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Marine Isotope Stage 3 (MIS 3)

and Continental Beds from Northern
Uruguay (Sopas Formation): Paleontology,
Chronology, and Climate

Martin Ubilla, Andrea Corona, Andrés Rinderknecht, Daniel Perea
and Mariano Verde

Abstract The Sopas Formation is a late Pleistocene continental unit that includes
trace fossils, woods, fresh-water mollusks, and vertebrates with mammals being the
predominant taxa. Likely, relationships with the Last Interglacial Stage or with the
Last Interstadial were proposed. The paleontological content of the Sopas Formation
is updated, and the climatic and environmental signals provided by the fossil content
are evaluated. Radiocarbon AMS dates ranging from 33,560 + 700 year B.P. (cal
36,089 — 39,426 year) to 39,900 % 1,100 (cal 42,025 — 45,389 year) and TL/OSL
ages from 27,400 &£ 3,300 to 71,400 £ 11,000 year (being the 45-28 ka time
interval better represented), support a relationship with Marine Isotopic Stage 3
(MIS 3) in most outcrops. In the fossil assemblage are taxa that indicate open
habitats, savannahs, and woodlands including gallery forests and perennial rivers;
living representatives of taxa related to benign climatic conditions (mostly tropical to
temperate climates), some taxa that suggest arid to semiarid environments, migrants,
and seasonality indicators. A replacement versus mixed faunal models is discussed
in the light of available evidence.
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Abbreviations

AA  NSF-Arizona AMS Laboratory, USA

GX Geochron Laboratories, USA

OSL Optically stimulated luminescence

LP Latyr, Laboratorio de Tritio y Radiocarbono, La Plata

LVD Laboratorio datacao (LOE e TL), Sao Paulo

UIC Luminescence Dating Research Laboratory, Department of Earth and
Environmental Sciences, University of Illinois, Chicago

URU Laboratorio de 14C, Facultad de Quimica, Montevideo

NISP Total number of identified specimens

1 Introduction

The Sopas Formation is a late Pleistocene continental unit that includes trace fos-
sils, woods, fresh-water mollusks, and vertebrates with mammals being the pre-
dominant taxon (Ubilla 2004; Ubilla et al. 2004). According to biostratigraphy and
numerical dating, this unit has been correlated with the Lujanian Stage/Age of the
Buenos Aires province in Argentina (Late Pleistocene/Early Holocene, sensu Cione
and Tonni 1999; Ubilla et al. 2004). Considering the numerical ages, the climatic
and the environmental information provided by the fossil content, likely relation-
ships with the Last Interglacial Stage or with the Last Interstadial were proposed
(Ubilla and Perea 1999; Ubilla et al. 2004, 2009; Iriondo and Kroéhling 2008). It
seems that the faunal assemblage is older than those belonging to the Guerrero
Member of the Lujan Formation (Buenos Aires province, Argentina), which is in
general related to the Last Glacial Maximum (Tonni et al. 1999). The Sopas
Formation could be correlated with the “Secuencia deposicional Lujan Verde
Inferior” and in part with the “Secuencia deposicional Lujan Rojo (Toledo 2011).
The Touro Passo Formation in southwestern Brazil was correlated with the Sopas
Formation (Bombin 1975) and yields some ages and taxa shared with this unit
(Ribeiro and Scherer 2009; Kerber et al. 2011).

Currently, we have learned more about of the Interstadial Marine Isotopic Stage
3 (MIS 3) of the Last Glacial Stage (Van Meerbeeck et al. 2009; Tonni et al. 2010,
2011; Buiron et al. 2012; Rabassa and Ponce 2013; Long and Stoy 2013). This
encompasses a period between ca. 60-25 ka, which is characterized by millennial
climatic changes. These changes include sudden warming phases (the
Dansgaard-Oeschger events) in addition to colder phases (the Heinrich events) in
the northern hemisphere (Van Meerbeeck et al. 2009, 2011) and to a lesser extent in
the southern hemisphere (Buiron et al. 2012; Paisani et al. 2014). The impact of
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these climatic processes in southern continental biota and how they are reflected in
the fossil record is far from being understood.

The aims of this paper are: (a) to update the paleontological content of the
northern late Pleistocene beds of Uruguay (the Sopas Formation), (b) to perform an
appraisal of the climatic and environmental signals provided by the fossil content,
and (c) to discuss their relationships with the MIS 3.

Fig. 1 a, b Geographic location of selected studied outcrops of the Sopas Formation in northern
Uruguay (b: a Rio Queguay, b Arroyo Sopas, ¢ Rio Arapey Chico, Paso del Buey Negro, d—f Rio
Cuareim outcrops, g Arroyo Malo). Stars indicate outcrops with Castrichnus. c—d outcrops of the
Sopas Formation (Arroyo Sopas and Rio Cuareim respectively)
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2 Geographic and Geological Setting

The Sopas Formation crops out in northern Uruguay (Artigas, Salto, Tacuarembd,
Paysandu, and Rio Negro departments) alongside creeks and rivers and has a patchy
pattern of distribution (Ubilla et al. 2004) (Fig. 1a, b). Lithological features of the
analyzed outcrops have been considered in detail in Ubilla et al. (2004) and Goso
and Ubilla (2004). In general, the Sopas Formation is composed of medium to
coarse sandy and conglomerate basal levels belonging to fluvial facies overlain by
brownish mudstones and siltstones related to floodplains deposits, and the evolution
of paleosols including occasionally important levels of bioturbation. Antén (1975)
described the coarse and sandy levels as the Mataojo Formation and the mudstones
as the Sopas Formation. Panario and Gutiérrez (1999) and Panario et al. (2014)
referred this unit to the Dolores-Sopas Formation.

The outcrops considered here are located in the following localities: Artigas:
Paso del Ledn, Mina 1, Estiba, Piedra Pintada (Rio Cuareim), and Arroyo Yucutuja;
Salto: Paso del Buey Negro (Rio Arapey Chico), Rio Arapey Grande, Arroyo
Sopas, Arroyo Arerungua, Cafiada Sarandi, Ofelia Pliegas; Tacuarembé: Paso
Colman, Lavié I y II (Arroyo Malo); Paysandt: Rio Queguay; Rio Negro: Arroyo
Tres Arboles. The most studied localities are indicated in Fig. 1.

3 Materials and Methods

Samples for "*C and OSL ages were taken following protocols indicated by lab-
oratories. Calibrated ages provided in this paper were calculated using Calib 2013
including the SHCal-13 option (Stuiver et al. 2103; Hogg et al. 2013). In addition,
calibrated '*C and OSL ages included in Tables 1 and 2 have GPS localization data,
but this information is not provided here in order to avoid depredation of fossilif-
erous sites. A database of the fossil content of the Sopas Formation was generated
considering the specimens housed in institutional and particular collections (1053
bone remains). The contribution of each family to the NISP (total number of
identified specimens) was quantified for mammals (Fig. 2).

4 Numerical Ages

Ubilla and Perea (1999); Ubilla et al. (2004) and Martinez and Ubilla (2004)
provided some numerical ages for the Sopas Formation based on '*C and TL/OSL
methods. Other ages from several fossiliferous localities were obtained in the last
years. All these data are compiled and analyzed here in order to build a chrono-
logically congruent pattern (Tables 1 and 2; Appendices 1-2).
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4.1 ™C Ages

Recently, many finite ages based on the radiocarbon method were obtained together
with minimum ages (Table 1). The samples used were wood, fresh-water mollusk
shells, teeth, and bones.

From the Arroyo Malo locality many ages based on Diplodon shells are interpreted
as minimum ages (>45 ka B.P.). However, overlying the Diplodon bed, we recently
obtained for the first time, five finite and stratigraphically ordered ages ranging from
33,560 £ 700 year B.P. (cal 36,089—39,426 year) to 39,900 £ 1,100 (cal 42,025
—45,389 year) based on Cyanocyclas sp. (=Neocorbicula) and Pomacea sp. shells.
These ages should be considered together with the OSL of 58-32 ka ages from the
same outcrops (see below and Table 2). Two ages based on the bone mineral fraction
(16,460 £ 185 year B.P.; 18,650 + 160 year B.P.) and spatially associated with
'4C shell and OSL ages are totally contradictory and interpreted by laboratories as
minimum ages.

In the Rio Cuareim outcrops were obtained based on woods more minimum ages
(>45 ka B.P.). But, there are two ages of 12,100 & 140 year B.P. (cal 13,550—
14,373 year) and 13,869 £ 54 year B.P. (cal 16,473—16,983 year) based on wood
samples that came from younger facies of the Sopas Formation with very scarce
fossiliferous content.

From the Cafiada Sarandi (Salto) locality were obtained based on woods’ mini-
mum ages. The age of 5,599 + 58 year B.P. based on tooth enamel of Hippidion cf.
H. principale from the Paso del Buey Negro (Salto) is rejected at first glance because
it is too recent and cannot be explained in the stratigraphic context (see below). In
addition, an age of 12,502 + 55 year B.P. (cal 14,234—-15,001 year) from Arroyo
Tres Arboles (Rio Negro) was recently obtained (shell of Cyanocyclas sp.) associ-
ated with some extinct mammals (such as deer Antifer and glyptodonts).

Archeological studies performed in northern Uruguay provided several '*C ages
ranging from approximately 11-8.5 ka (Suarez 2011; Suarez and Santos 2010;
Suarez and Lopez 2003; Lopez 2013; Castifieira et al. 2010, and references therein).
Equus sp. and Glyptodon sp. were reported in association with anthropogenic lithic
materials in a 9,585-9,525 year B.P. level (Suarez 2011). A calibration of the
11,200 £ 500 year B.P. age (MEC 1989) provided a 2 sigma cal B.P. 11,600-
14,176 year, a roughly similar age with regard to the aforementioned result for Rio
Cuareim in northern Uruguay (cal 13,550-14,373 year). Nevertheless, authors did
not refer the sedimentary context to the Sopas Formation, except for Castifieira et al.
(2010) who related part of the analyzed sequences to this unit.

4.2 OSL/TL Ages

The sampling performed in order to produce OSL/TL ages (Table 2) was focused
mainly on fossiliferous outcrops and particularly in localities with radiocarbon



188

Table 1 '*C conventional and AMS* ages from the Sopas Formation

M. Ubilla et al.

ID Iab. Taxon sample Locality 4c age B.P. Source
(cal B.P., 2
sigma)
AA101332* | Hippidion Buey Negro, 5,599 + 58 This paper
(FCDPV-2450) Arapey chico, Salto
Enamel
LP-594 Wood indet Estiba Rio 12,100 £ 140 Ubilla et al.
Cuareim, Artigas (13,550~ (2004)
14,373)
AA104912% | Cyanocyclas sp. shell | Arroyo 3 Arboles, | 12,502 £ 55 This paper
Rio Negro (14,234-
15,001)
AA99843* | Wood indet Minal, Rio 13,869 + 54 This paper
Cuareim, Artigas (16,473-
16,983)
GX-19272 Deer indet apatite Arroyo Malo, 16,460 £ 185 Ubilla (2001)
Tacuarembd
URU-0035 | Glyptodon sp. mineral | Arroyo Malo, 18,650 £ 160 Ubilla (2001)
Tacuarembod
AA104915% | Pomacea sp. shell Arroyo Malo, 33,560 = 700 This paper
Tacuarembo (36,089-
39,426)
AA101329* | Pomacea sp. shell Arroyo Malo, 35,530 + 680 This paper
Tacuarembd (38,659-
41,421)
AA104914%* | Pomacea sp. shell Arroyo Malo, 37,070 + 810 This paper
Tacuarembd (39,940-
42,665)
AA104913* | Pomacea sp. shell Arroyo Malo, 38,300 + 940 This paper
Tacuarembd (40,865-
43,932)
AA104911%* | Cyanocyclas sp. shell | Arroyo Malo, 39,900 + 1,100 | This paper
Tacuarembd (42,025-
45,389)
AA101328* | Diplodon 1 shell Arroyo Malo, >45,200 This paper
Tacuarembd
URU-0032 | D. peraeformis shell Arroyo Malo, >45,000 Ubilla and
Tacuarembd Perea (1999)
URU-0031 | D. peraeformis shell | Arroyo Malo, >45,000 Ubilla and
Tacuarembd Perea (1999)
URU-0053 | Prosopis nigra wood | Cafnada Sarandi, >45,000 Ubilla and
Salto Perea (1999)
LP-490 Prosopis sp. wood Piedra Pintada, Rio | >43,000 Ubilla and
Cuareim Perea (1999)
URU-0036 | Prosopis sp. wood Piedra Pintada, Rio | >45,000 Ubilla and

Cuareim

Perea (1999)

(continued)
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Table 1 (continued)

ID Iab. Taxon sample Locality 4c age B.P. Source
(cal B.P., 2
sigma)
AA101327* | Deer indet. Arroyo Malo, - This paper
(FCDPV-2768) Tacuarembd
enamel
AA101331* | Ground-sloth Arapey Chico,Salto | — This paper
(FCDPV-2571)
ossicles
AA101330* | Deer indet. Arroyo Malo, - This paper
(FCDPV-2769) Tacuarembd
enamel

13C information available is provided
* to highlight which samples were dated using AMS method. All the samples without the asterisk
were dated using conventional radiocarbon method

information. There are several ages that seem to be stratigraphically congruent.
Nevertheless, in the available set some stratigraphic inversions were detected.

In the Arroyo Malo outcrops, ages were obtained ranging from 58,300 + 7,400
to 32,850 £ 1,990 year. The first age mentioned here was obtained from a sample
associated with the >45 ka B.P. radiocarbon ages from the Diplodon bed, in
addition to the 34,405 £ 2,240 year sample from an overlying bed. The two OSL
ages of 32 ka are based on samples taken from an overlying bed to the Pomacea
sp. ages (cal 36,089—39,426 to 40,865—43,932 year). There are two ages of 200
and 314 ka that differ from the general pattern observed, belonging to the profiles
with 58 and 32 ka, respectively, but with stratigraphic inversion. These ages are
rejected taken into account the aforementioned radiocarbon and OSL information.

The base of the profile of the Arroyo Sopas, yielded an age of
43,500 £ 3,600 year and an age of 30,600 £ 5,400 year based on a sample taken
from paleocave infilling sediment (Prosul 2009-2011). There are two contradictory
results (14,485 £ 1,240 and 36,900 £ 6,500 year) from Paso del Buey Negro. The
samples were collected from the same level, so it is necessary to increase the
number of samples in future studies.

Many ages were obtained from different localities of the Rio Cuareim. In Paso
del Ledn locality, the ages obtained (30,300 £ 3,700 and 71,400 + 11,000 year)
are stratigraphically inverted. At Mina 1, fossiliferous levels yielded an age of
36,100 £ 6,200 year (Prosul 2009-2011). An age of 27,400 £ 3,300 year was
obtained in an isolated outcrop, of non-fossiliferous coarse beds. The age of
96,000 £ 11,000 year is based on a sample taken from an outcrop without fossil
content, which seems to be an older stratigraphic bed of the Sopas Formation. The
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Table 2 OSL ages from the Sopas Formation

M. Ubilla et al.

ID lab. Sample Sample location OSL Age (year)* | Source
UIC-3455 | Medium sandy Buey Negro, Rio Arapey 14,485 + 1,240 This paper
chico, Salto
LVD-1449 | Medium to Rio Cuareim, Artigas 27,400 £ 3,300 This paper
coarse sandy
LVD-2657 | Silty sandy Paso del Ledn, Rio 30,300 £ 3,700 Prosul (2009-2011)
Cuareim, Artigas
LVD-2660 | Sandy-silt Arroyo Sopas, Salto 30,600 £ 5,400 Prosul (2009-2011)
crotovina
UIC-3458 | Medium sandy Arroyo Malo, 32,850 £ 1,990 This paper
Tacuarembo, Lavie 11
UIC-3451 | Medium to Arroyo Malo, 32,995 + 1,930 This paper
coarse sandy Tacuarembo. P. Colman
UIC-3332 | Medium sandy Arroyo Malo, 34,405 £ 2,240 This paper
Tacuarembd, Lavie II
LVD-2655 | Silty sandy Mina 1, Rio Cuareim, 36,100 £ 6,200 Prosul (2009-2011)
Artigas
LVD-2661 | Médium sandy Buey Negro, Rio Arapey 36,900 £ 6,500 Prosul (2009-2011)
chico, Salto
LVD-647 | Sandy-silt Arroyo Sopas, Salto 43,500 £ 3,600 Ubilla (2004), Ubilla
et al. (2004)
LVD-646 Sandy-silt Arroyo Malo, 58,300 = 7,400 Ubilla (2004), Ubilla
Tacuarembd, Lavie II et al. (2004)
LVD-2658 | Silty sandy Paso del Ledn, Rio 71,400 £ 11,000 | Prosul (2009-2011)
Cuareim, Artigas
LVD-1241 | Medium sandy Rio Cuareim, Artigas 96,000 = 11,000 | This paper
LVD-859 Sandy-silt Piedra Pintada, Rio 180,000 Martinez and Ubilla
Cuareim, Artigas + 20,000 (2004)
LVD-857 Silt Arroyo Malo, 200,000 Martinez and Ubilla
Tacuarembo6. Lavie IT + 25,000 (2004)
LVD-2659 | Silty sandy Piedra Pintada, Rio 248,000 Prosul (2009-2011)
Cuareim, Artigas + 26,000
LVD-1242 | Sandy-silt Arroyo Malo, 314,000 This paper
Tacuarembo. P.Colman + 39,300
LVD-858 Fine sandy Piedra Pintada, Rio 360,000 Martinez and Ubilla
Cuareim, Artigas + 40,000 (2004)

“For UIC ages, all errors are at one sigma and ages are calculated from AD 2010

fossiliferous locality Piedra Pintada deserves particular consideration, with ages of
360, 248 and 180 ka, that are stratigraphically coherent, which are not only clearly
older than MIS 3 but also than the Last Interglacial. They are related to >45 ka B.
P. radiocarbon ages (wood) and totally depart from the global pattern obtained. It is
very difficult to explain these results, which should be taken with caution awaiting
further analysis. It is important to highlight that the mammalian content does not
differ from the other outcrops of the unit.
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5 Paleontological Content

In this section, the taxonomic information of the Sopas Formation is summarized
and updated (Tables 3 and 4), associated with the environmental and climatic
signals provided by the various taxa identified.

5.1 Trace Fossils

This type of fossil is represented in the Arroyo Sopas locality by some burrow-like
structures found associated with skeletal remains of the extinct caviine Microcavia
criolloensis (Ubilla et al. 1999), which could be the trace-producer (Ubilla 2008).
Other structures interpreted as large paleocaves were also found in the same strata.
A few coprolites have been reported (Piedra Pintada, Rio Cuareim) and related to
medium to large predators based on their shape and caviine bones and teeth
inclusions (Verde and Ubilla 2002). The hypercarnivorous canids, such as
Protocyon or Dusicyon avus (Prevosti et al. 2009), could also be considered as
possible producers. Other authors (Chimento and Rey 2008) claim a canid origin of
these materials.

Table 3 Updated list of
non-mammals vertebrates for
the Sopas Formation of
northern Uruguay. Based on Testudines

Ubilla et al. (2004), Tambussi Family Testudinidae

et al. (2005, 2009) and this Chelonoides sp. Fitzgerald, 1835
paper

Teleostei

Paracanthopterygii/Acanthopterygii indet.

Squamata

Family Teiidae

Tupinambis cf. T. teguixin (Linnaeus 1766)

Aves
Family Rheidae
Rhea sp. Brisson 1760
Family Anatidae
Chloephaga picta (Gmelin 1789)
Family Cariamidae

Cariama cristata (Linnaeus 1766)

Family Psitaciidae

Cyanoliseus patagonus (Vieillot 1817)

Family Furnariidae

cf. Pseudoseisuropsis sp. Noriega (1991)
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Table 4 Updated list of mammals for the Sopas Formation of northern Uruguay

Order Didelphimorphia

Family Caviidae

Family Didelphidae

“Cavia sp. Pallas, 1766

“cf. Didelphis sp. Linneus, 1758

“Galea sp. Meyen, 1831

" Microcavia criolloensis Ubilla et al.,

(1999)

Order Xenarthra

“Dolichotis sp. Desmarest, 1820

Family Dasypodidae

“Hydrochoerus hydrochaeris (Linnaeus,
1766)

“Dasypus aff. D. novemcinctus
Linnaeus, 1758

Neochoerus cf. N. aesopi (Leidy, 1853)

Propraopus sp. Ameghino, 1881

Family Pampatheriidae

Order Litopterna

Pampatherium typum Gervais and
Ameghino, 1880

Family Macraucheniidae

Pampatherium humboldti (Lund,
1839)

Macrauchenia patachonica Owen, 1838

Family Glyptodontidae

Family Proterotheriidae

Glyptodon clavipes Owen, 1839

°Neolicaphrium recens Frenguelli, 1921

‘cf. Hoplophorus Lund, 1839

N. cf. N. recens

Neuryurus rudis (Gervais, 1878)

Panochthus tuberculatus (Owen,
1845)

Order Notoungulata

Family Megatheriidae

Family Toxodontidae

Megatherium americanum Cuvier,
1796

Toxodon cf. T. platensis Owen, 1837

Family Nothrotheriidae

“Nothrotherium cf. N. maquinense
(Lund, 1838)

Order Proboscidea

Family Mylodontidae

Family Gomphotheriidae gen. et sp. indet.

Glossotherium robustum (Owen,
1842)

Lestodon armatus Gervais, 1855

Order Perissodactyla

“Catonyx cuvieri (Lund, 1839)

Family Tapiridae

“Catonyx sp. Ameghino. 1891

“Tapirus terrestris (Linnaeus, 1758)

Subfamily Scelidotheriinae gen. et
sp. indet.

“Tapirus sp.

Family Equidae

Order Carnivora

quuus (Amerhippus) neogeus Lund,
1840

Family Canidae

Hippidion principale (Lund, 1845)

“Lycalopex gymnocercus (Fischer,
1814)

“Dusicyon avus (Burmeister, 1866)

Order Artiodactyla

(continued)
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“Protocyon troglodytes Lund, 1838

Family Tayassuidae

Family Felidae

“Tayassu pecari (Link, 1795)

“Felis concolor Linnaeus, 1771

#Catagonus wagneri (Rusconi, 1930)

2Panthera cf. P.onca (Linnaeus,
1758)

> Catagonus stenocephalus (Lund in
Reinhardt, 1880)

Smilodon populator Lund, 1842

Family Cervidae

Family Mustelidae

Antifer ultra (Ameghino, 1888)

“Lontra longicaudis (Olfers, 1818)

#0zotoceros aff. O. bezoarticus
(Linnaeus, 1758)

Family Ursidae

Morenelaphus brachyceros (Gervais and
Ameghino, 1880)

Arctotherium aff. A. bonariense
(Gervais, 1852)

Morenelaphus lujanensis (Ameghino,
1888)

Order Rodentia

“Paraceros fragilis (Ameghino, 1888)
‘Mazama sp. Rafinesque, 1817

Family Cricetidae

Family Camelidae

“Reithrodon sp. Waterhouse, 1837

Hemiauchenia paradoxa Gervais and
Ameghino, 1880

“cf. Wilfredomys oenax (Thomas,
1928)

“Lama guanicoe (Miiller, 1776)

“Lundomys molitor (Winge, 1887)

Palaeolama major (Liais, 1872)

Family Erethizontidae

Vicugna vicugna (Molina, 1782)

*Coendou magnus (Lund, 1839)

Coendou cf. C. magnus

Family Echimyidae

Mpyocastor coypus (Molina, 1782)

Family Chinchillidae

Lagostomus sp. Brookes, 1828

Based on Ubilla et al. (2004, 2009, 2011and references therein), Prevosti et al. (2009), Perea
(2008), Gasparini et al. (2009, 2013), Corona (2012), Scherer (2009), and this paper

“Extant at generic or specific level
PExtinct species of extant genus
“Found in a single locality

The most frequent type of trace fossil is represented by Castrichnus incolumis,
as described by Verde et al. (2007) and interpreted as earthworm aestivation
chambers produced in soils (Fig. 3a). They were found in various localities (the
Arroyo Sopas and Arroyo Arerungud, Ofelia Pliegas, Arroyo Malo, and Rio
Queguay) (Fig. 1b). According to Verde et al. (2007), these trace fossils suggest a
seasonal climate. This inference is based on the fact that some living earthworms
construct identical chambers during the summer to avoid desiccation (Verde et al.
2007). Recently, Genise et al. (2013) described an identical chamber from a living
earthworm in Misiones, Argentina, a subtropical rainforest area of South America.
These authors stated that Castrichnus could be produced not only during a seasonal
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climate, but also when marked droughts occur. The chambers were produced during
an atypical drought period in a region that lacks seasonal climate. In this sense, C.
incolumis could indicate drought conditions even if a seasonal climate is lacking
(Genise et al. 2013). Because these types of traces found in various localities in
northern Uruguay require special preservation contexts, they suggest that a similar

M. Ubilla et al.

climate and environments could be involved among these different outcrops.
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5.2 Wood

Very few wood remains have been found in the Sopas Formation until now (Ubilla
et al. 2004; Martinez and Ubilla 2004). Though very limited information can be
obtained from the available remains, some were determined as Prosopis (Inda and
del Puerto 2002). This tree is widespread today in tropical to subtropical areas of
South America, having also adapted to live in arid to semiarid soils, and proving
that it is drought-resistant.

5.3 Mollusks

Fresh-water bivalves and gastropods and also a few terrestrial snails were reported
for some localities of the Sopas Formation (Martinez and Rojas 2004). Bivalves are
frequently found with articulated valves and gastropods are usually complete. These
mollusks can be found in several localities (Arroyo Tres Arboles, Arroyo Malo,
Arroyo Arerungud, Arroyo Sopas, Arroyo Yucutuja among others). They indicate
the presence of fluvial and lacustrine contexts.

5.4 Vertebrates

The vertebrates recorded in the Sopas Formation are represented by a few Teleostei
indet, reptiles, and avian taxa (Table 3) and numerous mammals (Table 4). Reptiles
include the large extinct terrestrial tortoise Chelonoides and various non-determined
small turtles along with the teiid Tupinambis cf. T. teguixin. The avian taxa, even if
only a few, provide interesting environmental and climatic evidences. Rhea and
Cariama are indicators of open, semi-open, and wooded areas (Cariama needs trees
to nest) (Ubilla et al. 2004; Tambussi et al. 2005). Fresh-water environments are
inferred from the presence of Chloephaga picta (Tambussi et al. 2005) which are
also indicated by the aforementioned association of mollusks in some localities. It is
a southern South American species that migrates during winter to northern latitudes,
up to the southern border of Uruguay. According to this record in north-central
Uruguay (Tacuarembd), this anatid occupied more northern locations during the
Late Pleistocene. It also indicates seasonality.

A new avian record for the Arroyo Sopas is herein reported. It is a furnariid
likely belonging to the genus Pseudoseisuropsis that was previously referred to late
Pleistocene sediments in southern Uruguay (P. cuelloi; Claramunt and
Rinderknecht 2005). Terrestrial habits related to open and semiarid environments
were inferred for P. nehuen (Early to Middle Pleistocene of Argentina) (Noriega
1991) and most likely similar conditions for P. cuelloi (Claramunt and
Rinderknecht 2005).
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Mammals are the dominant group, including 25 families in nine orders
encompassing more than 50 species (Table 4). Many extinct taxa and also extinct
species of living genera are recorded. There are some taxa not represented in the
current communities of Uruguay but living today in other areas of South America
showing local extinction and shifting ranges. Since the publication of Ubilla and
Perea (1999), Ubilla (2004) and Ubilla et al. (2004), the diversity at the generic and
specific level for the Sopas Formation has been significantly augmented by new
findings (Table 4). Counting all the available specimens, the most abundant fam-
ilies are Camelidae, Cervidae, Equidae, Caviidae, and Glyptodontidae, reaching
over 60 % of the NISP (Fig. 2). Actually, more than 50 % of the bones include the
first two families and selenodont artiodactyls (18 %) whose characteristics do not
allow a more specific taxonomic assignment. It has to be taken into account that the
number of glyptodont bones is largely increased because of the large amount of
osteoderms of their carapace.

The following taxa are firstly reported: an opossum, likely Didelphis (Arroyo
Sopas and Paso del Buey Negro) which is part of an ongoing study; the pam-
patheriid Pampatherium typum (Arroyo Sopas) and the presence of the glyptodont
Hoplophorus, though this finding must be confirmed (Paso del Buey Negro). This
latter fossil is important because until today, it was considered restricted to the
intertropical region of South America (Minas Gerais, Brazil; Porpino et al. 2010)
(Fig. 3c). Surprisingly, the glyptodont Doedicurus has not been found yet in this
unit. The ground-sloth Catonyx was recently found in the Sopas Formation (Corona
2012). New remains under study (upper dentition and mandible) allow confirmation
that this is C. cuvieri, a species recorded in southeastern Brazil and southern
Uruguay (Corona et al. 2013) (Fig. 3d). It is very likely that C. cuvieri inhabited
forested areas. The first dental material of the short-faced bear Arctrotherium aff. A.
bonariense was discovered in the Paso del Buey Negro locality (L. Soibelzon, pers.
comm. 2014) (Fig. 3b). Notably, various postcranial bones of a small to medium
size bear were also found. The predator guild is also represented not only by
medium to large felids but also by large and hypercanivorous canids, such as
Dusicyon and Protocyon (Prevosti et al. 2009). Caviidae are well represented in the
Sopas Formation, and the presence of Dolichotis (almost complete skull) in the Rio
Arapey Grande is herein confirmed (Fig. 3e).

Recently, Ubilla et al. (2011) described the first cranial remains of the extinct
proterotheriid Neolicaphrium cf. N. recens. This taxon is now recorded in the
Arroyo Malo, Arroyo Sopas and the Mina 1 localities. The record of peccaries was
notably increased by the description of two new taxa for this unit: Catagonus
wagneri and C. stenocephalus, which have important climatic and environmental
significance (Gasparini et al. 2011, 2013); the presence of Tayassu pecari has been
confirmed (Gasparini et al. 2009). This implies the presence of three species of
peccaries in the same unit, which is certainly unusual in the fossil record of these
mammals in South America.

The small deer Mazama was found in the Paso del Buey Negro locality (Fig. 3f).
Today, this small deer is predominantly an inhabitant of closed forested environ-
ments. Recent reviews of camelids (Lorenzo 2009; Scherer 2009) modified the
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Fig. 3 a Castrichnus incolumis, b Arctotherium aff. A. bonariense, ¢ cf. Hoplohophorus sp.,
d Catonyx cuvieri, e Dolichotis sp., f Mazama sp. b—e scale: 5 cm
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taxonomic records of this group in the Sopas Formation, which are represented by
Lama guanicoe, Vicugna vicugna, and Palaeolama major, in addition to
Hemiauchenia paradoxa.

The “Paso del Buey Negro” at Rio Arapey Chico (Salto department) (Fig. 1) is a
new locality under study that deserves particular consideration. Sedimentary fea-
tures are dominated by medium sandy basal levels that can laterally change to
coarser beds, and mudstone strata in the uppermost portion of the outcrops. In these
outcrops, very well-preserved bones of horses (Hippidion cf. H. principale and
Equus neogaeus), including skulls, mandibles, and partially articulated postcranial
bones have been found; isolated teeth of Tapirus sp. and remains of capybaras
(Hydrochoerus sp.) belonging to juvenile and adults are frequently found. A few
sigmodontine mandibles, the ground-sloth Glossotherium, grace postcranial
remains of a nothrotherid sloth, peccaries similar to Tayassu pecari, small camelids
very similar to the vicugna, antlers of Antifer and Mazama and the aforementioned
teeth of Arctotherium cf. A. bonariense have been identified. This mammalian
assemblage includes taxa that indicate fluvial environments along with forested to
semi-forested areas; some taxa are related to tropical to temperate contexts.
However, the numerical ages yield contradictory information (see Tables 1 and 2)
that should be revised.

The first dental enamel 8'°C isotope data were provided for some ungulates
(Hippidion cf. H. principale, Equus neogaeus, undetermined deer and a large
camelid), forming part of an ongoing study (Morosi and Ubilla 2014).
Predominantly browser to mixed feeding habits have been inferred, likely related to
open to semi-open environments, and noticeably, no values of C, grassers were
obtained (Morosi and Ubilla 2014).

6 Discussion

Evidence favoring correlation with the MIS 3 is discussed here, taking into account
the numerical ages, the information provided by the trace fossils and the body fossil
content.

The climatic/chronological pattern of the MIS 3 is well substantiated by northern
hemisphere, and the various stadials (colder intervals) and interstadials (warmer
intervals) are well-characterized (Van Meerbeeck et al. 2009, 2011; Rabassa and
Ponce 2013; Long and Stoy 2013, among others). There are efforts to identify these
events and to understand the influence of the MIS 3 in the southern hemisphere
(EPICA 2006; Jouzel et al. 2007; Hodgson et al. 2009; Tonni et al. 2010; Buiron
et al. 2012; Paisani et al. 2014; Gottschalk et al. 2014, among others) and
inter-hemispheric connections based on Greenland—Antarctic ice-core studies
(EPICA 2006; Jouzel et al. 2007). A bipolar thermal seesaw was proposed, and
northern hemispheric colder events (Greenland cores) might be related to the
southern hemispheric warmer events (Antarctic cores) and vice versa (EPICA 2006;
Orombelli et al. 2010; Hessler et al. 2011). However, Jouzel et al. (2007), using a
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Fig. 4 Above The Antarctic climatic variation in the last 90 ka (redrawn from Jouzel et al. 2007).
Below cal "*C and OSL ages from the Sopas Formation and their relationships with the MIS 3 and
latest Pleistocene. Horizontal bars in OSL ages indicate range

more precise calibration, claim that there is a correspondence between the warmer
events in the northern hemisphere and major warmer events in Antarctica.

Aside from the three ages based on wood and shell aging with the latest
Pleistocene, most radiocarbon data indicate older ages for the fossiliferous beds of the
Sopas Formation. In particular, the set of ages ranging from 33,560 4+ 700 year B.P.
(cal 36,089—39,426 year) to 39,900 £ 1,100 (cal 42,025—45,389 year) from the
Arroyo Malo locality is indicative of MIS 3 (Fig. 4). The set of TL/OSL samples
taken from various outcrops of the Sopas Formation (Arroyo Malo, Arroyo Sopas,
and Rio Cuareim localities) also supports relationships with the MIS 3
(27,400 % 3,300 to 71,400 £ 11,000 year) (Fig. 4). Most ages fall in the 50-25 ka
time interval and it is more frequently represented the 45-28 ka time interval that
includes various events in the northern and southern hemispheres (EPICA 2006;
Jouzel et al. 2007; Van Meerbeeck et al. 2009; Buiron et al. 2012) (Fig. 4). The oldest
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samples, particularly those that are stratigraphically inverted, that depart from this
chronological pattern should be considered with caution or rejected.

As it can be expected about a fluvial context, a time-averaging pattern that
affects the preservation context should be assumed (Beherensmeyer et al. 2000;
Ubilla et al. 2004). This can be the case for some outcrops of the Sopas Formation
such as the Arroyo Malo and Paso del Buey Negro localities. In addition, geo-
graphically separated outcrops can yield different ages. In the Arroyo Sopas out-
crops, when the numerical ages and the preservation pattern (bones and trace fossils
associated) are taken into account, it seems that a shorter time lapse is involved. The
peculiar preservation of Castrichnus, recorded in several outcrops, can also suggest
a similar climate and environment involved in the bearing strata (Fig. 1).

Living representatives of taxa that suggest benign climatic condition (mostly
tropical to temperate climates) are recorded in the mammalian assemblage. Tapirs,
coendus, coypus, capybaras, river-otters, some peccaries, ocelots, and marsh-rats
today inhabit tropical to temperate areas in South America. Some of these taxa also
indicate fresh-water bodies along with semi-open to open context. Rhea is an
inhabitant of open environments and Cariama indicates the presence of trees
according to its nesting behavior; Chlohephaga associated with mollusks indicate
fresh-water bodies. Among the extinct taxa, some of them such as some glypto-
donts, both horse clades, Macrauchenia and Neolicaphrium, among others, are
indicators of open to semi-open environments. The presence of this mammal
assemblage at this latitude of South America in the Late Pleistocene was attributed
to the influence of the Last Interglacial or the Last Interstadial, which is correlated
to the MIS 3 (Ubilla et al. 2004).

On the other hand, there are some taxa that suggest arid to semiarid environ-
ments, such as some caviids (Dolichotis, Microcavia), some peccaries (such as C.
wagneri), and representatives of camelids. To make things more difficult, in some
outcrops (e.g., Arroyo Malo locality) we recorded representatives of tropical to
temperate conditions (tapirs, marsh-rat, coendu, and river-otter) together with
winter migrants such as Chloephaga. As previously mentioned, seasonality is
substantiated by Chloephaga and the worm aestivation chambers. The worm traces
could also indicate periods of drought.

This complex climatic and environmental pattern revealed by the fossil content
of the Sopas Formation could have been driven by millennial climatic changes that
were prevalent during the MIS 3. Various available '*C and OSL ages that span the
interval of the MIS 3 favor this hypothesis (Fig. 4).

A faunal replacement model should take into account that the alternating con-
ditions that characterized the MIS 3 cannot be read in the profiles due to a
time-averaging effect that produced an “amalgamated” fossil pattern. It must be
noted that the MIS 3 formed part of the Last Glacial Cycle that was certainly colder
than the Last Interglacial and the current times. The presence in the mammalian
assemblage of tropical to subtropical representatives is not predicted by the pos-
tulated climatic characteristics of the MIS 3, leaving this issue open to discussion.

An alternative view to the replacement faunal model could take into account that
the occurrence of tropical to temperate mammals in the Sopas Formation was
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facilitated when the warmer Last Interglacial (MIS 5) conditions were prevalent at
this latitude. The subsequent interval of time implies colder climate that could have
paved the way for the widespread of cold- and arid-adapted mammals, resulting in
mixed climatic faunas. Noticeably, Alvarez-Lao (2014) described a mixed cold and
temperate fauna (Iberian Peninsula) in the interval 36-30 ka as a consequence of
the MIS 3 influence. The survival of tropical to temperate mammals during the MIS
3 at this latitude could have been caused by the presence of permanent streams,
riparian forest, and semi-forested areas and the relatively warmer conditions
established during the D-O events. Southern Brazil (Araucaria Plateau) seems to
have had grasslands and savannahs in the 45-34 ka and forest in the 33-28 ka
interval of time (Paisani et al. 2014). In addition, these tropical to temperate
mammals are represented in the Sopas Formation by a scarce number of specimens.
This pattern could be interpreted as a low abundance in the postulated mixed
climatic fauna due to their relict condition. Currently, there are heterogeneous
biomes in South America, such as the “Cerrado” (in Brazil), characterized by a
mosaic of environments (open habitats, savannahs, and dense woodlands including
gallery forests together with permanent streams) under seasonal climate, where
forest species coexist with non-forest species (Carmignotto et al. 2012).
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Appendix 1: OSL Details According LVD Lab

ID lab Anual dose Acumulated | Th (ppm) U (ppm) K
uGy/year dose LOE
(Gy)
LVD-2660 |1.366 + 173 41.84 7.794 £ 0.281 |2.255 £ 0.588 |-
LVD-2661 |1.101 % 139 40.61 5.504 £ 0.198 | 1.891 + 0.482 |-
LVD-2655 |2.496 + 307 90.03 6.040 £ 0.217 |2.746 + 0.489 | 1.107 £ 0.161
LVD-2657 (993 + 70 30.03 3.939 £ 0.142 | 1.783 + 0.210 | 0.036 £ 0.005
LVD-2658 |1.483 + 154 |105.89 7.109 £ 0.256 |2.492 + 0.462 | 0.105 £ 0.015
LVD-2659 |928 + 49 230.38 3.717 £ 0.134 | 1.741 £ 0.150 |-
LVD-1241 (603 + 9 57.9 - - -
LVD-1242 (774 + 19 243.7 - - -
LVD-1449 | 1.085 + 23 29.74 - - -
LVD-647 |1.237 389 | 53.8 6.36 £ 0.19 1.73 £ 0.04 0.128 £ 0.013
LVD-646 |[1.073 £29.7 | 62.8 4.88 £+ 0.04 1.76 £ 0.04 0.069 £ 0.007
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Appendix 2: Optically Stimulated Luminescence Details
on Quartz Grains of the Sopas Formation Samples
According to Luminescence Dating Research Laboratory,
University of Illinois (UIC)

ID lab. Equivalent U (ppm)b Th (ppm)b K>0 (%)° H>0 (%)° | Cosmic dose Total dose
dose (Grays)" (mGrays/year)d (mGrays/year)
UIC3332 |39.72 +£262 |09+0.1 |21£0.1 099 £ 001 |10+3 0.16 £ 0.02 1.15 £ 0.08
UIC3458 | 4558 +£2.78 | 1.0£0.1 |50=£0.1 0.82 £ 001 |10+3 0.16 £ 0.02 1.39 £ 0.07
UIC3451 | 48.66 +244 |20+0.1 |40=£0.1 0.82 £ 001 |10+3 0.14 £ 0.01 1.47 £ 0.07
UIC3455 | 1431 +£0.78 |1.7+0.1 |3.1£01 |059+001 [30+5 0.14 £ 0.01 1.20 £ 0.06

“Equivalent dose determined by the multiple aliquot regenerative dose method under blue (470 nm) excitation. Blue
emissions are measured with 3-mm-thick Schott BG-39 and one, 3-mm-thick Corning 7-59 glass filters that blocks >90 %
luminescence emitted below 390 nm and above 490 nm in front of the photomultiplier tube. The coarse-grained (150—
250 um or 425-500 pm) quartz fraction is analyzed

U, Th and K,O determined by ICP-Ms at Activation Laboratory Ltd., Ontario

“Average water content estimated from particle size characteristics assuming periodic wetting in vadose zone

dCosmic dose rate component based on latitude, longitude, elevation, and burial depth of samples
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