resources (McInnis 1999; Sandweiss et al. 1998), 

which include surf clams (Mesodesma donacium), crab, and 

cool‐water fishes, especially the drum fish lornas and corvinas 

(Sciaena deliciosa and Cilus gilberti) (Reitz et al. 2016, 2017). 

The faunal data analysed by Reitz et al. (2016, 2017) suggest 

specialized fishing strategies from the earliest occupations of 
the site.

Non‐coastal materials demonstrate a connection to interior 

and higher‐elevation zones from the Terminal Pleistocene 

(Sandweiss et al. 1998; Sandweiss and Rademaker 2011). Such 
artefacts in the Pleistocene deposits include Alca‐1, Alca‐4 and 

Alca 5 obsidian, a highland‐sourced raw material (Rademaker 

et al. 2013, 2022), and Opuntia sp. seeds (prickly pear cactus), 

which grows at higher elevations (> 2000 m) (Sandweiss and 

Rademaker 2011). The connection to interior and highland 

resources makes QJ‐280 a unique case study for investigating 
settlement systems and inter‐landscape connections.

Sandweiss et al. (1998) hypothesized the site was occupied 

seasonally during the Terminal Pleistocene and Early Holocene 
phases, based on water availability in the adjacent quebrada 

(Spanish for gorge/ravine) during the wet season, late in the 

austral summer. This proposal is supported by an isotopic study 

FIGURE 1 | (A) Map of South America with mean annual precipitation (Fick and Hijmans 2017) and Terminal Pleistocene coastal sites along the 

Pacific coast of South America and location of Quebrada Jaguay 280. (B) Zoom on site locality with elevation and river systems (perennial and non‐ 

perennial). (C) Drone imagery of site (courtesy of P. Leach) used for relocation and documentation of the site and location of excavation areas. Sector 

I (1990s/Sandweiss excavation) with Area 2 excavation units (10–13) (2017 excavation). Sector II (1990s/Sandweiss excavation) with Area 2 

excavation units (1–9) (2017 excavation). 
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of the Mesodesma donacium shells from these phases, which 

further constrain the annual occupation periods to February 

and March (Gruver 2018).

1.1.1 | Excavations at QJ‐280 

QJ‐280 was first tested and dated in 1970 by Frédéric Engel, 

who acquired a single Pleistocene charcoal age of 10,200 ± 140 

BP (12.5–11.3 ka,1 95% range), Dan Sandweiss excavated 

the site extensively in 1996 and 1999 (Engel 1981; Sandweiss 

et al. 1998).

1.1.1.1 | 1990s Excavations 

Excavations at QJ‐280 in the 1990s encompassed four sectors 

(Sector I, II, III, IV), with two main excavated areas: Sector I 

and Sector II (Sandweiss et al. 1998; Tanner 2001) (Figure 1). 

Sandweiss et al. (1999, see also Tanner 2001) reported that 
Sector I consisted largely of shell midden deposits overlying and 

filling a circular semi‐subterranean Early Holocene house 

structure, which contained additional features. The Early 

Holocene deposits cut through a pre‐existing Terminal Pleisto

cene midden (Sandweiss et al. 1999; Tanner 2001). Sector II is 

described as a shell midden with pit features and postholes, 
possibly relating to a rectangular structure of Terminal Pleis

tocene age (Sandweiss 2014).

Sandweiss et al. (1998) report three chronological components 
based on conventional radiocarbon ages (Terminal Pleistocene 

(13–11 ka), Early Holocene I (10.6–10 ka) and Early Holocene II 

(~8.7–8.2 ka). Jones et al. (2019) identified a Middle Holocene 

component in the shell midden filling the Early Holocene 

structure in Sector I.

After the 1990s excavations, the Terminal Pleistocene compo

nent was divided into two separate phases based on the pres

ence of an indurated layer that was encountered during the 

fieldwork (Andrus et al. 2000). The induration has been used as 

a chronostratigraphic marker for archaeological interpretations 
(Reitz et al. 2016, 2017; Tanner 2001). In previous publications, 

the Terminal Pleistocene occupation phases were labelled 

Below‐Induration or Pre‐Induration, and Above‐Induration or 

Post‐Induration (Reitz et al. 2016, 2017; Tanner 2001).

1.1.1.2 | 2017 Excavations 

In 2017, our team located and imaged the previously excavated 

sectors using ground‐penetrating radar (GPR), GSSI Utility 

Scanner, and drone imagery from a DJI Phantom 3 Professional 

Quadcopter with an integrated GPS and camera with 3‐axis 

stabilization gimbal (Figure 1). After successfully locating the 

Sandweiss sectors, we exposed old profiles by removing the 
backfill. New excavations targeted 13 new units, adjacent to the 

1990s sectors, with Area 1 (Units 1–9) southeast of Sector II and 

Area 2 (Units 11–13) west of Sector I (Units 10–13) (Figure 1). 

Excavations were conducted in 1–5 cm levels, following strati

graphic changes; then sediment was dry screened (5 mm) and 

sieved (1 mm) before sorting and cataloguing artefacts. Sus
pected disturbances (e.g., krotovinas) and anthropogenic fea

tures were plotted using a total station, then excavated and 

processed separately from matrix sediment.

During the excavation, we encountered sediment that corre

sponds to the previously described ‘induration’. Observation of 

the induration in profile showed that it was undulating and 

locally discontinuous, and at times extended vertically. The 

indurated sediment was present in both areas and was so com

pact that normal excavation techniques could not be applied.

1.2 | Research Questions and Objectives 

Former interpretations of site function at QJ‐280, including the 

domestic use of space and the presence of structures, are based on 

the stratigraphic and sedimentary observations of the 1990s field
work and subsequent analyses of the archaeological faunal, floral 

and lithic assemblages (Reitz et al. 2016, 2017; Sandweiss 2008; 

Sandweiss et al. 1998; Tanner 2001). However, an in‐depth study of 

site formation processes at QJ‐280 remained to be conducted.

This study provides the stratigraphic sequence and formation 

history of QJ‐280 through a high‐resolution geoarchaeological 

analysis of the deposits at the site. The sediment matrix yields 

information that is valuable for the interpretation of archaeo

logical finds and features.

Methods involve a micro‐contextual approach, which combines 

micromorphology, micro‐X‐ray fluorescence (µXRF) and micro‐ 

Fourier Transform Infrared Spectroscopy (µFTIR) to under

stand the (micro‐) stratigraphy, site formation and post‐ 
depositional processes at QJ‐280.

In particular, we focus on two specific block samples. The samples 

represent Areas 1 and 2 and span the complete (preserved) strati
graphic sequence. We address questions of overall site setting and 

formation—from the micro‐ to the (paleo)landscape scale: 

• What was the site setting during the earliest phase of 

occupation?

• What sedimentary components, depositional agents, and 
diachronic changes and/or spatial differences are apparent 

in the deposit?

• What post‐depositional processes affect the archaeological 

deposit and findings therein—such as bioturbation or 

diagenesis?

• What human behaviours and indicators of site use can be 

identified from the deposit?

Further questions arose during the excavations, as the indura
tion complicated the excavation process and challenged the 

recovery of artefacts. Additional geoarchaeological questions 

developed in response to the induration include the following: 

• What are the formation processes of the induration?

• Did transformation or translocation processes affect the 

induration?

• Can the induration provide a chronostratigraphic marker?

2 | Study Area and Paleoclimate 

2.1 | Study Area 

QJ‐280 is located in southern Peru, approximately 20 km north 

of the town of Camaná, on the hyperarid coast.
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The site is located in the northernmost extent of the hyperarid 

Atacama Desert, as defined by Houston (2006) from 15° to 30° 

South (Figures 1 and 2). The modern‐day hyperarid climate of 

the region––in short––is a product of the rainshadow effect of 

the Andes and the steep temperature inversion (1000 masl) 

caused by the cold Peru–Chile current system (Garreaud 
et al. 2009; Houston 2006; Houston and Hartley 2003; Rech 

et al. 2006). Precipitation is low (< 100 mm annually) and sea

sonally variable and mostly related to El Niño‐Southern Oscil

lation (ENSO) events (Garreaud et al. 2009; Houston 2006).

The ecosystem is characterized by the general lack of fresh

water, though ephemeral streams and coastal fogs, that is, 

garuá (Chile: camanchaca), are active seasonally. The ephem

eral stream is active for a few weeks during the austral summer 

(February–March) (Sandweiss et al. 1998). The closest perennial 

freshwater streams are found in the Colca (approximately 
15 km distance) and Cotahuasi (approximately 27 km distance) 

drainages (Figures 2 and 3).

During the austral winter (July–September), the coastal fogs 
create the resource‐rich lomas vegetation between 300 and 

1000 m above sea level (masl) (Beresford‐Jones et al. 2015; 

Dillon et al. 2003, 2011). Today, the vegetation cover in this 

region is low and a hyperarid, coastal desert (desierto costero) 

ecosystem prevails (Ministerio del Ambiente MINAM 2018).

Geologically, QJ‐280 is situated on the narrow coastal plain of the 

Andean forearc region (Figure 2) (Armijo et al. 2015; Thouret 

et al. 2007). Different pre‐Cenozoic formations crop out in the 

broader study area, especially plutonic rocks such as granite 

(Acosta et al. 2010 2010a, 2010b; Alván et al. 2015) (Figure 3). 
Cenozoic extrusive material, such as Sencca and Huaylilla ignim

brites, is found from the western Cordillera towards the piedmont 

(Acosta et al. 2010 2010a, 2010b; Thouret et al. 2007) (Figure 4). 

The Cenozoic Camaná formation is exposed from the Coastal 

Cordillera to the shore (Figure 3). This is a complex, at times 

discontinuous, sequence of deltaic materials from various geologi

cal sources within the Coastal and Western Cordilleras (Alván 

et al. 2015; Alván and von Eynatten 2014; Rüegg 1952).

The archaeological site is located where the quebrada channel 

emerges from the Coastal Cordillera into the coastal plain, cre

ating an alluvial fan (Blair and McPherson 2009). The Quebrada 

Jaguay terminates in the Pacific, today about 2.5 km downstream 

from the site. It is directly bordered by Camaná formation bed
rock, with batholith granite outcrops upstream (Figure 3). 

Especially in hyperarid regions, coastal alluvial fans demonstrate 

a complex, and at times poorly understood, interaction between 

climate, geology, resulting morphodynamics, and post‐ 

depositional processes at the landscape scale (Walk et al. 

2020, 2022). These processes influence the preservation of the 

archaeological site and require consideration at the site scale.

2.2 | Paleoclimate 

Various proxy records from the Atacama have consistently cor

roborated the timing of wet phases during the initial occupation of 
the region (Betancourt et al. 2000; Maldonado et al. 2005; Nester 

et al. 2007; Pfeiffer et al. 2018; Pueyo et al. 2011; Quade et al. 2008). 

The Central Andean Pluvial Event II (CAPE II) is a regional wet 

phase during the Terminal Pleistocene, dated between 12.7 and 

9.7 ka, that was first identified within paleowetlands situated in the 

Salar de Punta Negra of Northern Chile (Quade et al. 2008). The 

Early Holocene period witnessed a warming trend in the Central 
Andes (Palacios et al. 2020). Throughout this period, evidence from 

lakes, ice cores, and speleothems across the central Andes and 

western Amazonia suggests a significant transition towards a drier 

climate relative to the Terminal Pleistocene CAPE II wet phase 

(Baker and Fritz 2015; Bird et al. 2011; Bush et al. 2005; 

Bustamante et al. 2016; Cheng et al. 2013; Cross et al. 2000; Ekdahl 
et al. 2008; Hillyer et al. 2009; Ramirez et al. 2003; Seltzer 

et al. 2000; Thompson et al. 1995, 1998; van Breukelen et al. 2008). 

The onset of the driest period within the Holocene, as documented 

in numerous paleohydrologic records across the central Andes 

occurs after 8.2 ka—in the Mid Holocene (Abbott et al. 2003; Baker 

et al. 2001; Bush et al. 2005; Moreno et al. 2009; Pueyo et al. 2011; 

Rigsby et al. 2005; Seltzer et al. 2000; Thompson 1998; Vining 
et al. 2019). However, there exists considerable variability in the 

timing of peak aridity among these records.

On the coast, changes in the sea surface temperature (SST) and 
ENSO are the main drivers for climatic shifts and patterns 

(Baker and Fritz 2015; Garreaud et al. 2009; Liebmann and 

Mechoso 2011). Reduced SST results in intensified garúa (i.e., 

marine fogs). Garúa plays a significant role in shaping geo

morphic processes in the Atacama Desert. Besides contributing 

to intense salt weathering of exposed rocks, the humidity and 
salinity associated with these fogs also promote the cementation 

of loose sediments, as noted in several studies (e.g., Abele 1990; 

Cosentino et al. 2015; de Haas et al. 2014; Goudie et al. 2002; 

Hartley et al. 2005; Rech et al. 2003; Viles and Goudie 2007).

Further, the Holocene is a period during which we observe 

climatic variation at the coast that is related to ENSO variability. 

For the coast south of Lima, Carré et al. (2005, 2014, 2021) show 

that during the Early Holocene climate was relatively more 

humid with reduced SSTs and stronger ENSO activity compared 

FIGURE 2 | Cutout 3‐D display (ESRI World Imagery, retrieved 

2024) of main units of Andean orogen in the broader study region, 

Ocoña to Majes, coast (QJ‐280) to highland (Cuncaicha rock shelter) 

after Armijo et al. (2015). 
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to the subsequent Middle Holocene with drier climate and 

reduced ENSO activity. The Middle Holocene exhibited less 

frequent extreme weather events, reduced rainfall, and more 

pronounced aridity in the region (Carré et al. 2005, 2014). The 

modern‐day ENSO regime was established around 3–4.5 ka 
(Carré et al. 2014).

These changes in the paleoclimate have implications for the 

archaeological record; for example, the pronounced Middle 
Holocene aridity has been proposed to trigger human migration 

to more suitable eco‐refuges (Grosjean et al. 1997; Núñez 

et al. 2002, 2013).

3 | Methods 

In this paper, we focus on two specific block samples, QJ‐17‐11 

and QJ‐17‐01, that span the complete stratigraphic sequence in 

Area 1 and Area 2, respectively, to address questions of the 
overall site setting and formation. On a micro‐scale, we integrate 

micromorphology, µXRF, and µFTIR for a micro‐contextual 

approach to the study of site formation at QJ and combine these 

insights with macroscopic, landscape‐scale observations.

3.1 | Micromorphology 

Intact sediment block samples were collected at the site by 

cutting vertically oriented block samples from the profiles 

or unit surfaces as monoliths. Blocks were prepared using 

plaster bandages. All micromorphological blocks were denoted 

with a prefix QJ‐17‐xx, and the top and base of each block were 

measured in 3D space with a Nikon Nivo Total Station, allowing 

for a correlation between thin section and organic samples 

providing AMS ages.

The two block samples were processed into a total of five thin 

sections, QJ‐17‐01A/B/C and QJ‐17‐11A/B, in the University 

of Tübingen, Department of Geosciences, Geoarchaeology 
Laboratory and the Terrascope Laboratory in Troyes, France. 

The samples were dried in an oven at a low (40°C) tempera

ture to avoid destruction of organic matter and mineral neo

formations (e.g., of gypsum). After drying, the samples were 

impregnated using a mixture of methylethylketone peroxide 

(MEKP) hardener, styrene, and polyester resin, then sawn, 

mounted on slides, and ground to 30 µm thickness. The 
resulting thin sections were documented using a high‐ 

resolution Nikon film scanner in transmitted light mode as 

well as in cross‐polarized light using two polarizing sheets 

(Haaland et al. 2019). The thin sections were then analysed 

according to standard procedures, using a Zeiss stereo

microscope and a Zeiss Axio Imager petrographic microscope, 
as well as Motic petrographic microscopes with plane‐ 

polarized (PPL), cross‐polarized (XPL) light, following the 

descriptive terminology provided by Stoops (2021; 2003), 

Bullock et al. (1985), Courty et al. (1989), and interpretations 

based on Nicosia and Stoops (2017) and Stoops et al. (2010). 

Thin section descriptions were documented using the 

description template by Marcazzan and Meinekat (2022).

FIGURE 3 | (A) Jaguay watershed (Milton et al. 2022) based on HydroBASINS (Level 9) that corresponds to the catchment area of the coastal 

alluvial fan. (B) Geology within the catchment area (Acosta et al. 2010b). Qpl‐co3—Barroso Group, Coropuna volcano stratum; Np‐co1—Coropuna 

volcano 1; Np‐co2—Coropuna volcano 2; PN‐ta—Tacaza Group; Nm‐al—Alpabamba Formation; Ks‐in/to—Incahuasi‐Tonalite Super‐Unit; Qpl‐de— 

Landslide deposit; Nm‐pi—Pisco Formation; Nm‐mo—Moquegua Formation; Np‐tb—Barroso Group ‐ Coropuna Tuffs; P‐so—Sotillo Formation; Qh‐ 

al—Alluvial deposits ‐ Poorly sorted gravels and sands in lime‐sand matrix; Qpl‐al—Alluvial deposit; PPe‐gn—Basal Complex of the Coast (facies of 

gneiss/granules of Mollendo‐Camana); O‐gr—Atico‐Camana granite batholith; Nm‐ca—Caudalosa Formation; Mar—Sea. 
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3.2 | µFTIR 

Most minerals were identified using their optical properties. To 
securely identify some of the minerals observed under the 

microscope, we conducted µFTIR analyses on the thin sections. 

This method allows us to detect elements, such as hydrogen and 

oxygen, that are too light to distinguish by XRF analyses 

(Mentzer 2017). The Agilent Technologies Cary 610 FTIR 

microscope in reflectance mode was utilized to collect the data, 
with 64 co‐added scans at a resolution of 2 cm−1 within the 

spectral range of 4000 to 400 cm−1. The data acquisition 

involved individual point measurements, each covering an 

approximate rectangular sampling area of variable dimension 

but typically allowing for the analysis of coarse to fine sand‐ 

sized objects or materials. Subsequent interpretation of the 

acquired spectra relied on reference databases, primarily an in‐ 

house reflectance database of the mineral collection curated by 

Dr. S. Mentzer at the Geoarchaeology Working Group in 
Tübingen.

3.3 | µXRF 

In addition to micromorphology and µFTIR analyses, we per

formed complementary micro‐contextual (Goldberg and 

Berna 2010; Mallol and Mentzer 2017) analyses to better 

understand depositional and post‐depositional processes, as 
well as to visualize microstratigraphic fabrics, following tech

niques employed by Morrissey et al. (2023) and Wurz et al. 

(2022). The µXRF analyses are complementary to 

FIGURE 4 | Topographic and bathymetric map and cross‐cut section from QJ‐280 to Terminal Pleistocene paleoshoreline according to Lambeck 

et al. (2014). 
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micromorphology for components that are not visible using thin 

sections, and to FTIR analyses for minerals that cannot be 

documented using FTIR because of their bond characteristics or 

absorption outside of the spectral range. For this, we conducted 

micro‐X‐ray fluorescence spectroscopy (µXRF) analyses for 

elemental identification and mapping. The analyses were per
formed in the Microanalytic Laboratory of the Geoarchaeology 

Working Group, University of Tübingen using the Bruker M4 

Tornado micro‐XRF. We used all five thin sections for µXRF 

basic elemental identification. The thin sections were scanned 

under full vacuum with both detectors, a maximum tube volt

age of 50 kV and a current of 600 µA. Overview scans of entire 
thin sections were produced with 50 µm pixel spacing and 25 ms 

dwell time per pixel. Detailed scans of selected areas had a 30 µm 

pixel spacing. For data processing, we used the Bruker M4 Tornado 

Software for elemental selection, deconvolution, and scaling ad

justments. For visualization of specific mineral and material com

ponents, we processed selected µXRF data using a vector‐based 

graphics software (Adobe Illustrator) to extract specific minerals (or 
find groups) based on pixel colour from the µXRF maps. For data 

selection, we divided the elements into those mainly derived from 

the geogenic component and those that can aid in the visualization 

of anthropogenic and post‐depositional materials. In this second 

category, we focus on the elements sulphur (S), sodium (Na), 

chlorine (Cl), phosphorus (P), and calcium (Ca). These include 
minerals, especially halite (NaCl), that are difficult to identify using 

optical petrography. Therefore, combining µXRF and micro

morphology data allows us to visualize information that otherwise 

is invisible. Table 1 summarizes the main elements of interest and 

their relationship to different sedimentary components. The com

bination of one or two different elements into composite maps 

using the Bruker M4 Tornado Software then allows for visual 
representation of a specific (micro‐) find group.

To give an example, calcium will highlight different compo

nents. Here, these indicate mainly shell and gypsum pedo
features. However, selecting calcium together with sulphur 

allows us to visualize both materials, but also to differentiate 

between the two components. Gypsum will be visualized as a 

mix of the colours chosen for the selected elements, while shell 

will be visible as only the colour chosen for calcium.

3.4 | Radiocarbon Dating 

Following the 2017 fieldwork, the site chronology was improved 

using accelerator mass spectrometry (AMS) ages of short‐lived 

carbonized macrobotanical remains, taken proximally to the 

micromorphological samples. All botanical samples were piece‐ 
plotted in situ, and short‐lived remains were identified by Brett 

Furlotte. The samples were processed in the University of Ar

izona AMS Laboratory by Gregory Hodgins and reported by 

Furlotte (2024). Both micromorphological block samples re

ported in this paper include anthropogenic deposits dated from 

approximately 11.9–11.2 ka.

3.5 | A Macro‐Perspective: Paleoshoreline 
Reconstruction 

Londono et al. (2024) present reconstructed paleolandscape 

data on the archaeological sites of Quebrada de los Burros, 
Quebrada Tacahuay, the Ring Site, K4, and Quebrada Mir

aflores, which are located on the southern Peruvian coast, 

circa 200 km south of Quebrada Jaguay. Following their 

approach, we used published past sea‐level data by Lambeck 

et al. (2014) and the GEBCO_2023 Gridded Bathymetry da

taset with a 15 arc second spatial resolution (GEBCO 
Bathymetric Compilation Group 2023) to display the pa

leoshorelines during the initial occupation at Quebrada 

Jaguay 280.

4 | Results 

4.1 | Macro‐Level: Paleoshorelines, 
Geomorphology, and Field Observations 

4.1.1 | Paleoshorelines 

Today, the site is located about 2.5 km from the shoreline; 
however, during the Terminal Pleistocene (at ~12 ka), about 

5.5 km more land surface was exposed, demonstrating that the 

paleoshoreline would have been approximately 8 km from the 

site (Figure 4).

TABLE 1 | Element key to mineral and feature/component.

Element Mineral or rock Site feature/component

Sulphur (S) Gypsum (CaSO4·2H2O) Gypsum pedofeatures

Sodium (Na) Halite (NaCl) Salt impregnation

Chlorine (Cl) Halite (NaCl) Salt impregnation

Phosphorus (P) Hydroxyapatite (Ca5[OH|(PO4)3]) Bone

Calcium (Ca) Hydroxyapatite (Ca5[OH|(PO4)3]) 

Gypsum (CaSO4·2H2O) 

Calcite (CaCO3) 

Aragonite (CaCO3)

Bone 

Gypsum pedofeatures 

Shell 

Shell

Aluminium (Al) Various rock‐forming minerals/rocks (e.g., granite) Geogenic components

Iron (Fe) Various rock‐forming minerals/rocks (e.g., granite) Geogenic components

Silica (Si) Various rock‐forming minerals/rocks (e.g., granite) Geogenic components

Potassium (K) Various rock‐forming minerals/rocks (e.g., granite) Geogenic components
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4.1.2 | Geomorphology 

On the modern‐day surface of the coastal alluvial fan the 

complexity of the archaeological site setting is highlighted: In 

proximity to the archaeological site, besides alluvial and debris 

flow deposits, we observed dune formation (aeolian processes), 
thin duricrust developments (precipitation–evaporation pro

cesses in hyper‐arid settings), as well as volcanic ash deposits 

(extrusive volcanic deposition) (Figure 5). However, little is 

known about the actual processes and morphostratigraphy of 

the coastal alluvial fan and their effect on the archaeologi

cal site.

Figure 6 demonstrates that the modern‐day surface is almost 

completely overprinted by recent mining activities. Conclusions 

about the geomorphological setting are highly impaired and 

only allow for very broad and general observations. The 
catchment area of the fan includes the Jaguay watershed 

(Lehner and Grill 2013; Milton et al. 2022) (Figure 3). Two 

drainage systems merge into the main feeder channel about 

13.5 km north of the site (Figures 4 and 7). The catchment 

therefore includes material from several formations—a wide 

range of volcanic, plutonic, and sedimentary sources (Figure 3).

QJ‐280 is located about 1 km from the fan apex (Figure 7). 
Statements about the natural course of the incised channel 

today are not possible, as the deepest incision is part of the 

mining area (Figure 6). Besides (dirt) roads, we also observed 

tyre tracks that are not part of actual roads and document 

unorganized, unrestricted driving across the fan surface. Ex

tensive quarrying, some shallow, some deeper, on the fan sur
face is observable. The area of the active depositional lobe is 

used for irrigation agriculture (Figure 7).

4.1.3 | Field Observations 

Generally, the archaeological site is composed of an upper 

sandy unit containing the archaeological deposits, situated atop 

a clast‐supported lower unit of boulders and gravels. The 

gravel unit is a mix of mostly well‐rounded intrusive and ex

trusive volcanic rocks reflecting the diverse geology of the 
region as well as the alluvial setting, which is dominated by 

FIGURE 5 | Field photographs of the modern‐day landscape surrounding the site, showing a variety of landforms and features, like dune and 

volcanic ash deposits, as well as the formation of thin surface crusts, as well as buried crusts in profiles off‐site. Further, tyre tracks are visible on the 

surface. Photographs by S.A. Meinekat and C.E. Miller. 
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debris‐flow with expected material transport from the catch

ment area.

4.1.3.1 | Area 2/Sector I 

A photomosaic of the north wall of Area 2/Sector I (Figure 8A), 

from which sample QJ‐17‐1 was taken, documents a sedimen

tary sequence characterized by pronounced textural variability 

and irregular stratigraphic boundaries. The lowermost unit 
consists of a basal deposit of well‐rounded, coarse gravel to 

cobble‐sized clasts, displaying poor sorting and a strongly un

dulating upper boundary, forming an uneven substrate. 

This unit is overlain by a sand‐dominated deposit.

In the eastern part of the profile, a distinct volcanic ash (tephra) 

layer is present. This unit is laterally discontinuous and exhibits 

at least two erosional incisions, producing sharp, concave 

boundaries. These cuts are subsequently infilled by sand, indi

cating episodes of reworking and redeposition. Overlying both 

the ash and sand infill is a further deposit of very coarse, well‐ 
rounded gravel, which is laterally restricted and does not extend 

across the full west–east profile, suggesting localized high‐ 

energy depositional conditions.

The first unit containing archaeological material occurs above 
this gravel layer. In the western portion of the profile, it is 

expressed as a decimetre‐thick, greyish, sand‐dominated 

FIGURE 6 | Comparison of Sector I/Area 2 between field photos from 1999 (courtesy of D. Sandweiss) and 2017 (photograph by K. Rademaker). 

Notice the impact of gravel and sand mining in proximity to the archaeological site, severely altering the landscape. 

FIGURE 7 | Coastal alluvial fan morphology according to Blair and McPherson (2009) applied to the study area (GoogleEarth). Cross‐hatched 

area overprinted by modern‐day road/settlement/agriculture/mining. 
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horizon with dispersed charcoal and shell fragments. The dar

ker colouration likely reflects an increased organic content. 
Laterally, towards the east, this stratigraphic level contains 

isolated, large charcoal fragments, but the sediment matrix 

becomes coarser, consisting of a heterogeneous mix of sand and 

gravel with sparse anthropogenic inclusions in the overlying 

decimetre‐thick deposit.

In the western half of the profile, the greyish archaeological 

horizon thins laterally, pinches out, and assumes a lenticular 

geometry with a relatively planar upper boundary. This unit is 

truncated by a small, pit‐shaped feature, characterized by a 

sharp, irregular cut, indicating post‐depositional disturbance. 
The entire sequence is capped by a shell‐rich deposit within a 

sandy matrix, with shell frequency increasing upward. 

Although shell content is somewhat higher in the eastern half, 

the unit shows an overall vertical trend towards greater bio

clastic concentration.

The uppermost surface consists of a loose, poorly consolidated 

sandy deposit exhibiting evidence of disturbance. Throughout 

the profile, sediment interpretation is complicated by zones of 

indurated material forming a highly undulating fabric, which 
locally obscures primary stratigraphic boundaries and biases the 

visual impression of unit continuity (Figure 8A).

4.1.3.2 | Area 1/Sector II 

In Area 1, sample QJ‐17‐11 derives from the north wall profile 

of Unit 1 (Figure 8B). In the field, this profile exposed a 

sequence of archaeological horizons, with features and sus

pected biogenic disturbance structures (krotovinas). The 

lowermost unit consists of a yellowish, gravelly sand with a 

silty–sandy matrix and sparse gravel‐sized clasts, indicating 
moderate to poor sorting. Unlike the basal deposits in Area 2, 

this unit lacks abundant coarse fluvial pebbles, suggesting a 

lower‐energy depositional context.

Archaeological occupation horizons are readily distin

guished by a darker colour, increased anthropogenic inclu

sions, and textural contrast, most notably the presence of 

shell material. The earliest archaeological horizon exhibits 

multiple cut features penetrating into the underlying sterile 

substratum, forming sharp, irregular lower boundaries. 

Overlying occupation layers consist of centimetre‐thick, 
laterally continuous but slightly undulating horizons, com

posed of sand to silty sand with variable concentrations of 

shell and charcoal. These units display gradational to clear 

boundaries.

Localized zones of sediment induration were also observed 

within this profile; however, cementation is less pervasive and 

less intense than in Area 2, a difference reflected in the weaker 

structural coherence of the sediment and the greater ease of 

monolith sampling. The indurated material occurs dis
continuously and does not form a fully cemented horizon in 

this profile.

To facilitate recovery of macro‐artefacts from the indurated 
sediment fragments, the samples were soaked in water, fol

lowing Andrus et al. (2000), who demonstrated that the ce

menting agent responsible for induration in comparable 

contexts consists predominantly of highly soluble halite. While 

this treatment enabled the recovery of lithic artefacts—albeit 

with reduced provenience resolution—it resulted in secondary 

FIGURE 8 | (A) Photomosaic of Sector I north wall/Area 2, Unit 13 south wall with location of block sample QJ‐17‐1 (white dashed box). (B) 

Photograph of Area 1 Unit 1 north wall/Unit 2 south wall with location of block sample QJ‐17‐11 (white dashed box). 
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fragmentation and partial disintegration of more fragile com

ponents, particularly charcoal and bone, indicating post‐ 

excavation alteration induced by dissolution processes.

4.2 | Microstratigraphy 

The micromorphological analyses of five thin sections from QJ‐ 

280 led to the distinction of 14 microstratigraphic units (MU) 
within the five thin sections that are shown in Figures 9 and 10

and summarized in Table 2. Furthermore, we ran µXRF scans 

on and created elemental maps of all analysed thin sections that 

we processed to visualize the spatial distribution and abun

dance of gypsum, halite, bone, and shell content (Figures 9

and 10; Supporting Information S1: SM1).

We used µFTIR analyses to complement µXRF and micro

morphological observations. The main goal was to differentiate 

between anhydrite (CaSO4) and gypsum (CaSO4·2H2O), as this, 
by the presence or absence of water, hints at distinct formation 

processes and conditions. Analyses on the thin sections suggest 

that the mineral formations at QJ are mainly gypsum, as 

suggested by the presence of H2O peaks in the 3500–3200 cm−1 

(O–H stretching) and 1750–1500 cm−1 (O–H bending) ranges 

(Figure 11).

4.2.1 | Micromorphology Block QJ‐17‐1 

4.2.1.1 | Thin Section QJ‐17‐1C 

In this, and the following thin section results, we describe the 

MUs from bottom (oldest) to top (youngest) for each thin 

section.

This thin section covers the deepest deposits in Area 2, Unit 12 

south wall (equivalent to Sandweiss' Sector 1, Unit 2B north 

wall). The thin section covers the transition from a coarse, 

sandy, archaeologically sterile base layer to the first occupation 
deposit via gradual fining towards more loamy material.

The first, and lowest, MU (MU1, Figure 12A) is comprised of a 

coarse sandy component with a single‐grain to intergrain 
microstructure and a mostly undifferentiated b‐fabric. Coarse 

sandy rock fragments dominate this MU with very little silt and 

clay. No anthropogenic material is included. In the thin section, 

FIGURE 9 | Thin section scans and µXRF component maps of QJ‐17‐1, bottom to top QJ‐17‐1A, QJ‐17‐1B, QJ‐17‐1C. (A) Scans with micro‐units. 

(B) Shell (blue) and bone (pink) distribution. (C) Halite (orange) distribution. (D) gypsum (yellow) distribution. In the bottom left of QJ‐17‐1C, a high 

gypsum accumulation is visible in the XRF map, but that is related to the plaster bandage used for sampling that is included in this thin section. The 

highest gypsum content in QJ‐17‐1A is related to part of the plaster bandage used for taking the block sample, which is included at the top of this thin 

section. In QJ‐17‐1A, we see a fabrication error on the lower right (and also a bit on the lower left) affecting the elemental distribution (as sample has 

been ground away), which is why we separated that area from analysis and interpretation. 
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the most prominent pedofeature is the formation of gypsum 

crystals and nodules. The larger nodules in the groundmass are 

mostly composed of lenticular‐tabular sparitic gypsum.

MU2 is marked by an increase in clay and silt aggregates, 
resulting in an enaulic c/f‐related distribution and granular 

microstructure (Figure 12B). This MU has a weakly stipple‐ 

speckled b‐fabric related to the presence of clays. Rock frag

ments compose the coarse fraction. No anthropogenic material 

is included. Pedofeatures are similar to MU1, with gypsum 

crystal and nodule formation. We observe a slight increase in 
the formation of gypsum nodules with lenticular‐tabular 

crystals.

MU3 comprises the first archaeological layer in this area, as 
indicated by the calcium distribution in this thin section 

(Figure 9B). It is limited to the top of the thin section (MU3 and 

MU4) and correlates with the presence of shell in the archae

ological layers. MU3 is similar in terms of groundmass and 

fabric to MU2, but the coarse fraction now also contains sand‐ 

sized, burnt marine shell fragments and sand‐sized fragments of 

charcoal. A few, highly weathered and fractured bone frag
ments can be identified microscopically. The bone fragments 

are small, sand‐sized, and in the XRF maps are visible as very 

small fragments of bone, which is indicative of the very poor 

preservation of bone at the site (Figure 9B). Silt‐sized charred 

organic matter contributes to the fine fraction. In MU3, we also 

observe a slaking crust, indicative of an originally waterlain 

deposit that here is not in situ but reworked (Figure 12C). 

Gypsum formation in MU3 remains similar to MU2 with a very 

slight increase in gypsum formation (Figure 9D).

MU4 differs from MU3 by a more separated granular micro

structure and the presence of channels. The contact of MU4 is a 

rounded cut through MU3 and into MU2 with a connecting 
channel that is infilled with MU4 material through MU3. 

Gypsum formation and inclusion of anthropogenic material 

remain the same.

The XRF map of the gypsum confirms the microscopic obser

vations for MU2 to MU4. Most of the sulphur is in larger 

crystals or nodules. Towards the top, smaller crystals increase 

between the larger nodules. Invisible under the microscope, but 

visualized in the XRF maps, we observe that halite is present 

throughout the thin section except in MU1, where the 

groundmass consists of large clasts, and except for MU4 
(Figure 9C). In MU4, little halite is present in crumbs, randomly 

distributed in the MU (Figure 9C).

FIGURE 10 | Thin section scans and µXRF component maps of QJ‐17‐11, bottom to top QJ‐17‐11A and QJ‐17‐11B. (A) Scans with micro‐units. 

(B) Shell (blue) and bone (pink) distribution. (C) Halite (orange) distribution. (D) Gypsum (yellow) distribution. 
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4.2.1.2 | Thin Section QJ‐17‐1B 

This thin section derives from the same block sample as QJ‐ 

17‐1C, directly above the previous sample. The first MU (MU1) 

in this thin section is very similar to MU4 of QJ‐17‐1C, with a 

granular microstructure with channels, gypsum crystals and 
nodules, and broken and weathered burnt shell, charcoal, and 

bone fragments. The bottom of the thin section indicates a 

higher amount of gypsum in the sediment, visible as many 

larger crystals or nodules throughout MU1 and MU2 

(Figure 9D).

MU2 appears similar to MU1 at first glance, but the amount of 

coarse sand‐sized coarse fraction, as well as that of the clay and 

silt aggregates, decreases slightly. The gypsum formations 

remain the same as in MU1, with crystals and nodules formed 

of randomly oriented lenticular‐tabular crystals. The micro
structure is intergrain‐granular and less open than in MU1. 

Anthropogenic contributions, such as shell, bone, and charcoal, 

remain the same. The biggest difference between MU1 and 

MU2 is visualized in the XRF map. Halite is present throughout 

the thin section except where we observe large clasts in the 

groundmass, and except for MU1, where the feature from QJ‐ 
17‐1C continues, creating a sharp boundary to MU2.

Atop MU2, MU3 is marked by more prominent changes in the 

size and distribution of materials, though the overall composi

tion (in terms of types of material) remains the same. While the 
content of clay and silt aggregates further decreases, the coarse 

fraction increases in size with more fine gravel‐sized clasts 

present, both in the geogenic and the anthropogenic compo

nents (rock fragments and charcoal pieces). The gypsum con

tent decreases, and when present, the nodules and crystals 

within are smaller, which is confirmed by the XRF map.

The halite distribution in MU3 is especially noteworthy. First, 

we observe halite forming within the cracks of larger shell 

fragments (Figures 9C and 12E). Second, bigger charcoal pieces 

contain halite within the cell tissue as well as in the pores, as 

shown in the XRF map, while petrographic analysis of the same 

pieces reveals that the growth of the halite has contributed to 
in situ fragmentation (Figure 9C). The distribution of the halite 

within some charcoal pieces shows a concentration of the 

mineral within the outer zone, and its absence in the centre. 

This indicates a process of cementation in the pieces proceeding 

from outside to inside. This process may also correlate with 

the degree of burning, as these same larger charcoal pieces are 
not always fully charred but may exhibit an unburnt centre. An 

overall lack of halite in the area with larger clasts also displays a 

slight sloping of the surface of MU3.

Above MU3, MU4 exhibits a decrease in the size of coarse 

fraction components compared to MU3. Here, the most signif

icant change is that, besides sand‐sized burnt shell fragments, 

now also unburnt and larger fragments of shell are frequently 

present. Shell, charcoal, and bone are all broken and weathered 

(Figure 12D). The gypsum content remains similar to MU3, 

with mostly single crystals or small sand‐sized nodules visible in 
these micro‐units, indicating fewer and smaller gypsum crystals 

FIGURE 11 | µFTIR spectra of selected gypsum nodules from each thin section. Light grey‐shaded areas are SO4 peaks, present in both gypsum 

and anhydrite (Chukanov 2014). v2 (SO4) peaks around 500 cm−1 indicative of gypsum, but spectral resolution is poor < 550 cm−1. Dark grey‐shaded 

areas are H2O peaks that are only present in gypsum (Chukanov 2014). 
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forming. We can also witness halite present within some of the 

large charcoal fragments.

Overall, microscopically, as well as in the XRF display, the 

amount of shell fragments is slightly increasing in this thin 

section compared to QJ‐17‐1C, just as the size of the shell 

fragments is increasing from MU1 and MU2 to MU3 and MU4 
throughout this thin section. Bone is visible as dispersed, small 

fragments throughout the thin section, especially highlighted by 

the XRF maps.

4.2.1.3 | Thin Section QJ‐17‐1A 

This thin section encompasses the top layer of block sample QJ‐ 

17‐1. This thin section shows only one MU, MU1 (Figure 12F). 

The amount of charcoal, both in the coarse fraction and in the 

fine fraction, decreases compared to the previous thin section, 

resulting in a lighter colour of the sediment. Shell is present— 

both burnt and unburnt—and larger pieces appear horizontally 

oriented. The amount of gypsum further decreases to the lowest 

in the sequence, no larger nodules are formed, and crystals are 

small sand‐sized (Figure 9D). Halite is also present throughout 
the thin section, similar to the two thin sections before 

(Figure 9C). However, we also notice a lack of halite at the 

centre top of the sample, as well as on top, and beneath a large 

shell piece. We also observe salt forming within the cracks of 

larger shell fragments. The calcium content in this thin section 

is mostly linked to shell fragments. There are some bone ac
cumulations visible that are dispersing into the groundmass. 

When comparing the phosphorus accumulations to the halite 

distribution, we observe that there is also a high halite con

centration present in the areas in which we see bone.

4.2.2 | Micromorphology Block QJ‐17‐11 

4.2.2.1 | Thin Section QJ‐17‐11B 

This thin section derives from the bottom of block sample QJ‐ 

17‐11 and includes the deepest archaeological layers in Area 1. 

FIGURE 12 | Photomicrographs of QJ‐17‐1. (A) QJ‐17‐1C MU1 with sandy groundmass in PPL. (B) QJ‐17‐1C MU2 with an increase in silt 

aggregates in PPL. (C) QJ‐17‐1C MU3 with reworked slaking crust (arrow) in PPL. (D) QJ‐17‐1C MU4 with weathered fish vertebra (arrow) in PPL. 

(E) QJ‐17‐1B, burnt shell with halite forming in weathering cracks, barely visible (arrow) in PPL. (F) QJ‐17‐1A with shell, charred organic matter in 

groundmass in PPL. 
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QJ‐17‐11B comprises two MUs, the lower one, MU1, being the 

archaeologically sterile sublayer.

In MU1, we see similarities to QJ‐17‐1C MU1 with a mix of 
different rock fragments of varying sand sizes (Figures 1

and 13A). In contrast to the transition from MU1 to MU2 in 

sample QJ‐17‐1C, however, there is no gradual fining to a clay/ 

silt aggregate‐dominated unit in the sterile layer in QJ‐17‐11B 

(Figure 13A). We observe some clay and silt aggregates in MU1, 

but not in the same abundance as in Area 2. There is a slight 
fining of material at the transition from MU1 to MU2 with a 

decrease of the very coarse sand fraction, but it is subtle.

Overlying MU1, we encounter MU2, the earliest archaeological 
deposit in Area 1. Compared to MU1, MU2 exhibits an increase 

in the amount of clay and silt aggregates. The coarse fraction 

composition remains similar, but with fewer very coarse rock 

fragments. The anthropogenic components are dominated by 

frequent large shell fragments that do not appear to be burned 

and are in horizontal orientation (Figure 13B). Larger pieces of 

shell are often broken or snapped in place. The shell fragments 
are mostly large, though some smaller fragments are also visible 

through the elemental mapping. Charcoal is also frequent, and 

we observe some weathering and breakage of the fragments, 

too. However, it is not as disintegrated and broken into silt‐ 

sized fragments as, for example, in QJ‐17‐1B. The largest piece 

of charcoal does not appear to be fully charred. There is also 

some bone found in this MU. The bone fragments are weath

ered and broken, but do not appear burnt. In the XRF maps, the 
surface of the bone fragments appears smoother, and the frag

ments are not as fragmented, indicating a slightly better pres

ervation in some of those fragments than in the thin sections 

before. Besides a marine shell, we also find a terrestrial gas

tropod shell in this sample.

Regarding pedofeatures in this sample, we observe gypsum 

formation as lenticular‐tabular crystals and nodules. Some of 

those gypsum pedofeatures, though also found randomly 

throughout the groundmass, appear to be concentrated on top 
of larger clasts in the groundmass (i.e., cappings), which is also 

shown in the XRF map (Figure 10D). There is no difference in 

gypsum formation between MU1 and MU2. Also, in the XRF 

maps, we observe a consistent distribution of gypsum 

throughout this sample that is mostly visible as larger crystals 

and nodules and some small crystals (Figure 10D). There does 

FIGURE 13 | Photomicrographs of QJ‐17‐11. (A) QJ‐17‐11B with transition from archaeological sterile MU1 to MU2 with shell and charcoal in 

PPL. (B) QJ‐17‐11A MU1 with large, horizontally oriented shell fragments in PPL. (C) QJ‐17‐11A MU2 with a mix of shell, charred organic matter, 

and bone fragments. (D) QJ‐17‐11A MU3 with loosely packed, unoriented shell matrix with some charred matter. 
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not appear to be a positive correlation between gypsum and 

halite formation, but the minerals are also not mutually ex

clusive. Halite is also distributed throughout the thin section, 

but there are randomly distributed areas with higher concen

trations, and other areas where there is still a noticeable 

amount, but less halite is present. Halite is oftentimes aggre
gated around shell fragments. Some shell fragments, especially 

in the top left of the thin section, exhibit almost a coating of 

halite, as well as halite within the fractures of the shell frag

ments (Figure 10C).

4.2.2.2 | Thin Section QJ‐17‐11A 

Sample QJ‐17‐11A derives from the same slab as QJ‐17‐11B, 
above the previous sample. It encompasses the subsequent 

archaeological layers in this unit. In total, we observe three 

distinct MUs.

MU1 is overall very similar to MU2 of QJ‐17‐11B. The main 
differences lie within the abundance of anthropogenic compo

nents, as well as the decrease in the abundance of clay and silt 

aggregates in the geogenic fine fraction. We observe a decrease 

in large oriented, unburnt marine shell, but an increase of small 

burnt shell fragments compared to MU1, resulting in a mix of 

burnt and unburnt shell but in general lower shell content. The 
amount and state of preservation of charcoal are comparable to 

MU2 of QJ‐17‐11B. One of the most significant changes is in the 

amount of bone. Bone pieces are mostly visible as very small 

fragments dispersed in the groundmass throughout the thin 

section, but the XRF map also visualizes a horizontal concen

tration in the centre of the thin section (middle of MU1). 

This unit contains the most bone that we see in any sample 
from QJ‐280. It appears mostly unburnt. Gypsum is present in 

MU1 as very few nodules and some crystal growths, but the 

formations are relatively small. In MU1, we notice many 

aggregated accumulations of halite and an especially large 

concentration in the centre left of the thin section (Figure 10C).

Conformably overlying MU1, with a gradational transition, we 

see MU2 as a layer of mixed burnt materials. We observe an 

increase in charcoal pieces and fine charred organic matter, as 

well as mostly burnt shell fragments that are weathered, re
worked, and broken, with generally no orientation of larger 

clasts (Figure 13C). Bone fragments are small broken fragments 

and range from unburnt to burnt, with variation in tempera

tures based on their optical properties such as colour in PPL and 

birefringence in XPL (Villagran et al. 2017). There are relatively 

few coarse rock fragments.

MU3 starkly contrasts visually with the other MUs in this thin 

section. The contact between MU2 and MU3 is abrupt, sharp, 

and not horizontal. This contact is a cut, as MU3 cuts through 

the previous micro‐units. MU3 is a layer dominated by large, 
unburnt, completely unoriented marine shell fragments 

(Figure 13D). In the finer sand size fraction, burnt, weathered 

(into micrite) shell is also present (Villagran et al. 2017).

The XRF maps indicate a high calcium content that is linked to 

a mix of larger and finer shell fragments (Figure 10B). Bone, 

burnt to different temperatures, charcoal fragments, and one 

unburnt wood fragment are intermixed in MU3. In the fine 

fraction, silt‐sized charred organic matter is an important con

tribution. In MU2 and MU3, the amount of gypsum further 

decreases. Only a few, predominantly microcrystalline, gypsum 

formations can be found in the groundmass, and there are no 

larger gypsum nodules. In MU2 and MU3, we observe a 

decrease in halite content and overall smaller specks become 

more prevalent compared to larger accumulations.

5 | Discussion 

5.1 | Site Formation—Deposition of Sediments 
and (Paleo‐)Landscape 

Understanding regional drivers of geomorphic change in the 

Atacama region is important for disentangling site formation 

processes. Hartley et al. (2005) and Ortega et al. (2019) suggest 

that the morphodynamics of coastal alluvial fans in the Ata

cama region are controlled by climate, the latter pointing out 

the role of ENSO events in alluvial fan activity. Therefore, 

ENSO rainfall events, together with the seasonal character of 
the feeder channels in our study area, are the main drivers of 

transport and deposition on the coastal alluvial fan. From this, 

we can deduce a reduced fan activity during the peak aridity of 

the Middle Holocene, and increased activity and material 

transport and deposition during wetter phases, such as the 

CAPE II event during the Terminal Pleistocene and intense El 
Niño rainfall events during the Holocene. Especially in arid 

settings, a mix of depositional processes (debris flows, hyper‐ 

concentrated flows, sheet flows) is expected, which can occur 

even within a single intense rainfall event, which creates a 

highly complex fan system (Cabré et al. 2020; Lehmkuhl 

et al. 2018; Walk 2020).

The site is located close to the fan apex, which formed within 

the incised channel region of the system. Prior to human 

occupation, we observe evidence of clast‐rich deposits, indica

tive of a high‐energy depositional regime. We also observe sand 
deposits, demonstrating some lower energy deposition. The 

presence of volcanic ash in the Area 2 north wall profile dem

onstrates that, besides deposition by alluvial activity, volcanic 

deposition also contributed to landscape formation. Incision of 

the ash suggests erosional events, such as gullying on the fan 

surface.

Right before the first occupation layers, we observe lateral 

variation in the geogenic components between the two ex

cavated areas, with Area 2 exhibiting a higher amount of silt 

aggregates compared to the sand‐dominated matrix in Area 1. 
These differences reflect micro‐regional variations in deposi

tion. The silty deposit may reflect a sheetflow deposit (S. E. 

Hogg 1982) that has been reworked.

In the first occupation layers, we observe mostly finer (< gravel‐ 

sized) geogenic components. We detect no evidence for erosion 

by water or in situ emplacement of waterlain deposits within 

the occupation layers. We suggest that geogenic components 

were likely introduced via aeolian processes. If alluvial action 

occurred, the flow regime was so low that it did not result in 
erosion.

The anthropogenic impacts on the modern‐day landscape do 

not allow for direct statements about the morphostratigraphy of 

the coastal alluvial fan directly surrounding the archaeological 
site. However, the excavation profiles and thin sections from the 

deposits at QJ‐280 allow us to refine our understanding of the 
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site setting before and during human occupation. While the 

modern‐day disturbances at QJ‐280 preclude statements on 

diachronic changes and the morphostratigraphy of the coastal 

alluvial fan beyond the site itself, comparison to coastal alluvial 

fan systems in the broader region (Walk et al. 2022, 2023) 

suggests that changes in the location of the active channel 
caused the differences observed at the site. It is likely that the 

site preservation is due to its location on an older surface as 

opposed to the active channel.

5.2 | Post‐Deposition: Taphonomy, Pedogenesis, 
and Paleoenvironment 

Focusing on the preserved deposits at QJ‐280, we observe sev

eral post‐depositional processes that affect the archaeological 

and natural materials at the site. Most of these processes are 

related to the setting of the site on the arid coast of southern 
Peru. Most prominently, we observe the formation of salt 

minerals (halite and gypsum).

5.2.1 | Taphonomy 

Most of the anthropogenic components exhibit taphonomic 

changes. Shell and bone are sometimes snapped, mostly with

out angular movement of the fragments. Here, it does not 

necessarily indicate human activity such as trampling (Aldeias 

and Bicho 2016; Rentzel et al. 2017). Rather, the microscopic 
observations (Figures 12 and 13) and µXRF maps indicate halite 

and gypsum crystals formation in the cracks of the shells and 

bone fragments (Figures 9 and 10). Therefore, we suggest that 

the formation of salt crystals is one driver leading to the 

breakage and fragmentation of the faunal remains at the site. 

The charcoal fragments, too, are affected by this process. The 

µXRF scans show larger pieces of charcoal almost completely 
indurated by halite (Figure 9C). Salt action or haloturbation (as 

defined in Zinelabedin et al. 2025, 258) in the sediment is 

therefore a major process at the site that has (negatively) 

affected the preservation of archaeological materials.

As stated, we attempted to resolve this issue by soaking indu

rated sediment in water to recover cemented artefacts during 

the 2017 excavations. However, the provenience resolution of 

those finds is not comparable to screen‐recovered or even in situ 

finds. Further, fragile materials like the charcoal fragments that 

were impregnated with salts may physically disintegrate when 
the salts dissolve.

These processes are an issue not only at QJ‐280 but also at other 

archaeological sites along the hyper‐arid coast where similar 
pedogenic processes can be expected.

In fact, similar salt action (terminology varies, some common 

terms are: induration/indurated sediment, caliche, cementa
tion) at archaeological sites has been described at other coastal 

sites along the South American Pacific coast (in latitudes 

ranging at least 12°S–25°S)—impacting those excavations. The 

site of Cerro Los Chivateros on the coast of central Peru was 

excavated in the 1960s and was described as a deposit that 

consists of salt‐impregnated, indurated soil (R. Berger 
et al. 1965). At Quebrada Cruz de Hueso (Punta Negra, 

Department of Lima, Peru), a concretion compacted by salt has 

been described (Ugarte 2008, 47). Excavation was stopped at 

12 cm below the surface due to the induration. Benfer 

(1990, 288) reports that at the site of Paloma (Chilca valley, 

Peru), different periods within the stratigraphic sequence were 

capped by caliche caused by intensified moisture. Further, 

Benfer (1990, 288) points out a temporal factor of the caliche 

formation, as a series of wet years may suffice to impregnate 
materials. At Quebrada de la Vaca (Department of Arequipa, 

Peru) indurated sediment has been reported from test Trench 2 

(Riddell 2007, 187). The slope of a midden feature is also 

indurated by salt (Riddell 2007, 187). Indurated deposits are also 

known from Quebrada Maní in Chile. At QM12, the presence of 

salt‐cemented soil horizons, the authors describe as what is 
locally known as caliche, has been described as ‘highly indu

rated salic and gypsic horizons’ after Ericksen (1981) (Latorre 

et al. 2013, 27). Gypsum formation is also reported at the site of 

Zapatero in Chile (Power et al. 2022; Villagran et al. 2021).

5.2.2 | Pedogenesis and Paleoenvironment 

Salt action appears to be a major pedogenic process at QJ‐280. 

At QJ‐280, we observe differences in halite and gypsum for

mation, as well as variations between the excavation areas. To 

explain these differences, it is important to understand the 

origin and depositional history of the salts.

On the arid coast of southern Peru, we expect Aridisol soil 

formation processes, typical of a dry climate with low humus 

content and precipitation of translocated salts, and/or, for ex

ample, gypsum or carbonates in salic, gypsic, or calcic horizons 
(Ericksen 1981; Holliday 2004; Schaetzl and Anderson 2005; 

Voigt et al. 2020). In general, possible sources of pedogenic salts 

include the in situ weathering of bedrock, aerosols from the 

Pacific Ocean, salares, or atmospheric dust (Ericksen 1981; 

Rech et al. 2003; Voigt et al. 2020). However, in the coastal 

region, Rech et al. (2003) demonstrate that close to the ocean 

(within 50 km, below 800 masl), over 50% of the analysed sol
uble salts derive from marine aerosols. On the arid coast, these 

saline materials mostly precipitated from dry fallout and from 

condensate droplets formed by low clouds, fog, and dew, par

ticularly in winter, as a surface formation (Ericksen 1981). 

Eventually, the salts are leached and translocated to deeper soil 

levels through fog and occasional rainfall (Ericksen 1981). 
Accordingly, a major source for the soluble salts at QJ‐280 is 

likely marine aerosols.

In the studied mineral formations at the site, halite precipita

tion did not exhibit clear diachronic changes. But there are 
differences between the two excavation areas. In Area 2, halite 

impregnates all of the sediment, with the exception of the 

section with bioturbation (Figure 9C). This observation, based 

on the µXRF maps, can be confirmed by field observations. 

Sampling QJ‐17‐1 was only possible by using a chisel and 

hammer due to the hardened nature of the complete block. In 
contrast, in Area 1, we observe a more ‘patchy’ halite formation 

(Figure 10C). Halite formed around (and in) shells and was 

randomly distributed in the groundmass. Only in QJ‐17‐11A 

(MU3 and MU4) is there a decrease that may be correlated with 

specific micro‐units. QJ‐17‐1 should be seen as an extreme case 

of halite cementation. The sample was intentionally placed to 
capture the observed ‘induration’, extending vertically in the 

stratigraphic sequence, whereas laterally, the induration was 

expressed as an undulating subsurface layer in which the 
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deposits did not seem to be completely cemented, more similar 

to Area 1 (Figure 8).

In contrast, the gypsum formation at the site exhibits some 
temporal variation. A peak in gypsum formation is expressed in 

an overall higher amount, larger crystal growths and nodules of 

gypsum in the sequence in QJ‐17‐1C (MU3 and MU4) and QJ‐ 

17‐1B (MU1 and MU2). These variations are, at least to a 

certain degree, related to past paleoclimatic conditions. This 

allows us to use the presence of pedofeatures, mainly the gyp
sum formation, as a proxy for past climate, complementing 

established archaeological climate proxies (Sandweiss 2003; 

Sandweiss et al. 2020).

What is the explanation for this phase of intensified gypsum 

precipitation? Villagran et al. (2021) correlate larger gypsum 

growths with lenticular crystals with slower formation associ

ated with relatively more moisture, whereas microcrystalline 

gypsum formations are used as a proxy for drier conditions 

based on higher evaporation and more rapid crystal formation 

(Poch et al. 2010). Therefore, the intensified gypsum formation 
at Quebrada Jaguay may represent slightly moister conditions 

during times of precipitation. Further, besides marine aerosols, 

additional sources for gypsum, such as Andean precipitation 

and regional evaporite deposits (I. A. Berger and Cooke 1997), 

as well as organic matter decay (Villagran et al. 2021), have 

been reported. These sources may contribute to gypsum pre
cipitation at the site. As gypsum formation may also be influ

enced by the anthropogenic (organic‐rich midden) deposits 

contained in the sequence, gypsum observations should not be 

used as a climate proxy on their own but rather complement 

other climate data.

It is difficult to control for the chronology of these processes. 

The archaeological layers in which the minerals precipitated are 

at least partially dated to the Terminal Pleistocene/Early 

Holocene transition. The pedogenic translocation and precipi

tation processes, however, may have occurred later. After dep
osition on the surface (i.e., from marine aerosols), mineral 

precipitation occurs in the subsurface through translocation, 

within the penetration depth of soil moisture at the wetting 

front (Amit and Yaalon 1996; Aref 2003; Schaetzl and 

Anderson 2005).

Attempting to disentangle the relative timing of these processes, 

we suggest that sediments were first cemented by halite, with 

some gypsum precipitation occurring simultaneously with the 

halite precipitation, as indicated by the moderate gypsum for

mation throughout. This is likely a syndepositional process 
occurring at the surface (Amit and Yaalon 1996). After the 

deposition and initial induration with halite, bioturbation oc

curred, resulting in the desalinization in the disturbed area. The 

phase of increased gypsum precipitation post‐dates the initial 

halite impregnation and the bioturbation, which is indicated by 

the intensified gypsum formation occurring independently of 
the previously described alterations to the deposit (Figure 9). 

This suggests that the main phase of gypsum formation dates to 

the Holocene, not the Pleistocene. Following Villagran et al. 

(2021) and Poch et al. (2010), this main phase, characterized by 

slightly larger crystals, suggests formation under relatively 

wetter conditions. Carré et al. (2021) show that compared to the 

Middle Holocene with the Holocene ENSO minimum (HEM) 
(3–6 ka), the Early Holocene (11.7–8.2 ka) exhibited reduced 

SST and a higher ENSO variance, which in turn resulted in 

more garúa (coastal fog) and more rainfall events, creating 

relatively wetter conditions. Amit and Yaalon (1996) emphasize 

the differences in gypsum and halite formations as a function of 

depth relative to the surface and maturity of soil development 

(time). Evidence for the Late Holocene is missing, as no deposit 
is preserved at Quebrada Jaguay, so these variables are 

unknown at QJ‐280. Therefore, we can only hypothesize the 

intensified gypsum formation formed during the relatively more 

humid Early Holocene, allowing for (1) leaching, and (2) pre

cipitation of larger crystals and nodules.

Another question is: Why does the main phase of intensive 

gypsum formation post‐date the salt formation, since we 

hypothesize that both the halite and sulphur have the same 

main source (Ericksen 1981; Rech et al. 2003)? There are some 

differences between the salt minerals. Due to differences in 
solubility and permeability, differences in precipitation between 

halite (highly soluble/deep leaching) and gypsum (less soluble/ 

mean wetting depth) are expected (Amit et al. 1993; Amit and 

Yaalon 1996; Schaetzl and Anderson 2005). Besides sea spray, 

gypsum is also a common mineral byproduct of the decay of 

organic matter from (shell) middens (Villagran et al. 2021), as 
well as other geological sources can contribute as a gypsum 

source (I. A. Berger and Cooke 1997). While natural biogenic 

input at the site is low, the site, while exhibiting a differentiated 

picture of use during the Terminal Pleistocene, exhibits a rather 

extensive (in Area 1 and Area 2) capping with an organic shell 

midden deposit during the Holocene. This deposit may be an 

additional gypsum source. Villagran et al. (2021) show that 
weathering processes of shell and bone, together with sulphates 

from organic matter decay, favour gypsum formation.

Besides precipitation through geogenic sources, halite forma
tion at the site may be influenced by the archaeological deposit. 

For example, salt minerals are a known component in plant 

ashes, and evidence for combustion is ubiquitous at the site 

(Canti 2003). Further, vast amounts of marine resources like 

shell brought to the site may also have influenced the halite 

content in the deposit. This would presuppose higher halite 
concentrations on‐site than contemporaneous deposits off‐site. 

However, the presence of indurated sediment off‐site suggests 

that marine aerosols are likely a main source of salt impreg

nation, as proposed by Rech et al. (2003). Andrus et al. (2000) 

demonstrate that off‐site induration cannot be attributed to salt 

formation alone, also indicating clay weathering processes. We 

do not have dated off‐site reference samples that would allow 
for comparison of contemporaneous sediment. In synthesis, we 

observe (1) lateral variation within the site, (2) lateral variation 

between the site and off‐site, (3) diachronic variation within the 

site, and (4) temporal, climatic, and depth‐dependent pedogenic 

processes controlling induration dynamics. These factors highly 

complicate a final interpretation. A more in‐depth, landscape‐ 
scale approach to soil formation in this setting, similar to Voigt 

et al. (2020) and Walk et al. (2023), may yield further infor

mation on these issues.

Ultimately, these questions cannot be answered unequivocally, 

considering that the majority of the Holocene deposits are 

missing due to modern disturbances. Yet, trying to understand 

the processes behind features, natural and anthropogenic alike, 

helps in the interpretation of the archaeological record at QJ‐ 

280 and other coastal sites exhibiting similar formations.
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The indurated sediment has previously been used as a chron

ostratigraphic marker at QJ‐280 (McInnis 1999; Reitz 

et al. 2016, 2017; Tanner 2001). However, there is no demon

strated positive correlation between salt induration, especially 

halite, and any single MU. We interpret the salt impregnation as 

the result of pedogenic processes, such as water and mineral 
precipitation, percolation and translocation processes down the 

sequence in relation to the (paleo‐)surface, and subject to sub

sequent post‐depositional alterations such as bioturbation. The 

induration that we encountered in 2017 does not encompass 

one specific archaeological layer, micro‐unit, or occupation 

surface; therefore, we do not recommend the use of indurated 
sediment as a chronostratigraphic marker. However, in 1999 in 

Sector II (Area 1), Sandweiss's team recorded a thick coherent 

indurated level with indications of formation while a post and 

panel house was standing. This indurated level was not pre

served or encountered in our work, so we cannot assess its use 

as a chronostratigraphic marker.

5.2.3 | Bioturbation 

Besides taphonomic and pedogenetic processes, another focus 

of the micromorphological analysis was on the impact of bio

turbation at the site. Most prominently we observed and sam

pled a krotovina in block sample QJ‐17‐1 that is present in thin 
sections QJ‐17‐1B (MU4) and QJ‐17‐1C (MU1). These micro

units encompass the krotovina and are characterized by a 

granular microstructure with channels, but otherwise appear 

similar to the surrounding sediments—under the microscope. 

However, the scan of the block sample (Supporting Information 

S1: SM1) indicates that the sediment of krotovina infilling dif

fers from the surrounding deposit. Further, the µXRF scans 
exhibit the most significant difference. The bioturbated area is 

almost completely desalinated, except for a few, randomly ori

ented specs of halite.

Why is the bioturbation desalinated? One possible answer 

would be that, originally, the sediment within the krotovina was 

also impregnated by salt and through the bioturbation process, 

the halite was dissolved. Another option is that the krotovina 

was infilled with material from elsewhere in the site that had 

not been cemented with halite to the degree that the sur
rounding sediment has. This would imply sediment transport 

through the archaeological deposit, which can potentially 

impact the integrity of the find. Based on the observations from 

the scans, where we can observe macroscopic differences 

between infilling and surrounding material, the latter option 

appears more likely.

What does this observation imply for archaeological interpre

tations? Evidence for bioturbation at QJ‐280 is indicated by the 

presence of small‐scale channels, which are typically attributed 

to insects and other soil mesofauna, but also by a large kroto
vina, usually attributed to larger animals, that can move 

material through the deposit (Bocek 1986; Courty et al. 1989; 

Stein 1983). One concern is that vertical krotovinas can also 

mimic circular, anthropogenic features. Especially at QJ‐280, 

where circular features were interpreted as postmolds of early 

residential structures (Jones et al. 2019; Sandweiss et al. 1998; 
Tanner 2001), the presence of bioturbation suggests that such 

features require further analysis to distinguish between bio

turbation and anthropogenic activity. However, Sandweiss 

(e.g. 2014) found a piece of wood interpreted as a post fragment 

in situ in one of the holes, confirming that at least some of the 

holes (which form a coherent pattern for a structure) were 

postmolds.

5.3 | Outlook: Archaeological Interpretations and 
Human Behaviours 

Though this paper focuses on the overall site setting and for

mation, the analysed thin sections also provide insights into 

early human activities at QJ‐280.

5.3.1 | Anthropogenic Components 

We observe differences between the two areas, as well as 

between the different micro‐units of each thin section, sup
porting inferences pertaining to lateral and diachronic variation 

in the deposition of materials. Villagran (2014) has highlighted 

that the processes associated with shell mound deposition may 

reveal insights beyond simple ‘waste deposition’. Beyond the 

differential accumulation of deposits at QJ‐280, anthro

pogenically derived components at the site include charred 

organic matter, bone fragments, and shell valves.

5.3.1.1 | Charred Organic Matter 

The charred organic matter is visible both as very fine matter 

distributed through the sediment, leading to a dark colour of the 

sediment (in the field used to define ‘features’, e.g., Feature 17–20), 
or as larger charcoal fragments. Part of the organic material was 

likely introduced to the site as fuel for maintaining fires and 

building hearths, for example, for cooking, while other charred 

remains could be identified as comestible taxa (Furlotte 2024).

5.3.1.2 | Bone 

Recovered bone fragments derive from fish and small mammals 

(Reitz et al. 2016 2017) (Figure 12, see Villagran et al. 2017 for 

comparison). However, bones visible in the thin section samples 

are usually very small (fine sand‐sized to small gravel‐sized), 

complicating identification. Some of the bone appears thermally 

altered at ‘lower’ temperatures (beige‐brown colour scale), with a 
small portion appearing to have been exposed to high enough 

temperatures to calcine bone (Ellingham et al. 2015; Stiner 

et al. 1995; Villagran et al. 2017). Much of the bone is broken in situ 

and distributed into the groundmass—a result of the salt action 

induced taphonomy. Further, disintegrating and very low‐density 

bone may hint at the presence of fish bone when compared to 

reference micrographs of fish bone (Villagran et al. 2017).

5.3.1.3 | Shell 

Shell valves display the most variation in composition, ranging 

from sand‐sized pieces to near‐complete valves. The smallest 

pieces appear altered into micrite, which indicates burning. 
However, larger chunks of shell rarely show signs of complete 

burning, except for the occasional observed burned rim.

Villagran et al. (2011) and Balbo et al. (2010) argue that shells 
with low fragmentation and sub‐horizontal distribution repre

sent waste discard outside of the living spaces, indicating a 

single tossing event (Villagran 2019). This description fits the 
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observations from Area 1 in thin sections QJ‐17‐11B (MU2) and 

QJ‐17‐11A (MU1), as well as in Area 2 in sample QJ‐17‐1A, 

where the anthropogenic input of the earliest occupation layer 

is dominated by large and mostly unburnt (i.e., not visually 

thermally altered), horizontally oriented shells with low frag

mentation and some larger charcoal pieces. In these samples, 
the shell content is relatively low, with no shell‐supported 

matrix but a sandy/geogenic matrix, which may point towards a 

more peripheral position within the dwelling site.

When it comes to interpreting burned shell, it is important to 

bear in mind that different signatures are expected depending 

on the applied cooking practices (Aldeias et al. 2019). Some 

cooking practices may leave the shells unaltered, and some 

shell consumption may not involve cooking at all (Aldeias 

et al. 2019). Complete burning (and transformation into micrite) 

of shells, however, can be used as an indicator for tossing of the 
shells directly into the fire or for the shells being part of the 

substrate beneath the fire (Aldeias et al. 2019; Villagran 2014).

5.3.2 | Combustion, Maintenance, and Deposition 

The three observed anthropogenic components (charcoal, bone, 

and shell) can all be related to combustion practices and are 

expected in combustion features. However, Aldeias et al. (2019) 

argue that with shell cooking practices, we may not always 

expect to find ‘intact’ combustion features because different 

practices, such as building a fire above the shells, will result in 
dispersed and swept combustion features in which we observe a 

disconnection among fire, residues, and deposits rather than 

intact hearths (sensu (Mentzer 2012). Further, Aldeias et al. 

(2019) propose that visible combustion features that resemble 

in situ hearths may be related to cooking practices like building 

the fire below the shells. Therefore, the presence of completely 
burned shell fragments mixed with other combusted material 

likely indicates a fireplace, rather than a roasting hearth 

(Aldeias et al. 2019), and/or a swept combustion feature where 

only smaller fragments are preserved (Miller et al. 2010).

In the Area 2 samples, QJ‐17‐1C (MU3) and QJ‐17‐1B (MU2‐4), 

and Area 1 sample QJ‐17‐11A (MU2), the mostly small and 

completely burned fragments of shell and finely dispersed 

charred organic matter suggest these areas were used as a 

fireplace, and/or maintained by cleaning out the combustion 

structures. In QJ‐17‐1B (MU3) larger charcoal pieces, together 
with larger rock fragments, suggests non‐thorough cleaning, or 

proximity to the centre of a hearth (Miller et al. 2010).

In sample QJ‐17‐11A (MU3), components are mixed, including 
some burnt and unburnt shell intermingled with bone within a 

clast‐supported matrix, suggesting dumping or tossing into a 

midden (Aldeias and Bicho 2016; Miller et al. 2010; Shillito 

et al. 2011; Villagran 2019). There are no micro‐laminations and 

no sedimentary breaks visible within MU4, from which we can 

infer that the deposit visible in MU4 of QJ‐17‐11A was likely 

tossed in a single and rapidly deposited event (Aldeias and 
Bicho 2016; Duarte et al. 2019).

5.3.3 | Use of Space and Occupation 

Overall, the microstratigraphic analysis provides evidence for 

differentiated uses of space at QJ‐280. Such spatial variability 

can be linked to site maintenance and spatial organization, 

contrasting the living spaces and refuse or waste disposal areas.

The first occupation layer in Area 1 suggests an activity area used 
for peripheral refuse and waste disposal, as indicated by the low 

fragmentation and sub‐horizontal distribution of the shell. In later 

periods, there is a shift towards a possible living space with an 

increase in anthropogenic components and charred material. This 

layer is later overprinted by refuse or dumping deposits, which are 

a mixed and unoriented shell‐matrix deposit.

In Area 2, the earliest occupation layers represent a living space, 

with indications of fire maintenance and sparse waste disposal, 

suggesting site maintenance. Friesem et al. (2024) suggest that a 
critical threshold for people to maintain a dwelling site is about 

two weeks of occupation. This observation is supported by the 

previously suggested seasonal occupation of the site during the 

austral summer when freshwater is available in the quebrada 

and isotopic data from the shell midden (Gruver 2018; 

Sandweiss et al. 1998). In the Holocene deposits that were still 

available for study in Area 2 in 2017, there is a shift towards 
more of a refuse deposit, similar to Area 1. The profile 

photograph (Figure 8A) demonstrates how the occupation lay

ers become capped with shell, following a shift in use of space 

from primary occupation to a tossing area, as described by 

Balbo et al. (2010) at Tunel VII.

Overall, the anthropogenic signatures observed in the micro

stratigraphy are best explained by relatively rapid, short‐lived 

events rather than prolonged occupations. Considering that a one‐ 

time tossing event may build up a few decimetres of midden 

deposit, the deposits at QJ are very shallow and do not point to
wards a prolonged use of the same space. However, microstrati

graphic observations suggest that lateral shifts of dwelling areas on 

the terrace are likely. Villagran et al. (2011) further demonstrate 

that substantial spatial variation within a deposit can occur even 

within a single context—in their case, within one hut.

Hence, it is important to note that these statements are specific 

to the locality of the samples. Though our sampling strategy 

represents key areas identified in the 2017 excavations, it is 

possible––and likely––that there are more lateral variations 
present at the site that have not been captured by the two block 

samples but are suggested by comparing the 1996 and 2017 

excavations. Especially in the later, Holocene deposits, we 

observe a definite increase in what appears to be dumped shell 

valve deposits (similar to MU4 in QJ‐17‐11A). However, com

parison of the 1996 and 2017 stratigraphic profiles reveals the 

loss of most of the Holocene deposits due to present‐day mining 
activities in the quebrada, especially the use of heavy earth

moving machinery on the terrace.

Still, interpretations from the five thin sections highlight the 
potential of a micro‐contextual approach to contribute to our 

understanding of activities and occupation intensity at QJ‐280. 

Future work focused on field‐identified anthropogenic features, 

such as a hearth, pits, and postholes, may prove a promising 

approach to further understand human behaviours at QJ‐280.

6 | Conclusion 

We applied a multi‐method approach, combining micro

morphology, µXRF, and µFTIR to develop a formation model 
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for Quebrada Jaguay 280, a Pleistocene–Holocene site on the 

southern Peruvian coast. With this, we combine a wide range of 

microscopic approaches on the micro‐scale but also tie these 

micro‐results into landscape‐scale observations. Thereby, we 

critically test existing hypotheses pertaining to forager beha

viour within the framework of the site setting. Our results 
demonstrate the potential of a micro‐contextual approach for 

revealing new information about the stratigraphy, about taph

onomic and formation processes, and about aspects of human 

activity, including site use, maintenance, and occupation 

intensity.

At the macro‐scale, geomorphological observations reveal that 

prior to human occupation, the location of the site was situated 

within the active fan system. During human occupation, we 

suggest that the active system had shifted further away from the 

site, evidenced by a lack of deposition (or erosion) by water, 
ultimately favouring preservation of the archaeological site. 

However, modern gravel and sand mining of the quebrada 

channel and bulldozing of the terrace surface do not allow for 

specifications about the morphostratigraphy of the coastal 

alluvial fan surrounding the archaeological site.

On the micro‐scale, using a range of microanalytical methods, it 

was possible to identify several sedimentary components, dep

ositional agents, and spatiotemporal changes in the deposit of 

the archaeological site. Perhaps the most notable stratigraphic 
feature was the formation of an ‘indurated layer’, which has 

been recognized at QJ‐280, as well as across various desert‐ 

coastal sites in the region. A key observation of this study is that 

salt formation does not relate to specific occupation phases or 

micro‐units but forms by pedogenic processes. The induration is 

not an appropriate chronostratigraphic marker for the parts of 

the site preserved for study in 2017, although these differ sig
nificantly from what was found in the 1990s.

The combination of micromorphology and µXRF further 

allowed us to address methodological issues of optical petrog
raphy, as the combined approach allows us to map and better 

understand the relationship between halite and gypsum for

mation, which are difficult to observe using optical petrography 

alone. Halite and gypsum formation appear as a syndepositional 

process of coastal fog precipitation, incorporating marine 

aerosols, on the surface that is affected by post‐depositional 
translocation processes. Further, we identify paleoclimatic links 

in the gypsum formation that suggest intensified gypsum for

mation during relatively more humid phases.

The combined micromorphological and µXRF data demonstrate 
that the part of Area 2 covered by our sample likely served first 

as a living space, later shifting to a refuse area, while the part of 

Area 1 covered by our sample exhibits indicators of a refuse 

area almost throughout. Further, the observations at the micro‐ 

scale from Area 2 indicate possible site maintenance, suggesting 

a more intensively used area. The thickness of the shell deposits 
also provides insights into the likely duration of site use, spe

cifically, the relatively shallow contexts suggest that site areas 

were not used longer than a few weeks at a time, an observation 

consistent both with Sandweiss et al.'s (1998) predictions of 

seasonal site use and Gruver (2018) corroborating isotopic evi

dence from the site's surf clams.

The behavioural observations from QJ‐280 have important 

implications for early coastal archaeology in western South 

America. While the site was used repeatedly from at least the 

Terminal Pleistocene to Middle Holocene, it likely served as a 

temporary camp in a wider settlement system. However, sup

porting this interpretation will require additional insights from 

botanical, lithic, and faunal analyses, as well as further 

geoarchaeological investigations focused on samples from 
anthropogenic features.
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