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a b s t r a c t

Few archaeological sites in the Americas contain high concentrations of human burials dating back to the
early Holocene. The tropical karstic region of Lagoa Santa, in central Brazil (state of Minas Gerais) is one
of the richest bioanthropological records available to study the behaviors and funerary practices of early
Holocene South Americans, with more than 200 skeletons found so far. One of the key locations to
examine the history of human settlement in Lagoa Santa is the site of Lapa do Santo, a rockshelter known
to contain the oldest rock art and the earliest evidence of funerary complexity in the continent. In this
geoarchaeological investigation we focus on the early Holocene settlement at Lapa do Santo (7.9e12.7 cal
kyBP) applying high-resolution geoarchaeological techniques, such as micromorphology, organic
petrology and mFTIR, on both archaeological, modern reference and experimental samples. This is the
first time that a micro-contextual approach integrated with experimental geoarchaeology has been
applied to study the formation of rockshelter deposits in a tropical setting. Our results show that the
stratigraphic sequence formed under the dual influence of anthropogenic sedimentationdthrough
continuous combustion activitiesdand geogenic sedimentation in the form of oxisol aggregates which
fell from above the limestone cliff into the rockshelter. Intact hearths and remobilized combustion debris,
possibly hearth rake-out, are close to the graves suggesting repeated burning activities as part of the
ritual behavior of early Holocene South Americans. Large amounts of ash are intermixed with heated and
unheated oxisol aggregates. Heated termite mound fragments were also found mixed within the sedi-
ments. Post-depositional alteration of the site includes limited bioturbation and localized, low energy
surface water and sub-surface concentrations of moisture, leading to precipitation of dense, secondary
carbonates. The age inversions can be attributed to the human action of reworking the ashy sediments
and not to post-abandonment processes. Despite this, the overall preservation of the sediments is good
and most human burials can be considered to be in primary context.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The karstic region of Lagoa Santa in east-central Brazil (state of
Minas Gerais) is an important location to understand the activities
Etnologia e Universidade de
~ao Paulo, Brazil.
and behaviors of early Holocene populations in South America. An
astonishing amount of well-preserved human remains were found,
the oldest being the female skeleton of “Luzia” stratigraphically
dated ca. 11.3e15.1 cal kyBP (Araujo et al., 2012; Feathers et al.,
2010; Neves and Hubbe, 2005; Neves et al., 1999). Peter Lund, a
Danish naturalist, conducted the first research in the area in the
19th century. Lund's observations on the skeletal remains led to
bioanthropological research focused on the study of a skeletal/
cranial type named “Paleoamerican”. Morphologically distinct from
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most archaeological and present-day Native Americans, Paleo-
americans are characterized by a morphological affinity with
modern populations from Africa and the South Pacific (Neves et al.,
1999, 2003, 2004, 2007; Powell and Neves, 1999; Neves and Hubbe,
2005; A. Hubbe et al., 2011).

Most of the 200 skeletons recovered from the region date to
the early Holocene, when systematic burial inside rockshelters
first appears. The burial practices of early Holocene South
Americans from Lagoa Santa were traditionally thought to be
simple and homogeneous, involving primary deposition of flexed
bodies in shallow graves (Araujo et al., 2012; Neves and Hubbe,
2005; Neves et al., 2012, 2002; Prous and Fogaça, 1999). Recent
studies demonstrate low mobility among these groups
(Da-Gloria, 2012) and novel funerary practices since early Holo-
cene times, including complex rituals involving the perimortem
reduction of the dead body (Neves et al., 2002; Strauss, 2010,
2016; Strauss et al., 2015).

The settlement of Lagoa Santa dates from the Paleoindian to
Archaic periods (Araujo et al., 2012, 2008; Feathers et al., 2010;
Laming-Emperaire, 1979; Neves et al., 2004, 1999; Prous and
Fogaça, 1999; Prous, 1992). The stone tool technology typically
consists of small flakes and informal tools made of local quartz and
quartzite, with rare bone tools and bifacial points (Araujo and
Pugliese, 2009; Araujo et al., 2012; Moreno de Sousa, 2014;
Pugliese, 2008). Despite the technological differences between
Lagoa Santa and other sites in central Brazil (Bueno, 2005; Bueno
et al., 2013a, 2013b; Dias, 2004; Kipnis, 1998; Prous and Fogaça,
Fig. 1. Map with location of the site of Lapa do Santo in the state of Minas Gerais, central B
other arcaheological sites in rock shelters (geological map adapted from IBAMA-CPRM, 1998)
GoogleEarth); C) Photograph of the limestone wall above the site; D) Photograph inside th
1999; Prous, 1992), the subsistence in the earliest settlements is
persistently characterized by broad-spectrum strategies, including
plants (roots and fruits) and small andmedium-sized game (Bissaro
Jr., 2008; Bueno et al., 2013a; Dias, 2004; Hermenegildo, 2009;
Kipnis, 1998; Strauss et al., in press).

Adding to the long history of archaeological and bio-
anthropological research in Lagoa Santa, geoarchaeological
studies have provided essential information on local sedimen-
tation processes inside several local caves and rockshelters (e.g.
Pil�o et al., 2005; Araujo et al., 2008, 2013; Feathers et al., 2010; M.
Hubbe et al., 2011). The site of Lapa do Santo, a rockshelter with
deposits dating to the Pleistocene/Holocene transition, offers one
of the most complete stratigraphic sequences available to study
the chronology, subsistence, funerary ritual and artistic expres-
sions of early South Americans. The site is located in the north of
the Lagoa Santa karstic region (Fig. 1A), where 33 human in-
terments have been recovered so far. Field observations sug-
gested that the almost 5 m of powdery grey sediments could be
ash from anthropogenic fires, pointing to rapid accumulation and
intensive occupation of the site. However, the possible human
origin for the sediments at Lapa do Santo has until now been
unconfirmed. Few data and analyses exist that explicitly study
the relation between the ashy sediments and the multiple human
burials.

High-resolution geoarchaeological analysis, including micro-
morphology, FTIR analysis (Fourier Transform Infrared Spectrom-
etry) and FTIR microspectroscopy (mFTIR) have proven their
razil: A) Geological map of the karst of Lagoa Santa with location of Lapa do Santo and
; B) Satellite image of the limestone massif where Lapa do Santo is located (image from
e rock shelter.
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potential to study archaeological sites in caves and rockshelters
(e.g., Berna et al., 2004, 2012; Goldberg and Sherwood, 2006;
Schiegl and Conard, 2006; Karkanas and Goldberg, 2007;
Goldberg et al., 2009; Mallol et al., 2009; Feathers et al., 2010;
Goldberg and Berna, 2010; Wadley et al., 2011; Miller et al.,
2013). Microstratigraphic analyses are especially suitable to eval-
uate the relative input of geogenic vs. anthropogenic sediments in
archaeological deposits. The use of high-resolution techniques also
allows us to identify past human activities that are only recorded in
the sediments themselves.

In this paper, we focus on the early Holocene occupation of
the site where most of the human remains are found. We con-
ducted high-resolution geoarchaeological analyses with the goal
of understanding the nature and mode of accumulation of the
sediments that contain the interments and archaeological re-
mains. We present data from micromorphology, mFTIR and
organic petrology, testing the utility of a micro-contextual
approach for the study of rockshelters in tropical settings. The
data are combined with a complete set of reference samples of
local soils and sediments and with experimental heating studies
for a comprehensive interpretation of the archaeological sedi-
ments. The wide-scale sampling strategy aims at covering all the
possible components involved in site formation, from natural to
anthropogenic ones to investigate the occupation and ritual use
of the rockshelter.

1.1. Lapa do Santo and the karst of Lagoa Santa

Lapa do Santo consists of a wide sheltered area of approxi-
mately 1300 m2 at the base of a ca. 30 m-high limestone massif
that rises from a doline valley (Fig. 1AeD). The karst is formed in
Upper Pre-Cambrian metasedimentary rocks of the Bambuí
Group, with a basal metacalcareous body corresponding to the
Sete Lagoas Formation (dated 740 ± 22 Ma, Babinski et al., 2006)
covered by metapellitic rocks (siltstones and claystones) of the
Serra de Santa Helena Formation (IBAMA-CPRM, 1998) (Fig. 1A).
Dissolution of the Sete Lagoas limestone resulted in several
karstic features on the landscape, such as caves and doline lakes.
The soil cover is dominated by clayey, hematite-rich, red Oxisols
(latossolos in the Brazilian Soil System) over yellow, goethite-rich
oxisols developed on the Serra de Santa Helena metapellites
(Araujo et al., 2013; IBAMA-CPRM, 1998; Pil�o, 1998). Oxisols are
highly weathered soils, rich in Fe-(hydr)oxides (e.g. hematite,
goethite), Al-(hydr)oxides (e.g. gibbsite) and resistant clay min-
erals (e.g. kaolinite) (Embrapa, 2006; Schaetzt and Anderson,
2005; Soil Survey Staff, 2003).

The modern climate is tropical semi-humid, with mean
annual temperature of 22� C, rainy summers and dry winters. The
vegetation cover is dominated by Cerrado (woody savanna) and
semi-deciduous forests, although in most flat areas the natural
vegetation has been replaced by crops and pastures (CPRM,
2010).

Lapa do Santo was excavated between 2001 and 2009 as part
of a project entitled “Origins and microevolution of man in
America: a paleoanthropological approach” coordinated by Prof.
Walter Neves (FAPESP 99/0670-7). The site is currently protected
and no visitors are allowed. The work exposed an area of 30.5 m2

in the southern portion of the site containing 26 well-preserved
human burials (Fig. 2A). A total of 52 radiocarbon ages were
determined on charcoal fragments and ten on human bones
(Araujo et al., 2012; Strauss et al., in press). The radiocarbon ages
cluster in three distinct and non-overlapping chronological pe-
riods corresponding to the early, mid and late Holocene: 1)
7.9e12.7 cal kyBP; 2) 3.9e5.4 cal kyBP; 3) 0.0e2.1 cal kyBP (in-
tervals of 95.4%) (Strauss et al., in press).
The human burials are dated between ca. 8.2e10.6 cal kyBP and
are stratigraphically restricted to the uppermost 1 m of sediment.
They include primary and secondary burials, some of them with
evidence for decapitation, defleshing and tooth removal (Strauss,
2010, 2016; Strauss et al., 2015, in press). A 30 � 20 cm petro-
glyph consisting of an anthropomorphic figure occurs at the base of
the sedimentary succession, reaching 4 m below the surface. The
petroglyph was dated by radiocarbon and OSL between ca. 9200
and 12.500 BP, making it the oldest evidence of rock art in the
Americas (Neves et al., 2012).

Excavations at the site resumed in 2011 through the project
“The mortuary rituals of the first Americans”, coordinated by
Andr�e Strauss (Department of Human Evolution, MPI-EVA). Two
new excavations were opened: a main area of 10,5 m2 to the
east of the 2001e2009 excavation and a second area of 2 m2

(Fig. 2A and D, Fig. 4A). During three field seasons (2011, 2012
and 2014) seven human burials were exhumed from the main
area (Fig. 4A). The chronology of the archaeological record in
the areas of the new excavation is based on 14 radiocarbon
ages, 13 of which are between 9.4 and 10.1 cal kyBP (Fig. 4B)
(see supplementary material online 1 for the complete list of
dates).

An understanding of the sedimentary dynamics inside the
rockshelter is essential for reconstructing the formation processes
of Lapa do Santo. The topography of the sheltered area shows a
south-north slope of approximately 10� that dips into a sinkhole
(Fig. 2AeC). Watermarks on the limestonewall about 4m above the
modern surface suggest an area of intermittently ponded water
(see Fig. 2A and B). A colluvial fan in the northwest part of the site
dips into the sinkhole and consists of soil material derived from the
oxisol on top of the limestone (Fig. 2C.1). The rockshelter shows an
east-west slope of approximately 45� near the edges that flattens to
the east.

Most excavations are located to the south of the rockshelter, on
its highest part. Neither colluvial fans, nor chimneys were observed
in this location (Fig. 2D). About 6 m south of the 2011e2014 exca-
vation, an outcrop of reddish, loamy breccia consisting of limestone
fragments fills a dissolution pipe (Fig. 3D and F). Large speleothems
occur over the excavation area and several speleothem fragments
have fallen to the ground and are now contained within the
archaeological sediments.

2. Materials and methods

In this work we focus on the 2011e2014 excavation area, using a
micro-contextual approach (Goldberg and Berna, 2010), integrating
micromorphology, mFTIR and organic petrology to better under-
stand the sediments in Lapa do Santo and study the context of the
archaeological findings (artifacts and human interments). Micro-
morphology is the study of intact blocks and thin sections of
sediment and soil, often under magnification (Courty, 2001; Courty
et al., 1989). This approach allows us to identify the components of
deposits and soils, and also study their spatial and stratigraphic
relationship to one another. This approach is especially useful at
archaeological sites found in caves and rockshelters, where it can
provided high-resolution data that can help resolve complex
stratigraphic issues and formation processes (Goldberg and Arpin,
1999; Goldberg and Sherwood, 2006; Goldberg, 2000; Homsey
and Capo, 2006; Karkanas, 2000; Mallol et al., 2010; Schiegl,
1996; Weiner, 2009).

In archaeological contexts, FTIR analyses have proven espe-
cially useful for the identification of diagenetic minerals and
heated materials (Weiner et al., 2002; Berna et al., 2007; Mallol
et al., 2009; Miller et al., 2013; Stahlschmidt et al., 2015a,
2015b). Recently, mFTIR has become an ideal, complementary



Fig. 2. Topography and photographs of Lapa do Santo rockshelter: A) Topography of the site with location of the two main excavation areas; B) Schematic cross-section of the rock
shelter from north to south; C) North view of the rock shelter with detail of the red colluvium and sinkhole (C.1); D) South view of the rock shelter with indication of the 2011e2014
excavation area. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Off-site sampling for reference and experimental studies: A) Schematic view of the limestone massif from above with location of the site (D), sampling locations for the red
oxisol, the experimental hearth and the termite mounds; B) View of the topmost part of the limestone wall above the site, where the oxisol samples were collected; C) Photograph
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technique for micromorphological studies, as it allows for the
identification of minerals and heated materials directly in the
thin section (Berna and Goldberg, 2007; Berna et al., 2012;
Goldberg and Berna, 2010).

Organic petrology is also a useful, complementary technique
to soil micromorphology. It allows not only the precise identifi-
cation of burned organic material within the sediments, but also
the classification of the remains according to the type of tissue,
degree of burning (from slightly heated to completely carbon-
ized), weathering and permineralization (Goldberg et al., 2009;
Ligouis, 2006; Villagran et al., 2013; Stahlschmidt et al., 2015a,
2015b).

For this work, two sets of samples were collected for analysis, in
order to cover all the possible sedimentary agents involved in the
formation of the deposit: 1) archaeological samples, taken from the
excavation surfaces and stratigraphic profiles. 2) Reference and
experimental samples from local sediments, soils, termite mounds
and an experimental hearth to identify the effects of surface
heating on tropical oxisols.

2.1. Reference and experimental sampling

To asses the input of local geogenic sediments and soils, bulk
samples and undisturbed blocks for micromorphological and mFTIR
analysis were collected from: 1) the red oxisol developed over the
limestone outcrop (Fig. 3AeC); 2) the colluvial deposits in the
northern portion of the site (Fig. 3DeE); 3) the reddish breccia
south of the 2011e2014 excavation area (Fig. 3D and F).

To serve as reference for identifying the thermal alteration of
local clay, red oxisol aggregates were heated in a porcelain crucible
for 4 h using a muffle furnace at temperatures of 200 �C, 300 �C,
400 �C, 500 �C, 600 �C, 700 �C, 800 �C, 900 �C and 1000� C,
following the protocol of Berna et al. (2007). The heated aggregates
were impregnated, cut into 30 mm-thick thin sections and analyzed
with a petrographic microscope and mFTIR followingMiller et al. (in
prep.).

Another set of samples was taken from an experimental
hearth lit over the red oxisol, about 80 m southeast of the site
(Fig. 3A and G). The experiment was made to observe the prop-
erties of thermally altered oxisols and the extremely abundant
termite mounds in simulated field conditions. Logs, branches and
dry grasses from the local vegetation were used as fuel, as well as
nuts from palm trees and fragments of termite mounds (Fig. 3A).
The fire was kept for 2 h and the temperature of the flames, the
ground surface and the substrate (ca. 2e5 cm below the surface)
was measured using a thermocouple and a digital thermometer.
The temperature of the remaining ashes and the substrate was
measured for 2 h after the fire was extinguished and 24 h later
during sampling (Fig. 3G). The temperature inside the termite
mound fragments was measured during the fire and after it
extinguished (Fig. 3H).

2.2. Archaeological sampling

Undisturbed blocks of sediment were taken at depths be-
tween 10 and 90 cm (Figs. 4C and 5). Sample collection focused
on sedimentary changes seen in the excavation surfaces, as
opposed to profile sampling (n ¼ 30). This was done to identify
of the trench dug to collect the oxisol sample, with details of characteristic granular structu
from the colluvium (E) and red breccia (F) were collected; E) Detail of the colluvium deposi
Experimental hearth lit on red oxisol substrate, with indication of the tempertature of the su
fragments and their tempertaures after the fire extingished. (For interpretation of the refe
article.)
potential differences in sedimentation or weathering related
with activity areas and/or taphonomic processes, respectively.
However, the horizontal collection indirectly favored sampling of
compacted layers over friable sediments. Therefore, another
three undisturbed blocks were collected from an excavation
profile to serve as stratigraphic reference (Fig. 4D). Fig. 5 shows
the location of the micromorphology samples at different
depths.
2.3. Analysis e micromorphology, organic petrology and mFTIR

All micromorphology blocks were oven-dried and impreg-
nated with a mixture of polyester resin (Viscovoss N5), diluent
(Styrene) and catalyst (MKEP). Thin sections of 9 � 6 cm and
30 mm thick were made out of the impregnated blocks and
analyzed with a Stemi 2000-C stereomicroscope and Zeiss Axio
Imager A2 petrographic microscope under plane polarized light
(PPL), cross-polarized light (XPL) and fluorescent light (blue
light) at magnifications ranging from �8.0 to �500. Micro-
morphological descriptions followed the guidelines of Stoops
(2003).

All the thin sections from Lapa do Santo were used for mFTIR
analyses. Analyses were done with a Cary 610 Series FTIR mi-
croscope with Resolutions Pro software (Agilient Technologies).
Spectra were collected both in transmission (64 scans),
and attenuated total reflectance using a germanium crystal
(ATR e 32 scans), with wavenumbers ranging between 4000 and
400 cm�1 at 4 cm�1 resolution. Transmission measurements have
high resolution at the hydroxyl (OH) region of clays (wave-
numbers between 3550 and 3750 cm�1), allowing for a more
precise identification of changes in the spectra due to heating. In
this region of the spectrum the glass slides do not interfere with
the measurements, since amorphous silicates are transparent to
the IR radiation at wavenumbers above 2500 cm�1 (Beauvais and
Bertaux, 2002). For transmission measurements, the background
was collected on a portion of the slide with spectra resulting
exclusively from the absorption of the glass and the resin used
for impregnation. For ATR spectra background measurements
were taken on air.

Of the 33 undisturbed archaeological samples nine were
selected for analysis with organic petrology. Five of the impreg-
nated blocks were dry-polished and analyzed with reflected white
light (RLo) and incident ultra violet light (RVLo) under oil immer-
sion (Taylor et al., 1998) using a Leica DMRX/MPV-SP microscope
photometer (50 � to 500 � magnifications). Complementary ana-
lyses were done with PPL and XPL. Four thin sections were dry
polished for the same analysis. The description and classification of
organic micro-components followed the nomenclature for brown
coal and coal (ICCP, 2001, 1998; Sykorov�a et al., 2005; Taylor et al.,
1998). Reflectance measurements were done on plant tissues
identified in the polished blocks and one polished thin section to
determine the degree of humification and/or carbonization
(Borrego et al., 2006; Guo and Bustin, 1998; Jacob, 1980; Jones et al.,
1991; Schwaar et al., 1990). The random reflectance in oil (mean %
Rr) of the organic micro-components was measured following the
procedure in Taylor et al. (1998).
re; D) Topography of the rock shelter with indication of the locations where samples
ts north of the site; F) Detail of the red breccia south of the 2011e2014 excavation; G)
bstrate at various depths; H) The experimental hearth with the heated termite mound
rences to color in this figure legend, the reader is referred to the web version of this



Fig. 4. Sampling for micromorphology and radiocarbon dating: A) Close-up of the topogaphy with the two main excavations at Lapa do Santo (2001e2009 and 2011e2014) showing
the location of human burials; B) Cross section of the 2011e2014 excavation with vertical location of samples for radiocarbon dating (age intervals of 95,4% in cal yrsBP); C) Same as
B with vertical location of micromorphology samples; C) Profile sampled for micromorphology with location of sampling boxes and scanned view of the thin sections.
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3. Reference and experimental results

3.1. Local oxisol, red breccia and colluvium

Red oxisols near Lapa do Santo are made of homogeneous, red
colored (PPL), coalesced granules, with mammilated chamber and
channel voids, and undifferentiated b-fabric due to high Fe-oxide
content: all typical micromorphological attributes of tropical oxi-
sols (see Marcelino et al., 2010) (Fig. 6A). Fine to very fine sand-
sized grains of quartz are frequent, large Fe(hydr)-oxide nodules,
rock fragments and opaque grains are rare. The ATR spectrum of the
oxisol shows the presence of kaolinite in the clay fraction
(absorption bands at 3694, 3645, 3620, 1028, 999, 910, 749,
534 cm�1), with small amounts of quartz (794 and 684 cm�1). The
kaolinite bands at the OH region are also readily seen in the
transmission spectrum (3697, 3646, 3621 cm�1 and shoulder at
3666 cm�1) (see Beauvais and Bertaux, 2002), together with an
absorption band corresponding to gibbsite (3527 cm�1) (Fig. 6A).
The main interference of the resin is seen between 1200 and
1800 cm�1, with only minor interference between 800 and
700 cm�1. In general, the low porosity of the material prevents the
resin to completely mask the main clay peaks in the spectra,
although slight shifts in the main clay peaks are sometimes
observed.



Fig. 5. Schematic view of the excavation surface at the different depths where micromorphology samples were collected, including scanned view of the thin sections and location of the radiocarbon datings (age intervals of 95,4% in cal
yrsBP).
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Fig. 6. Reference and experimental data: Scanned thin sections from the red oxisol (A), red breccia (B), colluvium deposit (C), experimental hearth on oxisol substrate (D), and
heated termite mound fragment with orange (E) and black (F) colors, with photomicrograph and ATR-mFTIR spectra, including detail of transmission spectra at the hydroxyl region
of clays (blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The red breccia that outcrops south of the 2011e2014 excavation
area shows a clayey redmatrix (PPL), with undifferentiated b-fabric
and dense sparite infillings. mFTIR analysis shows kaolinite and
calcite in its composition, with small amount of quartz and gibbsite
(Fig. 6B). The colluvial deposit north of the excavation area has an
heterogeneous composition made of speckled to cloudy clay with
weak stipple-speckled b-fabric, coarse Fe-(hydr)oxide nodules,
plant remains, rock fragments and charcoal fragments. Channel and
chamber voids are dominant, indicating intense bioturbation. Sur-
face crusts are frequent, suggesting reworked surfaces by colluvial
transport. As in the oxisol and red breccia, kaolinite is the pre-
dominant clay mineral with some gibbsite and quartz. mFTIR
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analysis also showed that several of the Fe(hydr)-oxide nodules are
goethite (Fig. 6C).

3.2. Heated clay from local oxisols

A distinct change in color is the most evident macroscopic
alteration of the heated oxisol aggregates (Fig. 7). Kaolinite is
identified in the soil aggregates heated from 200� C to 500� C, both
in the ATR and transmission spectra, at the main SieOeSi peak
(~1030 cm�1) and the OH region, respectively (Fig. 7). The inter-
ference of the resin is mainly seen in the absorption band at
1045 cm�1 in the sample heated at 200 �C, and in the broad peak at
1038 cm�1 for the sample heated at 300� C; both caused by a main
resin peak at ~1066 cm�1. The spectra for the aggregates heated
above 600 �C are consistent with previous FTIR studies on heated
kaolinite (Berna et al., 2007; Friesem et al., 2013; Karkanas and
Koumouzelis, 2004; Shoval and Beck, 2005; Shoval, 1994; Shoval
et al., 2011) which show temperature-induced changes in the OH
region and the main SieOeSi peak (Fig. 7). Changes in the OH re-
gion are caused by the dehydroxylation of the clay minerals and
loss of structurally bound water. The changes in the main SieOeSi
band are associated to the destruction of the clay minerals, for-
mation of an amorphous phase (named metakaolinite) and crys-
tallization of new minerals at higher temperatures (Berna et al.,
2007; Friesem et al., 2013; Karkanas and Koumouzelis, 2004;
Shoval and Beck, 2005; Shoval, 1994; Shoval et al., 2011).

The transmission spectra show a broad absorbance peak in the
OH region above 600� C, which progressively decreases in intensity
at higher temperatures and shifts to higher wavenumbers (Fig. 7).
Similar abrupt changes at 600� C are also seen in the ATR spectra at
the main SieOeSi peak and the AleOeH absorbance peak
(~910 cm�1): the SieOeSi peak broadens and the AleOeH peak
disappears. The shift to lower wavenumbers seen at the main
SieOeSi peak is caused by interference of the resin. The shift to
higher wavenumbers that characterizes heated kaolinite (see
Shoval, 1994; Shoval and Beck, 2005; Shoval et al., 2011; Friesem
et al., 2013) is only seen above 800� C.

The results of the mFTIR analysis of heated oxisol aggregates
indicate that clear alterations of the clay due to heating (at the OH
region, main SieOeSi and AleOeH bands) will only be identifiable
after exposure to temperatures above 500-600 �C.

3.3. Hearth over red oxisol substrate and heated termite mounds

The maximum temperature reached by the experimental fire
was 875 �C, with a mean temperature of ~650 �C in the flames. The
maximum temperature in the substrate (2e5 cm deep) reached
236 �C, with a mean of ~110 �C (see supplementary material online
2 for further information on the experimental hearth).

The first 5 cm of heated soil beneath the ashes showed dark
brown to black color with coarse granular structure, turning
gradually red with increasing depth (Fig. 3G). No rubefication
occurred, since the soil is naturally rich in red iron oxides. Despite
the color changes underneath the fire, mFTIR analysis shows no
signs of alteration of the clays (Fig. 6D). Even the clay at the topmost
part of the blackened lens was not affected. This is consistent with
the temperatures reached by the substrate, below the threshold of
heat-induced alteration of kaolinite (500e600 C).

The heating of termite mound fragments in the fire proved their
capacity to attain high temperatures and preserve heat for long
periods of time. During the experiment the temperature inside the
termite mound fragments varied from 609 to 430 �C, according to
the proximity to the flames. After the fire extinguished, the tem-
perature inside the fragments varied from 120� C to 170� C (Fig. 3H).
The next day all fragments had temperatures around 30� C. Most
termite mound fragments turned bright orange after heating,
showing a color gradient from yellow to orange when sectioned
(Fig. 6E). ATR-mFTIR and transmission spectra are consistent with
the transformation of kaolinite above 600� C (Fig. 8E). Other ag-
gregates showed a dark brown core and yellow rims, with spectra
also showing heat-altered kaolinite (Fig. 8F).

4. Archaeological results

The stratigraphic profiles from the 2011e2014 excavation at
Lapa do Santo show little variation and are mostly composed of
tabular, grey, centimetric layers (5 YR 6.1) of powdery
carbonate-rich sediments, with common sand grains, frequent
clay aggregates (20e40%) and dispersed charcoal. Some red
centimetric lenses (5 YR 5.6) of indurated clay are also present,
as well as black, millimetric and centimetric lenses of black
silty-clay sediments. Some areas of grey, cemented sediments
were discovered during excavation (see Fig. 5). Besides this,
sediments are mostly loose and dusty, showing slight variations
in color and texture more visible in the excavation surfaces than
in the profiles.

4.1. Micromorphology

More than 90% of the thin sections analyzed show similarities
in coarse fraction and micromass: the coarse fraction is always
made of clay aggregates with random distribution and poorly
sorted (sizes from 30 mm to 1 cm); and the micromass consis-
tently includes well preserved ash rhombs (see supplementary
material online 3 for tables with micromorphological de-
scriptions) (Fig. 8A and B). Besides clay aggregates and ashes, the
sediments at Lapa do Santo include minor concentrations (below
5%) of other components such as: charcoal (unsorted); limestone
fragments from the cave walls; quartzite micro-artifacts (stone
flakes); opaque minerals and quartz grains detached from the
clay aggregates; fine bone (mostly fish bones) and shell frag-
ments, frequently burned; articulated ashes; partially carbonized
tissue; tissue residues; and loose and articulated phytoliths. The
low amount of charcoal in the samples may result from a sample
bias, since high quantities of charcoal were recovered during
excavation.

Ashes are certainly the predominant component at the site.
Random accumulations of ashes make up the fine fraction of all the
analyzed samples. Ashes formwhen calcium oxalate crystals within
the plant tissue decompose through heating. At lower tempera-
tures (<500C) calcite forms spontaneously in solid state, whereas at
higher temperatures (above 740 �C), the oxalates first transform to
calcium oxide (CaO) which, after cooling, can transform to calcite
through re-carbonization (Regev et al., 2010; Shahack-Gross and
Ayalon, 2013; Shahack-Gross et al., 2008). Under the microscope
ashes frequently appear as rhombs (10e30 mm) of micro-crystalline
calcite. Because they often preserve the original form of the oxalate
druses, they are called pseudomorphs of calcite after calcium oxa-
lates (POCC) (Brochier, 1983; Canti, 2003; Courty et al., 1989). The
ashes in Lapa do Santo are generally well preserved, though areas of
cemented ashes are also present (Fig. 8C).

In almost all the samples the ashes are embedded in a pale
yellow (PPL) undifferentiated (XPL) phosphatic micromass
(Fig. 8D). Phosphate concentrations and nodules are frequently
associated with tissue residues, phytoliths and plant pseudo-voids
(Fig. 8E and F). This association indicates that phosphates could
derive from the ashes and/or the decay of plant tissue (Karkanas
et al., 2002; Weiner et al., 2002). Another possible source may be
bat guano, a common input in caves and rockshelters (Goldberg and
Nathan, 1975; Karkanas, 2000; Shahack-Gross et al., 2004).
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Fig. 8. Photomicrographs of microfacies (mF) from Lapa do Santo, with phosphates and plant remains (PPL): A) Predominant microfacies (mF I) with clay aggregates in between
ashy micromass, sample A from profile; B) Detailed view of well-preserved ash crystals (a) in between a phosphatic matrix (ph), sample 21; C) Recrystallized ash crystals (ra),
sample 1; D) Ash crystals, dense phosphates, tissue residues and chamber voids, sample 21; E) Phosphatic nodule (ph) in association with a plant tissue fragment (t) partially
removed during sectioning, in an ashy matrix (a), sample 21; F) Articulated and dispersed phytoliths in between ashes and phosphates, sample A.

Fig. 7. Heated oxisol aggregates from 200 to 1000� C with ATR-mFTIR spectra (black line) and transmission spectra at the hydroxyl region of clays (blue line). The peak numbers in
bold are diagnostic of kaolinite. According to Beauvais and Bertaux (2002), the absence of the 3668 cm�1 band and the good resolution of the 3695, 3654 and 3622 cm�1 bands are
indicative of small-size, poorly ordered kaolinite. As also described by Friesem et al. (2013), the SieOeAl band at ~540 cm�1 shifts to 550 cm�1 at 600 �C. The Kaolinite band at
~1110 cm�1 is masked by a resin band at 1112 cm�1. Absorption bands at 3525 and 3376 cm�1 indicate gibbsite. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 9. Photomicrographs of different types of clay aggregates identified at Lapa do Santo (PPL): A) Red clay aggregate, sample 5; B) Orange clay aggregate, sample 1; C) Yellow clay
aggregate, sample 8; D) Brown clay aggregate, sample 1; E) Orange clay with smooth edges resembling termite mound fragments, sample 15; F) Same as E, sample 1; G) Clay
aggregate with transition from yellow to orange color, sample 1; H) Clay aggregate with transition from yellow to dark brown color, sample 25; I) Yellow clay aggregate with red rim,
sample 7; J) Yellow clay aggregate with dark red rim, sample 30; K) Clay aggregate with dark rim and coated with recrystallized ashes, sample A; L) Closer view of K showing sharp
edge of the micrite coating. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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However, the overall good preservation of the ash crystals indicates
low action of acidic waters, like the ones produced after passing
through guano (Karkanas et al., 2002). The few bones in the sedi-
ments, combined with the pH conditions favorable for hydroxy-
apatite preservation (alkaline pH), preclude bone dissolution as a
source for the authigenic phosphates. Though plant residues and
ashes seem to be the main source of phosphates, the fact that the
excavation contains at least seven human burials suggests another
likely input of phosphates: the byproducts of the decomposing
human bodies.

Besides ashes, clay aggregates are the most conspicuous and
frequent component in the sediments. The aggregates are mostly
blocky, varying from angular to sub-rounded, with undifferenti-
ated b-fabrics (XPL) due to high iron content. They show four
distinct colors in PPL: red (Fig. 9A), orange (Fig. 9B), yellow
(Fig. 9C) and, less frequently, dark brown (Fig. 9D). All clay ag-
gregates show coalesced granular to massive microstructures,
with star-shaped voids, chamber voids and fissures. Some ag-
gregates contain limpid and laminated clay coatings and infillings
suggesting they derive from a Bt horizon of a soil outside the
shelter. The yellow clay aggregates have weak interference color
and massive or striated microstructures and sometimes show a
color gradient from yellow to bright orange (Fig. 9G) or from dark
brown to yellow (Fig. 9H); Other yellow aggregates have a
distinctive 100e200 mm red or dark red rim (Fig. 9IeL). Some
orange aggregates show a distinct morphology, with smooth
curved edges that differ from the predominant blocky shape
(Fig. 9E and F) and resemble the termite mound fragments (see
Fig. 6E and F). Clay aggregates may show a dense rim of recrys-
tallized ashes (Fig. 9K and L), whose sharp edges and
disconnection with the surrounding powdery matrix suggest
remobilization of the ash-cemented aggregates.

Changes in porosity and incidence of pedofeatures cementing
the sediments reflect post-depositional alterations. Pedofeatures
include mostly dense sparitic coatings and infillings (Fig. 10D and
E). Secondary sparite implies slow water passage through the
sediments and/or episodes of water saturation and drying, also
suggested by the few iron (hydr)oxide hypocoatings and nodules
and manganese dendrites (Fig. 10F) in the micromass. A few
channel and chamber voids suggest that some bioturbation influ-
enced the deposits.
4.2. Microfacies identification

A total of 44 microfacies units (mF) was described in the 30
samples collected from the excavation surfaces. Slight changes in
the relative frequency of clay aggregates vs. ash crystals (i.e. vari-
ations in the c/f ratio), and the presence/absence of organic ele-
ments (charcoal, articulated ashes, partially carbonized tissue,
tissue residues and phytoliths) express variations between
microfacies. Three main microfacies types characterize the deposit:
mF I (~85% of the microfacies), containing ashes (randomly
distributed and articulated), clay aggregates and organic remains
(charcoal, tissue, bone etc) (Fig. 10A); mF II (~10%), made of a
massive, highly compacted dark grey micromass (PPL) with ashes
and phosphates (Fig. 10B); and mF III (~5%), with only red oxisol
material.



Fig. 10. Photomicrographs of pedofeatures and microfacies from Lapa do Santo (PPL): A) Detail of typical mF I with clay aggregates embedded in a phosphatic matrix with ash
crystals, sample 8; B) mF II (top) made of massive, highly compacted dark grey micromass consisting of permineralized plant remains with ashes and phosphates, sample 6 (note
sharp boundary with underlying sediments); C) Laminated organic tissue remains cemented with ashes, phosphates and sparitic infillings, sample 10; D) Detail view of sparitic
infillings in XPL, sample 3; E) Area of sparitic cementation (XPL), sample 16; F) Manganese dendrites, frequently found in the groundmass, in the clay aggregates and even on bone
fragments, sample A.
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4.3. mFTIR analysis of clay aggregates

Clay aggregates in the thin sections were analyzed for the
identification of heated clay in the site by comparing the spectra
with the results of the experimental heating of oxisol aggregates. A
total of 30 thin sections were studied: 28 from the excavation
surfaces, and one from the profiles. Table 1 summarizes the results
and shows that the majority of the analyzed clay aggregates are in
fact heated above 500-600� C. In the non-heated aggregates the
kaolinite peaks in the OH region are clearly visible, as well as the
main SieOeSi peak at ~1030 cm�1 and the AleOeH peak at
~910 cm�1. In the heated samples, the OH region shows no peaks,



Table 1
Clay aggregates (discriminated by color) analyzed in the thin sections from Lapa do Santo with mFTIR (ATR and transmission). The aggregates were chosen trying to sample at
least one of the different colors seen in each slide. The black dots showed no signs of heating at above 500e600� C, the red dots are heated above this temperature and the grey
dots gave ambiguous results (spectra that does not allow a clear differentiation between heating and non-heating). The slides where fewer aggregates were studied are those
that contain clay of only one color.
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the main SieOeSi peak becomes broad and the AleOeH peak
disappears. The shift to lower wavenumbers in the main SieOeSi
peak was also described in the experimental test as being produced
by interference of a main resin peak. Only at above 800 �C does the
main SieOeSi peak shift to higher wavenumbers, indicating that
clay aggregates at the site were heated above 500-600 �C, but
below 800 �C.

Also noticeable is the fact that most red clay aggregates are non-
heated or heated at temperatures below 500 �C, while orange,
orange-yellow, yellow and brown aggregates are always heated,
with only few exceptions (seven aggregates, mostly orange). Fig. 11
presents four examples of thin sections with the analyzed clay
aggregates and selected spectra. The thin sections show the mix of
non-heated and heated aggregates that characterize the sediments
at Lapa do Santo, with most samples containing aggregates heated
above 500-600� C.

4.4. Organic petrology

Petrographic analysis confirmed that plant tissue remains are
only a minor component of the sediments, randomly embedded in
the ashy matrix with sizes that vary from 1 mm to 200 mm. Woody
tissue prevail over herbaceous tissue. Plant remains are mostly
permineralized (Fig. 12A), especially with phosphate replacement
(Fig. 12C and F), Mn-oxide replacement and silicification (Fig. 12D).
Small plant remains described as cell detritus were also found in-
side the clay aggregates, confirming the association of the aggre-
gates with soil material.

As described in the micromorphology section, secondary
phosphates are frequent in the matrix (Fig. 12B, E and F). The
dense, dark grey (PPL) micromass described for samples 06, 28
and 29 is made of dense metal oxides (possibly Fe/Mn-oxides)
(Fig. 12G) phosphates and secondary carbonates embedding the
ash rhombs and the tissue remains. Charcoal fragments of white
color in RLo (fusinite and inertodetrinite) show high reflectance
values (0.8e1.746%Rr) (Table 2) (Fig. 13A) and are sometimes
complete or partially permineralized by Mn-oxides (Fig. 13B).
However, most plant detritus seems oxidized and/or degraded by
fungi (see supplementary material online 4 for the complete list
of reflectance measurements). Despite their low reflectance
(0.3e0.7%Rr) indicative of humified plant tissue (Jacob, 1974;
Teichmüller, 1961, 1950), they show no fluorescence, have the
same morphology as the charcoal particles and occur together
with charcoal and ashes. Also, some detritus show domains of
variable reflectance (ranging from 0.45 to 1.10%Rr) indicating
different degrees of thermal alteration (Fig. 13C). Thus, the data
suggest that most plant remains in the sediments are in fact low
reflecting charcoal particles (semifusinite) (Fig. 13D) produced



Fig. 11. Selected thin sections with ATR-mFTIR spectra of analyzed clay aggregates proving the presence of a mixture of unheated and heated clay in the archaeological sediments.
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after the incomplete combustion of wood.
Moreover, a frequent phenomenon is the presence of well-

preserved cell fillings (secretinite: organic gels that naturally
fill cell voids in plant tissue), both isolated in the groundmass or
inside the charcoal (semifusinites) and permineralized tissue
(Fig. 13E). Since wood charcoal does not contain secretinite
(Braadbaart and Poole, 2008; Braadbaart et al., 2012; Guo and
Bustin, 1998; Jones and Lim, 2000; Scott et al., 2000; Taylor
et al., 1998), the preservation of organic gels in the charocal
indicate that the tissue underwent advanced humification prior
to charring. This is also suggested by the swollen appearance of
the cell walls (Diessel, 1992) showing shrinkage cracks and
corroded edges (Fig. 13F). Both the cell walls and cell fillings
have fungal borings (Fig. 13G), also suggesting biological
weathering of wood prior to burning (Guo and Bustin, 1998;
Jones and Lim, 2000). These results imply that mostly decayed
wood (e.g. forest litter), was used to light the fires at Lapa do
Santo (Fig. 13H).
5. Discussion

5.1. Geogenic sedimentation

The results of the micromorphological and mFTIR analyses show
there is no similarity between the clay aggregates in the archaeo-
logical sediments and both the two possible geogenic sources near
the excavation area: the red breccia and the colluvial deposits. Both
the composition and groundmass of the red clay aggregates are
similar to the oxisol samples analyzed in this study and described in
previous works (see Pil�o, 1998; Pil�o et al., 2005; Araujo et al., 2008,
2013). The yellow clay aggregates, which are much less in number
and show different micromorphological features (massive micro-
structure and weak interference color), may derive from the yellow,
goethite-rich oxisol that underlies the red oxisols, as suggested for
other sites in the region (Araujo et al., 2008; Pil�o et al., 2005).
However, both orange or dark brown clay aggregates are not
observed in the natural soils. Neither are soil aggregates with color



Fig. 12. Organic petrology of samples from Lapa do Santo: A) Completely permineralized plant tissue (pt) (RLo), sample 18; B) Same as A with phosphates (ph) visible under RVLo; C)
Bright fluorescing phosphatized tissue (RVLo), sample 21; D) Silicified tissue (st) (RLo), sample 18; E) Colloform texture in phosphates (RVLo), sample 28; F) Mineral micromass rich in
phosphates (ph) with phosphatized tissue fragments (pht) (RVLo), sample 8; G) Contact between red clay aggregates (ca) and permineralized ashy matrix (pm) (RLo), sample 28; H)
Permineralized tissue with Mn-oxides (RLo), sample 28. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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gradients or colored rims, as described for many of the yellow clay
aggregates. Bright orange clay could only be observed in the
heated clay experiment, while a dark brown color was only seen in
the burned termite mound fragments, as will be discussed in the
following sections.

The absence of cracks, conduits or chimneys bringing soil
material to the rockshelter, and the similarity in composition,
color and structure with the local oxisols suggests that clay ag-
gregates fell from the red oxisol developed directly over the
limestone massif. The steep slope on top of the limestone pro-
motes the downhill creep of eroded and loosened soil aggregates.
In fact, observations during fieldwork attest to the continuous fall
of soil material into the rockshelter, especially in the dry season,
when vegetation cover is minimal and soil erosion is naturally
enhanced.

5.2. Anthropogenic sedimentation and recurrent burning activities

Our study demonstrated that human-made fires and com-
bustion activities were key sedimentary processes at the early
Holocene burial area in Lapa do Santo. Anthropogenic burning
promoted the accumulation of ashes that mixed with soil
continuously falling from above the limestone cliff (Fig. 15). By
extrapolating the results of this study to the whole site, we could
expect this mixing process to be responsible for the accumulation
of almost 5 m of sediments during a time span of almost 5000
years. Decayed wood, possibly coming from forest litter, was used
as fuel to light the fires. This observation could serve as indirect
evidence of seasonality of site occupation. Forest litter in the
Cerrado decays at a higher rate during the rainy season (from
October toMarch) (Peres et al., 1983) or the transition from the dry
to rainy seasons (September to November) (Sanches et al., 2008).
However, careful analysis of the charcoal remains are needed in
order to confirm this, since dry wood may have burned
completely, thereby fully converting to the ashes found in the
deposit.

Thick concentrations of ashes have been identified at least in
another rockshelter in Lagoa Santa, at the site of Lapa das
Boleiras (Araujo et al., 2008), and recently at Lapa Grande de
Taquaraçu (Villagran et al., 2013). The sediments at Lapa das
Boleiras were interpreted as reworked hearths, mobilized by
humans as part of site maintenance activities/trampling, or as
wind blown particles transported by local air currents (Araujo
et al., 2008). At Lapa do Santo the ashes and byproducts of
combustion activities seem to include both intact and reworked
combustion structures. On the one hand, the random distribu-
tion of unsorted coarse fraction components (clay aggregates,
charcoal, tissue residues etc.) and the absence of micro-
stratification and/or clear boundaries between the ash layers
are indicative of continuous fire-building at a location (see
Karkanas et al., 2007; Mallol et al., 2013). A similar arrangement
of components has been interpreted as resulting from dumped,
burned materials or hearth rake-outs (Aldeias et al., 2012;
Goldberg, 2003; Goldberg et al., 2009; Meignen et al., 2007;
Mentzer, 2011; Miller et al., 2013; Vallverdu, 2002).

However, some of the microfacies units with high frequency
of partially carbonized tissue and articulated ashes at Lapa do
Santo (see Fig. 14) indicate low reworking of parts of the deposit
and possible ash lenses from intact combustion features (see
Mentzer, 2014). Thin ash lenses (~1 cm) containing articulated
ashes and partially carbonized tissue can also correspond to
intact hearths, as described by Mentzer (2011) for the Üça�gızlı I
site. Both components are very fragile structures and minimal
disturbance, or only short-distance transport, is necessary for
their preservation. They have been described in ethnographic



Fig. 13. Organic petrology of samples from Lapa do Santo (RLo): A) Wood-derived fusinite tissue, sample 8; B) Partially permineralized fusinite tissue in ash matrix (ash crystals seen
as grey rombs), sample 18; C) Semifusinite with heterogeneous reflectance, sample 11; D) Poorly preserved semifusinite tissue, sample 8; E) Relicts of cell fillings (cf) in a per-
mineralized tissue, sample 25; F) Semifusinite tissue with swollen cell wall, sample 11; G) Semifusinite tissue with holes in cell fillings from fungal attack, sample 11; H) Fusinitized
humified tissue with droplets of humic colloids droplets attached to cell walls, sample 21.
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and experimental hearths (Mallol et al., 2007; Villagran et al.,
2011) and also in archaeological contexts where they are inter-
preted as intact combustion structures (Homsey and Capo, 2006;
Karkanas, 2010; Karkanas et al., 2007; Mentzer, 2011; Shahack-
Gross et al., 2008).

Articulated ashes and partially carbonized tissue exist at Lapa do
Santo and are especially abundant in the samples that contain
higher amount of heated clay aggregates. This association allowed
the mapping of intact ash layers in the excavation area, which
frequently coincide with areas of higher concentration of plant
tissue remains (see Fig.14, samples 24, 25). One exception is sample
06, which contains a concentration of plant tissue but no articu-
lated ashes. However, the sample was taken from underneath the
area covered by a large speleothem fragment (square O12, see
Fig. 4).

Traditionally, a tripartite sequence of rubified sediment,
charcoal and ash is used to interpret intact combustion structures
(see Mentzer, 2014, for a complete review of the micromorpho-
logical characteristics of combustion features). The absence of
this sequence at Lapa do Santo, or at least in the 2011e2014
excavation area, can be explained in different manners: 1) the
lack of rubified sediments may be due to the fact that hearths are
stacked and successively lit over each other (i.e. over the ash
lenses of previous hearths) lacking a clayey sedimentary sub-
strate to be rubified in the first place; 2) the low amount of
charcoal in the micromorphology samples is a product of sam-
pling bias, since thin and sparse charcoal lenses are visible during
the excavation.

Thus, the sediments at Lapa do Santo include few stacked
combustion features, containing superimposed ash lenses, and
dumped burned materials or hearth rake-out. The geo-
archaeological evidence points to the recurrent use of the site for
combustion activities, with some combustion features maintained
intact while others were remobilized (see Fig. 14). The dual pres-
ence of intact and remobilized combustion features explains the
inversions in the radiocarbon ages from the 2011e2014 excavation
area (see supplementary material online 1).

The high concentration of human burials at the site, both sur-
rounded and covered by combustion residues, suggests that the
lighting of fires and the dumping of hearths was done close to the
interments. A possible explanation for the dumped hearths could
be to accommodate the human interments, since highly manipu-
lated human bodies were buried in the ashy sediments and covered
by them.
5.3. Human-made fires and their effects on geogenic sediments

The mFTIR analysis showed that more than half of the clay ag-
gregates analyzed in 28 thin sections was heated at temperatures
above 500-600� C (68 aggregates of 119). Heating also explains the
different colors described in the aggregates during the micromor-
phological study. Orange, yellow and brown aggregates consis-
tently show signs of heating as opposed to red colored aggregates,
which are mostly non-heated. As shown by the experimental
heating of oxisol material, the clay in the local soils will only pre-
sent orange color and signs of heat-induced alterations when
exposed to temperatures above 500-600� C (see Fig. 7). However,
the experimental hearth on oxisol substrate demonstrated that
such high temperatures are not attained in the substrate of the fire,
even close to the surface with flames reaching temperatures above
800� C. This means that clay aggregates must be either in direct
contact with the flames to be altered at temperatures above 500-
600� C.
This is consistent with the provenance of geogenic sediments,
eroding from above the rockshelter and partially falling inside the
human-made fires. The clay aggregates may have been also heated
already after deposition, by being beneath the fires lit on the ashy
substrate. Low-density ashy sediments may transfer heat more
readily than solid soil, thus heating the clay aggregate already
contained within the ashes. Whatever the possibilities, our study
shows that heated soil aggregates make up more than half of the
clay aggregates at the site and they likely do not come from fires lit
outside the rockshelter on natural soils. Hearths appear to have
only been built inside the rockshelter.
5.4. The presence of termite mound fragments in the sediments

Human selection of materials may also account for the presence
of some of the heated aggregates within the site. For instance,
several clay aggregates whose heating was demonstrated by mFTIR
are similar to the heated termite mound fragments. Similarities
include: yellow and dark brown-colored aggregates with signs of
heating; the color gradient seen in some heated aggregates; the
orange and red rims that do not exist in the natural soils; and the
massive microstructure of the aggregates with weak interference
color. Termite mound fragments would not fall naturally into the
site like the soil aggregates, since termites do not built their nests
on shallow loose soil. Above the site, the termite mounds appear on
the limestone massif only over flat terrain and far from the cliff
(Fig. 3A).

The use of termite mounds by the prehistoric inhabitants of
Lagoa Santa should not come as a surprise. Termite mounds are
extremely frequent in the region: near the site we noted the
presence of 256 nests identified at the elevation of the site and 41
above the limestone massif. Termites have existed for millions of
years before the human settlement in the area and some authors
believe that termite activity since the Paleogene/Neogene
(former Tertiary) is responsible for the characteristic granular
microstructure of Brazilian oxisols (Sarcinelli et al., 2009;
Schaefer, 2001).

Termite mounds are dense and compact (Cosarinsky and Roces,
2007) and our experimental heating studies show they can retain
heat for long periods of time. Because of its characteristics, the
ancient and modern populations of Minas Gerais used termite
mounds as a type of natural clay oven for food preparation (Nunes
and Nunes, 2001). It is also known that ethnographic Xavante
groups from central Brazil use termite mounds to build small ovens
(Prous, 1992) and for the fires used to cook their traditional maize
cake (Lewis, 1967). The termite mound fragments at Lapa do Santo
are possible evidence for the use of such resources by early Holo-
cene human groups in South America. However, our analyses
cannot determine at this point whether the termite mounds were
in fact carried to the site or unintentionally brought as attached
fragments to firewood.
5.5. The post-depositional alteration of the site

The horizontal strategy of sampling for micromorphology
revealed that spatial differences within the excavation area are
mostly due to post-depositional processes, caused bywater passage
through the sediments. Dense sparite infillings are mostly
concentrated around the large speleothem fragment that existed in
the excavation area (see Figs. 4 and 14) (see supplementary mate-
rial online 5 for 3D view of the excavation area with the speleo-
them). These pedofeatures attest to water accumulation and slow
drainage in this area of the site.



Fig. 14. Schematic view of the excavation surfaces at different depths where micromorphology samples were taken, with representative photomicrographs. In the photomicrographs it is indicated the percentage of clay aggregates vs.
ashes and the presence of phosphates and organic remains in the samples. Micromorphological analysis allowed mapping of the approximate location of: 1) cemented areas within the excavation, surrounding the large speleothem
fragment that covered a portion of the excavation surface (indicated with a dashed line), where sparitic coatings and infillings are prevalent; 2) concentrations of plant tissue remains and articulated ashes in mF type I; 3) the location of
mF type III, composed of pure red oxisol at about 80e90 cm depths; 4) and the location of an ancient depression within the site where Mn-water dripping from the roof cemented an area rich in plant tissue remains (described as mF
type II). Scale bar in samples 4, 8-top, 9, 10, 11, 15, 16, 17-top, 18, 19, 20-bottom, 21, 22, 23, 24, 25-top, 28-top and 29 is 1000 mm. Scale bar in samples 1, 3, 5, 7, 8-bottom, 10-bottom, 12, 13, 14, 17-bottom, 20-top, 25-bottom, 26, 28-bottom
and 30 is 500 mm. Scale bar in sample 2 (top and bottom) is 200 mm and in sample 6 is 2 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Formation processes at Lapa do Santo. The combined action of geogenic and anthropogenic sedimentation produced the archaeological sediments described in this study,
which contain a mixture of soil aggregates eroding and falling from the top of the limestone massif into the rock shelter, with the reworked residues of hearths and other burning
activities. Sediments mostly contain reworked ashes and successive layers of hearth rake-out that mixed with the soil falling from above. Thin layers of intact ashes are also
described, indicating the presence of in situ synchronic and diachronic hearths throughout the studied time-span of human settlement. Ash layers combined with charcoal lenses
have also been described during excavation. Human interments are frequently close to the fires; the graves were dug in the ashy matrix.
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6. Conclusions

The site of Lapa do Santo contains one of the thickest archaeo-
logical deposits of the rockshelters in Lagoa Santa, a region well-
known for its human remains dating back to the early Holocene.
The site has gained recognition for its earliest evidence of rock art in
the Americas and the complexity of the funerary practices (Araujo
et al., 2012; Neves et al., 2012; Strauss, 2016; Strauss et al., 2015, in
press), both opposing the traditional expectations of cultural
“simplicity” for the early Holocene populations of the continent. By
studying the stratigraphic sequence at Lapa do Santo using a micro-
contextual approach (Goldberg and Berna, 2010)dintegrating
micromorphology with mFTIR analysis, organic petrology and
experimental studiesdour study provides key information on 1)
the human activities at the site; 2) the influence of natural pro-
cesses in site formation; 3) the potential use of local resources (e.g.
termite mounds); 4) and intensity of occupation.

The hearths that people lit during occupation of the site
contributed significantly to the formation of the archaeological
deposit. The ashes and other combustion remains are spread across
the southern portion of the rockshelter, which was used as multi-
functional space including a burial ground. Micromorphological
evidence points to a combination of intact hearths and remobilized
hearths through site maintenance activities. The remobilization
and lateral reworking od sediments, which explains the age in-
versions reported for the 2011e2014 excavation, may be related to
the funerary practices of the site inhabitants, since all the in-
terments were dug into the ashy sediments and later covered by
them. This opens a venue for future studies, focusing on under-
standing the causal or intentional relation between the anthropo-
genic sediments and the funerary practices of the site inhabitants.

Micromorphology showed a dual influence in sediment forma-
tion that is not evident in the field. There is a noticeable input of
geogenic sediments in the form of clay aggregates derived from soil
eroding from a steep slope over the limestone cliff and falling into
the rockshelter. The clay aggregates are unsorted and vary from
rounded to angular. They show different colors which mFTIR studies
proved to be related with their thermal alteration: red clay aggre-
gates are mostly non-heated fragments of oxisols, whereas orange
aggregates are mostly heated at temperatures above 500-600� C.

This type of anthropogenic infilling is documented around the
world, in areas as distant as the Levant (Mentzer, 2011) and South
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Africa (Miller, personal observation). However, this work is the first
micro-contextual approach applied to fully understand the natural
and anthropogenic sedimentary dynamics behind the formation of
thick ash deposits containing oxisol aggregates. The results of this
work indicate that the techniques and approaches here should be
applied at other sites to unravel the full set of information con-
tained in mixed ash/oxisol deposits in rockshelters, despite their
geographic and/or climatic context. Besides micromorphology,
which has long proved its efficacy in site formation studies, com-
plimentary techniques such as mFTIR and organic petrology should
be included as sources of data not easily obtained through standard,
optical microscopic observations, such as: the heat-induced alter-
ation of sediments; temperatures attained by human-made fires;
and fuel sources.

Other components identified in the sediments at Lapa do Santo
have a less straightforward association with local soils. These ag-
gregates are heated and show resemblance in shape, color and
micromorphology to heated termite mound fragments. This
observation suggests the use of termite mounds by the early in-
habitants of Lagoa Santa, which appear in dense concentrations
around this and other sites in the region. Their presence at the site
may be the first potential evidence for the use of this local resource
by early South Americans, possibly for heating and/or cooking.
However, further experimental studies are needed to refute a
possible natural cause for the presence of this resource ate the site.

Despite the high amount of ashes and charcoal, fresh plant re-
mains are scarce and, when present, are persistently permineral-
ized with Mn-oxides, silicified or phosphatized. The high
concentration of secondary phosphates in the sediments seems to
derive from the ashes and the charred plant remains, as indicated
by the association of concentrated plant residues and phosphate
nodules and the ash crystals persistently embedded in a phosphatic
micromass. However, the possible relation of secondary phos-
phates with decaying human bodies must be further investigated.
The charred plant remains in the sediments derived from decom-
posed wood (degraded by fungi) point at the use of decayed forest
litter as fuel.

Understanding the dual composition of the sediments at Lapa
do Santo (i.e. ashes and oxisol aggregates) is essential when dis-
cussing the intensity of occupation. The thick archaeological de-
posit resulted from the mixed input of anthropogenic sediments
from intact and remobilized hearths, and from the constant fall of
soil aggregates into the rockshelter. This indicates that thickness in
the archaeological deposit does not necessarily correlate with a
more intensive occupation of the site, and that local sedimentation
processes must be taken into consideration for comparison. How-
ever, the recurrent use of Lapa do Santo and other sites for almost
5000 years certainly reflects the central position of the region in the
cultural landscape of the early Holocene.
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