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During the Quaternary in South America, the gomphotheres were one of the most common elements in
the mammal megafauna. They went extinct in an evolutionary event known as the Late-Pleistocene
Megafaunal Extinction, of which climate changes and human hunting are commonly claimed as the
main possible causes. Most of the Brazilian Pleistocene fossil mammals did not preserve collagen, so
alternative dating techniques are needed. In this case, the only option for dating such fossils is via
Electron Spin Resonance (ESR) dating. The aim of this paper is (i) to place the Quaternary Águas de
Araxá’s Notiomastodon platensis population in a chronological context through ESR dating and, (ii) to
investigate its paleoenvironmental context and extinction causes. The ESR analysis was made on both
crushed tooth enamel and sediment from the study area. They were subjected to Neutron Activation
Analysis to determine the concentration of U, Th and K. The ESR dating indicated an age somewhere
between 60,000 and 55,000 a for this N. platensis population (Lujanian, the last age of the Late Pleis-
tocene South American Land Mammal Ages e SALMA). The date found for these gomphotheres is
included in the Middle Pleniglacial, which is characterized by a cold and arid climate. Previous paleodiet
studies suggest that the feeding habits of those individuals were basically opportunistic/generalist
herbivores (C3 grasses and woody plants). Taphonomically, it was observed that the gomphotheres
carcasses were transported by a high-energy water stream, typical of fluvial systems, and that the large
amount of individuals in the fossil record is due to a mass death event related to a dry period. Based on
taphonomical, paleoecological and chronological evidence, it is possible to assume that the gomphothere
population from the Quaternary of Águas de Araxá is probably an example of individuals that suffered
from climate changes during the Late Pleistocene in South America.

� 2012 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

During the Quaternary, the proboscideans were one of the most
common element of the American megafauna. They probably
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migrated to South America after the uplift of the Isthmus of
Panama, during the biogeographic event called the Great American
Biotic Interchange (GABI; Webb, 1991). During the Pleistocene, the
South American gomphotheres were represented by the genera
Cuvieronius and Notiomastodon, and only Notiomastodon platensis is
present in the Brazilian fossil record (Gadens-Marcon, 2008; Mothé
et al., 2011).

The South American proboscideans went extinct in an evolu-
tionary event known as the Late-Pleistocene Megafaunal Extinction
(Ferretti, 2008). The causes for this extinction event are still
gomphothere population from Southeastern Brazil: Taphonomic,
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Fig. 1. Location map of the Quaternary Águas de Araxá (QAA) outcrop.

Fig. 2. Original image of fossil remains from QAA site, made by Simpson and Paula-
Couto in the 1950s, which is the only known outcrop overview.
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unknown, but climate changes and human hunting have been
commonly claimed as the main plausible hypotheses (Ficcarelli
et al., 2003; Barnosky et al., 2004).

Gomphotheres fossils have been found in almost all Brazilian
states, but the Quaternary of Águas de Araxá (QAA) outcrop is noted
for its great abundance of dental and postcranial fossils of
N. platensis (Simpson and Paula Couto, 1957; Mothé et al., 2010).
Previous studies suggested that the gomphothere remains from the
QAA outcrop represents a single N. platensis population (Simpson
and Paula Couto, 1957; Mothé et al., 2010). These papers are the
basis for several other studies that investigated aspects of the
taphonomy and paleoecology of South American gomphotheres
(e.g. Dominato et al., 2009; Avilla et al., 2010; Asevedo et al., 2010;
Dominato et al., 2011; Asevedo et al., 2012). However, all those
studies lack dating information.

Geochronological studies are rare in Brazil, particularly those
involving Pleistocene Megafauna (Baffa et al., 2000; Lopes et al.,
2010). Only a few studies based on Electron Spin Resonance
(ESR) dating included southeastern Brazilian mammalian fossils
[Toxodon] (Baffa et al., 2000; Lopes et al., 2010). However, since
collagen is not preserved in most of the Brazilian Pleistocene
mammals, dating techniques such as ESR are very effective and
sometimes the only option available for dating these fossils. ESR
dating can be applied in a wide interval of geologic time,
extending from hundreds to millions of years (Skinner, 2000,
2006; Grün, 2006) but this method can be even more signifi-
cant in the time range between 40,000 and 200,000 a, by filling
up the gaps of the two most used dating techniques, 14C and
40Ar/39Ar (Rink, 1997). ESR dating proved to be very efficient in
archeological and paleontological studies because only small
quantities of material are necessary in this procedure, and it is
possible to use this technique on samples that do not have
sufficient collagen for 14C dating (Kinoshita and Baffa, 2005; Lopes
et al., 2010).

The aim of this study is to place the QAA gomphothere pop-
ulation in a chronological context using ESR dating. Furthermore,
based on previous paleoecological and taphonomic studies (e.g.
Dominato et al., 2009; Asevedo et al., 2010; Avilla et al., 2010;
Dominato et al., 2011; Asevedo et al., 2012), inferences are made
about the paleoenvironment and the cause of extinction of the
N. platensis population from the QAA.

2. Geological setting

The QAA fossiliferous assemblagewas discovered in 1944 during
the construction of a resort hotel at the locality of Águas de Araxá
(19�38045.7700S; 46�56059.9900W), in Minas Gerais State, South-
eastern Brazil (Fig. 1). The resort hotel was constructed over the
outcrop in which the gomphotheres remains were discovered. The
fossils were found in a cavity and they were probably deposited
there by a Pleistocene stream (Price, 1944; Simpson and Paula
Couto, 1957). This stream runs on a large mass of metamorphic
rock, common in the outcrop area (Price, 1944). The cavity is 6 m
long, 4 m wide, and 1.2 m deep (Simpson and Paula Couto, 1957).
The fossiliferous deposit was irregular, consisting of a confluent
series of rounded and polished depressions produced by fluvial
abrasion. The cavity is filled by clay, sand, pebbles and bioclastic
conglomerate (Price, 1944) and displays a typical cut-and-fill
structure. The best-preserved bone and tooth remains were found
at the bottom of the deposit, and the most abundant fragmentary
fossils were found at the top, near the surface of the deposit,
associated with finer sediments (Simpson and Paula Couto, 1957)
(Fig. 2).

The uppermost layer is composed of well-rounded pebbles
(some are small) and by various waterworn bone fragments
Please cite this article in press as: Avilla, L.d.S., et al., Extinction of a
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cemented by iron oxide, forming a hard cover that sealed and
preserved the deposit (Price, 1944). Therewere no bones associated
with the same individual, except for radius and ulna (Simpson and
Paula Couto, 1957).
gomphothere population from Southeastern Brazil: Taphonomic,
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Fig. 3. ESR spectrum of enamel without additive doses showing the components of
CO2

� (gt and g//), the Isopropyl radical (*) and the 3rd and 4th Mn2þ of marker.

Table 1
Radioisotopes concentration assessed by Neutron Activation Analysis.

Sample U (ppm) Th (ppm) K (ppm)

Enamel 6.4 � 0.9 0.30 � 0.05 <750
Dentine 240 � 35 0.37 � 0.06 <750
Soil sample 1 36 � 5 135 � 22 <750
Soil sample 2 32 � 2 154 � 7 <750
Soil sample 3 29 � 2 139 � 6 <750

Table 2
Age results according to Uranium uptake model.

Model Age (ka)

Early Uptake (EU) 58 � 4
Linear Uptake (LU) 66 � 5
Combination Uptake (CU) 64 � 5
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3. Methodology

The QAA N. platensis had been previously recognized as
a single population (Simpson and Paula Couto, 1957; Mothé et al.,
2010) and its age was established by dating a single tooth
(DGM104-M) and its associated sediment, representing the
dating for the entire population. This N. platensis tooth is
currently housed at the paleontological collection of Departa-
mento Nacional de Produção Mineral, Rio de Janeiro State, Brazil.
The dating analysis was performed by the Physics Department at
the Universidade de São Paulo (FFCLRP-USP). An enamel sample
was removed from the tooth and separated from the dentine
using the thermal expansion technique. Due to the differences in
the thermal expansion coefficient between both tissues, the
enamel was eventually detached from the dentine after repeating
the procedure a few times. The remaining dentine was
mechanically removed with low-rotation diamond drills. The
enamel was then subject to chemical etching in an acid solution
(HCl 1:5).

The thickness of the enamel before treatment was about 4.6 cm,
and 4.0 cm afterwards. Once dry, the enamel was manually ground
in an agate mortar until a powder (4 < 0.5 mm) was formed. The
dentine and associated sediment were also crushed. The sediment
was then sampled in 3 parts, and along with the enamel and
dentine, and subjected to Neutron Activation Analysis (NAA) at the
IPEN (Instituto de Pesquisas Energéticas e Nucleares), to determine
the concentrations of U, Th, and K.

The spectrum of powdered enamel was recorded in a X-Band
ESR spectrometer (JEOL FA-200) and compared with a sample of
bovine enamel, previously irradiated with a known dose (150 Gy)
for prior assessment of the cumulative dose (De). Subsequently, 10
aliquots of about 70 mg were selected and then irradiated with
doses ranging from 0 to7 kGy.

After registering the spectrum of all the aliquots, the intensity
peak-to-peak of signal dosimetric at gt was associated with the
added dose for posterior construction of the doseeresponse curve.
The experimental data points were fitted using the following
equation (Ikeya, 1993):

I ¼ I0

8>><
>>:
1� e

�
�ðDþ DeÞ

D0

�9>>=
>>;

(1)

The conversion of the Des to ageswasmade using ROSY software
(Brennan et al., 1999), which calculates the ages through the rates of
internal and external doses given by the radioisotope concentra-
tions and cosmic rays. The rate of 240 mGy/year was used, after
correcting for the appropriate latitude and longitude
(19�38045.7700S; 46�56059.9900W) and altitude (997 m), as proposed
by Prescott and Hutton (1994).

4. Results and discussion

Fig. 3 shows the initial ESR spectrum of enamel, without the
additive dose. The signal of a main radical produced by ionizing
radiation in hydroxyapatite (CO2) with the spectral features
gt ¼ 2.0025 and g// ¼ 1.9973 can be observed, as well as the radical
Isopropyl (*) and the 3rd and 4th lines of Mn2þ (#) marker, used to
calibrate the magnetic field. Fig. 4 shows the dose response curve
and the De found of 7 (�0.4) $ 102 Gy. Table 1 shows the concen-
tration of U, Th and K in the sediment, enamel and dentine obtained
byNAA;whereas Table 2 exhibits the age results according to the U-
uptake model. Although the results are similar, the result given by
the Combination Uptake model, defined as Linear uptake for
Please cite this article in press as: Avilla, L.d.S., et al., Extinction of a
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enamel and Early uptake for dentine, was the adopted value as the
age of the tooth, considering that dentine is porous while enamel is
more compact. The data show low dispersion and a good fitting of
the exponential curve.
The ESR dating of the tooth of the QAA outcrop indicates that the
age of this N. platensis population falls in the interval between
60,000 and 55,000 a. This interval of time is part of the Lujanian
(120,000e8500 a) (Cione and Tonni, 1995,1999). The date found for
the QAA gomphotheres is included in the glacial age called Middle
Pleniglacial, ranging from 65,000e26,000 a, characterized by a cold
and arid environment until 50,000 a (Ledru, 1993; Ledru et al.,
1996). Previous studies suggest that, afterwards, a gradual
increase in the environmental humidity occurred (between 45,000
and 33,000 a), which is also inferred by the increase in semi-
deciduous tree taxa (Alchornea, Casearia, Celtis, Gallesia, Mela-
stomataceae, Miconia-type, Mimosaceae). Thereafter, and over the
past 17,000 y, a rapid succession of climate changes started as re-
flected by different forest categories (Ledru, 1993; Ledru et al.,
1996). These changes in climate were also evidenced by analyses
of a complete palynological sequence at the Salitre locality
(19�S46�460W, and altitude of 980 m), near Araxá (19�S46�560W)
(Ledru, 1993; Ledru et al., 1996). Additionally, Asevedo et al.
(2012) recovered information about the latest meals of adult
gomphothere population from Southeastern Brazil: Taphonomic,
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Fig. 4. Dose Response Curve. The experimental data points were fitted by Equation (1)
using instrumental weighing.
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gomphotheres from the QAA population through both tooth
enamel microwear analysis and plant microfossils preserved in
tooth calculus. They concluded that the diet of those individuals
was basically composed of C3 grasses and woody plants. Fragments
of conifer tracheids and secondary xylem corroborate with the
suggestion of a woody plants-based diet. Pollen grains (Polygo-
naceae) and spores (Polypodiaceae) could be associated with
secondary elements ingested by chance (Asevedo et al., 2012). The
botanical groups of C3 grasses, conifers and Polygonaceae dicots are
primarily found in temperate zones, and the Polygonaceae family of
polypod ferns is mostly distributed throughout tropical humid
environments, but it also occurs in temperate climates. Plant
remains preserved in teeth calculi of N. platensis were represented
by fibrous (hard to assimilate) parts (Asevedo et al., 2012), a low-
quality food. Hence, since those gomphotheres had a low-
nutritious diet, they would potentially feed on a great amount of
food. Similar behavior can be observed in the feeding habits of
extant proboscideans that ingest different types of vegetation
according to the climatic season (see Sukumar, 1990; Stokke and du
Toit, 2000; Tchamba and Seme, 2008; Short, 2009). Consequently,
the gomphotheres’ diet might be based on the availability of plants
in their habitats, so they may be considered as opportunistic/
generalist herbivorous regarding their feeding habits. The climate
in the QAA region was possibly cold and dry, since groups of plants
that are typical of temperate environments were abundant in the
area. This assumption reinforces previous palynological studies
done in samples from the region, dated around 60,000e55,000 a
(Ledru, 1993; Ledru et al., 1996).

Mothé et al. (2010) estimated that about 40 individuals
comprised the gomphothere population of the QAA. Living
proboscideans (Loxodonta and Elephas) are commonly found in
small family groups of no more than six or eight individuals.
However, when this population experiences severe environmental
conditions, such as a colder/warmer or drier climate than they
accustomed to, or when food and water are scarce, they can gather
in herds of more than 50 individuals (Haynes,1991). Dominato et al.
(2011) and Mothé et al. (2010) suggested that N. platensis would
have a similar survival strategy. Consequently, one explanation for
the great number of individuals of the N. platensis population from
the QAA outcrop is that they were perhaps facing a severe climate
or scarcity of resources during 60,000e55,000 a. For example, if
modern populations of proboscideans suffer with lack of water,
Please cite this article in press as: Avilla, L.d.S., et al., Extinction of a
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then a large amount of individuals (sometimes more than
a hundred), migrate together and gather around water resources
(Haynes, 1988, 1991).

Price (1944) and Dominato et al. (2011) suggested that these
animals had been transported by a large stream, which is demon-
strated by the fact that these fossils are poorly selected and by the
presence of a variety of bony elements with different densities
(long bones, vertebrae, ribs, teeth, jaw fragments, basin debris and
others) in the same deposit. The absence of preserved skulls may be
related to their destruction by weathering, trampling or other
processes. The final agent of transportation was a high-energy
fluvial system and the fossils underwent brief transport
(Dominato et al., 2011).

According to Simpson and Paula Couto (1957) and Mothé et al.
(2010), the QAA gomphothere fossil bones can be assigned to
a mass death event related to a dry period, together with scarcity of
water and food resources. Firstly, the QAA gomphothere deposit
holds characteristics of a catastrophic event, where individuals of
all age classes were found together (Mothé et al., 2010). Secondly,
this hypothesis of a death population related to a severe climate
exposure is supported by estimations of the environmental
conditions around Águas de Araxá during the Late Pleistocene,
based on palynological analysis conducted by Ledru et al. (1996).
According to the authors, a glacial maximum, characterized by
extremely cold and dry environmental conditions, probably
occurred around 60,000e50,000 a. Thirdly, the study of the organic
composition of the latest meal of the gomphothere individuals
from the QAA shows a low-nutritious diet (Asevedo et al., 2012),
which can be related with the scarcity of resources at the glacial
maximum around 60,000e50,000 a. Therefore, the extinction of
the QAA gomphotheres was probably related to a catastrophic
regional event, related to an extreme cold and dry climate associ-
ated with shortage of water and food resources.

The gomphotheres, together with some northern hemisphere
immigrants (all of the species of horses, most of the camelids, some
cervids, amongst others) and most of the South American native
mammals, became extinct at the end of the Late Pleistocene
(Ficcarelli et al., 1997; Alberdi et al., 2002). There are several
possible explanations for this extinction event. However, the two
most plausible hypotheses are (i) human overhunting (Martin,
1984; Whittington and Dyke, 1984; Alroy, 2001) and (ii) climate
changes (Graham and Lundelius, 1984; King and Saunders, 1984;
Sánchez et al., 2003; Vivo and Carmignotto, 2004). The literature
brings good arguments in defense of both hypotheses (Barnosky,
1989; Cione et al., 2003; Barnosky et al., 2004), but this debate
still stands. Nonetheless, all hypotheses for the extinction of South
American Megafauna share the assumption that the extinction was
a single event, and it occurred at around 11,000 a, near the Pleis-
tocene/Holocene boundary. However, the extinction hypotheses
suggested by Ficcarelli et al. (1997) and Cione et al. (2003) argue
that nomassive extinctionwas observed in largemammals through
the Pleistocene Glaciations in South America.

The death event of the QAA gomphotheres at about 60,000e
55,000 a disputes the argument that the extinction of South
American Megafauna occurred at 11,000 a. The extinction of the
QAA gomphotheres is an independent event and brings a new
horizon to understand the mammalian megafaunal loss during the
Late Pleistocene in South America. Perhaps there had been several
prior extinctions during the Lujanian, and not only a single event at
its end. Ficcarelli et al. (1997) suggest that the climatic changes
during the Lujanian affected the distribution of foraging and arid
areas in South America, which may have impacted the survival of
gomphothere populations, which disappeared in a mosaic way.
They were probably forced to concentrate in restricted areas where
water and foraging resources remained sufficient and, as result, the
gomphothere population from Southeastern Brazil: Taphonomic,
12), http://dx.doi.org/10.1016/j.quaint.2012.09.015
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increase in selective pressure may have given rise to delays in
sexual maturity and decrease in fertility, which has been observed
in living elephant herds confined within restricted areas (Haynes,
1991). These aspects were also observed in the N. platensis pop-
ulation from QAA, such as a declining population profile, with rare
presence of immature and young individuals (Mothé et al., 2010),
low-nutritious diet of adults (Asevedo et al., 2012), and a death
event close to water resources. Two explanations are suggested for
the absence of juvenile individuals: 1) predation or scavenging
(Dominato et al., 2011); and, 2) destruction by transportation or
other taphonomic processes that preferentially destroy the smaller
individuals because young skeletal elements are more fragile than
those of adults.

The gomphothere population from Araxá probably is an
example of individuals that were suffering with the climate
changes during the Late Pleistocene. This is demonstrated by the
declining age profile of their individuals (Mothé et al., 2010), which
became extinct before the Pleistocene/Holocene transition.

Uncertainty exists in accepting the extinction of megafauna
during the Pleistocene/Holocene transition based on Brazilian
records, because, until now, only a few fossils and deposits were
dated. In this manner, a very detailed dating program for the
Quaternary mammalian fossils is critical for Brazil and for some
other South American bearing fossil sites, such as the ones in the
northern and Andean regions of the continent.

5. Conclusions

These taphocoenoses has a peculiar origin. The QAA gompho-
theres were a result of a death mass event which happened before
the extinction of the megammals in the Pleistocene/Holocene
transition. This is a regional event related to scarcity of water and
food resources during to the Middle Plenigalcial interval, ranging
from 65,000 to 26,000 a, characterized by a cold and arid envi-
ronment until 50,000 a. The gomphothere population has an age
between 60,000 and 55,000 a, which coincides with that interval.
The population size is related to a survival strategy, where a great
number of individuals of N. platensis were perhaps facing a severe
climate or scarcity of resources. The extinction of the QAA gom-
photheres was probably due to a catastrophic regional event,
related to an extreme cold and dry climate associatedwith shortage
of water and food resources.
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