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Anthropogenic modification

of a giant ground sloth

tooth from Brazil supported

by a multi-disciplinary approach

Thais R. Pansani%3*, Loic Bertrand?, Briana Pobiner?, Anna K. Behrensmeyer*,
Lidiane Asevedo®, Mathieu Thoury®, Herminio I. Aradjo-JUnior’, Sebastian Schéder®,
Andrew King®, Mirian L. A. F. Pacheco® & Mario A. T. Dantas®

Identifying evidence of human modification of extinct animal remains, such as Pleistocene
megafauna, is challenging due to the similarity of anthropogenic and non-anthropogenic taphonomic
features observed under optical microscopy. Here, we re-investigate a Late Pleistocene ground

sloth tooth from northeast Brazil, previously suggested as human-modified based only on optical
observation. To characterize the macro- and micro-morphological characteristics of the marks
preserved in this tooth and evaluate potential human modification, we used stereomicroscope and
scanning electron microscopy (SEM) supplemented by energy dispersive spectroscopy (EDS), UV
photoluminescence (UV/PL), synchrotron-based X-ray fluorescence (SR-XRF), and synchrotron micro-
computed tomography (SR-pCT). These methods allowed us to discriminate non-anthropogenic
taphonomic features (root and sedimentary damage), anthropogenic marks, and histological features.
The latter shows the infiltration of exogenous elements into the dentine from the sediments.

Our evidence demonstrates the sequence of anthropogenic and non-anthropogenic taphonomic
modification of this tooth and supports its initial intentional modification by humans. We highlight
the benefits of emerging imaging and spectral imaging techniques to investigate and diagnose human
modification in fossil and archaeological records and propose that human modification of tooth tissues
should be further considered when studying possibly anthropogenically altered fossil remains.

Keywords Pleistocene, South America, Zooarchaeology, Megafauna, Tooth artifact

The reconstruction of ancient human relationships with extinct animals relies on the nature and timing of certain
activities that can be identified as zooarchaeological. Some examples are butchery and other marks linked to
human subsistence or additional cultural activities on animal remains, including scraping marks, hole perfora-
tions, burning damage, or use-wear traces preserved in ancient bones, shells, and teeth!~.

Identifying traces of human modification preserved in fossilized bones and distinguishing them from non-
human modification traces is not an easy task. Trampling marks can mimic cut marks®, sedimentary abrasion
can obscure or destroy diagnostic features of anthropogenic marks"%, and diverse biotic agents (e.g., carnivores,
rodents, microorganisms, plant roots) can damage fresh and fossil bones and teeth in ways that mimic or over-
print anthropogenic traces®”®. Additionally, different tools and technologies used during ancient human pro-
cessing activities, as well as the mechanical properties of stone tool edges and the hardness of the bone surface
itself, can affect the morphological features of distinct anthropogenic marks’.
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The study of surface modifications on animal remains using traditional methods, such as stereomicroscopic
and scanning electron microscopy (SEM) imaging, has been useful over the past decades>'®!!, but it can also be
problematic due to subjective interpretations by different taphonomists>®!>!*. Additional scientific approaches,
especially using more high-resolution three-dimensional data capture and analysis techniques (e.g.,'*'*) have
reduced subjectivity in interpreting causes of bone modification.

Many Brazilian megafauna fossils come from fossiliferous deposits referred to as natural tanks in northeast
Brazil (Fig. 1). These are natural depressions where seasonal rainwater can accumulate, producing Quaternary
sedimentary deposits that commonly preserve Late Pleistocene megafauna'®. In the original biocoenosis, natural
tanks were valuable water sources for megamammals and, when dried out, they were sites where skeletal remains
could accumulate and be buried by debris-flow or other sedimentary events!”.

Dantas et al.'®" previously suggested human modification of a fragmentary molariform tooth of the giant
ground sloth Eremotherium laurillardi (Lund, 1842) from a tank on a farm in Pogo Redondo, Sergipe state,
northeast of Brazil (Fig. 1A, B). The tooth was radiocarbon dated to the Late Pleistocene (updated here to
13,810-13,950 calibrated years before the present (cal yr B.P.) based on the methodology proposed by Dantas
and Cherkisky® to convert radiocarbon ages performed on bioapatite). The tooth was found with other mega-
mammal fossils, including megatheriids, mylodontids, scelidotheriids, glyptodonts, pampatheriids, toxodonts,
gomphotheriids, equids, macraucheniids, camelids, and felids*', as well as with lithic artifacts'®. Lithics could not
be collected due to legal restrictions at the site, and only taxonomic?' and paleoecological®** studies have been
performed in this area. Primary stratigraphic information on these fossils is lacking, as they were removed from
their original context and deposited in the area adjacent to the tank by unrecorded earlier (human) activities.
Hence, there are no ages available based on archaeological context, which makes it hard to identify the timing
of any human alteration carried out on a fossil, despite the age obtained for this tooth.

Anthropogenic modification was originally interpreted based on the unusual triangular shape of this tooth in
comparison with the natural cylindrical shape of ground sloth molariform teeth (Fig. 1C); one side presenting a
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Figure 1. Study area and fossil material. (a) Map of the location of the tank deposit where the tooth was
found, in Pogo Redondo, Sergipe state, northeast Brazil. (b) Photograph of the tank environment during the
rainy season. (c) Macroscopic images of the external (), internal (b’), lateral (¢’), and transversal (d’) views

of the modified ground sloth tooth analyzed in this study (LPUFS 4992; referenced by black stars). Notice the
remarkable difference between the modified tooth and another E. laurillardi molariform fragment (M4, LPUFS
1873; referenced by white stars) in (') and (d’). Notice distinguishable cement (Cem), vasodentine (Vas), and
orthodentine (Ort) layers, characteristic of Megatheridae teeth in (d’); modified from Dantas et al.'s. Scale bars:
1cm.
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smoother surface than the other; and the presence of parallel marks on the smooth side. Previous images (digital
microscopy, 200x and 500x magnification) combined with the lack of taphonomic contextual information from
preliminary studies generated doubt about this diagnosis and the supposed human modification of this tooth?*.

We acknowledge that identifying human activity in fossil remains without context or from disturbed sites is
problematic, especially when debating the contentious topic of megafauna exploitation in the Americas. However,
we regard careful evaluation of potential causal agent(s) of these fossil modifications as important in providing
examples of methodological solutions for robust taphonomical characterizations in paleontology and zooarchae-
ology. Here we test a more in-depth analysis of this specimen, including 2D and 3D microscopic and elementary
characterization of the tooth surface. This multi-technique approach provided more data on these marks that
clarifies the possibility of human intentional actions on this fossil from Pogo Redondo.

Results

We analyzed the molariform tooth according to a carefully designed protocol in order to extract as much infor-
mation as possible from the fossil. Considering the quality and robustness of the data, the protocol proposed
here also took into account the limitations and complementarities between the analytical techniques (Fig. 2).
First, we characterized the sample by naked eye, observing the general shape, color, and preserved marks. The
tooth is remarkably distinct from the original anatomical condition of E. laurillardi molariforms, which can be,
in occlusal view, triangular (first upper molariform tooth), trapezoidal (second to fourth upper molariform teeth,
and all lower molariform teeth) or square (fifth upper molariform tooth)***S; (Fig. 1C).
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Figure 2. Graphical abstract summarizing the protocol we explored in this study. Optical microscopy serves as
a general characterization of areas of interest and uCT allows three-dimensional reconstruction of the sample
and acquisition of histological information. Taphonomic signatures can be analyzed in higher magnifications
using SEM, and chemically characterized using EDS and XRF. EDS and XRF are complementary to each

other: while EDS allows the identification of lighter elements (e.g., C), XRF allows the identification of heavier
and trace elements (e.g., Rb). UV/PL complements both imagining and chemical characterization, providing
information on the morphology and orientation of taphonomic signatures as well as revealing the overlap of
features (e.g. mineralized tissue and organic matter).
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Optical microscopy helped in the general characterization of areas of interest, which were then analyzed in
higher magnifications using SEM and pCT (synchrotron-based microtomography). We did not observe features
of recent marks on this tooth that usually result from excavation or laboratory preparation, such as distinct colors
in the modification marks compared with the adjacent surface, and microscopic criteria including transverse
micro-flakes and internal flakes within such marks?. Evidence of rodent gnawing, carnivore gnawing, digestion
dissolution, and insect damage were also not observed.

Macroscopic observation showed distinct surface marks similar to root marks on the tooth surface (Fig. 1C).
The BSE-SEM imaging confirmed that these marks show a darker color than the dentine’s surface, indicating
lighter elemental composition, possibly organics (Fig. 4I). The EDS analysis confirms the high concentration
intensities of C as well as Ca and P in the area analyzed (Fig. S1; supplementary material).

The non-anthropogenic modifications also were characterized morphologically by uCT (Fig. 3) and mor-
phologically and compositionally by PL (Fig. 4). We identified the main intersecting grooves on the superficial
smooth layer as root etching. pCT also allowed the identification of the multiple micro-taphonomic signatures
and histology. We reconstituted three-dimensional aspects of the tooth shape at the same time we accessed
micro marks (Fig. 3). We also verified a parallel arrangement of mark structures on the tooth’s lateral edges (in
the cementum layer), previously misidentified as anthropogenic marks, and now described as dentinal tubules,
corroborated by pCT analysis.

We identified sets of parallel marks with similar sizes and widths using SEM (Fig. 5I). The characterization
of these marks gained in-depth resolution through uCT and PL (Figs. 3D, 4A-B). PL highlighted their standard
orientation following the curvature of the movement in the rounded edges of the tooth (Fig. 4A-B). Besides the
homogenous and matte coloration of the identified anthropogenic marks and the tooth surface, PL and SEM-EDS
showed that some anthropogenic marks are overlapped by other non-anthropogenic taphonomic signatures (e.g.,

Figure 3. 3D reconstruction of the modified molariform tooth from synchrotron micro-computed
tomography. Notice the three-dimensional morphology of diverse surface modifications along the specimen. (a)
External view. (b) Internal view with zoomed in areas where black arrows indicate anthropogenic multi-oriented
striations and green arrow indicates root damage. Notice the distinct rough aspect of the tooth surface in the
external view and the smooth aspect in the internal view. (¢, d) Lateral view where the histological features are
exposed. Red asterisks in (b) and (d) indicate the same anthropogenic signatures observed from different angles.
(See also Fig. 1).
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Figure 4. Photoluminescence images of the internal view of the tooth under distinct excitation and emission
wavelengths. (a) and (b) An abundance of multi-oriented scratches along the center of the surface and the
curvature area of the tooth, some overlapped by root marks. The short, clustered, and parallel marks following
specific orientations and the presence of straight linear marks and perpendicular and crossed striations
characterize anthropogenic intervention. The edge of the tooth shows some specular reflections because the
surface is smooth, and this area acts as a mirror. (c) Post-depositional damage, predominantly composed

of root marks. (d) False-color reconstructed image enables visualization of the location and orientation of
anthropogenic and non-anthropogenic taphonomic marks. For all images: white arrows indicate sets of deep
and wide anthropic marks (possibly grinding traces?) around concave areas; yellow marks indicate root marks,
and the yellow circle indicates the pitting damage associated with root marks (probably acid corrosion from the
roots); the area luminescing in the 472 + 15 nm spectral range (black arrow in (d)) coincides with a consolidated
area and is attributed to remains of recent organic glue.

root and chemical damage, trampling marks, and sedimentary abrasion; Figs. 4B, D, 5B, D, I). The anthropogenic
marks and surrounding area of the tooth show uniform color aspects, revealing uniform density among them.
The bioapatite surface with brighter/grey color characterizes heavier density, and the overlaid, darker damage
features characterize lighter density (i.e., organic matter). EDS analysis in this area shows a predominance of the
elements Ca, C, O, and P (Fig. S1; supplementary material).

SEM micrographs of the internal view of the tooth (vasodentine; Fig. 1C-b’) show a damaged area that exposes
the internal dentine microstructure (Fig. 6F-J; Fig. S2, supplementary material), identified as natural casts of
dentinal tubules in the orthodentine. EDS analysis confirms the chemically altered state of this region by Al
and Si infiltrations (Fig. 6H-I). Organic matter, characterized by carbon content, overlaps such ancient dam-
age (Fig. 6G). Dentinal tubules from the lateral view (Fig. 6C-¢’) also show infiltration of Al and Si. SEM-EDS
analyses were complemented by the higher efficiency of X-ray fluorescence (XRF), and revealed residues of
sediments (Fig. 6G-]) and chemical infiltrations by weathering and diagenesis elements (Al Si, Fe, Rb, and Sr)
on these histological structures (Figs. 6A-E and 7).

Discussion

The study of causes of post-mortem modification features of teeth and bones is a challenge for taphonomy, since
many environmental processes can mimic marks of human action. The archaeological context does not always
constitute favorable evidence for determining the age at which an object was transformed into an artifact. This

Scientific Reports |

(2024) 14:19770 | https://doi.org/10.1038/541598-024-69145-5 nature portfolio



www.nature.com/scientificreports/

500m

h

500 pm.

2084 H D62 x50 2mm

100 pm EHT = 15.00 kV Signal A = VPSE
— WD = 4.2mm 102X

Figure 5. Stereomicroscopic images of the tooth. (a—f): Internal view. (a) Set of short parallel linear marks

of similar width and length, following the curvature of the tooth. The white square containing 7 linear marks

is zoomed in (b), where root damage (black dotted arrow) overlaps the ancient marks. (c) Superficial and
multi-oriented striations provide a polished aspect to this side of the tooth. (d) An elongated mark with
irregular (sinuous) trajectory (mark 10, indicated by the white arrow), characteristic of sedimentary abrasion

or trampling marks, overlapping an ancient and notably wider mark (mark 9). (e) Root etching, with total
damage indicated by the dotted white line, and three pitting fissures indicated by yellow arrows, which we
interpret as corrosion caused by root acids. (f) Clear distinction of both sides of the tooth, with the internal view
smoother than the external view. Shallow elongated marks, as indicated by short white arrow, can be result of
trampling or sedimentary abrasion. (g) and (h) External view. Moderate root damage is indicated by the yellow
dotted arrows. (i) BSE-SEM image of the squared area in (a). Notice the recent root damage (black dotted
arrow) in (b) optically black, indicating high organic content, overlapping the marks with uniform contrast
between their interior and the adjacent surface, indicating simultaneous mineralization. (j) Close up of the
dentinal tubules acquired in the lateral view of the tooth. Image acquired with SEM using VPSE detector. Notice
residues of sediments inside the histological structures (blue arrows), indicating their exposure before/during
burial. Sedimentary abrasion marks along the tooth surface are very fine, shallow, and sinuous (see examples
indicated by short black arrows).

is the case of the tank at the Pogo Redondo farm, where the giant sloth tooth was found. Even given the dating
of the sample, the possibility of temporal mixing in the tank calls into question the age of modification of this
tooth as an artifact. However, because this fossil tooth is a specimen with intriguing archaeological implications,
especially for the study of human-megafauna interaction in Pleistocene South America, we investigated possible
anthropogenic nature of its modifications.

The surface of the tooth (internal view) has multiple modifications interpreted as possible to desiccation
cracks, root marks, acid damage, and sediment abrasion marks (Fig. 1Cb’). In addition to these, we observed
regular and parallel deep marks in concave areas of the tooth, and transversal and multi-oriented striations
compatible to anthropogenic marks (Fig. 4).
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Figure 6. SEM and EDS images of two different areas of the tooth. (a-e) SEM and artificially colored EDS images from the
lateral view of the tooth. (a) Image collected with VPSE detector. Notice the exposure of histological structures (dentinal
tubules), also distinguished through microCT (Fig. 3C). (b-e) Distinct patterns among the elements Ca, Al, Si, and O,
respectively. False colors highlight the depletion of Ca and the incorporation of Al, Si, and O in these structures. Black arrows
in each photo indicate the same structure for reference. (f-1) SEM-EDS images of a damaged area on the internal view of the
tooth. (f) Notice exposed dentinal tubules from the orthodentine layer, indicated by yellow arrows, as well as specific darker
zones in BSE-SEM (indicated by white arrows), demonstrating higher organic composition due to contrasting electron density
with the bone bioapatite. This is corroborated by the EDS detection of its carbon composition in (g). (h-j) Distinct diagenetic
patterns based on the local distribution of Si, Al, and O, respectively. We can observe that Si, Al, and O are associated with the
damage that exposes the histological structures, which also overlaps the carbon-rich taphonomic features (see grains indicated
by the dotted white arrow).
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Physical abrasion (e.g., from water transport with sediment) was first considered as a cause of the change in
shape and rounded edge of the tooth. While abrasion rounding is more commonly recognized in bones, teeth
(with and without enamel) can also become rounded through these processes®*. We assume that the distinct
“triangular” shape of the tooth fragment, with one clearly rounded edge (Fig. 1C) is unlikely to have resulted
from fluvial transport mainly because 1) its pointed shape with two distinct surface textures, and 2) sedimentary
abrasion produces randomly oriented, and fine shallow marks with non-straight trajectories'>*. These differ
markedly from the sets of parallel scratches with similar orientation and short wide linear marks observed in
the internal view of the tooth (Figs. 3B, 4A-B, 5I). This fine-scale analysis also gains support for anthropogenic
marks based on comparative observations of the Smithsonian’s National Taphonomic Reference Collection
(NTRC) (Table 1; Fig. S3; supplementary material). The range of methods we utilized (see “Methods”) tested
for different types of anthropogenic and non-anthropogenic processes, noting also superimposed features that
could indicate the sequence of different modifications in time (e.g., anthropogenic marks before root marks and
sedimentary abrasion; Figs. 4 and 5).
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Table 1. Summary of information acquired on different taphonomic features using each technique/method in

this study.
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We ruled out rodent gnawing marks as a source of scratches on the tooth because (1) rodents tend to gnaw
bones, rather than teeth®®; and (2) rodent gnawing marks generally flatten the bone and are morphologically
broad, parallel paired, flat-bottomed grooves“. Unlike rodent and carnivore gnawing, the marks on this tooth
are not U-shaped. Unlike trampling marks, they are not randomly orientated nor do they present asymmetrical
edges and other characteristic features for trampling on teeth, such as ‘fork-ends’ or ‘tick-ends’ on their striae®.
The marks observed on this tooth do not refer to dietary signatures, which are usually interpreted through dental
microwear analysis, as these marks are localized on the lateral side of the dentin and not on its occlusal surface
(Fig. 1C). Therefore, we interpret the intensive polish and reshaping of the tooth as the result of human modifica-
tion. Although we did not observe internal microstriations in the anthropogenic marks, their presence or absence,
at least in bone surface modifications, does not necessarily exclude anthropogenic origin. Microstriations are
uncommon, for example, in chopping marks'® and can also be observed in trampling marks'2. Also, diagnostic
features of anthropogenic marks can be erased by other taphonomic processes, including sedimentary abrasion®.
Human-made marks might show distinct micro-morphologies from tools associated with different activities or
raw materials’, thus we should not expect to find internal features of marks made by butchery on bones to be
exactly similar to those made by intentional abrasion and reshaping of teeth.

Root damage identification relies on the meandering, multi-directional, deeply etched, and dendritic pat-
terning and morphology of these marks?, as well as the lack of star-shaped pits, which are indicative of insect
damage®. Some irregular pits are observed on the tooth surface, with similar morphology and sizes to experi-
mental sedimentary damage on teeth®. We interpret three deep fissures (Fig. 5E) as the result of corrosion from
the mycorrhizal acidification commonly associated with growing roots, a process that secretes acids that can
dissolve the bone and tooth matrix'’.

The overlapping of organic (non-human) taphonomic signatures with the anthropogenic marks corroborates
a sequence of the biostratinomic events in which anthropogenic marks occurred before burial and posterior
organic damage (Figs. 4 and 5). The detectable PL signals allowed observation of different types of pattern
distributions on the tooth surface. False-color images highlight the different contrast between the mineralized
dentine, ancient marks, overlapping ancient organic matter on the surface, and superficial recent organic con-
tamination (Fig. 4D). Therefore, these plant signatures can be recent and may have occurred when the tooth
and other fossils were excavated from the tank and deposited in the adjacent area before paleontological rescue,
as subaerial recent plant growth can also damage fossilized remains’. Regardless of the age of these features,
they occurred after the anthropogenic modification of the tooth. The uniform contrast between the interior of
the marks and the adjacent areas supports the inference that anthropogenic modification happened before final
burial and final mineralization of the tooth.

Teeth of megatheriids are composed of three tissues: vasodentine (inner layer), inner and outer orthoden-
tine (middle layer), and cementum (outer layer)****; orthodentine is the hardest and thinnest bioapatite layer>.
Dentinal tubules are parallel and aligned radially in the dentine matrix and can act as percolation paths for
weathering or diagenetic fluids during fossilization®*. Our synchrotron-based XRF imaging and X-ray computed
(UCT) results confirm the nature of these dentine tubules, which were previously misidentified as anthropogenic
marks'®?.

The chemical alteration observed through our SEM-EDS and XRF analysis (Figs. 6 and 7) indicates sedi-
mentary filling and infiltration of exogenous elements in the dentine in the burial environment. The higher Sr/
Ca ratio (Fig. 7E-F) suggests that the Sr incorporated in the tooth is likely diagenetic. The elements Fe, Mn, Al,
Si, and Rb are uncommon components of dentine at the observed intensities, so their presence in the fossil tooth
likely represents incorporation from the burial environment***”. While we can observe Al, Si, and O from our
SEM-EDS analyses (Fig. 6C-E), the elemental XRF distribution maps show that Fe and Rb have also infiltrated
the dentinal tubules (Fig. 7). This pattern of infiltration is comparable to the results of Larmon et al.**, who
investigated how diagenesis affected an Eremotherium tooth under cathodoluminescence analysis. These authors
observed that the cementum and vasodentine layers of the tooth are highly susceptible to diagenesis, while orth-
odentine is the most resistant and therefore least altered layer. Regarding our Brazilian ground sloth tooth, the
sediments possibly controlled Rb incorporation, which is commonly associated with clay minerals and micas®.
Fe also likely came from the surrounding sediments, as it is commonly taken into fossil bones and teeth during
diagenesis® or weathering®. Al, Si, and O suggest contamination from aluminosilicates from mineral clays, which
are common in tank deposits in the northeast region of Brazil'®**!. As the mineralogical composition of tank
deposits results from the decomposition of the surrounding rocks'é, the exogenous elements infiltrated in the
dentine likely originated from clays as run-off water percolated through the rock. Additional sedimentological
studies of this tank location are needed to clarify the origin of aluminosilicates in the environment.

Our study supports anthropogenic modification of ground sloth tooth (LPUFS 4992), and that this modifica-
tion occurred prior to final burial. However, it also is important to acknowledge the current limitations of our
interpretations. Firstly, as tank deposits can be formed by different sedimentation events through time, their
fossil assemblage can represent a mixture of different-age elements. Therefore, we cannot assert the exact timing
of human modification of this material, which limits broader interpretations of human-megafauna interaction
around 13,000 years ago in this locality.

The study of anthropogenic modification of teeth is still poorly explored, as most studies over the past four
decades have focused on bone modifications. However, recent studies and experimental research have highlighted
the importance of including teeth as potential human artifacts. Although somewhat unusual, human modifica-
tion of teeth is known in the archaeological record, and animal teeth can be interpreted as transformed tools,
retouchers*?~*¢, and personal ornaments**’. Anthropogenic marks on human teeth, from the Paleolithic to the
Neolithic, have also been interpreted as resulting from funerary and cannibalistic practices*®. This highlights
that the anthropogenic modification of dental elements should be given greater consideration in the future.
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Figure 7. Exposed dentinal tubules analyzed under synchrotron XRF and microCT. (a, b) Synchrotron XRF
highlights the incorporation of trace elements. False colors and captions: Ca in blue, Mn in green, and Fe in
red (a), and Sr in blue, Fe in green, and Rb in red (b). (¢, d) The nature of these structures is confirmed using
microtomography and 3D image reconstructions (histological microstructures indicated by black arrows).
Notice the distinct elemental distribution map between Ca (e) and Sr (f), and the incorporation pattern of Sr in
the dentinal tubules. White arrows reference histological structures.

Our discussion about the human purpose for modifying this ground sloth tooth from Brazil is limited,
especially due to the absence of specific traces related to the chaine opératoire of the artifact production. We
can only infer that the proposed artifact was reshaped for non-subsistence purposes. This evidence manifests
the past human behavior and their relationship with the ecosystem, highlighting human perception of the sur-
rounding fauna not only as prey or competitors in the landscape, but also as potential resources for technology
and symbolic transformation.

Anthropogenic modification of teeth and mandibles of Pleistocene megamammals in the Americas is sug-
gested through evidence from Toxodon in Brazil*, Notiomastodon, Toxodon, Macrauchenia, and Lestodon in
Argentina®, and Mastodon in the USA>!. Details of human-megafauna interaction in the Americas during the
late Quaternary remain highly debated, especially for South America, where remarkable evidence for megafauna
exploitation has been growing®. In this context, the currently available and any future evidence regarding tooth
modification can contribute, together with bone surface modifications, to broader paleoecological and archaeo-
logical discussions in this continent.

We highlight in this study the scientific benefit of using different analytic methods and multidisciplinary
approaches not only to distinguish human versus non-human taphonomic modification of bones and teeth, but
also to determine the order of taphonomic processes and to support the interpretation of the timing of ancient
modifications. The use of different techniques can provide distinct and complementary evidence (Fig. 2; Sup-
plementary Table S1). Whereas SEM allows observation of internal microstructures and the external topography
of the tooth surface and its taphonomic signatures, pCT allows the identification of histological features and
3D reconstruction of the tooth fragment and taphonomic signatures. On the other hand, UV/PL allows us to
observe the marks’ distribution, orientation, and their overlapping patterns, while EDS and XRF enable a detailed
elemental characterization.

We note that the use of XRF is advantageous for differentiating diagenetically altered bioapatite layers and thus
providing more reliable data for additional studies, such as stable isotopic analysis. Likewise, the use of PL is also
beneficial, as it allows the detection of recent contamination in areas of interest for additional analysis (e.g. glue
and other recent organic contamination; Fig. 4D). In addition, the development of novel approaches to studying
zooarchaeological and paleontological materials supports growing cutting-edge research in this area. The more
access researchers have to a range of novel techniques (e.g., synchrotron facilities worldwide), and/or collabo-
ration with researchers in related expertise, the more feasible it will be to explore such taphonomic questions.
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Although new approaches show great potential for exploring out-of-context materials that preserve disputed
evidence, using such techniques presents challenges such as limited access and sometimes high cost of laborato-
ries with high-resolution microscopes and synchrotron light equipment. Researchers will need to carefully assess
the benefits of these methods and prioritize analyses of specific materials, such as (1) specimens with potentially
important information found out of context, or whose stratigraphic information has been lost, especially from
decades-old museum collections that are poorly documented; and (2) zooarchaeological or paleontological
objects with major implications for current scientific paradigms, such as human origins and dispersal.

Methods

The teeth of extinct, large-bodied sloths are bilophodont (two cusps), hypselodont (ever-growing and rootless),
and lack enamel tissues®’. The fragmentary molariform ground sloth tooth (LPUFS 4992) analyzed in this study
(Fig. 1C) presents these characteristics and is housed at the Laboratdrio de Paleontologia of the Universidade
Federal de Sergipe (UFS), Brazil. It has not undergone any chemical preparation; it has only been brushed,
washed with water, and later glued after breakage. The only previous analyses were digital microscopic images
and radiocarbon dating on bioapatite'®!?. Here, we identified surface modifications based on criteria in the
published literature and the study of comparative specimens housed at the Smithsonian’s National Taphonomic
Reference Collection (NTRC) (Table 1; Fig. S3; supplementary material). We performed imaging and elemental
analyses on this material through six techniques: stereomicroscopy, SEM, energy dispersive spectroscopy (EDS),
photoluminescence spectral imaging (PL), XRF, and micro-computed tomography (uCT).

Stereomicroscopic images were taken using a stereomicroscope Nikon SMZ-25 at LNBio, Brazil. SEM images
using a back-scattered electron mode (BSE-SEM) detector and EDS data (Fig. 5I; Fig. S1, supplementary mate-
rial) were collected using the TM3000 tabletop microscope Hitachi, under low vacuum with an acceleration
voltage of 15 kV,, at the Laboratdrio de Pesquisa em Bioenergia e Materiais Lignoceluldsicos, UFSCar, Brazil,
without coating the specimen. SEM and EDS images (Fig. 6) were taken under low vacuum (~ 50 to 70 Pa), with
an acceleration voltage of 15 kV, with Variable Pressure Secondary Electron (VPSE), using the Zeiss Supra 55VP
FEG-SEM at IPANEMA, France.

The PL multispectral images were collected using the in-house developed setup at the IPANEMA labora-
tory in France. We collected reflectance images at the wavelength of 472 + 30 nm under 470 nm illumination
(Fig. 4B); at the red (685 nm) domain under 470 nm illumination (Fig. 4C); and luminescence emissions in the
blue (472 nm), green (514 nm), and red (685 nm) spectral domains under UV (385 nm) illumination (Fig. 4D).
Figure 4A was collected in diffuse reflectance mode in the 535-607 nm range using the ambient light in the lab
space. Scalar images were aligned using the template matching plugin in FIJT and combined into false-color RGB
images using Image]J for easier intercomparison (Fig. 4D).

Macroscopic Photoluminescence (PL) imaging is a novel imaging approach applied in the research of ancient
materials which has been little explored in the study of bone or tooth surface modifications. Photolumines-
cence is the emission of light (in multiple wavelengths) after the absorption of photons of higher energy such
as ultraviolet (UV) and can be used to observe contrasts in color representing variations in surface chemistry
that are invisible to the naked eye®*. The customized system we used allows optimal excitation and emission
ranges to distinguish specific organic and inorganic structures. In practice, we used a tunable LED source and a
multispectral detection to enhance contrasts between marks/features on target materials and differentiate their
potential origins using PL properties®. The PL excitation and emission properties at the same peaks may depend
on the reflected material components with different biological compositions (e.g., bioapatite, organic matter).
In this study, we performed UV/PL analyses to detect surface chemistry variations on the fossil tooth that may
distinguish ancient human modifications and/or subsequent non-anthropogenic taphonomic signatures. The
integration of PL analysis has demonstrated a significant contribution to reconstructing the taphonomic history
of this tooth. Luminescence emissions under UV illumination of the tooth generated distinct contrast imagery
of taphonomic characteristics (Fig. 4A-D). Optimization of the excitation and emission wavelengths made it
much easier to locate and identify the orientation of anthropogenic marks.

Synchrotron XRF raster-scanned images were collected at the PUMA beamline of the SOLEIL synchrotron
in France. We mapped an area of the lateral edges of the tooth. 10 mm x4 mm (H x V) maps were acquired in
continuous scanning mode (“flyscan”) with 10 pm resolution and 100 ms acquisition time. The incident beam
was set to an energy of 18 kV. Spectral images were processed using the PyMca software®® and a package in R
developed by L. Bertrand and Serge Cohen (IPANEMA). The elemental distribution of biomineralized tissues
mapped with synchrotron-based XRF imaging provides a better understanding of their original composition
and diagenetic history*’~*°. Besides being non-invasive, which is highly important for zooarchaeological mate-
rials such as bones and teeth with anthropogenic modifications, one of the advantages of this technique is the
high-resolution imaging maps that show the presence and distribution of low to high atomic mass elements in
the fossil surface.

Synchrotron pCT was performed at the PSICHE beamline of the SOLEIL synchrotron in France®. Imaging
was performed using pink beam illumination with average photon energy ~ 80 keV in two configurations: low res-
olution, 5.85 um pixel size and 180 mm propagation distance from the sample to the detector for phase contrast;
and high resolution, 1.3 pm pixel size with 80 mm propagation distance. Reconstructions were performed using
PyHST?2 software®!, with Paganin filtering to improve signal-to-noise in phase contrast images®?. uCT analysis is
fundamental for exploring the internal microstructures of fossil materials in a non-destructive way. Synchrotron-
based uCT provides an advantage over traditional microtomography due to the high contrast between materials
obtained by exploiting propagation phase contrast, and the high intensity of the parallel beam®. pCT contrasts
can be used semi-quantitatively toward material identification®. Besides detailed histological information, it
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allows the three-dimensional observation and reconstruction of mark morphologies, which can complement

stereomicroscopic and SEM characterizations of materials of taphonomic interes

t65,66
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