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Early Archaic, human skeletal remains found in a burial context in Lapa do Santo in 

eastern Brazil are providing a rare glimpse into the lives of hunter-gatherer 

communities in South America, including their rituals for dealing with the dead. These 

included 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. In a later period, pits were filled with disarticulated 

bones of a single individual without signs of body manipulation, demonstrating that the 

region was inhabited by dynamic groups in constant transformation over a period of 

centuries. 
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1. Location and excavations methods 

Lapa do Santo is located in Lagoa Santa region, eastern central Brazil (Figure 1). Lagoa 

Santa is an environmentally protected area comprising 360 km
2
. The vegetation is 

dominated by savanna (cerrado) and semi-deciduous forest. The rivers Mocambo, 

Samambaia, Jaguara and Gordura make up a tributary net that flows west to east to 

Velhas River, the main river in the area. Geomorphologically Lagoa Santa is a karstic 

terrain that can be divided into four distinct domains: 1) below 660 meters above sea 

level (masl) the terrain is characterized by a fluvial plain connected with the regional 

base level (Velhas River); 2) between 660 and 750 masl there is a karstic plain with 

dolines and lakes 3) between 750 and 850 masl there are karstic plateaus characterized 

by the presence of limestone outcrops (reaching up to 75 meters in height); 4) above 

850 masl residual peaks composed of the non-soluble metasedimentary rocks from the 

Serra da Santa Helena Formation. 

The Lagoa Santa region geology comprises Sete Lagoas Formation and Serra da 

Santa Helena Formation, both part of the Upper Proterozoic metassediments of the 

Bambuí Group (Viana et al. 1998) of the São Francisco craton. This cratonic cover 

metamorphosed during the Brazilian Cycle (700-450 million years ago) in a process that 

resulted in planar structures, such as lineation and foliation, and sub-vertical structures, 

such as normal and revert faults. The combination of these structures provides the path 

for the geomorphologic evolution that leads to the rockshelter configurations found in 

the region. The regional rockshelters and outcrops are developed in the limestone of the 

Sete Lagoas Formation. More specifically, Lapa do Santo rockshelter developed in the 

Member Pedro Leopoldo that is composed by very pure limestones with more than 90% 

calcite (Viana et al. 1998).  

The annual mean temperature is 23
o
C, with lower temperatures (11ºC) occurring 

between June and July and higher temperatures (35ºC) occurring between October and 

November. The average humidity is around 65% in the dry season, from May to 

September, and around 85% on the rainy season, from November to April, with a 

pluviometrical mean of 1,400 mm/year. The major climatic characteristic of this region 

is the high concentration of rain during the rainy season (93% of total volume). When 

evaporation is analyzed, the region presents an annual deficit of 176 mm (Piló 1998). 

Despite these particular variations, the regional climate is classified as tropical, with a 

rainy summer and dry winter (Nunes et al. 2009). During dry periods, the above ground 
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water sources can become very scarce although underground drainages are capable of 

keeping the discharge in Velhas River. 

The first human bones from Lagoa Santa were found by Peter Lund between 1835 

and 1843 (Lund 1844; Cartelle 1994; Araujo et al. 2005; Piló & Auler 2002; Luna 

2007). Due to the putative coexistence of man and megafauna Lagoa Santa became a 

well-known region for 19
th

-century scholars (e.g. Kollman 1884; Hansen 1888; 

Hrdlíčka 1912; Ten Kate 1885). During the 20
th

-century, different teams went to the 

region in order to find evidence that could confirm the coexistence hypothesis (Walter 

1958; Walter et al. 1937; Hurt & Blasi 1969; Bányai 1997; Laming-Emperaire 1979). 

As a result of more than 170 years of excavations a large collection of early Holocene 

skeletons was formed. However, all those excavation were done in a time when proper 

documentation was not available and, therefore, they considerably lack contextual 

information. Coordinate by WAN and funded by São Paulo State Grant Foundation 

(FAPESP) the project “Origins and Microevolution of Man in America: a 

Paleoanthropological Approach” aimed to overcome this problem by identifying and 

excavating new sites in Lagoa Santa region. 

Lapa do Santo was found in the frame of those efforts. Excavations took place 

between 2001 and 2009 under the coordination of RK, AGMA and DVB. Starting in 

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

densest archaeological deposits were located in the south part of the shelter, 

immediately in front of the cave`s entrance. An ample excavation surface was 

established in this region becoming the Main Excavation Area (MEA, the pink area in 

Fig. 2). All human burials were found in the MEA. Excavations ended in 2009 when, 

according to Brazilian laws, the excavated area was filled with sediments recomposing 

the original topography of the shelter`s floor.  

In 2011, a new excavation area was open in Lapa do Santo as part of another 

research project. Entitled “The Mortuary Rituals of the First Americans” and 

coordinated by AS this is a joint venture between the Department of Human Evolution 

of the Max Planck Institute for Evolutionary Anthropology (Germany) and the 

Laboratório de Estudos Evolutivos e Ecológicos Humanos da Universidade de São 

Paulo (Brazil). This new excavation is currently on-going and will not be discussed in 

the present contribution. The only exception to this concerns the undeformed samples 

for micromorphology. Since no undeformed samples were collected between 2001 and 
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2009 from the levels where the burials were found, the micromorphological analysis 

presented here is based on samples collected from the new excavation`s area at levels 

compatible with those from which the burials from LSMP-1, LSMP-2 and LSMP-3 

come from. A detailed account on the formation processes studies on Lapa do Santo can 

be found in Villagran et al., (in press).      

 “Lapa” and “Santo” are the Portuguese words for, “rockshelter” and “saint”. Lapa 

do Santo is a cave with an associated sheltered area of ca. 1300 m
2
. The southern region 

of the sheltered area has a relatively flat, height and dry area located immediately in 

front of the cave’s entrance. The floor of the shelter has a strong descending inclination 

towards the north, which becomes flat again near a natural sinkhole located at the 

northern extreme of the sheltered area (Figs. 2c-d). 

A three-dimension coordinate system (x,y,z) was established in Lapa do Santo 

(Fig. 2a-b). The y-axis was conveniently oriented following the longer dimensions of 

the sheltered area, which is, in turn, roughly aligned with the geographic north-south 

axis (increasing towards the north). Therefore, the y-axis is also referred to as the north-

south or N-S axis. The x-axis is perpendicular to the y-axis and is therefore roughly 

aligned with geographic east-west (increasing towards east). The x-axis is also referred 

to as the east-west or E-W axis. X-axis and y-axis define a horizontal plane. The z-axis 

is perpendicular to the plane defined by x-axis and y-axis and is therefore also referred 

to as the vertical axis or absolute depth (decreasing with progressive depth). The origin 

of the coordinate system (i.e. x=0, y=0, y=0) was conveniently positioned outside the 

sheltered area (see Figure 2). An aribitrary grid with squares of 1 meter per side was 

established starting from the origin of the coordinate system. In the x-axis, each one-

meter interval was sequentially labeled with letters (A,B,C,D, etc.) and in the y-axis, 

each one-meter interval was sequentially labeled with numbers (1, 2, 3, 4, 5, etc.). The 

excavation of the site followed this grid and the unit’s code refers to this system (e.g. 

L11, B13, Z14). 

The excavations were based on natural depositional levels further divided into 

lithostratigraphic units (Gasche & Tunca 1983; Stein 1987; Stein 1992), which are 

composed of facies, to assure stratigraphic and spatial control of the archaeological 

remains (Stein 1987). 
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A facies is the smallest stratigraphic/excavation unit, defined by its color, 

texture, hardness and inclusions. This concept of facies emphasizes the visible 

lithological changes that occur vertically and horizontally, representing any event over 

time resulting from the action of carriers bringing similarly sourced material and 

depositing them on the site (Stein & Rapp 1985). The depositional event that led to the 

formation of certain facies may have occurred on any time scale. The time of formation 

of the facies is not central to the definition of the term, only the fact that the same 

lithology was deposited continuously or sporadically brought no changes. 

The lithostratigraphic unit hierarchically above the facies is defined by "natural 

stratigraphic level". This unit refers to the layer defined by the difference in color, 

texture and compositions observable in the field (bones, plants, rocks, etc.) representing 

qualitative differences along the strata excavation. A natural level may be composed of 

only one or more than one facies, with or without predominance between the facies 

(Stein & Rapp 1985). For each excavation unit, the facies were sequentially numbered 

(facies 1, facies 2, facies 3...). 

The stratigraphic levels were also identified ordinarily with the surface level 

receiving the number 1. The change from one level to another was determined by 

changes in color, texture, hardness or composition of its constituent facies. However, in 

cases in which no changes occurred after excavating 10 cm, the level number was 

automatically changed. At the beginning of the excavation of each level, the z-value of 

the corners and the central portion of the correspondent unit was recorded. Within each 

level, their constituent facies were excavated separately. A sample of four liters of 

sediment was collected for flotation from each facies in each level. Flotation separated 

the material that sunk (heavy fraction) and that floated (light fraction). This material is 

currently under study.   

All material of archaeological interest, i.e., lithic materials, bone, seeds, fruits, 

artifacts made of organic materials (wood, bone, plant) and charcoal, greater than 1 cm, 

were plotted using a total station according to the site’s coordinate system. Each plotted 

piece received an identification number preceded by the prefix “St-”. For each plotted 

piece, provenance information (unit, level and facies) was recorded. The material that 

could not be plotted (pieces smaller than 1cm found in situ or any piece recovered from 

the sieve) did not receive an identification number and can be tracked only based on its 

provenance information (unit, level and facies). The material was stored individually in 
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plastic bags with their identification cards. During the excavation all structured 

occurrences were excavated separately by stripping layers of archaeological material.  

Archaeological excavation and documentation followed an Excavation Protocol 

created by one of the authors (RK) specifically for the project, so to ensure 

standardization of procedures within and between excavation teams. The excavations 

were documented independently for each unit using a Unit Excavation Form (UEF), 

Unit Schematic Drawing (USD), Unit Field Pictures (UFP), Worksheet of Spatial 

Registration (WSR), Worksheet of Volume of Facies (WVF), Notebooks of Excavation 

(NE) and Field Director’s Diary (FDD).  

Each level of each unit has a UEF. In this form the opening and closing z-values 

of the level were registered as well as the description of the excavated sediment (color, 

texture, hardness, inclusions). The USD is complementary to the UEF. Any noticeable 

feature or structure is registered in the USD (e.g., pebbles and/or boulder 

concentrations, fire hearths, sediment lens, roots, and animal holes). The USD is of 

particular importance since it is the most reliable tool to determine the spatial position 

of the burials in relation to the entire site.  

Each unit has a WSR in which the x, y and z values of the plotted pieces are 

registered. In addition, the identification number and the provenance information were 

also recorded. This information is also available on the Identification Card that is kept 

together with the plotted piece. By duplicating the documentation, we minimized the 

risk of losing information. Each unit has a WVF in which the volume of each bucket of 

sediment is registered. This allows computing the exact volume of each excavated 

facies and levels. Each unit has an NE in which the excavator can note all his subjective 

impressions. 

Concerning the exhumation of human burials, we adopted a method based on 

consecutive expositions. The exposition is the unit of the exhumation process. Each 

exposition must uncover the largest number of bones as possible, without implying the 

removal of any bone. When this stage is achieved no more sediment is removed and a 

detailed drawing (BSD) aided by the total station is made, each bone is individually 

identified, and photographic recording is done. After the BSD is done, the exposed 

bones are removed and the exhumation moves on, repeating the process until it is no 

longer possible to remove sediments without further removing bones. This is a very 
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meticulous process and sometimes a single burial might take as much as 20 days to be 

fully exhumed. The final result is a high-resolution documentation that allows a full 

reconstitution of the burial after its removal from the site. 

In addition to the already mentioned sources of primary documentation, the 

burial exhumation processes also included the Burial Exhumation Form (BEF), Burial`s 

Schematic Drawing (BSD), Burial Field Pictures (BFP) and Laboratory Pictures.  

 The BEF is composed of two pages. In the first one information as the name of 

the responsible for the exhumation and the date of its occurrence is inserted. In addition, 

there are specific fields where information about the disposition of the skeleton should 

be added (flexed or extended, single or multiple, degree of articulation, angle of joints, 

etc.) The second page of the BEF has a schematic drawing of a skeleton used to indicate 

which bones were present. In addition, there is a field for the excavator to make a 

detailed description of the burial while it is being exhumed. The primary documentation 

was done in Portuguese and is available in digital format upon request. 
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2. Chronology 

Lapa do Santo chronology is based on OSL dates from sediment, radiocarbon dates on 

charcoal and radiocarbon dates on human bone collagen. All samples were spatially 

controlled using a total station. 

 

OSL 

In total 21 sediment samples were collected for luminescence dating, including two 

outside the shelter in the lake basin (Table S1). The samples were mainly collected from 

test unit Q48 in the northern part of the shelter, from a T-shaped trench extending from 

the northern to southern part of the shelter, and from test units F13 and M6 in the south 

part of the shelter. Because this paper is focused on the burials coming from the main 

area of excavation, only the samples from F13 and M6 will be considered.  

 Samples were collected by driving light-tight cylinders into exposed profiles. 

After retrieval the ends were capped, and the samples shipped to Seattle. The caps were 

removed in subdued red/orange light. The end portions of the sample were used for dose 

rate measurements and the middle portion for luminescence measurements. Separate 

samples were collected to measure current moisture content. 

 

Dose rate 

Radioactivity was measured by alpha counting in conjunction with flame photometry 

for K. For alpha counting the pairs technique was employed to separate the U and Th 

decay series. Total K was measured on the flame photometer and converted to 
40

K by 

natural atomic abundance. All samples were measured plus some additional strata or 

rocks that were near the samples and contributed to their dose rate. Radioactivity was 

also measured as a check by beta counting. Four assays were averaged and converted to 

beta dose rate (Bøtter-Jensen & Mejdahl 1988). This was compared with the beta dose 

rate calculated from the alpha counting and flame photometry results. CaSO4:Dy 

dosimeters were placed at some of the sample locations but only a few were retrieved, 

because some of the excavation areas were not reopened. Dose rate information is given 

in Tables S2 and S3. 
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The beta dose rates, computed in the two ways mentioned, are compared in 

Table S3. A significant difference is only observed for UW1376, possibly because of 

some disequilibrium in the U decay chain. For this sample, the beta dose rate from beta 

counting, as a more direct measure, was used in age calculations. External dose rates 

from lab and dosimeter measurements are also compared in Table S3. For UW1376 

there is a no significant difference. For UW1374, the difference is just barely significant 

at one-sigma. For UW1375, the difference was significant and the dosimeter was taken 

as the best measure of external dose rate. Current moisture content varied considerably 

throughout the shelter. For age calculation, the current content was used as the best 

estimate with a ± 5% error bar. 

Although dose rates vary from different parts of the site, they are broadly similar 

within a single area. The samples from F13 have dose rates of about 1.8-2.3 Gy/ka, and 

the sample from M6 about 1.2 Gy/ka.   

 

Equivalent dose 

For luminescence measurements, the unexposed material from the samples is sieved, 

both wet and dry, to obtain appropriate size fractions. Both 150-180µm and 180-212µm 

fractions were used. These were treated with HCl and H2O2 to remove carbonates and 

organics. They were then etched for 40 minutes in 48% HF and rinsed with water, HCl 

and water again. Any grains remaining were passed through the 150µm or 180µm 

screen again to remove degraded feldspar. The material caught in the screen was density 

separated using a lithium metatungstate solution of 2.67 specific gravity to remove 

heavy minerals. 

 Grains were placed in specially-manufactured disks for single-grain 

measurement.  Luminescence was measured on a Risø TL-DA-15 reader with single-

grain attachment. Stimulation was by a 532nm laser delivering 45 W/cm
2
. Detection of 

light was through 7.5 mm U340 (ultraviolet) filters. Exposure was for 0.8s on each grain 

at 125°C. The first 0.06s was used for analysis and the last 0.15s for background. 

Equivalent dose (De), the laboratory estimate of total absorbed dose through 

time, was determined using the single-aliquot regenerative dose (SAR) protocol 

(Murray & Wintle 2000; Wintle & Murray 2006). The SAR method measures the 

natural signal and the signal from a series of regeneration doses on a single aliquot. The 
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method uses a small test dose (about 3 Gy in this case) to monitor and correct for 

sensitivity changes brought about by preheating, irradiation or light stimulation. SAR 

consists of the following steps: 1) preheat, 2) measurement of natural signal (OSL or 

IRSL), L(1), 3) test dose, 4) cut heat, 5) measurement of test dose signal, T(1), 6) 

regeneration dose, 7) preheat, 8) measurement of signal from regeneration, L(2), 9) test 

dose, 10) cut heat, 11) measurement of test dose signal, T(2), 12) repeat of steps 6 

through 11 for various regeneration doses. A growth curve is constructed from the 

L(i)/T(i) ratios and the equivalent dose is found by interpolation of L(1)/T(1). A zero 

regeneration dose and a repeated regeneration dose are employed to insure the 

procedure is working properly. The preheat removes unstable signal. Both a 180°C and 

a 240°C preheat for 10 s were employed; no systematic differences in results were 

observed. 

An advantage of single-grain dating is the opportunity to remove from analysis 

grains with unsuitable characteristics by establishing a set of criteria grains must meet. 

Grains were eliminated from analysis if they (1) had poor signals (as judged from errors 

on the test dose greater than 30 percent or from net natural signals not at least three 

times above the background standard deviation), (2) did not produce, within 20 percent, 

the same signal ratio (often called recycle ratio) from identical regeneration doses given 

at the beginning and end of the SAR sequence, suggesting inaccurate sensitivity 

correction, (3) yielded natural signals that did not intersect saturating growth curves, (4) 

had a signal larger than 10 percent of the natural signal after a zero dose, (5) produced a 

zero De (within 1-sigma of zero), or (6) contained feldspar contaminates (judged 

visually on growth curves by a reduced signal from infrared stimulation before the OSL 

measurement; done on two doses to lend confidence the reduction in signal is due to 

feldspar contamination). A dose recovery test was performed on some grains. The 

luminescence of the grains was first removed by exposure to the laser (using the same 

parameters mentioned earlier). A dose of known magnitude was then administered. The 

SAR procedure was then applied to see if the known dose could be obtained. Successful 

recovery is an indication that the procedures are appropriate. 

De values were obtained on both 150-180µm and 180-212µm grains. The former 

sacrifices single-grain resolution because more than one grain will fit in the measuring 

holes, but comparison of De distributions between the two grain sizes yielded no 

differences that could not be accounted for by differential sample size. Using the 
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rejection criteria described earlier, an acceptance rate for all samples in the shelter of 

10.9% was obtained for the 180-212µm fraction. It is 29.2% for the smaller size 

fraction, but the probability of both grains in the same hole having a usable signal is 

only 1.2%, and only 3.6% for one out of three.  Averaging of signals from two or three 

grains is thus not expected to be significant, so the results from the two size fractions 

were pooled for further analysis. The most common reason for rejection was lack of 

measurable signal (91% of those rejected from the 180-212µm fraction). No other 

reason constituted more than 4% of the rejections. 

The SAR protocol is designed for the fast component in quartz. Quartz is known 

to contain multiple traps that bleach at different rates. The fast component is the only 

stable one that bleaches rapidly. If grains are dominated by slower bleaching 

components, the SAR protocol may not yield the correct De value. One way to visualize 

component structure is to utilize linear modulated OSL (LM-OSL). Most OSL is 

measured in what is called continuous wavelength mode, where the power and the 

wavelength of the stimulating source are kept constant. In LM-OSL, the wavelength is 

kept constant, but the stimulating power is ramped from zero to full power. Electrons 

from rapidly bleaching peaks are preferentially released early, when power is still low, 

while electrons from slower bleaching peaks are released later. This provides a peak 

structure where the components can be visually distinguished. 

LM-OSL was measured for several samples, including four under consideration 

here, at the end of an SAR sequence, following a dose approximately the size of the 

equivalent dose. The laser power was ramped from 0 to 90% power in 30s. A 

comparison was made among grains of the intensity ratio of the curve at 16% power and 

that at about 5.5% power. Those values were chosen as the point of the fast component 

peak (5.5%) and the point where the fast component drops to background (16%), as 

concluded from grains where the signal dropped the quickest. Grains with a ratio less 

than 0.2 were compared with those with a ratio greater than 0.6, the former taken as 

grains dominated by the fast component and the latter taken as grains with a significant 

medium or slow component.  For all samples, grains with ratios less than 0.2 are much 

more common than those with ratios more than 0.6. Comparing the central age De 

values for each group shows either no significant difference or a smaller De for the 

higher ratio, which is the opposite one would expect if the slower components had much 

effect. Quartz in these samples appears then to be dominated by the fast component, and 
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in those few grains where slower components are present, the De values did not differ 

significantly from those dominated by the fast component. 

Dose recovery was performed on 12 samples from the entire shelter with a total 

number of accepted measurements at 399. The central tendency (as measured by the 

central age model, discussed later) of the normalized results (obtained dose/given dose) 

is 1.03±0.01 with an over-dispersion of 13.5±1.4%. This suggests the procedures are 

satisfactory. Over-dispersion in dose recovery reflects only intrinsic causes (machine 

error, variation in luminescence properties of grains, etc.). All external causes, 

differential dose rate or differential age, are controlled. This means that for a single-

aged sample, an over-dispersion of at least 15% should be expected. This is within the 

range reported for single-aged samples from many areas. 

A De value is obtained for each suitable grain. Because of varying precision 

from grain to grain, the same value is not obtained for each grain even if all are of the 

same age.  Instead a distribution is produced. The common age model and central age 

model of Galbraith (Galbraith & Roberts 2012) are statistical tools used in evaluation of 

De distributions.  These models are used in reference to De and not “age” per se, 

although dividing the De values by the bulk dose rate provides an “age” for each grain 

(not accounting for differential dose rates for individual grains). The common age 

model controls for differential precision by computing a weighted average using log De 

values. The central age model is similar except rather than assuming a single true value 

it assumes a natural distribution of De values, even for single-aged samples, because of 

non-statistical sources of variation.  It computes an over-dispersion parameter (σb) or 

that deviation beyond what can be accounted for by measurement error. For samples of 

mixed ages a finite mixture model is employed for evaluation (Galbraith & Roberts 

2012). This uses maximum likelihood to separate the grains into single-aged 

components based on the input of a given σb value and the assumption of a log normal 

distribution of each component. The model estimates the number of components, the 

weighted average of each component, and the proportion of grains assigned to each 

component. The model provides two statistics for estimating the most likely number of 

components, maximum log likelihood (llik) and Bayes Information Criterion (BIC). 

Table S4 gives the equivalent dose central age value and over-dispersion for 

each sample. Over-dispersion is higher than 15% for all samples, although not by much 



SUPPLEMENTARY MATERIAL 

15 
 

for some. This suggests, overall, that some of the scatter in the distributions of De values 

has extrinsic causes. 

To look at the structure of these distributions, a finite mixture model was 

applied, using 15% as the assumed minimum over-dispersion for a single-aged sample.  

The number of components detected and the percentage of the most common 

component are given in Table S4. Two samples, UW861 and UW1375 are consistent 

with a single age. The other samples appear more mixed. 

One extrinsic cause of over-dispersion is differential dose rate, mainly affecting 

the beta dose rate because of heterogeneous distribution of either uncommon K-

feldspars (the K from which can contribute a large part of the beta dose rate) or 

carbonate materials (such as speleothems) which contain little radioactivity. Grains 

close to K-feldspars or speleothem fragments will experience a different dose rate than 

grains further away. While no measurements of spatial distribution of radionuclides has 

been done, it is possible to model the possible effect to see if it could cause the observed 

De distributions. The effect of heterogeneous distribution of K was modeled following 

Mayya et al. (2006) using the procedure of delineated by David et al. ( 2007), while the 

effect of speleothems was modeled by just assuming that grains next to speleothem 

fragments would experience half the dose rate of other grains. In both cases, the ages of 

lower components are increased by assuming a minimum dose rate as determined from 

the models and comparing them with adjusted ages of higher components. Comparisons 

were between the two most common components. The difference between assuming K 

hotspots (i.e., areas of high radioactivity) or speleothem cold spots (low radioactivity) 

was not substantial, so either has about the same effect. The results show that these 

models can explain the difference in De for the two most common components for all of 

these samples. This is not to say that the models are an accurate description of the dose 

rate distribution. It is to say that beta dose rate heterogeneity cannot be ruled out for 

explaining the over-dispersion. 

Given that beta heterogeneity can explain the over-dispersion and no obvious 

agent for large scale mixing presents itself, the central age model appears to represent 

the best estimator for determining equivalent dose. If beta heterogeneity is present, the 

central age model allows for averaging out the effects. It could also take into account 

small scale mixing, where there was movement both up and down, which might occur 

with trampling, for example.   
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Ages 

Age is determined by dividing the central age equivalent dose by the bulk dose rate. 

Table S5 gives the ages for each sample. Single-, or near single-aged samples are 

italicized. As can be seen in Figure 3 samples UW861 and UW1377 are in complete 

stratigraphic agreement with the dated charcoals (see next section). The other three 

samples, however, are consistently older than charcoals found in equivalent depth (ie. z-

values).  No good explanation is available for that. According to the OSL samples the 

earliest human occupation appears to date from about 9.0 to 12.0 kyBP, consistent with 

other paleoindian occupations in Lagoa Santa. In the unit F13 dates from UW1374 and 

UW1375 are at least two thousand years older than the dates obtained from radiocarbon. 

In addition, there is a general lack of agreement between the vertical position of the 

OSL sample and the radiocarbon dates (see below). Therefore, we consider the OSL 

dates as generally supporting the early Holocene chronology of the oldest deposits but 

they cannot be relied on for more refined estimation of age of different strata.  

 

Radiocarbon 

At Lapa do Santo 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-eight human bone and teeth sampled from Lapa do Santo’s burials were 

also sent to Beta Analytic between 2001 and 2009 and pretreated without ultrafiltration 

method. Nine samples provided collagen and carbon for accurate measurement. The 

measured ages were then corrected according to the 
13

C/
12

C 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 & Richards 2011). The outer surface of the bone samples are first cleaned by a 

shot blaster and then 500mg of bone powder is taken. The samples are then decalcified 

in 0.5M aq. HCl at room temperature until no CO2 effervescence is observed, usually 
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for about 4 hours. 0.1M aq. NaOH is added for 30 minutes to remove humics. The 

NaOH step is followed by a final 0.5M HCl step for 15 minutes. The resulting solid is 

gelatinized in a pH3 solution in a heater block at 75°C for 20h, following Longin et al., 

(Longin 1971). The gelatin is then filtered in an Ezee-Filter™ (Elkay Laboratory 

The gelatin is then ultrafiltered 

with Sartorius “Vivaspin 15” 30 KDa ultrafilters (Brown et al. 1988). Prior to using the 

filter is cleaned to remove carbon-containing humectants (Higham et al. 2006). The 

samples are then lyophilized for 48 hours. 

C:N ratios, %C, %N, δ13C and δ15N values were measured at Max Planck 

using a Thermo Finnigan Flash EA coupled to a Delta V isotope ratio mass 

spectrometer. 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 (Ambrose 1990; van 

Klinken 1999; DeNiro 1985). For Lapa do Santo alI the isotopic results, C:N ratios and 

collagen yields are well within the accepted ranges (Table S6, attached as Excel File). 

Three out of 21 samples obtained 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 three 

dates from MPI were corrected for a residual preparation background estimated from 

pretreated 
14

C free bone samples, kindly provided by the ORAU. 

The radiocarbon results are listed in Table S6 (attached as Excel File). Burial 14 

was dated twice at Beta laboratory, but unfortunately, the ages are statistically 

incompatible. We cannot discard one of the two dates, because not enough information 

about the collagen preservation is available. Until a third date is produced with more 

accurate and detailed information we will consider them not to be reliable, and for this 

reason, they are not included in the Bayesian model (see below). Burial 17 has one date 

from the adult individual and one date from the sub-adult individual. The two ages are 

compatible according to the R_Combine function of Oxcal (Burial 17, R_Combine, 
14

C 

Age 8,620±36).  

Based on the distribution of radiocarbon dates (Fig. 3b) it is clear that they cluster 

into three distinct groups roughly corresponding to the early, mid and late Holocene. 

From this initial assessment, the radiocarbon dates were calibrated using the SHcal13 

(Hogg et al. 2013) curve and modelled into three contiguous phases using OxCal 4.2 

(Ramsey & Lee 2013) (see Supplementary Data 1 for the OxCal script). Lapa do Santo 
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deposit has a very expressive anthropogenic component (see section 7 on formation 

processes) 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 (Ramsey 2009) is 

not appropriate and instead we used a s-type outlier model (Ramsey 2009), with prior 

probabilities set at 0.05. 

The agreement of this model is above the recommended threshold of 60% 

(A_overall = 82.1%). According to the utilized model Lapa do Santo’s Period 1 (LSP-1) 

starts at 12.5 cal kyBP and ends at 8.1 cal kyBP, Lapa do Santo’s Period 2 (LSP-2) 

starts at 5.2 cal kyBP and ends at 4.0 cal kyBP; Lapa do Santo’s Period 3 (LSP-3) starts 

at 1.1 cal kyBP and ends at 0.7 cal kyBP (all 68.2% interval) (see light shaded areas in 

Fig. S2b). If we consider the 95.4% interval Lapa do Santo’s Period 1 (LSP-1) starts at 

12.7 cal kyBP and ends at 7.9 cal kyBP, Lapa do Santo’s Period 2 (LSP-2) starts at 5.4 

cal kyBP and ends at 3.9 cal kyBP; Lapa do Santo’s Period 3 (LSP-3) starts at 2.1 cal 

kyBP and ends at 0.0 cal kyBP (see dark shaded areas in Fig. 3b)(Table S7). The 

chronology of Lapa do Santo will be based on these modelled calibrated ages.  

According to the model two radiocarbon dates are outliers. The first is the oldest 

dated charcoal from the site (Beta-280489,
14

C Age 10,490±50). However, we decided 

to keep this date in the model for two reasons. First, in Lagoa Santa region there is well-

documented occupation at correspondent period testified by other sites (Araujo et al. 

2012). Second, the oldest OSL dates of Lapa do Santo are roughly from the same 

timeframe as this charcoal. The second outlier is the date of Burial 11’s collagen (Beta-

215195,
14

C Age 5,990±40). This date is chronologically intermediate between LSP-1 

and LSP-2 and is considered an outlier if included in any of the two periods. Therefore, 

either Burial 11’s date is to be discarded because it is incorrect, or because it represents 

an event of occupation that was not preserved in any other part of Lapa do Santo`s 

archaeological record. Taking into account the strong similarities Burial 11 shares with 

Burials 7 and 19, that date to more than a thousand years earlier, we favor the 

interpretation this is a wrong date that must be discarded. 

The chronological range of each Lapa do Santo Mortuary Pattern (LSMP) was 

defined by the oldest extreme of the 95.4%interval of its oldest directly dated burial and 

the youngest extreme of the 95.4% interval of its youngest directly dated burial. Both 

burials from LSMP-1 could be directly dated resulting in a range of 9.7-10.6 cal kyBP 
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for this mortuary pattern. For LSMP-2 a total of six direct dates were obtained. Of 

those, two were discarded as not reliable (Burial 14) and two were combined since they 

referred to the same burial (Burial 17). LSMP-2 is dated to between 9.4-9.6 cal kyBP. 

For LSMP-3 a total of three direct dates on bone is available. Of those, one was 

discarded as an outlier (Burial 11). Based on the two remaining dates LSMP-3 is dated 

to 8.2-8.6 cal kyBP.  

From the total of 61 radiocarbon dates included in the model 56 come from the 

main excavation area where the human remains were found (pink area in Fig. 2). 

Contrary to what is observed for the OSL dates (see previous section), in the main 

excavation area charcoals and burials from the different periods are not randomly 

vertically distributed. They are mostly restricted to specific vertical intervals, meaning 

absolute depth (i.e. z-values) and radiocarbon age are strongly correlated. In fact, in 

93% of the cases (four out of 56; Burial 2 and the three charcoals indicated by blue and 

red arrows in Figure 3a-b) it is possible to correctly predict the chronological period to 

which a radiocarbon date belongs solely based on its vertical position. More 

specifically, radiocarbon dates located below the z-value of 0.137 belong to LSP-1, 

between 0.137 and 0.971 to LSP-2 and above 0.947 to LSP-3 (these are the limits 

indicated by the dotted and dashed lines in Fig. S2). Among the burials belonging to 

LSMP-1, LSMP-2 and LSMP-3 the highest z-value is 0.059 (Burial 13). Since this 

value is inferior to the limit of 0.137 separating LSP-1 from LSP-2 we estimated that all 

these burials belong to LSP-1.  

As discussed in section 7 of this Supplementary Information, allochthonous raw 

material was used for lithic production since the beginning of the occupation of Lapa do 

Santo. However, as indicated by the histogram depicted in the Figure 6a, after Level 20 

of Unit F13 allochthonous raw material disappears from Lapa do Santo archaeological 

record. Unit F13`s Level 20 has an average z-value of -2.738. We used the equation of a 

linear regression of z-value against calibrated radiocarbon dates for the charcoals in 

units F13 and G13 (Figure 6b). Those are the charcoals located closest to the lithic 

assemblage analyzed (Unit F13) and, therefore, most suitable to estimate their 

chronology. When the z-value -2.738 is applied to the equation of the linear regression a 

date of 9.9 cal kyBP is obtained with a 95% confidence interval going from 8.5 cal 

kyBP to 10.4 cal kyBP. However, the lower limit of this estimation must be seen as very 

conservative since it is heavily influenced by the presence of a single charcoal sample 
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that is younger than the others at corresponding depth (Beta-15924). In the future, a 

more appropriate chronological model for the different levels based on Bayesian 

statistics should be prepared to improve this estimation.  

The same linear equation is also appropriate to present a conservative 

chronological estimation for the hematite axe, projectile point and two fish-hooks that 

were found in units F12, F13, G12 and G13 (see section 7 for a description of stone and 

bone artifacts). 

 

3. Formation Processes 

Here we present the preliminary results of micromorphological analyses from a second 

excavation area opened at Lapa do Santo in 2011. This area corresponds to the same 

levels where burials from LSMP-1, LSMP-2 and LSMP-3 were found. For the complete 

geoarchaeological study, the reader is referred to Villagran et al., (in press). A total of 

30 undisturbed blocks for micromorphological analyses were taken from the exposed 

surfaces during excavation. The horizontal strategy of sample collection aimed at 

covering the lateral and vertical variation in the sedimentary facies described during  

excavation. The blocks were oven-dried for one week at 50º C and impregnated with a 

mixture of polyester resin (Viscovoss N5 S, 700 ml), styrene (300 ml) and hardener 

(MKEP, 5-7 ml). Analyses were done with a Stemi 2000-C stereomicroscope and Zeis 

Axio Imager A2 petrographic microscope in plane polarized light (PPL), and cross-

polarized light (XPL). Samples were prepared and analyzed at the Institute for 

Archaeological Sciences, Eberhard Karls Universität Tübingen. 

The macro stratigraphy of Lapa do Santo shows an intercalation of layers with 

diffuse to sharp boundaries that can be divided into three main categories, from more to 

the less frequent: 1) tabular, grey, centimetric layers (5YR 6.1) of powdery carbonate 

sediments, with common sand grains and frequent to common red clay aggregates and 

charcoal (20-40 %); 2) lenticular, red centimetric layers (5YR 5.6) of indurated clay 

minerals with rare charcoal fragments; 3) lenticular, black, milimetric and centimetric 

layers, with high concentration of charcoal and microcharcoal. 

Of the 30 thin sections analyzed, 27 show a similar composition characterized by: 

1) coarse fraction made of randomly distributed clay aggregates of diverse size (from 30 

µm to 1 cm) (Fig. 4a); 2) micromass made of densely packed ash crystals (Fig. 4b-c). 
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The remaining 3 thin sections are exclusively red clayey sediments (2 samples) and a 

fragment of limestone from the cave walls (1 sample). Differences between the samples 

are observed by variations in the c/f ratio, seen as changes in the relative frequency of 

ash crystals vs. clay aggregates. Other differentiating features are: porosity; frequency 

of organic elements, such as charcoal, articulated ashes (Fig. 4d) or tissue residues (Fig. 

4e); and the presence of micro-stratifications (several microfacies in one sample) vs. 

samples made of one single microfacies. 

Ash crystals are described as rhombohedric micro-crystalline calcite crystals (10-

30 µm) (Fig. 4b). They develop from heating the calcium oxalates that naturally appear 

in the plant cells at temperatures around 400-600º C. Ash crystals, also described as 

pseudomorphs of calcium oxalate into calcite (POCC), are the diagnostic 

micromorphological trait of plant ashes (Canti 2003; Brochier 1983; Courty et al. 

1989). The ash crystals at Lapa do Santo have an overall good preservation, with few 

areas if  recrystallized ashes. Sparitic coatings and infillings, inside voids, around coarse 

fraction components and also cementing the ashes, suggest water passage through the 

sediments and vadose conditions, with slow water percolation and/or episodes of water 

saturation. The iron (hydr)oxide hypocoatings and nodules also indicate this. 

The clay aggregates are always blocky, angular to sub-rounded, with 

undifferentiated b-fabrics (XPL). They appear in frequencies from 10-70% and show 

four distinct colors in PPL: red, orange, yellow and dark brown. The differences could 

be related to differences in the iron content or to anthropic modifications (e.g. human 

fires) as suggested by the dark red rims (Fig. 4f). The microstructure inside the clay 

aggregates is close granular to massive, with star-shaped voids (from coalesced 

granules), chamber voids (from biological activity) and fissures. Laminated clay 

coatings and infillings were observed inside the clay aggregates, suggesting provenance 

from Bt horizons. Very fine sand and fine sand sub-rounded quartz grains are embedded 

in the clay aggregates (frequency below 5%), with random distribution and good 

selection.  

The coarse fraction is also made of other organic and inorganic components that 

appear in concentrations below 5%, such as: limestone fragments (from the cave walls); 

microlithic flakes; opaque minerals and quartz grains (detached from the clay 

aggregates); bone fragments (sometimes burned); shell fragments; charcoal; articulated 

ashes; tissue residues; and phytoliths. Besides the ash crystals, the micromass also 

includes pale yellow (PPL), undifferentiated or low birefringence (XPL) material 
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possibly derived from neoformed phosphates. Given the low amount of bones in the 

sediments and the good conditions for bone preservation in the deposit (alkaline pH), 

phosphates could derive from bird guano and/or plant decay. The common association 

of phosphate layers with tissue residues, silicified tissue and plant pseudo-voids in 

numerous thin sections suggest that at least some portion of the secondary phosphates 

derives from plants. 

Bioturbation is indicated by channel and chamber voids and few passage features. 

However, bioturbation was not intense since fragile components, such as tissue 

residues, laminations of fine plant tissue and articulated ashes show good integrity. 

The mixing of geogenic (clay aggregates) and anthropogenic sediments (ashes) 

seen in Lapa do Santo is a frequent characteristic in rockshelters of Lagoa Santa. Ashes 

from anthropic fires have been described in the sediments of Lapa das Boleiras (Araujo 

et al. 2008) and Lapa Grande de Taquaraçu. Although no micromorphological analysis 

have been done in other sites, the macroscopic and micromorphological similarity 

between the greyish fine sediments in Lapa do Santo, Lapa das Boleiras and Lapa 

Grande de Taquaraçu indicate that plant ashes could be a frequent component in other 

archaeological sites in rockshelters from the region.  

Geogenic clay aggregates making up the site stratigraphy and frequently mixed 

with plant ashes have also been reported at the Sumidouro cave (Piló et al. 2005) and 

Lapa das Boleiras (Araujo et al. 2008). At the Sumidouro cave, red and yellow 

sediments were interpreted as soil aggregates from the oxisol developed from the Serra 

de Santa Helena Formation (Araujo et al. 2005). At Lapa das Boleiras the clay 

aggregates are described as red colluvium derived from the red oxisols in the vicinity of 

the sites (Araujo et al. 2008).  

The micromorphological characteristics of the clay aggregates in the sediments at 

Lapa do Santo also fit to what is described for the local red and yellow oxisols, such as: 

microstructure made of coalesced granules; and 1-5% frequency of very fine to fine 

sand sized quartz grains. The lack of cracks and conduits naturally bringing soil material 

to the rockshelter favors the interpretation that soil material came from the oxisol 

developed over the limestone shelter. Soil material loosened by rain, plant-root etc. 

continuously fell down the cliff above the rockshelter and was later redistributed by 

human trampling within the site and mixed with the ashes from combustion features. 

Spectroscopic studies indicate that more than half of the clay aggregates at the site have 

been affected by heating at temperatures above 600º C (see Villagran et al., in press).   
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4. Diatom analysis 

Diatom analyses were done to investigate the potential flooding of the site by a pond 

that existed north of the rockshelter, and whose presence is indicated by watermarks in 

the limestone wall. Analyses were done on loose sediments collected in aseptic 

conditions from the second excavation area.  

For the identification of siliceous microfossils 12 samples of loose sediment were 

dried in an oven at 40
o
C. One gram of sample was placed in a 250 ml beaker, with 30 

ml of hydrochloric acid to remove the carbonates. The solution was warmed on a hot 

plate for six hours under 100
o
C. After carbonate removal, 30 ml of hydrogen peroxide 

were added to remove organic matter. Samples were successively rinsed with distilled 

water and decanted six times until solution reached a neutral pH. Afterwards, samples 

were diluted to 100 ml and 3 ml of the solution placed on a microscope slide and 

mounted with Nafrax.  

Diatoms were identified in 70% of the analyzed samples but at a very low 

frequency. Eunotia, a genus generally preferring marshes, rivers, and lake habitats were 

the most common type of diatom. The genus lives in epilithic habitats (attached to 

rocks) in rivers and springs at a pH of 4.3 (slightly acid water), at water temperature of 

26.3
o
C, variable concentration of dissolved oxygen (2-10 mg/L), and null turbidity and 

salinity (Burlinga et al., 2007). Hantzschia amphioxis was also identified. It inhabits 

temporal bodies of water or periodically emerging areas associated with ephemeral 

drainage channels (Camburn et al., 2010). Although the assemblage is compatible with 

a lacustrine environment, the very low frequency of diatoms observed in the sediments 

indicates that diatoms were not deposited by a permanent or seasonal water body . 

However, the presence of reworked diatoms, frustules and sponge spicules suggest 

some sort of water input to the site, possibly brought to the site by its dwellers from the 

nearby lakes. Future work characterizing diatom assemblages in other locations in 

Lagoa Santa will allow a more precise interpretation of the diatoms assemblage at Lapa 

do Santo.  
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5. Zooarchaeology 

Zooarchaeological analyses are key to better understand the relationship between 

humans and other animal populations, specifically for studies on diet and hunting 

strategies (Reitz & Wing 2008). A central point, however, is how we can interpret the 

zooarchaeological record to generate unbiased information about those relationships. 

Wrong interpretations can derive from the incorrect understanding of the role that 

human and natural agencies play in constituting the faunal assemblage recovered in 

archaeological sites (Lyman 1994; Kipnis 2002; Bissaro Jr. 2008; Perez 2009).  

For the faunal analyses at Lapa do Santo we followed standard 

zooarchaeological methodology (Klein & Cruz-Uribe 1984; Lyman 1994; Lyman 

2008). The Number of Identified Specimens (NISP) and Minimum Number of 

Individuals (MNI) was computed for a sample of faunal assemblage coming from units: 

L7, L8, L10, M3, M4, M5, M6, and from archaeological strata contemporary to the 

early Holocene human remains. The results point to a faunal assemblage dominated by 

small and medium-sized mammals, as well as reptiles, birds and fishes (Table S8). 

Bigger mammals, such as deer and peccaries are also present in the faunal assemblage, 

but not as predominantly as one would expect based on their much higher return rate 

when compared to medium-sized animals; but in accordance with evolutionary ecology 

models for prehistoric foraging societies in Central Brazil (Kipnis 2002). 

The fact that almost all the anatomical parts of deer are represented (Table S9) 

indicates a subsistence/dietary strategy that is not targeting specific body parts when 

analyzed against Food Utility Index (Metcalfe & Jones 1988) (FUI). The game was not 

dismembered in the killing site, but brought as entire piece to the dwelling camp (see 

examples on the use of utility index in Binford (1978), Brink (1997), Brink and Dawe 

(1989), Lyman et al. (1992), Metcalfe and Jones (1988), Savelle et al. (1996), Savelle 

and Friesen (1996), Kipnis (2002); Fernández-Jalvo et al. (2002), Denys (2002), 

Bissaro-Júnior (2008), Couso et al. (2011), Manne (2014)). 

However, the signature of hunting strategies based on Food Utility Indexes can 

be biased by the differential weathering of bones with varying densities (Rogers 2000). 

To verify if the anatomical representation of Mazama sp. in Lapa do Santo is reflecting 

dietary/hunting practices, instead of resulting from taphonomic processes, we evaluated 

the differential preservation of Mazama sp. bones according to density-mediated 

attrition (Grayson 1989; Lyman 1985; Lyman 1992). 
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For that, taphonomic signatures of natural and human agency were generated 

from paleontological and ethnoarchaeological assemblages as control studies for 

comparing with the zooarchaeological record from Lapa do Santo (Bissaro Jr. 2008). 

For the paleontological sample we used bones recovered from the Gruta Cuvieri, 

a paleontological site located few kilometers from Lapa do Santo, with similar 

chronology, and rich in bones of Mazama sp. Previous studies showed the lack of 

anthropic inputs in the formation of Gruta Cuvieri fossil record (Hubbe et al. 2011), 

making it an ideal control sample of a non-human-mediated assemblage. For the 

ethnoarchaeological samples, we used bones recovered by Renato Kipnis in the early 

1990´s at a Guajá site. The Guajá is one of the last hunter-gatherers society of South 

America lowlands (Forline 1997). They live in Brazilian Amazon (state of Maranhão) 

and commonly hunt Mazama sp., among other species (for a detailed description of the 

Guajá subsistence strategy see Prado (2009)). The bones used in this study were 

collected after discard and were an ideal control sample for a human-mediated 

assemblage. 

For the taphonomic study, deer bones from other excavated units at Lapa do 

Santo were also included as to have a more significant sample size. The relative skeletal 

abundance of Mazama sp. in Lapa do Santo, Gruta Cuvieri and the Guajá assemblage 

was quantified using the Standardized Minimum Number of Animal Unit (%MAU, 

Binford 1984) for each anatomical part. Because there are no specific utility indices for 

Mazama sp. the bone density of the body parts considered in this study was obtained 

from Lyman(Lyman 1984) reports on Odocoileus virginianus (Artiodactyla, Cervidae). 

Table S10 presents the correlation between %MAU and bone density for the three sites. 

In the paleontological context (Gruta Cuvieri) the positive and significant 

correlation between %MAU and bone density supports the survivorship of higher 

density anatomical parts due to density-mediated attrition (e.g. post-depositional). The 

absence of any significant correlation between %MAU and bone density in the 

ethnoarchaeological assemblage (Guajá) indicates that whole deer skeletons were 

entering the Guajá settlement.  

In Lapa do Santo, the non-significant correlation between %MAU of Mazama 

sp. and bone density indicates that density-mediated attrition was not central to the 

pattern observed. The low depositional rates at Gruta Cuvieri would have given enough 

time for density-mediated attrition to take place before the bones were completely 

buried, resulting in their differential preservation. In Lapa do Santo, however, the fast 
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depositional rates associated with anthropogenic sediments that contain high degree of 

ashes and calcium, good for bone preservation, would have precluded the differential 

preservation of the bone assemblage triggered by density-mediated attrition.  

Thus, we interpret that the representation of bones in Lapa do Santo did not 

result from differential preservation, but is indeed reflecting a hunting strategy in which 

Mazama sp. was not dismembered in the killing site, but brought as an entire piece to 

the dwelling camp. This is supported by the lack of significant statistical correlation 

between %MAU and FUI for Mazama sp. in Lapa do Santo (n=25, Spearman 

rho=0.344; p=0.09). Similar values are observed for the Guajá ethnoarchaeological 

collection (n=27, Spearman rho = 0.268; p=0.17) attesting this is a common hunting 

strategy in the tropics, where even the largest game, tapir, can still be carried without 

dismembering (Kipnis 2002). In conclusion, the faunal assemblage from Lapa do Santo 

is an adequate sample upon which to base inferences about prehistoric human faunal 

exploitation, and that the inferences point towards a hunting strategy of small and 

medium-size animals as the primary prey items, and less frequent the inclusion of 

bigger animals upon encounter (Bissaro Jr. 2008; Kipnis 2002). 

 

6. Carbon and Nitrogen Isotopes 

Carbon and nitrogen stable isotope analysis on bone collagen is widely used in 

archaeology for reconstructing ancient diets (Vogel & van der Merwe 1977; van der 

Merwe & Vogel 1978). Since almost all of the carbon in the biosphere is fixed by 

autotrophs (DeNiro & Epstein 1978), stable carbon isotopic ratios (
13

C/
12

C) 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 
13

C values ranging from -14 to -9‰. C3 type plants comprise 

some grasses (e.g. oats, wheat, rice) and virtually all other non-grasses, have 
13

C 

values ranging from -35 to -20‰ (Deines 1980). 

Stable nitrogen isotopes (
15

N/
14

N) 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 3-5‰ (Hedges & Reynard 2007; 

Minagawa & Wada 1984; Schoeninger & DeNiro 1984) in 
15

N values. Modern day 
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studies show that plants in the Brazilian savanna, in which Lapa do Santo is located, 

have 
15

N values that range from -5.0‰ to +7.9‰ (Bustamente et al. 2004). 

Stable carbon and nitrogen isotope ratios can also be used to identify marine 

components in the diet. Marine organisms usually have a carbon enrichment, of the 

order of an increase of 7‰ in δ
13

C since their primary source of carbon comes from 

dissolved bicarbonate (0‰) and not atmospheric CO2 (-7‰) like terrestrial carbon fixers 

(Chisholm et al. 1982; Chisholm et al. 1983; Tauber 1981). Nitrogen also has enriched 

values in this context as marine trophic chains tend to be longer and leading to a more 

pronounced cumulative effect of 
15

N increase (Schoeninger & DeNiro 1984). 

A total of 17 human bones and 51 faunal bones were processed. Due to poor 

preservation conditions only eight human (Table S9) and 22 faunal samples (Table S10) 

provided collagen with an acceptable C:N ratio between 2.9 and 3.6 (DeNiro 1985). 

Since the faunal material from Lapa do Santo was extremely fragmented and poorly 

preserved, with only seven reliable results, the assemblage was complemented with 

material from Gruta Cuvieri, a paleontological cave of compatible chronology located 3 

km away from Lapa do Santo (A. Hubbe et al. 2011). 

The material was analyzed in three different laboratories: the Dorothy Garrod 

Laboratory for Isotopic Analysis of the McDonald Institute for Archaeological 

Research, University of Cambridge (UC); the Laboratório de Ecologia Isotópica 

(Isotope Ecology Lab) at the Escola Superior de Agricultura Luis de Queirós, 

University of São Paulo (ESALQ-USP); and the isotope facilities at the Max-Planck 

Institute for Evolutionary Anthropology (MPI-EVA). This variation of laboratories also 

made for a slight difference in methodologies. As the data were produced in three 

different labs, there are differences in the methods employed.  

The samples analyzed at the University of São Paulo (USP) and the University 

of Cambridge (UC) used the same collagen extraction methodology. Following Longin 

(1971), samples of bones ranging from 500mg to 1000mg were sandblasted using 

aluminium oxide and then demineralised in a 0.5M aq. solution of hydrochloric acid 

(HCl). Once demineralised, the bone material was rinsed 3 times in deionised water and 

gelatinized in a pH3 aq. solution at 75
o
C for 48 hours. Then supernatant collagenous 

solution was removed from the test tube using an Evergreen Sera-Separa®, 4¼˝ long, 9 

ml capacity filter (4μm porosity) and freeze dried for 3 days. Once the collagen was dry, 
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individual samples were sub-sampled in triplicates of 0.7 to 0.9mg and finally sent to be 

analysed in the mass spectrometer. At the University of São Paulo samples were 

analysed in a Carlo Erba EA1100-CHN elemental analyzer coupled to a Thermo 

Finnigan Delta Plus isotope ratio mass spectrometer, while at the University of 

Cambridge they were run in a Costech elemental analyser coupled to a Thermo 

Finnigan MAT253 isotope ratio mass spectrometer. All results were calibrated with 

reference to international and laboratory standards. The samples analyzed in MPI-EVA 

were treated according the protocols of Talamo and Richards (Talamo & Richards 

2011) that are described in detail in section 3. Figure S6b shows the results of all 

analyses.  

Results for the fauna are mostly consistent with their dietary habits. Deer 

(Mazama sp.; Cervidae, Goldfuss 1820) are browsing animals, and in the savannas of 

central Brazil normally feed on more 
13

C-depleted gallery forest plants (Marinho-Filho 

et al. 2002). Their predominantly C3 plant based diet is compatible with the observed 

collagen 
13

C values of -20.7±1.6‰ and 
15

N values of 6.0±1.9 ‰ (1 sigma interval, 

n=10). The presence of an outlier (CvL2-6333) presenting high 
13

C values could be the 

result of incorrect taxonomic classification.  

Tayassuidae (Palmer 1897) have generalist omnivore diets (Bodmer 1991; 

March 1993; Barreto et al. 1997). The total of 6 analyzed collagen samples clustered 

into two groups of three samples each. One group has a typical C3 type herbivore diet, 

very similar to that found in deer, averaging 
13

C values of -22.5±1.0‰ and 
15

N values 

of 4.7±0.5‰; whilst the other group has a more carnivore-like diet, averaging 
13

C 

values of -16.5±1.0‰ and 
15

N values of 9.7±0.3‰. This difference could be due to a 

number of reasons such as their broad alimentary range, inter-species variation, 

environmental changes, or the small sample size. 

Both armadillo species, Dasypus novencinctus and Euphractus sexcinctus 

(Dasypodidae, Gray 1821) are omnivores with a tendency to carnivory (Bezerra et al.; 

McDonough & Loughry 2003; Breece & Dusi 1985; McBee & Baker 1982). Both 

species have collagen isotope values compatible with a carnivorous behaviour: average 


13

C values of -14.9±1.7‰, and 
15

N values of 8.2±0.5‰ (n=3) and average 
13

C 

values of -18.4‰, and 
15

N values of 8.2‰ (n=2), respectively. These results might 
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seem unusually high, but similar ones have been found in armadillos from pre-classic 

Mayan sites (van der Merwe et al. 2000).  

The human results are homogenous in their 
13

C values, displaying a mean of 


13

C -19.0±0.6‰, indicating a predominately C3 based diet. The 
15

N values range from 

5.3 to 11.3‰. The highest 
15

N value comes from an infant with non-erupted permanent 

dentition and probably reflects breastfeeding (Fuller et al. 2006) (blue disks in Figure 

5a). Sub-adults with erupted permanent deciduous have 
15

N values more similar to 

adults (red disks in Figure 5a). The low 
15

N values in the adult population is distinct 

from the carnivores (t=4.50; p=0.001) and similar to the herbivores from Lagoa Santa 

region (t=0.25; p=0.400), suggesting a diet based on plants and supplemented by fauna 

(O’Connell & Hedges 1999). This is consistent with zooarchaeological studies from 

central Brazil pointing to a generalist diet mostly based on the gathering of plants but 

supplemented by small game (Kipnis 2002).  

 

7. Lithic and bone technology   

Lapa do Santo presents abundant lithic assemblage with tens of thousands of pieces 

collected. A complete study of this material is yet to be realized, but the content of Unit 

F13 was analyzed to offer a preliminary characterization. This unit is a good 

representative of the early Holocene phase of Lapa do Santo, presenting an 

approximately 4-m thick deposit of archaeological sediments that accumulated between 

12.7-11.7 cal kyBP and 8.3-8.0 cal kyBP. A total of 3589 lithics were analyzed 

(Pugliese 2008). Of those 212 were plotted and 3377 recovered from the sieving. 

Among the plotted material, 84% are flakes (178), 11% cores (24) and the remaining 

5% are composed of unused raw material, flaked pebbles, one hematite axe and one 

preform of a projectile point that based on its small size and the presence of a peduncle 

is assumed to be an arrowhead. This assemblage is dominated by small flakes and small 

cores and formal tools are very rare (see Figure S1 for selected examples of typical 

elements of Lapa do Santo industry). A total of 126 complete flakes were measured 

yielding the following average and standard deviation of length, width and thickness, 

respectively: 25.27±12.12mm; 21.18±9.66mm; 9.45±6.48mm. 

There is almost no preparation of cores, and flakes were obtained by a reduction 

strategy resulting in 70% of amorphous cores. The flakes are rarely retouched (among 
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the 212 pieces, only one case was identified), but they sometimes present macroscopic 

use-wear traces. Flakes with and without macroscopic use wear have similar 

morphologies. It is proposed that the flakes were the final goal of the reduction strategy 

being used as instruments of some kind of specific activity such as cutting or scraping. 

It is proposed that the reduction strategy aimed for flakes with this morphological 

characteristics to be used directly for some kind of specific activity such as cutting or 

scraping without any further retouching. Experiments with crystal quartz flakes show 

they quickly become dull and since retouching is not observed it is assumed that they 

were used only a few times before being discarded (Pugliese 2008).  

The lithic assemblage of Lapa do Santo has a low variability in raw material, 

forms and types. The incidence of curated vestiges is low and formal tools are virtually 

absent. Another characteristic of Lapa do Santo is the exhaustive exploitation of cores in 

which all planes of crystals are flaked. Altogether, this supports the hypothesis that 

specific activities were executed on the site (Binford 1982; Parry & Kelly 1987; Panja 

2003). The constancy of the lithic types through time attests to the stability of the 

related activities and the efficiency of this technology. It is plausible that there is a 

strong correlation between the lithic industry and the processing of vegetables at Lapa 

do Santo, especially considering that this kind of vestige is very frequent at the site and 

that the characteristics of the used flakes indicate the potential employment of 

composite instruments for this sort of use (Pugliese 2008). 

While lithic types were constant, the use of raw material varied through time 

(Fig. 6). Crystal quartz was by far the dominant raw material, but silex, quartzite and 

silicified sandstone also appears as a minor component during specific periods of 

occupation. Crystal quartz commonly occurs within the karstic region but the other 

three are allochthonous, being found in the vicinities of the karst in locations such as 

Jaboticatubas River (ca. 25 km) and Espinhaço Mountains (ca. 60 km). Silex, although 

scarcer and far easier to knap, was used in a similar way as crystal quartz, to produce 

flakes and cores. Thermal treatment of silex was common.  

Although in low frequency, allochthonous raw material was used since the 

beginning of the occupation of Lapa do Santo (Unit F13, Level 40), but at 

approximately 9.9 cal kyBP (Fig. 6) it almost disappears from the site remaining present 

only at small quantities (see section on chronology for the basis upon which this date 

was obtained). The same pattern of drastic reduction in the use of exogenous raw 

material around 9.9 cal kyBP has been described in other sites in Lagoa Santa region, 
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such as the Lapa das Boleiras rockshelter (Araujo et al. 2008; Araujo & Pugliese Jr. 

2010; Pugliese 2008) and also in open air sites in the Lagoa Santa region (A.G.M. 

Araujo et al. 2012). The abandonment of allochthonous raw material around 9.9 cal 

kyBP is interpreted as reflecting a shift towards a subsistence strategy more focused on 

local items immediately available in the karst. Taking into account how close to Lagoa 

Santa the sources of the allochthonous raw material were, if this interpretation is 

correct, it implies a very limited territorial range for these hunter-gatherer groups. This 

shift towards more expedient practices based on easily available raw material could 

imply a change in the mobility pattern related to the increased stability in the 

environment conditions with the advance of the early Holocene. 

In addition to the tens of thousands of flakes and cores recovered from Lapa do 

Santo, one hematite “axe” blade (PN: Ls-6410; Fig. S2) and one projectile point (PN: 

Ls-5534; Fig. S3) were also found in the deposits belonging to LSP-1 (i.e. early 

Holocene). Other blades were found in Lapa do Santo but they are either not from the 

early Holocene component of the site or of unkown stratigraphic provenience and will 

not be described here. Even so, for sake of completeness we provide basic contextual 

information for all blades from Lapa do Santo in Table S14.  

The piece identified with accession code St-6410 is the proximo-mesial part of a 

broken hematite ‘axe’-blade and it weights 375g. It was found on level 31 of unit G13 

of Lapa do Santo (x = 6.621, y = 12.726, z = -2.998, see the green diamond in Figures 2 

and 3). It was recovered in August 2008. When this z-values is applied to the linear 

regression proposed in section 2 the estimated chronology for the hematite axe blade is 

10.4 cal kyBP, ranging from 9.7 cal kyBP to 11.0 cal kyBP within a 95% parametric 

confidence interval.  

The presence of knapping stigmas in the ventral face indicates this blade was 

produced from a thick flake and that it was most probably the head of an axe. Since no 

agriculture is known among the groups inhabiting Lagoa Santa during the early 

Holocene is unlikely this blade was the head of an adze (Fig. S2). The straight and 

planar breakage at the distal part is commonly observed in other blades from Brazil and 

is probably the result of a strong impact during use. The hematite blade from Lapa do 

Santo presents some polishing, mostly concentrated near the butt. The grinding seen in 

some parts of the artifact are the result of attrition with some vegetal material, probably 

the wooden shaft. 
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Both sides of the blade show technological signs of being produced over an anvil 

(Fig. S2). After the breakage, there was an attempt to reshape the blade, trough flaking 

the ventral side and using the flat broken surface as the striking platform. This process, 

however, was unable to properly reshape the blade, possibly leading to its 

abandonment/discard. The hematite blade from Lapa do Santo can be tentatively 

classified as cordiform following the typological scheme proposed by Prous et al., 

(2003). Cordiform blades are characterized by i) being completely bifacially flaked, ii) 

usually presenting the active edge narrower than the butt, iii) having an asymmetric 

beveled edge and, iv) presenting an aspect of an overall lack of aesthetic refinement. 

They contrast with the more symmetrical and fully polished axes blades that are more 

commonly found in Brazil.   

Hematite blades are rare in Brazil. In the state of Minas Gerais (586,528 km
2
), 

where Lapa do Santo is located, from a total of 155 known blades only 10 were 

produced over hematite (Ott 1958). The non-hematite blades are usually associated with 

ceramist occupations and are assumed to be more recent than those made over hematite 

(Souza 2013). However, this is a working hypothesis deserving further testing.  

Among all hematite blades from Brazil only two were found in context: the one 

described in the present contribution and one from the archaeological site of Lapa das 

Boleiras (PN: Bl-2179)(see Araujo et al. 2008 for a detailed description of the site). 

Similar to the one from Lapa do Santo, the hematite blade from Lapa das Boleiras was 

found within the early Holocene component of the site. Although a sample size of two 

is far from enough to propose a general pattern, it seems that the hematite axe blades 

were a common element of the early Archaic tool-kit.  

The findings from Lapa do Santo and Lapa das Boleiras support Prous et al., 

(2003) original suggestion that the so-called “cordiform blades” are related to the earlier 

periods of occupation in central Brazil. A third cordiform hematite blade was found in 

the site of Santana do Riacho (ca. 40 km from Lapa do Santo) and might belong to the 

early Archaic period as well. However, its chronology is ambiguous since it was found 

between layer 2 and layer 4 that are dated to 5.0-8.0kyBP and 8.0-10kyBP, respectively.  

A detailed study on the provenience of the hematite used in Lagoa Santa region 

(i.e. Lapa do Santo and Boleira) is not yet available. The nearest known ferrous outcrop 

is located ca. 55 km to the south (the Cauê formation on the Curral Hills) but it might be 

possible that cobbles of hematite were available in the beds of the Velhas River, less 
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than 10km distant from Lapa do Santo. Therefore, it is not possible to be sure if the 

hematite was immediately accessible for the production of the blades or not. 

Therefore, it is possible that the groups inhabiting Lagoa Santa during the early 

Holocene were intentionally targeting hematite as one of their favorite raw material for 

the production of axe blades. This might be explained by the greater hardness of 

hematite when compared to other raw materials commonly used for blade production 

and it has been shown (Souza 2013) that hematite blades have sharper cutting edges 

when compared to non-hematite blades. Besides, its red color and metallic shine can be 

considered as aesthetic appealing characteristics and, therefore, non-utilitarian reasons 

might explain the selection of hematite as raw material (Souza 2013). 

The projectile point (PN: Ls-5534, Fig. S3) was recovered in July of 2002 in the 

level 28 of unit G12 (x=6.013, y=11.686, z=-2.673). When this z-values is applied to 

the linear regression proposed in section 2 the estimated chronology for the projectile 

point is 10.0 cal kyBP, ranging from 8.9 cal kyBP to 10.5 cal kyBP within a 95% 

parametric confidence interval. The projectile point is made out of silicified limestone, 

using a natural original plaque as a blank. It presents ground technique at one face. This 

is the most ancient evidence of the ground technique for lithic tools production (at 

reduction/façonage stage) in Americas to be recorded. The grounding technique is not 

usual for lithic points production in Brazilian industries, not even at Late Holocene. 

This projectile point has no technological similarity to the Early Holocene lithic points 

found at southern Brazil, related to the Umbu tradition industries (Moreno de Sousa 

2014). 

There are three possible explanation for the rare presence of these formal 

artifacts (i.e. hematite axe and projectile point): 1-) formal tools were commonly 

produced outside the rockshelters by the same groups that produced the flakes and cores 

commonly found in Lapa do Santo, but were almost never discarded within the 

rockshelters, 2) that groups with distinct lithic technology would eventually pass 

through Lagoa Santa or, 3-) that the groups from the karst were part of a broader socio-

economic network and that these rare elements were obtained by some sort of 

interregional contact (Pugliese 2008). These are hypothesis deserving future 

investigation.  

The bone artifacts from Lapa do Santo are very similar to what is observed in 

other parts of central Brazil during this chronological timeframe. A total of 198 bone 

artifacts or fragments of bone artifacts were found on the site, including spatulas (71%) 
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and burins (25%) (Fig. S4). Highly standardized and by far the most common type of 

artifacts occurring in Lapa do Santo, the spatulas’ functions remain unknown. The 

manufacturing of these artifacts required considerable time investment and involved 

distinct types of techniques. The rare presence of elaborate fishhooks (six in total, Table 

S13 and Fig. S5) is at odds with the rare presence of fish remains at the site. All 

fishhooks were part of LSP-1. The fish hooks were all retrived from the sieve and 

therefore did not received a provenience number. Later in laboratory they received a 

special numeration from 1 to 6. Projectile points made from bone were not found on the 

site. Fifty-seven percent of the bone artifacts were made of deer bone, which was also 

by far the most commonly consumed animal in the site. A total of 49% of the artifacts 

were carved from metapodial deer bones (Santos 2011). 

 

8. Microwear analysis of Lapa do Santo lithic 

Archaeological artifacts function, within archaeological research, is often interpreted 

from its morphology. This creates a problem when dealing with archaeological 

assemblages which do not have formalized tools such as in Lapa do Santo. Microwear 

analysis offers a method to overcome such limitation by directly assessing the uses of 

lithic tools.  

Properly conducted microwear research protocols involve three key steps: 

experimentation, blind testing, and analysis. Over the course of the previous four years 

one of the authors (HMR) has collected and created a collection of over 100 

experimental tools. These tools were used for a broad range of activities including 

scraping, chopping, drilling, cutting, and butchery. Contact materials included wood, 

bone, antler, plant remains, animals, leather, hides, and shell. Microwear experiments 

are necessary in order to create comparative collections for use in analysis as well as for 

use in blind testing (Odell 1985; Tringham et al. 1974).  

Blind tests are used to assess an analyst’s preparedness for conducting work 

upon archaeological assemblages. These tests are conducted using experimental artifacts 

for whose use is known. Generally, ten to twenty experimental pieces are chosen by an 

outside party for the analyst to examine. Analysts must identify the location of 

utilization, relative action, relative hardness of contact material, exact action and exact 

contact material for each artifact selected in the examination. Scores are than calculated 

to determine the accuracy of the analyst. It should be noted that blind test scores often 
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underestimate the skills of an analyst. When examining archaeological assemblages, for 

any tool for which information is indeterminate analysts do not propose a guess, 

however when conducting a blind test analysts must put a precise answer to all 

questions, any blanks or indeterminate information is simply marked incorrect. This 

ensures that analyst cannot artificially inflate their scores by leaving blank answers but 

tends to negatively skew results. Scores for the most recent blind test for HMR are 

listed in Table S15. 

 In the course of analysis of archaeological collections, artifact uses are identified 

using a constellation of traits including edge scarring, striations, polish, and edge 

rounding. Since this analysis utilized primarily the low-power method, which utilizes 

magnification between 10-120x, edge scarring was of particular importance. Certain 

scar types, distributions, and sizes are associated with particular activities, which allow 

an analyst to identify both the action of the tool and the potential hardness of the contact 

material. For instance, a tool used in a longitudinal pattern will display scars on both 

edge surfaces, while a tool used for transverse activities will tend to have scarring on a 

single surface. The relative hardness of the contact materials also affects what kind of 

scars will be present, for instance use of softer materials, such as flesh or hides, tends to 

produce small scars, generally with feather terminations. Harder materials such as antler 

or bone will produce larger scars which often have step terminations and edge crushing. 

Comparisons with experimentally used pieces are vital during the course of analysis as 

some lithic raw materials will vary in the intensity of the edge scarring depending upon 

the brittleness of the raw material. 

To explore the potential use of micro-wear analysis in the Lapa do Santo 

assemblage a sub-sample of nine lithics were chosen for a preliminary study. They were 

examined using a Nikon SMZ 800 microscope with a microscopic range of 10-120x 

magnification power. The nine lithic artifacts examined were made of quartz crystal 

which can be difficult to analyze due to its translucent crystalline structure. Artifacts 

were cleaned using water and toothbrush, a sonic cleaner was not utilized as quartz will 

occasionally break apart when subjected to this kind of cleaning. Some of the more 

stubborn soils were not removed as they were cemented to surface and their removal 

may have caused damage to the surface of the tool. When necessary powderized-paint 

was applied to the surface of the artifacts to improve the visibility of scar patterns, all 

artifacts were washed again after examination to remove all residue from the surface 

application. 
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From a total of nine analyzed lithics only one had definitive evidence of 

utilization that could be detected by microwear analysis. This lithic (St-7865) was 

recovered in situ on the 7
th

 of May 2012 from Unit O3, Level 3, Facies 4. Its exact 

location within the excavation unit is x=14.325, y=2.154, z=0.416. The utilized piece is 

a small flake made on translucent crystal quartz, measuring 33.15mm long, 18.70mm 

wide, and 6.88mm thick. St-7865 has light utilization on polar coordinate seven. The 

scar patterns are bifacial and close together including scaler and feather scars and some 

snap fractures (Fig. S6a). The scars are small indicating the artifact was used as cutting 

implement of soft materials (Fig. S6b). Given the entire lack of polish development and 

striations it was not possible to assign a more exact material. Soft materials might 

include vegetal, hides, meat, cordage or grasses. 

 

9. Strontium Isotopic data 

Strontium isotopic analysis (
87

Sr/
86

Sr) of skeletal material is a commonly employed 

method for detecting provenance and mobility amongst mammals, including humans 

(Price et al. 2002; Price et al. 2004), because tooth enamel from individuals record the 

isotopic signal of when it is formed during the earliest stages of life (Humphrey et al. 

2008). Since radiogenic isotope 
87

Sr forms by radioactive decay from rubidium (
87

Rb), 

the 
87

Sr/
86

Sr signature of a specific location is determined by the underlying bedrock 

age and its content of Rb. Younger geological formations like volcanic rocks have 

lower 
87

Sr/
86

Sr values than older geological formations such as granite. A specific 

geological strontium signature is incorporated into body biominerals by substituting for 

calcium (Ericson 1985; Price et al. 2002; Bentley 2006), since strontium enters the 

ecosystems with little or no fractionation (Faure & 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, 
87

Sr/
86

Sr 

analyses of individuals’ teeth can potentially detect those who were born on differing 

geological substrates (“non-locals”). However, environmental background studies are 

needed to assess the local bioavailable 
87

Sr/
86

Sr 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. 
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The human teeth were prepared in solution and analysed in a MC-ICP-MS for 

strontium isotope in the lab facilities of the Department of Human Evolution from the 

Max-Planck Institute for Evolutionary Anthropology (MPI-EVA) in Leipzig, Germany 

(Copeland et al. 2008). Solid pieces of enamel weighing approximately 20 mg were 

drilled from the crown of each of the teeth, spanning from the cement-enamel junction 

to the occlusal surface, and cleaned thoroughly on all sides under a magnifying lens 

with a diamond drill bit to ensure no dentine or other material remained attached to it. 

After the drilling and cleaning, the pieces of enamel were sonicated for at least 15 

minutes in high purity deionized water, before they were taken to the MPI-EVA clean 

lab facility (PicoTrace GmbH, Bovenden, Germany). The samples were then rinsed 

three times with high purity deionized (18.2 MΩ) water (Milli-Q® Element A10 

ultrapure water purification system, Millipore GmbH, Schwalbach, Germany), rinsed 

once with ultrapure acetone (GR for analysis grade, ≥ 99.8 %, Merck KGaA, Darmstadt, 

Germany), and dried overnight. 

 Further preparation of the enamel samples followed a modified version of the 

method described by Deniel and Pin (Deniel & Pin 2001). Each enamel sample was 

weighed into clean 3 mL Savillex
TM

 (Minnetonka, MN, USA) vials and closed-vessel 

digested on a heating block at 120 ºC in 1 mL of 14.3M nitric acid (HNO3) before being 

evaporated to dryness at around 90-120 minutes. The resulting residue was then re-

dissolved in 1 mL 3M HNO3 in order to pass its solution through ion exchange 

chromatography using 50-100 μm bead size Sr-spec
TM

 resin (EiChrom Technologies, 

Inc., Darien, USA) suspended in ultrapure deionized water(Horwitz et al. 1992) and 

previously cleaned following the procedure delineated by Charlier and collaborators 

(Charlier et al. 2006). Several washes were carried out with 3M HNO3 before the Sr in 

the sample was eluted with ultrapure deionized water, dried down, and redissolved in 

3% HNO3 prior to MC-ICP-MS analysis.  

 A standard with known strontium isotope values (Bone Meal SRM 1486, 

National Institute of Standards & Technology, USA) and a blank sample were prepared 

parallel to the samples. Thus, one preparation batch was formed by 13 samples, 1 

standard, and 1 blank. All acids used were made from SupraPur® grade (Merck KGaA) 

stock solutions and diluted using ultrapure deionized water. 

 A Thermo Fisher Neptune
TM

 (Thermo Fisher Scientific Inc., Dreieich, Germany) 

MC-ICP-MS instrument at the MPI-EVA facilities (see Table S16 for operational 
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parameters) was used to obtain the strontium isotope measurements. This mass 

spectrometer is a high-resolution double-focusing one, equipped with nine Faraday 

detectors fitted with 10
11

 Ω resistors (four movable detectors H1-H4/L1-L4 on either 

side of a fixed axial detector) and a Virtual Amplifier
TM

 system which eliminates 

possible amplifier-detector bias and provides a dynamic range of 5 mV to 50 V on each 

detector (Batey et al. 2005; Nowell et al. 2003). A 100 μL/min self-aspirating capillary 

and MicroFlow PFA (perfluoroalkoxy) ST-nebulizer (Elemental Scientific Inc., Omaha, 

USA) was used to introduce the solutions, diluted in 3% HNO3 to give 
88

Sr signal 

intensities of 20-25 V into the plasma. 

 A static mode using a collector configuration similar to that described by Batey 

and collaborators (Batey et al. 2005) was used to measure 
87

Sr/
86

Sr strontium isotope 

values. The analysis of each sample was divided in two consecutive parts: a first 

baseline measurement at half mass positions (85.6 and 86.5) of the axial cup mass (
86

Sr) 

for 30s (20 cycles each 1.05 s), and secondly data collection involving a block of 50 

cycles of 2 s integrated time. Interferences by Kr in the carrier gas (argon) and by Rb in 

both the carrier gas and samples were corrected, same as mass bias normalization (using 

88
Sr/

86
Sr=8.375209, exponential law), following an inverse mass bias correction 

procedure described by Nowell and collaborators (Nowell et al. 2003).  

A regression equation described by Copeland and collaborators (Copeland et al. 

2008) was used for estimating the strontium concentration (ppm) of the enamel solution 

runs, based on the 
88

Sr signal intensity (V) of three solutions with known strontium 

concentrations (100, 400 and 700 ppb). We used the strontium carbonate isotopic 

standard SRM 987 (NIST, USA)SRM 987as working standard during the measurement, 

standard SRM 1486 as prepared external standard, and blanks as controls for 

contamination during the preparation. Thus, one analytical session was composed of 24 

samples, 2 prepared blanks, 2 prepared standards SRM 1486, and 8 working standards 

SRM 987 with 16 blanks (one before and one after the working standard). Samples of 

this study were measured in two different analytical sessions. 

 Repeated 
87

Sr/
86

Sr measurements of working standard SRM_987 resulted in a 

mean of 0.710287 ± 0.000010 (1σ, n=16) during the analytical sessions and were 

corrected to the accepted value of 0.710240 ± 0.00004 (Terakado et al., 1988; Johnson 

et al., 1990). The long-term average for 
87

Sr/
86

Sr of the external standard SRM 1486 is 

0.709297 ± 0.000024 (n=68). The measurements of standard SRM 1486 resulted in a 
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mean of 0.709297± 0.000011 (1σ, n=2) during the analytical sessions. All procedural 

blanks were considered negligible (
88

Sr < 0.040 V) at <0.4% of the analyte signal 

intensity (
88

Sr= ≈20V). 

To provide a preliminary background of the local level of strontium 

bioavailability in Lagoa Santa region forty-two shell samples from Lapa do Santo and 

34 shell samples from Lapa das Boleiras (A.G.M. Araujo et al. 2008) were also 

analyzed. Geologically Lagoa Santa region is fairly homogeneous being largely 

dominated by late Neo-Proterozoic sedimentary rocks (see section 1). Therefore, the 

level of strontium bioavailability is not expected to vary widely within the region. These 

samples were prepared and analysed in the lab facilities of the Universidade de Brasília, 

in Brasília, Brazil. The mechanical cleaning was done with a brush with soft plastic 

bristles to remove superficial impurities and then followed by ultrasonic cleaning during 

5 minutes in ultra-pure water. After this step, the samples were dried down in an oven at 

room temperature. The chemical cleaning involved 3 different sequences of rinsing 

operations to remove any organic remains: diluted peroxide oxygen (H2O2), 0.1M 

glacial acetic acid and ultrapure water. In the case this treatment was not enough to fully 

dissolve the sample they were further subjected to 0.1M hydrochloric acid treatments 

during a few seconds. After being dried, the fragment was grinded manually using agate 

mortar and pestle. Usually, aliquots of 0.3 to 20 mg of powdered samples were used 

depending on sample availability. 

The Sr for isotope analysis was separated using Teflon Eichrom microcolumns 

with specific Sr resin (EiChrom Technologies, Inc., Darien, USA) after it was dissolved 

using 500 µl of 5N HNO3. The separated Sr was dissolved using 5ml of 3% nitric acid 

and the isotopic composition of strontium was determined on an MC-ICP-MS (Neptune 

from Thermo Instruments) in the Laboratory of Geochronology of Universidade de 

Brasília. The concentration of Sr in the solution was usually higher than 200 ppb, 

allowing it to minimize the isobaric interferences from Kr which are always present in 

the Argon gas necessary to cool the plasma source. The 
87

Sr/
86

Sr ratios were corrected 

for isotope fractionation to 
88

Sr/
86

Sr =0.1194, as is currently adopted when using the 

thermal ionization mass spectrometry. The SRM 987 Sr isotope standard was analyzed 

20 times and routinely interspersed every 5 samples in the course of this analysis. Its 

average value and standard deviation were 0.710300 and 0.0000013, respectively. Since 

this value is slightly higher than the expected 0.710248 described by 
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McArthur(McArthur 1994), all sample ratios were corrected by subtracting a fixed 

value of 0.000052. 

 Strontium 
87

Sr/
86

Sr values from the 23 enamel samples (Table S17) were 

successfully measured. The 
87

Sr/
86

Sr ratio measured in human enamel has a mean value 

of 0.722 ± 0.005 (1σ) and ± 0.001 (2σ), with minimum and maximum values of 0.717 

and 0.739 respectively. The values of all but one, Burial 10 (0.739), fall well within the 

2σ mean value of the population (Figure S5b). Burial 10 is the only one that was 

cremated and this could explain its anomalous behaviour by indicating that the 

individual in it buried was an outlier coming from terrains presenting higher 
87

Sr/
86

Sr 

values. This suggests that the majority of the individuals lived on a same type of terrain, 

at least during the major time of the crown formation of their respective analysed teeth: 

P4 (n=11, 6-7 years old), M2 (n=2, 7-8 years old), M3 (n=2, variable, normally during 

early adulthood) and deciduous M2 (n=8, 10 months; if breastfed, representing their 

mothers' values). Furthermore, these values are close to the bioavailable strontium 

signature of the region, as indicated by the analysis of the 76 shells. Together, this is 

compatible with a scenario of low territorial mobility and a subsistence strategy 

probably based on local items. Future studies focusing on better characterising the 

strontium bioavailability within Lagoa Santa and nearby regions will further improve 

our capacity of understanding the significance of the Sr ratios reported here.  

 

10. Cranial morphological affinities 

The seven most complete adult skulls from Lapa do Santo (Burials 1, 5, 11, 14, 17, 21, 

26) were measured by DVB following Howells protocol (Howells 1973; Howells 1989). 

The Lapa do Santo skulls were then compared to reference samples representing other 

Lagoa Santa populations (Cerca Grande (Neves et al. 2004) and Sumidouro (Neves, 

Hubbe, & Piló 2007)), Early and Archaic Colombia Series (Neves, Hubbe, & Correal 

2007) and reference populations from Howells database (Howells 1996). Together they 

create an appropriate framework to interpret the morphological affinities between the 

Lapa do Santo Individuals and the morphological variation in the America across time 

in relation to the modern human worldwide cranial morphological variation (see Table 

S18 for details on the series included).The morphological affinities analyses were based 

on 22 variables (Table S19), selected to minimize a number of missing values among 
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the prehistoric individuals. The remaining missing values were replaced by means of 

multiple regressions (M. Hubbe et al. 2011). For all analyses, size was removed from 

the individuals by calculating a double z-score of the values (Relethford 1994; Neves et 

al. 2013). 

To explore the morphological affinities of the series, we realized two analyses. 

First, Mahalanobis D
2
 distances (Mahalanobis 1936) were calculated between series. 

The relationship between series given by the resulting matrix was then graphically 

represented through a Ward’s Hierarchical Cluster (Ward Jr. 1963), which combine 

series into clusters that minimize within-cluster variation while maximizing between-

cluster variation. To test the impact that subsampling has in the patterns of association 

between Lapa do Santo and the remaining series, the cluster was repeated 1000 times, 

each time on a different permutation with the original data, respecting the initial sample 

sizes. The frequency of times the same topologies occurred between each branch of the 

original cluster in each of the permutations was used as a measurement of the strength 

of the morphological associations between series. In other words, this indicates how 

well the average morphology obtained in a series represents the real morphological 

affinities of the population represented by the skull sample.  

Second, morphological affinities were also represented in the first two Principal 

Components (PCs) extracted from the covariance matrix between series. PCs were 

calculated from the covariance matrix instead of the correlation matrix since the size 

correction procedure adopted here (see below) standardizes the variance of the variables 

to a large degree (Roseman & Weaver 2004). PC scores were calculated for all 

individuals in the dataset. To facilitate visualization, the individuals from Lapa do Santo 

were plotted together with the centroids of the series in a scatterplot based on the first 

two Principal Components. In this way, it is possible to compare results from a 

dimension reduction analysis (Principal Components Analysis), where only the major 

axes of variation between series are represented, with a distance matrix analysis (Wards 

Cluster), which considers the totality of the differences between the groups, weighted in 

this case by the covariance between variables. 

Figure 7a (left) shows the results of the cluster analysis. Lapa do Santo appears 

in a cluster together with the other Lagoa Santa Series, the Colombians series, and 

Easter Island. The associations between this cluster are not very stable (p=0.50), 

however this cluster, in general, has strong affinities with the cluster composed by 
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Australo-Melanesians (p=0.90), which reinforces the idea that all Lagoa Santa groups 

share a common morphological pattern, similar to Australo-Melanesians and quite 

distinct from late Native Americans.  

Figure 7a (right) shows the morphological affinities among the series based on 

the first two Principal Components, which together explain 29.1% of the original 

variation. The centroids, plotted in black, show a similar pattern of affinities from the 

one obtained by the cluster analysis. Lapa do Santo share the same position in the 

morphospace with other Lagoa Santa populations, the Colombian series, Australo-

Melanesians, and Sub-Saharan Africans. However, in this analysis, the Lapa do Santo 

centroid appears closer to Australo-Melanesians and Easter Island, than to other Early 

South Americans series, which appear closer to the Sub-Saharan African series. Most of 

the Lapa do Santo individuals, plotted in red, share the same general morphology. The 

only exception is Burial 17, who appears as an outlier to the series, more closely 

associated to one of the Polynesia series (Moriori). The main difference between Early 

Americans and Late Americans is given by differences in the first Principal Component, 

which is positively correlated with cranial breadth (XCB) and total and midfacial height 

(NPH, NLH, OBH, WMH), and negatively correlated with cranial length (GOL, PAC, 

PAF). Therefore, series on the left side of the graph show longer and narrower 

neurocrania with relatively shorter faces, while series on the right side of the chart show 

the opposite pattern. The main difference between the Lapa do Santo centroid and the 

other early American series is due to the fact that Lapa do Santo tend to have wider 

orbits (OBB) and shorter Parietals (PAC, PAF).  

In conclusion, the morphological analyses of the Lapa do Santo material show 

that they share the same morphological pattern with other Paleoamericans, which is 

quite distinct from the morphology shared by the Late Native Americans included in 

this analysis. This result is entirely consistent with previous studies of the Lagoa Santa 

material (Neves & Hubbe 2005; Neves, Hubbe, & Piló 2007; M. Hubbe et al. 2010). 

The one outlier (Burial 17) is hard to explain at this point, and future studies will have 

to address this individual for more details.  

 

11. Estimation of sex and age at death 



SUPPLEMENTARY MATERIAL 

43 
 

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 & Pastor 2008), and 

the femoral diaphysis (Black 1978). These sex evaluations were done through a 

systematic study, by a single observer (Mariana Inglez). The observer tested her 

estimation skills in skeletons of the osteological collection of the Museum of Human 

Anatomy, at University of São Paulo, (MAH-USP), whose demographic profile is 

known. The accuracy of sex estimation varied from 74% for the femoral diaphysis to 

85% for the pelvis (for details, see Inglez (2010). This range of accuracy is within those 

reported in the literature attesting the observer of the present study is properly skilled. 

The estimated sex and age at death for the individuals for Lapa do Santo are reported in 

Table S20. Although this particular publication focuses on the burials allocated to 

LSMP-1, LSMP-2 and LSMP-3 for the sake of completeness in Table S20 sex and age 

at death estimation is provided for all individuals from Lapa do Santo available at the 

date of this publication. 
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13. Supplementary tables 

Table S1: Basic information of the sediment samples.  

Table S2: Concentrations relevant to dose rate. 

Table S3: Dose rate information. 

Table S4: Equivalent dose central age value and over-dispersion for each sample. 

Table S5: Date and information on vertical position of the OSL samples from Lapa do Santo. 

Table S6: Radiocarbon dates for Lapa do Santo (table available as a ‘.xls’ file). 

Table S7: Skeletal representation of Mazama sp. at Lapa do Santo. 

Table S8: Correlations between skeletal abundance (%MAU) and bone density for Mazama sp.  

Table S9: Human bone samples from Lapa do Santo analysed for carbon and nitrogen isotopes. 

Table S10: Faunal bone samples from Lagoa Santa analysed for carbon and nitrogen isotopes.  

Table S11. Contextual information of fishhooks found in Lapa do Santo. 

Table S12. Contextual information of blades fishhooks found in Lapa do Santo. 

Table S13: Blind Test Results for Heather M. Rockwell, administered December 2013. 

Table S14: Operation parameters for MC-ICP-MS solution analysis used at the Max-Planck Institute for 

Evolutionary Anthropology (Leipzig, Germany). 

Table S15: S-EVA number, archaeological code, 
87

Sr/
86

Sr ratio, 
84

Sr/
86

Sr ratio, Sr concentration (ppm) 

and voltage (
88

Sr) from enamel of the human teeth prepared in solution and analysed in the MC-ICP-MS.  
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Table S17: Craniometric measurements used in the morphological affinity analyses. 

 

Table S18: Estimation of age at death for the skeletons of Lapa do Santo (table available as a ‘.xls’ file).  
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Table S1: Basic information of the sediment samples.  

Lab # OSL

# 

Year collected Provenance Depth from surface (cm) 

UW861 3 2002 Unit F13, red layer 132 

UW1374 18 2005 Unit F13, red layer below hard white layer 164 

UW1375 19 2005 Unit F13, red layer above whitish layer 92 

UW1376 20 2005 Unit F13, red layer 27 

UW1377 21 2005 Unit M6, above rocks at base of excavation 214 

 

 

 

Table S2: Concentrations relevant to dose rate. 

Sample 
238

U (ppm) 
232

Th (ppm) K (%) Measured moisture (%) 

UW861 1.31±0.30 30.89±2.56 0.63±0.01 21.2 

UW1374 2.72±0.25 17.52±1.66 0.71±0.02 13.7 

UW1375 2.11±0.17 9.57±1.07 0.32±0.01 11.5 

UW1376 2.31±0.24 17.52±1.67 0.28±0.01 14.1 

UW1377 2.69±0.20 8.89±1.24 0.25±0.01 21.6 

Rock below UW1374 0.47±0.04 0.20±0.15 0.02±0.01 - 

White layer above UW1374 1.15±0.22 21.08±2.00 0.45±0.01 - 

White layer near UW861 1.94±0.18 11.32±1.26 0.29±0.01 - 

White layer below UW1376 2.23±0.19 9.27±1.26 0.24±0.01 - 

 

 

 

Table S3: Dose rate information. 

Sample ß dose rate (Gy/ka) External dose rate (Gy/ka) Total dose rate 

(Gy/ka)* ß-

counting 

α-counting/flame 

photometry 

dosimeter laboratory 

UW861 1.42±0.15 1.53±0.08   2.31±0.13 

UW1374 1.38±0.12 1.43±0.06 0.94±0.03 1.05±0.07 1.97±0.07 

UW1375 0.96±0.11 0.82±0.04 1.17±0.08 0.74±0.06 1.77±0.09 

UW1376 1.31±0.20 1.03±0.06 1.02±0.11 1.03±0.08 1.90±0.10 

UW1377 0.86±0.14 0.83±0.04   1.22±0.07 
* Total dose rate reflects corrections for moisture content, which are not taken into consideration in the beta dose rates listed. The 

total dose rate also includes a small alpha contribution. It also depends on whether the dosimeter or laboratory measurements of 
external dose rate are used. 

  

 

Table S4: Equivalent dose central age value and over-dispersion for each sample. 

Sample N De (Gy) Over-dispersion (%) # of components Proportion of main 

component (%) 

UW861 312 22.8±0.4 19.3±1.6 1 100 

UW1374 452 23.8±0.5 32.3±1.7 2 54.4 

UW1375 398 22.5±0.4 19.8±1.7 1 100 

UW1376 285 21.4±0.4 21.0±1.9 2 53.0 

UW1377 401 11.7±0.3 47.8±2.3 3 53.3 
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Table S5: Date and information on vertical position of the OSL samples from Lapa do Santo. 

Lab Id Unit Depth (cm) Inferred z-value Age (years 

BP) 

Error 

UW1376 F13 27 -0.72 11200 700 

UW1375 F13 92 -1.37 12700 800 

UW1374 F13 164 -2.09 12100 700 

UW861 F13 132 -1.77 9900 700 

UW1377 M6 214 -1.015 9500 700 

 

 

Table S6: Radiocarbon dates for Lapa do Santo (table available as a .xls file) 

 

 

Table S7. 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 
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Table S8: Taxonomic identification of faunal remains from Lapa Santo, Number of Identified Specimens 

(NISP) and Minimum Number of Individuals (MNI). 

Taxon Common name NISP MNI 

Amphibia Frogs 55 5 

Aves Birds 33 4 

Fish Fishes 127 5 

Mammals    

Mazama sp. Brocket deer 137 4 

Tayassu sp. Peccaries 10 1 

Carnivora Carnivore 4 1 

Dasypus novemcinctus Nine-banded long-nose armadillo 31 4 

Euphractus sexcinctus Six-banded long-nose armadillo 6 1 

Sylvilagus brasiliensis Brazilian rabbit 4 1 

Didelphidae Common opossum 13 4 

Primate Non-human primates 3 1 

Agouti paca Paca 6 1 

Rodentia Small rodents 129 23 

Reptile    

Chelonia chelidae Turtle 6 1 

 Lizards 54 4 
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Table S9: Skeletal representation of Mazama sp. at Lapa do Santo. 

 

Skeletal Part  NISP 

Calcaneus 3 

Carpal 1 

Tarsal 1 

Horn 3 

Rib 25 

Innominate 2 

Cranium 6 

Scapula 9 

Proximal phalanx 5 

Medial phalanx 3 

Distal phalanx 4 

Femur  3 

Mandible 10 

Maxilla  1 

Metapodial 5 

Metacarpal 7 

Metatarsal 26 

Navicular 4 

Carpal radial 1 

Radius 7 

Talus  10 

Tibia 16 

Ulna 3 

Humerus 5 

Cervical vertebrae 2 

Thoraxic vertebrae 7 

Lumbar vetebrae 1 

 

 

 

Table S10: Correlations between skeletal abundance (%MAU) and bone density for Mazama sp.  

SITE n Spearman rho p-value 

Guajá 90 -0.047 0.66 

Gruta Cuvieri 94 0.699 <0.001 

Lapa do Santo 85 0.205 0.06 
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Table S11: Human bone samples from Lapa do Santo. Sample analysed at: (UC) Dorothy Garrod 

Laboratory for Isotopic Analysis, McDonald Institute for Archaeological Research, University of 

Cambridge; (MPI) Isotope facilities at the Max-Planck Institute for Evolutionary Anthropology. Mean 

values of analyses runs given. Sample variation was <0.6‰ . 

Code 
13

C (‰) 
15

N (‰) C:N Dental Development Analysis  Runs 

Burial 2 -18.9 5.2 3.1 Fully erupted MPI 2 

Burial 4 -20.3 7.7 3.5 Erupted first molar UC 1 

Burial 5 -19.5 7.2 3.2 Fully erupted UC 3 

Burial 6 -18.8 11.3 3.5 
Non-erupted permanent 

dentition 
UC 

2 

Burial 7 -18.2 8.8 3.1 Erupted first molar UC 3 

Burial 21 -18.8 7.0 3.2 Fully erupted MPI 2 

Burial 26 -19.0 5.9 3.0 Fully erupted MPI 1 

Burial 27 -18.8 6.5 3.1 Erupted first molar MPI 1 

 

 

Table S12: Faunal bone samples from Lagoa Santa. Sample analysed at: (UC) Dorothy Garrod 

Laboratory for Isotopic Analysis, McDonald Institute for Archaeological Research, University of 

Cambridge; (USP) Laboratório de Ecologia Isotópica, Escola Superior de Agricultura Luis de Queirós, 

University of São Paulo. Mean values of analyses runs given. Sample variation was <0.7‰. 

Code Site Species 
13

C (‰) 
15

N (‰) C:N  Analysis Runs 

St-3354 Lapa do Santo Mazama sp. -20.5 4.3 3.2 UC 3 

St-996 Lapa do Santo Mazama sp. -21.9 4.7 3.5 UC 3 

St-578 Lapa do Santo Euphractus sexcinctus  -17.4 7.6 3.4 UC 3 

St-743 Lapa do Santo Dasypus novencinctus -12.6 10.6 3.2 UC 3 

St-548 Lapa do Santo Mazama sp. -21.2 4.6 3.2 USP 3 

St-2248 Lapa do Santo Mazama sp. -21.6 5.6 3.2 USP 3 

St-284 Lapa do Santo Dasypus novencinctus  -14.5 9.5 3.1 USP 3 

CvL2-1239 Gruta Cuvieri Mazama sp. -21.4 5.1 3.2 USP 2 

CvL2-2066 Gruta Cuvieri Mazama sp. -19.1 6.9 3.2 USP 3 

CvL2-3419 Gruta Cuvieri Mazama sp. -18.3 9.1 3.2 USP 1 

CvL2-3419b Gruta Cuvieri Mazama sp. -23.2 6.5 3.3 USP 1 

CvL2-6333 Gruta Cuvieri Mazama sp. -18.6 9.4 3.3 USP 3 

CvL2-6333b Gruta Cuvieri Mazama sp. -21.3 4.5 3.2 USP 1 

CvL2-1372 Gruta Cuvieri Tayassuidae -15.4 9.4 3.1 USP 2 

CvL2-4443 Gruta Cuvieri Tayassuidae -16.7 9.7 3.2 USP 3 

CvL2-2779 Gruta Cuvieri Tayassuidae -17.3 10.0 3.2 USP 1 

CvL2-4448 Gruta Cuvieri Tayassuidae -22.0 5.1 3.2 USP 3 

CvL2-5687 Gruta Cuvieri Tayassuidae -21.8 4.9 3.3 USP 2 

CvL2-7185 Gruta Cuvieri Tayassuidae -23.6 4.2 3.3 USP 2 

CvL2-7391 Gruta Cuvieri Dasypus novencinctus  -16.2 10.4 3.2 USP 1 

CvL2-5873 Gruta Cuvieri Dasypus novencinctus -16.2 10.7 3.2 USP 2 

CvL2-5652 Gruta Cuvieri Euphractus sexcinctus  -19.4 8.8 3.1 USP 3 
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Table S13. Contextual information of all blades found in Lapa do Santo. 

Id Raw 

Material 

Unit x y z Period Date of disc. 

Ls-00597 ? G13 6.300 12.690 -1.013 Unkown 2002 

Ls-02367 ? M05 12.305 4.868 0.756 Unkown 2002 

Ls-02976 Igneous M04 12.945 3.187 0.118 LSP2 2003 

Ls-03560 Igneous L29 11.844 28.417 -5.970 Unkown 2005 

Ls-06410 Hematite G13 6.621 12.726 -2.998 LSP1 2005 

Ls-09903 Igneous O14 14.434 13.619 -0.827 LSP1(?) 2012 

Ls-11607 Igneous P13 Surface find Unkown 2014 

Ls-11608 Igneous Q12 Surface find Unkown 2014 

 

 

Table S14. Contextual information of all fishhooks found in Lapa do Santo. 

Hook ID Unit Level Raw Material z-value Date of recovery 

(dd/mm/yyyy) 

1 M6 26 Bone -0.778 to -0.968 14/07/2005 

2 L23 220-230cm Bone -4.900 to -5.400 na/08/2005 

3 L22 130-140cm Bone -3.700 to -4.100 na/07/2005 

4 G12 22 Bone -1.802 to -2.031 15/07/2005 

5 G12 16 Bone -1.315 to -1.425 15/07/2003 

6 G12 16 Bone -1.315 to -1.425 14/07/2003 

 

 

Table S15: Blind Test Results for Heather M. Rockwell, administered December 2013. 

 

Type of blind test Frequency of correct identification 

Location 19/20=95% 

Relative Action 16/20=80% 

Relative Material 18/20=90% 

Exact Action 15.5/20=77.5% 

Exact Material 12.5/20=62.5% 

Total Score 81/100=81% 
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Table S16: Operation parameters for MC-ICP-MS solution analysis used at the Max-Planck Institute for 

Evolutionary Anthropology (Leipzig, Germany). 

MC-ICP-MS Thermo Fisher Neptune
TM

 

Forward power 1200 W 

Reflected power <4 W 

Interface cones Nickel 

Sample cones Nickel 

Skimmer cones Nickel (X-cone) 

Coolant argon gas flow 15 L/min 

Auxiliary argon gas flow 0.8 L/min 

Sample gas Argon gas flow 1.17 L/min 

Mass resolution Low (400) 

Lens settings Optimized for maximum signal intensity  

Nebulizer Elemental Scientific Inc., Microflow 100μL/min, 

perfluoroalkoxy (PFA) 

Sensitivity on 
88

Sr 50 V/ppm 

Cup configuration L4 (
82

Kr); L3 (
83

Kr); L2 (
84

Sr); L1 (
85

Rb);  

Ax (
86

Sr); H1 (
87

Sr); H2 (
88

Sr) 

Data collection 1 block, 50 cycles, 2 s integrations 
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Table S17: S-EVA number, archaeological code, 
87

Sr/
86

Sr ratio, 
84

Sr/
86

Sr ratio, Sr concentration (ppm) 

and voltage (
88

Sr) from enamel of the human teeth prepared in solution and analysed in the MC-ICP-MS.  

S-EVA Bur. # Tooth 
Start mass 

(mg) 
87Sr/86Sr 84Sr/86Sr 

Sr conc 

(ppm) 
88Sr (V) 

26019 Bur. 1 Inferior Right M3 23.2 0.719 0.0565 123.5 15.7 

26020 Bur. 2 Superior Right P4 10.4 0.725 0.0565 181.5 15.7 

26021 Bur. 3 Inferior Right P4 33.9 0.722 0.0565 41.4 17.5 

26022 Bur. 4 Inferior Right dM2 21.7 0.721 0.0565 58.1 15.7 

26023 Bur. 5 Superior Right M3 24 0.729 0.0565 169.9 18.4 

26024 Bur. 6 Inferior Left dM2 23 0.720 0.0565 69.3 15.9 

26025 Bur. 7 Inferior Left dM2 20.9 0.726 0.0565 87.3 18.1 

26026 Bur. 10 Inferior Right P4 29.3 0.739 0.0564 123.3 18.0 

26027 Bur. 11 Inferior Right P4 15.1 0.719 0.0565 152.9 16.4 

26028 Bur. 15 Inferior Right P4 21.4 0.718 0.0564 155.4 18.2 

26029 Bur. 16 Inferior Right P4 24.8 0.722 0.0565 82.8 17.1 

26030 Bur. 19 Inferior Left dM2 19.7 0.717 0.0564 88.7 17.4 

26031 Bur. 20 Inferior Left dM2 16 0.717 0.0565 136.7 18.2 

26032 Bur. 21 Inferior Left M2 21.3 0.724 0.0564 99.7 21.3 

26033 Bur. 22 Inferior Right P4 34.5 0.722 0.0564 122.6 21.2 

26034 Bur. 23a Inferior Right dM2 19.9 0.719 0.0565 65.1 21.6 

26035 Bur. 23b Inferior Right dM2 9.2 0.719 0.0565 126.5 19.4 

26036 Bur. 23c Superior Right P3 16.7 0.721 0.0564 216.5 20.1 

26037 Bur. 23d Superior Right P4 14.3 0.722 0.0565 171.4 20.5 

26038 Bur. 23e Inferior Left M2 13.4 0.720 0.0565 96.3 21.5 

26039 Bur. 24 Superior Right P4 9.5 0.727 0.0565 105.8 16.8 

26041 Bur. 27 Inferior Right P4 20.6 0.717 0.0565 113.5 19.6 

26040 Bur. 26 Inferior Left dM2 18.9 0.724 0.0564 163.8 19.4 
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Table S18: Series included in the morphological affinity analyses. 

Series 
Region/Chronologic 

Affiliation 
N Reference 

Lapa do Santo Early Lagoa Santa 7 This paper 

Cerca Grande Early Lagoa Santa 5 Neves et al. 2004 

Sumidouro Early Lagoa Santa 13 Neves et al. 2007b 

Early Colombia Early Colombia 38 Neves et al. 2007a 

Archaic Colombia Archaic Colombia 14 Neves et al. 2007a 

Peru South America 110 Howells 1973, 1989 

Arikara North America 69 Howells 1973, 1989 

Santa Cruz North America 102 Howells 1973, 1989 

Buriat NE Asia 109 Howells 1973, 1989 

Anyang East Asia 42 Howells 1973, 1989 

Atayal East Asia 47 Howells 1973, 1989 

Hainan East Asia 83 Howells 1973, 1989 

Northern Japan East Asia 87 Howells 1973, 1989 

Southern Japan East Asia 91 Howells 1973, 1989 

Australia Australo-Melanesia 101 Howells 1973, 1989 

Tasmania Australo-Melanesia 87 Howells 1973, 1989 

Tolai Australo-Melanesia 110 Howells 1973, 1989 

Berg Europe 109 Howells 1973, 1989 

Norse Europe 110 Howells 1973, 1989 

Zalavar Europe 98 Howells 1973, 1989 

Bushman Sub-saharan Africa 90 Howells 1973, 1989 

Dogon Sub-saharan Africa 99 Howells 1973, 1989 

Teita Sub-saharan Africa 83 Howells 1973, 1989 

Zulu Sub-saharan Africa 101 Howells 1973, 1989 

Easter Island Polynesia 86 Howells 1973, 1989 

 

 

Table S19: Craniometric measurements used in the morphological affinity analyses. 

Glabello-occipital length (GOL) Nasion Subtense (NAS) 

Nasio-occipital length  (NOL) Interorbital breadth (DKB) 

Maximum cranial breadth (XCB) Cheek height (WMH) 

Maximum frontal breadth (XFB) Supraorbital substense (SOS) 

Nasion-prosthion height (NPH) Glabella subtense (GLS) 

Nasal height (NLH) Frontal cord (FRC) 

Orbit height (OBH) Frontal subtense (FRS) 

Orbit breadth (OBB) Frontal fraction (FRF) 

Mastoid Height (MDH) Parietal cord (PAC) 

Mastoid Breadth (MDB) Parietal subtense (PAS) 

Bifrontomallare breadth (FMB) Parietal fraction (PAF) 
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Table S20: Estimation of sex and age at death for the skeletons of Lapa do Santo (table 

available as a .xls file).  
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15. Detailed legends for figures in the main text 

 

Figure 1. Left: map of showing the 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 blue 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 indicates the archaeological site. 
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Figure 2. a) plan of Lapa do Santo. The grid corresponds to 1 m

2
. Pink and orange indicate excavated 

surfaces. Pink indicates the main excavation area (MEA); bedrock is grey and secondary deposits (eg 

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 below; b) detail of the MEA. Red, green and blue dots are, respectively, early, middle 

and late Holocene charcoal samples with the radiocarbon non-calibrated dates. Black disks indicate 

human burials. Numbers in the margins indicate x and y values from the coordinate system of site. The 

dashed green lines indicate the surfaces of the profiles in Figure S3; c) profile from points A to A’; d) 

section from points B to B’ e) section from points C to C’; f) section from points D to D’. 
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Figure 3a. Chronology of Lapa do Santo: a) South-North section following the surfaces indicated with 

the dashed green line in the Figure S1. The continuous thin black line indicates the original surface of the 

archaeological deposit before excavations. The continuous and pointed thick black line indicates observed 

and inferred rockshelter’s floor and walls, respectively. Red, green and blue dots are dated charcoal 

belonging to Lapa do Santo Period (LSP) 1, 2 and 3, respectively. The number next to the dots indicates 

the radiocarbon non-calibrated age and the unit where the charcoal was located. The numbers in the left 

frame indicate the z-values in meters. Black rectangles show the position and dimensions of the burials 

and their respective identification is indicated by the white number. The picture in the detail was taken 

from a similar angle as the one of the profile and the yellow arrows point to the rock that is also 

represented in the schematic profile. Note the presence of a steep transition in the surface of the site 

between the south (right side from the rock in the picture) and the north (left side of rock in the picture) 

regions. This is exactly where the fallen stalagmite was located, which was removed for excavation under 

it. See legend of “b” for meaning of the blue and red arrows and also for dashed and dotted orange lines.  

  



SUPPLEMENTARY MATERIAL 

76 
 

Figure 3b. Chronology of Lapa do Santo: b) Scatterplot showing the relationship between vertical 

position (z-value) and age for different components of Lapa do Santo. Red, green and blue horizontal 

continuous bars indicated the 95.4%interval of the modelled calibrated radiocarbon dates obtained from 

charcoal samples. Black and dashed horizontal continuous bars indicate the 95.4%interval of the 

modelled and non-modelled calibrated radiocarbon dates obtained from bone collagen, respectively. The 

associated number indicates the burial accession number. Red horizontal dashed bars indicate the 95.4% 

interval of the OSL dates. The blue, green and red zones indicate the 68.2% (light color) and 95.4% 

intervals (strong color) of LSP-1, LSP-2 and LSP-3 (see Supplementary Information for details). The 

orange dotted and dashed lines indicate, respectively, the average z-value that set apart LSP-3 from LSP-2 

and LSP-2 from LSP-1. The blue and red arrows point to the three charcoals that present z-values 

incompatible with the boundaries defined between LSPs. They are correspondent to the arrows in “b”. 

Note that Burial 11 does not belong to any of the defined periods. 
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Figure 4. Photomicrographs of thin sections from Lapa do Santo. a) groundmass made of clay aggregates 

(ca) in micromass consisting of plant ashes. b, well-preserved ash crystals (a). c, layer of ash crystals in-

between red clay aggregates. d, charcoal pseudo-morph (cp) made of arranged ash crystals that maintain 

the cell structure of the charcoal. e, silicified tissue residue (tr). f, yellow clay aggregate with dark red rim 

suggesting burning. 
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Figure 5. Isotopes analyses. a, δ

15
N  and δ

13
C values of bone collagen from humans and animals from 

Lagoa Santa region. Black squares: Mazama sp. (deer); blue triangles: Tayassuidae (peccary); blue 

diamonds: Dasypus novemcinctus (nine-banded armadillo); red diamonds: Euphractus sexcinctus (six-

banded armadillo); black disks: adult humans with fully occluded permanente dentition; red disks: sub-

adult humans with erupted permament first molar; blue disk: sub-adult human with non-erupted 

permanent dentition. The number inside the black disks indicates the identification number of the burial. 

Maxilla photos depict dental development stage for the non-adult individuals. b, Enamel 
87

Sr/
86

Sr ratio 

values from the individuals of Lapa do Santo, plotted on 
87

Sr/
86

Sr mean ratio value (red dashed line), 

mean ratio ± 1σ values (area between blue lines), and mean ratio ± 2σ values (area between green lines) 

of the entire human population. The box plot indicates the descriptive statistics (mean, standard deviation 

and two standard deviations) for the 76 sampled of shells characterizing Lagoa Santa strontium 

bioavailability. 
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Figure 6. Chronological behavior of lithic abundance and type of raw material in Lapa do Santo during 

early Holocene. a, Histogram of quartz (blue bars) and silexite (red bars) abundance along Lapa do 

Santo`s unit F13 stratigraphy. Note that  after level 22 silexite, which is an allochthonous raw material, is 

no longer used in the site. b, The event identified in the histogram are dated by comparing its vertical 

position (z-value) with the calibrated radiocarbon dates from charcoals (black disks) from unit F13 and 

the adjacent unit G13 in correspondent vertical position. The x-axis of both graphs are in aligned and in 

the same scale. 
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Figure 7. Morphological affintiies of Lapa do Santo crania. Left: Wards cluster based on Mahalanobis 

distance between craniometric data from worldwide populations and Lapa do Santo (see Supplementary 

Material for details). The frequencies associated to each branch represent how strong the clusters are, 

based on 1000 bootstraps of the data. Right: Scatterplot of the series according to the first two Principal 

Components extracted from the complete dataset. Centroids are plotted in black; Lapa do Santo 

individuals are plotted in red. The gray lines and labels represent the correlations between the original 

variables and each of the PCs. Only correlations larger than 0.5 were plotted. Correlations are scaled to 

the axis dimensions, i.e., perfect correlations (r=1.0 or r=-1.0) would touch the limits of the graph. 
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Figure 8. Lapa do Santo Mortuary Pattern 1. a, Picture of Burial 1 after the stones that were covering the 

skeleton were removed. b, Picture of the north-east corner of unit L11 during the initial stages of 

exhumation of Burial 27. c, Picture of Burial 27 with an open mandible indicating the grave was not fully 

filled with sediments after inhumation. 
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Figure 9. Lapa do Santo Mortuary Pattern 2a: a, Burial 21 from Lapa do Santo after removing stones 

covering the grave. Note that although fully articulated the midshafts of the lower legs were absent (black 

arrow). b, Detail of Burial 21’s bones that were directly involved in the mutilation processes. The distal 

extremities of the chopped left tibia and fibula (blue arrow) and the bones of the feet (green arrow) were 

articulated. The proximal extremity of the right tibia (red arrow), however, was not in connection with the 

distal extremity of the right femur. c, Distal extremities of the articulated left tibia and fibula. Note that 

only the portion of the bones that would have been in contact with the skin (I and IV) presents chop 

marks confirming cutting took place while soft tissues were still present. d, Burial 26. Picture of the 

decapitated head with the hands resting over the face. e, Burial 26`s right mandibular ramus exemplifying 

the cut marks found in the bones. f, Scanning electron microscopy of the cut-mark in Burial 26’ mandible 

showing parallel micro-striation. g, Top: Topography and digital 3D model of a cut-mark in Burial’s 26 

mandible generated using confocal microscopy. The parallel micro-striations can also be observed. 

Bottom: Cut-mark transection depicts a V-shaped profile. 
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Figure 10. Lapa do Santo Mortuary Pattern 2b: a, Field picture of Burial 14 showing the individualized 

adult cranium (yellow arrow) next to a bundle of post-cranial bones of two infants (black arrow) b, Field 

picture of Burial 17 showing the individualized adult cranium (yellow arrow) next to a bundle of post-

cranial bones of infants (black arrow). The purple and green arrows indicate the left ulna and humerus 

that are shown in “d” and “h”, respectively. Note that inside the cranium several bones can be observed. 

c, Field picture of Burial 18 showing a bundle composed of four chopped midshafts from adult long 

bones (same as in “e”) that was deposited within the mandible of an infant (same as in k). d, sectioned 

distal extremity of left ulna found inside Burial 17’s crania. In the detail, chopp marks associated with 

sectioning processes. e, from left to right sectioned midshafts of the left humerus, the right humerus and 

the right radio. f, chopped sections of burnt long bones that were deposited inside Burial 17’s 

neurocranium. g, The neurocranium of Burial 17 was used as a funerary receptacle inside which chopped 

and/or burnt bones of the same individual were deposited. h, Mutilated distal extremity of the left 

humerus from Burial 17 presenting defleshing marks (I-IV) and chop marks (V- VI). i, Burial 17 maxilla 

has burn marks concentrated in the anterior portion of the external alveoli margin. j, Burial 17’s maxillary 

dentition was intentionally removed prior to the interment. k, Mandible of Burial 18 had teeth removed 

and holes drilled in its coronoid processes (see detail). l, Cranium of Burial 14 with red pigment and 

missing face. 
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Figure 11. Lapa do Santo Mortuary Pattern 2c. Chopped distal extremity of left femur (LSt-3083) found 

isolated from other human remains. a, From left to right anterior, lateral, posterior and medial views, 

respectively. b,c, detail of chopping marks in the anterior and posterior portion of the sectioned margin, 

respectively. d, incisions present in the posterior region near the articular surface. e, rodent gnawing 

marks in the articular surface of the medial condyle. f, scanning electron microscopy of the gnawing 

marks. 
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Figure 12. Lapa do Santo Mortuary Pattern 3. a, LSMP-3 was characterized by circular pits completely 

filled with the non-articulated bones of a single individual. b, Burial 15 (black arrow) is typical of LSMP-

3. The picture was taken after the circular structure composed of stones covering the grave was removed. 

The green arrow points to a circular structure of stones that was not directly associated with any burial. c, 

Long bones at the bottom of Burial 22’s grave exemplify the practice of breaking the midshafts 

(midshafts). d, Humerus of Burial 22 exemplifying butterfly fracture and impact points (details above and 

below). 

 


