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ABSTRACT  

 

By the very end of the Pleistocene the exploratory phase of the settlement of the Americas was over and 

by the beginning of the Holocene most landscapes were occupied by human populations well -adapted to 

their local environments. This is a crucial period in the process of cultural and biological differentiation of 

human groups in the continent and is the focus of the present dissertation. Using multivariate statistics 

and craniometric data the first two studies presented here investigate the debated hypothesis that those 

groups were not directly ancestral to recent Amerindians. Results of the first study indicate that during 

early Holocene the magnitude of morphological variation was not higher than observed among extant 

populations as was previously proposed. Therefore, in loco differentiation by drift is unlikely to be the 

major micro -evolutionary agent explaining modern patterns of variation in South America. Results of the 

second study confirm the century -old hypothesis that the Botocudo Indians  (east-central Brazil) have 

strong morphological affinities with early Holocene groups from Lagoa Santa region constituting a 

potential case of late survival. The previously reported pr esence of Polynesian DNA in Botocudo is 

suggested to reflect the mixing  of museum collections. 

The remaining three studies focus on the early Holocene archaeological record of Lapa do Santo (east-

central Brazil) aiming to c haracterize life style and ri tual practices. The third study establishes a formation 

process model for the site identifying a n expressive component of anthropogenic sediments produced 

after repeated combustion activities accumulating at extremely high rates. The fourt h study presents the 

excavation protocol, chronological Bayesian model and the overall archaeological record with emphasis 

on the human burials. Accordingly, lithic technology, zooarchaeology, and multi -isotopic analyses 

indicate foraging groups with low mobility and a subsistence strategy focused on gathering plant foods 

and hunting small and mid -sized animals. Lapa do Santo was first occupied between 11.7-12.7 cal kyBP 

and its use as an interment ground started between 10.3-10.6 cal kyBP with primary burials. Between 9.4 -

9.6 cal kyBP the reduction of the body by means of mutilation, decapitation, defleshing, tooth removal, 

exposure to fire and possibly cannibalism, followed by the secondary burial of the remains according to 

strict rules, became a central element in the treatment of the dead. In the absence of monumental 

architecture or grave goods, these groups were using parts of fresh corpses to elaborate their rituals, 

showing this practice was not restricted to the Andean region at the  beginning of the Holocene as 

previously thought . Between 8.2-8.6 cal kyBP another change occurred whereby pits were instead filled 

with disarticulated bones of a single individual without signs of body manipulation. Those changes show 

that during the earl y Holocene Lagoa Santa was a region inhabited by dynamic groups that were in 

constant transformation over a period of centuries. In the fifth study the oldest case of decapi tation in  the 

New World is investigated. Confocal microscopy confirms the presence of flake induced cut -marks and 

strontium isotope analysis indicates the individual was a local member of the group. It is proposed that 

this decapitation does not reflect punishment or war trophy but instead veneration as part of fune rary 

rituals.  

In conclusion, this dissertation supports that the groups inhabiting Lagoa Santa during the early 

Holocene are not the direct ancestral to the majority of the N ative Americans. Nevertheless, cases of late 

survival such as the Botocudo do exist. Future studies based on aDNA will allow testing if these 

propositions are correct. The archaeological record of Lapa do Santo depicts with unprecedented detail 

the life of the groups inhabiting east -central Brazil during th is period . Sophisticated funerary rituals,  high 

reli ance on vegetable items, reduced mobility, dynamic transformations through time, ample cultural 

diversity and early ethnogen esis are now new hallmarks characterizing those who were among the first  

to systematically occupy the savannah-like landscapes of east-central Brazil.  
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ABSTRACT  

 

Im auslaufenden Pleistozän endete die Erschließung der Besiedlung Amerikas und zu Beginn des 

Holozäns wurden die meisten Landschaften von menschlichen Populationen besiedelt, die gut an ihre 

lokale Umwelt angepasst waren. Dies stellt einen entscheidend wichtigen Zeitraum für den Prozess 

kultureller und biologischer Differenzierung von Menschengruppen auf diesem Kontinent und den 

Schwerpunkt der vorliegenden Dissertation dar. D ie ersten beiden hier vorgelegten Studien untersuchen 

durch den Einsatz multivariate r Statistik und kraniometrische r Daten die umstrittene Hypothese, dass 

diese Gruppen nicht die direkten Vorfahren rezenter indigener Völker Amerikas  darstellen. Die 

Ergebnisse der ersten Studie weisen darauf hin, dass die Variationschneite im frühen Holozän nicht 

höher war als unter bestehenden Populationen beobachtet wurde, wie zuvor vorgeschlagen. Daher 

erscheint eine in loco Differenzierung durch Drift unwahrscheinlich als mikroevolutionäre Hauptursache, 

um moderne Variationsmuster in Südamerika zu erklären. Die Resultate der zweiten Studie bestätigen 

die jahrhundertalte Hypothese, dass die Botokuden (Ost-Zentralbrasilien) starke morphologische 

Ähnlichkeiten mit frühholozänen Gruppen aus der Region Lagoa Santa aufweisen, wodurch ein 

potenzieller. Es wird darauf hingedeutet, dass das zuvor berichtete Vorkommen polynesischer DNS in 

Botokuden eine Vermischung von Museumssammlungen wiederspiegelt.  

Die übrigen drei Studien befassen sich mit den frühholozänen archäologischen Zeugnissen von Lapa do 

Santo (Ost-Zentralbrasilien) mit dem Ziel , die Lebensweise und rituellen Praktiken zu beschreiben. Die 

dritte Untersuchung erarbeitet ein Modell zur Fundstellengenese , um die expressive Komponente der 

anthropogenen Sedimente, die durch wiederholte, e xtrem hohe Frequenz akkumulierende 

Verbrennungstätigkeiten fabriziert wurden, zu ermitteln. Die vierte Studie stellt die Grabungsmethodik, 

ËÈÚɯ ÊÏÙÖÕÖÓÖÎÐÚÊÏÌɯ !ÈàÌÚɀÚÊÏÌ-Model und die archäologischen Daten allgemein mit besonderer 

Hervorhebung der menschlichen Bestattungen vor. Dementsprechend zeigen die Steintechnologie, die 

Zooarchäologie und die Multiisotopenanalysen an, dass es sich um Jäger- und Sammlergruppen mit 

geringer Mobilität und einer Subsistenzstrateg ie, die auf dem Sammeln pflanzlicher Nahrung und dem 

Jagen kleiner und mittelgroßer Tiere beruht, handelt. Lapa do Santo wurde zuerst zwischen 11.7-12.7 ka 

kal. BP besiedelt und die Nutzung als Bestattungsgelände begann zwischen 10.3-10.6 ka kal. BP mit den 

Primärbestattungen. Zwischen 9.4-9.6 ka kal. BP wurde die Reduzierung des Körpers mittels 

Verstümmelung, Dekap itation, Dekarnation, Zahnentfernung, Feuereinwirkung und möglicherweise 

Kannibalismus,  gefolgt von der Sekundärbestattung der Überreste gemäß strikter Regeln, ein zentrales 

Element in der Totenbehandlung.  Diese Gruppen nutzten mangels monumentaler Arch itektur oder 

Grabbeigaben Teile der frischen Leichen, um ihre Rituale sorgfältig auszuführ en, womit belegt wird, dass 

diese Vorgehensweise am Beginn des Holozäns nicht auf die Andenregion beschränkt ist, wie zuvor 

angenommen wurde. Zwischen  8.2-8.6 ka kal. BP trat eine andere Veränderung auf, wobei stattdessen 

Gruben mit disartikulierten Knoche n von einzelnen Individuen ohne Anzeichen auf Körpermanipulation 

gefüllt wurden. Diese Änderungen deuten darauf hin, dass während des frühen Holozäns Lagoa Santa 

eine Region darstellt , die von dynamischen Gruppen , die in konstantem Wandel über einen Zeitra um 

von Jahrhunderten war,  bevölkert wurde. In der fünften Studie wird der älteste Beleg für eine 

Dekapitation in der Neuen Welt untersucht. Konfokale Mikroskopie bestätigt die Präsenz von , durch 

Abschläge verursachten, Schnittspuren und Strontiumisotopenan alyse weist darauf hin, dass das 

Individuum ein lokales Mitglied der Gruppe war.  Es wird davon ausgegangen, dass die Enthauptung 

keine Bestrafung wiederspiegelt oder eine Trophäe war, sondern stattdessen Verehrung als Teil des 

Totenrituals.  

Zusammenfassend untermauert diese Dissertation, dass die Gruppen, die Lagoa Santa während des 

frühen Holozäns besiedelten, nicht die direkten Vorfahren der Mehrheit der indigenen Völker Amerikas 
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sind. Dennoch existieren Fälle, die ein Spätüberleben belegen, wie die Botokuden. Zukünftige , auf alter 

DNS basierend Untersuchungen werden es ermöglichen, zu testen, ob diese Aussagen korrekt sind. Die 

archäologischen Zeugnisse von Lapa do Santo beschreiben mit beispielloser Detailliertheit das Leben der 

in diesem Zeitraum in Ost -Zentralbrasilien lebenden Gruppen. Komplexe Bestattungsriten, ausgeprägte 

Abhängigkeit von pflanzlichen Produkten, reduzierte Mobilität, dynamischer Wandel durch die Zeit 

hindurch, reichliche kulturelle Diversität und frühe Ethnogenese sind  nun neue Merkmale, die diejenigen 

charakterisieren, die unter den ersten waren, welche systematisch die savannengleiche Landschaft von 

Ost-Zentralbrasilien besiedelten.  
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1. Introduction  

The ancestral-descendent relationship between early Americans and Amerindians is a topic 

of debate for more than a century ȹÌȭÎȭɯ3ÌÕɯ*ÈÛÌȮɯƕƜƜƙȰɯ'ÙËÓąðÒÈȮɯƕƝƕƖȰɯ(ÔÉÌÓÓÖÕÐȮɯƕƝƗƜȰɯ1ÐÝÌÛȮɯ

1942) and constitute the focus of the first part of this dissertation ( Appendixes I and II).  The 

evidence so far available is relatively scarce, and has often been invoked to support opposing 

models. Nevertheless, in spite of the multiple hypotheses on the time and mode of the 

settlement of America (detailed below) there is an overall agreement that early Americans 

shared a morphological pattern (effectively, a cranium shape) distinct from that seen among 

most Native Americans of late and recent periods. This distinctive pattern, dubbed 

ȿ/ÈÓÌÖÈÔÌÙÐÊÈÕɯÔÖÙ×ÏÖÓÖÎàɀȮɯÐÚɯÒÕÖÞÕɯÍÙom several sites across South America: in East-Central 

Brazil at Santana do Riacho (Neves et al., 2003);  in Northeast Brazil at Toca das Onças (Hubbe 

et al., 2004) and Serra da Capivara (Hubbe et al., 2007); in Southern Brazil at Capelinha (Neves 

et al., 2005) and in the interior of Rio Grande do Sul (Neves et al., 2004);  at Sabana de Bogotá in 

Colombia (Neves et al., 2007);  in the rockshelter of Lauricocha (Fehren-Schmitz et al., 2015) and 

the sites associated with the Paiján tradition in Peru, in the Pampas region of Argentina 

(Pucciarelli et al., 2010) and at the very southern tip of the continent in Palli Aike (Neves et al., 

1999). 

While it has been noted that early South Americans (and to a certain degree early North 

Americans too) differ significant ly from their late and recent counterparts in cranial 

morphology among present -day Amerindians, meanwhile, diversity was commonly assumed 

ÛÖɯÉÌɯÓÖÞȭɯ'ÙËÓÐÊÒÈɀÚɯÊÖÕÊÌ×ÛɯÖÍɯÈÕɯ ÔÌÙÐÊÈÕɯÏÖÔÖÛà×Ìɯ(Fewkes et al., 1912:11), according to 

which indigenous groups w ere physically similar to each other, associated with a putative 

linguistic homogeneity embracing the entire continent (e.g. Greenberg et al., 1986) favoured the 

ÝÐÌÞɯÖÍɯÈɯȿÉÐÖÓÖÎÐÊÈÓÓàɯÏÖÔÖÎÌÕÖÜÚɯÔÌÎÈ×Ö×ÜÓÈÛÐÖÕɀɯ(Pucciarelli et al., 2006). Following initi al 

observations by Neumann (1942, 1952) and Bass (1964), however, recent studies on late/recent 

Native South American populations (Ross et al., 2002, 2008; Sardi et al., 2005; Pucciarelli et al., 

2006; Perez et al., 2009; Hubbe et al., 2014) have revealed greater diversity, indicating that 

cranial morphology in South America varies significantly not just over time but also between 
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contemporary populations. Similarly, most linguistic studies now strongly contradict the 

hypothesis of homogeneity and depict South America as one of the most diverse of all 

continents as far as native language lineages are concerned (Nichols, 1990; Campbell, 1997; 

Nettle, 1999). Nettle (1999), for example, proposes a simulation model in which high linguistic 

diversity would be a c onsequence of rapid group fission and relative isolation once people 

arrived in the continent.  

As for genetic data, the general picture remains one of overall homogeneity and of a 

single founding population to all Amerindians (Reich et al., 2012; but see Skoglund et al., 2015). 

It has also been recognized, however, that although there is little genetic diversity within  any 

given population in South America, the differences between some groups can actually be rather 

high. Wang et al., (2007: 2052), for example, report that in Eastern South America 14.7% of the 

total genetic variance is found between populations while the remaining variance is found 

within populations. This proportion is almost twice as high as in other continents and points to 

significant pr ocesses of between-group genetic differentiation in South America.  

This high diversity in cranial morphology among recent South American groups is all 

the more interesting given how starkly it contrasts with the pattern in genetics, where diversity 

generally decreases with distance from Africa  (Cavalli -Sforza et al., 1994; Prugnolle et al., 2005; 

Wang et al., 2007). Of all continents, it is the Americas whose native populations present the 

lowest genetic diversity within any one population group. Similar patterns have been reported 

for worldwide diversity in cranial morphology (Manica et al., 2007; Betti et al., 2009). 

Nonetheless, this largely refers just to low average within -group diversity, and is a function of 

serial founder effects and range expansion as populations migrated out of Africa. On the other 

hand, differences between population groups are actually high  in South America compared to 

ÖÛÏÌÙɯÙÌÎÐÖÕÚɯÖÍɯÛÏÌɯÞÖÙÓËȭɯ Úɯ'ÖÞÌÓÓÚɯ×ÜÛÚɯÐÛȯɯɁintraregional heterogeneity is greatest in Polynesia 

and the Americas, the two regions we can certify as the latest to be occupied. This goes counter to any 

expectation that such recency would be expressed in cranial homogeneityɂɯ(Howells, 1989:83). In order 

to better understand the nature of this uniquely high level of morphological variation present in 

the New World is crucial to determine if this was already present among earl y Americans or if 
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instead was generated in situ during the Holocene. The study presented in Appendix I of this 

dissertation addresses this topic specifically and the results are discussed in the frame of the 

three main models commonly used to explain the settlement of the continent.   

One of these models postulates that the high levels of morphological variation observed 

among recent Native Americans is mainly the result of intense drift, given the small population 

sizes of the founder groups. Powell (2005), for instance, presents a scenario favouring 

microevolution within the New World to explain the marked differences in cranial morphology 

between early and late/modern Native Americans. This is based on assumptions that the first 

Americans exhibited an especially high degree of genetic diversity, and that this highly variable 

source population was then subject to strong genetic drift, mainly due to group fission keeping 

population sizes small, factors that together would explain the morphological diversity of late 

Native Americans. This scenario, however, is based on the scant early material available in 

North America, a limiting factor also confronted by Jantz and Owsley (2001). 

Sardi et al. (2005) suggest a similar scenario. Recognizing that late/modern Native South 

Americans display very different cranial patterns, they do not dismiss the possibility that the 

morphological pattern of late Holocene populations was generated in situ from the early pattern 

by local stochastic processes of differentiation. In their opinion, however, the local 

differentiation scenario would be feasible only if Early South Americans had displayed an 

uncommonly high degree of biological diversity, which has not been properly evaluated to 

date. A similar scenario has been proposed to reconcile the contrasting degrees of diversity in 

genetics (low) and in cranial morphology (high) observed across the continent. According to 

Gonzalez-José et al. (2008), this unexpected combination would be explained if, in the early 

stages of settlement, the population of the continent was highly diverse morphologically, and 

maintained continuous gene-flow with Asia (González-José et al., 2008; de Azevedo et al., 2011). 

A second line of reasoning sees diversity in cranial morphology as a product of non -

genetic shape changes during the growth of each individual during its youth (i.e. 

developmental plasticity) under the influence of different environments and/or subsistence 

strategies. Some authors have suggested that the Amerindian morphology could be the result of 
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adaptation to regular plant cultivation and consumption from the Middle Holocene onwards, 

either as a result of reduced mechanical stress during mastication (Perez and Monteiro, 2009; 

Perez et al., 2011) or as a result of nutritional difference s in diet itself, i.e. carbohydrate and 

protein intake (Menéndez et al., 2014). In a change from past thinking on this (e.g. Boas, 1912; 

Carlson and Van Gerven, 1977), however, current research has shown that although plastic 

responses do have localized influence on cranial morphology, this is very li mited in the cranium 

as a whole and across samples taken on a broad geographical scale (detailed below) . 

A third possible explanat ion sees the high morphological diversity of recent 

Amerindians as resulting from a late survival of the Paleoamerican morphology into recent 

times. This hypothesis assumes that the continent was populated by two distinct human groups 

by the end of the Pleistocene (Model of Two Main Biological Components as defined by Neves 

and Hubbe, 2005). Evidence of a Middle/Late Holocene survival of Paleoamerican morphology 

has been reported for Sabana de Bogotá, Colombia (Neves et al., 2007), and for the interior of 

Southern Brazil (Neves et al., 2004). González-José et al. (2003) were able to extend the survival 

of the Paleoamerican morphologic pattern even later in time, by documenting its presence 

among the Pericú group from Baja California, Mexico, which were extin ct by the 19th century. 

According to the authors this geographically isolated group could represent a morphological 

relic of the first humans who settled the Americas. Together, these recent findings suggest that 

the nature of the transition between predom inantly Paleoamericans groups, by the end of 

Pleistocene, towards a majority of groups sharing the Amerindian pattern by the end of the 

Holocene was more complex than first envisioned. The study presented in Appendix II of this 

dissertation evaluates this possibility.  

In Brazil, late 19th century scholars from the National Museum in Rio de Janeiro 

suggested that the Botocudo of east-central Brazil shared the same cranial morphology as the 

Lagoa Santa Paleoamerican population. In the typological framework th at prevailed during the 

late 19th century, Lacerda and Peixoto (Lacerda and Peixoto, 1876) described the Botocudo as 

ÉÌÓÖÕÎÐÕÎɯÛÖɯÛÏÌɯ+ÈÎÖÈɯ2ÈÕÛÈɯȿÙÈÊÌɀȭɯ2ÜÉÚÌØÜÌÕÛÓàȮɯÖÛÏÌÙɯÚÊÏÖÓÈÙÚɯÚÜÊÏɯÈÚɯJosé Imbelloni (1938), 

Paul Rivet (1942) and Pucciarelli et al. (2003) made similar claims about the Botocudo, while 
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Mello e Alvim (1963) , challenged the idea of a close resemblance between these two 

populations. Recently, a couple of molecular studies (Gonçalves et al., 2013; Malaspinas et al., 

2014) conducted on the same material studied by these early scholars kindled again the 

discussion about the biological characteristics of the Botocudo Indians. These articles report that 

two of the Botocudo skulls collected and studied by Lacerda and Peixoto (1876) have autosomal 

and mitochondrial DNA lineages that are not Native American. The other Botocudo skulls (two 

for autosomal and 12 for mtDNA), however, have typical Amerindian DNA. The non -

Amerindian mitochondrial haplogroups reported by Gonçalves et al. (2013) are common in 

nowadays Polynesia and are also found in lower frequencies in Indonesia and Madagascar 

populations. The study of the autosomal DNA sequences of the two Botocudo skulls that had 

Polynesian mtDNA ( Malaspinas et al., 2014) supports that these individuals have exclusive 

Polynesian sequences, with no contribution of Native American sequences.  

To explain the presence of these unique haplogroups among the Botocudo, Gonçalves et 

al. (2013) suggest three possible scenarios. The first one is that Botocudo are descendants of the 

Paleoamerican groups from Lagoa Santa, following the early studies from the 19th century 

(Lacerda and Peixoto, 1876). Under this scenario, the Polynesian motif would be already present 

among the Lagoa Santa populations, and the Botocudo would have inherited them from the 

early populations. This scenario, however, is not supported by the mtDNA, because the 

estimated time of origin of the Polynesian motif is not old enough to be among the earliest 

occupants of South America. Moreover, the autosomal DNA extracted later from these 

individuals show no evidence of admixture with Native Americans (Sapfo et al., 2014). The 

second scenario is that recent gene flow from Polynesia introduced the haplogroups to the 

Botocudo. Altho ugh this scenario could explain the presence of Polynesian individuals (as 

inferred from the autosomal DNA) among Botocudo groups, it also seems unlikely given that 

the Botocudo lived in east South America, and no other evidence of the reported mitochondri al 

haplogroups has been yet found among native groups located in South American regions closer 

to Polynesia, despite evidence of contact between Polynesia and the Pacific coast of South 

America by the end of the Holocene (Yen, 1974; Green, 2000; Storey et al., 2007; Gongora et al., 
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2008). The third scenario suggested by the authors is that these haplogroups are the results of 

the admixture between Botocudo groups and African slaves in the country. Under this 

hypothesis, slaves from Madagascar would have been captured by Mozambique slave traders 

and had their mtDNA haplogroups introgressed into the Botocudo gene pool, who for some 

period coexisted with slaves in east-central Brazil. This is also not a very probable scenario, 

given that the autosomal DNA data reported by Sapfo et al. (2014) show no evidence of African 

admixture. In addition, no other evidence of more common African slave mtDNA sequences are 

found among the Botocudo, an unlikely fact given that Madagascar was not the major source of 

slaves for Brazil during the colonial period.  

In this dissertation these competing models for the micro -evolution of humans in 

America are addressed by two multivariate studies (Appendixes I and II) in which cranial 

morphology is used as a proxy for neutral molecular  markers. As any phenotypic trait cranial 

morphology is influenced by the interaction of the genes with the environment and is 

potentially capable of tracking the impact of migration, drift, selection, climate, diet and 

subsistence strategy in the differentiation of human populations along time. It is not surprising, 

thereafter, that the study of diversity in cranial morphology among Native Americans, past and 

present, has been central to debates on when the New World was first settled, and by whom. 

Contrary to standard thinking for most of the twentieth century, there is in fact a close 

link between cranial morphology and population history (Harvati and Weaver, 2006; Roseman 

and Weaver, 2007). This association was first recognized by studies demonstrating that 

craniometric traits, like many other phenotypic traits, are in fact heritable, although some 

cranial traits more so than others (Carson, 2006; Sherwood et al., 2008; Martínez-Abadías et al., 

2009). Cranial morphology does, therefore, presents a genetic base and can potentially be used 

as a proxy for ancestry (Cheverud, 1988; Roseman and Weaver, 2004). This perception has made 

it possible to extrapolate certain concepts from population genetics and apply them to cranial 

morphology using a quantitative ge netics framework (e.g. Konigsberg and Ousley, 1995; 

Relethford, 2002; Ackermann and Cheverud, 2004; Sherwood et al., 2008; von Cramon-

Taubadel, 2009; Martínez-Abadías et al., 2009; Perez and Monteiro, 2009; Smith, 2009; Strauss 
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and Hubbe, 2010; Reyes-Centeno et al., 2014). As well as statistics such as Fst, a measure of inter 

population differentiation (Williams -Blangero and Blangero, 1989; Relethford, 1994; Relethford 

and Harpending, 1994), there are also now techniques for inferring how far natural select ion 

and/or stochastic evolutionary processes can influence cranial morphology (Ackermann and 

Cheverud, 2004). Together, these advances have significantly improved prospects for exploring 

diversity in cranial morphology patterns on a global scale, so that i t can be compared and 

contrasted with neutral genetic markers.  

The patterns of global variation in cranial morphology (Relethford, 2002, 2004) are very 

similar to those observed for neutral genetic markers (Lewontin, 1972; Bowcock et al., 1991; 

Barbujani et al., 1997; Rosenberg et al., 2002): differences between groups account for only 

around 15% of total worldwide variation. Neutral genetic markers (Ramachandran et al., 2005; 

Liu et al., 2006) and cranial morphology (Manica et al., 2007) both show declinin g diversity with 

distance from Africa. Moreover, the genetic architecture that determines cranial morphology 

appears to be governed, at least to a certain extent, by what is known as an additive polygenetic 

system (Martínez -Abadías et al., 2009). This means that when two different populations 

intermix, their hybrid offspring will have cranial morphology intermediate between them, so 

that it remains possible to recover their population history.  

It is important to stress, however, that all evidence in favour of a neutral evolutionary 

basis for the diversity in cranial morphology among modern human populations seems to hold 

only across wide geographical ranges. In more localized studies, it has been suggested that 

selection or environmental plasticity has a mor e determining role in morphological 

differentiation (Relethford, 2004). Specific studies have suggested that some craniometric 

measurements and anatomical regions may be under long-term selection, in response to 

climatic conditions, especially populations adapted to extreme cold (Beals et al., 1984; Harvati 

and Weaver, 2006; Hubbe et al., 2009; Noback et al., 2011). Significant correlations have also 

been reported between specific craniometric measurements and environmental factors such as 

altitude (Guglielmino -Matessi et al., 1979; Rothhammer and Silva, 1990) and life -style (Carlson 

and Van Gerven, 1977; González-José et al., 2005; Paschetta et al., 2010; Noback and Harvati, 
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2015). These may have played a role in how crania became so differentiated across South 

America and have been taken by some to argue in favour of cranium shape being highly 

responsive to local environmental conditions. In conjunction, the craniometric studies forming 

the first part of this dissertation (Appendixes I and II) contribute to evaluating competing 

models for the settlement of the New World. In a  broader perspective, they inform on the 

relative role that different micro -evolutionary processes had in shaping modern phenotypic 

diversification.  

In contrast to the first part of this dissertation, which deals with a century -old 

anthropological debate, the second one addresses a topic traditionally neglected in Brazilian 

archaeology. Based on the archaeological record of Lapa do Santo the three studies presented in 

Appendixes III to V provide a detailed characterization of hunter -gatherers behavior and life-

style in Lagoa Santa region during the early Holocene period. In doing so, this part of the 

ËÐÚÚÌÙÛÈÛÐÖÕɯÎÖÌÚɯÉÌàÖÕËɯȿ+ÜÕËɀÚɯ#ÐÓÌÔÔÈɀɯȹÚÌÌɯÉÌÓÖÞȺɯÈÕËɯÖ×ÌÙÈÛÌÚɯÈɯÕÌÊÌÚÚÈÙàɯ×ÈÙÈËÐÎÔÈÛÐÊɯ

shift in the archaeological research of the region.  

The Danish naturalist Peter Wilhelm Lund is considered the founder of Brazilian 

archaeology and paleontology. Between 1835 and 1843, during excavations in Lagoa Santa 

region, he found human remains in close proximity with fossils of the extinct mega -fauna 

(Lund, 1844; Cartelle, 1994; Piló and Auler, 2002; Araujo et al., 2005; Luna, 2007). Although 

recognizing that alternative hypothesis could account for such association he nevertheless 

postulated that humans and extinct animals likely coexisted. A revolutionary propositi on at the 

ÛÐÔÌɯÛÏÐÚɯÐËÌÈɯÉÌÊÈÔÌɯÒÕÖÞÕɯÈÚɯȿ+ÜÕËɀÚɯËÐÓÌÔÔÈɀȭɯ ÚɯÈɯÙÌÚÜÓÛɯLagoa Santa became well-known 

for 19th-century scholars ȹÌȭÎȭɯ*ÖÓÓÔÈÕȮɯƕƜƜƘȰɯ3ÌÕɯ*ÈÛÌȮɯƕƜƜƙȰɯ'ÈÕÚÌÕȮɯƕƜƜƜȰɯ'ÙËÓąðÒÈȮɯƕƝƕƖȺ and 

during the 20 th-century several teams went to the region in search of evidence that could 

support the coexistence hypothesis (e.g. Walter et al., 1937; Walter, 1958; Hurt and Blasi, 1969; 

Laming -Emperaire, 1979; Bányai, 1997). 

After more than 170 years of excavations a large collection of early Holocene skeletons 

and associated archaeological remains from Lagoa Santa was formed. A detailed depiction of 

how human groups inhabiting Lagoa Santa during early Holocene used to live sh ould, 
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therefore, be available. However, topics such as dietary habits, mobility patterns and ritualistic 

×ÙÈÊÛÐÊÌÚɯÞÌÙÌɯÖÍɯÓÐÛÛÓÌɯÙÌÓÌÝÈÕÊÌɯÍÖÙɯÛÏÖÚÌɯÈËËÙÌÚÚÐÕÎɯ+ÜÕËɀÚɯËÐÓÌÔÔÈȭɯ(ÕɯÈËËÐÛÐÖÕȮɯÛÏÌÚÌɯ

excavations were conducted at a time when proper documentation was not available and, 

therefore, they often lack associated contextual information. The second part of this dissertation 

addresses these two topics. On one hand, it focuses on behavioral aspects of past populations 

from Lagoa Santa region, with emphasis on ritualistic practices. On the other hand, it provides 

detailed contextual information of new excavations conducted using appropriate 

documentation techniques (e.g. spatial control, three-dimensional model, flotation, etc.) in the 

archaeological site of Lapa do Santo. 

Lapa do Santo, located in the Lagoa Santa karst in east-central Brazil, consists of a wide 

sheltered area of approximately 1300m2 at the base of a ca. 30m-high limestone massif that rises 

from a doline valley. The Lagoa Santa karst is formed in Upper Pre-Cambrian metasedimentary 

rocks of the Bambuí Group, with a basal metacalcareous body corresponding to the Sete Lagoas 

Formation (dated to  740 ± 22 Ma, Babinski et al., 2006) covered by metapellitic rocks (siltstones 

and claystones) of the Serra de Santa Helena Formation (IBAMA -CPRM, 1998). Dissolution of 

the Sete Lagoas limestone resulted in several karstic features on the landscape, such as caves 

and doline lakes. The soil cover is dominated by clayey, hematite-rich, red Oxisols (latossolos in 

the Brazilian Soil System) over yellow, goethite-rich oxisols developed on the Serra de Santa 

Helena metapellites (Piló, 1998; Araujo et al., 2013). Oxisols are highly weathered soils, rich in 

Fe-(hydr)oxides (e.g. hematite, goethite), Al -(hydr)oxides (e.g. gibbsite) and resistant clay 

minerals (e.g. kaolinite) (Schaetzt and Anderson, 2005).  

Excavations in Lapa do Santo first took place between 2001 and 2009 under the 

coordination of Renato Kipnis, Astolfo Gomes Mello Araujo and Danilo Bernardo. Starting in 

2001 several units were opened in distinct areas of the shelter. It became apparent that the 

densest archaeological deposits were located in the southern part of the shelter, immediately in 

front of the cave`s entrance. An ample excavation surface was established in this region and a 

total of 26 early Holocene human burials were exhumed. Excavations ended in 2009 when, 

according to Brazilian laws, the excavated area was filled with sediments in order to reconstruct 
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the original topography of the shelter`s floor. Excavations at the site resumed in 2011 through 

ÛÏÌɯ×ÙÖÑÌÊÛɯȿ+ÐÍÌɯÈÕËɯ#ÌÈÛÏɯÐÕɯ+È×ÈɯËÖɯ2ÈÕÛÖɀȮɯcoordinated by the author of the present 

dissertation. Two new excavation areas were opened: a main area of 10,5m2  to the east of the 

2001-2009 excavation and a second area of 2m2 to the south. During three field seasons (2011, 

2012 and 2014) seven human burials were exhumed from the new excavation area.  

Of particular interest is the mortuary record of Lapa do Santo as in the task of 

reconstructing the life of past populations human burials are highly informative of symbolic 

and ritual behavior. In several societies, bones and body parts constituted a potent cultural 

resource and their manipulation and organization into meaningful arrangements were 

commonly used to reify cosmological ideas and beliefs system (Goldstein, 2000; Brown, 2010). 

This kind of practice is usually considered part of a broade r system of ceremonies that reflect a 

high degree of symbolic complexity and is therefore of great interest for archaeologist all over 

the world (Sofaer, 2006). Since rock art is usually difficult to date with precision (Neves et al., 

2012; Pessis, 2013) most of the information on symbolic  behavior during the early Holocene in 

South America is left to the analysis of human burials.  

In the western portion of the continent substantial efforts have been made both in the 

sense of increasing the number of available sites with human skeletons and of providing new 

theoretical frameworks for its interpretations (Santoro et al., 2005). In a synthesis of the available 

evidence on early Holocene mortuary rituals in the Andean region, Santoro and collaborators 

(2005:33ƔȺɯÊÖÕÊÓÜËÌËɯÛÏÈÛɯɁthe manipulation and transformation of dead bodies was more common than 

×ÙÌÝÐÖÜÚÓàɯÛÏÖÜÎÏÛɯÐÕɯÛÏÌɯÚÛÜËàɯÖÍɯ ÙÊÏÈÐÊɯÔÖÙÛÜÈÙàɯÙÐÛÜÈÓÚɂ and that despite considerable diversity 

of mortuary practices, a common emphasis on the preservation or reduction of the body can 

already be discerned.  

In the eastern part of the continent, on the other hand, archaeological sites containing 

skeletal remains dating to the early Holocene are extremely rare, precluding the proper study of 

their ritual dimensio ns. One exception is precisely the region of Lagoa Santa in central Brazil 

where hundreds of early Holocene human skeletons have been exhumed in almost two 

centuries of research (Neves and Hubbe, 2005). According to the sparse descriptions available 
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the mortuary practices in Lagoa Santa were simple and homogenous, including nothing but 

primary interments without grave goods (Walter, 1958; Neves et al., 2003). It contrasted, 

therefore, with the elaborated burials described for the western part of South Ameri ca during 

the same period (Santoro, 2015). However, this depiction of the mortuary practices might not be 

accurate as for more than a century the investigations in Lagoa Santa were solely focused 

ÈÙÖÜÕËɯȿ+ÜÕËɀÚɯËÐÓÌÔÔÈɀɯȹÚÌÌɯÈÉÖÝÌȺȭɯ(ÕɯÛÏÐÚɯÊÖÕÛÌßÛȮɯÛÏÌɯÍÐndings from Lapa do Santo become 

particularly valuable as they allow to test if this traditional perspective is correct. In the studies 

presented in Appendixes IV and V of this dissertation the ritualistic aspects of the groups 

inhabiting Lagoa Santa at the beginning of the Holocene are discussed in details.  

Another traditional assumption about the early Holocene hunter -gatherers of South 

America is that they constituted static societies that would not change over the course of 

millennia. In Brazil, specif ic techno-functional complexes such as the Itaparica 

(limaces)(Lourdeau, 2015), the Umbu (projectile points) (Schmitz, 1987) and the Lagoasantanse 

(flakes and cores)(Pugliese, 2008; Moreno de Sousa, 2014) occurred over extensive geographic 

areas and remained unchanged for thousands of years (Bueno et al., 2013).  Such diachronically 

stable strategies of producing stone tools (Palmer, 2010) was proposed to reflect long-term 

cultural stability resulting from  the presence of novelty-avoidance mechanism among early 

Holocene hunter-gatherers populations (Okumura and Araujo, 2014). The reasoning behind this 

interpretation is that even in the absence of an intentional attempt to innovate the intrinsic 

errors that are part of any (re)production process (Eerkens and Lipo, 2005, 2007) would result in 

the accumulation of modifications over time (Eerkens and Bettinger, 2013).  

However, techno-functional constraints are not necessarily the best proxy for overall 

cultural stability (Deetz and Dethlefsen, 1971; Rogers, 2003; Kemmelmeier and Kühnen, 2012) 

and the proclaimed novelty -avoidance mechanisms might well be exclusively directed to 

preserve the functionality of utilitaria n artifacts. In face of the current absence of information on 

the diachronic behavior of other cultural markers such as burials or rock art, it is hard to 

evaluate if this temporal continuity also applies to less utilitarian components and if this
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stabilit y was not strictly techno -functional instead of cultural. In this frame, the characterization 

ÖÍɯÛÏÌɯÛÌÔ×ÖÙÈÓɯÝÈÙÐÈÉÐÓÐÛàɯÖÍɯ+È×ÈɯËÖɯ2ÈÕÛÖɀÚɯÔÖÙÛÜÈÙàɯÉÌÏÈÝÐÖÙɯ×ÙÖÝÐËÌÚɯÈɯÙÈÙÌɯÖ××ÖÙÛÜÕÐÛàɯÐÕɯ

which an independent assessment of this asserted cultural stability can be established.  

Finally, in addition to its immediate relevance for characterizing life style in Lagoa Santa 

region during early Holocene the second part of this dissertation also contributes for a broader 

comprehension of how tropical foragers adap ted to their local environments. During most of its 

existence, humans were hunter-gatherers and, therefore, a proper comprehension of this 

lifestyle is of crucial importance (Kuhn and Stiner, 2001). Based on ethnographic accounts, for 

example, hunter-gatherer mortuary practices were sometimes considered not to go much 

beyond the necessities of getting rid of a rotting corpse (Woodburn, 1982). Although highly 

informative, however, ethnographic reports are limited by subjective bias and by the limited 

amount of time that they usually cover ȹ6ÖÉÚÛȮɯƕƝƛƜȰɯ.ɀ2ÏÌÈȮɯƕƝƜƘȺ. Additionally, foragers 

groups today usually occupy marginal environments and represent only a limited fraction of 

the total variation that once characterized this lifestyle (Deetz, 1968; Schrire, 1984; Hodder, 

1986). To a great extent, this is a result of the European invasions (Stannard, 1992) as well of the 

earlier expansions of autochthonous pastoralist and agriculturalist groups (e.g. Bantu in Africa 

(Li et al., 2014; Grollemund et al., 2015) and Tupi in South America (Noelli, 1998)). The 

archeological record is free from those particular biases and, therefore, is an important 

complementary source of information to characterize hunter -gathers lifestyle, in general, and 

their mortuary practices,  in particular.  

2. Objectives  

The objectives of this dissertation are: 

¶ Test competing models of cranial morphological differentiation in the New World.  

¶ Provide a detailed account of context, dating, formation processes and excavation 

protocols for the archaeological site of Lapa do Santo.  

¶ Characterize the behavior (emphasis on funerary rituals) of early Holocene human 

groups in east-central Brazil based on the archaeological record of Lapa do Santo.  

More specifically, these objectives were divided into the following research topics:  

2.1 Appendix I ɬ Early Holocene morphological variation in South America.  
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This study is designed to evaluate if the high cr anial morphological variation seen 

ÈÔÖÕÎɯÙÌÊÌÕÛɯ-ÈÛÐÝÌɯ ÔÌÙÐÊÈÕÚɯÞÈÚɯÈÓÙÌÈËàɯ×ÙÌÚÌÕÛɯÈÔÖÕÎɯÛÏÌɯÊÖÕÛÐÕÌÕÛɀÚɯÌÈÙÓàɯÏÜÔÈÕɯ

groups. To achieve this goal estimative of within and between -group variances of Early South 

Americans are compared to modern human popul ation values. Morphological variances within 

and between populations were assessed based on 23 linear craniometric measurements from 

'ÖÞÌÓÓÚɀɯ×ÙÖÛÖÊÖÓ (Howells, 1973, 1989). Two series were used to represent early morphological 

variability in South America: Lagoa Santa (11.5-7.5 kyr BP) from east-central Brazil and Sabana 

de Bogotá (10.5-7.0 kyr BP) from central Colombia. Within and between group variance 

apportionment of Early Americans was contrasted with the values obtained for series 

representing recent Native Americans, East Asians, Europeans, Sub-Saharan Africans, Australo-

Melanesians, and Polynesians from Howells database. Within group variance was estimated 

using the trace of the covariance matrix (VCV) of the series after standardizing all variables into 

z-scores. Inter-group morphological variability between regions and among series within each 

region was quantified by means of Fst estimates, obtained by averaging the principal diagonal 

of the R-matrix (r ii) extracted from the phenotypic data . The pairwise Fst matrix was 

represented graphically with a Kruskall non -metric Multidimensional Scaling (MDS). To 

explore the confidence of the affinities observed in this case, the analysis was repeated with 100 

bootstraps of the data, respecting the original sample size of the series. The bootstrapped MDS 

configurations were then superimposed on the original data using Procrustes Analysis, 

allowing the results to be combined in a single scatterplot. The implications of distinct 

magnitudes of early morph ological variation to different settlement scenarios are discussed 

within a micro -evolutionary framework.  

2.2 Appendix II ɬ Late survival of Paleoamerican morphology: the Botocudo of east-central 

Brazil. 

To contribute to the discussion on the origin of th e biological variation of the Botocudo 

Indian, this study evaluates their cranial morphological affinities using multivariate statistics 

focusing on two complementary goals: 1) to test the hypothesis proposed by Lacerda and 

Peixoto (1876) that the Botocudo Indians retain the same morphological pattern as early 
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Paleoamerican groups in the continent and 2) to explore if the two individuals previously 

identified as having Polynesian DNA can be assumed to belong to the Botocudo population (as 

far as cranial morphological variation is concerned). Cranial morphology was assessed by 32 

metric variables following Howells (1973, 1989) protocol. The Botocudo material included here 

is comprised of 16 male and female skulls of adult individuals curated at the National M useum 

of Rio de Janeiro in Brazil. The morphological affinities of the Botocudo specimens were 

assessed by comparing them to early and mid-Holocene South American series and to Late 

'ÖÓÖÊÌÕÌɯ ÚÌÙÐÌÚɯ ÍÙÖÔɯ 'ÖÞÌÓÓɀÚɯ ËÈÛÈÉÈÚÌɯ ÙÌ×ÙÌÚÌÕÛÐÕÎɯ ÛÏÌɯ ÞÖÙÓËÞÐËÌɯ ÔÖËÌÙÕɯ Ïuman 

morphological variation. The Paleoamerican series include specimens from Lagoa Santa, Brazil, 

and Sabana de Bogotá, Colombia. The other South American series include a mid-Holocene 

shellmound series (Cabeçuda) associated to pre-ceramic, pre-agricultur e, fisher-hunter -

gatherers from the Archaic Period of the southern Brazilian Coast; two late Holocene coastal 

series (Base Aérea and Tapera) representing ceramic fisher-hunter -gatherers; Tupi-Guarani 

composed of North Brazilian recent native groups speakin g mainly Tupi languages (Hubbe et 

al., 2014); and Howells (Howells, 1996) modern Peruvian series.  

The morphological affinities of the Botocudos series as whole were assessed based on 

ÛÏÌɯ,ÈÏÈÓÈÕÖÉÐÚɀɯ#ÐÚÛÈÕÊÌɯÔÈÛÙÐßɯ(Mahalanobis, 1936) between series. To represent the D2 

matrix and explore the morphological affinities among series, the distances were plotted in a 

ÚÊÈÛÛÌÙ×ÓÖÛɯÎÌÕÌÙÈÛÌËɯÉàɯÈɯ*ÙÜÚÒÈÓɀÚɯÕÖÕ-metric Multidimensional Scaling (MDS; Cox and Cox, 

2010). To explore the expected distribution of the observed distances, 100 new distance matrices 

were calculated from bootstrapping the original data within groups, respecting the original 

sample sizes. This procedure generated new distance matrices that take into consideration the 

variation expected in the distance between series due to population estimation errors associated 

to the sample sizes. The representation of the error distribution was also done via MDS. In this 

case for each of the 100 bootstrapped D2 matrices, MDS coordinates were calculated and then 

superimposed on the original MDS using a Procrustes Analysis (Bookstein, 1996), to minimize 

the differences in rotation and translation between the observed and the bootstrapped MDS 

results (same procedure described for Appendix I).  
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2.3 Appendixes III and IV ɬ Lapa do Santo archaeological record 

 Even though dozens of archaeological sites have been excavated in the Lagoa Santa 

region, most of them lack proper contextual information making the available archaeological 

material of limited use. For this re ason, the present dissertation emphasizes documentation and 

contextualization. In Appendix III and IV the relevant information related to the archaeological 

deposits of Lapa do Santo is provided. This includes a review of the history of research in Lagoa 

Santa region and Lapa do Santo, a detailed account of the excavation/exhumation protocols, a 

multiproxy model of the site formation processes and a chronological Bayesian model.  

A total of 53 charcoal samples were selected for radiocarbon dating. The samples were 

sent to the Beta Analytic AMS system in Miami where they have been pretreated with the ABA 

method. Fifty -ÌÐÎÏÛɯÏÜÔÈÕɯÉÖÕÌɯÈÕËɯÛÌÌÛÏɯÚÈÔ×ÓÌËɯÍÙÖÔɯ+È×ÈɯËÖɯ2ÈÕÛÖɀÚɯÉÜÙÐÈÓÚɯÞÌÙÌɯÈÓÚÖɯÚÌÕÛɯ

to Beta Analytic between and pretreated without ultrafiltration method. Nine samples provided 

collagen and carbon for accurate measurement. The measured ages were then corrected 

according to the 13C/12C sample ratio, from which the conventional age was derived. Twenty -

one fragments of human bone from Lapa do Santo were pretreated at the Department of 

Human Evolution, Max Planck Institute for Evolutionary Anthropology (MPI -EVA), Leipzig, 

Germany, using the method described by Talamo and Richards (Talamo and Richards, 2011). 

For acceptable quality collagen, the atomic C:N ratio should be between 2.9 and 3.4 and a 

collagen yield of more than 1% of weight (DeNiro, 1985; Ambrose, 1990; van Klinken, 1999). The 

samples satisfying these conditions and with enough collagen for radiocarbon dating and were 

sent to the Klaus-Tschira-AMS facility of the Curt -Engelhorn Centre in Mannheim, Germany, 

where they have been graphitized and dated (Kromer et al., 2013). The dates from MPI-EVA 

were corrected for a residual preparation background estimated from pretreated 14C free bone 

samples. The radiocarbon dates were calibrated using the SHcal13 (Hogg et al., 2013) curve and 

modeled into three contiguous phases using OxCal 4.2 (Ramsey and Lee, 2013). Lapa do Santo 

deposit has a very expressive anthropogenic component and all charcoals are assumed to derive 

from combustion structures. Discounted their terminus post quem nature, the charcoals from 

Lapa do Santo are themselves the events to be dated. Therefore, the t-type outlier model is not 



Objectives 

16 
 
 

appropriate and instead we used a s-type outlier model (Ramsey, 2009), with prior probabilities 

set at 0.05. 

Hypothesis about site formation processes were formulated in the field and fu rther 

evaluated by a micro-contextual approach (Goldberg and Berna, 2010), integrating 

micromorphology, µFTIR and organic petrology. Micromorphology is the study of intact blocks 

and thin sections of sediment and soil, often under magnification (Courty et al., 1989; Courty, 

2001).  This approach allows to identify the components of deposits and soils, and also study 

their spatial and stratigraphic relationship to one another (Goldberg and Arpin, 1999; Karkanas, 

2000; Goldberg and Sherwood, 2006). FTIR analyses are able to identify diagenetic minerals and 

heated materials (Weiner et al., 2002; Berna et al., 2007; Miller et al., 2013; Stahlschmidt et al., 

2015b). Organic petrology allows the precise identification of burned organic material within 

the sediments and the classification of the remains according to the type of tissue, degree of 

burning, weathering and permineralization (Ligouis, 2006; Goldberg et al., 2009; Villagran et al., 

2013; Stahlschmidt et al., 2015a). Diatom analyses were performed to investigate the potential 

flooding of the site by a pond that existed north of the site, and whose presence is indicated by 

watermarks in the limestone wall. Analyses were conducted on loose sediments collected in 

aseptic conditions from the second excavation area. Additionally, the stratigraphic integrity of 

the deposits was accessed by the spatial analysis of dated samples. Accordingly, the residuals 

from a linear regression of age and depth (i.e. z-value) were computed and interpreted as 

indicative of mean stratigraphic errors. Finally, Lapa do Santo depositional regime is compared 

to other sites in Lagoa Santa region in order to characterize formation processes diversity within 

a single karstic terrain. 

2.4 Appendix IV ɬ Life during the early Holocene period in Lagoa Santa 

 This study provides a synthesis of past behavior in Lagoa Santa during early Holocene 

based on the re-evaluation of pre -existing data and performance of new analyses. Carbon and 

nitrogen isotopes data is generated for skeletons from Lapa do Santo and added to pre-existing 

data (generated by Tiago Hermenegildo) for other skeletons of the site. Carbon and nitrogen 

stable isotope analysis on bone collagen is widely used in archaeology for reconstructing 
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ancient diets (Vogel and van der Merwe, 1977; van der Merwe and Vogel, 1978). Since almost all 

of the carbon in the biosphere is fixed by autotrophs (DeNiro and Epstein, 1978), stable carbon 

isotopic ratios (13C/12C) can distinguish between plants that fixate carbon using C3 and C4 

photosynthetic  pathways (O`Leary, 1988). C4 type plants are mostly grasses, such as maize, 

sorghum and sugarcane, which have d13C values ranging from -9 to -ƕƘǕȭɯ"3 type plants made 

up of some grasses (e.g. oats, wheat, rice) and virtually all other non-grasses, have d13C values 

ranging from -20 to -ƗƙǕɯ(Deines, 1980). Stable nitrogen isotopes (15N/ 14N) accumulate 

throughout successive trophic levels in which primary producers (plants) have the lowest ratios 

and each subsequent level in the trophic chain is enriched in approximately 3 -ƙǕɯ(Minagawa 

and Wada, 1984; Schoeninger and DeNiro, 1984; Hedges and Reynard, 2007) in d15N values. 

Study of modern -day plants occurring in the Brazilian savanna, in which Lapa do Santo is 

located, have d15N values that range from -ƙȭƔǕɯÛÖ ǶƛȭƝǕɯ(Bustamente et al., 2004). 

Pre-existing unpublished zooarchaeological data (generated by Marcos Bissaro Jr.) are 

integrated with the isotope data to provide an overall synthesis of dietary habits. Faunal 

analyses at Lapa do Santo followed standard z ooarchaeological methodology (Klein and Cruz -

Uribe, 1984; Lyman, 1994, 2008). The Number of Identified Specimens (NISP) and Minimum 

Number of Individuals (MNI) was computed for a sub-sample of faunal assemblage from Lapa 

Santo constituted by the material coming from units: L7, L8, L10, M3, M4, M5, M6 

(archaeological strata contemporary to the early Holocene human remains).  

Mobility patterns are investigated by the analysis of strontium isotopes from dental 

enamel of individuals from Lapa do Santo. The results are compared to pre-existing 

unpublished data (generated by Marcia Machado) on shells collected from the site that 

characterize regional levels of strontium bioavailability.  Strontium isotopic analysis ( 87Sr/86Sr) of 

skeletal material is a commonly employed method for detecting provenance and mobility 

amongst mammals, including humans (Price et al., 2002, 2004), because tooth enamel from 

individuals records the isotopic signal during its formation at the earliest stages of life  

(Humphrey et al., 2008). Since radiogenic isotope 87Sr forms by radioactive decay from 

rubidium ( 87Rb), the 87Sr/86Sr signature of a specific location is determined by the underlying 
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bedrock age and its content of Rb. Younger geological formations like volcanic rocks have lower 

87Sr/86Sr values than older geological formations such as granite. A specific geological strontium 

signature is incorporated into body hard tissues by substituting for calcium (Ericson, 1985; Price 

et al., 2002; Bentley, 2006), since strontium enters the ecosystems without fractionation (Faure 

and Powell, 1972; Graustein, 1989). Amongst skeletal tissues, to date, tooth enamel is the 

preferred substrate for this analysis, due to its greater resistance to diagenesis in the burial 

environment (Budd et al., 2000; Hoppe et al., 2003). Within a single archaeological population, 

87Sr/862ÙɯÈÕÈÓàÚÌÚɯÖÍɯÐÕËÐÝÐËÜÈÓÚɀɯÛÌÌÛÏɯÊÈÕɯ×ÖÛÌÕÛÐÈÓÓàɯËÌÛÌÊÛɯÛÏÖÚÌɯÞÏÖɯÞÌÙÌɯÉÖÙÕɯÖÕɯËÐÍÍÌÙÐÕÎɯ

ÎÌÖÓÖÎÐÊÈÓɯÚÜÉÚÛÙÈÛÌÚɯȹȿÕÖÕ-ÓÖÊÈÓÚɀȺȭɯ'ÖÞÌÝÌÙȮɯÌÕÝÐÙÖÕÔÌÕÛÈÓɯÉackground studies are needed to 

assess the local bioavailable 87Sr/86Sr signature from the different geologies in the study region 

(Price et al., 2002; Evans et al., 2010), in order to assess possible provenance and territorial 

mobility.  

Previous technological studies are complemented by macro-wear analysis and a detailed 

description of the curated artifacts. A parametric model is used to determine the date when 

allochthonous raw material stops being used on the site (a pattern identified by Pugliese, 2008). 

The mortuary patterns previously presented in Strauss (2010) are redefined upon new direct 

dates based on ultrafiltered collagen extracted from bone or dental remains (see previous 

section for description). Sex estimation for Lapa do Santo skeletons was based on different 

anatomical regions: analysis of the skull (Walker, 2008), the ischium-pubic region (Phenice, 

1969), the pelvis (Bruzek, 2002), the proximal region of the ulna (Cowal and Pastor, 2008), and 

the femoral diaphysis (Black, 1978). Confocal and scanning electron microscopy are used for the 

diagnosis of cut-marks in human bones. A detailed literature review is provided and the 

implications of Lapa do Santo in local, regional and continental scales discussed.      

2.5 Appendix V  ɬ Defeated enemy or venerated ancestral? The oldest case of decapitation in the 

New World  

Few Amerindian habits impressed the European colonizers more than the taking and 

displaying of human body parts, especially when  decapitation was involved. Although 

disputed by some authors, it has become widely accepted that decapitation was common 
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among Native Americans across the entire continent and the archaeological evidence confirms 

that the practice has deep chronological roots. In South America, the oldest decapitation is 

reported for the Andean region and dates to ca. 3000 BP at the site of Asia 1, Peru. Since all 

other South American archaeological cases occur in the Andes (e.g., Nazca, Moche, Wari, 

Tiwanaco) it was assumed that decapitation was an Andean phenomenon in both its origins 

and in its most unambiguous expression. 

However, in 2007 a case of decapitation was found in the early Holocene component of 

Lapa do Santo. It was therefore, potentially much older than any  of the known cases in South 

America. For this reason it was decided that this particular burial deserved special 

investigation. Particularly, three studies were conducted in order to elucidate the nature of Lapa 

ËÖɯ2ÈÕÛÖɀÚɯËÌÊÈ×ÐÛÈÛÐÖÕȭɯ%ÐÙÚÛȮɯÛÏÌɯÊÏÙÖÕÖÓogy of the interment was determined using ultra -

filtration methods of collagen extraction. Second, confocal microscopy is applied for the 

diagnosis of cut-marks. Finally, strontium isotope analysis was performed in an attempt to 

determine if the decapitated individual was a local member of the group or an outsider. This 

information can contribute evaluating if this case of decapitation reflects inter personal violence 

or punishment rather than a funerary ritual. In addition, a comprehensive review of all 

archaeological cases of decapitation in South America is provided. 

3. Results and Discussion  

3.1 Appendix I ɬ Magnitude of morphological variation among early Holocene South American 

populations.  

Results from this study indicate the high cranial morphological diversity seen among 

Late/Recent Native Americans was not present among the early American populations. 

Regarding within -group variability, early Americans did present average variability, 

comparable to modern populations, despite the fact that these series represent more than three 

thousand years of human occupation in the continent. Threrefore, the morphological pattern 

that characterized early American groups remained unchanged for longs per iods of time, 

highlighting the importance of the differences seen among South American groups in modern 

times. These results also support the use of the early American series included here as valid 
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units of analysis from the perspective of morphological af finities, i.e. the use of such collections 

ÈÚɯ×ÖÚÚÐÉÓÌɯȿËÌÔÌÚɀɯÐÚɯÞÈÙÙÌÕÛÌËȮɯËÌÚ×ÐÛÌɯÛÏÌÐÙɯÊÏÙÖÕÖÓÖÎÐÊÈÓɯÚ×ÈÕȭ 

When between-ÎÙÖÜ×ɯ ËÐÝÌÙÚÐÛàɯ ÐÚɯ ÊÖÕÚÐËÌÙÌËɯ ÛÏÌɯ $ÈÙÓàɯ  ÔÌÙÐÊÈÕÚɀɯ %ÚÛɯ ÌÚÛÐÔÈÛÌɯ ÐÚɯ

considerably low, falling well within the range of the other cont inents and macro-regions, 

(Europe, Australo -Melanesia, sub-Saharan Africa), especially when series that have shown 

strong adaptive responses to climate are removed (East Asia without Buriat, and North America 

without Eskimo). Indeed, the only two regions t hat show particularly high Fst estimates are 

South America and Polynesia. Polynesia is expected to show increased between-group variance 

apportionments due to the fact that islands have stronger natural barriers to gene-flow in the 

form of the ocean stretches separating them. South America, however, not only does not present 

the same level of natural barriers as the deep ocean islands of Polynesia, but also shows a larger 

proportion of the variance due to differences between groups than Polynesia. Thus, South 

America is particularly interesting in terms of the development of modern human cranial 

morphological diversity, especially given that our results suggest that the high diversity seen 

among Late Native South Americans was not present among early groups entering the 

continent, as proposed before (e.g. Powell, 2005; González-José et al., 2008; de Azevedo et al., 

2011).  

In conclusion, the results of this study contribute to our growing knowledge about the 

origins of the biological diversity of Native Ameri can groups during the Holocene, by showing 

significant differences in the apportionment of variation across time in the continent. Under this 

scenario, the biological diversity that characterizes New World populations originated only 

during the Holocene, m uch later than the initial human occupation of the New World, and most 

probably required the entrance of additional morphological diversity from regions outside the 

continent (Northeast Asia).  

3.2 Appendix II ɬ Late survival of the Paleoamerican morpholog y: the Botocudo of east-central 

Brazil. 

3ÏÌɯÔÖÙ×ÏÖÔÌÛÙÐÊɯÚÛÜËàɯÖÍɯÛÏÌɯ!ÖÛÖÊÜËÖɀÚɯÊÙÈÕÐÈɯÚÜ××ÖÙÛÚɯÛÏÌɯÏà×ÖÛÏÌÚÐÚɯÛÏÈÛɯÎÙÖÜ×ÚɯÐÕɯ

east-central Brazil retained the Paleoamerican morphology characteristic of the early Holocene 
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inhabitants of Lagoa Santa region. These similarities are best observed in the neurocranium, 

which is an anatomical region that is usually less affected by adaptive responses to climate or 

diet change, while in the face some variations occur, particularly in the orbit. From a 

morphological  point the results fit better a scenario where the Botocudo are descendants from 

early Paleoamerican groups (e.g. Lagoa Santa), who share they last common ancestor with 

groups in SE Asia before the morphological differentiation that resulted in the present  day 

morphological pattern seen in Asia and most of the Americas occurred.  

However, morphological data fail to explain the presence of Polynesian DNA lineages in 

individuals MN -15 and MN-17 previously reported by Gonçalves et al., (2013) and Sapfo et al. 

(2014). As highlighted by Gonçalves et al. (2013) the time to the most recent common ancestor of 

the Polynesian lineage is too young to accommodate the expansion into the Americas, and 

because the mtDNA lineage observed in these individuals lack any private  polymorphisms, 

which is not compatible with the scenario presented above, a deep ancestral link must be 

discarded. The lack of Native American admixture in the autosomal DNA of these two 

individuals (Sapfo et al., 2014) gives further support to Gonçalves et al. (2013) interpretation. On 

top of this evidence, to date no early Holocene skeleton that had DNA extracted shows the 

mtDNA haplogroups that are not Native American (e.g. Kemp et al., 2007; Gilbert et al., 2008; 

Chatters et al., 2014; Rasmussen et al., 2014; Prufer and Meyer, 2015; see Raff et al., 2011 for a 

comprehensive review of aDNA studies in the Americas) . Therefore, while a model of retention 

of the morphological pattern present in the Old World by the end of the Pleistocene could 

explain the morphological association between Botocudo Indians, Early Americans and Easter 

Island, it fails to explain the presence of the Polynesian DNA lineages in two of the Botocudo 

specimens available to study, whose explanation remains elusive.  

A possibility is that these specimens represent Polynesian skulls that were mixed with 

the National Museum collection during the past century. This possibility was previously 

discarded as the crania are clearly labeled and well referenced in the catalogue (see Sapfto et al., 

2014, for photographs of the specimens). Still, it is important to bear in mind that there are 

indeed Polynesian crania housed in the National Museum that were acquired in the late 19 th 
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ÊÌÕÛÜÙàɯÍÖÙɯÛÏÌɯȿ!ÙÈáÐÓÐÈÕɯ ÕÛÏÙÖ×ÖÓÖÎÐÊÈÓɯ$ßÏÐÉÐÛÐÖÕɀɯȹÌȭÎȭɯÚ×ÌÊÐÔen MN -111 was brought from 

the Chatham Islands in 1872 and specimens MN-104 and MN-105 were brought from the 

Marquesas Islands-Fatu Hiva, precise date unknown). For MN -111 this means that the 

Ú×ÌÊÐÔÌÕɯÞÈÚɯÈÊØÜÐÙÌËɯÖÕÓàɯÛÞÖɯàÌÈÙÚɯÉÌÍÖÙÌɯÛÏÌɯÍÐÙÚÛɯ!ÖÛÖÊÜËÖɀÚ crania arrived at the National 

Museum in 1874 (Sapfo et al., 2014). The museum catalogue as we know it today, however, only 

came into existence more than three decades later, in 1906. Taking into account how hard it is at 

this point to harmonize the genet ic data concerning specimens MN-15 and MN-17, further 

scrutinization to eliminate the possibility of mislabeling would be worth pursuing. In particular, 

it would be necessary for DNA samples to be extracted from the Polynesian specimens and 

their sequences compared to MN -15 and MN-17, to ascertain they come from different 

backgrounds. This means that the nuclear DNA study available failed to sample the true 

Botocudo individuals.  

3.3 Appendixes III and IV ɬ Excavation protocol, chronology and formation proc esses 

In conjunction these two papers provide a detailed description of the history of research, 

excavation protocol, chronological context and formation processes of Lapa do Santo. A 

Bayesian model based on 21 OSL dates, 67 radiocarbon dates on charcoal and 13 radiocarbon 

dates on collagen extracted from human bone indicate three distinct periods of occupation 

(95.4% interval): 12.7-7.9 cal kyBP, 5.4-3.9 cal kyBP and 2.1-0.0 cal kyBP. Parametric evaluation 

of the residual distributions of calibrated age ag ainst depth (i.e. z-values) indicates 95% 

uncertainty of ±500 years for any given vertical position. At the same time, in accordance with 

the good preservation of human skeletons, multi -proxy formation processes analysis indicates 

an overall integrity of t he deposits. It is proposed that the high frequency of chronological 

inversions mainly results from grave digging disturbance.  

Based on field observations, it was postulated that anthropogenic sediments produced 

after repeated combustion was the main constituent of the deposits at Lapa do Santo. In 

comparison with other sites in east-central Brazil Lapa do Santo is unique in presenting 

elevated depositional rates. In conjunction, these two observations led to the proposition that 

Lapa do Santo was more intensively occupied than other localities. However, 
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micromorphological evaluation (conduct by Prof. Villagran) identified a high component (ca. 

50%) of clay aggregates of geogenic origins as part of the site matrix. Therefore, the initial 

hypothesis of high -depositional rate reflecting intense human occupation could not be 

supported.  

3.4 Appendix IV ɬ Archaeological record of Lapa do Santo 

Lapa do Santo is an archaeological site located in the northern part of the Lagoa Santa 

karst (see Appendix III and IV f or detailed characterization of the archaeological context). It is a 

cave with an associated sheltered area of ca. 1300 m2 developed under the negative slope of a 30 

meters high limestone massif. The southern region of the sheltered area is relatively flat, high 

and dry, and is ÓÖÊÈÛÌËɯÐÔÔÌËÐÈÛÌÓàɯÐÕɯÍÙÖÕÛɯÖÍɯÛÏÌɯÊÈÝÌɀÚɯÌÕÛÙÈÕÊÌȭɯ3ÏÌɯÍÓÖÖÙɯÖÍɯÛÏÌɯÚÏÌÓÛÌÙɯÏÈÚɯÈɯ

strong descending inclination towards the north, which becomes flat again near a natural 

sinkhole located in the northern extreme of the sheltered area.   

Zooarchaeological analysis indicates the presence of fish, lizards, rodents, armadillos, 

peccaries and deer that were brought in single pieces from the killing site (Bissaro Jr., 2008). 

Carbon and nitrogen stable isotope analysis show a slightly enri ched d13C and low d15N values 

in the adult population. Nitrogen values are distinct from the carnivores and similar to the 

herbivores from Lagoa Santa region thus suggesting a heavy reliance in C3 plant resources. 

Together with dental caries frequencies comparable to those observed among agricultural 

populations (Da-Gloria, 2012), the emerging picture is of an economy structured around plant 

resources that were probably rich in carbohydrates complemented by hunting of small and 

mid -sized animals.  

The lithic assemblage is dominated by small flakes and cores (Pugliese, 2008). Crystal 

quartz was by far the dominant raw material, but silex, quartzite and silicified sandstone were 

also present. There is no clear division between artifact and debitage in an industry where every 

flake was a potential tool. With the exception of a single hematite axe blade and an arrow point, 

formal artifacts made of stone are inexistent in the early Holocene deposits. Flakes were 

discarded when their edge became dull and most of them were used only a few times. Feather 

scars, occasional scaler and snap fractures were identified by preliminary use -wear analysis of 
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flakes from Lapa do Santo indicating they were used to cut soft materials such as hides, meat, 

cordage and grasses (Pugliese, 2008). While lithic types were constant through time, the use of 

raw materials varied and around 9.9 cal kyBP the exploitation of non -local sources such as 

silexite was drastically reduced wi th the locally available crystal quartz becoming dominant 

(Pugliese, 2008). The bone artifacts from Lapa do Santo are very similar to what is observed in 

other parts of central Brazil during the same timeframe. They contrast sharply with the 

expedient technological approach adopted for the production of lithic artifacts. A total of 198 

bone artifacts or fragments of bone artifacts were found on the site, including spatulas (71%), 

burins (25%) and fishhooks (0.01%). 

The 26 human burials from Lapa do Santo were divided into six different mortuary 

patterns based on their chronology and shared features. Lapa do Santo Mortuary Patterns 

(LSMP) 1, 2 and 3 were the focus of the study presented in Appendix IV. LSMP-1 is dated to 9.7-

10.6 cal kyBP and is characterized by two primary single burials in flexed position (Burials 1 

and 27). 

Lapa do Santo Mortuary Pattern 2 (LSMP-2) is dated to 9.4-9.6 cal kyBP and can be 

further subdivided into three categories: LSMP -2a (Burial 21 and 26), LSMP-2b (Burials 9, 14, 17, 

18 and 23) and LSMP-2c (isolated bones). LSMP-2a is characterized by fully-articulated partial 

skeletons with cutting and chopping marks. In Burial 21, the midshafts of both tibiae and 

fibulae were chopped and removed while soft tissue was still present. Burial 26 is a decapitated 

head with the first six cervical vertebrae articulated in anatomical position (see Appendix V for 

details). The hyoid bone was missing and both amputated hands were laid over the face. 

LSMP-2b is characterized by graves filled with the fully disarticulated bones of up to 

five individuals presenting a strong selection of anatomical parts. Some bones show evidence of 

exposure to fire, application of red pigment, defleshing, cutting, chopping and removal of teeth. 

Burials 14, 17 and 18 were composed of a bundle of long bones from one or two individuals, 

deposited with the individualized cranium and/or mandible of a different individual. Bundles 

comprising infant post -cranial bones were found next to adult crania (Burials 14 and 17), and 

bund les comprising adult post -cranial bones were found next to an infant cranium (Burial 18. 
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The long bones of the bundles had been chopped and segregated into extremities and midshafts 

and in some cases the latter were further chopped into smaller sections. The cranium of Burial 

17 was used as a funerary receptacle and filled with chopped burnt bones some of which 

present defleshing cut-marks. Black burn marks limited to the anterior portion of the external 

maxillary alveolar margin indicate exposure to fire w hile soft tissue was still present. The co-

occurrence of chopped and defleshed bones with signs of burning with soft tissues suggests that 

LSMP-2 may have involved some form of cannibalism.  

In Burials 17 and 18, all teeth were intentionally removed and the  coronoid processes of 

!ÜÙÐÈÓɯƕƜɀÚɯÔÈÕËÐÉÓÌɯÞÌÙÌɯËÙÐÓÓÌËȭɯ1ÌËɯ×ÐÎÔÌÕÛɯÞÈÚɯÈÉÜÕËÈÕÛÓàɯÈ××ÓÐÌËɯÛÖɯÛÏÌɯÉÖÕÌÚɯÖÍɯ!ÜÙÐÈÓɯ

14 and Burial 18. Burial 23 was composed of a cranium calotte filled with 54 permanent and 30 

deciduous teeth, some of which belonged to the skull of Burial 17. Burial 9 was an 

individualized child skull placed near the pelvis of an individual of similar age. The deciduous 

dentition was removed and an assemblage of human teeth and chopped midshafts (accession 

code: LSt-2253) were deposited next to Burial 9. LSMP-2c is defined by isolated burnt chopped 

bones that were not part of any formal burial and the presence of rodent gnaw marks could 

indicate they were subject to scavenging and not immediately buried.  

LSMP-3 is dated to 8.2-8.6 cal kyBP and includes nine burials: 6, 7, 10, 11, 12, 13, 15, 19 

and 22. Burials are characterized by shallow circular pits completely filled with mostly 

disarticulated bones of single individuals of various ages and sexes. Circular stone structures 

covered some of the burials, but also occur independently of them. Anatomical selection was 

not observed and, with the exception of some small bones, most elements of the skeleton were 

present. The midshafts of long bones of adult individuals were in some cases intentionally 

broken in the central region before deposition, resulting in butterfly fractures with impact 

points indicating the use of some percussion instrument. The burials belonging to LSMP -3 are 

very similar to each other, contrasting the larger variability ob served within LSMP -2. 

Furthermore, characteristic elements of the latter, such as cut-marks, chop-marks, absence of 

dentition, red pigment, and burnt marks are not present in the former. The presence of diverse 

and elaborated mortuary practices in Lapa do Santo supports the notion that the traditional 
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ÝÐÌÞɯ ÖÍɯ +ÈÎÖÈɯ 2ÈÕÛÈɀÚɯ ÔÖÙÛÜÈÙàɯ ×ÙÈÊÛÐÊÌÚɯ ÈÚɯ ÚÐÔ×ÓÌɯ ÈÕËɯ ÏÖÔÖÎÌÕÖÜÚɯ ÙÌÚÜÓÛÚɯ ÍÙÖÔɯ

misinterpreting the archaeological record. On the contrary, in the absence of monumental 

architecture or grave goods, these groups were using parts of fresh corpses to elaborate their 

rituals, showing this practice was not restricted to the Andean region at the beginning of the 

Holocene. 

The mortuary record from Lapa do Santo also indicates that the groups inhabiting Lagoa 

Santa during the beginning of the Holocene were dynamic and facing constant transformation 

through time. Therefore, the results presented here show that techno-functional constraints are 

not necessarily the best proxy for overall cultural stability. In this frame, t he characterization of 

the temporal variability of mortuary behavior in Lapa do Santo provides an independent 

assessment of this asserted cultural stability.  

3.5 Appendix V ɬ Defeated enemy or venerated ancestral?  The oldest case of decapitation in the 

New World.  

This study focused on Burial 26 from Lapa do Santo which is constituted by a case of 

perimortem decapitation. An ultra -filtered AMS age determination on a fragment of the 

sphenoid provided an age range of 9.1-9.4 cal kyBP (95.4% interval) making this the oldest case 

of decapitation in the New World. The interment was composed of an articulated cranium, 

mandible and first six cervical vertebrae. Visualization of cut -marks with confocal microscopy 

identified a v -shaped profil e and parallel micro-striations indicating the decapitation was made 

with stone tools. The right hand was amputated and laid over the left side of the face with distal 

phalanges pointing to the chin and the left hand was amputated and laid over the right s ide of 

the face with distal phalanges pointing to the forehead. Strontium analysis comparing Burial 

ƖƚɀÚɯÐÚÖÛÖ×ÐÊɯÚÐÎÕÈÛÜÙÌɯÛÖɯÖÛÏÌÙɯÚ×ÌÊÐÔÌÕÚɯÍÙÖÔɯ+È×ÈɯËÖɯ2ÈÕÛÖɯÚÜÎÎÌÚÛÚɯÛÏÐÚɯÞÈÚɯÈɯÓÖÊÈÓɯÔÌÔÉÌÙɯ

of the group. Therefore, Burial 26 likely constitute a ritual ized decapitation instead of trophy -

taking, testifying for the sophistication of mortuary rituals among hunter -gatherers in the 

Americas during the early Archaic period.  

The early Holocene age of Burial 26 extends the timeline of decapitation in South 

America by more than 4500 years. Geographically, the archaeological record of North America 
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and Mesoamerica shows a more widespread occurrence of decapitation compared to South 

America, with cases occurring from the Arctic to southern Mexico. Our findings suggest that 

South America had the same spatially widespread distribution observed for North America, 

making the occurrence of decapitation widespread across the whole continent since the 

beginning of the Holocene. In addition, they confirm that the vast territorial range of 

decapitation behavior described in ethnohistorical and ethnographic accounts for the New  

World has deeper chronological roots. Until now, every archaeolo gical site in South America 

where evidence of decapitation was observed was related to the so-called Pan-Andean societies. 

Lapa do Santo, located in the lowlands of east-central South America, indicates that 

decapitation does not necessarily have a restricted Pan-Andean distribution as previously 

suggested. 
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ABSTRACT  

Recent South Americans have been described as presenting high regional cranial 

morphological diversity when compared to other regions of the planet. This high diversity is in 

accordance with linguistic and some of the molecular data available to date for t he continent, 

but its origin has not been satisfactorily explained yet. Here we explore if this high 

morphological variation was already present among Early groups from the continent, in order 

to refine our knowledge about the timing and place of the origi ns of the morphological diversity 

observed during recent times in the continent. Between-group (Fst estimates) and within groups 

variances (trace of within groups covariance matrix) of two early South American groups 

(Lagoa Santa and Sabana de Bogotá) were estimated based on linear craniometric 

measurements and compared to modern human reference populations representing six regions 

of the planet, including the Americas. The results show that Early Americans present moderate 

within -groups diversity, falling well within the range of modern human groups, despite 

representing almost three thousand years of human occupation. Between-group variance is 

very low between Early Americans, but is high when recent American groups are included in 

the analysis, being similar to values for the entire planet. These results support the hypothesis 

that the high morphological diversity of Native Americans was not present among the first 

human groups arriving in the continent and must have originated during the Middle Holocene, 

possibly due to the arrival of new morphological diversity coming from Asia during the 

Holocene. 
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The cranial morphological diversity of Native American groups over time has been an 

important source of information about the processes of human occupation of  the New World, 

and has often been used to support different settlement scenarios for the Americas1-20. Although 

distinct scenarios for the occupation of the New World have been supported through the study 

of local cranial morphological diversity, most res t on the notion that early Americans shared a 

distinct morphological pattern from the one seen among most late/recent Native Americans. 

These differences suggest high diachronic morphological diversity 8, where early South 

Americans (and to a certain degree early North Americans 21) differed significantly in terms of 

cranial morphology from their late and recent counterparts 5-6,9,16,22-23. However, recent studies 

have revealed a high degree of biological variability even when only late/recent Native South 

Americans are considered11,14,24-27, indicating that the high morphological diversity in South 

America is not only restricted to differences over time.  

A high morphological diversity among recent South American groups is unexpected 

when contrasted to the molecular studies that demonstrate a general loss of genetic diversity 

associated with increased distance from Africa28-30, with Native American populations 

presenting the lowest within -group biological variances among all continents. Although there is 

no reason to expect that phenotypic variance may be correlated to genetic variance at the loci 

influencing the phenotype 31, a similar decrease in variance with increased distance from Africa 

was also reported for worldwide cranial morphological diversity 32-33. However, this loss of 

within -group variance, explained as the result of multiple founder effects and expansion range 

effects from populations migrating out of Africa, is not correlated with the degree of population 

structure, or differences between groups. When the apportionment of the variation due to 

between-group differences is considered, South America has been described as highly diverse. 

Linguistic studies, for instance, demonstrate that South America is impressively diverse as far 

as native languages are concerned34-35. Nettle35 defends the idea that high linguistic diversity is a 

consequence of the rapid group fission and relative isolation once people arrived in the 

unoccupied South American lowlands. Similarly, although South Americans present low 

overall within -group molecular variance, differences between group, as measured by Fst 

values, of eastern South Americans has been reported to be high. Wang et al.30 (p. 2052), for 

example, report Fst values for Eastern South America (14.7%) more than twice as high as Fst for 

series worldwide (7.1%), indicating high population structure among recent eastern Native 

South Americans.  

Consequently, the high levels of cranial morphological differences between groups 

reported for recent South Americans is in accordance with the idea of high between -group 

differentiation, despite the loss of intra -group variation associated with distance from Africa. 

Distinct, however, to molecular and linguistic data, which are largely restrained to recent 

samples, cranial morphology allows us to investigate the origin of the high inter -group 
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diversity seen in the continent by assessing the within and between-group variation of Early 

South American samples. 

 Despite the large number of studies demonstrating the high cranial morphological 

differences between early and late Native American groups, the morphological variance present 

among the first humans who occupied the New World has been scarcely studied (see 21 and 36 

for exceptions). Powell10, for instance, presented a scenario favoring microevolution within the 

New World to explain the marked differences in terms of cranial morphology between early 

and late/modern Native Americans, based on the assumptions that the first Americans 

exhibited an especially high degree of biological diversity and that genetic drift (mainly due to 

group fission) acting on the highly variable mother population could explain the origin of the 

morphological differentiation observed among late Native American populati ons. However, his 

scenario is based on the scant early material available in North America which is entirely 

composed of isolated specimens and no population parameter estimates are possible for this 

material. This is a limiting factor also confronted by o ther studies dealing with the early North 

American remains (e.g., 21).  

 Sardi et al.26 also recognized that Early and Late/Modern Native South Americans 

display very different cranial patterns. Moreover, they do not dismiss the possibility that the 

morpho logical pattern of Late Holocene populations was generated in situ from the early 

morphological pattern by means of local stochastic processes of differentiation. In their opinion, 

however, the local differentiation scenario would be feasible only if early  South Americans 

displayed an uncommonly high degree of biological variance within -groups, that could then be 

later partitioned in structured in differences between group by genetic drift and group fissions 

during the Holocene. A similar scenario is also p roposed by Gonzalez-José et al.8, to 

accommodate both the molecular and morphological diversity observed in the continent. 

According to these authors, a highly morphologically diverse population was present in the 

early stages of the settlement of the continent, who maintained continuous gene -flow with Asia 

(see also 19), which could explain the high cranial morphological diversity and low molecular 

diversity in the continent.  

 Consequently, understanding if the high cranial morphological variation seen am ong 

ÙÌÊÌÕÛɯ-ÈÛÐÝÌɯ ÔÌÙÐÊÈÕÚɯÞÈÚɯÈÓÙÌÈËàɯ×ÙÌÚÌÕÛɯÈÔÖÕÎɯÛÏÌɯÊÖÕÛÐÕÌÕÛɀÚɯÌÈÙÓàɯÏÜÔÈÕɯÎÙÖÜ×ÚɯÐÚɯ

crucial to discuss the processes of morphological diversification and human dispersion in the 

continent. Here we address this question by estimating within and betw een-group variances of 

Early South Americans comparatively to modern human population values, and explore the 

consequences of this information for our understanding of the processes by which the Americas 

were settled during the end of the Pleistocene.  
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MA TERIALS AND METHODS  

 Morphological variances within and between populations were assessed based on 23 

ÓÐÕÌÈÙɯÊÙÈÕÐÖÔÌÛÙÐÊɯÔÌÈÚÜÙÌÔÌÕÛÚɯÍÙÖÔɯ'ÖÞÌÓÓÚɀɯ×ÙÖÛÖÊÖÓɯȹ3ÈÉÓÌɯƕ37,38). Two series were used to 

represent early morphological variability in South America  (Table 2; Dataset S1): Lagoa Santa 

(11.5-7.5 kyr BP) from east-central Brazil and Sabana de Bogotá (10.5-7.0 kyr BP) from central 

Colombia. The morphological affinities and archaeological context of these series have been 

extensively described elsewhere5,9. Despite spanning over three thousand years of human 

occupation, these two collections represent the only skeletal series in the continent with enough 

individuals recovered to allow the estimation of within -population parameters, and therefore 

offer a unique opportunity to explore the early American groups based on population 

estimates. All other early skeleton remains in the continent are represent by isolated or few 

specimens (e.g., 10, 21).  

Table 1. Craniometric variables used in this study.  

Variables  included*  

Glabello-occipital length  (GOL) 

Nasio-occipital length   (NOL)  

Basion-bregma height (BBH) 

Maximum cranial breadth  (XCB) 

Maximum frontal breadth  (XFB) 

Biauricular breadth (AUB)  

Biasterionic breadth (ASB) 

Nasion-prosthion height (NPH)  

Nasal height (NLH)  

Orbit height (OBH)  

Orbit breadth (OBB) 

Bijugal breadth  (JUB) 

Nasal breadth (NLB) 

Bizygomaxillare breadth (ZMB)  

Bifrontomallare breadth  (FMB) 

Nasion Subtense (NAS) 

Biorbital breadth  (EKB) 

Malar length, inferior  (IML)  

Malar lengt h, superior (XML)  

Cheek height (WMH)  

Frontal cord (FRC) 

Parietal cord (PAC) 

Occipital cord (OCC) 
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Within and between group variance apportionment of Early Americans was contrasted 

with the values obtained for series representing recent Native Americans, East Asians, 

Europeans, Sub-Saharan Africans, Australo-Melanesians, and Polynesians from Howells 

database39 (Table 2). Within group variance was estimated using the trace of the covariance 

matrix (VCV) of the series after standardizing all varia bles into z-scores. VCV trace was 

calculated for each series independently. Since variance estimations are affected to some extent 

by small sample sizes, to compare the VCV trace of the early South American series with the 

worldwide series, random subsets with the same number of individuals as the early series were 

selected a thousand times from each series and the results were used to build the variance 

distributions for each one. Consequently, the comparisons with Lagoa Santa were based on 1000 

within -group variances calculated from subsets of 29 individuals for each series, and for the 

Colombian series the same number of variances was calculated from subsets of 14 individuals 

per series. The variances observed within the early series were plotted in a graph with the 

distribution of the random sets of each series to compare the results visually.  

Inter -group morphological variability between regions and among series within each 

region was quantified by means of Fst estimates, obtained by averaging the principal diagonal 

of the R-matrix (r ii) extracted from the phenotypic data. Fst gives an estimation of the 

apportionment of between -group genetic variation 40-43. Fst estimates for metric data are 

minimum estimates and can greatly underrepresent inter -group variation apportionment if the 

heritability values of the traits (measurements) are low 42,44. Heritability values for human cranial 

dimension range from moderate to high 45, although different traits show very distinct 

heritability levels 46-47. However, assuming mean heritability values of 0.55 in the past produced 

similar apportionment values to neutral molecular data 44,48, showing that even when using 

average heritability values, craniometric data generates comparable Fst estimates. Therefore, all 

Fst estimates calculated here assume a constant heritability of 0.55 to improve comparability of 

the results with previous studies 44-45,48. 

Initially, Fst was calculated between all pairs of series, using the pooled within group 

covariance matrix (VCV) for all gro ups to calculate the C matrix. The use of the pooled VCV 

among all groups was required because of the small sample size of some of the archaeological 

series, which resulted in non-reliable (i.e., weakly correlated) VCVs between groups and 

therefore biased the values of Fst between pairs of groups. Fst in this case can be considered a 

measurement of distance, since it will reflect the distance between each group centroid to the 

overall centroid (i.e., if the data were not divided into groups). Still, the pai rwise calculations 

allow exploring the morphological affinities between series included in the study. The pairwise 

Fst matrix was represented graphically with a Kruskall non -metric Multidimensional Scaling 

(MDS49). To explore the confidence of the affiniti es observed in this case, the analysis was 

repeated with 100 bootstraps of the data, respecting the original sample size of the series. The 
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bootstrapped MDS configurations were then superimposed on the original data using 

Procrustes Analysis50, allowing th e results to be combined in a single scatterplot.  

 

 

Table 2. Craniometric series included in the analyses. 

Population  
Regional/chronological 

affiliation  
Sample size 

Males/Females 

ratio  

% 

Missing 

values 

Reference 

Lagoa Santa Early America  29 18/11 16.94 9 

Early Colombia  Early America  14 6/8 6.52 6 

Peru South America 110 55/55 0 37, 38 

Botocudo South America 32 16/16 1.90 25 

Archaic 

Colombia 
South America 33 12/21 11.86 6 

Tapera South America 47 26/21 5.28 25 

Cabeçuda South America 19 12/7 13.50 25 

Tupi -Guarani South America 23 14/9 2.65 25 

Arikara  North America  69 42/27 0 37, 38 

Santa Cruz North America  102 51/51 0 37, 38 

Eskimo North America  108 53/55 0 37, 38 

North Japan East Asia 87 55/32 0 37, 38 

South Japan East Asia 91 50/41 0 37, 38 

Hainan  East Asia 83 45/38 0 37, 38 

Buriat  East Asia 109 55/54 0 37, 38 

Australia  Australo -Melanesia 101 52/49 0 37, 38 

Tasmania Australo -Melanesia 87 45/42 0 37, 38 

Tolai Australo -Melanesia 110 56/54 0 37, 38 

Berg Europe 109 56/53 0 37, 38 

Norse Europe 110 55/55 0 37, 38 

Zalavar Europe 98 53/45 0 37, 38 

Zulu  Sub-Saharan Africa 101 55/46 0 37, 38 

Dogon Sub-Saharan Africa 99 47/52 0 37, 38 

Teita Sub-Saharan Africa 83 33/50 0 37, 38 

Easter Island Polynesia 86 49/37 0 37, 38 

Mokapu  Polynesia 100 51/49 0 37, 38 

Moriori  Polynesia 108 57/51 0 37, 38 
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Complementing the pairwise analysis, Fst estimates and their standard errors40-42 were 

also calculated for series within each of the large regions in the dataset. For the American series, 

Fst were calculated once with all series, and then for the early series alone, for all late American 

series, and for all South American Late series separately, to explore the impact that diachronic 

changes have in the apportionment of the variation in the New World. Also, given that our 

series include two groups that lived in extreme cold environments (Eskimo and Buriat), which 

have been shown to have cranial morphology responding adaptively to this environmental 

factor51-52, Fst estimates were also calculated for the Americas and East Asia without these 

groups.  

Prior to the analyses, missing values in the Paleoamerican series (see Table 2 for details) 

were estimated through multiple regressions, using the overall mean of the missing variables as 

ÛÏÌɯËÌ×ÌÕËÌÕÛɯÝÈÓÜÌɯÈÕËɯÛÏÌɯÐÕËÐÝÐËÜÈÓɀÚɯÙÌÔÈÐÕÐÕÎɯÝÈÙÐÈÉÓÌÚɯÈÚɯÐÕËÌ×ÌÕËÌÕÛɯÝÈÙÐÈÉÓÌÚɯȹÛÏÌɯ

reasoning behind this replacement has been covered elsewhere17 and consequently we will not 

elaborate on it here). All analyses pooled males and females together, to maximize sample sizes 

of the early American series. Although pooling sexes together will inflate the within group 

variances, this is unavoidable in this case, since a subdivision of the prehistoric series would 

result in very unreliable estimates of within group variances due to low sample sizes. However, 

the proportion of males and females in the series is roughly similar (Table 2), so sexual 

dimorphism should  not affect the comparative results significantly. Nonetheless, the within -

group variances reported here must be considered as overestimations since they include the 

sexual dimorphism within series. All analyses were done in R 53, with functions written by MH, 

complemented by functions from packages MASS54 and vegan55. 

 

RESULTS 

Figures 1 and 2 show the comparison between the within group variances of Lagoa 

Santa and Colombia, the two early South American series included in this study, to the 

distributions ge nerated from the bootstraps of the worldwide modern reference series. In both 

cases, the worldwide within -group variances overlap considerably, with North Japan, Botocudo 

and Buriat showing a slightly larger variance distribution. In the context of the ref erence series, 

both Early American groups have moderate within -group variances falling well inside the 

expected variance for modern human populations, with Lagoa Santa and Colombia presenting 

remarkably similar within group variances.  
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Figure 1. Comparison between the within -group variance of Lagoa Santa and the variance distributions 

generated for the reference series. The dashed line indicates the variance calculated for Lagoa Santa, and 

each of the grey histograms show the distribution of varia nces based on 1,000 random selections of 29 

individuals from the reference series. 
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Figure 2. Comparison between the within -group variance of Colombia and the variance distributions 

generated for the reference series. The dashed line indicates the variance calculated for Colombia, and 

each of the grey histograms show the distribution of variances based on 1,000 random selections of 14 

individuals from the reference series. 
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Table 3 presents the Fst estimates used to assess between group differences in the data. 

Fst were calculated for different combinations of the series in the study. With the exception of 

the Americas, all regions in the planet show Fst values considerably lower than the Fst observed 

among series worldwide. In the Americas, the Fst observed is similar (0.24) to the worldwide 

one (0.27). This increased differentiation between groups is not present among Early Americans, 

since the Fst for these groups (0.07) is closer to the Fst observed for the other regions in the 

planet in modern times. W hen Early Americans are removed, Fst estimate among the American 

series is still high (0.24), even when Eskimos are removed (Fst=0.23). When only South 

American series are included in the analysis, the Fst estimate still is remarkably high (0.22), 

showing high levels of between group differentiation in the continent, corroborating previous 

studies26. These results suggest that the high population structure described for the American 

series in the past was not present among early groups in the continent. Figure 3 shows the MDS 

scatterplot representing the pairwise Fst matrix between series, which permits to explore how 

the variance apportionment worldwide is distributed in terms of morphological affinities 

among series. The MDS plot shows that most of the diversity seen is due to differences among 

regions. With the exception of the Americas and Polynesia, series within regions overlap when 

the bootstrap distribution is taken into account, with Australo -Melanesians showing high 

Affinities with Sub -Saharan Africans, Europeans overlapping with the North American series 

(with the exception of Eskimos), and East Asians being close to some of the Polynesian series 

(Mokapu and Moriori). The only truly outlier population in our analysis is Buriat, a NE Asia 

series that has been shown to have a peculiar cranial morphology probably due to the adaptive 

responses to extreme cold climates51-52. Corroborating the Fst values by region (Table 3), the 

differences in the Americas are very marked, especially when the South American series are 

taken into account. However, these differences are not due to the chronology of the series, since 

Early Americans show a great overlap among themselves and with Archaic Colombia. In other 

words, the differences among South American series are as high as the one seen between 

continents (e.g., Australo-Melanesia and East Asia) in present times.  

DISCUSSION AND CONCLUSIONS  

Our results corroborate previous studies that show that South America is characterized 

by high levels of cranial morphological  differentiation between groups 14,24,26-27. However, our 

results also suggest that the high cranial morphological diversity seen among Late/Recent 

Native Americans was not present among the early American populations. Regarding within -

group variability, E arly Americans did present average variability, comparable to modern 

populations, despite the fact that these series represent more than three thousand year of 

human occupation in the continent. These results suggest that the morphological pattern that 

characterized Early American groups remained unchanged for longs periods of time, which 
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highlight even more the importance of the differences seen among South American groups in 

modern times. Incidentally, these results also support the use of the early Ameri can series 

included here as valid units of analysis from the perspective of morphological affinities, i.e. the 

use of such collections as representatives of a single biological populations is valid, despite their 

chronological span. 

When between-group dive ÙÚÐÛàɯ ÐÚɯ ÊÖÕÚÐËÌÙÌËɯ ÛÏÌɯ $ÈÙÓàɯ  ÔÌÙÐÊÈÕÚɀɯ %ÚÛɯ ÌÚÛÐÔÈÛÌɯ ÐÚɯ

considerably low, falling well within the range of the other continents and macro regions, 

(Europe, Australo -Melanesia, Sub-saharan Africa), especially when series that have shown 

strong adaptive responses to climate are removed (East Asia without Buriat, and North America 

without Eskimo). Indeed, the only two regions that show particularly high Fst estimates are 

South America and Polynesia. Polynesia is expected to show increased between-group varian ce 

apportionments due to the fact that islands have stronger natural barriers to gene-flow in the 

form of the ocean stretches separating them. South America, however, not only does not present 

the same level of natural barriers as the deep ocean islands of Polynesia, but also shows a larger 

proportion of the variance due to differences between groups than Polynesia. As mentioned 

before, South America is the only continent that has between-group differences on a similar 

scale as when we consider all populations worldwide. Thus, South America is particularly 

interesting in terms of the development of modern human cranial morphological diversity, 

especially given that our results suggest that the high diversity seen among Late Native South 

Americans was not present among early groups entering the continent, as proposed before8,10,19. 

In other words, we argue that the high diversity seen in South America today must have been 

generated after the Pleistocene/Holocene transition, long after the arrival of the first humans on 

the continent. 

Table 3 - Fst values (h2 = 0.55) within regions and chronological period in the study.  

Region/Chronological period  Fst SE 

World  0.276 0.002 

All America  0.235 0.005 

Early America  0.068 0.011 

Late America 0.239 0.005 

Late North America 0.205 0.006 

Late North America without 

Eskimos 

0.105 0.006 

Late South America 0.224 0.007 

East Asia 0.170 0.005 

East Asia without Buriat  0.041 0.004 

Australo -Melanesia 0.096 0.005 

Sub-Saharan Africa 0.089 0.005 

Europe 0.058 0.004 

Polynesia 0.158 0.005 
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Figure 3. Multidimensional scaling (MDS) of the pairwise Fst matrix between series. The solid dots 

represent the MDS for the Fst matrix of the original data, and the transparent dots represent the MDS 

from bootstrapped data superimposed on the original MDS with Pro crustes Analysis. Series from the 

same region have been represented with the same colors, following the assignation given in Table 3. 

 Recently, Hubbe et al.17 suggested, based on analyses of cranial morphological affinities, 

that the morphological pattern  seen among Early South Americans is a retention of the 

morphological pattern that characterized other human groups by the end of the Pleistocene in 

the Old World (specifically in Europe and East Asia). Populations worldwide retained a similar 

morphologica l pattern throughout most of the modern human dispersion across the World, and 

fast changes occurred during the end of the Pleistocene and across the Holocene, especially in 

Europe and Asia56-58, and consequently changes observed in South America can then be seen as 

an extension of what happened in the rest of the planet. However, South America is different 

from the processes observed elsewhere in two aspects: first, the transition from the 

Paleoamerican morphology to the modern morphological variation seem s to have occurred 

faster there than in the other continents. To date there is no evidence of changes in the overall 

cranial morphological pattern or in its variance before 7.5 kyr BP 2-6, and our results strongly 

support this since both our Early American series do not show morphological change nor 

increase in within -sample variance despite representing over three thousand years of human 

occupation in each region. Second, in the regions where a strong morphological differentiation 
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process is observed in the Old World (Europe and East Asia), the modern populations included 

in our analysis do not show strong differences between group (i.e., the regional Fst estimates are 

low), while South America presents a different pattern, where there is an extreme increase of 

morphological differences between groups by the end of the Holocene, some of them retaining a 

similar morphological pattern as the early Americans (e.g. the Archaic Colombia series 6, 

included in this study, the Pericu Indians from Baja California 59 and the Botocudo Indians to 

some extent60), some of them diverging considerably from it (e.g., Peru and the coastal 

shellmound series). Yet, this has to be seen with caution at the moment, since our analyses only 

include a few series from each of the macro regions explored here and it is possible that they are 

underrepresenting the local morphological diversity in these regions. Nonetheless, South 

America shows as much between group variance apportionment as seen worldwide and this is 

indicative of a strong pr ocess of morphological differentiation in the continent, even if the 

values observed for the reference regions are underestimated.  

However, this does not contribute necessarily to our understanding of how this 

morphological variation originated. Elucidati ng the causes behind this process is a complex 

endeavor, since Homo sapiens skull seems to be less evolutionarily constrained than other 

mammal skulls and as such can accumulate phenotypic changes quickly under either stochastic 

or non-stochastic evolutionary pressures. This relative constraint release is due to the human 

skull, as the skull of many if not all mammals, being organized in development modules 61-65, 

which can be defined as sets of highly intercorrelated traits that are less correlated with other 

such sets66-70. Modularity is a population`s property represented in its additive genetic variance 

and covariance matrix and may enhance evolvability 70, which is the capacity of a given 

population to evolve in the direction of any given selective pressu re71, since modules allow the 

genetic architecture to interact with selection to produce an evolutionary response 72. When 

compared to the modular organization of other mammals, ours is one of the most flexible to 

respond in the same direction of natural selection64,73, due to the fact that our modules are less 

strongly integrated with other modules in the skull. However this increased evolvability is not 

only restricted to selection. Genetic drift is also dependent on the genetic variance and 

covariance matrix, and it is expected that under drift the amount of traits divergence among 

populations will be proportional to the pattern and magnitude of variation in the ancestral 

population 62-63,72. Among mammals, H. sapiens has a high number of dimensions in the 

morphospace defined by the genetic covariance matrix when compared to other mammals, 

which allows drift to accumulate morphological change in many potential directions, when in 

mammals the higher integration between modules restrict the directions that phenotypic 

change can be channeled by drift.  

The high evolvability potential in the H. sapiens skull makes formal tests of the 

evolutionary forces behind the origin of morphological differentiation in South America har d to 
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be conducted. Hubbe et al.16 attempted to test the best dispersion model to explain the 

diachronic morphological differences observed in the continent, and their results supported a 

dual dispersal model into the continent, with early American and Late  American groups 

sharing a common ancestor in East Asia at least 25 thousand years ago. This model presented a 

stronger fit to the morphological differences observed than any model assuming in situ 

evolutionary processes. However, these results rested on the assumption that the rate of 

morphological differentiation under neutral evolutionary forces for humans was of a similar 

scale than to other mammals, which as detailed above is probably not true64,73. De Azevedo et 

al.19 tried to replicate the results obtained by the previous study using different measurements 

and samples and also failed to find support for a dual -dispersal model, favoring instead a 

model of recurrent gene-flow between Asia and North America. Taken together, this 

information suggests that  at the moment attempts to formally test the forces behind the 

morphological diversity in the continent are not possible, especially given the limited samples 

available to date.   

Nonetheless, the seemingly unique process of morphological differentiation o bserved in 

South America when compared to other regions of the world, and the fact that such high 

morphological diversity was not present among early South American populations, must have 

been a result of two distinct (and complementary) processes, namely a strong in situ 

microevolutionary process (by random and non -random forces10,14) or the migration of 

populations carrying new morphological diversity into the continent after its initial 

settlement6,8-9,16,19. While it is hard to test the relative contrib ution of each of these processes in 

the shaping of morphological variation in the continent, we argue that in situ processes can be 

tentatively excluded as a strong component of the morphological differentiation in South 

America and that the entrance of extra-continental morphological diversity (either through 

discrete dispersals or recurrent gene-flow) is more parsimonious given our current knowledge 

on modern human morphological variation.  

Morphological changes associated to adaptive responses to climate51-52 (see also Table 3) 

and life -style change14,74 have been described among modern humans, although these seem to 

be localized to specific anatomical regions or restricted to populations inhabiting extremely cold 

environments. However, South America does  not present the extreme climatic range to explain 

the morphological diversity seen in the continent as a result to adaptation to cold climate, and 

although some of the changes observed in the continent are correlated with the adoption of 

agriculture 14,74, contradictory evidence in this regards exist when the continent is seen as a 

whole. In Brazil for example 60 the shellmound populations show strong departure from the 

morphological pattern that characterizes Early Americans (see also Figure 3), despite 

maintaining a fisher -hunter -gatherer life style.  
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Neutral evolutionary processes resulting from genetic drift and strong and long -lasting 

gene-flow barriers in the continent are also hard to sustain at this moment to explain the origin 

of the morphological di versity in the continent. First, the time for such amount of changes to be 

developed in South America seems to be too short, even assuming the highly evolvable nature 

of the human skull. Since our results suggest Early Americans did not present uniquely hi gh 

within -group variances and very low differentiation between regions and across time, that 

implies that during the Holocene a similar degree of morphological differentiation between 

groups appeared as the one that occurred between continents worldwide in  a much longer 

period of time (see Fst estimates in Table 3). Second, if we assume that the Early American 

series used here represent the variability of the groups who entered the continent and that late 

American groups descend directly from them, resultin g from multiple founder effects 

associated with range expansions from the mother populations (Early Americans), a general 

loss of variability would be expected, similar to what is seen associated with distance from 

Africa 32-33,75-76. Although our study is limited to a few American series, our results do not favor a 

loss of variability between early and late Native American groups, but rather the opposite.  

 Thus, unless new evidence appears in the future refuting our current understanding of 

how modern huma n cranial morphological diversity evolved, it is hard to defend exclusively 

local processes as responsible for the unique level of morphological differentiation seen 

between groups in South America. Therefore, our results would favor a scenario where 

addit ional diversity arrived in the continent after its first occupation, either through discrete 

waves of human dispersion into the continent 9,16 or through a constant or semi-constant gene-

flow with outside regions 8,19 (see also Ray et al.77 for molecular dat a suggesting a similar 

scenario). Evidently, our results at present are limited by the few recent American samples 

available in this study and the formal testing of this hypothesis will demand the inclusion of 

more South American series in the future.  

Alt hough the notion of external diversity influx into the continent during the Holocene 

has not found support in most of the molecular studies concerning Native American biological 

diversity conducted in the past decade30, 78-80 (but see Reich et al.81 for a more complex scenario), 

recent studies based on rare alleles have suggested that a single dispersion wave might not be 

enough to explain their presence in the continent82-83. As such, the molecular data available to 

date does not eliminate the possibility of external diversity influx into the continent during the 

Holocene. 

In conclusion, the results presented here contribute to our growing knowledge about the 

origins of the biological diversity of Native American groups during the Holocene, by showing 

significant differences in the apportionment of variation across time in the continent. Under this 

scenario, the biological diversity that characterizes New World populations originated only 

during the Holocene, much later than the initial human occupation of t he New World, and most 
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probably required the entrance of extra morphological diversity from regions outside the 

continent (Northeast Asia).  
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ABSTRACT  

 

The Botocudo Indians were hunter -gatherers groups that occupied the East-Central 

regions of Brazil and went extinct during the colonial period in the country. During the 19 th 

century craniometric studies suggested that the Botocudo resembled more the Paleoamerican 

population of Lagoa Santa than typical Native Americans groups. These results suggest the 

Botocudo Indians might represent a population that retained the biological characteristics of 

early groups of the continent, remaining largely isolated from groups that gave origin to the 

modern Native South American variation. Moreover, recently some of the Botocudo remains 

have been shown to have mitochondrial and autosomal DNA lineages currently found in 

Polynesian populations. Here, we explore the morphological affini ties of Botocudo skulls within 

a worldwide context. Distinct multivariate analyses based on 32 craniometric variables show 

that 1) the two individuals with Polynesian DNA sequences share a similar morphological 

pattern when compared to the other Botocudo I ndians in the series; and 2) there are high 

morphological affinities between Botocudo, Early Americans and the Polynesian series of Easter 

Island, which support the early observations that the Botocudo can be seen as retaining the 

Paleoamerican morphology, particularly when the neurocranium is considered. While these 

results do not elucidate the origin of the Polynesian DNA lineages among the Botocudo, they 

support the hypothesis that the Botocudo represent a case of late survival of ancient 

Paleoamerican populations, retaining the morphological of ancestral Late Pleistocene 

populations from Asia.  
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 The way craniometric variability is structured over time in the New World has been the 

focus of intensive analysis in the last twenty years. Neves and collaborators have documented 

that the cranial pattern of the human groups inhabiting the Lagoa Santa region in East -Central 

Brazil during the Pleistocene/Holocene transition did not resemble that shared by most late and 

recent Native Amer icans (Neves and Pucciarelli, 1989, 1991; Neves et al., 2004a, 2007a,b; Neves 

and Hubbe, 2005; Hubbe et al., 2010, 2011). Contrary to the cranial morphology that 

characterizes these late/recent Native Americans (Amerindians) that varies around short and 

wi de neurocrania, orthognathic high faces with relatively high and narrow orbits and noses , the 

pattern seen in early remains (Paleoamericans) is characterized by narrow and long 

neurocrania, prognathic low faces with relatively low and broad orbits and nose s (Neves 

andHubbe, 2005; Neves et al., 2007a,b; but see González-José et al. 2008, for a critique on the use 

of the Paleoamerican term).  

Further studies have shown that Lagoa Santa is not an isolated case. The Paleoamerican 

cranial pattern was present all over the New World during Early Holocene: in East -Central 

Brazil (Santana do Riacho; Neves et al., 2003), in Northeast Brazil (Toca das Onças; Hubbe et al., 

2004, and Serra da Capivara; Hubbe et al., 2007), in Southern Brazil (Capelinha; Neves et al., 

2005), and in the interior of Rio Grande do Sul ( Neves et al., 2004 b), in Colombia (Sabana de 

Bogotá; Neves et al., 2007a), in the pampa region of Argentina (Pucciarelli et al., 2010), in the 

very southern tip of the continent in Palli Aike ( Neves et al., 1999), in Mexico (González-José et 

al., 2005) and in North America (Chatter et al., 1999; Jantz and Owsley, 2001). 

Therefore, in spite of the ongoing debate concerning the reasons behind the origin of the 

-ÌÞɯ6ÖÙÓËɀÚɯÔÖÙ×ÏÖÓÖÎÐÊÈÓɯÝÈÙÐÈÉÐÓÐÛàɯ(Neves and Hubbe, 2005; Powell, 2005; Sardi et al., 2005; 

González-José et al., 2008; Hubbe et al., 2010, 2011; de Azevedo et al., 2011), there is general 

consensus that the Early Americans exhibited a cranial pattern not represented today among 

most Native Americans (Jantz and Owsley, 2001; González-José et al., 2005; Neves and Hubbe, 

2005; Neves et al., 2007b; Hubbe et al., 2011). On the other hand, it is still debated for how long 

this Paleoamerican morphology remained in the continent. Evidence of a Middle/Late Holocene 

survival of Paleoamerican morphology has been reported for Sabana de Bogotá, Colombia 

(Neves et al., 2007a), and for the interior of Southern Brazil (Neves et al., 2004b). González-José 

et al., (2003) were able to extend the survival of the Paleoamerican morphologic pattern even 

later in time, by documenting its presence among the Pericú group from Baja California , 

Mexico, which were extinct by the 19 th century. According to the authors this geographically 

isolated group could represent a morphological relic of the first humans who settled the 

Americas. Together, these recent findings suggest that the nature of the transition between 

predominantly Paleoamericans groups, by the end of Pleistocene, towards a majority of groups 

sharing the Amerindian pattern by the end of the Holocene was more complex than first 

envisioned. 
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In Brazil, late 19th century scholars from th e National Museum in Rio de Janeiro 

suggested that the Botocudo Indians from East-Central Brazil shared the same cranial 

morphology as the sympatric Lagoa Santa Paleoamerican population. In the typological 

framework that prevailed during the late 19 th century, Lacerda and Peixoto (1876) described the 

!ÖÛÖÊÜËÖɯ(ÕËÐÈÕÚɯÈÚɯÉÌÓÖÕÎÐÕÎɯÛÖɯÛÏÌɯ+ÈÎÖÈɯ2ÈÕÛÈɯɁÙÈÊÌɂȭɯ2ÜÉÚÌØÜÌÕÛÓàȮɯÖÛÏÌÙɯÚÊÏÖÓÈÙÚɯÚÜÊÏɯÈÚɯ

José Imbelloni (1938), Paul Rivet (1942) and Pucciarelli et al., (2003) made similar claims about 

the Botocudo, whil e Mello e Alvim (1963) , challenged the idea of a close resemblance between 

these two populations. Recently, a couple of molecular studies (Gonçalves et al., 2013; Sapfo et 

al., 2014) conducted on the same material studied by these early scholars kindled again the 

discussion about the biological characteristics of the Botocudo Indians. These articles report that 

two of the Botocudo skulls collected and studied by Lacerda and Peixoto (1986) have 

mitochondrial and autosomal DNA lineages that are not Native Ame rican. The mitochondrial 

haplogroups reported by Gonçalves et al. (2013) are common in nowadays Polynesia and are 

also found in lower frequencies in Indonesia and Madagascar populations. The study was 

recently complemented by a study of autosomal DNA seque nces of the two Botocudo skulls 

that had the Polynesian mtDNA motif (Sapfo et al., 2014), which concluded that these 

individuals have exclusive Polynesian sequences, with no contribution of Native American 

sequences.  

To explain the presence of these unique haplogroups among the Botocudo Indian, 

Gonçalves et al. (2013) suggest three possible scenarios. The first one is that Botocudo Indians 

are descendants of the Paleaomerican groups from Lagoa Santa, following the early studies 

from the 19th Century (Lacerda and Peixoto, 1876). Under this scenario the Polynesian motif 

would be already present among the Lagoa Santa populations, and the Botocudo Indian would 

have inherited them from the early populations. This scenario, however, is not supported by the 

mtDNA,  because the estimated time of origin of the Polynesian motif is not old enough to be 

among the earliest occupants of South America. Moreover, the autosomal DNA extracted later 

from these individuals show no evidence of admixture with Native Americans (Sap fo et al., 

2014). The second hypothesis is that recent gene flow from Polynesia introduced the 

haplogroups to the Botocudo Indian. Although this scenario could explain the presence of 

Polynesian individuals (as inferred from the autosomal DNA) among Botocu do groups, it also 

seems unlikely given that the Botocudo lived in east South America, and no other evidence of 

the reported mitochondrial haplogroups has been yet found among native groups located in 

South American regions closer to Polynesia, despite evidence of contact between Polynesia and 

the Pacific coast of South America by the end of the Holocene (Yen, 1974; Green, 2000; Storey et 

al., 2007; Gongora, 2008; Gongora et al., 2008). The third hypothesis suggested by the authors is 

that these haplogroups are the results of the admixture between Botocudo groups and African 

slaves in the country. Under this hypothesis, slaves from Madagascar would have been 
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captured by Mozambique slave traders and had their mtDNA haplogroups introgressed into 

the Botocudo gene pool, who for some period coexisted with slaves in east central Brazil. This is 

also not a very probable scenario, given that the autosomal DNA data reported by Sapfo et al. 

(2014) show no evidence of African admixture. In addition, no other evidence o f more common 

African slave mtDNA sequences are found among the Botocudo, an unlikely fact given that 

Madagascar was not the major source of slaves for Brazil during the colonial period.  

Therefore, the biological variation observed among the Botocudo cannot be easily 

explained given the actual knowledge about the biological diversity of past and present Native 

American groups, especially when it comes to the origin of the Polynesian molecular lineages 

among them. To contribute to the discussion on the origin of the biological variation of the 

Botocudo Indians, here, we reassess the morphological affinities of Botocudo Indians using 

modern multivariate approaches focusing on two complementary goals: 1) to explore if the two 

individuals with Polynesian DNA ca n be assumed to belong to the Botocudo population (as far 

as cranial morphological variation is concerned); and 2) to test the hypothesis proposed by 

Lacerda and Peixoto (1876) that the Botocudo Indians retain the same morphological pattern as 

early Paleoamerican groups in the continent.  

THE BOTOCUDO  

Botocudo is a Portuguese term established during the 18th century to refer to a series of 

different native groups such as the Krenak, Naknenuk, Nakrehé, Etwet and Takruk -krak that 

used to occupy the eastern part of Brazil in the area delimited by the Una river to the north and 

the Doce River to the south. Those groups spoke different languages belonging to the Macro-Jê, 

considered a Paleo-indian linguistic family according to Rodrigues (2002). The term Botocudo 

derives from the wood disks and plugs wore on lips and ears, which were commonly used by 

many of the groups occupying the Atlantic Forest in East and South Brazil. The Portuguese 

ÈÚÚÖÊÐÈÛÌËɯÛÏÖÚÌɯÖÙÕÈÔÌÕÛÚɯÛÖɯÊÖÙÒÚɯÛÏÈÛɯÞÌÙÌɯÊÈÓÓÌËɯɁÉÖÛÖØÜÌÚɂɯÐÕɯÛÏÌÐÙɯÖÞÕ language. Before 

the term Botocudo became widely used those groups were referred to as Aimorés or Tapuiás, 

names that are still used in present time.  

The specific sample used in this study includes groups of Botocudo who lived in the 

Brazilian Atlantic F orest and associated ecotones during the 19th century. The Botocudo skulls 

analyzed here come mostly from the margins of the Rio Doce and from the Babylonia Cave 

(Lacerda e Peixoto, 1876; Table 1). Some of the Rio Doce individuals come from unknown 

localitàɯÈÕËɯÖÛÏÌÙÚɯÞÌÙÌɯÙÌÊÖÝÌÙÌËɯÍÙÖÔɯÈɯÔÈÚÚɯÎÙÈÝÌɯÞÏÌÙÌɯÐÕËÐÝÐËÜÈÓÚɯÖÍɯÛÏÌɯɁ/ÖÛõɂɯÛÙÐÉÌɯ

were buried after being murdered by the Brazilian army during a 19 th "ÌÕÛÜÙàɯɁ×ÈÊÐÍÐÊÈÛÐÖÕɂɯ

mission. The individuals from Babylonia Cave are inhumations probably from the C oropó and 

Goyatacazes tribes, who were expelled from the coast by Portuguese settlers during the 16th and 

17th Century (Lacerda and Peixoto, 1876). By the 19th century the Rio Doce region was already a 
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well explored area of Brazil with an expressive presence of non-natives. Between 1800 and 1850 

approximate 73 villages and 87 military outposts were established in the area (Paraiso, 2002). 

Ethnographic information on Botocudo come mainly from 19 th century travelers such as 

Briard (1986, first edition from 18 55), Rugendas (1979, first edition from 1928), Expilly (1977, 

first edition from 1857), Freyreyss (1900, first edition from 1814), Jomarb (1847), Mawe (1944, 

first edition from 1810), Wied -Neuwied (1958, first edition from 1815-1817), Saint Hilaire (1823) 

and Spix and Martius (1976, first edition from 1823). The social organization of the Botocudo 

Indians is characterized by frequent group splitting and by a religious system centered on the 

figure of the enchanted spirit of the dead (Paraíso, 2002). By the time of European contact, they 

were semi-nomadic and still relied heavily on a hunting -fishing -gathering subsistence strategy. 

Hunting and fishing  were typical male activities while gathering was a strictly female 

occupation (Paraíso, 2002). Hunting was the most important economic activity and was carried 

out within well -defined territories that were frequently the subject of inter -group disputes. The 

Botocudo had few non-portable items in their material -culture allowing for fast movement 

when enemies approached (Paraíso, 2002). For the same reason, their campsites and huts were 

very simple and readily taken down and rebuilt. Although it is known that marriage would 

preferentially occur among cross-cousins and never between parallel cousins, no details are 

known about their post -marital residence practices.  

Europeans and other native groups, especially the expanding tribes of Tupi speakers, 

surrounded the Botocudo populations considered here. The Tupi as they are known in the 

Brazilian archeological literatu re, were mostly slash-and-burn horticulturists, and represented 

the most widespread ethnic group within Brazilian territory at the time of European conquest 

(Brochado, 1989; Noelli, 1998).  

  



Appendix II 
 

65 
 
 

Table 1 ɬ Information on the Botocudo specimens that comprise the series used in this study. 

ID Sex Details1  

MN -003 M Skull ɬ Botocudo Indian. Poaia e Mutum Village. Rio Doce ɬ Minas Gerais, Brazil. 

MN -004 F Skull ɬ Botocudo Indian, with mandible. Mutum Village ɬ Espirito Santo, Brazil.  

MN -006 M Skull of Botocudo Indian, with mandible. S.Matheus - Espírito Santo, Brazil.  

MN -007 F Skull ɬ Botocudo Indian Poaia e Mutum Village ɬ Espirito Santo, Brazil.  

MN -008 M Skull ɬ Botocudo Indian. Rio Doce ɬ Minas Gerais, Brazil.  

MN -009 F Skull ɬ Poxixa Indian, with mandible. Mucuri River ɬ Espirito Santo, Brazil. 

MN -011 F Skull ɬ Botocudo Indian, with mandible.  Rio Doce ɬ Minas Gerais, Brazil. 

MN -012 F Skull ɬ Botocudo Indian. Mucuri River ɬ Espírito Santo, Brazil.  

MN -013 F Skull ɬ Botocudo Indian, with mandible. Mutum Village ɬ Espirito Santo, Brazil. 

MN -014 F Skull ɬ Botocudo Indian, with mandible. Mutum Village ɬ Espirito Santo, Brazil. 

MN -015 M Skull ɬ Botocudo Indian. Rio Doce ɬ Minas Gerais, Brazil 

MN -017 M Skull ɬ Botocudo Indian. Rio Doce ɬ Minas Gerais, Brazil 

MN -020 M Skull - Botocudo Indian. Mucuri River ɬ Espirito Santo, Brazil.  

MN -021 F Skull ɬ Botocudo Indian, with mandible. Mutum Village ɬ Espirito Santo, Brazil. 

MN -023 F Skull ɬ Poxixa Indian. Mucuri River ɬ Espirito Santo, Brazil. 

MN -026 M Skull ɬ Nak-Nanuk Indian, with mandible. Bahia, Brazil.  

MN -039 F Skull ɬ Botocudo Indian, with mandible. Poaia e Mutum Village - Espírito Santo, Brazil.  

MN -053 M Skull ɬ Botocudo Indian, with mandible. Babylonia Cave - Fazenda de Sant'Ana  

MN -055 M Skull ɬ with mandible. Found in cave near Itapemirim ɬ Espirito Santo, Brazil. 

MN -056 F Skull ɬ Botocudo Indian. Mucuri River ɬ Espirito Santo, Brazil.  

MN -062 M Skull ɬ Botocudo Indian, with mandible. Mucuri River ɬ Espirito Santo, Brazil.  

MN -063 F Skull ɬ Botocudo Indian, with mandible. S. Matheus ɬ Espirito Santo, Brazil.  

MN -064 F Skull ɬ Botocudo Indian, with mandible.  Rio Doce - Minas Gerais, Brazil.  

MN -065 M Skull ɬ Botocudo Indian, with mandible. Itapemirim ɬ Espirito Santo, Brazil 

MN -066 F Skull ɬ Botocudo Indian, with mandible. Mutum Village ɬ Espirito Santo, Brazil.  

MN -067 M Skull ɬ Botocudo Indian, with mandible. Minas Gerais, Brazil.  

MN -068 M Skull ɬ Botocudo Indian, with mandible. Mutum Village ɬ Brazil.  

MN -069 M Skull  ɬ Botocudo Indian. Mucuri River ɬ Espirito Santo, Brazil. 

MN -088 M Skull ɬ Poxixa Indian, with mandible. Mucuri River ɬ Espirito Santo, Brazil. 

MN -118 F Skeleton ɬ articulated, incomplete. Botocudo Indian. Rio Doce ɬ Minas Gerais, Brazil. 

MN -119 M Skeleton ɬ articulated, incomplete. Botocudo Indian. Rio Doce ɬ Minas Gerais, Brazil.  

MN -120 F Skeleton ɬ articulated, incomplete. Botocudo Indian. Rio Doce ɬ Minas Gerais, Brazil. 
1 translated from the Catalogue of the National Museum of Rio de Janeiro by the authors.  
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MATERIALS AND METHODS  

 Cranial morphology was assessed by 32 metric variables following Howells (1973, 1989) 

protocol (Table 2). The Botocudo material included here is comprised of 16 males and 16 

females skulls of adult individuals curated at the National Museum of Rio de Janei ro (see Table 

1 for details on the individuals, as presented in the Catalog of the National Museum).The 

morphological affinities of the Botocudo specimens were assessed by comparing them to early 

and mid -Holocene South American series and to Late Holocene series representing the 

worldwide modern human morphological variation (Table 3). The Paleoamerican series include 

specimens from Lagoa Santa, Brazil, and Sabana de Bogotá, Colombia. These series have been 

extensively described by Neves and Hubbe (2005) and Neves et al., (2007a) and further details 

will not be given here. The other South American series include a mid -Holocene shellmound 

series (Cabeçuda) associated to pre-ceramic, pre-agriculture, fisher -hunter -gatherers from the 

Archaic Period of the southern Brazilian Coast; two late Holocene coastal series (Base Aérea and 

Tapera) representing ceramic fisher-hunter -gatherers; Tupi-Guarani composed of North 

Brazilian recent native groups speaking mainly Tupi languages (Hubbe et al., 2014); and 

Howells (1996) modern Peruvian series. With the exception of Peru, all South American series 

ÞÌÙÌɯÔÌÈÚÜÙÌËɯÉàɯ6 -ɯÍÖÓÓÖÞÐÕÎɯ'ÖÞÌÓÓÚɀɯȹƕƝƛƗȮɯƕƝƜƝȺɯ×ÙÖÛÖÊÖÓȭɯ3ÏÌɯ2ÖÜÛÏɯ ÔÌÙÐÊÈÕɯÚÌÙÐÌÚɯ

were complemented by 30 series from Howells (1996) database that together represent the 

morphological variation seen among modern humans worldwide (Table 3).  

Given the presence of the two individuals with Polynesian DNA in our sample (MN -15 

and MN -17), we initially explored the morphological affinities of these specimens in two 

complementary ways. First, we analyzed their morphological affinities in relationship to the 

remaining Botocudo specimens according to the first two Principal Components extracted from 

the covariance matrix calculated for the Botocudo series. Second, we used linear multivariate 

discriminant analyses to classify the Botocudo individuals in the reference series. Classification 

was done based on Posterior Probabilities, with three different datasets: all reference series; 

only American series (minus Botocudo); and America n + Polynesian series (minus Botocudo). In 

all the analyses MN-15 and MN-17 were not included in the calculation of the Linear 

Discriminant Functions.  
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Table 2 ɬ Craniometric measurements included in each anatomical region. 

 
Major Anatomical 

Regions 

Minor Anataomical 

Regions Variables included*  

Neurocraneum 

Frontal 

Maximum frontal breadth  (XFB) 

Frontal cord  (FRC) 

Frontal subtense (FRS) 

Frontal fraction (FRF) 

Parietal 

Maximum cranial breadth  (XCB) 

Parietal cord (PAC) 

Parietal subtense (PAS) 

Parietal fraction (PAF) 

Occipital  

Biasterionic breadth (ASB) 

Occipital cord (OCC)  

Occipital subtense (OCS) 

Occipital fraction (OCF)  

Not included in minor 

regions 

Glabello-occipital length  (GOL) 

Nasio-occipital length   (NOL)  

Basion-Nasion length (BNL)  

Basion-bregma height (BBH) 

Biauricular breadth (AUB)  

Face 

Nasal 

Nasion-prosthion height (NPH)  

Nasal height (NLH)  

Nasal breadth (NLB) 

Orbit  
Orbit breadth (OBB) 

Orbit height (OBH)  

Upper Face Breadth 

Bijugal breadth (JUB) 

Bizygomaxillare breadth (ZMB)  

Bifrontomalare breadth  (FMB) 

Biorbital breadth  (EKB) 

Malar  

Malar length, inferior  (IML)  

Malar length, superior (XML)  

Cheek height (WMH)  

Not included in minor 

regions 

Interorbital breadth  (DKB) 

Subspinale subtense (SSS) 

Nasion Subtense (NAS) 

* - measurement definitions according to Howells (1973, 1989) 
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Table 3 ɬ Series included in the study. 

Series Region 
Sample 

Size 
Chronology  

Percentage of missing 

values 
Reference 

Central Brazil Botocudo South America 32 Sub-recent 1.52 This study 

Lagoa Santa South America 19 11.0 - 7.5 kyr 10.69 Neves and Hubbe, 2005 

Early Colombia  South America 14 11 - 6.5 kyr 10.27 Neves et al., 2007a 

Archaic Colombia  South America 33 5 - 3 kyr 11.55 Neves et al., 2007a 

Tupi -Guarani South America 23 Sub-recent 4.62 This study 

Base Aérea South America 18 ~1.0 kyr 7.81 Neves and Hubbe, 2005 

Tapera South America 47 ~1.0 kyr 6.58 Neves and Hubbe, 2005 

Cabeçuda South America 19 ~1.0 kyr 12.99 This study 

Peru South America 110 Sub-recent 0.00 Howells, 1973, 1989 

Arikara  North America  69 Sub-recent 0.00 Howells, 1973, 1989 

Eskimo North America  108 Sub-recent 0.00 Howells, 1973, 1989 

Santa Cruz North America  102 Sub-recent 0.03 Howells, 1973, 1989 

Ainu  East Asia 86 Sub-recent 0.00 Howells, 1973, 1989 

Buriat  East Asia 109 Sub-recent 0.23 Howells, 1973, 1989 

Hainan East Asia 83 Sub-recent 0.00 Howells, 1973, 1989 

North japan  East Asia 87 Sub-recent 0.07 Howells, 1973, 1989 

South japan East Asia 91 Sub-recent 0.00 Howells, 1973, 1989 

Anyang  East Asia 42 Sub-recent 0.00 Howells, 1973, 1989 

Andaman  Southeast Asia 70 Sub-recent 0.00 Howells, 1973, 1989 

Atayal  Southeast Asia 47 Sub-recent 0.00 Howells, 1973, 1989 

Guam Southeast Asia 57 Sub-recent 0.00 Howells, 1973, 1989 

Phillipines  Southeast Asia 50 Sub-recent 0.06 Howells, 1973, 1989 

Australia  Australo -Melanesia 101 Sub-recent 0.00 Howells, 1973, 1989 

Tasmania Australo -Melanesia 87 Sub-recent 0.00 Howells, 1973, 1989 

Tolai Australo -Melanesia 110 Sub-recent 0.00 Howells, 1973, 1989 

Teita Sub-Sahara Africa 83 Sub-recent 0.04 Howells, 1973, 1989 

Dogon Sub-Sahara Africa 99 Sub-recent 0.00 Howells, 1973, 1989 

Zulu  Sub-Sahara Africa 101 Sub-recent 0.00 Howells, 1973, 1989 

Bushman Sub-Sahara Africa  90 Sub-recent 0.00 Howells, 1973, 1989 

Egypt North Africa  111 Sub-recent 0.03 Howells, 1973, 1989 

Berg Europe 109 Sub-recent 0.03 Howells, 1973, 1989 

Zalavar Europe 98 Sub-recent 0.00 Howells, 1973, 1989 

Norse Europe 110 Sub-recent 0.00 Howells,  1973, 1989 

Moriori  Polynesia 108 Sub-recent 0.00 Howells, 1973, 1989 
Mokapu  Polynesia 100 Sub-recent 0.02 Howells, 1973, 1989 

Easter island Polynesia 86 Sub-recent 0.00 Howells, 1973, 1989 
North Maori  Polynesia 10 Sub-recent 0.00 Howells, 1973, 1989 
South Maori  Polynesia 10 Sub-recent 0.00 Howells, 1973, 1989 

TOTAL   3024    

 

 The morphological affinities of the Botocudos series as whole were initially assessed 

ÉÈÚÌËɯÖÕɯÛÏÌɯ,ÈÏÈÓÈÕÖÉÐÚɀɯ#ÐÚÛÈÕÊÌɯÔÈÛÙÐßɯ(Mahalanobis, 1936) between series. To represent 

the D2 matrix and explore the morphological affinities among series, the distances were plotted 

ÐÕɯÈɯÚÊÈÛÛÌÙ×ÓÖÛɯÎÌÕÌÙÈÛÌËɯÉàɯÈɯ*ÙÜÚÒÈÓɀÚɯÕÖÕ-metric Multidimensional Scaling (MDS; Cox and 

Cox, 2010). To explore the expected distribution of the observed di stances, 100 new distance 

matrices were calculated from bootstrapping the original data within groups, respecting the 

original sample sizes. This procedure generated new distance matrices that take into 

consideration the variation expected in the distance between series due to population 
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estimation errors associated to the sample sizes. The representation of the error distribution was 

also done via MDS. In this case for each of the 100 bootstrapped D2 matrices, MDS coordinates 

were calculated and then superimposed on the original MDS using a Procrustes Analysis 

(Bookstein, 1996), to minimize the differences in rotation and translation between the observed 

and the bootstrapped MDS results. 

To test the hypothesis that Botocudo share the same morphological pattern as 

Paleoamerican groups, further comparisons between series were conducted using minimum Fst 

estimates (Relethford and Blangero, 1990; Relethford et al., 1997), obtained by averaging the 

principal diagonal of the R -matrix (rii) extracted from the pheno typic data. Minimum Fst 

estimates can be calculated from phenotypic data and represent a measurement of the amount 

of the variance seen in the data that is due to differences between groups (Williams -Blangero 

and Blangero, 1989, 1990; Relethford and Blangero, 1990; Relethford et al., 1997). Fst estimates 

for metric data are minimum estimates and can greatly underrepresent inter -group variation 

apportionment if the heritability values of the additive characters (measurements) are low 

(Relethford and Blangero, 1990; Relethford, 1994). Heritability values for human cranial 

dimension range from moderate to high (Devor, 1987) although different traits show very 

distinct heritability levels (Carson, 2006; Martínez-Abadías et al., 2009). The variability 

diffe rences between traits poses a problem, since Fst estimates as proposed by Relethford and 

Blangero (1990) cannot include differential heritabilities for each trait, and instead require an 

average heritability for all traits. However, assuming mean heritabil ity values of 0.55 in the past 

produced similar apportionment values to neutral molecular data (Relethford, 1994, 2002), 

showing that even when using average heritability values, craniometric data generates 

comparable Fst estimates. In this case the assumed heritability values are of minor concern, 

since correcting for heritability does not change the hierarchy of Fst values obtained for 

different sets of series, as long as the same variables are used in all sets of comparisons (as is the 

case here). Therefore, all Fst estimates calculated here assume a constant heritability of 1.0, and 

therefore represent the minimum possible value of Fst (i.e., they assume that the totality of 

observed phenotypic variation is produced by genetic variation).  

Fst estimates were calculated among the three Paleoamerican series alone and then with 

each of the South American series added one at a time, to measure how much of the between 

group variance is contributed by each South American series independently. Fst values between 

Paleoamericans and South American series were compared to Fst estimates for series 

worldwide, as a reference of the magnitude of between group variance that is observed among 

modern human groups in the planet. The error distribution of the Fst estimates we re calculated 

as the standard deviation from the Fst values calculated in a thousand bootstraps of the data 

respecting the original sample sizes of the series. 
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Given the modular nature of the human skull (Lieberman et al., 2000; Collard and Wood, 

2007; Bastir and Rosas, 2008; Klingenberg, 2008, 2013; Mitteroecker and Bookstein, 2008; 

Paschetta et al., 2010), and the fact that functional anatomical regions can present distinct 

evolutionary trajectories and respond differently to evolutionary forces, prior to  Fst calculations 

the craniometric measurements were grouped in different anatomical regions (Table 2). The 

selection of anatomical regions tried to focus on clear functional regions of the skull, however a 

real functional division of the skull is impossib le with the linear variables available from 

Howells protocol. Nonetheless, the analyses within South America were conducted for two 

major anatomical regions (Neurocranium and Face) and seven minor anatomical regions 

(Frontal, Parietals, Occipital, Upper Face, Nasal, Orbit, Malar). By dividing the skull in major 

and minor anatomical regions, and analyzing them separately a more informative profile of the 

morphological differences and similarities between Paleoamericans and the rest of the South 

American series is possible. In that way, it is possible to compare the associations between 

Botocudo and Early Americans within the framework of differences observed in South America 

for each anatomical region. 

For all analyses, sexes were pooled together to maximize sample size in the 

ÈÙÊÏÈÌÖÓÖÎÐÊÈÓɯÚÌÙÐÌÚȭɯ'ÖÞÌÝÌÙȮɯÈÓÓɯÚÌÙÐÌÚɯȹÞÐÛÏɯÛÏÌɯÌßÊÌ×ÛÐÖÕɯÖÍɯ'ÖÞÌÓÓÚɀɯ2ÖÜÛÏɯÈÕËɯ-ÖÙÛÏɯ

Maori) have balanced sex distributions, so that sexual dimorphism will not influence the results 

significantly. Missing values (see Table 3 for details on the amount of missing values in each 

series) in the prehistoric and recent native South American series were replaced through 

multiple regression of the variable total mean (i.e. including all the series available and both 

sexes), using the remaining measurements of each individual as independent variables (see 

Hubbe et al., 2011, for a detailed justification of the missing values replacement method chosen 

here). Since size can be an important source of change across time, and this is an important 

component to explore the morphological affinity between Botocudo and Paleoamerican series, 

no size correction was applied to the craniometric data in this study. However, size corrected 

analyses of morphological affinities (MDS based on D2; data not shown) produced a nearly 

identical topology as the one presented here, indicating that size is not an important source of 

morphological variation in this database. All analyses were done in R (R Core Team, 2014), with 

functions written by MH, complemented by fun ctions from packages MASS (Venables and 

Ripley, 2002) and vegan (Oksanen et al., 2013). 

RESULTS 

Figure 1 shows the morphological affinities among the Botocudo specimens according to 

the first two Principal Components, which together explain 65.3% of the va riation in the series. 

The first PC is largely reflecting differences in size between the specimens and separates males 

(to the left) from females (to the right). PC2 does not show any clear pattern of separation. From 
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the perspective of the present study, the two specimens with Polynesian DNA (MN -15 and MN-

17) fall within the dispersion of other Botocudo individuals, among the largest specimens in the 

series. Table 4 shows the results of the classification analyses and Posterior Probabilities for 

each of the Botocudo specimens. The two individuals with Polynesian DNA (MN -15 and MN-

17) show different tendencies of classifications. MN-15 classifies with very high posterior 

probability to Botocudo Indians and Early Americans (in the analyses where Botocudo wer e not 

included as an option). MN -17, on the other hand, is classified as a Polynesia in both analyses 

where Polynesian groups were included (Moriori and Easter Island), although with relatively 

low Posterior Probabilities in both cases. The remaining Botocudo individuals show very 

coherent results, classifying mostly as Botocudo in the first analysis or as Early Americans in the 

second and third analysis, which is in accordance with the analyses done with the entire series 

(see below). 

 
Figure 1. Morpholog ical affinities among the Botocudo specimens based on the first two Proncipal 

Components extracted from the covariance matrix between the series. The dashed gray lines show the 

relative contribution of the variables (correlation coefficient scaled to the r ange of the axes) to each PC. 

Only correlations larger than 0.5 are shown. 
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Table 4 ɬ Classifications and Posterior Probabilities of the Botocudo specimens based on Linear 

Discriminant Functions for three different datasets.  

ID  

All Series 

 

American Series 

 

American and Polynesian Series 

 

Classification 
Post. 

Prob. 
Classification 

Post. 

Prob. 
Classification Post. Prob. 

MN -015 Botocudo 0.9937 Archaic Colombia  0.5443 Archaic Colombia  0.3818 

MN -017 Moriori  0.3634 Paleo Colombia  0.7512 Easter Island 0.5434 

MN -006 Botocudo 0.9999 Lagoa Santa 0.7844 Lagoa Santa 0.9393 

MN -008 Botocudo 0.7799 
Lagoa Santa 

0.9283 Lagoa Santa 0.9743 

MN -026 Botocudo 0.9999 Lagoa Santa 0.7548 Lagoa Santa 0.8766 

MN -062 Botocudo 1 Lagoa Santa 0.8198 Lagoa Santa 0.4894 

MN -020 Botocudo 0.9999 Lagoa Santa 0.9969 Mokapu  0.9545 

MN -065 Lagoa Santa 0.6027 Lagoa Santa 0.999 Lagoa Santa 0.9996 

MN -088 Botocudo 0.9992 Paleo Colombia 0.6399 Paleo Colombia 0.5445 

MN -067 Botocudo 0.5903 Paleo Colombia 0.599 Paleo Colombia 0.4066 

MN -119 Botocudo 0.9612 Lagoa Santa 0.6458 Lagoa Santa 0.7844 

MN -069 Botocudo 1 Paleo Colombia 0.4876 Mokapu  0.706 

MN -068 Tupi -Guarani 0.7277 Tupi -Guarani 0.9498 Tupi -Guarani 0.9542 

MN -053 Botocudo 0.98 Paleo Colombia 0.9338 Paleo Colombia 0.679 

MN -003 Botocudo 0.9616 Cabeçuda 0.6355 Lagoa Santa 0.5975 

MN -055 Botocudo 0.999 Tupi -Guarani 0.9931 Tupi -Guarani 0.9935 

MN -064 Botocudo 0.9997 Tapera 0.9626 Tapera 0.5288 

MN -039 Botocudo 0.9803 Tupi -Guarani 0.9819 Tupi -Guarani 0.9811 

MN -056 Botocudo 0.9998 Lagoa Santa 0.7961 Lagoa Santa 0.9103 

MN -063 Botocudo 0.9194 Lagoa Santa 0.4003 Tapera 0.4655 

MN -066 Botocudo 0.9999 Paleo Colombia 0.8733 Paleo Colombia 0.7533 

MN -007 Botocudo 0.4687 Peru 0.4785 Peru 0.4369 

MN -014 Botocudo 0.992 Eskimo 0.4826 Paleo Colombia 0.4497 

MN -021 Botocudo 0.9504 Lagoa Santa 0.8526 Mokapu  0.9478 

MN -004 Botocudo 1 Tupi -Guarani 0.4679 Tupi -Guarani 0.5122 

MN -012 Lagoa Santa 0.6881 Lagoa Santa 0.7788 Lagoa Santa 0.7987 

MN -013 Lagoa Santa 0.3831 Lagoa Santa 0.8987 Lagoa Santa 0.9192 

MN -120 Botocudo 0.9863 Lagoa Santa 0.6127 Lagoa Santa 0.6932 

MN -118 Botocudo 0.9839 Lagoa Santa 0.7654 Lagoa Santa 0.7926 

MN -023 Botocudo 0.9991 Lagoa Santa 0.963 Lagoa Santa 0.9719 

MN -009 Botocudo 0.9963 Paleo Colombia 0.7966 Paleo Colombia 0.7463 

MN -011 Botocudo 0.8887 Paleo Colombia 0.636 Paleo Colombia 0.6455 

Figure 2 shows the morphological affinities of the Botocudos in relation to the 

comparative series included in this study. The MDS shows a close affinity between the centroids 

of all Paleoamerican groups (Lagoa Santa, Paleo Colombia, and Early Colombia), who appear in 

an intermediate position between the cluster of African (Zulu, Teita, Dogon, Bushman) and 

Australo -Melanesian (Tolai, Australia, Tasmania) series and the Polynesian series of Easter 

Island. These results reflect well the pattern of affinities reported in previous studies (eg. Neves 

and Hubbe, 2005; Neves et al., 2007a; Hubbe et al., 2010). The Botocudo centroid appears 
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located close to the Paleoamerican series and Easter Island. The other Polynesian series 

(Mokapu, Moriori, S Maori and N Maori)  appear associated to Southeast Asian (Guam and 

Anyang) and the Brazilian coastal series (Cabeçuda, Base Aérea, and Tapera). The remaining 

Native American series are located far away from the cluster of Paleoamericans and Botocudo, 

further supporting their  ÚÛÙÖÕÎɯÔÖÙ×ÏÖÓÖÎÐÊÈÓɯÈÍÍÐÕÐÛÐÌÚȭɯ'ÖÞÌÓÓÚɀɯ ÔÌÙÐÊÈÕɯÚÌÙÐÌÚɯȹ ÙÐÒÈÙÈȮɯ

Peru, Santa Cruz) appear closely associated to some East Asian (Ainu) and European (Zalavar 

and Norse) series, a pattern of association also previously observed (Howells, 1973, 1989). The 

Brazilian series (Base Aérea, Cabeçuda, Tapera, and Tupi Guarani), on the other hand, show a 

larger range of morphological distribution, supporting recent studies that suggest high 

morphological diversity in South America (e.g., Hubbe et al., 2014). The error distributions 

observed from the bootstrapped data indicate, as expected, larger variation in the 

archaeological series, due to their smaller sample sizes. However, despite this larger error 

distribution, the patterns of associations described above hold true, even when this source of 

error is taken into account.  

Table 5 and Figure 3 show the minimum Fst values calculated between early Americans 

and the other South American series for the two major and seven minor anatomical regions of 

the skull. In all anatomical regions the three early American series show low between-group 

variances, especially when compared to the Fst observed worldwide. When any of the later 

South American series is included in the analyses, there is an increase in the observed Fst, as 

would be expected. However only in a few cases the Fst reach values comparable to the 

worldwide variation. The overall pattern that arises from this analysis is that the Botocudo 

Indians are more similar to Paleoamericans when the neurocranium is considered. When the 

major neurocranium component and the minor frontal and parietal components are considered, 

Botocudo is the only series that, when added to the Paleoamericans, does not raise de Fst 

observed above the 95% confidence interval of Paleoamericans alone. When the facial regions 

are considered (major and minor components), the addition of Botocudo individuals still is 

within the 95% CI of Paleoamericans alone, but this is also observed for all other Late series, 

which indicates that in these cases the Botocudo are not particularly closely related to the 

Paleoamerican series, and low differentiation between groups is observed in Late South 

America as a whole. Interestingly, the coastal series show significant increase in Fst values 

when added to Paleoamerican groups, which fits previous results that suggest strong barriers 

between coastal and inland Brazil during most of the Holocene (see Hubbe et al., 2014, for an 

extended discussion on the topic). The only anatomical region that is characterized by high 

between-group variances in South America is the orbit, where even the Fst among 

Paleoamericans is ~0.10. This is also the only region were the addition of Botocudo results in a 

considerable increase in minimum Fst values. 
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Figure 2. Morphological affinities among the series included in this study represented by non -metric 

Multidimensional Scaling (MDS) of the Mahalanobis distances matrix. The solid dots represent the MDS 

results obtained for the original data, and the transparent dots  represent MDS results for each of the 100 

bootstraps of the samples superimposed on the original MDS results.  

 

DISCUSSION AND CONCLUSIONS  

Our results support the earlier 19 th century observation that the Botocudo Indians 

present morphological affinities with early South American groups (Lacerda and Peixoto, 1876). 

Indeed, Botocudo can be considered as retaining the cranial morphological pattern observed 

among Paleoamerican groups, particularly when the neurocranium is taken into account. This 

in itself is  an interesting observation, given that it suggests the maintenance of the 

Paleoamerican morphology throughout the Holocene, despite the existence of groups sharing 

considerable morphological differences occupying Brazil during this period. Remarkable in t his 

case is the fact that Tupi-Guarani groups coexisted in the same region as the Botocudo, and yet 

low morphological affinities are found between them (see Figure 2), suggesting limited gene -

flow between these groups. The coastal groups in this study (Base Aérea, Tapera and Cabeçuda) 

present a very different morphological pattern from Botocudo and Paleoamerican groups as 

well, both in the neurocranium and in the face. These differences may be the result of two 

dispersal waves into the continent, as recently suggested by Hubbe et al. (2014).  
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Figure 3. Minimum Fst estimates obtained for the Early South American series by themselves and when 

each of the late South American series is analyzed together with them. Error bars represent one standard 

deviation calculated from 1000 bootstraps of the series. The light gray dashed line represents the upper 

confidence interval of the Paleoamerican Fst (Paleoamerican Fst + 1.96*sd), and the dark dashed line 

represent the lower 95% confidence interval of the worldwide Fst (World Fst ɬ 1.96*sd).  
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Table 5 ɬ Fst for Early American series and each of the South American series, in comparison to 

the Fst of series worldwide. 

 
 Major Regions Minor Regions 

Series Neurocranium  Face Frontal Parietal Occipital  Orbit  Nasal 

Early Americans 0.038 ± 0.026 0.045 ± 0.02 0.034 ± 0.025  0.018 ± 0.016 0.024 ± 0.022 0.103 ± 0.033 0.045 ± 0.029 

+ Botocudo 0.056 ± 0.018 0.06 ± 0.016 0.045 ± 0.02 0.038 ± 0.018 0.057 ± 0.02 0.152 ± 0.042 0.054 ± 0.025 

+ Tupi-Guarani 0.106 ± 0.026 0.067 ± 0.017 0.093 ± 0.033 0.099 ± 0.028 0.072 ± 0.025 0.12 ± 0.032 0.035 ± 0.023 

+ Cabeçuda 0.107 ± 0.03 0.087 ± 0.024 0.136 ± 0.044 0.146 ± 0.034 0.072 ± 0.031 0.158 ± 0.04 0.097 ± 0.031 

+ Tapera 0.09 ± 0.024 0.141 ± 0.026 0.115 ± 0.038 0.116 ± 0.027 0.135 ± 0.028 0.196 ± 0.035 0.097 ± 0.03 

+ Base Aérea 0.113 ± 0.033 0.152 ± 0.037 0.112 ± 0.039 0.084 ± 0.026 0.193 ± 0.04 0.19 ± 0.038 0.079 ± 0.032 

+ Peru 0.09 ± 0.017 0.071 ± 0.014 0.08 ± 0.033 0.118 ± 0.026 0.021 ± 0.015 0.111 ± 0.027 0.039 ± 0.022 

World  0.171 ± 0.004 0.172 ± 0.004 0.177 ± 0.008 0.192 ± 0.007 0.158 ± 0.008 0.198 ± 0.01 0.2 ± 0.007 

 

However, these morphological affinities do not help us elucidate the presence of 

Polynesian DNA lineages found in two of the Botocudo specimens analyzed. From the 

morphological perspective, there is no strong evidence that these individuals differ from the  

remaining individuals in the series, i.e., that they were intrusive specimens among the Botocudo 

collection. The classifications based on Discriminant Function are equally puzzling, since the 

two Polynesian individuals have different pattern of associatio n, one of them (MN -15) closely 

resembling the Botocudo and Paleoamerican morphological characteristics, and the other (MN-

17) classifying as Polynesian. These results present themselves as an interesting conundrum: on 

the one hand, there is no strong evidence from the morphological point of view that these 

individuals do not belong to the Botocudo populations (who show unique cranial 

morphological patterns themselves), on the other hand, it is exceedingly hard to accept, from a 

genetic point of view that th ese individuals belong to a Native American population (Sapfo et 

al., 2014).  

Given these uncertainties, we separated our discussion in two parts. The first addresses 

the origin of the morphological pattern that characterizes the Botocudo specimens analyzed 

here. Given that strong morphological affinities were observed among the Botocudo specimens 

as a whole, it is safe to assume that these results were not influenced by the presence of the two 

skulls presenting Polynesian DNA (MN -15 and MN-17), and therefore their presence in the 

sample does not affect the implications of our results. The second part addresses the presence of 
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the Polynesian DNA lineages in our Botocudo series and how the morphological analyses can 

contribute to the discussion of the origin of these particular lineages in the continent. 

The retention of Paleoamerican morphology among the Botocudo 

Three different explanations can be proposed to account for the morphological 

similarities found between Paleoamericans and Botocudos: adaptive (genetic) convergence to 

similar climatic and environmental conditions; developmental plasticity to similar lifestyles 

(non-genetic convergence); or a direct ancestral-descendant relationship. The first possibility, 

adaptive convergence due to similar climatic  and environmental conditions, is in our opinion 

hard to sustain due to two independent sources of information. The first concerns the 

environmental information available for early Lagoa Santa, early Colombia, and Botocudo. 

East-Central Brazil (where Lagoa Santa and Botocudo were established) can be characterized as 

a sub-tropical setting, exhibiting a seasonal, low-land landscape (around 600 meters altitude), 

covered by a mosaic of savanna, semi-deciduous forests, and rain forests, never subjected to 

cold temperatures (Araujo et al., 2005; Oliveira et al., 2005). On the other hand, the first 

Colombians were settled in the Andean highlands (~ 2000 m.a.s.l.), a region covered by 

parklands and subjected to low temperatures during the year, especially in the wi nter months 

(Van der Hammen, 1988). During the Pleistocene/Holocene transition, when the climate was 

colder than today, differences were probably even more accentuated (van der Hammen, 1988; 

Oliveira et al., 2005). Since the same cranial pattern is observed in different environments their 

similarities cannot be explained by convergent adaptation to comparable local conditions.  

The second line of evidence suggesting that convergent natural selective pressures could 

explain the similarities found among the La goa Santa, Sabana de Bogotá and Botocudo groups 

comes from contemporary understandings of the forces governing the evolution of human 

cranial morphology. Recent literature strongly supports that the action of natural selection on 

human cranial morphology i s restricted to harsh cold conditions (Relethford, 2002; Roseman 

and Weaver, 2004; Harvati and Weaver, 2006; Betti et al., 2009; Hubbe et al., 2009; von Cramon-

Taubadel, 2009), which is clearly not the case in East-Central Brazil, or in the Sabana de Bogotá, 

during the entire Holocene (Oliveira et al., 2005). It is now well accepted that the evolution of 

human skull shape involves mainly stochastic processes of differentiation (see von Cramon-

Taubadel, 2013 for a comprehensive review). Also, the strongest evidence of morphological 

retention in the Botocudo Indians is observed in the neurocranium, which has been shown to 

better reconstruct the phylogenetic relationships among modern humans when compared to 

other regions of the skull (Harvati and Weaver, 2006, 2008; Hubbe et al., 2009). 

The second explanation that could be proposed for the similar morphological pattern of 

early Paleoamericans and Botocudo relies on developmental plasticity to similar lifestyles. 

Indeed, the three series showing Paleoamerican morphology in this study share the same broad 
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subsistence pattern: hunting and gathering. However, contrary to what was defended in the 

past (Boas, 1912; Carlson and van Gerven, 1977), current investigations have shown that 

although an influence on cranial morphology, plastic responses  are very limited when the skull 

is taken as a whole (Sparks and Jantz, 2002; González-José et al., 2005; Paschetta et al., 2010). The 

results obtained in this study seem to point to this direction. In fact, the largest differences 

observed between Paleoamerican and Botocudo is associated to the face, which is the region 

that is most affected by adaptation to different subsistence patterns (González-José et al., 2005). 

Some authors have suggested that the Amerindian morphology could be the result of 

adaptation to regular plant cultivation and consumption since the Middle Holocene (Perez and 

Monteiro, 2009; Perez et al., 2011). The idea behind this scenario is that with plant cultivation 

(and pre-oral processing of vegetal food), much of the mastication stress generated by a hunter-

gatherer life-style was dissipated. Recently, (Menéndez et al., 2014) proposed an alternative 

pathway in which subsistence strategy can influence cranial morphology that is not focused on 

the differential levels of mechanic stimuli (ie. bite force) but on the differences in the 

composition of the diet itself (ie. carbohydrate and protein intake). According to those lines of 

thought, the Amerindian morphological pattern that succeeded Paleoamerican morphology 

could have resulted from a plastic response to chewing stress relaxation or to a change in diet 

composition.  

However, our results speak against the correlation between life-style change and cranial 

morphological differentiation. The shellmounds of Southern Brazil represented in o ur analysis 

by the Cabeçuda series exhibit a very distinct skull pattern from Early Americans and Botocudo 

(Figures 2 and 3). However, it is well recognized in the local archaeological literature that the 

shellmound builders relied on fishing, shell -fishin g, and hunting (Lima, 1999; Gaspar et al., 

2008). These specialized hunter-gatherers seldom consumed plant items and there is no 

evidence that plant cultivation was among their regular subsistence activities. The high degree 

of dental attrition (Neves and Wesolowski, 2002) also attests to the chewing of hard and 

abrasive food items, with meager pre-oral processing, if any. Moreover, when facial anatomy is 

considered, there are more differences between Paleoamerican and the coastal sites, than 

between the former and Late Native Americans that relied on agriculture (Tupi -Guarani and 

Peru; Figure 3). In addition, a recent isotopic study (Colonese et al., 2014) has pointed to a 

strong dietary similarity between coastal and inland groups, in spite of the accentua ted 

morphological differences between them reported here.  Therefore subsistence change and 

phenotypic plasticity, in the context of this study, are poor candidates for either the origin of the 

Amerindian cranial pattern, or the similarities between Paleoa mericans and Botocudos. 

In view of the fact that our result do not conform easily to developmental hypotheses to 

explain the morphological affinities between Early Americans and Botocudo Indians, we 

propose that the morphological affinities of the 19 th century Botocudos from East-Central Brazil 
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and the Paleoamerican populations included in this study are best explained as a case of direct 

ancestor-descendant relationship between them, with the latter retaining to a large degree the 

morphological pattern  that characterized the former. The Botocudo would not be the first 

example of late groups presenting Paleoamerican morphology in the continent. The Pericú 

Indians from Baja California (González-José et al., 2003) and Patagonian groups from the 

southernmost part of South America (Lahr, 1995) have been shown to also present the same 

morphological pattern as early American groups in modern times. Both these groups inhabited 

remote and isolated areas in the continent, and therefore their retention of the Paleoamerican 

morphology has been suggested to have occurred only on regions were groups bringing the 

Amerindian morphology did not easily reach (González-José et al., 2003). The Botocudo, 

however, do not fit well in this rule, given that they inhabited an acce ssible region in East-

Central Brazil, and coexisted with Tupi -Guarani groups that show no morphological affinities 

with Paleoamerican groups. Hubbe et al. (2014) explored possible scenarios to explain the 

structure of this morphological variation among Bra zilian groups during the Holocene, finding 

support for a strong isolation between coastal and inland groups. The existence of a strong gene 

flow barrier, either due to cultural differences or environmental aspects, is supported by the 

data in the present study, given the differences between the coastal series and other Brazilian 

groups (Figures 2 and 3). Future studies will need to explore more specifically the relationship 

between the indigenous groups in East-Central Brazil to solve causes behind the barrier 

between these groups. 

The origin of the biological variation of Botocudo Indians 

The results presented here, in particular the retention of Paleoamerican morphology 

among Botocudo Indians and the close morphological affinities between Paleoamerican groups 

and Easter Island, allow us to explore and contribute to the discussion of the origins of the 

biological diversity observed among the Botocudo. As reviewed in the introduction, three 

hypotheses were proposed to explain the presence of Polynesian haplogroups among the 

Botocudo Indians (Gonçalves et al., 2013; Sapfo et al., 2014): 1) they are the direct descendants of 

Lagoa Santa groups; 2) they are directly connected with Polynesian populations via trans-

pacific migration; and 3) they inherited this DNA lineages from genetic exchange with African 

slaves during the colonial period in Brazil. From an exclusive point of view of cranial 

morphology, we would argue that our results are not in accordance with what would be 

expected under Hypotheses 2 and 3, offering support only to Hypothesis 1. However, as 

detailed below, the first hypothesis is the least supported by the mitochondrial and autosomal 

genetic data. 

The results of the craniometric analyses done here suggest that the Botocudo Indians 

represent a case of Late retention of the Paleoamerican morphological pattern, as discussed 
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above. Although the Botocudo also share strong morphological affinities with one of the 

Polynesain series (Eater Island), a direct connection between Polynesian and Botocudo Indians 

due to trans-pacific migration is hard to sustain, for several reasons: 1) most of the Botocudo 

specimens analyzed show the typical C1 haplogroup of Native America groups (Gonçalves et 

al., 2013), therefore, cannot be considered as individuals who migrated from Polynesia. Also, 

the two specimens (MN-15 and MN-17) that show Polynesian autossomal and mtDNA lineages 

(Gonçalves et al., 2013; Sapfo et al., 2014), show no evidence of admixture with Native 

Americans, making it very unlikely that the morphologic al affinities between Botocudo and 

Easter Island are due to the introgression of Polynesian molecular diversity into the Native 

American gene pool. Second, the uniqueness of the Botocudo Indians, especially given their 

geographic location, speaks strongly against the idea of Late Holocene trans-pacific migrations 

as the cause for their biological characteristics. Polynesia was settled only in the last 3.5 

thousand years (Weisler and Woodhead, 1995; Burley and Dickinson, 2001; Collerson and 

Weisler, 2007; Finney, 2007), and therefore any gene-flow from Polynesia directly into the 

Americas (e.g., Yen, 1974; Green, 2000; Price et al., 2004; Storey et al., 2007; Gongora, 2008; 

Gongora et al., 2008) must have occurred during the Late Holocene, when the continent was 

already densely populated and occupied by human groups. In this scenario, it is very unlikely 

that the only groups sharing lineages from such gene-flow event would be located on the 

eastern fringe of the continent, with no evidence of similar lineages occurring more frequently 

among series closer to the point of insertion of Polynesian genetic diversity into the continent, 

namely the Pacific coast. And third, Botocudo show high morphological affinities with only the 

most outlier (and geographically remo te) of the Polynesian series included in the analyses 

(Easter Island), suggesting they do not present morphological affinities with the typical 

Polynesian morphology (see Figure 2). 

Similarly, it is hard to envision a situation where admixture with African  slaves could 

explain the Botocudo biological diversity (Hypothesis 3).  Although this is the favored 

hypothesis of Gonçalves et al. (2013), it has been deemed as unlikely by the autosomal analyses, 

which show no evidence of admixture with Native Americans  or African populations (Sapfo et 

al., 2014). Moreover, it is extremely unlikely that only the relatively uncommon mtDNA 

frequencies from relatively uncommon Madagascar slaves would be the only African lineages 

introduced into the Botocudo gene pool. The morphological analyses presented here add 

further support to this, since the sub -Sahara African series included in the comparative analyses 

(Teita, Dogon, Zulu, and Bushman; Figure 2) do not present strong morphological affinities 

with the Botocudo.  

Althoug h our results go against what would be expected for Hypothesis 2 and 3, we 

believe they conform well to the expectations of Hypothesis 1, namely that the Botocudo are the 

biological descendants of the Early American groups that inhabited Lagoa Santa by the end of 
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the Pleistocene and beginning of the Holocene. As demonstrated by Hubbe et al. (2011), the 

early American groups from South America show very similar morphologies when compared 

to Late Pleistocene groups from East Asia and North Europe. This strong morphological affinity 

among Late Pleistocene/Early Holocene groups worldwide suggests that Early Americans share 

the generalized morphology that predates the morphological diversification that characterizes 

populations nowadays in the planet. The dispers ion scenario defended by previous studies to 

explain these morphological relationships (Hubbe et al., 2011; Neves et al., 2013) considers that 

Paleoamericans present the morphological pattern that was observed in SE Asia by the end of 

the Pleistocene, when groups carrying this morphology moved northward towards NE Asia 

and subsequently into the Americas, and southwards towards Indonesia, Australia and 

Melanesia. Later during the Holocene, the morphological differentiation that gave rise to the 

typical moder n East Asian and Amerindian morphology largely replaced traces of the previous 

morphology in these regions, resulting in visible affinities among Paleaomericans and recent 

Australo -Melanesians (e.g., Hubbe et al., 2010), but not with Asians and most Native 

Americans. The presence of some generalized groups in East Asia as well (e.g., the Ainu; 

Seguchi et al., 2011) support the idea of a strong morphological change in Asia. Evidence of two 

morphological patterns associated to distinct dispersion waves has been previously used to 

describe the morphological diversity within the Americas (Neves and Hubbe, 2005; Hubbe et 

al., 2010,but see de Azevedo et al., 2011 for a counter-argument). Recently a similar argument 

has been made to explain the morphological diversity among South and Southeast Asian 

groups (Reyes-Centeno et al., 2014), further supporting the idea that SE Asia experienced a 

significant shift in morphology during the Holocene.  

By extension then, our present results show that among the South American groups the 

Botocudo largely retained the same generalized morphology until the end of the Holocene, and 

similarly among the Polynesian series, Easter Island also retained a similar morphological 

pattern. Easter Island is one of the most remote locations within Polynesia, and the fact that it 

could have retained a more generalized morphology can be a result of their geographic isolation 

from groups introducing recent Asian morphology to the region, in the same way that it has 

been suggested that the Pericú and Patagonian groups in the America retained the 

Paleoamerican morphology due to their geographic isolation until recent times (Lahr, 1995; 

González-José et al., 2003). 

Therefore, this scenario would explain the morphological affinities observed here. 

Howev er, although this hypothesis fits well with the morphological variation observed among 

our series, it fails to explain the presence of Polynesian DNA lineages in individuals MN -15 and 

MN -17. As highlighted by Gonçalves et al. (2013), such scenario can be discarded to explain the 

two individuals with Polynesian mtDNA because the time to the most recent common ancestor 

of the Polynesian motif is too young to accommodate the expansion into the Americas, and 
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because the mtDNA motif observed in these individuals  lack any private polymorphisms, 

which is not compatible with the scenario presented above. The lack of Native American 

admixture in the autosomal DNA of these two individuals (Sapfo et al., 2014) give further 

support to Gonçalves et al. (2013) interpretation. On top of this evidence, to date no early 

Holocene skeleton that had DNA extracted show the mtDNA haplogroups that are not Native 

American (e.g., Kemp et al., 2007; Gilbert et al., 2008; Chatters et al., 2014; Rasmussen et al., 

2014; see also Raff et al., 2011 for a comprehensive review of aDNA studies in the Americas). 

Therefore, while a model of retention of the morphological pattern present in the Old World by 

the end of the Pleistocene could explain the morphological association between Botocudo 

Indians, Early Americans and Easter Island, it fails to explain the presence of the Polynesian 

DNA lineages in two of the Botocudo specimens available to study, whose explanation remains 

elusive. A fourth hypothesis, is that these specimens represent Polynesian skulls that were 

mixed with the National Museum collection during the past century. We find this an unlikely 

scenario, because 1) the individuals are clearly labeled and well referenced in the catalogue (See 

Sapfto et al., 2014, for photographs of the specimens), and 2) from a morphological point of 

view there is no strong evidence that these individuals differ from the remaining Botocudo 

specimens.  

Still, it is important to bear in mind that there are indeed Polynesian crania housed in the 

National Mu seum that were acquired in the late 19th ÊÌÕÛÜÙàɯÍÖÙɯÛÏÌɯɁ!ÙÈáÐÓÐÈÕɯ ÕÛÏÙÖ×ÖÓÖÎÐÊÈÓɯ

$ßÏÐÉÐÛÐÖÕɂɯ ȹÌȭÎȭȮɯ Ú×ÌÊÐÔÌÕɯ ,--111 was brought from the Chatham Islands in 1872 and 

specimens MN-104 and MN-105 were brought from the Marquesas Islands-Fatu Hiva, precise 

date unknown). For MN -111 this means that the specimen was acquired only two years before 

the first Botocudo arrived at the National Museum in 1874 (Sapfo et al., 2014). The museum 

catalogue, however, only came into existence more than three decades later, in 1906.  

Taking into account how hard it is at this point to harmonize the data concerning 

specimens MN-15 and MN-17, further scrutinization to eliminate the possibility of mislabeling 

would be worth pursuing. In particular, it would be necessary for DNA samples to be extracted 

from the Polynesian specimens and their sequences compared to MN-15 and MN-17, to 

ascertain they come from different backgrounds. Complementarily, these two individuals have 

considerably older age (~AD 1420 ɬ 1510, although marine reservoir effect could be causing an 

older date for the specimens; Sapfo et al., 2014) than the other Botocudo specimens dated so far, 

and generating a better chronological context for the Botocudo and Polynesian series of the 

museum are required to try to confidently rule out specimen mislabeling.  

In conclusion, our analyses of the morphological affinities of the Botocudo Indians 

within a worldwide context support the hypothesis proposed by Lacerda and Peixoto (1876) 

that these groups from East-Central Brazil retained the same morphological pattern from the 

early inhabitants from Lagoa Santa. Indeed, we were able to further clarify that these 
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similarities are best observed in the neurocranium, which is an anatomical region that is usually 

less affected by adaptive responses to climate or diet change, while in the face some variations 

occur, particularly in the orbit. From a morphological point of view our results fit better a 

scenario where the Botocudo are biological descendants from early Paleoamerican groups (e.g., 

Lagoa Santa), who share their last common ancestor with Polynesian groups probably in SE 

Asia, before the morphological differentiation that resulted in the present day morphological 

pattern seen in Asia and most of the Americas occurred. However, this scenario fails to shed 

light on the origin of the Polynesian DNA lineages found in the two Botocudo specimens 

collected from Rio Doce.  

ACKNOWLEDGEMENTS  

The authors are greatly indebted to the curators and colleagues of the institutions that house 

these collections. This paper is dedicated to the 19th century physical anthropologists of the 

National Museum in Rio de Janeiro, in memoriam, who were right from the start.  

 

LITERATURE CITED  

Araujo AGM, Neves WA, Piló LB, Atui JP V. 2005. Holocene dryness and human occupation in Brazil 

ËÜÙÐÕÎɯÛÏÌɯɁ ÙÊÏÈÐÊɯ&È×ɂȭɯ0ÜÈÛÌÙÕÈÙàɯ1ÌÚɯƚƘȯƖƝƜɬ307.  

Bastir M, Rosas A. 2008. Mosaic Evolution of the Basicranium in Homo and its Relation to Modular 

Development. Evol Biol 36:57ɬ70. 

Betti L, Balloux F, Amos W, Hanihara T, Manica A. 2009. Distance from Africa, not climate, explains 

within -population phenotypic diversity in humans. Proc R Soc B 276:809ɬ14.  

Boas F. 1912. Changes in the bodily form of descendants of immigrants. New York: Columbia University 

Press. 

Bookstein FL. 1996. Biometrics, biomathematics and the morphometric synthesis. B Math Biol 58:313ɬ365.  

Briard F. 1986. Viagem à província do Espírito Santo. Vitória, Aracruz, Fundação Jônice Tristão.  

Brochado JP. 1989. A expansão dos Tupi e da cerâmica de tradição policrômica amazônica. Dédalo 27:65ɬ

82. 

Burley DV, Dickinson WR. 2001. Origin and significance of a founding settlement in Polynesia. Proc Natl 

Acad Sci USA 98:11829ɬ11831.  

Carlson DS, Van Gerven DP. 1977. Masticatory function and post -Pleistocene evolution in Nubia. Am J 

Physis Anthropol 46:495ɬ506.  

Carson EA. 2006. Maximum likelihood estimation of human craniometric heritabilities. Am J Physis 

Anthropol 131:169ɬ180. 

Chatters JC, Neves WA, Blum M. 1999. The Kennewick Man: A first multivariate analysis. Curent 

Research inthe Pleistocene 16:87ɬ90. 

Chatters JC, Kennett DJ, Asmerom Y, Kemp BM, Polyak V, Blank AN, Beddows P, Reinhardt E, Arroyo-

Cabrales J, Bolnick D a, Malhi RS, Culleton BJ, Erreguerena PL, Rissolo D, Morell-Hart S, Stafford 

TW. 2014. Late Pleistocene human skeleton and mtDNA link Paleoamericans and modern Native 

Americans. Science 344:750ɬ754.  

Collard M, Wood B. 2007. An assessment of the impact of phenotypic plasticity on phylo genetic analyses 

of humans and their fossil relatives. J Hum Evol 52:573ɬ584.  



Appendix II 
 

84 
 
 

Collerson KD, Weisler MI. 2007. Stone adze compositions and the extent of ancient Polynesian voyaging 

and trade. Science 317:1907ɬ1911.  

Colonese AC, Collins M, Lucquin A, Eusta ce M, Hancock Y, Ponzoni RAR, Mora A, Smith C, DeBlasis P, 

Figuti L, Wesolowski V, Plens CR, Eggers S,  Farias DSE, Gledhill A, Craig OE. 2014. Long-term 

resilience of Late Holocene coastal subsistence syste, in southeastern South America.  PloS One 

10:e1371. 

Cox TF, Cox MAA. 2010. Multidimensional scaling. London: Chapman & Hall/CRC.  

de Azevedo S, Nocera A, Paschetta C, Castillo L, González M, González-José R. 2011. Evaluating 

microevolutionary models for the early settlement of the New World: the importan ce of recurrent 

gene flow with Asia. Am J Physis Anthropol 146:539ɬ552.  

Devor EJ. 1987. Transmission of human cranial dimensions. Journal of Craniofacial Genetics and 

Developmental Biology 7:95ɬ106.  

Expilly C. 1977. Mulheres e costumes no Brasil. São Paulo, Nacional.  

Finney B. 2007. Tracking Polynesian seafarers. Science 317:1873ɬ1874.  

Freyreyss GW. 1900. Viagem à várias tribos de selvagens na capitania de Minas Gerais. Revista do 

Instituto Histórico e Geográfico de São Paulo 6:236-252. 

Gaspar MD, De Blasis P, Fish SK, Fish PR. 2008. Sambaqui (Shell Mound) societies of coastal Brazil. In: 

Silverman H, Isbell, William H, editors. Handbook of South American Archaeology. New York: 

Springer. 

Gilbert MTP, Jenkins DL, Götherstrom A, Naveran N, Sanchez JJ, Hofreiter M, Thomsen PF, Binladen J, 

Higham TFG, Yohe RM, Parr R, Cummings LS, Willerslev E. 2008. DNA from pre-Clovis human 

coprolites in Oregon, North America. Science 320:786ɬ789.  

Gongora R. 2008. Reply to Storey et al: More DNA and dating studies needed for ancient El Arenal-1 

chickens. Proc Natl Acad Sci USA 105: 100. 

Gongora J, Rawlence NJ, Mobegi VA, Alcalde JA, Matus JT, Hanotte O, Austin JJ, Ulm S, Anderson AJ. 

2008. Indo-European and Asian origins for Chilean and Pacific chickens revealed by mtDNA. Proc 

Natl Acad Sci USA 105:10308ɬ10313. 

González-José R, González-Martín A, Hernández M, Pucciarelli HM, Sardi ML, Rosales A, Van der Molen 

S. 2003. Craniometric evidence for Palaeoamerican survival in Baja California. Nature 425:62ɬ65. 

González-José R, Neves W, Lahr MM, González S, Pucciarelli H, Hernández Martínez M, Correal G. 2005. 

Late Pleistocene/Holocene craniofacial morphology in Mesoamerican Paleoindians: implications 

for the peoplin g of the New World. Am J Physis Anthropol 128:772ɬ780.  

González-José R, Bortolini MC, Santos FR, Bonatto SL. 2008. The peopling of America: craniofacial shape 

variation on a continental scale and its interpretation from an interdisciplinary view. Am J Phy sis 

Anthropol 137:175ɬ187 

Gonçalves VF, Stenderup J, Rodrigues-Carvalho C, Silva HP, Gonçalves-Dornelas H, Líryo A, Kivisild T, 

Malaspinas A-S, Campos PF, Rasmussen M, Willerslev E, Pena SDJ. 2013. Identification of 

Polynesian mtDNA haplogroups in remains of Botocudo Amerindians from Brazil. Proc Natl Acad 

Sci USA 110:6465ɬ6469.  

Green RC. 2000. A range of disciplines support a dual origin for the bottle gourd in the Pacific. The 

Journal of the Polynesian Society 109:191ɬ197. 

Harvati K, Weaver TD. 2006. Human cranial anatomy and the differential preservation of population 

history and climate signatures. AnatRecPart A 288:1225ɬ1233.  

Harvati K, Weaver TD. 2008. Reliability of cranial morphology in reconstructing Neanderthal phylogeny. 

In: Harvati K, Harrison T, editors. Neanderthals revisited: new approaches and perspectives. New 

York: Springer. p 239ɬ254. 



Appendix II 
 

85 
 
 

Howells WW. 1973. Cranial variation in man: a study by multivariate analysis of patterns of difference 

among recent human populations. Papers of the Peabody Museum of Archaeology and Ethnology 

67. 

Howells WW. 1989. Skull shapes and the map. Papers of the Peabody Museum of Archaeology and 

Ethnology 79. 

'ÖÞÌÓÓÚɯ66ȭɯƕƝƝƚȭɯ'ÖÞÌÓÓÚɀɯÊÙÈÕÐÖÔÌÛÙÐÊɯËÈÛÈɯÖÕɯÛÏÌɯÐÕÛÌÙÕÌÛȭɯ Ôɯ)ɯ/ÏàÚÐÚɯ ÕÛÏÙÖ×ÖÓɯƕƔƕȯƘƘƕɬ442. 

Hubbe M, Nev es WA, Atui JP V, Cartelle C, Pereira MA. 2004. A new early human skeleton from Brazil: 

ÚÜ××ÖÙÛɯÍÖÙɯÛÏÌɯɁɯ3ÞÖɯ,ÈÐÕɯ!ÐÖÓÖÎÐÊÈÓɯ"ÖÔ×ÖÕÌÕÛÚɯ,ÖËÌÓɯɂɯÍÖÙɯÛÏÌɯÚÌÛÛÓÌÔÌÕÛɯÖÍɯÛÏÌɯ ÔÌÙÐÊÈÚȭɯ

Current Research in the Pleistocene 21:77ɬ80. 

Hubbe M, Neves WA, Licurgo H,  &ÜÐËÖÕɯ-ȭɯƖƔƔƛȭɯɁ9ÜáÜɂɯÚÛÙÐÒÌÚɯÈÎÈÐÕɯ- morphological affinities of the 

early Holocene human skeleton from Toca dos Coqueiros, Piaui, Brazil. Am J Phys Anthropol 

134:285-291. 

Hubbe M, Hanihara T, Harvati K. 2009. Climate signatures in the morphological dif ferentiation of 

worldwide modern human populations. Anat Rec Part A 292:1720 ɬ1733.  

Hubbe M, Neves WA, Harvati K. 2010. Testing evolutionary and dispersion scenarios for the settlement 

of the new world. PloS One 5: e11105. 

Hubbe M, Harvati K, Neves W. 2011. Paleoamerican morphology in the context of European and East 

Asian late Pleistocene variation: implications for human dispersion into the New World. Am J 

Physis Anthropol 144: 442ɬ453.  

Hubbe M, Okumura M, Bernardo D V, Neves WA. 2014. Cranial morphological diversity of Early, Middle 

and Late Holocene Brazilian groups: implications for human dispersion in Brazil. Am J Phys 

Anthropol 155: 546-558. 

Imbelloni J. 1938. Tabla classificatoria de los indios. Regiones biológicas y grupos raciales humanos de 

América. Physis 12:229ɬ249. 

Jantz RL, Owsley DW. 2001. Variation among early North American crania. Am J Physis Anthropol 

114:146ɬ155.  

Jomarb M. 1847. Notícias sobre os Botocudos. Revista do Insituto Histórico e Geográfico Brasileiro INAC: 

9:107-113.  

Kemp BM, Malhi RS, Mcdonough J, Bolnick DA, Eshleman JA, Rickards O, Martinez-labarga C, Johnson 

JR, Lorenz JG, Dixon EJ, Fifield TE, Heaton TH, Worl R, Smith DG. 2007. Genetic analysis of early 

Holocene skeletal remains from Alaska and its implications for the settlement of the Americas. Am 

J Physis Anthropol 621:605ɬ621. 

Klingenberg CP. 2008. Morphological Integration and Developmental Modularity. Annu Rev Ecol Evol S 

39:115ɬ132.  

Klingenberg CP. 2013. Cranial integration and modul arity: insights into evolution and development from 

morphometric data.Hystrix 24:43ɬ58. 

Lacerda F, Peixoto R. 1876. Contribuições para o estudo antropológico das raças indígenas do Brazil. 

Archivos do Museu Nacional do Rio de Janeiro 1:47ɬ79. 

Lahr MM. 1995. Patterns of modern human diversification: Implications for Amerindian origins. Am J 

Physis Anthropol 38:163ɬ198.  

Lieberman DE, Ross CF, Ravosa MJ. 2000. The primate cranial base: ontogeny, function, and integration. 

Yearb Phys Anthropol 31: 117ɬ169.  

Lima TA. 1999. Em busca dos frutos do mar: os pescadores-coletores do litoral centro-sul do Brasil. 

Revista USP 44:270ɬ329. 

Mahalanobis PC. 1936. On the generalized distance in statistics. Proceedings of the National Institute of 

Sciences of India 2:49ɬ55. 



Appendix II 
 

86 
 
 

Martínez -Abadías N, Esparza M, Sjøvold T, González-José R, Santos M, Hernández M. 2009. Heritability 

of human cranial dimensions: comparing the evolvability of different cranial regions. J Anat 

214:19ɬ35.  

Mawe J. 1944. Viagem ao interior do Brasil. Velverde Télio, Rio de Janeiro.  

Mello e Alvim MC. 1963. Diversidade morfológica entre os índios Botocudos do leste brasileiro (séc. XIX) 

e o homem de Lagoa Santa. Boletim do Museu Nacional NS Antropologia 12: 1ɬ70. 

Menéndez L, Bernal V, Novellino P, Perez SI. 2014. Effect of bite force and diet composition on 

craniofacial diversification of Southern South American human populations. Am J Physis 

Anthropol 155:114-127. 

Mitteroecker P, Bookstein F. 2008. The evolutionary role of modularity and integration i n the hominoid 

cranium. Evolution 62:943ɬ58.  

Neves WA, Hubbe M. 2005. Cranial morphology of early Americans from Lagoa Santa, Brazil: 

implications for the settlement of the New World. Proc Natl Acad Sci USA 102:18309ɬ18314.  

Neves WA, Pucciarelli HM. 1989. Extra continental biological relationships of early South American 

human remains: a multivariate analysis. Ciência e Cultural 41:566ɬ575. 

Neves WA, Pucciarelli HM. 1991. Morphological affinities of the first Americans: an exploratory analysis 

based on early South American human remains. J Hum Evol 21:261ɬ273. 

Neves WA, Wesolowski V. 2002. Economy, nutrition, and disease in prehistoric coastal Brazil: a case 

study from the state of Santa Catarina. In: Steckel RH, Rose JC, editors. The backbone of history - 

health and nutrition in the western hemipshere. Cambridge: Cambridge University Press. p 376 ɬ

402. 

Neves WA, Powell JF, Ozolins EG. 1999. Extra-continental morphological affinities of Palli Aike, southern 

Chile. Interciencia 24: 258ɬ263. 

Neves WA, Prous A, González-José R, Kipnis R, Powell J. 2003. Early Holocene human skeletal remains 

from Santana do Riacho, Brazil: implications for the settlement of the New World. J Hum Evol 

45:19ɬ42.  

Neves WA, González-José R, Hubbe M, Kipnis R, Araujo A, Blasi O. 2004a. Early Holocene human 

skeletal remains from Cerca Grande, Lagoa Santa, Central Brazil, and the origins of the first 

Americans. World Archaeol 36: 479ɬ501.  

Neves WA, Hubbe M, Ribeiro PA, Bernardo DV. 2004b. Afinidades morfológicas de três crânios 

associados à Tradição Umbu: uma análise exploratória multivariada. Revista do CEPA 28: 159ɬ185. 

Neves WA, Hubbe M, Okumura MMM, González -José R, Figuti L, Eggers S, De Blasis PAD. 2005. A new 

early Holocene human skeleton from Brazil: implications for the settleme nt of the New World. J 

Hum Evol 48: 403ɬ414.  

Neves WA, Hubbe M, Correal G. 2007a. Human skeletal remains from Sabana de Bogota Colombia: A 

case of Paleoamerican morphology late survival in South America? Am J Physis Anthropol 

133:1080ɬ1098. 

Neves WA, Hubb e M, Piló LB. 2007b. Early Holocene human skeletal remains from Sumidouro Cave, 

Lagoa Santa, Brazil: History of discoveries, geological and chronological context, and comparative 

cranial morphology. J Hum Evol 52:16ɬ30.  

Neves WA, Hubbe M, Bernardo D, Strauss A, Araujo A, Kipnis R. 2013. Early human occupation of Lagoa 

Santa , eastern central Brazil: Craniometric variation of the initial settlers of south america. In: Graf 

K, Ketron CV, Waters MR, editors. The Paleoamerican Odissey. Santa Fe: Center for the Study of 

the First Americans. p 397-414. 

Noelli FS. 1998. The Tupi: explaining origin and expansions in terms of archaeology and of historical 

linguistics. Antiquity 72:648 ɬ663. 



Appendix II 
 

87 
 
 

Oksanen J, Guillaume Blanchet F, Kindt R, Legendre P, Minchin PR, O'Hara RB, Simpson GL, Solymos P, 

Stevens MHH, Wagner H. 2013. vegan: Community Ecology Package. R package version 2.0-10.  

Oliveira PE, Behling H, Ledru MP, Barberi M, Bush M, Salgado-Laboriau ML, Garcia MK, Medeanic S, 

Barth OM, Barros MA, Scheel-Ybert R. 2005. Paleovegetação e paleoclimas do Quaternário do 

Brasil. In: Gouveia CR, Suguio K, Oliveira AM., Oliveira PE, editors. Quaternário do Brasil. 

Ribeirão Preto: Helos Editora. p 52ɬ74. 

Paraíso MHB. 2002. Os Botocudos e sua trajetória histórica. In: da Cunha MC, editor. História dos índios 

no Brasil. São Paulo: Companhia das Letras. p 413ɬ430. 

Paschetta C, De Azevedo S, Castillo L, Martínez-Abadías N, Hernández M, Lieberman DE, González-José 

R. 2010. The influence of masticatory loading on craniofacial morphology : A test case across 

technological transitions in the Ohio valley. Am J Physis Anthropol 141:297ɬ314.  

Perez SI, Monteiro LR. 2009. Nonrandom factors in modern human morphological diversification: a study 

of craniofacial variation in southern South america n populations. Evolution 63:978ɬ993.  

Perez SI, Lema V, Diniz-Filho JAF, Bernal V, Gonzalez PN, Gobbo D, Pucciarelli HM. 2011. The role of 

diet and temperature in shaping cranial diversification of South American human populations: an 

approach based on spatial regression and divergence rate tests. J Biogeogr 38:148ɬ163. 

Powell JF. 2005. The first Americans: Race, evolution and the origin of native Americans. Cambridge: 

Cambridge University Press. 

Pucciarelli HM, Perez SI, Politis GG. 2010. Early Holocene human remains from the Argentinean Pampas: 

additional evidence for distinctive cranial morphology of early South Americans. Am J Physis 

Anthropol 143:298ɬ305.  

Pucciarelli HM, Sardi ML, Jimenez Lóp ez JC, Sanchez CS. 2003. Early peopling and evolutionary 

diversification in America. Quaternary International 109 -110:123ɬ132.  

R Core Team. 2014. R: A language and environment for statistical computing. Vienna: R Foundation for 

Statistical Computing.  

1ÈÍÍɯ)Ȯɯ!ÖÓÕÐÊÒɯ#Ȯɯ3ÈÊÒÕÌàɯ)Ȯɯ.ɀ1ÖÜÙÒÌɯ#'ȭɯƖƔƕƕȭɯ ÕÊÐÌÕÛɯ#- ɯ×ÌÙÚ×ÌÊÛÐÝÌÚɯÖÕɯ ÔÌÙÐÊÈÕɯÊÖÓÖÕÐáÈÛÐÖÕɯ

and population history. Am J Physis Anthropol 146:503ɬ14.  

Rasmussen M, Anzick SL, Waters MR, Skoglund P, DeGiorgio M, Stafford TW, Rasmussen S, Moltke I, 

Al brechtsen A, Doyle SM, Poznik GD, Gudmundsdottir V, Yadav R, Malaspinas A -S, White SS, 

Allentoft ME, Cornejo OE, Tambets K, Eriksson A, Heintzman PD, Karmin M, Korneliussen TS, 

Meltzer DJ, Pierre TL, Stenderup J, Saag L, Warmuth VM, Lopes MC, Malhi RS, Brunak S, 

Sicheritz-Ponten T, Barnes I, Collins M, Orlando L, Balloux F, Manica A, Gupta R, Metspalu M, 

Bustamante CD, Jakobsson M, Nielsen R, Willerslev E. 2014. The genome of a Late Pleistocene 

human from a Clovis burial site in western Montana. Nature 506: 225ɬ229.  

Relethford JH. 1994. Craniometric variation among modern human populations. Am J Physis Anthropol 

95:53ɬ62.  

Relethford JH. 2002. Apportionment of global human genetic diversity based on craniometrics and skin 

color. Am J Physis Anthropol 118:393ɬ398.  

Relethford JH, Blangero J. 1990. Detection of differential gene flow from patterns of quantitative 

variation. Human Biology 62:5 ɬ25. 

Relethford JH, Crawford MH, Blangero J. 1997. Genetic drift and gene flow in post-famine Ireland. 

HumBiol 69:443ɬ465. 

Reyes-Centeno H, Ghirotto S, Détroit F, Grimaud -Hervé D, Barbujani G, Harvati K. 2014. Genomic and 

cranial phenotype data support multiple modern human dispersals from Africa and a southern 

route into Asia. Proc Natl Acad Sci USA111:7248ɬ7253. 

Rivet P. 1ƝƘƖȭɯ+ÌÚɯ.ÙÐÎÐÕÌÚɯËÌɯÓɀ'ÖÔÔÌɯ ÔõÙÐÊÈÐÕȭɯ,ÖÕÛÙÌÈÓȯɯ+ÌÚɯNËÐÛÐÖÕÚɯÓɀ ÙÉÙÌȭ 



Appendix II 
 

88 
 
 

Rodrigues AD. 2002. Línguas brasileiras: para o conhecimento das línguas indígenas. São Paulo: Loyla. 

Roseman CC, Weaver TD. 2004. Multivariate apportionment of global human craniometr ic diversity. Am 

J Physis Anthropol 125:257ɬ263.  

Rugendas JM. 1979. Viagem pitoresca através do Brasil. Edusp, São Paulo.  

Saint-Hilaire A. 1823.  ×ÌÙñÜɯËɀÜÕɯÝÖàÈÎÌɯËÈÕɯÓɀɯÐÕÛõÙÐÖÜÙɯËÜɯ!ÙõÚÐÓȮɯÓÈɯ×ÙÖÝÐÕÊÌɯÊÐÚ×ÓÈÛÐÕÌɯÌÛɯÓÌÚɯÔÐÚÚÐÖÕÚɯËÐÛÌÚɯËÜɯ

Paraguay. A Belin, Paris.   

Sardi ML, Ramírez-Rozzi F, González-José R, Pucciarelli HM. 2005. South Amerindian craniofacial 

morphology: diversity and implications for Amerindian evolution. Am J Physis Anthropol 

128:747ɬ756.  

Seguchi N, Mckeown A, Schmidt R, Umeda H, Brace CL. 2011. An alternative view of the peopling of 

South America: Lagoa Santa in craniometric perspective. Anthropol Sci 119:21ɬ38. 

Sparks CS, Jantz RL. 2002. A reassessment of human cranial plasticity: Boas revisited. Proc Natl Acad Sci 

USA 99:14636ɬ9.  

Spix JB, Martius CFP. 1976. Viagem pelo Brasil. Edusp, São Paulo.  

Storey A, Ramírez JM, Quiroz D, Burley D V, Addison DJ, Walter R, Anderson AJ, Hunt TL, Athens JS, 

Huynen L, Matisoo -Smith EA. 2007. Radiocarbon and DNA evidence for a pre -Columbian 

intr oduction of Polynesian chickens to Chile. Proc Natl Acad Sci USA 104:10335ɬ10339.  

van der Hammen T. 1988. South America. In: Huntley B, Webb T, editors. Vegetation history. New York: 

Springer. 

Venables WN, Ripley BD. 2002. Modern Applied Statistics with S. Fourth Edition. New York: Springer.  

Von Cramon-Taubadel N. 2009. Congruence of individual cranial bone morphology and neutral 

molecular affinity patterns in modern humans. Am J Physis Anthropol 140:205 ɬ215.  

Von Cramon-Taubadel N. 2013. Evolutionary insights into global patterns of human cranial diversity : 

population history, climatic and dietary effects. J Anthro Sci 91:1ɬ36. 

Weisler MI, Woodhead JD. 1995. Basalt Pb isotope analysis and the prehistoric settlement of Polynesia. 

Proc Natl Acad Sci USA 92:1881ɬ1885. 

Wied-Neuwied M. 1958. Viagem ao Brasil. Nacional, São Paulo.  

Williams -Blangero S, Blangero J. 1989. Anthropometric variation and the genetic structure of the Jirels of 

Nepal. Hum Biol 61:1ɬ12. 

Williams -Blangero S, Blangero J. 1990. Effects of population structure on within -group variation in the 

Jirels of Nepal. Hum Biol 62:131ɬ146. 

Yen D. 1974. The sweet potato in Oceania: an essay in ethnobotany. Honolulu: Bishop Museum Press. 

 

 

 

 

 

 

  



 

89 
 
 

 

 

 

Appendix III  

 

 

 

 

 

 

 

 

 

 

 

 

!ÜÙÐÌËɯÐÕɯÛÏÌɯÈÚÏÌÚȯɯÍÖÙÔÈÛÐÖÕɯ×ÙÖÊÌÚÚÌÚɯÖÍɯÈÕɯÌÈÙÓàɯ2ÖÜÛÏɯ ÔÌÙÐÊÈÕÚɀɯ

site (Lapa do Santo, Brazil).  
 

 

 

Ximena S. Villagran, Andr é Strauss, Christopher Miller, Bertrand Ligouis, Rodrigo Elias 

de Oliveira  

 

 

Accpeted for publication in the Journal of Archaeological Sciences 

 

 

 

 

 

 



 

90 
 
 

ABSTRACT  

Few archaeological sites in the Americas contain high concentrations of human burials dating 

back to the early Holocene. The tropical karstic region of Lagoa Santa, in central Brazil (state of 

Minas Gerais) is one of the richest bioanthropological records available to study the behaviors 

and funerary practices of early Holocene South Americans, with more than 200 skeletons found 

so far. One of the key locations to examine the history of human settlement in Lagoa Santa is the 

site of Lapa do Santo, a rockshelter known to contain the oldest rock art and the earliest 

evidence of funerary complexity in the continent. In this geoarchaeological investigation we 

focus on the early Holocene settlement at Lapa do Santo (7.9 ɬ 12.7 cal kyBP) applying high-

resolution geoarchaeological techniques, such as micromorphology, organic petrology and 

µFTIR, on both archaeological, modern reference and experimental samples. This is the first 

time that a micro -contextual approach integrated with experimental geoarchaeology has been 

applied to study the formation of rockshelter deposits in a tropical setting. Our results show 

that the stratigraphic sequence formed under the dual influence of anthropogenic 

sedimentationɭthrough continuous combustion activities ɭand geogenic sedimentation in the 

form of oxisol aggregates which fell from above the limestone cliff into the rockshelter. Intact 

hearths and remobilized combustion debris, possibly hearth rake -out, are close to the graves 

suggesting repeated burning activities as part of the ritual behavior of early Holocene South 

Americans. Large amounts of ash are intermixed with heated and unheated oxisol aggregates. 

Heated termite mound fragments were also found mixed within the sediments. Post -

depositional alteration of the site includes limited bioturbation and localized, low energy 

surface water and sub-surface concentrations of moisture, leading to precipitation of dense, 

secondary carbonates. The age inversions can be attributed to the human action of reworking 

the ashy sediments and not to post-abandonment processes. Despite this, the overall 

preservation of the sediments is good and most human burials can be considered to be in 

primary context.  
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The karstic region of Lagoa Santa in east-central Brazil (state of Min as Gerais) is an 

important location to understand the activities and behaviors of early Holocene populations in 

South America. An astonishing amount of well -preserved human remains were found, the 

ÖÓËÌÚÛɯÉÌÐÕÎɯÛÏÌɯÍÌÔÈÓÌɯÚÒÌÓÌÛÖÕɯÖÍɯɁ+ÜáÐÈɂɯÚÛÙÈÛÐÎÙÈ×ÏÐÊÈÓly dated ca. 11.3- 15.1 cal kyBP 

(Araujo et al., 2012; Feathers et al., 2010; Neves and Hubbe, 2005; Neves et al., 1999). Peter Lund, 

a Danish naturalist, conducted the first research in the area in the 19th ÊÌÕÛÜÙàȭɯɯ+ÜÕËɀÚɯ

observations on the skeletal remains led to bioanthropological research focused on the study of 

Èɯ ÚÒÌÓÌÛÈÓɤÊÙÈÕÐÈÓɯ Ûà×Ìɯ ÕÈÔÌËɯ Ɂ/ÈÓÌÖÈÔÌÙÐÊÈÕɂȭɯ ,ÖÙ×ÏÖÓÖÎÐÊÈÓÓàɯ ËÐÚÛÐÕÊÛɯ ÍÙÖÔɯ ÔÖÚÛɯ

archaeological and present-day Native Americans, Paleoamericans are characterized by a 

morphological affinity  with modern populations from Africa and the South Pacific (Neves et al., 

1999, 2003, 2004, 2007; Powell and Neves, 1999; Neves and Hubbe, 2005; Hubbe et al., 2011). 

Most of the 200 skeletons recovered from the region date to the early Holocene, when 

systematic burial inside rockshelters first appears. The burial practices of early Holocene South 

Americans from Lagoa Santa were traditionally thought to be simple and homogeneous, 

involving primary deposition of flexed bodies in shallow graves (Araujo et al., 2012; Neves and 

Hubbe, 2005; Neves et al., 2012, 2002; Prous and Fogaça, 1999). Recent studies demonstrate low 

mobility among these groups (Da-Gloria, 2012) and novel funerary practices since early 

Holocene times, including complex rituals involving the perimortem reduction of the dead body  

(Neves et al., 2002; Strauss, 2010, 2016; Strauss et al., 2015). 

The settlement of Lagoa Santa dates from the Paleoindian to Archaic periods (Araujo et 

al., 2012, 2008; Feathers et al., 2010; Laming-Emperaire, 1979; Neves et al., 2004, 1999; Prous and 

Fogaça, 1999; Prous, 1992). The stone tool technology typically consists of small flakes and 

informal tools made of local quartz and quartzite, with rare bone tools and bifacial points 

(Araujo and Pugliese, 2009; Araujo et al., 2012; Moreno de Souza, 2015; Pugliese 2008). Despite 

the technological differences between Lagoa Santa and other sites in central Brazil (Bueno, 2005; 

Bueno et al., 2013a, 2013b; Dias, 2004; Kipnis, 1998; Prous and Fogaça, 1999; Prous, 1992), the 

subsistence in the earliest settlements is persistently characterized by broad-spectrum strategies, 

including plants (roots and fruits) and small and medium -sized game (Bissaro Jr., 2008; Bueno 

et al., 2013a; Dias, 2004; Hermenegildo, 2009; Kipnis, 1998; Strauss et al., in press).  

Adding to the long history of archaeological and bioanthropological research in Lagoa Santa, 

geoarchaeological studies have provided essential information on local sedimentation processes 

inside several local caves and rockshelters (e.g. Piló et al., 2005; Araujo et al., 2008, 2013; 

Feathers et al., 2010; Hubbe et al., 2011).  

The site of Lapa do Santo, a rockshelter with deposits dating to the Pleistocene/Holocene 

transition, offers one of the most complete stratigraphic sequences available to study the 

chronology, subsistence, funerary ritual and artistic expressions of early South Americans. The 

site is located in the north of the Lagoa Santa karstic region (Figure 1A), where 33 human 
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interments have been recovered so far. Field observations suggested that the almost 5m of 

powdery grey sediments could be ash from anthropogenic fires, pointing to rapid accumulation 

and intensive occupation of the site. However, the possible human origin for the sediments at 

Lapa do Santo has until now been unconfirmed. Few data and analyses exist that explicitly 

study the relation between the ashy sediments and the multiple human burials.   

High -resolution geoarchaological analysis, including micromorphology, FTIR analysis 

(Fourier Transform Infrared  Spectrometry) and FTIR microspectroscopy (µFTIR) have proven 

their potential to study archaeological sites in caves and rockshelters (e.g., Berna et al., 2004, 

2012; Goldberg and Sherwood, 2006; Schiegl and Conard, 2006; Karkanas and Goldberg, 2007; 

Goldberg et al., 2009; Mallol et al., 2009; Feathers et al., 2010; Goldberg and Berna, 2010; Wadley 

et al., 2011; Miller et al., 2013). Microstratigraphic analyses are especially suitable to evaluate the 

relative input of geogenic vs. anthropogenic sediments in  archaeological deposits. The use of 

high -resolution techniques also allows us to identify past human activities that are only 

recorded in the sediments themselves.  

In this paper, we focus on the early Holocene occupation of the site where most of the 

human remains are found. We conducted high-resolution geoarchaeological analyses with the 

goal of understanding the nature and mode of accumulation of the sediments that contain the 

interments and archaeological remains. We present data from micromorphology, µFTIR and 

organic petrology, testing the utility of a micro -contextual approach for the study of 

rockshelters in tropical settings. The data are combined with a complete set of reference samples 

of local soils and sediments and with experimental heating st udies for a comprehensive 

interpretation of the archaeological sediments. The wide-scale sampling strategy aims at 

covering all the possible components involved in site formation, from natural to anthropogenic 

ones to investigate the occupation and ritual use of the rockshelter.     

LAPA DO SANTO AND THE KARST OF LAGOA SANTA  

Lapa do Santo consists of a wide sheltered area of approximately 1300m2 at the base of a 

ca. 30m-high limestone massif that rises from a doline valley (Figure 1A -D). The karst is formed 

in Upper Pre-Cambrian metasedimentary rocks of the Bambuí Group, with a basal 

metacalcareous body corresponding to the Sete Lagoas Formation (dated 740 ± 22 Ma, Babinski 

et al., 2006) covered by metapellitic rocks (siltstones and claystones) of the Serra de Santa 

Helena Formation (IBAMA -CPRM, 1998) (Figure 1A). Dissolution of the Sete Lagoas limestone 

resulted in several karstic features on the landscape, such as caves and doline lakes. The soil 

cover is dominated by clayey, hematite-rich, red Oxisols (latossolos in the Brazilian Soil System) 

over yellow, goethite -rich oxisols developed on the Serra de Santa Helena metapellites (Araujo 

et al., 2013; IBAMA -CPRM, 1998; Piló, 1998). Oxisols are highly weathered soils, rich in Fe-
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(hydr)oxides (e.g. hematite, goethite), Al -(hydr)oxides (e.g. gibbsite) and resistant clay minerals 

(e.g. kaolinite) (Embrapa, 2006; Schaetzt and Anderson, 2005; Soil Survey Staff, 2003).  

 

 

Figure 1. Map with location of the site of Lapa do Santo in the state of Minas Gerais, central Brazil: A) 

Geological map of the karst of Lagoa Santa with location of Lapa do Santo and other archaeological sites 

in rock shelters (geological map adapted from IBAMA -CPRM, 1998); B) Satellite image of the limestone 

massif where Lapa do Santo is located (image from GoogleEarth); C) Photograph of the limestone wall 

above the site; D) Photograph inside the rock shelter. 

The modern climate is tropical semi-humid, with mean annual temperature of 22º C, 

rainy summers and dry winters. The vegetation cover is dominated by Cerrado (woody savanna) 

and semi-deciduous forests, although in most flat areas the natural vegetation has been 

replaced by crops and pastures (CPRM, 2010). 

Lapa do Santo was excavated between 2001 and 2009 as part of a project entitled 

Ɂ.ÙÐÎÐÕÚɯÈÕËɯÔÐÊÙÖÌÝÖÓÜÛÐÖÕɯÖÍɯÔÈÕɯÐÕɯ ÔÌÙÐÊÈȯɯÈɯ×ÈÓÌÖÈÕÛÏÙÖ×ÖÓÖÎÐÊÈÓɯÈ××ÙÖÈÊÏɂɯÊÖÖÙËÐÕÈÛÌËɯ

by Prof. Walter Neves (FAPESP 99/0670-7). The site is currently protected and no visitors are 

allowed. The work exposed an area of 30.5 m2 in the southern portion of the site containing 26 

well -preserved human burials (Figure 2A). A total of 52 radiocarbon ages were determined on 

charcoal fragments and ten on human bones (Araujo et al., 2012; Strauss et al., in press).  The 

radiocarbon ages cluster in three distinct and non-overlapping chronological periods 
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corresponding to the early, mid and late Holocene: 1) 7.9 ɬ 12.7 cal kyBP; 2) 3.9 ɬ 5.4 cal kyBP; 3) 

0.0 ɬ 2.1 cal kyBP (intervals of 95.4 %) (Strauss et al., in press). 

The human burials are dated between ca. 8.2-10.6 cal kyBP and are stratigraphically 

restricted to the uppermost 1 m of sediment. They include primary and secondary burials, some 

of them with evidence for decapitation, de fleshing and tooth removal (Strauss 2010; 2016; 

Strauss et al., 2015, in press). A 30 x 20cm petroglyph consisting of an anthropomorphic figure 

occurs at the base of the sedimentary succession, reaching 4m below the surface. The 

petroglyph was dated by rad iocarbon and OSL between ca. 9200 and 12.500 BP, making it the 

oldest evidence of rock art in the Americas (Neves et al., 2012). 

$ßÊÈÝÈÛÐÖÕÚɯÈÛɯÛÏÌɯÚÐÛÌɯÙÌÚÜÔÌËɯÐÕɯƖƔƕƕɯÛÏÙÖÜÎÏɯÛÏÌɯ×ÙÖÑÌÊÛɯɁThe mortuary rituals of the 

first AmericansɂȮɯcoordinated by André  Strauss (Department of Human Evolution, MPI -EVA) . 

Two new excavations were opened: a main area of 10,5m2 to the east of the 2001-2009 excavation 

and a second area of 2m2 (Figure 2A and D, Figure 4A). During three field seasons (2011, 2012 

and 2014) seven human burials were exhumed from the main area (Figure 4A). The chronology 

of the archaeological record in the areas of the new excavation is based on 14 radiocarbon ages, 

13 of which are between 9.4 ɬ 10.1 cal kyBP (Figure 4B) (see supplementary material online 1 for 

the complete list of dates). An understanding of the sedimentary dynamics inside the 

rockshelter is essential for reconstructing the formation processes of Lapa do Santo. The 

topography of the sheltered area shows a south-north slope of approxi mately 10 degrees that 

dips into a sinkhole (Figure 2A -C). Watermarks on the limestone wall about 4m above the 

modern surface suggest an area of intermittently ponded water (see Figure 2A and B). A 

colluvial fan in the northwest part of the site dips into the sinkhole and consists of soil material 

derived from the oxisol on top of the limestone (Figure 2C.1). The rockshelter shows an east-

west slope of approximately 45 degrees near the edges that flattens to the east. 

Most excavations are located to the south of the rockshelter, on its highest part. Neither 

colluvial fans, nor chimneys were observed in this location (Figure 2D). About 6m south of the 

2011-2014 excavation, an outcrop of reddish, loamy breccia consisting of limestone fragments 

fills a dissolution pipe (Figure 3D and F). Large speleothems occur over the excavation area and 

several speleothem fragments have fallen to the ground and are now contained within the 

archaeological sediments.  
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Figure 2. Topography and photographs of Lapa do Santo rockshelter: A) Topography of the site with 

location of the two main excavation areas; B) Schematic cross-section of the rock shelter from north to 

south; C) North view of the rock shelter with detail of the red colluviu m and sinkhole (C.1); D) South 

view of the rock shelter with indication of the 2011 -2014 excavation area. 
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M ATERIALS AND METHODS  

In this work we focus on the 2011-2014 excavation area, using a micro-contextual 

approach (Goldberg and Berna, 2010), integrating micromorphology, µFTIR and organic 

petrology to better understand the sediments in Lapa do Santo and study the context of the 

archaeological findings (artifacts and human interments). Micromorphology is the study of 

intact blocks and thin sections of sediment and soil, often under magnification (Courty, 2001; 

Courty et al., 1989).  This approach allows us to identify the components of deposits and soils, 

and also study their spatial and stratigraphic relationship to one another.  

This approach is especially useful at archaeological sites found in caves and rockshelters, 

where it can provided high -resolution data that can help resolve complex stratigraphic issues 

and formation processes (Goldberg and Arpin, 1999; Goldberg and Sherwood, 2006; Goldberg, 

2000; Homsey and Capo, 2006; Karkanas, 2000; Mallol et al., 2010; Schiegl, 1996; Weiner, 2009).  

In archaeological contexts, FTIR analyses have proven especially useful for the 

identification of diagenetic minerals and heated materials (Weiner et al., 2002; Berna et al., 2007; 

Mallol et al., 2009; Miller et al., 2013; Stahlschmidt et al., 2015). Recently, µFTIR has become an 

ideal, complementary technique for micromorphological studies, as it allows for the 

identification of minerals and heated mater ials directly in the thin section (Berna and Goldberg, 

2007; Berna et al., 2012; Goldberg and Berna, 2010).  

Organic petrology is also a useful, complementary technique to soil micromorphology. It 

allows not only the precise identification of burned organi c material within the sediments, but 

also the classification of the remains according to the type of tissue, degree of burning (from 

slightly heated to completely carbonized), weathering and permineralization (Goldberg et al., 

2009; Ligouis, 2006; Villagran et al., 2013; Stahlschmidt et al., 2015a; Stahlschmidt et al., 2015b).  

For this work, two sets of samples were collected for analysis, in order to cover all the 

possible sedimentary agents involved in the formation of the deposit: 1) archaeological samples, 

taken from the excavation surfaces and stratigraphic profiles.  2) Reference and experimental 

samples from local sediments, soils, termite mounds and an experimental hearth to identify the 

effects of surface heating on tropical oxisols.  

Reference and experimental sampling 

To asses the input of local geogenic sediments and soils, bulk samples and undisturbed 

blocks for micromorphological and µFTIR analysis were collected from: 1) the red oxisol 

developed over the limestone outcrop (Figure 3A -C); 2) the colluvial deposits in the northern 

portion of the site (Figure 3D -E); 3) the reddish breccia south of the 2011-2014 excavation area 

(Figure 3D and F). 

To serve as reference for identifying the thermal alteration of local clay, red oxisol 

aggregates were heated in a porcelain crucible for 4 hours using a muffle furnace at 
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temperatures of 200ºC, 300ºC, 400ºC, 500ºC, 600ºC, 700ºC, 800ºC, 900ºC and 1000º C, following 

the protocol of Berna et al. (2007). The heated aggregates were impregnated, cut into 30µm-thick 

thin sections and analyzed with a petrographic microscope and µFTIR fol lowing Miller et al. (in 

prep.).  

 
Figure 3. Off -site sampling for reference and experimental studies: A) Schematic view of the limestone 

massif from above with location of the site (D), sampling locations for the red oxisol, the experimental 

hearth and the termite mounds; B) View of the topmost part  of the limestone wall above the site, where 

the oxisol samples were collected; C) Photograph of the trench dug to collect the oxisol sample, with 

details of characteristic granular structure; D) Topography of the rock shelter with indication of the 

locations where samples from the colluvium (E) and red breccia (F) were collected; E) Detail of the 

colluvium deposits north of the site; F) Detail of the red breccia south of the 2011-2014 excavation; G) 

Experimental hearth lit on red oxisol substrate, with ind ication of the tempertature of the substrate at 

various depths; H) The experimental hearth with the heated termite mound fragments and their 

tempertaures after the fire extingished.  
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Figure 4. Sampling for micromorphology and radiocarbon dating: A) Close -up of the topogaphy with the 

two main excavations at Lapa do Santo  (2001-2009 and 2011-2014) showing the location of human 

burials; B) Cross section of the 2011-2014 excavation with vertical location of samples for radiocarbon 

dating (age intervals of 95,4% in cal yrsBP); C) Same as B with vertical location of micromorphology 

samples; C) Profile sampled for micromorphology with location of sampling boxes and scanned view of 

the thin sections. 

Another set of samples was taken from an experimental hearth li t over the red oxisol, 

about 80m southeast of the site (Figure 3A and G). The experiment was made to observe the 

properties of thermally altered oxisols and the extremely abundant termite mounds in 

simulated field conditions. Logs, branches and dry grasses from the local vegetation were used 

as fuel, as well as nuts from palm trees and fragments of termite mounds (Figure 3A). The fire 

was kept for 2 hours and the temperature of the flames, the ground surface and the substrate 

(ca. 2-5 cm below the surface) was measured using a thermocouple and a digital thermometer. 
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The temperature of the remaining ashes and the substrate was measured for 2 hours after the 

fire was extinguished and 24 hours later during sampling (Figure 3G). The temperature inside 

the termite mound fragments was measured during the fire and after it extinguished (Figure 

3H).  

Archaeological sampling 

Undisturbed blocks of sediment were taken at depths between 10 and 90 cm (Figures 4C 

and 5). Sample collection focused on sedimentary changes seen in the excavation surfaces, as 

opposed to profile sampling (n=30). This was done to identify potential differences in 

sedimentation or weathering related with activity areas and/or taphonomic processes, 

respectively. However, the horizontal collection indirectly favored sampling of compacted 

layers over friable sediments. Therefore, another three undisturbed blocks were collected from 

an excavation profile to serve as stratigraphic reference (Figure 4D). Figure 5 shows the location 

of the micromorpholog y samples at different depths. 

 

 

Figure 5. Schematic view of the excavation surface at the different depths where micromorphology 

samples were collected, including scanned view of the thin sections and location of the radiocarbon 

datings (age intervals of 95.4% in cal yrsBP). 
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Analysis ɬ Micromorphology, organic petrology and µFTIR 

All micromorphology blocks were oven -dried and impregnated with a mixture of 

polyester resin (Viscovoss N5), diluent (Styrene) and catalyst (MKEP). Thin sections of 9 × 6 cm 

and 30 µm thick were made out of the impregnated blocks and analyzed with a Stemi 2000-C 

stereomicroscope and Zeiss Axio Imager A2 petrographic microscope under plane polarized 

light (PPL), cross-polarized light (XPL) and fluorescent light (blue light) at magn ifications 

ranging from x8.0 to x500. Micromorphological descriptions followed the guidelines of Stoops 

(2003). 

All the thin sections from Lapa do Santo were used for µFTIR analyses. Analyses were 

done with a Cary 610 Series FTIR microscope with Resolutions Pro software (Agilient 

Technologies). Spectra were collected both in transmission (64 scans), and attenuated total 

reflectance using a germanium crystal (ATR ɬ 32 scans), with wavenumbers ranging between 

4000 and 400 cm-1 at 4 cm-1 resolution. Transmission measurements have high resolution at the 

hydroxyl (OH) region of clays (wavenumbers between 3550 and 3750 cm-1), allowing for a more 

precise identification of changes in the spectra due to heating. In this region of the spectrum the 

glass slides do not interfere with the measurements, since amorphous silicates are transparent 

to the IR radiation at wavenumbers above 2500 cm-1 (Beauvais and Bertaux, 2002). For 

transmission measurements, the background was collected on a portion of the slide with  spectra 

resulting exclusively from the absorption of the glass and the resin used for impregnation. For 

ATR spectra background measurements were taken on air.  

Of the 33 undisturbed archaeological samples nine were selected for analysis with 

organic petrology. Five of the impregnated blocks were dry -polished and analyzed with 

reflected white light (RLo) and incident ultra violet light (RVLo) under oil immersion (Taylor et 

al., 1998) using a Leica DMRX/MPV-SP microscope photometer (50× to 500× magnifications). 

Complementary analyses were done with PPL and XPL. Four thin sections were dry polished 

for the same analysis. The description and classification of organic micro-components followed 

the nomenclature for brown coal and coal (ICCP, 2001, 1998; Sykorová et al., 2005; Taylor et al., 

1998). Reflectance measurements were done on plant tissues identified in the polished blocks 

and one polished thin section to determine the degree of humification and/or carbonization 

(Borrego et al., 2006; Guo and Bustin, 1998; Jacob, 1980; Jones et al., 1991; Schwaar et al., 1990). 

The random reflectance in oil (mean %Rr) of the organic micro-components was measured 

following the pro cedure in Taylor et al. (1998). 

REFERENCE AND EXPERIMENTAL RESULTS  

Local oxisol, red breccia and colluvium  

Red oxisols near Lapa do Santo are made of homogeneous, red colored (PPL), coalesced 

granules, with mammilated chamber and channel voids, and undifferentiated b -fabric due to 
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high Fe-oxide content: all typical micromorphological attributes of tropical oxisols (see 

Marcelino et al., 2010) (Figure 6A). Fine to very fine sand-sized grains of quartz are frequent, 

large Fe(hydr)-oxide nodules, rock fragments and opaque grains are rare. The ATR spectrum of 

the oxisol shows the presence of kaolinite in the clay fraction (absorption bands at 3694, 3645, 

3620, 1028, 999, 910, 749, 534 cm-1), with small amounts of quartz (794 and 684 cm-1). The 

kaolinite bands at the OH region are also readily seen in the transmission spectrum (3697, 3646, 

3621 cm-1 and shoulder at 3666 cm-1) (see Beauvais and Bertaux, 2002), together with an 

absorption band corresponding to gibbsite (3527 cm-1) (Figure 6A). The main interference of the 

resin is seen between 1200 and 1800 cm-1, with only minor interference between 800 and 700 cm-

1. In general, the low porosity of the material prevents the resin to completely mask the main 

clay peaks in the spectra, although slight shifts in the main clay peaks are sometimes observed. 

The red breccia that outcrops south of the 2011-2014 excavation area shows a clayey red 

matrix (PPL), with undifferentiated b -fabric and dense sparite infillings. µFTIR analysis shows 

kaolinite and calcite in its composition, with small amount of quartz and gibbsite (Figure 6B). 

The colluvial deposit north of th e excavation area has an heterogeneous composition made of 

speckled to cloudy clay with weak stipple -speckled b-fabric, coarse Fe-(hydr)oxide nodules, 

plant remains, rock fragments and charcoal fragments. Channel and chamber voids are 

dominant, indicating intense bioturbation. Surface crusts are frequent, suggesting reworked 

surfaces by colluvial transport. As in the oxisol and red breccia, kaolinite is the predominant 

clay mineral with some gibbsite and quartz. µFTIR analysis also showed that several of the 

Fe(hydr)-oxide nodules are goethite (Figure 6C).  

Heated clay from local oxisols 

A distinct change in color is the most evident macroscopic alteration of the heated oxisol 

aggregates (Figure 7). Kaolinite is identified in the soil aggregates heated from 200º C to 500º C, 

both in the ATR and transmission spectra, at the main Si-O-Si peak (~1030 cm-1) and the OH 

region, respectively (Figure 7). The interference of the resin is mainly seen in the absorption 

band at 1045 cm-1 in the sample heated at 200ºC, and in the broad peak at 1038 cm-1 for the 

sample heated at 300º C; both caused by a main resin peak at ~1066 cm-1. The spectra for the 

aggregates heated above 600ºC are consistent with previous FTIR studies on heated kaolinite 

(Berna et al., 2007; Friesem et al., 2013; Karkanas and Koumouzelis, 2004; Shoval and Beck, 2005; 

Shoval, 1994; Shoval et al., 2011) which show temperature -induced changes in the OH region 

and the main Si-O-Si peak (Figure 7). Changes in the OH region are caused by the 

dehydroxylation of the clay minerals and loss of structurally bound water. The changes in the 

main Si-O-Si band are associated to the destruction of the clay minerals, formation of an 

amorphous phase (named metakaolinite) and crystallization of new minerals at higher 
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temperatures (Berna et al., 2007; Friesem et al., 2013; Karkanas and Koumouzelis, 2004; Shoval 

and Beck, 2005; Shoval, 1994; Shoval et al., 2011).  

 
Figure 6.  Reference and experimental data: Scanned thin sections from the red oxisol (A), red breccia (B), 

colluvium deposit (C), experimental hearth on oxisol substrate (D), and heated termite mound fragment 

with orange (E) and black (F) colors, with photomicrograph and ATR -µFTIR spectra, including detail of 

transmission spectra at the hydroxyl region of clays (blue line).  

The transmission spectra show a broad absorbance peak in the OH region above 600º C, 

which progressively decreases in intensity at higher temperatures and shifts to higher 

wavenumbers (Figure 7). Similar abrupt changes at 600º C are also seen in the ATR spectra at 
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the main Si-O-Si peak and the Al-O-H absorbance peak (~910 cm-1): the Si-O-Si peak broadens 

and the Al -O-H peak disappears. The shift to lower wavenumbers seen at the main Si-O-Si peak 

is caused by interference of the resin. The shift to higher wavenumbers that characterizes heated 

kaolinite (see Shoval, 1994; Shoval & Beck, 2005; Shoval et al, 2011; Friesem, et al. 2013) is only 

seen above 800º C. The results of the µFTIR analysis of heated oxisol aggregates indicate that 

clear alterations of the clay due to heating (at the OH region, main Si-O-Si and Al-O-H bands) 

will only be identifiable after exposure to temperatures above 500-600ºC. 

Hearth over red oxisol substrate and heated termite mounds  

The maximum temperature reached by the experimental fire was 875ºC, with a mean 

temperature of ~650ºC in the flames. The maximum temperature in the substrate (2-5 cm deep) 

reached 236ºC, with a mean of ~110ºC (see supplementary material online 2 for further 

information on the experimental heart h).  

The first 5cm of heated soil beneath the ashes showed dark brown to black color with 

coarse granular structure, turning gradually red with increasing depth (Figure 3G). No 

rubefication occurred, since the soil is naturally rich in red iron oxides. Des pite the color 

changes underneath the fire, µFTIR analysis shows no signs of alteration of the clays (Figure 

6D). Even the clay at the topmost part of the blackened lens was not affected. This is consistent 

with the temperatures reached by the substrate, below the threshold of heat-induced alteration 

of kaolinite (500-600 C).  

The heating of termite mound fragments in the fire proved their capacity to attain high 

temperatures and preserve heat for long periods of time. During the experiment the 

temperature inside the termite mound fragments varied from 609 to 430ºC, according to the 

proximity to the flames. After the fire extinguished, the temperature inside the fragments varied 

from 120º C to 170º C (Figure 3H). The next day all fragments had temperatures around 30º C. 

Most termite mound fragments turned bright orange after heating, showing a color gradient 

from yellow to orange when sectioned (Figure 6E). ATR-µFTIR and transmission spectra are 

consistent with the transformation of kaolinite above 600º C (Fi gure 8E). Other aggregates 

showed a dark brown core and yellow rims, with spectra also showing heat -altered kaolinite 

(Figure 8F). 

ARCHAEOLOGICAL RESULTS  

The stratigraphic profiles from the 2011-2014 excavation at Lapa do Santo show little 

variation and are mostly composed of tabular, grey, centimetric layers (5YR 6.1) of powdery 

carbonate-rich sediments, with common sand grains, frequent clay aggregates (20-40 %) and 

dispersed charcoal. Some red centimetric lenses (5YR 5.6) of indurated clay are also present, as 

well as black, millimetric and centimetric lenses of black silty -clay sediments. Some areas of 

grey, cemented sediments were discovered during excavation (see Figure 5). Besides this, 
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sediments are mostly loose and dusty, showing slight variations in color and texture more 

visible in the excavation surfaces than in the profiles.  

 
Figure 7. Heated oxisol aggregates from 200 to 1000º C with ATR-µFTIR spectra (black line) and 

transmission spectra at the hydroxyl region of clays (blue line). The peak numbers in bold are diagnostic 

of kaolinite. According to Beauvais and Bertraux (2002), the absence of the 3668 cm-1 band and the good 

resolution of the 3695, 3654 and 3622 cm-1 bands are indicative of small -size, poorly ordered kaolinite. As 

also described by Friesem et al (2013), the Si-O-Al band at ~540 cm-1 shifts to 550 cm-1 at 600ºC. The 

Kaolinite band at ~1110 cm-1 is masked by a resin band at 1112 cm-1. Absorption bands at 3525 and 3376 

cm-1 indicate gibbsite.   

Micromorphology 
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More than 90% of the thin sections analyzed show similarities in coarse fraction and 

micromass: the coarse fraction is always made of clay aggregates with random distribution and 

poorly sorted (sizes from 30 µm to 1 cm); and the micromass consistently includes well 

preserved ash rhombs (see supplementary material online 3 for tables with micromorphological 

descriptions) (Figure 8A and B). Besides clay aggregates and ashes, the sediments at Lapa do 

Santo include minor concentrations (below 5%) of other components such as: charcoal 

(unsorted); limestone fragments from the cave walls; quartzite micro -artifacts (stone flakes); 

opaque minerals and quartz grains detached from the clay aggregates; fine bone (mostly fish 

bones) and shell fragments, frequently burned; articulated ashes; partially carbonized tissue; 

tissue residues; and loose and articulated phytoliths. The low amount of charcoal in the samples 

may result from a sample bias, since high quantities of charcoal were recovered during 

excavation.  

Ashes are certainly the predominant component at the site. Random accumulations of 

ashes make up the fine fraction of all the analyzed samples. Ashes form when calcium oxalate 

crystals within the plant tissue decompose through heating.  At lower temperatures (<500C) 

calcite forms spontaneously in solid state, whereas at higher temperatures (above 740ºC), the 

oxalates first transform to calcium oxide (CaO) which, after cooling, can transf orm to calcite 

through re -carbonization (Regev et al., 2010; Shahack-Gross and Ayalon, 2013; Shahack-Gross et 

al., 2008).  Under the microscope ashes frequently appear as rhombs (10-30 µm) of micro-

crystalline calcite.  Because they often preserve the original form of the oxalate druses, they are 

called pseudomorphs of calcite after calcium oxalates (POCC) (Brochier, 1983; Canti, 2003; 

Courty et al., 1989). The ashes in Lapa do Santo are generally well preserved, though areas of 

cemented ashes are also present (Figure 8C). 

In almost all the samples the ashes are embedded in a pale yellow (PPL) undifferentiated 

(XPL) phosphatic micromass (Figure 8D). Phosphate concentrations and nodules are frequently 

associated with tissue residues, phytoliths and plant pseudo-voids (Figure 8E and F). This 

association indicates that phosphates could derive from the ashes and/or the decay of plant 

tissue (Karkanas et al., 2002; Weiner et al., 2002). Another possible source may be bat guano, a 

common input in caves and rockshelters (Goldberg and Nathan, 1975; Karkanas, 2000; Shahack-

Gross et al., 2004). However, the overall good preservation of the ash crystals indicates low 

action of acidic waters, like the ones produced after passing through guano (Karkanas et al., 

2002). The few bones in the sediments, combined with the pH conditions favorable for 

hydroxyapatite preservation (alkaline pH), preclude bone dissolution as a source for the 

authigenic phosphates. Though plant residues and ashes seem to be the main source of 

phosphates, the fact that the excavation contains at least seven human burials suggests another 

likely input of phosphates: the byproducts of the decomposing human bodies.  
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Figure 8. Photomicrographs of microfacies (mF) from Lapa do Santo, with phosphates and plant remains 

(PPL): A) Predominant microfacies (mF I) with clay aggregates in between ashy micromass, sample A 

from profile; B) Detailed view of well -preserved ash crystals (a) in between a phosphatic matrix (ph), 

sample 21; C) Recrystallized ash crystals (ra), sample 1; D) Ash crystals, dense phosphates, tissue residues 

and chamber voids, sample 21; E) Phosphatic nodule (ph) in association with a plant tissue fragment (t) 

partially removed during sectioning, in an ashy matrix (a), sample 21; F) Articula ted and dispersed 

phytoliths in between ashes and phosphates, sample A. 
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Besides ashes, clay aggregates are the most conspicuous and frequent component in the 

sediments. The aggregates are mostly blocky, varying from angular to sub-rounded, with 

undiffere ntiated b-fabrics (XPL) due to high iron content.  They show four distinct colors in 

PPL: red (Figure 9A), orange (Figure 9B), yellow (Figure 9C) and, less frequently, dark brown 

(Figure 9D). All clay aggregates show coalesced granular to massive microstructures, with star -

shaped voids, chamber voids and fissures. Some aggregates contain limpid and laminated clay 

coatings and infillings suggesting they derive from a Bt horizon of a soil outside the shelter. The 

yellow clay aggregates have weak interference color and massive or striated microstructures 

and sometimes show a color gradient from yellow to bright orange (Figure 9G) or from dark 

brown to yellow (Figure 9H); Other yellow aggregates have a distinctive 100 -200 µm red or 

dark red rim (Figure 9I -L). Some orange aggregates show a distinct morphology, with smooth 

curved edges that differ from the predominant blocky shape (Figure 9E and F) and resemble the 

termite mound fragments (see Figure 6E and F). Clay aggregates may show a dense rim of 

recrystallized  ashes (Figure 9K and L), whose sharp edges and disconnection with the 

surrounding powdery matrix suggest remobilization of the ash -cemented aggregates.  

Changes in porosity and incidence of pedofeatures cementing the sediments reflect post-

depositional alterations. Pedofeatures include mostly dense sparitic coatings and infillings 

(Figure 10D and E). Secondary sparite implies slow water passage through the sediments 

and/or episodes of water saturation and drying, also suggested by the few iron (hydr)oxide 

hypocoatings and nodules and manganese dendrites (Figure 10F) in the micromass. A few 

channel and chamber voids suggest that some bioturbation influenced the deposits.  

Microfacies identification 

A total of 44 microfacies units (mF) was described in the 30 samples collected from the 

excavation surfaces. Slight changes in the relative frequency of clay aggregates vs. ash crystals 

(i.e. variations in the c/f ratio), and the presence/absence of organic elements (charcoal, 

articulated ashes, partially carbonized tissue, tissue residues and phytoliths) express variations 

between microfacies. Three main microfacies types characterize the deposit: mF I (~85% of the 

microfacies), containing ashes (randomly distributed and articulated), clay aggregates and 

organic remains (charcoal, tissue, bone etc) (Figure 10A); mF II (~10%), made of a massive, 

highly compacted dark grey micromass (PPL) with ashes and phosphates (Figure 10B); and mF 

III (~5%), with only red  oxisol material.  

µFTIR analysis of clay aggregates 

Clay aggregates in the thin sections were analyzed for the identification of heated clay in 

the site by comparing the spectra with the results of the experimental heating of oxisol 

aggregates. A total of 30 thin sections were studied: 28 from the excavation surfaces, and one 
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from the profiles. Table 1 summarizes the results and shows that the majority of the analyzed 

clay aggregates are in fact heated above 500-600º C. In the non-heated aggregates the kaolinite 

peaks in the OH region are clearly visible, as well as the main Si-O-Si peak at ~1030 cm-1 and the 

Al -O-H peak at ~910 cm-1. In the heated samples, the OH region shows no peaks, the main Si-O-

Si peak becomes broad and the Al-O-H peak disappears. The shift to lower wavenumbers in the 

main Si-O-Si peak was also described in the experimental test as being produced by interference 

of a main resin peak. Only at above 800ºC does the main Si-O-Si peak shift to higher 

wavenumbers, indicating that clay aggreg ates at the site were heated above 500-600ºC, but 

below 800ºC. 

Also noticeable is the fact that most red clay aggregates are non-heated or heated at 

temperatures below 500ºC, while orange, orange-yellow, yellow and brown aggregates are 

always heated, with only few exceptions (seven aggregates, mostly orange). Figure 11 presents 

four examples of thin sections with the analyzed clay aggregates and selected spectra. The thin 

sections show the mix of non-heated and heated aggregates that characterize the sediments at 

Lapa do Santo, with most samples containing aggregates heated above 500-600º C. 

 
Figure 9. Photomicrographs of different types of clay aggregates identified at Lapa do Santo (PPL): A) 

Red clay aggregate, sample 5; B) Orange clay aggregate, sample 1; C) Yellow clay aggregate, sample 8; D) 

Brown clay aggregate, sample 1; E) Orange clay with smooth edges resembling termite mound fragments, 

sample 15; F) Same as E, sample 1; G) Clay aggregate with transition from yellow to orange color, sample 

1; H) Clay aggregate with transition from yellow to dark brown color, sample 25; I) Yellow clay aggregate 

with red rim, sample 7; J) Yellow clay aggregate with dark red rim, sample 30; K) Clay aggregate with 

dark rim and coated with recrystallized ashes, sample A ; L) Closer view of K showing sharp edge of the 

micrite coating.  
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Figure 10. Photomicrographs of pedofeatures and microfacies from Lapa do Santo (PPL): A) Detail of 

typical mF I with clay aggregates embedded in a phosphatic matrix with ash crystals, sampl e 8; B) mF II 

(top) made of massive, highly compacted dark grey micromass consisting of permineralized plant 

remains with ashes and phosphates, sample 6 (note sharp boundary with underlying sediments); C) 

Laminated organic tissue remains cemented with ashes, phosphates and sparitic infillings, sample 10; D) 

Detail view of sparitic infillings in XPL, sample 3; E) Area of sparitic cementation (XPL), sample 16; F) 

Manganese dendrites, frequently found in the groundmass, in the clay aggregates and even on bone 

fragments, sample A. 

 

Organic petrology 

Petrographic analysis confirmed that plant tissue remains are only a minor component of 

the sediments, randomly embedded in the ashy matrix with sizes that vary from 1 µm to 200 
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µm. Woody tissue prevail over herbaceous tissue. Plant remains are mostly permineralized 

(Figure 12A), especially with phosphate replacement (Figure 12C and F), Mn-oxide replacement 

and silicification (Figure 12D). Small plant remains described as cell detritus were also found 

inside the clay aggregates, confirming the association of the aggregates with soil material.  

As described in the micromorphology section, secondary phosphates are frequent in the 

matrix (Figure 12B, E and F). The dense, dark grey (PPL) micromass described for samples 06, 

28 and 29 is made of dense metal oxides (possibly Fe/Mn-oxides) (Figure 12G) phosphates and 

secondary carbonates embedding the ash rhombs and the tissue remains. Charcoal fragments of 

white color in RLo (fusinite and inertodetrinite) show high reflectance  values (0.8-1.746 %Rr) 

(Figure 13A) and are sometimes complete or partially permineralized by Mn -oxides (Figure 

13B). However, most plant detritus seems oxidized and/or degraded by fungi (see 

supplementary material online 4 for the complete list of reflec tance measurements). Despite 

their low reflectance (0.3-0.7 %Rr) indicative of humified plant tissue (Jacob, 1974; Teichmüller, 

1961, 1950), they show no fluorescence, have the same morphology as the charcoal particles and 

occur together with charcoal and ashes. Also, some detritus show domains of variable 

reflectance (ranging from 0.45 to 1.10 %Rr) indicating different degrees of thermal alteration 

(Figure 13C). Thus, the data suggest that most plant remains in the sediments are in fact low 

reflecting charcoal particles (semifusinite) (Figure 13D) produced after the incomplete 

combustion of wood.  

Moreover, a frequent phenomenon is the presence of well-preserved cell fillings 

(secretinite: organic gels that naturally fill cell voids in plant tissue), both isolated in the 

groundmass or inside the charcoal (semifusinites) and permineralized tissue (Figure 13E). Since 

wood charcoal does not contain secretinite (Braadbaart and Poole, 2008; Braadbaart et al., 2012; 

Guo and Bustin, 1998; Jones and Lim, 2000; Scott et al., 2000; Taylor et al., 1998), the 

preservation of organic gels in the charocal indicate that the tissue underwent advanced 

humification prior to charring. This is also suggested by the swollen appearance of the cell walls 

(Diessel, 1992) showing shrinkage cracks and corroded edges (Figure 13F). Both the cell walls 

and cell fillings have fung al borings (Figure 13G), also suggesting biological weathering of 

wood prior to burning (Guo and Bustin, 1998; Jones and Lim, 2000). These results imply that 

mostly decayed wood (e.g. forest litter), was used to light the fires at Lapa do Santo (Figure 

13H). 

DISCUSSION  

Geogenic sedimentation  

The results of the micromorphological and µFTIR analyses show there is no similarity 

between the clay aggregates in the archaeological sediments and both the two possible geogenic 

sources near the excavation area: the red breccia and the colluvial deposits. Both the 
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composition and groundmass of the red clay aggregates are similar to the oxisol samples 

analyzed in this study and described in previous works (see Piló, 1998; Piló et al., 2005; Araujo 

et al., 2008, 2013). The yellow clay aggregates, which are much less in number and show 

different micromorphological features (massive microstructure and weak interference color), 

may derive from the yellow, goethite -rich oxisol that underlies the red oxisols, as suggested for 

other sites in the region (Araujo et al., 2008; Piló et al., 2005). However, both orange or dark 

brown clay aggregates are not observed in the natural soils. Neither are soil aggregates with 

color gradients or colored rims, as described for many of the yellow clay aggregates. Bright 

orange clay could only be observed in the heated clay experiment, while a dark brown color 

was only seen in the burned termite mound fragments, as will be discussed in the following 

sections.  

 

 

Figure 11. Selected thin sections with ATR-µFTIR spectra of analyzed clay aggregates proving the 

presence of a mixture of unheated and heated clay in the archaeological sediments.  
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Table 1. Clay aggregates (discriminated by color) analyzed in the thin sections from Lapa do Santo with 

µFTIR (ATR and transmission). The aggregates were chosen trying to sample at least one of the different 

colors seen in each slide. The black dots showed no signs of heating at above 500-600º C, the red dots 

are heated above this temperature and the grey dots gave ambiguous results (spectra that does not 

allow a clear differentiation between heating and non-heating). The slides where fewer aggregates were 

studied are those that contain clay of only one color. 

 

 

 

 

  

 Color of clay aggregates  

 Red Orange 
Orange-
yellow 

Yellow Brown 
 

Sample non- heated heated non- heated heated heated non- heated heated heated Total 

LDS-01 ·    ··    3 
LDS-02 ·      · · 3 
LDS-03 ·        1 
LDS-04 ·   ·     2 
LDS-05    ·  ·     2 
LDS-06   ··  ··  ···· · 9 
LDS-07    ·   ·  ·  3 
LDS-08 ···   ··  ·  · ··  9 
LDS-10 ··      ·  3 
LDS-11 ··      ·  3 
LDS-12    ·     ·  2 
LDS-14 ·        1 
LDS-15 ·   ···   ·  5 
LDS-16    · ·  ·  3 
LDS-17    ·  ·   ·  3 
LDS-18  ·  ·   ·    3 
LDS-19 ···   ·     4 
LDS-20 ··   · ·    4 
LDS-21    ·   ··  3 
LDS-22 ···        3 
LDS-23 ·        1 
LDS-24  ··  ·· · ·   ···  9 
LDS-25 ··· ··  · ··  · ···· 13 
LDS-26    ·   ·  2 
LDS-28  ·  ····      ·· 7 
LDS-29    ··     2 
LDS-30  ··  · ·  ·    5 
LDS-C ··· ·  ·   ·  6 

Total 34 15 6 17 11 1 22 8 114 
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Figure 12. Organic petrology of samples from Lapa do Santo: A) Completely permineralized plant tissue 

(pt) (RLo), sample 18; B) Same as A with phosphates (ph) visible under RVLo; C) Bright fluorescing 

phosphatized tissue (RVLo), sample 21; D) Silicified tissue (st) (RLo), sample 18; E) Colloform texture in 

phosphates (RVLo), sample 28; F) Mineral micromass rich in phosphates (ph) with phosphatized tissue 

fragments (pht) (RVLo), sample 8; G) Contact between red clay aggregates (ca) and permineralized ashy 

matrix (pm) (RLo), sample 28; H) Permineralized tissue with Mn -oxides (RLo), sample 28. 
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Figure 13. Organic petrology of samples from Lapa do Santo (RLo): A) Wood -derived fusinite tissue, 

sample 8; B) Partially permineralized fusinite tissue in ash matrix (ash crystals seen as grey rombs), 

sample 18; C) Semifusinite with heterogeneous reflectance, sample 11; D) Poorly preserved semifusinite 

tissue, sample 8; E) Relicts of cell fillings (cf) in a permineralized tissue, sample 25; F) Semifusinite tissue 

with swollen cell wall, sample 11; G) Semifusinite tissue with holes in cell fillings from fungal attack, 

sample 11; H) Fusinitized humified tissue with droplets of humic colloids droplets attached to cell walls, 

sample 21 
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The absence of cracks, conduits or chimneys bringing soil material to the rockshelter, 

and the similarity in composition, color and structure with the local oxisols suggests that clay 

aggregates fell from the red oxisol developed directly over the limes tone massif. The steep slope 

on top of the limestone promotes the downhill creep of eroded and loosened soil aggregates. In 

fact, observations during fieldwork attest to the continuous fall of soil material into the 

rockshelter, especially in the dry season, when vegetation cover is minimal and soil  erosion is 

naturally enhanced. 

Anthropogenic sedimentation and recurrent burning activities 

Our study demonstrated that human -made fires and combustion activities were key 

sedimentary processes at the early Holocene burial area in Lapa do Santo. Anthropogenic 

burning promoted the accumulation of ashes that mixed with soil continuously falling fro m 

above the limestone cliff (Figure 15). By extrapolating the results of this study to the whole site, 

we could expect this mixing process to be responsible for the accumulation of almost 5m of 

sediments during a time span of almost 5000 years. Decayed wood, possibly coming from forest 

litter, was used as fuel to light the fires. This observation could serve as indirect evidence of 

seasonality of site occupation. Forest litter in the Cerrado decays at a higher rate during the rainy 

season (from October to March) (Peres et al., 1983) or the transition from the dry to rainy 

seasons (September to November) (Sanches et al., 2008). However, careful analysis of the 

charcoal remains are needed in order to confirm this, since dry wood may have burned 

completely, thereby fully converting to the ashes found in the deposit.   

Thick concentrations of ashes have been identified at least in another rockshelter in 

Lagoa Santa, at the site of Lapa das Boleiras (Araujo et al., 2008), and recently at Lapa Grande 

de Taquaraçu  (Villagran, 2013). The sediments at Lapa das Boleiras were interpreted as 

reworked hearths, mobilized by humans as part of site maintenance activities/ trampling, or as 

wind blown particles transported by local a ir currents (Araujo et al., 2008). At Lapa do Santo the 

ashes and byproducts of combustion activities seem to include both intact and reworked 

combustion structures. On the one hand, the random distribution of unsorted coarse fraction 

components (clay aggregates, charcoal, tissue residues etc.) and the absence of micro-

stratification and/or clear boundaries between the ash layers are indicative of continuous fire -

building at a location (see Karkanas et al., 2007; Mallol et al., 2013). A similar arrangement of 

components has been interpreted as resulting from dumped, burned materials or hearth rake -

outs (Aldeias et al., 2012; Goldberg, 2003; Goldberg et al., 2009; Meignen et al., 2007; Mentzer, 

2011; Miller et al., 2013; Vallverdu, 2002) and interpreted as the result of dumping and sweeping 

of hearth components for site maintenance and cleaning.  

However, some of the microfacies units with high frequency of partially carbonized 

tissue and articulated ashes at Lapa do Santo (see Figure 14) indicate low reworking of parts of 
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the deposit and possible ash lenses from intact combustion features (see Mentzer, 2014). Thin 

ash lenses (~1cm) containing articulated ashes and partially carbonized tissue can also 

correspond to intact hearths, as described by Mentzer (2011) ÍÖÙɯÛÏÌɯ²ñÈĀċáÓċɯ(ɯÚÐÛÌȭɯ!ÖÛÏɯ

components are very fragile structures and minimal disturbance, or only short -distance 

transport, is necessary for their preservation. They have been described in ethnographic and 

experimental hearths (Mallol et al., 2007; Villagran et al., 2011) and also in archaeological 

contexts where they are interpreted as intact combustion structures (Homsey and Capo, 2006; 

Karkanas, 2010; Karkanas et al., 2007; Mentzer, 2011; Shahack-Gross et al., 2008).  

 

 

Figure 14. Schematic view of the excavation surfaces at different depths where micromorphology 

samples were taken, with representative photomicrographs. In the photomicrographs it is indicated the 

percentage of clay aggregates vs. ashes and the presence of phosphates and organic remains in the 

samples. Micromorphological analysis allowed mapping of the approximate location of: 1) cemented 

areas within the excavation, surrounding the large speleothem fragment that covered a portion of the 

excavation surface (indicated with a dashed lin e), where sparitic coatings and infillings are prevalent; 2) 

concentrations of plant tissue remains and articulated ashes in mF type I; 3) the location of mF type III, 

composed of pure red oxisol at about 80-90 cm depths; 4) and the location of an ancient depression within 

the site where Mn-water dripping from the roof cemented an area rich in plant tissue remains (described 

as mF type II). Scale bar in samples 4, 8-top, 9, 10, 11, 15, 16, 17-top, 18, 19, 20-bottom, 21, 22, 23, 24, 25-

top, 28-top and 29 is 1000 µm. Scale bar in samples 1, 3, 5, 7, 8-bottom, 10-bottom, 12, 13, 14, 17-bottom, 

20-top, 25-bottom, 26, 28-bottom and 30 is 500 µm. Scale bar in sample 2 (top and bottom) is 200 µm and 

in sample 6 is 2 mm. 
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Figure 15. Formation processes at Lapa do Santo. The combined action of geogenic and anthropogenic 

sedimentation produced the archaeological sediments described in this study, which contain a mixture of 

soil aggregates eroding and falling from the top of the limestone massif into the rock shelter,  with the 

reworked residues of hearths and other burning activities. Sediments mostly contain reworked ashes and 

successive layers of hearth rake-out that mixed with the soil falling from above. Thin layers of intact 

ashes are also described, indicating the presence of in situ synchronic and diachronic hearths throughout 

the studied time -span of human settlement. Ash layers combined with charcoal lenses have also been 

described during excavation. Human interments are frequently close to the fires; the grave s were dug in 

the ashy matrix. 

Articulated ashes and partially carbonized tissue exist at Lapa do Santo and are 

especially abundant in the samples that contain higher amount of heated clay aggregates. This 

association allowed the mapping of intact ash layers in the excavation area, which frequently 
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coincide with areas of higher concentration of plant tissue remains (see Figure 14, samples 24, 

25). One exception is sample 06, which contains a concentration of plant tissue but no 

articulated ashes. However, the sample was taken from underneath the area covered by a large 

speleothem fragment (square O12, see Figure 4).  

Traditionally, a tripartite sequence of rubified sediment, charcoal and ash is used to 

interpret intact combustion structures (see Mentzer, 2014, for a complete review of the 

micromorphological characteristics of combustion features). The absence of this sequence at 

Lapa do Santo, or at least in the 2011-2014 excavation area, can be explained in different 

manners: 1) the lack of rubified sediments may be due to the fact that hearths are stacked and 

successively lit over each other (i.e. over the ash lenses of previous hearths) lacking a clayey 

sedimentary substrate to be rubified in the first place; 2) the low amount of charcoal in the 

micromorpho logy samples is a product of sampling bias, since thin and sparse charcoal lenses 

are visible during the excavation.  

Thus, the sediments at Lapa do Santo include few stacked combustion features, 

containing superimposed ash lenses, and dumped burned materials or hearth rake-out. The 

geoarchaeological evidence points to the recurrent use of the site for combustion activities, with 

some combustion features maintained intact while others were remobilized (see Figure 14). The 

dual presence of intact and remobilized combustion features explains the inversions in the 

radiocarbon ages from the 2011-2014 excavation area (see supplementary material online 1 ).  

The high concentration of human burials at the site, both surrounded and covered by 

combustion residues, suggests that the lighting of fires and the dumping of hearths was done 

close to the interments. A possible explanation for the dumped hearths could be to 

accommodate the human interments, since highly manipulated human bodies were buried in 

the ashy sediments and covered by them.  

Human-made fires and their effects on geogenic sediments 

The µFTIR analysis showed that more than half of the clay aggregates analyzed in 28 

thin sections was heated at temperatures above 500-600º C (68 aggregates of 119). Heating also 

explains the different colors described in the aggregates during the micromorphological study. 

Orange, yellow and brown aggregates consistently show signs of heating as opposed to red 

colored aggregates, which are mostly non-heated. As shown by the experimental heating of 

oxisol material, the clay in the local soils will only present orange color and signs of heat -

induced alterations when exposed to temperatures above 500-600º C (see Figure 7). However, 

the experimental hearth on oxisol substrate demonstrated that such high temperatures are not 

attained in the substrate of the fire, even close to the surface with flames reaching temperatures 

above 800º C. This means that clay aggregates must be either in direct contact with the flames to 

be altered at temperatures above 500-600º C.  
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This is consistent with the provenance of geogenic sediments, eroding from above the 

rockshelter and partially falling inside the human -made fires. The clay aggregates may have 

been also heated already after deposition, by being beneath the fires lit on the ashy substrate. 

Low -density ashy sediments may transfer heat more readily than solid soil, thus heating the 

clay aggregate already contained within the ashes. Whatever the possibilities, our study shows 

that heated soil aggregates make up more than half of the clay aggregates at the site and they 

likely do not come from fires lit outside the rockshelter on natural soils. Hearths appear to have 

only been built inside the rockshelter and in close association with the human i nterments. 

 The presence of termite mound fragments in the sediments  

Human selection of materials may also account for the presence of some of the heated 

aggregates within the site. For instance, several clay aggregates whose heating was 

demonstrated by µFTIR are similar to the heated termite mound fragments. Similarities include: 

yellow and dark brown -colored aggregates with signs of heating; the color gradient seen in 

some heated aggregates; the orange and red rims that do not exist in the natural soils; and the 

massive microstructure of the aggregates with weak interference color. Termite mound 

fragments would not fall naturally into the site like the soil aggregates, since termites do not 

built their nests on shallow loose soil. Above the site, the termite mounds appear on the 

limestone massif only over flat terrain and far from the cliff (Figure 3A).  

The use of termite mounds by the prehistoric inhabitants of Lagoa Santa should not 

come as a surprise. Termite mounds are extremely frequent in the region: near the site we noted 

the presence of 256 nests identified at the elevation of the site and 41 above the limestone 

massif. Termites have existed for millions of years before the human settlement in the area and 

some authors believe that termite activity since the Paleogene/ Neogene (former Tertiary) is 

responsible for the characteristic granular microstructure of Brazilian oxisols  (Sarcinelli et al., 

2009; Schaefer, 2001). 

Termite mounds are dense and compact (Cosarinsky and Roces, 2007) and our 

experimental heating studies show they can retain heat for long periods of time. Because of its 

characteristics, the ancient and modern populations of Minas Gerais used termite mounds as a 

type of natural clay oven for food preparation (Nunes & Nunes, 2001). It is also known that 

ethnographic Xavante groups from central Brazil use termite mounds to build small ovens 

(Prous, 1992) and for the fires used to cook their traditional maize cake (Lewis, 1967). The 

termite mound fragments at Lapa do Santo are possible evidence for the use of such resources 

by early Holocene human groups in South America. However, our analyses cannot determine at 

this point whether the termite mounds were in fact carried to the site or unintentionally brought 

as attached fragments to firewood. 
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The post-depositional alteration of the site     

The horizontal strategy of sampling for micromorphology revealed that spatial 

differences within the excavation area are mostly due to post-depositional processes, caused by 

water passage through the sediments. Dense sparite infillings are mostly concentrated around 

the large speleothem fragment that existed in the excavation area (see Figure 4 and 14) (see 

supplementary material online 5 for 3D view of the excavation area with the speleothem). These 

pedofeatures attest to water accumulation and slow draina ge in this area of the site.  

CONCLUSIONS  

The site of Lapa do Santo contains one of the thickest archaeological deposits of the 

rockshelters in Lagoa Santa, a region well-known for its human remains dating back to the early 

Holocene. The site has gained recognition for its earliest evidence of rock art in the Americas 

and the complexity of the funerary practices (Araujo et al., 2012; Neves et al., 2012; Strauss, 

2016; Strauss et al., 2015, in press), both opposing the traditional expectations of cultural 

ɁÚÐÔ×ÓÐÊÐÛàɂɯÍÖÙɯÛÏÌɯÌÈÙÓàɯ'ÖÓÖÊÌÕÌɯ×Ö×ÜÓÈÛÐons of the continent. By studying the stratigraphic 

sequence at Lapa do Santo using a micro-contextual approach (Goldberg and Berna, 2010)ɭ

integrating micromorphology with µFTIR analysis, organic petrology and experimental 

studiesɭour study provides key in formation on 1) the human activities at the site; 2) the 

influence of natural processes in site formation; 3) the potential use of local resources (e.g. 

termite mounds); 4) and intensity of occupation.  

The hearths that people lit during occupation of the s ite contributed significantly to the 

formation of the archaeological deposit. The ashes and other combustion remains are spread 

across the southern portion of the rockshelter, which was used as multi-functional space 

including a burial ground. Micromorphol ogical evidence points to a combination of intact 

hearths and remobilized hearths through site maintenance activities. The remobilization and 

lateral reworking o f sediments, which explains the age inversions reported for the 2011-2014 

excavation, may be related to the funerary practices of the site inhabitants, since all the 

interments were dug into the ashy sediments and later covered by them. This opens a venue for 

future studies, focusing on understanding the causal or intentional relation between the 

anthropogenic sediments and the funerary practices of the site inhabitants.  

Micromorphology showed a dual influence in sediment formation that is not evident in 

the field. There is a noticeable input of geogenic sediments in the form of clay aggregates 

derived from soil eroding from a steep slope over the limestone cliff and falling into the 

rockshelter. The clay aggregates are unsorted and vary from rounded to angular. They show 

different colors which µFTIR studies proved to be related with their thermal al teration: red clay 
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aggregates are mostly non-heated fragments of oxisols, whereas orange aggregates are mostly 

heated at temperatures above 500-600º C.  

This type of anthropogenic infilling is documented around the world, in areas as distant 

as the Levant (Mentzer, 2011) and South Africa (Miller, personal observation). However, this 

work is the first micro -contextual approach applied to fully understand the natural and 

anthropogenic sedimentary dynamics behind the formation of thick ash deposits containing 

oxisol aggregates. The results of this work indicate that the techniques and approaches here 

should be applied at other sites to unravel the full set of information contained in mixed ash/ 

oxisol deposits in rockshelters, despite their geographic and/or cl imatic context. Besides 

micromorphology, which has long proved its efficacy in site formation studies, complimentary 

techniques such as µFTIR and organic petrology should be included as sources of data not 

easily obtained through standard, optical microsco pic observations, such as: the heat-induced 

alteration of sediments; temperatures attained by human-made fires; and fuel sources. 

Other components identified in the sediments at Lapa do Santo have a less 

straightforward association with local soils. These aggregates are heated and show resemblance 

in shape, color and micromorphology to heated termite mound fragments. This observation 

suggests the use of termite mounds by the early inhabitants of Lagoa Santa, which appear in 

dense concentrations around this and other sites in the region. Their presence at the site may be 

the first potential evidence for the use of this local resource by early South Americans, possibly 

for heating and/or cooking. However, further experimental studies are needed to refute a 

possible natural cause for the presence of this resource ate the site.  

Despite the high amount of ashes and charcoal, fresh plant remains are scarce and, when 

present, are persistently permineralized with Mn -oxides, silicified or phosphatized. The high 

concentration of secondary phosphates in the sediments seems to derive from the ashes and the 

charred plant remains, as indicated by the association of concentrated plant residues and 

phosphate nodules and the ash crystals persistently embedded in a phosphatic micromass. 

However, the possible relation of secondary phosphates with decaying human bodies must be 

further investigated. The charred plant remains in the sediments derived from decomposed 

wood (degraded by fungi) point at the use of decayed forest litter  as fuel.  

Understanding the dual composition of the sediments at Lapa do Santo (i.e. ashes and 

oxisol aggregates) is essential when discussing the intensity of occupation. The thick 

archaeological deposit resulted from the mixed input of anthropogenic sed iments from intact 

and remobilized hearths, and from the constant fall of soil aggregates into the rockshelter. This 

indicates that thickness in the archaeological deposit does not necessarily correlate with a more 

intensive occupation of the site, and that local sedimentation processes must be taken into 

consideration for comparison. However, the recurrent use of Lapa do Santo and other sites for 
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almost 5000 years certainly reflects the central position of the region in the cultural landscape of 

the early Holocene. 
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ABSTRACT  

In reconstructing the life of past populations, human burials  are highly informative of symbolic 

and ritual behavior. In eastern South America, however, skeletal remains dating to the early 

Archaic are rare, precluding the proper study of their ritual dimensions. Here we report 26 

human burials from this period foun d in Lapa do Santo (eastern Brazil) and their associated 

archaeological context. Lithic technology, zooarchaeology, and multi -isotopic analyses indicate 

groups of hunter -gathers with low mobility and a subsistence strategy focused on gathering 

plant foods and hunting small and mid -sized animals. The use of Lapa do Santo as an interment  

ground started between 10.3-10.6 cal kyBP with primary burials. Between 9.4-9.6 cal kyBP the 

reduction of the body by means of mutilation, defleshing, tooth removal, exposure  to fire and 

possibly cannibalism, followed by the secondary burial of the remains according to strict rules, 

became a central element in the treatment of the dead. In the absence of monumental 

architecture or grave goods, these groups were using parts of fresh corpses to elaborate their 

rituals, showing this practice was not restricted to the Andean region at the beginning of the 

Holocene. Between 8.2-8.6 cal kyBP another change occurred whereby pits were instead filled 

with disarticulated bones of a singl e individual without signs of body manipulation.  Those 

changes show that during the early Archaic, Lagoa Santa was a region inhabited by dynamic 

groups that were in constant transformation over a period of centuries.  
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In reconstructing t he life of past populations,  human burials are highly informative of 

symbolic and ritual behavior. In preterite societies, bones and body parts constituted a potent 

cultural resource and their manipulation and organization into meaningful arrangements were 

commonly used to reify cosmological ideas and beliefs system (J. Brown, 2010; Goldstein, 2000). 

This kind of practice is usually considered  part of a broader system of ceremonies that reflect a 

high degree of symbolic complexity and is therefore of great interest for archaeologists all over 

the world (Sofaer, 2006).  

In South America, despite recent studies revisiting the possibility of occupations in the 

continent going back to 28,000 years or more (Boëda et al., 2013, 2014; Dillehay et al., 2015; 

Lahaye et al., 2013), human skeletal remains only appear in the archaeological record from the 

early Holocene onwards (Lucas Bueno, Dias, et al., 2013; W.A. Neves et al., 2013). In this period, 

known as the early Archaic, most landscapes of the sub-continent were already occupied and 

human populations thrived (Aceituno et al., 2013; Lucas Bueno, Dias, et al., 2013; Capriles & 

Albarracin -Jordan, 2013; Martínez et al., 2013; Mazz, 2013; Melgar, 2013; Prates et al., 2013; 

Rademaker et al., 2013). These groups are relatively well studied in regard to their mobility 

patterns and subsistence strategies being characterized as generalist foragers with a strong 

emphasis on the exploitation of vegetable and maritime items when available (Scheinsohn 2003; 

Kipnis 1998, 2002; Borrero 2015). Considering ideational, symbolic or ritualistic aspects, 

however , the available information is limited (Dillehay, 1997). Since rock art is usually difficult 

to date with precision (W.A. Neves et al., 2012; Pessis, 2013) most of the informatio n on 

symbolic behavior during the early Holocene is left to the analysis of human burials.  

In the western portion of the continent substantial efforts have been made both in the 

sense of increasing the number of available sites and of providing new theoretical frameworks 

(Santoro, Standen, Arriaza, & Dillehay, 2005). In a synthesis of the available evidence on the 

Andean region, Santoro and collaborators (2005:330) have concluded that the manipulation and 

transformation of dead bodies was more common than previously thought in the study of Archaic 

mortuary rituals and that despite considerable diversity of mortuary practices, a common 

emphasis on the preservation or reduction of the body can already be discerned during the 

early Archaic.  

In the eastern part of the continent, however, archaeological sites containing skeletal 

remains dating to the early Archaic are extremely rare, precluding the proper study of their 

ritual dimensions. One exception is the region of Lagoa Santa in central Brazil where hundreds 

of early Holocene human skeletons have been exhumed in almost two centuries of research 

(W.A. Neves & Hubbe, 2005). According to the classic descriptions, the mortuary practices in 

Lagoa Santa were simple and homogenous, including nothing but primary inte rments without 

grave goods (W.A. Neves et al., 2003; Walter, 1958). It contrasted, therefore, with the elaborated 

burials described for the western part of South America during the same period (Santoro 2015).  
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In 2001, however, excavations restarted in Lagoa Santa and findings from Lapa das 

Boleiras and Lapa do Santo engendered a transformation in our understanding of the mortuary 

rituals in the region (Araujo et al., 2008, 2012; Araujo, 2010; Strauss et al., 2015). The abundance 

of well -preserved early Holocene burials in those sites offered a  rare window into the 

commonly inaccessible world of the funerary rituals of the early Archaic hunter -gatherers in 

eastern South America (Astolfo G.M. Araujo et al., 2012). Here we report burials from Lapa do 

Santo and their associated archaeological context discussing their implication for a proper 

understanding of the mortuary landscape of South America during the early Holocene. Far 

from simple, the burials of Lapa do Santo points to an unexpected sophistication based on the 

manipulation of the fresh corpse as a key element of the rituals. 

LAPA DO  SANTO ARCHAEOLOGICAL CONTEXT  

Lapa do Santo is an archaeological site located in the northern part of the Lagoa Santa 

karst (Arauj o et al., 2012)(see SI-1 for a detailed description). Lagoa Santa is located in east-

central Brazil (Fig. 1a) and is well known among archaeologist and paleontologists since the 19th 

century. The first human skeletons were found by the Danish naturalist Pe ter Lund between 

1835 and 1844 in the Sumidouro cave in association with bones of extinct megafauna (Araujo et 

al., 2005; Cartelle, 1994; Luna, 2007; Lund, 1844; Piló & Auler, 2002). Due to this putative 

coexistence of man and megafauna Lagoa Santa became the focus of many 19th century scholars 

ȹ'ÈÕÚÌÕȮɯ ƕƜƜƜȰɯ'ÙËÓąðÒÈȮɯ ƕƝƕƖȰɯ *ÖÓÓÔÈÕȮɯ ƕƜƜƘȰɯ 3ÌÕɯ*ÈÛÌȮɯ ƕƜƜƙȺ. During the 20th centuries, 

different teams went to the region pursuing to find evidence that could confirm the coexistence 

hypothesis (Bányai, 1997; Hurt & Blasi, 1969; Laming-Emperaire, 1979; Walter et al., 1937; 

Walter, 1958). As a result of more than 170 years of excavations a large collection of early 

Holocene skeletons was formed (Neves et al. 2013; Bernardo et al. 2011; Da-Gloria 2012). 

However, all those excavation were done in a time when proper documentation was not 

available and, therefore, they considerably lack contextual information. 3ÏÌɯ×ÙÖÑÌÊÛɯɁ.ÙÐÎÐÕÚɯ

ÈÕËɯ,ÐÊÙÖÌÝÖÓÜÛÐÖÕɯÖÍɯ,ÈÕɯÐÕɯ ÔÌÙÐÊÈȯɯÈɯ/ÈÓÌÖÈÕÛÏÙÖ×ÖÓÖÎÐÊÈÓɯ ××ÙÖÈÊÏɂɯÈÐÔÌËɯÛÖɯÖÝÌÙÊÖÔÌɯ

this situation by identifying and excavating new sites in Lagoa Santa region. Lapa do Santo was 

found in the frame of those efforts.  

Lapa do Santo is a cave with an associated sheltered area of ca. 1300 m2 (Fig. 2a) 

developed under the negative slope of a 30 meters high limestone massif (Fig. 1b).  The 

southern region of the sheltered area is relatively flat, high and dry, and is located immediately 

ÐÕɯÍÙÖÕÛɯÖÍɯÛÏÌɯÊÈÝÌɀÚɯÌÕÛÙÈÕÊÌȭɯ3ÏÌɯÍÓÖÖÙɯÖÍɯÛÏÌɯÚÏÌÓÛÌÙɯÏÈÚɯÈɯÚÛÙÖÕÎɯËÌÚÊÌÕËÐÕÎɯÐÕÊÓÐÕÈÛÐÖÕɯ

towards the nort h, which becomes flat again near a natural sinkhole located in the northern 

extreme of the sheltered area (Figs. 2c-f).  The chronology of the site is based on OSL (Tables S1-

S5) and radiocarbon dating (Fig. 3a, Table S6, and SI-2) and it defines three distinct periods of 

human occupation with the oldest one starting at 12.7-11.7 cal kyBP (all chronological ranges 
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are based on a 95.4% interval)(Table 1). When the three periods are considered, there is a good 

agreement between depth (i.e., z-value) and dated charcoals, showing the stratigraphic integrity 

of the deposits (Fig. 3b). Site formation process analysis concluded that Lapa do Santo contains 

an expressive component of anthropogenic sediments produced after repeated combustion 

activities (Fig. 4; SI-3 and SI-4)(X. Villagran, Strauss, Miller, Ligouis, & Oliveira, 2016) . 

 

Table 1. Chronological periods for the 2001-2009 excavations in Lapa do Santo. 
 68.2% interval  95.4% interval  Vertical interval  

(z-value in meters)  

Lapa do Santo Period 3 0.7-1.1 cal kyBP 0-2.1 cal kyBP > 0.947 

Lapa do Santo Period 2 4.0-5.2 cal kyBP 3.9-5.4 cal kyBP 0.137-0.947 

Lapa do Santo Period 1 8.1-12.5 cal kyBP 8.0-12.7cal kyBP <0.137 

 

 

 
Figure 1: Geographic location and aerial view of Lapa do Santo: Left, Map of South America showing 

the location of Lagoa Santa region (red star) and other sites mentioned in the text: Baño Nuevo (yellow 

diamond), Huchichocana Cave (black diamond), La Chimba (purple diamond), La Fundición (orange 

diamond), Lauricocha (light b lue diamond), Pampa de los Fóssiles (light green diamond), Tequendama 

(white diamond), Capelinha (black square), Justino (green square), Loca do Suim (yellow square), 

Santana do Riacho (white square) and Toca dos Coqueiros (blue square). Right , Aerial view  of the Lapa 

do Santo massif. The black arrow points to the sheltered area where the archaeological site is located.  
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Figure 2:  Plan and sections of Lapa do Santo. a, Plan of Lapa do Santo. The grid corresponds to 1 square 

meter units. Pink and orange indicate, respectively, excavated surfaces. Pink indicate the main excavation 

area (MEA). The bedrock is depicted in gray and secondary deposits such as breccia and stalagmites in 

beige. The topographic lines are 10 cm equidistant and the associated values correspond to the z-value of 

the site coordinate system. The red letters indicate the start and end of the sections depicted in 

ɁÊɂȮɂËɂȮɂÌɂɯÈÕËɯÍɂɯb, Detail of the MEA area. Red, green and blue dots are, respectively, early, middle 

and late Holocene dated charcoal samples. The number next to the dots indicates the radiocarbon non-

calibrated date. Black disks indicate the position of the human burials and their correspondent number is 

indicated by the underlined numbers. The green diamond indicates where the  hematite blade was found 

(Lst-6410). Numbers in the lower and right margin indicate the x and y values, respectively, from the 

coordinate system of site. The dashed green lines indicate the surfaces of the profiles in Figure 3. c, profile 

from points A to   ɀɯÈÚɯÐÕËÐÊÈÛÌËɯÐÕɯɁÈɂ. dȮɯ2ÌÊÛÐÖÕɯÍÙÖÔɯ×ÖÐÕÛÚɯ!ɯÛÖɯ!ɀɯÈÚɯÐÕËÐÊÈÛÌËɯÐÕɯɁÈɂ. e, Section from 

×ÖÐÕÛÚɯ"ɯÛÖɯ"ɀɯÈÚɯÐÕËÐÊÈÛÌËɯÐÕɯɁÈɂ. fȮɯ2ÌÊÛÐÖÕɯÍÙÖÔɯ×ÖÐÕÛÚɯ#ɯÛÖɯ#ɀɯÈÚɯÐÕËÐÊÈÛÌËɯÐÕɯɁÈɂȭ  


